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Electroreflectance spectroscopy of Ge,Si;_, decoupled multiple-quantum-well structures grown
by molecular-beam epitaxy has been used to yield confinement energy and strain shifts for the E,
and E, optical transitions. The strain induced by lattice mismatch decouples the valence band at
the zone center permitting resolution of the strain-split E, valence-band states. Confinement of
electrons and holes in quantum-well states has an additional important effect on the optical transi-
tion energies for narrow (<50 A) wells. Good quantitative agreement is obtained between experi-
mental results and the full theoretical treatment of strain and confinement.

I. INTRODUCTION

The development of Si molecular-beam epitaxy' ~> has
opened the doorway to band-structure engineering
through heterostructures formed from the strained-layer
coherent epitaxy of Si and Ge.* Enhanced mobility in
heavily doped n-type Ge-Si superlattices has been mea-
sured’ and shown to result from modifications of the
effective-mass tensor which are unique to indirect-gap sys-
tems.® Two-dimensional carrier confinement in Dp-type
modulation-doped heterojunctions has been exploited in
the fabrication of buried-channel heterojunction-
confinement modulation-doped field-effect transistors.”?’
These developments suggest intriguing possibilities for the
tailoring of Si properties for certain applications in very
large-scale integrated (VLSI) and photonic circuits.”®

Cerdeira et al. have studied Ge,Si;_, multiple-
quantum-well structures using resonant Raman scattering
as a probe near the zone-center E, transition. These re-
sults show the presence of both strain® and quantum con-
finement® on the resonance energy. In this work we have
used electroreflectance (ER) to study all the principal op-
tical transitions in some Si-Ge,Si;_, quantum-well struc-
tures in an effort to quantify the effects of strain and
quantum confinement on the transition energies. Modula-
tion spectroscopy has proven to be a valuable tool for the
investigation of quantum confinement in superlattices and
quantum-well structures.'0~12

II. EXPERIMENTAL CONDITIONS

All samples were grown by molecular-beam epitaxy
(MBE) on [100]-oriented silicon substrates. Conditions
were chosen such that the GeSi layers are compressed in
the growth plane to match the smaller Si lattice parame-
ter. Details of this strained-layer epitaxial process have
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been presented elsewhere.* To summarize, GeSi layers are
grown at temperatures of approximately 550°C, on low-
defect-density substrates, to thickness not exceeding the
so-called “critical thickness” for strained-layer epitaxy.
This critical thickness defines the boundary between
strain-accommodated mismatch and the onset of misfit
dislocation formation. Values of this parameter are given
in Fig. 1. For Ge-rich alloys grown on Si substrates this
thickness is less than 100 A. Fortunately, it has been
found that alloy layers are much more elastic than thin
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FIG. 1. Critical layer thickness for strained-layer epitaxy of
GeSi on Si and Ge as a function of alloy composition.
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FIG. 2. Transmission electron micrographs of a typical strained-layer superlattice. Left-hand photo: cross section of entire struc-
ture. Right-hand photo: phase contrast image resolving atomic pairs. Image has been computer color enhanced to expand contrast

scale.

layers.>® Indeed, as long as Si layers are ~3—5 times
thicker than GeSi layers, the Si will retain a bulk struc-
ture. The total alloy volume can therefore be increased by
stacking alternating GeSi and Si layers into superlattices.

In the MBE system,'® superlattices can be readily pro-
duced by the rapid movement of motorized deposition
shutters. Although timers were used for early experi-
ments complex structures are now more readily grown us-
ing a personal computer (AT&T model No. 6300).
Transmission electron micrographs of a typical strained-
layer superlattice are shown in Fig. 2. The left-hand pho-
to is a conventional image showing a cross section of the
entire structure. Interfaces are smooth and regular with
no evidence of dislocations despite the 3% lattice
mismatch between the constituent layers. The right-hand
micrograph was taken in a phase contrast mode in which
columns of atom pairs can be resolved. This and other
micrographs have been computer color enhanced in order
to expand the contrast range. Results indicate that layers
are compositionally uniform except for random effects in
the alloy. Negligible Ge diffusion into cladding silicon
layers is observed.

The modulation reflectance spectra were taken in the
visible to near UV region of the optical spectrum. The
optical susceptibility was modulated by an electric field
applied to the sample surface via a 50-A semitransparent
Ni Schottky barrier.'* The modulation voltage for all
measurements was 4 V rms with a 2.5-V dc reverse bias.
The incident radiation was produced by a 150-W xenon
arc lamp. The output was filtered by a f/4 monochroma-

tor with 1.5- and 0.5-mm entrance and exit slits. Instru-
mental resolution is better than 2 nm under these condi-
tions corresponding to =15 meV in the measured transi-
tion energies.

The optical transition energies for unstrained Ge,Si;_,
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FIG. 3. Direct optical transition energies for unstrained
Ge,Si;_, alloys from the data of Kline, Pollak, and Cardona
(Ref. 15).
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alloys measured by Kline, Pollak, and Cardona'® are
shown in Fig. 3. These range between 0.8 and 4.5 eV.
Note that the E, and Ej transitions at ~3.3 eV are the
lowest-energy optical transitions for Si. The transitions
from the Ge,Si,_, alloys which occur in the range
0.8—3.0 eV are easily distinguished, therefore, from the
signal from Si barrier layers. Fused silica optics were
used to study the high-energy transitions, while borosili-
cate optics were used as a convenient filter to resolve
features in the (2.0—3.0)-eV region without interference
effects from second-order transmission of the grating.
The photomultiplier gain was controlled by a fast elec-
tronic servo keeping the measured dc intensity constant.
The modulated signal was detected using a lock-in amplif-
ier (Princeton Applied Research, model No. 124A) and
recorded directly. Spectra recorded in this manner are
equivalent to the third derivative spectra of the optical
dielectric function'* in the low-field limit.

III. THE EFFECT OF STRAIN
ON TRANSITION ENERGIES

A. The E, and E,+ A, transitions

The E, and E,+A, optical features correspond to
direct transitions from the spin-orbit-split I';s valence-
band to the I'5 conduction-band states.

A schematic diagram of the valence bands of both un-
strained and strained Ge,Si;_, is shown in Fig. 4. The
general effect of strain is to provoke a shift in both the

=2 and J=17 manifolds as well as a splitting of the
doubly degenerate J =3 manifold:'¢~!®

H srain= —(a°—a")€xx + €y, +€5)
—3b[(L2—+L?*ey +c.p.]
—V3d[(L,L,+L,L,)ey, +c.p.], (1
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where €;; denotes components of the strain tensor, L is
the angular momentum operator, and c.p. denotes cyclic
permutation with respect to the indices x,y,z. The quanti-
ties a and a" represent the shift of the conduction band
(T'y) and valence band (I',s), respectively, due to the hy-
drostatic components of the strain while b and d are the
tetragonal and trigonal deformation potentials, respective-
ly.

The direction of the induced level shift and splitting are
determined by the geometry of the strain and is given by
Eq. (1). Our multiple quantum-well structures consist of
planar layers grown along the [001] axis. Lattice
mismatch between Ge,Si;_, quantum wells and the Si
cladding layers produces a biaxial compressive strain in
the [100] and [010] directions which is entirely taken up
in the Ge, Si;_, well region. The strain in the Si cladding
layers is taken to be zero because of the effect of the Si
substrate which is substantially thicker than the region of
strained-layer epitaxy and the fact that the Si cladding
layers are much thicker than the alloy quantum wells.

The [001] direction, being unconstrained, is free of
stress. The tensile strain in this direction is proportional
to the compressive biaxial strain €. The strain tensor cor-
responding to our situation can therefore be written as

€xx =€y =€, €;=—K€, €,=€,=€,=0. (2)
Note that in the present experimental configuration, € <O0.

Applying boundary conditions and the standard elasti-
city relations, one obtains

ZS‘12

= (3)
Snu+Sn

Taking the valence-band wave functions in the (J,M;)
representation Eq. (1) can be expressed simply as

H grain=—(a°—a")(2—K)e

J=1/2: my=1/2

my=1/2

+3b(1+K)e(L2—+L?), (4a)
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FIG. 4. Schematic diagram of the J= % and J= % manifolds of the valence band of Ge,Si;_, alloys. Strain effects push Ey(1)
(|3,%)) up into the band gap. The strain associated with lattice mismatch causes substantial mixing of the | 3,+) and | +,3)

bands, tending to drive them apart.
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and the Hamiltonian matrix of Eq. (1) becomes!6—!°

EXNE SN
_Ey—Eg 0 0
#y=| o  _Ey+E; Ev2 |0 W
0 EsV2  —Eg—A

where A, is the spin-orbit splitting. The other quantities
in Eq. (4) are given by

Ey=(a®—a")(2—K)e, (5a)
Es=b(1+K)e . (5b)
The energy shifts can be calculated to yield
8Ey(1)=Ey +E;s , (6a)
8Eo(2)=Ey +% —%— T(A3+2AEs+9E2)?
(6b)

A E
8E0+A0:EH+—2£——2£+%(A5+2A0Eg+9Esz)”2 .

(6¢)

Since J does not remain a good quantum number, we shall
use the designation Ey(1), Ey(2), and Ey+ A, to denote
the above features. The uniaxial deformation potential b
has been measured for both Si (Refs. 16 and 17) and Ge
(Ref. 18). The elastic compliance constants S;; at 300 and
77 K can be obtained from the Landolt-Bornstein tables.?’

Equations (6a)—(6c) are evaluated as a function of alloy
content taking €,, =¢€,, =Aa(/a, and is negative for the
compressive lattice mismatch strain of GeSi alloys grown
on Si. This implies Eg is negative and that the Ey(1)
state is split upwards while the E(2) state is pushed
down toward the spin-orbit state, Eq+ Ay. The hydrostat-
ic shift Ej is divided between the valence band and con-
duction band. Although Gourley and Biefeld?! have con-
sidered similar strain effects in GaAs-GaAs;_,P,
strained-layer superlattices, their work does not include
the important coupling between the | 3,5 ) and | +,+
states, even though the magnitude of strain is similar to
that encountered in the present work. We note that
roughly 50% of the energy shift of the |+,T) state
comes from this mixing effect.

Both theoretical and experimental determinations
of the appropriate deformation potentials indicate that
80% of the hydrostatic shift occurs in the conduction
band. This feature means that the hydrostatic shift in the
valence band is much smaller than the splitting term.
Hence the state under uniaxial tension moves upwards in
energy, relative to the top of the valence band in un-
strained material, into the gap. In addition, the (100)
conduction-band minima are split by the [001] strain,
leading to a shrinkage of the indirect gap as a function of
strain, even though the effect of the direct gap is opposite.
These features of the valence bands are diagramed in Fig.
5. Note that in Fig. 5 the shift of Ey(1) is not linear in
alloy content even though it is linear in € [see Eq. (6a)].
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FIG. 5. Strain-induced shifts of the valence bands in

Ge,Si;_, alloys, as a function of alloy content. In preparing
this diagram, it is assumed that all of the lattice-mismatch
strain is confined to the alloy material. The effects of one-
dimensional quantum confinement are not included in this dia-
gram. We have used the results of Refs. 15—18 to divide the to-
tal hydrostatic shift between the conduction and valence bands.

This is a consequence of the alloy dependence of the de-
formation potential b.

B. E, and E,; + A, transitions

The E, and E,+A; optical features are produced by
transitions which occur along the eight equivalent (111)
directions (A3-A,) of the Brillouin zone. The strain in
this experiment does not remove the degeneracy of these
states (i.e., no interband splitting) but does cause an intra-
band effect, i.e., a stress-induced splitting of the A; orbital
bands.'®

It has been shown that the effect of a [001] strain on
E, and E,+ A, can be expressed as'®

8(E\)=Ey+7A—[(7A\)+(E;2Es)]'?, (7a)
S(E1+A1)=Ep+3A+[(78)7+(E;Es)’)'?,  (Tb)
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where in our case

Dj
EH=73(2—K)6 , (8a)

2
_)1/2

Es= D3(1+K)e, (8b)
and D! and D3} are one-electron deformation potentials.
Both of these parameters have been evaluated for Ge (Ref.
18) and Si (Ref. 26).

In Egs. (7c) and (7b), E; is a spin-exchange splitting
term which has been evaluated to be about 2—4 meV in
Ge,'® but not observed in Si.2 This quantity is small
compared to the Eg in this experiment and hence will be
neglected.

It can be shown from Egs. (7) and (8) that for the strain
conditions of this experiment the shift of E,, i.e., 8E,, is
quite small. Therefore, we expect to observe this feature
in the quantum-well structures at about the same energy
as in the corresponding bulk alloy.

IV. EFFECTS OF QUANTUM CONFINEMENT

As is well known, the effect of spatial confinement of
both electrons and holes is to shift the transition energies
upward. Since the magnitudes of the shift depends on the
effective mass of the carrier involved, quantum effects
also serve to lift the degeneracy of the valence-band edge.
This effect is seen in the E, transition considered in this
paper. For the E, transition, the confinement effects are
relatively small because of the low confinement energies
and large masses.!%!?

The electron and hole confinement energies for the
transition discussed in this paper have been determined
from the Shubnikov—de Haas experiments of People
et al. on n*-n heterojunctions which showed negligible
band offset between the (100) conduction-band minima
in Si and the Ge,Si;_, alloys.?’ Therefore, at k=0, 80%
of the energy discontinuity for the E, transition occurs in
the conduction band at I'. This is consistent with some
recent theoretical calculations.?®

The energy-level picture for the strained quantum well
is shown in Fig. 6 for the E transitions for the upper
valence bands. As an example, we consider the composi-
tion x=0.65, corresponding to one of the samples used in
our experiments. In the valence band, the confining po-
tential depends on the state involved. Using the results of
the preceding section, holes (heavy) in the uppermost state
E (1) see the full valence-band offset plus the strain split-
ting giving a confinement potential of 0.4 eV. Holes
(light) in the E(2) state see essentially only the valence-
band offset of 0.28 eV. Because the spin-orbit splitting is
so small in Si, there is no confinement for holes in the
E,+ A band under any conditions of this experiment.

The electrons at E, would see a confinement potential
corresponding to the remainder of the band offset of 1.82
eV in an unstrained alloy. However, recall that the bulk
(80%) of the hydrostatic shift in the E, gap occurs
through upward shift of the conduction band. This in-
crease reduces the confinement energy to 1.6 eV.

The quantum confinement energies are calculated from
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FIG. 6. Quantum shifts in strained-layer wells of Ge,Si;_,
for compositions near x=0.5, the effects of strain and quantum
confinement become comparable for well thicknesses less than
50 A. The J= % energy surfaces at k=0 are no longer warped
but consist of two ellipsoids, one obsolate and the other prolate
with respect to the strain axis which is parallel to the confine-
ment direction in our experiments.

numerical solution of the Schrodinger equation for an
electron in a one-dimensional potential:

cos(gd)=cos[a(d —s)]cosh(Bs)

n x—{-% sin[a(d —s)]sinh(Bs) , )

where d is the superlattice period and s the barrier width,

my B

x= ,
my a

ozzé(Zm,','E)”2 ,

3=—;—[2m,,‘,(V0—E)]”2 :

with mj the effective mass in Si and m,} the effective
mass in Ge,Si,_, following the method of Bastard,?
where continuity of the wave function and continuity of
wave-particle current are maintained at the heterointer-
face.

While the conduction band at I' is nondegenerate, the
valence band is split by the uniaxial component of the
strain tensor, resulting in two ellipsoidal energy surfaces.
The appropriate effective mass component to be used in
the calculation of confinement energies is the effective
mass in the superlattice direction, perpendicular to the
layer planes. For the particular strain configuration of
our experiments, this mass component lies along a direc-
tion parallel to the strain axis. The appropriate masses
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for the two valence bands are easily calculated using the
Hensel formulation:!®

m m
—=(A—B)=—4.09, —=0.244 (10a)
m mgy
for the uppermost band, E,(1), and
m
2 (4+B)=—13.47, —L—-0.074 (10b)

m” mg
for the valence band, E(2), where we have used interpo-
lated parameters for a Geg 5Sig 5 alloy.

In this paper only the quantum shifts at the E, transi-
tion are treated in our analysis because it is the only opti-
cal transition for which the effective-mass parameters are
sufficiently well-known in both valence and conduction
bands. Our results show that quantum shifts at the E,
transitions are only about 20% as large as those measured
at E;. At E, there is no quantum shift at all because the
confining potential is negligible for all alloy compositions
as can be seen in Fig. 3.

V. EXPERIMENTAL RESULTS

In Figs. 7(a) and 7(b) we show the direct experimental
trace of a multiple-quantum-well structure containing_75-
A-thick wells of Geg 45Sig s5s sandwiched between 275-A Si
confinement barriers at 300 and 77 K, respectively. This
structure contains 20 periods, or a total alloy thickness of
1500 A. Reference to Fig. 3 shows that all structure from
the Si barrier layers is confined to energies greater than
3.3 eV. The features denoted E(Si) and E,(Si) are signals
from the Si confinement layers.

The electroreflectance features from the quantum-well
structures occur at energies below 3.3 eV and are denoted
by A4, B, C,and D. The E, band gap in unstrained alloys
of this composition is at 2.4 eV at room temperature (see
Fig. 3), and absence of any structure at this energy in Fig.
7(a) shows clearly that strains and confinement have
pushed the transitions to higher energies. We identify
feature A with the E((1) and Ey(2) quantum-well transi-
tions.

Comparison of Figs. 7(a) and 7(b) shows that the tem-
perature shift for all transitions appears to be uniform,
corresponding closely to the value of 4X10™* eV/K. In
addition, the transition linewidths have been reduced suf-
ficiently to resolve clearly the E.,E{ of the Si barrier
layers. However, the splitting of the J =% state ~80
meV for x=0.45 (see Fig. 5) is still not resolved at 77 K.

In Fig. 8 we show a micrograph of the actual
quantum-well structure of our second sample containing
65 at. % Ge and 35 at. % Si. This enlargement of the mi-
crograph on the right-hand side was made using a
multiple-beam technique allowing resolution of the atomic
positions. There are no dislocations at the interfaces
which can be confirmed by tilting the photograph and
sighting along atomic planes. However, the strain in the
Gey 65Sig 35 layer is easily distinguished by the jog in the
atomic planes at the interfaces. Alloy disorder and other
effects create an interface thickness of about 3 atomic
layers, or 10% of the quantum-well thickness. This un-
certainty contributes to the width of the spectra both from
strain and quantum effects.
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Shown in Figs. 9(a) and 9(b) are the ER spectra at 300
K and 77 K, respectively, of a multiple-quantum-well
structure containing 33-A-thick wells of Geg ¢5sSig 35. The
lattice-mismatch strain in this sample is 2.6% versus
1.8% for the Geg 45Siy 55 sample in Figs. 7(a) and 7(b). In
order to obtain commensurate strained epitaxy, the alloy
thickness must be reduced by about 50% to 33 A. Twen-
ty periods of alloy and confinement layers were grown in
this sample. The total alloy thickness is therefore only
660 A for this structure.

The features arising from the Si cladding layers are
denoted E(Si) and E(Si) in Figs. 9(a) and 9(b). For this
alloy composition E, of the bulk material should occur
around 2 eV (see Fig. 3), and clearly there is no structure
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FIG. 7. Electroreflectance spectrum of Geg4sSip ss taken at
(a) 295 K and (b) 77 K. These spectra show signals from the Si
barriers as well as the Geg 45Sip ss quantum wells which are 75 A
thick. Quantum confinement shifts in this sample are second-
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FIG. 8. Phase contrast transmission electron micrograph of 33-A-wide quantum-well structure demonstrating continuity of layers,
absence of dislocations, and relative smoothness of layers.
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in this range. In Fig. 9(a) the features from the quantum
wells are denoted A, B, C, and D. This relatively narrow
well produces a quantum splitting of the E level which is
so large that E,(2), the “light-hole” transition, occurs
higher in energy than the E; transition. The 77-K spectra
are quite rich and contain eight spectral features which
are labeled 4, B, C, D, and A’, with 4 and B being dou-
blets.

VI. INTERPRETATION OF EXPERIMENTAL
RESULTS

A. E,y, Ey+ A, features

The effects of strain and electron and hole confinement
for Ey(1), Ey(2), and Ey+ Ag are summarized in Tables I
and II for the x=0.45 and 0.65 structures, respectively, at
both 300 and 77 K. Solution of Eq. (8) yields a quantum
shift for the electrons at E, of 0.05 eV for the 75-A well
and 0.22 eV for the 33-A well (n =1 levels). Because of
the substantially larger mass of holes and small offset in
the valence band, for the 75-A well there is essentially no
hole confinement while for the 33-A wells the hole
ground-state energies are shifted for Eq(1) and Ey(2) by
50 and 90 MeV, respectively. As discussed above the
holes in Ey(1) are confined by a larger potential than
those of Ey(2). The mass along the quantum potential
(i.e., [001]) is greater for the former in relation to the
latter, which increases the total splitting between these
two levels to about 220 meV. For E,+ A, there is no con-
finement at either temperature.

It is clear from Tables I and II that the A features in
Figs. 7(a) and 7(b) are associated with Ey(1) and E(2),

respectively. For the x=0.45 wells this splitting (~80
meV) is too small to be resolved at either 300 or 77 K.
However, for the x=0.65 structures this splitting is
resolved at both 300 and 77 K and is responsible for the
doublet nature of B in Figs. 9(a) and 9(b). The B feature
in the spectra of Figs. 9(a) and 9(b) is composed of the
Ey(2) transition and E; transition (which is discussed
below). The separation of this doublet from the 4 doublet
is about 220 meV, in good agreement with the calculated
separation of Ey(1) and E(2) listed in Table II. The en-
ergy position of Ey(1) and Ey(2) at about 2.4—2.5 eV at
300 K for x=0.65 is in general agreement with the
resonant Raman experiment of Cerdeira et al.,’ but the
superior definition of the ER data makes resolution of
each component clear for the first time.

In the above figures we have indicated the position of
Ey+Ag from Tables I and II. It can be seen that Eg+Aq
corresponds to feature C in the ER spectra of both
quantum-well systems.

The feature marked A’ in Fig. 9(b) corresponds to the
n =2 Ey(1) and Ey(2) quantum transitions. Solution of
Eq. (8) for Ey(1) yields a total quantum shift of the elec-
trons of 890 meV for this transition [however, the n =2
transition for E,(2) is buried in the E; and E( peaks for
Si]. For the x=0.65 structures, the calculated energies of
the n =2 Ey(1) and E((2) features are 3.254 and 3.483
eV at 77 K. The Ey(1), n =2 transition is observed at
3.24 eV in fair agreement with calculation.

B. E], E|+A1 features

The effects of strain on E; and E,+A,; for x=0.45
and x=0.65 structures also are listed in Tables I and II,

TABLE 1. Comparison of calculated and measured transition energies for the Si-Geg 45Sig. ss quantum wells studied in this work at

300 and 77 K. x=0.45. (conf. denotes confinement.)

Temperature Strain Electron Hole
(K) Transition E, shift conf. conf. Calc. Measured
300 E(1) 2.40° +0.144 + 0.05 + 0.0 2.594 2,610
Ey(2) 2.40° +0.223 + 0.05 + 0.0 2.673 ’
Ey+Ap 2.404-0.160* + 0.300 + 0.05 + 0.0 2910 2.950
Temperature Strain Electron Hole
(K) Transition E, strain conf. conf. Calc. Measured
300 E, 277 + 0.016 +0 +0 2.793 2.80
E| +A 2.777+0.106* + 0.21 +0 +0 3.097 3.10
Temperature Strain Electron Hole
(K) Transition E, shift conf. conf. Calc. Measured
77 Ey(1) 2.49° +0.144 +0.05 +0.0 2.684 2740
Ey(2) 2.49° + 0.223 +0.05 + 0.0 2.763 :
Eo+ Ay 2.49+0.160° + 0.300 + 0.05 + 0.0 3.000 3.062
Temperature Strain Electron Hole
(K) Transition E, shift conf. conf. Calc. Measured
77 E, 2.867° + 0.016 +0 +0 2.883 2.85
E,+A, 2.87740.106° +0.214 +0 +0 3.187 3.10

*From Ref. 15.
*Based on a temperature coefficient of 4 10~* eV/K.
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TABLE II. Comparison of calculated and measured energies for the Si-Geg ¢5Sio.35 quantum wells studied in this work at 300 and
77 K. NO denotes not observed; NC denotes not confined. x=0.65.

Temperature Confinement
(K) Transition E, Strain Electron Hole Calc. Measured
300 Ey(1), n=1 1.92? + 0.204 +0.22 + 0.04 2.384 2.40
Ey2), n=1 1.92° + 0.313 +0.22 +0.10 2.553 2.61
Ey+A4y n=1 1.92+0.210* + 0.449 +0.22 NC 2.799 2.75
Ey(1), n=2 1.92¢ + 0.204 + 0.890 + 0.16 3.174 NO
Ey(2), n=2 1.92% +0.313 + 0.890 NC 3.403 NO
Temperature
(K) Transition E, Strain Electron Hole Calc. Measured
300 E, 2.50% + 0.013 +0 +0 2.513 2.55
E,+A 2.520+0.140* + 0.313 +0 +0 2.973 2.90
Temperature
(K) Transition E, Strain Electron Hole Calc. Measured
77 Ey(1), n=1 2.01° + 0.204 +0.22 + 0.040 2.474 2.46
Ey(2), n=1 2.01° +0.313 +0.22 + 0.10 2.643 2.68
Eq+Ay n=1 2.0140.210° + 0.449 +0.22 NC 2.889 2.82
Ey(1), n=2 2.01° + 0.204 + 0.890 + 0.160 3.264 321
Ey(2), n=2 2.01° + 0.313 + 0.890 NC 3493 NO
Temperature
(K) Transition E, Strain Electron Hole Calc. Measured
77 E, 2.610° 0.313 +0 +0 2.623 2.61
E, +4A, 2.610+4-0.140° +0.313 +0 +0 3.063 2.92

*From Ref. 15.
®Based on temperature coefficient of 4 x 10~# eV/K.

respectively, at 300 and 77 K. For this transition the elec-
tron and hole confinement are negligible because of the
heavy masses and relatively small band offsets. The E,
feature does not shift very much for the strains in this ex-
periment. Thus it is clear from Figs. 7(a), 7(b), 9(a), and
9(b) that the principal part of the peak labeled B ori-
ginates from the E; transition [in Figs. 9(a) and 9(b), the
B feature contains an additional feature due to Ey(2) as
discussed above]. From Tables I and II the shift of
E,+A; is 030 eV (x=0.45) and 044 eV (x=0.65).
Thus, the D feature in the above figures corresponds to
E,+A;.

The origin of the doublet nature of A4 seen in the data
of Figs. 9(a) and 9(b) is not completely understood at this
time. Further studies on samples of similar structure and
compositions are underway to clarify this point.

VII. CONCLUSIONS

The excellent agreement between the theoretical frame-
work and experiment as shown in Tables I and II is signi-
ficant in several respects. The presence of strain which is
quantitatively measured in these spectra confirms that
commensurate strained-layer epitaxy can be achieved in
Ge, Si;_, alloys grown on Si with substantial Ge content.
The strain-induced coupling between | 3,7 ) and | +,5)
must be taken into account to obtain accurate results.?!

The formation of lattice-mismatch dislocations would
reduce the strain and the strain-associated shift in the
transition energies. The close agreement between calculat-
ed and measured transition energies indicated an insignifi-
cant concentration of misfit dislocations. The accurate
accounting for quantum shifts of both electron and hole
states lends strong support to the band lineup between Si
and Ge,Si;_, alloys deduced from Shubnikov—de Haas
measurements?’ and recent theoretical calculations.?®

Finally, because the epitaxy of Ge,Si;_, on Si requires
the growth of multiple-quantum-well structures, these
measurements provide the first quantitative data on both
the E, and E,; optical transition energies in these
strained-layer structures as a function of composition. It
also demonstrates that modulation spectroscopy is a
powerful tool for studying quantum wells and superlat-
tices.
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FIG. 2. Transmission electron micrographs of a typical strained-layer superlattice. Left-hand photo: cross section of entire struc-
ture. Right-hand photo: phase contrast image resolving atomic pairs. Image has been computer color enhanced to expand contrast
scale.
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FIG. 8. Phase contrast transmission electron micrograph of 33-A-wide quantum-well structure demonstrating continuity of layers,
absence of dislocations, and relative smoothness of layers.



