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Electronic structure of Ge/Si monolayer strained-layer superlattices
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We report the results of a study of Ge/Si strained-layer superlattices grown on (001) Si substrates.
These results allow us to study the transition between superlattice and bulk states. We have exam-

0
ined samples whose superlattice period lies between 3 and 15 A, similar to the lattice parameter of
the crystalline unit cell. All of the samples in this study are ordered superlattices with an average
composition of Geo,Sio, . Intentional ordering on a monolayer scale was achieved by molecular-
beam epitaxy. The optical energy-level spectra of these structures at critical points in the Brillouin
zone were measured by Schottky-barrier electroreflectance in the energy range 0.6 to 4 eV. Some
features of these spectra can be attributed to the creation of new band-to-band optical transitions
that are induced by the artificial periodicity imposed on the sample during growth. These new ener-

gy levels are derived from bulk Si and Ge energy levels modified by heterojunction offset, strain, and
the lower symmetry of the new unit cell. Several of the new optical transitions observed between 0.6
and 1.5 eV are normally forbidden or weakly allowed. The observation of relatively strong transi-
tion amplitudes in electroreflectance suggests that electric field effects and deviations from an ideal
diamond-lattice structure may play an important role in the enchancement of transition probabili-
ties in superlattice structures.

I. INTRODUCTION

Ge/Si strained-layer epitaxy consists of the commensu-
rate, lattice-mismatched growth of heterostructures of
Ge, Si, and Ge„Si, , alloys on a single-crystal (usually
Si) substrate. The thickness of the lattice-mismatched
layers must be kept under a critical limit to minimize the
nucleation of misfit dislocations, and to promote high-
quality epitaxy. '

Tremendous strides have been made in the control of
defects, planarity, and layer thickness. Such advances
have made possible recent experiments that demonstrate
the capability to achieve significant modifications in the
electronic energy-Level spectrum of the strained-layer het-
erostructures. These modifications are achieved by
exploiting the effects of the extraordinary level of strain
frozen into the hetero structure during growth. The
strain approaches 4% in samples of pure Ge grown of
Si. Equally important are modifications introduced by
alloying Ge with Si and quantum size effects. In all cases,
these perturbations change the band structure by distor-
tion of the we11-known Si or Ge band structures. The
magnitudes of the changes can be quite large, shifting
some levels by 500 meV or more. Modifications in the
bulk band structure provoked by strain, alloying, and
quantum size effects have been extensively studied in
many semiconductors, and their effects appear to be well
understood in most cases in terms of bulk deformation
potentials, bulk energy levels, and simple models of one-
dimensional carrier confinement. This situation obtains
in Ge/Si strained-layer structures where it has been
shown that good agreement between energies calculated
using the strain-dependent Hamiltonian and experimental

measurement obtains even for strains approaching the
elastic limit.

In our experiments, the concept of strained-layer epi-
taxy has been carried one step further. We have studied
the properties of a series of heterostructures in which the
typical layer thickness is comparable to or smaller than
the fundamental lattice parameter. One of the principal
goals of this work is to use such structures to create a
new unit-cell symmetry for a structure containing
tetrahedrally bonded Si and Ge. To date, we have exam-
ined structures grown on (001) Si substrates. The unit
cell of Si along this axis is composed of four atomic
monolayers with a total thickness of 5.43 A. Using
molecular-beam epitaxy, we have created planar, layered
heter ostructures consisting nominally of alternating
atomic monolayers of Ge and Si (1:1), alternating two
atomic layers of Ge and Si (2:2), alternating four atomic
layers of Ge and Si, and alternating six atomic layers of
Ge and Si. All of these structures have nearly the same
average composition, to nit: Geo 5Sio 5. Our initial re-
sults demonstrated that the (4:4) structure has an elec-
tronic energy spectrum that is qualitatively different from
that of the 50%-50% Ge-Si alloy. In particular, new
optical transitions have been resolved at energies that
cannot be explained by some simple combination derived
from those seen in Ge or Si. One of these transitions
occurs at an energy lower than any direct transition in ei-
ther bulk Ge or Si. This result has promoted speculation
that particular synthetic Brillouin-zone structures of Ge
and Si may be direct, or quasi-direct-gap semiconduc-
tors. So far, our experimental results have not yet
identified such a case. People and Jackson have pointed
out that the lowest-lying states in the conduction band
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are derived from the (100) valleys of Si. ' This picture
is further supported by detailed calculations of the elec-
tronic band structure. '" ' These calculations have
confirmed that new transitions with some direct charac-
ter are created by superlattice and strain-induced mixing
of zone-edge and zone-center states. All of these calcula-
tions are in relatively good agreement concerning the en-
ergies of these new transitions. In addition, these calcu-
lated energies correspond to those seen in experiment.
However, the calculated matrix elements for these new
transitions are quite small for models based on ideal,
infinitely extended superlattices. '" ' In some cases
theoretical calculation of the transition matrix element
suggests that the transition amplitude should be several
orders of magnitude less than what is observed in experi-
ment. On the other hand, other calculations that take ac-
count of the deviations from an ideal superlattice result
in optical transition matrix elements that are in some-
what closer coincidence with experimental results. ' ' '

The use of single-element heterostructures involving
pure Ge and pure Si, as opposed to compound or alloy
semiconductors, makes it possible to define experimental-
ly the boundary between adjacent heterolayers with an
accuracy approaching one or two atomic monolayers.
The total thickness of the entire superlattice structure is

0-50 A. This is nearly small enough for the precise struc-
ture on which experimental data are taken to be treatable
by a microscopic band-structure calculation. However,
such a calculation has not yet been undertaken, and so
far all theoretical calculations treat the superlattice struc-
tures as infinite extended crystals by invoking periodic
boundary conditions.

II. EXPERIMENTAL METHODS

Si CAP::::::
LAYER:.:.:

(001)

51A

si
SUBSTRATE

Ge si

sample area for electroreAectance measurements was
3 X 6 mm . Prior to contact deposition, samples were de-
greased in boiling acetone followed by rinses in acetone
and methanol, and an air dry in a low-particle (class 100)
environment. The contacts were electron-beam evaporat-
ed. The Schottky barrier was formed on the Si cap layer
by an evaporation of a 50-A, semitransparent Ni film.
On a small part of this film, a 2000-A gold contact stripe
was also deposited to facilitate electrical contact during
measurement. The back contact was a broad-area deposi-
tion of 200 A Ti followed by 2000 A Au. The resulting
Schottky barriers were of sufficient quality to apply
modulation voltages of at least +2 V for most samples.

The spectral range of our measurements includes the
near ultraviolet where the combination of high photon
energy (fico-4 eV) and high electric field (E—10 V/cm)
could promote Ni migration from the Schottky barrier
into the depletion region of the Schottky barrier. Secon-
dary ion-mass spectroscopy on some samples showed
negligible Ni presence 500 A below the sample surface.
Therefore, the 1000-A Si cap layer is sufticiently thick to
exclude Ni from difFusion into the superlattice.

Electric field modulation of the reAectance is achieved
by biasing the Schottky barrier. Both ac and dc bias was
used in order to achieve the maximum amplitude varia-
tion. The modulation voltage ranged between 2.0 and 4.0

A. Sample preparation
t (001) (0)

The wafer structure, shown in Fig. 1, was formed by
the sequential deposition of 1000 A of Si bu8'er layer, fol-
lowed by the Ge/Si superlattice region, and finally by a
100-A cap layer. These layers were unintentionally
doped and deposited on a conducting (001) Si substrate as
described in earlier work. ' '

In order to investigate directly the structure of the de-
posited layers, thin foils were prepared by standard ion-
rnilling techniques to allow the examination of the sam-

ples in cross section, with the electron beam parallel to a
(110) normal to the growth direction. Lattice images
were obtained at a 1.6-A point-to-point resolution. Un-
der these conditions the interference pattern resulting
from the periodic array of pairs of atom columns appears
as a black or white blob. The direct observation of
monolayer-scale layers is complicated by the presence of
interfacial steps that tend to smear out the layers and by
the presence of substantial strain. Only Ge or Si layers
with thicknesses equal to or greater than four monolayers
can be observed clearly by lattice imaging, although some
evidence for the presence of layering in the (2:2) Ge/Si
samples was also observed.

The samples used for electroreAectance measurement
were cut from the wafer following growth. A typical
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FIG. 1. Diagram of a (4:4) Si/Ge superlattice, one of the
strained-layer structures studied in this work. Growth on a rel-
atively thick Si substrate means that subsequent Si epitaxial lay-
ers are strain free, so that all the mismatch strain is imposed on
the Ge layers.
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V peak-to-peak ac. The magnitude of the applied field
was limited by both the quality of the Schottky barrier
and the voltage source used, but care was taken to mea-
sure all samples under similar modulation conditions.

The Ni Schottky barrier permits the sample to be re-
verse biased to an electric field of about 2.5X10 V/cm.
A more precise determination of the electric field
strength was not made because the carrier-concentration
profile in the superlattice region is nonuniform, and, in
general, dificult to determine precisely. Since the field is

applied from the epitaxial side of the wafer, it must de-
plete only 1000 A to reach the superlattice region. As
the field on the sample is modulated, the edge of the de-
pletion region will sweep though the superlattice.

B. Electroreflectance spectroscopy

ElectroreAectance spectra were taken at room tempera-
ture over the energy range 0.6—4.0 eV. A 100-W tungsten
lamp was used as the light source in the ir, and a 1SO-W
xenon arc lamp was used in the uv, visible, and ir. The
wavelength was scanned using a McPherson monochro-
mator with an efFective aperture of fl6.4. The wave-
length resolution of the experiment, dependent on the
grating and slit width, is about 12 A. This is much finer
than the linewidth of the features discussed in our results.

Borosilicate glass optics were used. The reflected light
was detected using an S-20 photomultiplier tube in the uv
and visible, from 2 to 4 eV. The tube has a borosilicate
glass envelope which does not transmit above 4 eV and so
acts as a filter. A lead sulfide photoconductive cell,
cooled to 220 K, was used to cover the red and infrared
from 0.6 to 2 eV. Appropriate filters were used to elimi-
nate higher-than-first-order transmission through the
grating.

The spectra were taken by collecting the reAected light,
which consists of a small ac component (typically
10 —10 times smaller) superimposed on a large dc
component. The total reAected light R is measured and
digitized by a dc voltmeter. The modulated component
of the signal, hR, is separated from the total reAected
light signal by the lock-in amplifier. The values of R and
AR are recorded digitally and their ratio is calculated.
The entire experiment is under the control of an ATILT
PC6300 computer. Since the monochromator is stepped
rather than continuously scanned, we take multiple read-
ings at each wavelength, permitting signal averaging. In
addition, the analog averaging feature of the lock-in
amplifier is used to improve the signal-to-noise ratio. The
resolution of the measurement is dependent on the dy-
namic range of the detectors and the inherent noise in the
experiment. In practice, we can measure AR/R in the
low-10 range. These techniques have extended the sen-
sitivity of electroreAectance spectroscopy by several or-
ders of magnitude.

The advantage of measuring the ratio of modulated
reAectedi light to total reAected light is that the ratio
b,R /R is, in principle, independent of the light intensity,
grating, light source, or absorption by optical com-
ponents. The rationalization of data, however, will not
correct for nonlinear distortions introduced by the exper-

iment. Recent advances reported by Shen et al. , could
be used to eliminate this difficulty. ' In practice, this
procedure makes it possible to compare directly data
from different wavelength regions, taken with different
gratings, light sources, detectors, and even different sam-
ples.

ElectroreAectance measurements on bulk Ge were first
taken as a means of verifying both data acquisition and
analysis. Ge has optical transitions at critical points near
0.8, 2.1, and 3.0 eV, covering the energy range of interest
in our experiments. The electroreAectance spectrum at
295 K is shown in Fig. 2. These sets of transitions corre-
sponding to Eo at I, F. , along A, and Eo also at I can be
identified easily. The electroreAectance spectrum was an-
alyzed by fitting a Lorentzian line-shape function to the
data. Results are shown in Table I and the transition en-
ergies can be seen to be in excellent agreement with ac-
cepted values for these transitions.

III. EXPERIMENTAL MEASUREMENT
OF CRITICAL-POINT ENERGIES

A. Analysis of data

Measured values for the electroreAectance (b,R/Ro)
and photon energy (A'~) were recorded at intervals of 10
A for all samples. Recordings at a finer resolution of 2-A
steps were made for some regions of interest. The data,
stored directly on magnetic disk, were analyzed by using
a nonlinear convergence routine to fit a line-shape func-
tion in order to determine amplitude, transition energy,
and linewidth for all the features of the spectrum.

Aspnes has shown that the line shape of the
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FIG. 2. ElectroreAectance spectrum of elemental Ge in the
energy range 0.6—4.0 eV. In this range, the Eo, Eo+ ho, Eo, and
Eo +60 transitions at I are resolved. The dominant features in
the spectrum are the E

&
and El +6, transitions near 2.1 eV.
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TABLE I. Measured optical transition energies for Ge.

Peak
no.

1

2
3
4
5

Energy
(eV)

2.98
2.302
2.121
1.090
0.800

Linewidth
(eV)

0.09
0.086
0.063
0.041
0.036

Origin

Eo
E)+5,

Eo+ 60

Reported
values

(eV)

2.95'
2 33'
2.13
1.087'
0.805'

'A. K. Ghosh, Phys. Rev. 165, 888 (1968).
M. Cardona et ah. , Phys. Rev. 154, 696 (1967).

'B. O. Seraphin et al. , J. Appl. Phys. 36, 2242 (1965).

electroreAectance spectrum of bulk materials is propor-
tional to the third derivative of the dielectric function. '

The dielectric function near a critical point where an op-
tical transition (that is, 8k=0) can take place may be ex-
pressed in terms of the transition energy E~ and the
linewidth I . In the case of electroreAectance of bulk ma-
terials, the actual transition energy is modulated by free
carriers that are accelerated by the electric field. This ac-
celeration contributes two out of the three derivatives
that are characteristic of the line-shape function. If the
carriers are not accelerated by the modulating field be-
cause they are confined, or because they are bound in a
neutral charge complex such as an exciton, then the
electrorefiectance spectrum will display only a first-
derivative line shape. The electronic excitation spectra
of quantum wells and superlattices are dominated by
confinement and excitonic effects, and the present study
of Ge/Si superlattices presents no exception to these
features.

In a typical line-shape analysis, several neighboring
transitions are fitted simultaneously. Thus, in the case of
Ge, the Ep and Ep+Ap transitions are fitted to a line-
shape function containing two peaks. A third-derivative
functional form is used for this analysis because the sam-
ple is bulk Ge. For most of the other spectra in this pa-
per, the data range is chosen to include three transitions
so that the parameters of every transition are determined
relative to those of its neighbors in energy.

The question of the functional form of the transition
line shape in electroreAectance has been the subject of re-
cent studies by Shanabrook et aI. and Zheng et al. ,

'

with specific reference to the optical properties of
quantum-well structures. While the electroreOectance
spectra of bulk semiconductors consist often of a few dis-
tinct lines, the spectra of quantum-well structures are in-
variably more complex, with transitions overlapping or
nearly overlapping in energy. This situation will distort
the observed appearance of the spectrum from the near-
classic form seen in Fig. 2.

In these experiments we are interested primarily in
determining the energies of optical transitions in Ge/Si
superlattice structures. This is the first step in comparing
experimentally measured energy levels with band-
structure calculations. In the analysis reported here, we
have used a Lorentzian line-shape function

=Re[sr "e' (Z —E —Er) "] .
0

(la)

Equation (la) is fitted to the data by varying the transi-
tion amplitude 3, the linewidth I, the phase @, and the
transition energy E . The transition amplitude is propor-
tional to the square of the standard matrix element for
optical transitions. This feature implies that
electroreAectance is highly selective in measuring direct
optical transitions in homogeneous materials.

The use of Eq. (la) implies that the measured levels are
homogeneously broadened. If variations in superlattice
thickness or interface Aatness were a major concern, a
Gaussian line-shape function would be more appropriate.
Our data may be fitted equally well by a Gaussian or
Lorentzian line-shape function. Because of experimental
conditions related to the nanostructure of the sample,
and the temperature, both of which contribute to the rel-
atively broad features seen in our measurements, it does
not appear possible to distinguish between these two
line-shape functions based on our data. Most important
of a11, the transition energy is not significantly affected
(less than 0. 1 eV) by this choice of line-shape function for
our data.

The parameter n in Eq. (la) is related to the nature of
the critical point associated with the transition:

n =2, exciton or confined

n =
—,', 3D, band-to-band

n =3, 2D, band-to-band

n = —', , 1D, band-to-band .

(lb)

(1D, 2D, and 3D denotes one-dimensional, etc.). The
value used in line-shape fitting may vary from one energy
region of a spectrum to another. For example, the silicon
complex near 3.4 eV has its origin in the Si bulk buffer
layers and is fitted using n =

—,'. The Ge/Si superlattices
have a basic type-II nature. The valence-band states are
confined strongly by the Si buffer layers on each side.
However, all the conduction-band states in the superlat-
tice lie higher in energy then the silicon buffer-layer
conduction-band edge. Despite this type-II nature of the
band gap, we have shown that the energy levels of direct
transitions in Ge/Si quantum wells measured in
electrorefIectance are determined by quantum
confinement of carriers by states of the same symmetry in
both the quantum-well and barrier region. Thus, the Ep
transition near 2.5 eV is confined by a 2-eV Ep barrier in

the Si buffer layer, even though the indirect conduction-
band edge in the Si barrier lies below the Ep edge. " Us-

ing this result, it seems appropriate to use n=2 corre-
sponding to an excitonic or confined transition when
fitting this structure. On the other hand, measured tran-
sitions near the indirect edge involve holes that are
confined and electrons that are not confined by the Si bar-
rier regions. The line shape of these transitions will be
affected by both the first-derivative nature of the holes
and the third-derivative nature of the electrons. The ex-
perimental results will be best fitted by a line-shape func-
tion using an n,~„„„between2 and —,', but the physical
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significance of n is diminished. However, as in the case of
the choice between Gaussian and Lorentzian fitting func-
tions, we have verified that the transition energy changes
by less than 0.1 eV as n is varied from 2 to —', . Only the
deduced line width and amplitude are significantly
affected.

The issue of the physical validity of line-shape func-
tions and parameters is important and an area where a
great deal of research needs to be done. While our fitting
procedure will yield the correct transition energies, it
could also provide additional information on interfacial
fatness, optical matrix elements, and critical-point
dimensionality. Improved knowledge in these three areas
would represent a significant advance in the understand-
ing of the physics and microstructure of these superlat-
tice structures.

The proximity in energy of several transitions leads to
possible interferences and distortions in the measured
spectra. While it is easy to see how amplitude effects,
such as superposition of transition peaks, can occur,
there is a more subtle effect related to the role that the
real and imaginary parts of the dielectric function can
play, As discussed by Zheng et al. ' the dielectric func-
tion responsible for .the electroreAectance spectrum may
be dispersive, as in Fig. 2, or dissipative in nature. In the
fitting function, the phase is used to account for this
feature, and the relative phase difference between two ad-
jacent peaks is an essential component of the fitting pro-
cedure. Et is important to realize, however, that a purely
dissipative dielectric function will result in a strong ab-
sorption only if the matrix element is large also.

In strongly inhomogeneous materials, such as the su-
perlattice structures under investigation in this paper, the
electric field has a symmetry-breaking effect that
enhances the transition matrix element for symmetry-
forbidden direct optical transitions. Thus, while the con-
ventional interpretation of electroreflectance has been
that it measures only allowed direct optical transitions,
the situation can be different in the case of
electroreAectance spectroscopy of quantum wells. The
presence of a large electric field (10 —10 V/cm) will cou-
ple the n = 1 quantum-we11 state in the valence band to an
n =2 state in the conduction band, permitting the obser-
vation of a direct optical transition that would be forbid-
den at zero field. In the experiments of Meynadier et
al. , it was observed that the strongest feature in the
photoluminescence spectrum of type-II AlAs/GaAs su-
perlattices comes from a normally "symmetry-forbidden"
transition. In this case, the electric field is used to "tune"
the fine details of the lowest-energy bands as well as
enhancing transitions to zone-edge (X-like) states.

Finally, we wish to point out that interference effects of
a much more common nature can occur in
electroreflectance when structures in the sample form a
Fabry-Perot etalon. These interference effects can be
seen when the wavelength of light is similar to the dis-
tance separating the two planes responsible for the in-
terference. This distance Xo can be calculated from Eq.
(2) by recording the interference period b, A, :

26M A,
(2)

[A(5n o/5A) ,no], —

where AM is the difference in oscillation index. The
quantity in the square brackets in Eq. (2) can usually be
approximated by an effective index of refraction n '.

The shortest wavelength of light used in our experi-
ments is 3000 A, which is reduced by the index of refrac-
tion to about 1000 A in Si or Ge. The superlattice struc-
tures reported in this work have a total thickness of

0
about 50 A, and so we cannot measure interference
effects from the superlattices over the spectral range
covered in the measurements. Fabry-Perot oscillations
are seen in some samples. In Fig. 3 we show such oscilla-
tions that obscure most of the region of interest. Using
Eq. (2), it is deduced that the fundamental spacing is
about 400 pm, or the wafer thickness. These oscillations
are seen because of electric field modulation of the carrier
distribution at the front and back faces of the sample.
While such interference effects may occur, they have a
recognizable signature, and they are related to features in
the sample geometry much larger than the superlattice
plane separation used in our samples.
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FICs. 3. ElectroreAectance spectra can be distorted by the
presence of interference oscillations. The wavelength of light
used restricts these effects to structures whose physical separa-
tion is much greater than the superlattice thickness. In this
case, oscillations arise because of interference effects associated
with the front and back surfaces of the sample.

B. Basic features of the energy spectrum
of strained Ge/Si quantum wells

Because Si and Ge are closely related materials, Ge-Si
alloys have an electronic structure that can be approxi-
mated by an appropriately weighted linear average of the
band structures of Ge and Si. In Fig. 4 we show a
schematic band structure derived using the virtual-crystal
approximation for a strained Geo 5Sio z alloy along major
symmetry directions in the Brillouin zone. Superimposed
on this diagram are the principal direct optical transi-
tions that contribute to the electrorefiectance spectrum:
E, and E& +6&, which result from a critical point along
the (111) directions, and Eo and Eo+b,o, which result
from critical points at the zone center. In our experience
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lying conduction-band states would be formed from the
Si (Xz) states in compression that lie along the superlat-
tice direction. This simple observation illustrates the im-
portant effect that the substrate lattice constant azd
orientation have on strain-related modifications of the
electronic band structure.

IV. EXPERIMENTAL RESULTS

A. (1:1)Ge-Si superlattice

[~00], [O~O] &&

[oo~]

WAVE V ECTOR

FIG. 4. Schematic electronic band structure of a Geo,Sio, al-
loy under uniaxial tension along the [001] axis. The energy-
momentum diagram is shown for the two nonequivalent (100)
directions. Because Geo 5Sio 5 is an indirect-band-gap alloy with
conduction-band minima along the (100) directions, uniaxial
strain, regardless of sign, along a (100) direction, will always
lower the band gap. The lower-lying minima will be directed
along the axis or (axes) in compression.

with Ge-Si aHoys, the E
&

transition is the most important
feature in the electroreAectance spectrum.

Under the effects of uniaxial strain that results from
the commensurate epitaxial growth of Geo ~Sio ~ on a Si
substrate, some of these levels are split. If the substrate
surface is perpendicular to the [001] direction, then this
axis will be under tensile strain, while the two other
(100) directions, which define the plane of epitaxial
growth, will be under compressive strain. This situation
is directly rejected in the electronic band structure by
the result that the three (100) directions are no longer
equivalent. Electronic energies along the tensile strain
axis are raised, while energies along the directions in
compression are lowered.

At the zone center, strain lifts the twofold degeneracy
of the uppermost valence band, creating an oblate
spheroid energy surface and a lower-lying prolate
spheroid surface. For the sample geometry used in all of
our experiments, this means that the "heavy-hole" state
is raised in energy relative to the "light-hole" state. The
effects of strain on the band structure are shown schemat-
ically in Fig. 4. The band-structure diagram shows ener-
gies along the two nonequivalent (100) axes. The mag-
nitude of the strain is so large that the lowest-lying ener-
gy level even in pure Ge will be formed from the X~~ states
instead of L. states. In the case of a superlattice consist-
ing of alternating layers of unstrained Si and strained Ge,
the minimum of the conduction band lies in Si because of
the large band offset between Si and Ge. Because the top
of the strain-split valence band of Ge is nearly 0.8 eV
above that for strain-free Si, (100) minima in Si lie
below the strain-split Ge conduction-band edge. It
should be noted, however, that if the sign of the strain is
reversed by the growing pure Si on a Ge substrate, then
the X~~ states in Si would be in tension, and the lowest-

Composition and strain

Eo(1)=2.52 eV
Eo(2)=2.62 eV
Eo+Ao=2. 87 eV
E& =2.82 eV
E&+6&=3~ 14 eV

Quantum confinement

0.05 eV
0.11 eV
0.1 eV
0.03 eV
0.03 eV

0
One-dimensional quantum confinement by the 46-A su-

perlattice will increase these energies as shown above.
This effect is most pronounced on the complex of Eo
transitions because of the relatively low electron effective
mass at I . In Table II we give the transition energies and
linewidths obtained by fitting the line-shape function to
the data shown in Fig. 5.

Relatively good agreement exists between these
theoretical calculations and experiment for the energies
of the Eo transitions. In particular, the Eo(1) transition
at 2.60 eV is the lowest bulk transition energy for the

The (1:1)atomic monolayer superlattice was grown for
16 periods. The total thickness of the structure is 46 A.
The compositional modulation between Si and Ge is im-
posed only along the [001] growth direction. The result-
ing superlattice is identical with the three-dimensional
zinc-blende structure of CxaAs. As such, the (1:1)super-
lattice does not have inversion symmetry, and is unique
in this regard among all of the structures reported in this
work.

Local-density-functional calculations by Froyen et al.,
have been performed on the (1:1) superlattice in which
the compositional modulation takes place on a scale
much smaller than the unit-cell dimension. The results
show little diff'erence from that of a random alloy of 50%
Si —50% Ge. The electroreflectance spectrum for this su-
perlattice is shown in Fig. 5. The spectrum shows six
features. Those labeled 1 through 3 can be identified with
the E, -EO complex of Si. They are common to all the
spectra measured in our study. Because there are no op-
tical transitions in Si that occur at energies less than 3.2
eV, all of the. other spectral features in Fig. 5 come from
the 46-A superlattice region.

The electronic state energies have been calculated us-
ing the envelope-function approximation to treat the 46-
0
A Ge-Si region as a single quantum well. The effects of
strain are calculated from the strain-dependent Hamil-
tonian used in our previous work on strained alloy quan-
tum we11s. This procedure allows us to estimate the ex-
pected transition energies for a strained random alloy.
These are as follows:
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three-dimensional random alloy. When this value is corn-
pared to the corresponding level for ordered superlat-
tices, it will be seen that the transitions for the ordered
structures occur at significantly lower energies.

The calculated energy for the E& structure occurs at
2.85 eV. The corresponding experimental feature, how-
ever, lies at 2.92 eV, which appears to be higher than
theory. Given the good agreement between theory and
experiment for the Eo transitions, this discrepancy may
warrant explanation. Note that the measured linewidth
is twice that for the Eo transitions. This suggests the
presence of an additional transition near 2.9 eV. Al-
though not resolved in experiment, the Eo+ Ao transition
is expected near 2.97 eV, and we explain both the width
and energy position of the 2.92-eV feature by the overlap
of the E& and Eo+bo transitions. A strain splitting be-
tween the E& and E, +6, transitions of 0.20 eV is expect-
ed and a corresponding feature is measured at 3.18 eV.
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FIG. 5. (a) Electrorefiectance spectrum of a (1:1) Ge/Si
atomic monolayer superlattice grown on (100) Si. Total super-

0
lattice thickness is 46 A. The spectrum shows Si-related
features near 3.4 eV. The remaining transitions at lower energy0
all originate in the 46-A superlattice region. (b) Results of line-
shape fitting near 3.5 eV, corresponding to the Si E, -EO transi-
tions.

In brief, the measured energy levels of the (1:1)superlat-
tice agree within 0.1 eV with those expected for a random
aHoy. As we have shown in earlier work, there is also
good agreement between experimental values for the
critical-point energies and theoretical values calculated
by using a strain-dependent Hamiltonian and bulk values
for elastic constants and lattice parameters.

There is one additional feature in the spectrum —at
lower energies —that bears comment. It is a relatively
wide feature centered at 0.68 eV. This energy coincides
with the indirect gap of a strained Ge-Si (Ref. 3) alloy of
the same composition. The observation of an indirect
edge in electroreAectance is not normally expected be-
cause of the much smaller optical matrix element for in-
direct transitions. However, indirect features have been
resolved in electroreAectance studies of Al Ga& „Sb.
We expect such features to be more diFicult, but not im-
possible to see in our measurements. Our ability to
resolve such features is due to improved resolution of the
experimental setup, and in particular, to the longer
averaging time made possible by digital recording. We,
therefore, attribute this feature to the indirect band gap
of the alloy.

B. (2:2) Ge-Si superlattice

The (2:2) atomic monolayer structure was grown for
ten periods; the entire structure is 56 A wide. The (2:2)
ideal superlattice has a center of inversion symmetry and
a tetragonal unit cell. The primitive unit cell of this
structure consists of two atoms of Si and two atoms of Ge
in the superlattice direction. Appealing to the simplified
notion of "zone folding, " the Brillouin zone of this struc-
ture is "folded" once along the superlattice direction. Al-
though the Brillouin zone is not "folded" along the two
mutually orthogonal directions in the plane of the super-
lattice, the band structure is, nevertheless, modified along
these directions. Portions of the band structure with a k,
component near the edge of the Brillouin zone will be
projected onto the ( IOO) and (Olo) kII directions in k
space. The in-plane lattice parameter of the unit cell is
5.43 A, fixed by the Si substrate. Perpendicular to the
substrate plane, the lattice parameter is calculated to the
5.62 A based on bulk elastic constants of Ge. However,
the actual distortion of the Ge sublattice cannot be accu-
rately measured by conventional means. Unlike the (1:1)
structure, all the strain is concentrated principally in the
Ge bilayers and the interface bonds instead of being dis-
tributed uniformly through the structure.

The electroreAectance spectrum for this sample is
shown in Fig. 6. First of all, the characteristic triplet for
the Si E&-Eo complex can be seen near 3.4 eV, just as in
Fig. 5. Lying at lower energies is a series of transitions,
giving a spectrum that is richer than that of the (1:1)su-
perlattice. The Eo(1) and Eo(2) transitions are centered
near 2.3 eV, nearly 200 meV lower than their position in
the (1:1)structure. This di6'erence in energy for a struc-
ture of the same average composition is directly attribut-
able to the presence of superlattice-induced minibands
that are present in this structure, but absent in the (1:1)
superlattice. %'hile this point will be covered in some de-
tail in the discussion of our results, it can be pointed out
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TABLE II. Properties of the principle optical transitions for a (1:1)superlattice.

Peak
no.

Energy
(eV)

3.54
3.39
3.27

3.18

2.92

2.72
2.60

0.68

Amplitude
(aRgR, )

3.6x10-'
7.1 x 10
1.ox 10-4

2 x10-'

9 x10-"
2x10-'
1x10-'
-10-'

Linewidth
(eV)

0.11
0.08
0.08 .

0.11

0.12

0.12
0.13

0.20

Origin

Si
E)-Eo
complex

E)+6)
Eo+ 50
Ei

E,(2)
E()(1)

Eg

Transition energy
for Ge05Sio, alloy

(eV)

3.55
3.40
3.30

3.17
2.97
2.85

2.73
2.57

Indirect gap
at 07 eV

briefly here that the lowest-energy miniband created by
the superlattice potential is expected to lie lower in ener-
gy than the virtual-crystal energy of the random alloy for
these structures. Our measurements for the (2:2) struc-
ture are summarized in Table III.

The superlattice potential splits the E& and E]+6&
transitions into six which have nonzero matrix ele-
ments. ' The two main features can be seen at 2.78 and
2.93 eV. Some of the higher-lying Ei-related structure is
resolved at 3.11 eV. This splitting rejects the presence of
the superlattice: the E& states are projected onto the
two-dimensional zone parallel plane, and along the one-
dimensional superlattice direction. Superlattice induced
mixing of this state produces additional levels, only some
of which are resolved in our measurements.

Strain alone cannot produce this effect because a
(001) uniaxial strain affects all the energy levels with
[111]symmetry in exactly the same way. The observed
splitting is expected to occur when the superlattice period
is short enough to modify the cubic symmetry of the Bril-
louin zone.

C. (4:4) Ge-Si superlattice

The (4:4) structure consists essentially of alternating
cubic cells of Si and Ge in the [001] direction. The entire

0

superlattice structure that we studied is 52 A wide and
consists of five periods of four monolayers of Si alternat-
ing with four monolayers of Ge. In this case, the primi-
tive unit cell consists of eight atoms, and the Brillouin
zone is folded twice along the superlattice, but still
remains unfolded in the superlattice plane. This gives a
square "pillbox" geometry to the Brillouin zone in k
space rather than the truncated octahedron that is the
case for fcc semiconductors. A transmission electron mi-

crograph showing the lattice-resolved image of this struc-
ture is shown in Fig. 7. This image provides direct evi-

dence for extended layering.
Original theoretical studies of this superlattice were

made by Gnutzmann and Clausecker, who modeled the
band structure using the concept of folding of the Bril-
louin zone and the envelope-function approximation.
In this work, it was demonstrated that the amplitude of a
transition between the valence-band maximum and a
zone-folded band at I could be as large as 10% of that
for a direct optical transition. This approach was further
developed by Moriarty and Krishnamurthy, who derived
the form of the band structure for the Ge/Si (4:4) super-
lattice. Additional theoretical studies of this superlat-
tice were made by Van de Walle and Martin in order to

TABLE III. Properties of the principal optical transitions for a (2:2) superlattice.

Peak
no.

Energy
(eV)

3.52
3.38
3.30

3.11

2.93

Amplitude
(AR /Ro)

5X10
1.4X 10
1X 10

2.4x10-'
9x10-'

Linewidth
(eV)

0.08
'

0.07 ~

0.09,
0.13

0.10

Origin

Si
E, -E()
complex

E',
doublet

Remarks

2.78

2.41

2.21

0.85

1.4x10-'
3.9 x10-'
4.2X 10

—1X10

0.09

0.24

0.18

0.3

E (2)

E.(1)

splitting of valence

band is equal to 0.20 eV

resolution of
indirect band gap
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FICz. 6. (a) ElectroreAectance spectrum of a (2:2) Ge/Si
atomic monolayer superlattice grown on (001) Si. The broad
feature near 2.3 eV is derived from the Eo transition in a
strained random alloy. Its appearance at 2.3 eV instead of 2.6
eV is the result of the superlattice structure. (b) Line-shape
fitting of the (2:2) structure in the vicinity of the Eo transition.
The valence-band splitting of 0.2 eV is resolved by the fitting
procedure.

determine the valence-band offset between Si and Ge.
Experimental measurements have confirmed these calcu-
lations. ' Evidence from Shubnikov —de Haas oscillations
on n-type samples support the results of these studies by
showing a very small conduction-band offset. ' In the
work of van de Walle and Martin, it was shown that the
bulk atomic potentials of Si and Ge were well established
in only two atomic monolayers. The unit cell of the syn-
thetic crystal formed by the superlattice is shown in Fig.
1(b). People and Jackson used the results of Van de
Walle and Martin to derive the electronic energy levels of
the (4:4) structure in a Kronig-Penney approximation.
The strength of this approach lies in its simplicity. In ap-
plying this method, it should be noted that the Brillouin
zone experiences an additional folding to that shown in
Fig. I of Ref. 10, the effect of which is to introduce an
additional level at the zone center near 1.7 eV. The gen-
erally good agreement between the critical-point energies

by this method when compared to results from other
more fundamental theoretical approaches establishes an a
posteriori justification for the validity of an envelope-
function model in this thickness regime. ' ' This
agreement also lends support to the notion that in addi-
tion to bulk potentials being well established in the super-
lattice, as Van de Walle and Martin have shown, bulk en-

ergy levels of Si and Ge are also well established in the
(4:4) structure.

The electroreflectance spectrum of the (4:4) structure is
shown in Fig. 8. The triplet of states near 3.4 eV, related
to the E, and Eo transitions in bulk Si is clearly resolved.
Below 3.2 eV there is a rich spectrum of transitions com-
ing from the superlattice structure itself. Near 2.8 eV,
the E

&
and E i +6 transitions are split into multiple com-

ponents labeled by the arrows 2, 3, 4, and 5. Peak 5 is a
doublet. The superlattice-induced splitting, first resolved
in the (2:2) spectrum, is now well developed. Microscopic
band-structure calculations for this superlattice support
our observations in some detail. ' These transitions are
resolved in our spectra at peak 2 (3.22 eV), peak 3 (3.04
eV), peak 4 (2.82 eV), and peak 5 (2.58 and 2.61 eV). The
splitting of the E, transition is the signature of the result
that the electronic states reAect the noncubic superlattice
symmetry rather than the cubic symmetry of a homo-
geneous alloy. In more precise terms, the splitting of the
E& transition is due to the breaking of the C4 symmetry
along the growth axis.

The Eo-derived transition for this structure occurs
near 2.3 eV. The Eo transition is split into two com-
ponents because the cubic symmetry is broken by strain
and superlattice geometry. The presence of two corn-
ponents to the Eo transition is seen in the width of the
feature. The energy positions of these two components
can be determined more precisely by line-shape analysis
of this feature. As in the case of the (2:2) superlattice, the
observation that the Eo feature lies much lower in energy
than the virtual-crystal average of Ge and Si is expected,
because the electronic states at the zone center reAect the
presence of a superlattice rather than an alloy.

Below 2.0 eV, an additional series of transitions is
resolved in the (4:4) superlattice structure. Two of these
transitions at 0.8 and 1.3 eV were clearly visible in Fig.
8. We have previously identified these new features as
structurally induced optical transitions. Experimentally,
these transitions have an amplitude similar to that of the
direct optical transitions lying at higher energies.

The appearance of additional direct optical gaps might
be expected in the superlattice, because the periodic po-
tential will mix zone-edge and zone-center states, creating
additional bands at the zone center. All theoretical cal-
culations done so far show new gaps appear whose ener-
gies correspond closely to those measured here. Howev-
er, the character of these new gaps in either indirect or
quasidirect. In an extended superlattice the transition
matrix element associated with these structurally induced
transitions should be quite small, and the measured am-
plitude should be similar to that seen in the (1:1)or (2:2)
superlattices near 0.8 eV; that is, about 2 —3 orders of
magnitude less than that for a bulk direct optical transi-
tion.
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FIG. 7. Transmission micrograph of an extended (4:4) superlattice grown by MBE. Direct lattice imaging is used to resolve pairs
of atoms. The lower-magnification cross section of the sample shows that planarity is maintained both laterally and ip the growth
direction.

In Table IV we have listed the measured transition en-
ergies for the (4:4) structure. We have also listed the re-
sults of calculations of the expected energies for this su-
perlattice. The agreement between calculations and ex-
periment is very close. Furthermore, the good agreement
for the transition energies between the results, first-
principles theory, and the Kronig-Penney envelope-
function approximation gives some support to the notion
that the electronic levels in the (4:4) superlattice are
determined largely by the energy levels of bulk Si and Ge.
This result differentiates the (4:4) superlattice from the

(2:2) superlattice, where the measured energy levels can-
not be so simply deduced from levels in bulk Si and Ge.

In reporting the results shown in Table IV, we note
that the 1.70-eV transition was seen clearly in one sam-
ple, but was resolved weakly in the sample whose spec-
trum is shown in Fig. 8. Appeal to the envelope-function
approximation shows that one component of this transi-
tion arises from the double folding of the Brillouin zone
from the eight-atom periodicity. The missing 1.70-eV
feature may be an indication of the absence of longer-
range order.

TABLE IV. Principal optical transitions for a (4:4) superlattice. Results are compared to some calculated values for the optical
transition energies.

Trans.
no.

Energy
(ev)

3.56
3.39
3.29

AR /R
ampl.

2X 10
7x10-'
2X 10

Line width
(eV)

0.08
0.08
0.07

Origin
ident.

Si
El -Eo
complex

First-principles
band struct.

(eV)
(a)

3.56
3.40
3.31

Local-density
approx.

(ev)
(b)

Kronig-Penney
envelope-function

approx.
(eV)
(c)

2
3

5

3.22
3.04
2.82
2.60

2.38
2.20
1.70

1.25

0.76

4x10-'
1.8x1O-4
1.6x10-'
2.1x 10-'

5X 10
2X 10
sx1O-'

5x10 '

3 x 1O-'

0.07
0.06
0.11
0.13

0.22
0.25
0.20

0.20

0.20

E, +a',
z, +aI
El
E I (doublet)

Eo (doublet)

zone folded
(quasidirect)
zone folded
(quasidirect)
E~ (indirect)

3.26
3.18
2.88
2.54
2.50
2.41
2.20
1.76

1.24

0.85

2.3
1.9

1.2

0.8

2.41
1.7

1.20

0.84

'Reference 12.
Reference 29.

'Reference 10.
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FIG. 8. (a) Electroreflectance spectrum of a (4:4) Ge/Si
atomic monolayer superlattice grown on (001) Si. The total su-

perlattice thickness is 52 A. Prominent peaks in the
electrore6ectance spectrum at 0.8 and 1.2 eV identify two new

structurally induced transitions. (b) Line-shape-fitting results
for five transitions between 2.0 and 3.0 eV.

In our experiments we have investigated a series of su-
perlattices which have a similar average composition,
close to CxeQ5SiQ5 and a similar thickness, 50 A. This
series of structures forms a convenient framework for fol-
lowing the evolution of the electronic band structure
from that of a random alloy to that of a multiple
quantum-well structure in which the potential wells and
barriers are formed by materials with well-defined bulk
values.

Our clearest experimental observation is that some of
the ordered samples used in this study have measured
electronic energy spectra that are quite distinct from that
of a random alloy. In our discussion we consider the pos-
sible origin of this new structure, the relationship be-
tween our measurements and theoretical calculations of
the electronic structure, and important differences be-
tween the ideal superlattices treated in theory and the ac-
tual conditions under which experimental data were tak-
en.

Electroreflectance is an optical characterization tech-
nique whose usefulness and accuracy has been well estab-
lished in many bulk semiconductors and multiple-layer
semiconductor heterostructures. ' ' As an optical
technique, electroreflectance is sensitive to extended elec-
tronic states rather than localized defects. Our experi-
mental measurements sample a macroscopically large
surface area, and resolution of distinct transitions de-

pends on sample uniformity over the better part of 0.1

cm . The measurement of new optical transitions in an
ordered Ge/Si superlattice is strong supporting evidence
that these transitions occur between new extended states
in the valence and conduction bands, as opposed to tran-
sitions between defect states introduced by vacancies,
dislocations, or impurities.

A. Comparison of theories with experimental results

We are aware of at least five different theoretical ap-
proaches to the calculation of the electronic band struc-
ture of ordered Ve/Si superlattices: local-density-
functional approximation, ' ' empirical pseudopoten-
tial, ' tight binding, ' envelope-function approxima-
tion, ' and quasiparticle calculations. ' ' In all of these
investigations, the Ge/Si superlattice is treated as an
ideal structure of infinite extent with perfect interfaces.
The measurements are made, ho~ever, on nonideal struc-
tures under somewhat different conditions. The most im-

portant of these are listed briefly.
(1) Electric jield. Electroreflectance requires an applied

electric field to modulate the transition energy. In our
case, the electric field is applied along the superlattice
axis and creates a symmetry-breaking potential.

(2) Limited extent of the superiatrice structure. In the
(4:4) superlattice, five superlattice periods can be grown
before the critical thickness limit is reached. The as-
sumption of infinite spatial extent permits the use of
periodic boundary conditions in a calculation, but impor-
tant edge effects may be present in experiment.

(3) Interface roughness The trans. mission-electron-
microscopy (TEM) micrograph that we have shown in

Fig. 7 could be used to estimate that the interface rough-
ness in a (4:4) superlattice is about +1 atomic mono-
layers. This represents a stunning achievement for
molecular-beam-epitaxial (MBE) growth technology. On
the other hand, an uncertainty of +1 atomic monolayer
translates into variations in the (4:4) superlattice struc-
ture that are 50% of the nominal thickness. For the (2:2)
ordered structure, a fluctuation of this magnitude has
even more dramatic effects on the sample structure.
Hence, interfacial roughness can be expected to be an im-

portant perturbation. For similar reasons the presence of
dislocations may also be a factor in disturbing transla-
tional symmetry.

B. Superlattice ordenng. in the
atomic monolayer structures

In studies of the electronic band structure by Froyen et
a/. , ' it has been seen that the electronic structure of the
(1:1)superlattice appears to differ only slightly from that
of a random alloy. For the critical points measured in
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three spectra are quite similar, supporting the conclusion that
the (1:1)and (6:6) structures have an alloylike electronic band
structure.

our electroreAectance experiments, no differences be-
tween the two are expected. In addition, our observa-
tions of interfacial roughness in (4:4) structures lead us to
conclude that extended, long-range layering appears un-
likely in the (1:1) structure. The analysis of our
electroreAectance data, in fact, shows the energy spec-
trum of the (1:1)sample to resemble that obtained from a
random alloy of similar average composition. These
spectra are quite distinct from those for the ordered (4:4)
structure shown in Fig. 8.

In our measurements, we characterized an additional
structure: (6:6) Ge/Si on (001) Si. Six monolayers of Ge
grown on Si are close to the critical thickness limit. The
superlattice consisted of three periods, and following
Hull's rule ' it is likely that the critical thickness limit
was exceeding during the growth of the second layer of
Ge. The electroreflectance spectrum of this sample is
shown in Fig. 9, and it is compared to the (1:1)superlat-
tice and a random alloy of a similar composition. It can
be seen readily that the (1:1) and (6:6) spectra are very
similar to each other. These two spectra are closely relat-
ed to that for the random alloy with the primary
difference being the precise position of the E, transition.
AH three samples display the common feature that there
are no significant optical transitions measured below 2.5
eV.

The comparison shown in Fig. 9 suggests that the (6:6)
superlattice structure lacks extended long-range order.
TEM examination of this (6:6) structure has shown this
conjecture to be the case. Figure 10 is a lattice image of a
three-period (6:6) Ge/Si sample. Layering is observed for
the first Ge deposition, but the second and third layers

display disorder manifested by irregularities in thickness,
as well as the presence of defect clusters and dislocations.
These results show that six monolayers of Ge are very
close to the "critical thickness" for the pseudomorphic
defect-free growth of Ge on Si, and that further deposi-
tion of Ge exceeds this value, giving rise to strain relaxa-
tion. This relaxation prevents strong layering of subse-
quently deposited Ge.

These results show that electroreAectance can be used
as an effective tool for measuring the presence of super-
lattice ordering on an atomic scale. Our results on the
(6:6) structure show alloylike behavior that is confirmed
by TEM analysis. In addition, electroreAectance mea-
surements have shown similar alloylike behavior for the
(1:1)structure where other methods of structural charac-
terization such as TEM or x-ray diffraction can no longer
be used.

The electrorefiectance spectra of the (2:2) and (4:4)
structures show significant departures from that of the
(1:1). A comparison of these three measurements is
shown in Fig. 11. There are two principal features that
distinguish the ordered superlattices from the (1:1)struc-
ture. One is the presence of a strong superlattice transi-
tion at --2.3 eV that does not appear in the (1:1) struc-
ture. The second is the richness of the electroreAectance
spectra of the superlattice samples between 2.5 and 3.0
eV compared to that of the (1:1).

The ideal (1:1)Ge/Si superlattice is identical in struc-
ture to bulk GaAs; that is to say, it is in fact a zinc-
blende structure rather than a superlattice. The electron-
ic structure of the ideal (1:1)ordered structure is expect-
ed to resemble that of a compound material closely relat-
ed to a Ge-Si alloy, with small splittings related to the
difference in atomic potentials between Si and Ge. Ex-
perimental results on the (1:1) structure are consistent
with this expectation, but our results could be explained
as well by lack of ordering as by formation of the intend-
ed zinc-blende structure.

For structures larger than the (1:1),e.g., (2:2), a super-
lattice is formed. A superlattice is also formed by the
(4:4) structure. While the (6:6) structure would be an in-
teresting superlattice to study, we have seen that the con-
straints imposed by lattice-mismatch strain do not permit
the commensurate growth of this structure on (001) Si.

Creating a superlattice structure with distinct electron-
ic properties depends on two important considerations.
One is the creation of extended well-defined layering in
the plane of the superlattice. The implications and limits
of this requirement have already been discussed. A
second important consideration is that the number of su-
perlattice periods must be sufhcient for electrons to
"sense" the presence of a superlattice. In our experimen-
tal work, the number of periods that are permitted is
strictly limited by strain. In the case of the (2:2) struc-
ture, ten periods can be grown. For the (4:4), the limit is
five. As we have seen in the case of the (6:6) structure,
only one period can be grown pseudomorphically on Si.

One of the most interesting fundamental issues raised
by our experiments is concerned with this second con-
sideration. While we have not yet performed systematic
experiments to determine the dividing line between a su-
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The electronic wave function in a crystal is composed
of two parts: (a) states that depend on the local atomic
environment and the symmetry of the lattice, and (b)
plane-wave states. The Kronig-Penney model of elec-
tronic states in a crystal makes this distinction quite ex-
plicit. The dispersion equation is expressed as

cos(g~) cos(kwIw )cosh(kbl„)

+ A sin(k l )sinh(k&l& ), (3)

where I +lb =d, the superlattice period.
Contained in A are parameters that depend only on the

energy-level structure of the constituent materials in-
volved in superlattice formation.

If the period of the superlattice is reduced to its lower
limit of two planes of atoms, the Kronig-Penney model
averages the potentials associated with the "well" and
"barrier" regions, and is independent of any other
features of the band structure contained in A, and, there-
fore, whether bulk band structures exist for the mono-
layer Ge and Si regions in such a case is unimportant.

This result can be derived simply in the effective-mass
approximation using the condition of conservation of
particle current at the superlattice boundary. In the limit
that d ~0, with I = Ib, one obtains to second order

Pl~ P1b
(4)

and, recalling that k =2m E and k& =2m&( Vo E), Eq. —
(4) immediately simplifies to

E=—,
' V

perlattice and a defect plane, we have observed that five

periods of the (4:4) structure are sufficient to form a su-

perlattice whose characteristic energy levels are repro-
duced closely by calculations that assume an infinite
number of periods. It would appear, therefore, that five
periods is an upper bound, at least for Ge/Si structures,
for the required number of periods for superlattice forma-
tion.

C. Superlattice formation
and the envelope-function approximation

and is independent of features of the band structure
which, in this model, are represented by eA'ective mass.

This line of reasoning supports the notion that the (1:1)
superlattice should have an energy-band structure that
tends to approach that given by the average of the band
structures of Ge and Si, and shown in Fig. 4. In particu-
lar, it implies that the lowest-energy optical transition, la-
beled Eo, should occur at the virtual-crystal value of 2.6
eV, for both the alloy structure and the (1:1)superlattice.
This conclusion is in excellent agreement with experi-
ment for these samples.

For a superlattice period of eight atomic layers, (4:4),
the situation is quite difFerent. The work of Van de Walle
and Martin established that bulk atomic potentials for Ge
and Si are well established in the barrier and well regions.
The method used by People and Jackson can be used with
bulk band-structure parameters of Ge and Si to evaluate
the Kronig-Penney model [Eq. (3)] with results that are
close to those obtained from first-principles band-
structure calculations. One of the important results of

. this study is that the transition energy for the Eo transi-
tion in the (4:4) superlattice lies at 2.3 eV, significantly
below the virtual-crystal value of 2.6 eV, reAecting the
e6'ect of the longer eight-atom superlattice period.

The case of the (2:2) structure is intermediate in some
respects between these two extremes. The results of the
electroreAectance show- the clear signature of superlattice
formation. The E, transition is split into several com-
ponents, and the Eo transitions occur at lower energies
than the upper limit of the virtual-crystal approximation.
The Kronig-Penney model does give bandlike solutions
for this period, but the energies can no longer be accu-
rately computed. The failure of the model to give accu-
rate energies in this regime is attributed to the use of bulk
band-structure parameters of Ge and Si to evaluate Eq.
(3). In fact, each Ge atom has one Si and one Ge atom
for nearest neighbors along the superlattice direction.
The symmetry-related components of the Kronig-Penney
model, however, appear to behave correctly; that is, solu-
tions are obtained for superlattice bandlike states in
agreement with experiment. A schematic diagram of this
evolution is shown in Fig. 11, where we compare the
spectra of superlattice samples to the (1:1)structure.

I

I I kt&%

FIG. 10. TEM cross section in the lattice-imaging mode of the (6:6) superlattice structure. The critical thickness limit was exceed-
ed during growth, resulting in an absence of long-range coherent layering of Ge and Si.
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FIG. 11. ElectroreAectance spectra of (1:1), (2:2), and (4:4)
superlattice structures showing the evolution from an alloy
band structure to a superlattice formed by bulklike Ge and Si.

The initial electroreAectance spectroscopy studies of
Ge/Si superlattices revealed the presence of reproducible
optical transitions, the amplitudes of which are compara-
ble to those of bona JMe direct optical transitions. Of
course, the presence of direct optical transitions (such as
the 3.4-eV transition in Si or the 0.8-eV transition in Ge)
does not mean that the fundamental band gap is direct in
character.

In the case of Ge/Si superlattices grown on (001) Si,
the presence of new optical transitions in the infrared
might prompt speculation that the superlattice would
have a fundamental band gap that is also direct in char-
acter. In the case of the Ge/Si (4:4) superlattice, where
the potentials of the Ge and Si regions are closely approx-
imated by bulk values, it can be seen readily that the
lowest-energy state in the conduction band is formed
from Si band-edge states lying along directions parallel to
the planes of the superlattice. ' The band-edge states

Deviation from the Kronig-Penney results obtained us-
ing bulk band-structure values from those obtained in ex-
periment can be most easily seen in the (2:2) structure for
the Eo transition. The Kronig-Penney solution puts this
transition energy near 2.5 eV; experiment is close to 2.3
eV. The presence of the Eo level clearly below the
virtual-crystal value of 2.6 eV means that a superlattice
has been formed between different band structures. The
discrepancy between calculation and experiment in the
case of the (2:2) superlattice indicates that there are
significant departures from bulk levels of Ge and Si in the
(2:2) superlattice.

D. The character of the fundamental band gap

of Si that lie along the superlattice direction are folded
twice with respect to the center of the Brillouin zone, but
they lie higher in energy than the conduction-band mini-
ma near the (010) and (100) zone boundaries. Thus, the
superlattice is an indirect-band-gap material.

The large band offset between the valence bands of Si
and Ge, AE =0.8 eV, is responsible for the type-II nature
of the superlattice. The valence-band maxima lie in Ge
and the conduction-band minima lie in Si. Although the
quantitative details change from structure to structure,
two basic features of ordered Ge/Si superlattices on (001)
Si are constant: (1) the large valence-band oA'set gives a
type-II alignment, ensuring that the conduction-band
minima are formed from Si states, and (2) the superlattice
periodic potential creates states at the zone center whose
energies are above that for the nonfolded minima that lie
parallel to the plane of the superlattice.

The transition matrix elements for the series of super-
lattices considered in this paper have been computed by
several groups. ""' There are four optical transitions
that are measured between 0.7 and 2.5 eV in the (4:4)
structure. Taking the measured amplitude of the transi-
tion near 2.3 eV as unity, we can compare measured am-
plitudes with the square of the calculated matrix ele-
ments. These are shown in Table V.

This comparison shows that measured transition am-
plitudes tend to be larger than values expected by com-
parison of calculated matrix elements. However, the
lowest-energy optical transition at 300 K occurs at 1.0 eV
and is forbidden by symmetry. Experimentally, a strong
transition is observed at 0.76 eV, quite close to the
indirect-band-gap energy calculated for this superlattice.

On the basis alone of the transition energy, one would
conclude that the electroreAectance measurement had
resolved the indirect band gap. However, the amplitude
for such a transition should be small, about 10 less
than that for direct transitions. In fact, we have success-
fully resolved indirect transitions in Ge-Si bulk alloys and
measured transition amplitudes are weaker by about this
amount.

Aside from discarding the experiment or the theory, it
appears that the resolution of this apparent conflict may
lie in the differences between conditions under which
measurements were made, and in the assumptions upon
which the calculations have been based. As a result, it is
not possible to determine from our experiments the char-
acter of the lowest-lying transition in this superlattice.
The distinction of direct or indirect transition may not be
entirely useful for structures of the dimensions of our
samples. Measurement shows that the transition ampli-
tude has been greatly enhanced. It appears that the large
electric field and edge effects at the Si/Ge-Si interfaces
may play an important role in modifying transition am-
plitudes. These differences mean that some of the prop-
erties of an infinite, ideal superlattice are not confirmed in
our measurements because experimental conditions
represent a significant departure from the ideal case. The-
implications of this point have been discussed by Wong
et al. ' Their calculated oscillator strengths are in some-
what closer agreement with our observations. It is our
conclusion that the 0.76-eV optical transition does in-



39 ELECTRONIC STRUCTURE OF Ge/Si MONOLAYER. . . 3755

TABLE V. Comparison between transition amplitudes measured in electroreAectance and some re-
sults obtained by calculation. The matrix element and measured amplitude at 2.3 eV have been taken
as unity for the purposes of this comparison. The measured amplitude is proportional to the square of
the matrix element. Although the calculations vary, they all show that the measured amplitudes for
structurally induced transitions should be much smaller than that for the 2.3-eV transitions. The large
deviation suggests that features extrinsic to the ideal superlattice band structure may be enhancing the
observed amplitudes.

2.3 ev 1.65 eV 1.2 eV 0.76 ev Ref.

Measurement amplitude
Calculation ( ( Y, (p ~ Y2) ['

'Reference 29.
Reference 12.

'Reference 15.

1.0
1.0
1.0
1.0

0.01
2X 10
2X 10

0.01
2.5 X 10-'
2X10-'
0.01

0.01
0.0
0.0
4X 10

volve states at the top of the valence band at the zone
center and the conduction-band edge along the [010] and
[100] directions. Conduction-band states at I with an
energy of 1.0 eV may also play an important role in the
observed enhancement of the transition amplitudes. Op-
tical transitions to these latter levels are symmetry for-
bidden only in a perfect (4:4) structure. Mixing of these
states with the conduction-band-edge states could pro-
vide the mechanism for increasing the wave-function
overlap between the conduction and valence bands that is
necessary to achieve the observed increase in transition
amplitudes.

E. Character of the lowest-energy optical transition:
conditions for wave-function mixing

All of the Ge-Si structures studied in this work, includ-
ing the Fico ~Sio ~ alloy, show some structure in the
electroreflectance spectrum near 0.7 eV. This energy is
quite close to that of the indirect band gap, and in the
case of the random alloy sample this is the feature in the
calculated energy spectrum that might account for the
measured structure seen in electroreflectance and photo-
current spectroscopies. It has been pointed out that elec-
tronic transitions may also occur between the top of the
valence band in Ge and the conduction band of the bulk
Si cladding layers on either side of the superlattice re-
gion. The eAect of an apphed electric field used to
make the electroreflectance measurement would be to in-
crease the overlap between these two levels. This possi-
bility is an interesting one and needs to be investigated
further. Our experiments on Ge-Si alloys establish (a)
that the indirect band gap can be resolved in
electroreflectance and (b) that the amplitude of this
feature is about 10 that of allowed direct transitions in
the same material. Since the (1:1) and (6:6) superlattice
samples are in fact seen to be alloylike in actual structure,
it is expected that the 0.7-eV feature in the
electroreflectance spectrum should be seen to be as small
as that observed in the random alloy sample.

The (2:2) and (4:4) superlattices, however, display
characteristics of extended superlattice ordering, and the

interpretation of the lowest-energy features around 0.7
eV may be more involved. The experimental results on
these two samples show quite di6'erent behavior. The
amplitude of this feature in the (2:2) case is quite small,
similar to that described above for the resolution of the
indirect band gap. In the case of (4:4), this feature is a
prominent transition with an amplitude at least 2 orders
of magnitude greater than that measured for indirect
transitions.

In an earlier work, we considered the origin of the
strong feature seen in the (4:4) superlattice at 0.7 eV in
terms of the results of photoconductive spectroscopy
and theoretical calculation. We interpreted the 0.7-eV
structure as a resolution of the indirect band gap. In
light of the present experiments, we believe that this con-
clusion is inconsistent with the large transition ampli-
tudes measured only in (4:4) superlattice samples. The
transitions measured in electroreflectance do not appear
to be the same as well-understood, bulk, indirect gaps.
Features in the sample and experiment that might
enhance the matrix element of such an indirect transition
could be (a) wave-function mixing of zone-edge and
zone-center states as the result of steps or imperfections
in the plane of the superlattices, (b) wave-function mixing
of states at the zone center as a result of the symmetry-
breaking effect of the electric field, and (c) electric-field-
dependent wave-function overlap of states in the bulk Si
cladding layers with states in the superlattice region.

The theoretical calculations of the Ge/Si (4:4) band
structure show that the lowest-energy transition at I lies
at about 1.0 eV, only 200 meV higher than the indirect
band gap at 0.8 eV. However, transitions to this level
from the valence band are symmetry forbidden under the
assumptions of these calculations (periodic boundary con-
ditions, perfect interfaces, no electric field). The first
direct transition with a nonzero matrix element occurs at
1.25 eV. The energy band along the X~~ direction over-
laps in energy over a considerable part of the Brillouin
zone with the energy band along the superlattice axis X~.
The near degeneracy of these states will lead to mixing of
states at I with states along X~~ in the presence of a
symmetry-breaking potential. Examples of such pertur-
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bations are interfacial steps and imperfections. The mix-
ing of I and X states occurs throughout the Brillouin
zone with a strength that is determined by the Fourier
spectrum of the perturbation in k space and the energy-
difference denominator between the mixed states.

It has been demonstrated in a convincing manner by
Meynadier et al. that similar I -X mixing plays a deter-
mining role in photoluminescence of GaAs/A1As type-II
superlattices. In the experiments of Ref. 24, the energy
overlap of I and X states can be modified by structural
parameters. Its effect on photoluminescence has been
directly measured and interpreted as evidence for I -X
mixing. By analogy with this result, one could propose
that the large electroreflectance amplitude measured at
0.8 eV may be evidence of wave-function mixing in Ge-Si
(4:4) structures. Symmetry-broken transitions of this
type have an ab'sorption coefficient that varies with ener-
gy as E . The results of photocurrent spectroscopy ex-
periments do not distinguish between an energy depen-
dence of the absorption that varies as E, indicating an
indirect edge, or an E dependence, indicating a
symmetry-broken transition. In criticism of this argu-
ment, I -X mixing implies that momentum conservation
is relaxed. Taken to its extreme, however, I -X mixing
would imply the loss of translational symmetry, and un-
der such conditions the concept of a band structure
would become meaningless.

It remains to consider what relationship such an argu-
ment might have with regard to the (2:2) superlattice, for
which no such large-amplitude electroreAectance signals
are observed near 0.8 eV. A clue to the explanation for
this difference may lie in differences in the band structure
for the (2:2) and (4:4) superlattices. ' In the case of the
(2:2) structure, the band-edge states at X~~ lie 500 meV
lower in energy than the states at the zone center. In the
(4:4) case, the situation is different with band-edge states
overlapping in energy the states at the zone center. '
Because of the larger energy separation between levels in
the (2:2) case, the energy denominator in a perturbation
calculation will remain finite, while in the (4:4) case the
levels are degenerate.

Although wave-function mixing may help to explain
the differences between the (2:2) and (4:4) superlattices it
does not appear sufficient in itself to explain the large,

measured amplitudes seen in the electroreflectance spec-
tra.

VI. CONCLUSIONS

Systematic measurement of Ge/Si monolayer superlat-
tices by electrorefiectance spectroscopy has established
the existence of new energy levels created by the superlat-
tice potentia1. ElectroreAectance spectroscopy has been
shown to be a sensitive and in some cases a unique tool
for determining superlattice ordering on an atomic scale.

Comparison between our experimental results on real
superlattices and theoretical calculations on the corre-
sponding idealized perfect structure shows excellent
agreement on the energies of extended electronic states in
these atomic layer superlattices. This agreement is our
most eloquent support for the notion that it is now possi-
ble to create artificially structured materials with an elec-
tronic band structure that can be tailored to some degree
during crystal growth. While our experiments were car-
ried out using Ge and Si, extension of this principle to
other materials systems is immediate without further
qualification.

Significant differences between experiment and theory
can be seen in comparison of optica1 transition matrix
elements involving structurally induced electronic states.
The measured amplitudes of transitions near the indirect
band gap in Ge/Si (4:4) superlattices are much greater
than expected from theoretical estimates. While it is
plausible to consider structural deviations from an ideal
superlattice or external electric field effects as possible
causes of a large enhancement in transition amplitudes,
further measurement and calculation wi11 be required to
confirm quantitatively the presence and importance of
these effects on the optica1 energy spectra.
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