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Abstract. The conduction-band alignments of GgSi, /Ge and Ge_, Si, /Si heterostructures
grown on (111) and (001) crystallographic planes, respectively, are analysed. We have obtained
the selection rules for interband dipole optical transitions in the heterostructures, and discussed
the possibilities for specifying the types of the lowest conduction-band minima. We show
that this can be done by, for example, exploring the polarization of different phonon-assisted
band-edge optical transitions.

The conduction-band minima may be at different L Arpoints of the Brillouin zone,
depending on the structure parameters. Although bulk Ge, Si, and their alloy are indirect-gap
semiconductors, the heterostructures; G&i,/Ge and Ge_,Si,/Si can have a direct band
gap. We found the parameter regions where type-l and type-ll band alignment were realized,
and those where the band gap was direct in quantum well (QW) structures. It is shown that
in direct-gap QW structures grown on (001) planes, direct interband optical transitions between
the nearest electron and hole subbands are allowed, but the same transitions are forbidden for
direct-gap structures grown on (111) planes.

1. Introduction

As silicon is extensively used in electric circuits, Si-based materials are of great research
interest. In particular, Ge, Si,/Ge and Ge_, Si,/Si heterostructures have been intensively
investigated in the last few years.

The lattice constants of Ge and Si are mismatched by 4%, and either one or both of
the materials in the heterostructures are strained. In the pseudomorphic heterostructures,
the potential wells for holes are known to be in layers with a smaller Si fraction, for a
wide range of strain and for any orientation of the heterojunction plane (see, for example,
[1-5]). However, there is no clear understanding about the conduction bands of these
heterostructures over a broad range of their parameters, because there are several conduction-
band minima both in the Ge, Si, alloy and in the pure Si and Ge, whose position depends
upon strain andc. Even for the intensively investigated (GgSi,/Si heterostructures
matched to unstrained Si, there are contradictory data regarding the type of band alignment
for x near 1 [1, 6, 7].

In this work we analyse the conduction bands of G&8i,/Ge and Ge_, Si,/Si hetero-
structures grown on (111) and (001) crystallographic planes, respectively. Our investigation
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is based orab initio calculations made by Van de Walle and Martin [4], and by Rieger and
Vogl [5]. We have obtained the selection rules for interband dipole optical transitions in
the heterostructures, and we discuss the possibilities for specifying the type of the lowest
conduction-band minima by using the selection rules. We show that this can be done
by, for example, exploring the polarization of different phonon-assisted band-edge optical
transitions.

The band alignment of a heterojunction is found to be type-l or type-Il alignment,
depending on the heterostructure parameters. The conduction-band minima may be at
different L or A points of the Brillouin zone. Although bulk Ge, Si, and their alloy are
indirect-gap semiconductors, the G¢gSi,/Ge and Ge , Si,/Si heterostructures can have
a direct band gap [8]. The latter is realized if the conduction-band bottom is in the valley,
with the minimum quasi-momentum being perpendicular to the heterointerfaces. As this
takes place, in the heterostructures with thin layers an electron easily loses the corresponding
guasi-momentum by collision with heterointerfaces. This manifests itself in the fact that the
Brillouin zone of a quantum well (QW) system becomes a two-dimensional one. The quasi-
momentum directed perpendicularly to the heterojunction plane is absent in such a Brillouin
zone. We have found the parameter regions where type-1 and type-Il band alignments are
realized, and those where the band gap is direct, in QW structures. It is shown that in
direct-gap (001) structures, direct interband optical transitions between the nearest electron
and hole subbands are allowed, but the same transitions are forbidden for direct-gap (111)
structures. Note that in short-period superlattices, a band gap can become direct as a result
of a folding effect [9].

In section 2, the conduction band of the,G€5i, /Ge and Ge_, Si,/Si heterostructures
is investigated. Our results are compared with some experimental data. Selection rules
and the related possible methods of experimental exploration of the conduction band
are presented in sections 3 and 4 for;G&i,/Ge and Ge ,Si,/Si heterostructures,
respectively.

2. The conduction bands of (111) Gge ,Si,/Ge and (001) Geg_,Si,/Si
heterostructures

The valence-band discontinuities in {3¢Si,/Ge and Ge_,Si,/Si heterostructures were
derived using theab initio pseudopotentials given in [4, 5]. Using these values, one
can easily define the energy of the conduction-band minima for both materials of a
heterostructure. The energies of the minima are determined by the tops of the valence
bands, and the band gap, as well as by the change of the band gap, and shifts and splits in
the energy of the bands under strain.

We assume the lattice constant in the heterojunction plapeto be uniform along
the heterostructure. In our wotk; corresponds to the lattice constant only for the (001)
interface orientation. For the (111) interface orientatignis equal to the distance between
the nearest atoms in the growth plane multiplied/s;, and defines the unit-cell deformation
in the heterojunction plane. We assume iat= 5. 43 A in unstrained Si, and;, = 5. 65A
in unstrained Ge. The weighted averages of the valence bands (light-hole, heavy-hole, and
spin-split-off bands) referred to those in Ge are determined by the following expressions:

ELS?;OD — (27273(1” — 19509)X meV (2)

for (111) and (001) interface orientation, respectively;is expressed ih. Formula Q)
was derived by using the calculations from [4]. There are later theoretical works relating
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to band offsets—for instance, [5, 10]. However, these calculations were carried out only
for the (001) orientation of the heterointerface. Expression (2) was derived employing the
results from [5]. In [5], one of the heterostructure materials was assumed to be unstrained.
However, we extrapolated the results from [5] to the case of an arbitrary strain (that is, an
arbitrarya;). Such extrapolation is partly justified by the following. The discontinuity in the
weighted average of the valence bands varies linearly with the difference of the Si fraction
in the materials of a heterostructure [4, 5], and the coefficient of proportionality depends
only on g for all interface orientations [4]. The value (2) leads to underestimation of the
valence-band offsets compared to the calculations in [4] for the (001) plane. For the Ge/Si
heterostructures grown pseudomorphically on Si and Ge, the value of the valence-band
discontinuity (2) differs from that in [4] by 70 and 100 meV, respectively. The valence-
band offsets [4] are in better agreement with those [2] measured experimentally for the
Ge_,Si, alloy (0 < x < 0.3) grown pseudomorphically on Ge, although the values [5]

of the valence-band offsets fall within the limits of experimental error. On the other hand,
the data [1] on the band gap of pseudomorphig_G8i, (0.76 < x < 1) single layers on
silicon are better described by [5], but the band gaps obtained employing the results in [5]
and [4] differ from the experimental data by less than 2%.

The band gap for an unstrained {G€Si, alloy was investigated recently by Weber and
Alonso [11]. For the differences in energy of the conduction-band minima at the lAand
points and the top of the valence banﬂé(and EgA, respectively), we use the analytical
expressions from this papef = 4.2 K):

E; = 740+ 1270c meV ()
E} =931+ 18 + 206¢” meV. (4)

We assume these expressions to be valid fer0 < 1. Such extrapolation is quite justified
for (4), because formula (4) is derived from the experimental dataEﬁowhich fall in the
broad range ofc (0.15 < x < 1). Recall that in unstrained @e Si,, for x < 0.15, the
lowest conduction-band minima are at L points, but thosexfor 0.15 occur atA points.
The experimental data foig lie in a narrow composition range, and formula (3) can lead
to a large error for near 1.

To determine the strain splittings of the bands, and the variation of the energy gap, we
use the theoretical values for the deformation potentials in Ge and Si from [4] for the (111)
Ge_, Si,/Ge heterostructure and from [5] for the (001),G¢Si,/Si heterostructure. To
find all of the required parameters for the alloy, we perform a linear interpolation between
the values for the pure elements. kgrfor an unstrained alloy, we use the expression [13]

aj = 5.65— 0.24x(1 — x) — 0.22x2 A.
The weighted averages of the A minima are given by

ASU
. ©®)

where the third term describes the shift of the energy minima under homogeneous
deformation [4],¢ is the strain tensor, and;, is the spin—orbit splitting.

l LA
ELA = E.+ ERS + (Ed + 58— a) Sp(e) +

2.1. The conduction band in (111) GeSi./Ge heterostructures

Let us consider in some detail the conduction band in the (8, /Ge heterostructure. In
this heterostructure for the (111) interface, a uniaxial strain splits the minima at L into two
inequivalent groups: the band along [111] (we will denote it as the 1L valley), and the
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other three bands (3L valleys). The minimasatremain degenerate. The energies of the L
and A minima are determined by the expressions

ElL,3L — Ejv +alL,3L Eﬁexy (6)
E® = EA Q)

wherea!l = 2 for the 1L valley, andv®" = —2/3 for the 3L valleys [4], and,, is the
strain tensor component.

5.65 5 1 i 1 s 1 i 1

5.60 .

5554 1 4 5 §

a (R)
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Figure 1. Regions of specific relative energy positions of the conduction-band-edge states in
germanium and in the alloy for a (111) &g Si,/Ge heterostructure. At the bottom of the
figure, the relative energy positions of the conduction-band edge in the germanium and the alloy
are shown for all of the regions. Quantum confinement effects are not taken into acepunt.
corresponds to the buffer layer on which a heterostructure is grown.

As mentioned above, the conduction-band minima in the Ge layer may lie at different
points of the Brillouin zone, namely, at 1L, 3L, @ points. Furthermore, type-I or type-I
band alignment may be realized. i i

Let us at first neglect the quantum confinement effects. 8 B < a; < 5.65 A,
in the Ge layer the 3L valleys are not higher than the 1L valleys; moreover) thalleys
in the Ge layer are higher than those in the alloy layer. For simplicity, we consider only
the lowest conduction-band minima in either layer for various values gindx. Using
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(6) and (7), we find the regions of fixed relative energy positions of the conduction-band-
edge states in germanium and in the alloy for the (111) &%, /Ge heterostructure (see
figure 1). One can see from the figure that the conduction-band edge in Ge lies lowest
in energy for the regions labelled 1, 2, and 4 (the type-l heterojunction), and highest for
regions 3 and 5 (the type-Il heterojunction).

We should remark that figure 1 is to be considered illustrative and qualitative, and
merely demonstrates possible situations in the conduction band for various parameters of
heterostructures. This lack of quantitative reliability may be attributed to errors in the
energies of L minima (3), deformation potentials, and valence-band offsets (1). In addition,
the strain in the layers may be quite sizeable (up to 4%)—such that, strictly speaking,
nonlinearities are appreciable [12]. In this work we do not take these effects into account.
Thus, in reality the regions of a specific conduction-band structure (in the implied meaning)
can differ from those shown in figure 1. Moreover, it is quite possible that some regions
depicted in figure 1 do not actually exist, and—vice versa—regions with a different structure
of the conduction band may exist. Therefore, experimental examination of the conduction
band is, of course, necessary.

In a Ge or alloy layer of finite width, the quantum confinement causes an increase
in energy of the conduction-band minima. Consequently it makes the regions in figure 1
change and, in general, appear or disappear.

Employing results given by Van de Walle and Martin [4], and (3), it can be shown that
the 1L valley in an alloy lies lower in energy than that in Ge fBA < ay < 5.65 A
and 0< x < 1. Therefore, although the Ge Si,/Ge heterostructure can have a direct
band gap, here the potential wells for electrons and holes are at different layers (type-Il
confinement). This case is realized for region 3 in figure 1 in structures with thin,Sie
layers.

2.2. The conduction band in (001) GeSi,/Si heterostructures

In each layer of a Ge,Si,/Si heterostructure grown on the (001) plane, the strain splits
the A minima into four components along the [100],0p], [010], and [@0] directions
(4A minima), and two components along [001] and IP(2A minima). The four L points
remain equivalent. The energies of the L atdninima are given by

o ®)
E'ZA"IA = EaAv =+ OIZAAA Ef(GZZ - exx) (9)

wherea?® = 2/3 for 2A minima, ando** = —1/3 for 4A minima.

Figure 2 shows the relative energy positions of the conduction-band-edge states in layers
of a Ga_,Si,/Si heterostructure for various values qf andx. Only the lowest valleys
in each layer are pictured. The quantum confinement is not taken into account. For all of
the regions in figure 2 except the fourth one, the lowest conduction-band minima in silicon
are at 2\, and lie lower than in the alloy. Therefore, over a wide range of parameters,
the band-edge optical transitions in the heterostructures with thin Si layers will be direct
in quasi-momentum space. However, these transitions will be indirect in coordinate space,
because, as mentioned above, the valence-band edge in the alloy layer lies highest in energy.

Employing tunnelling, one can reduce the separation of the electrons and holes by
decreasing the width of either or both of the heterostructure layers. If this is done, the
guantum confinement makes the regions in figure 2 change, and might cause them to appear
or disappear. It should be remembered that quantum confinement in Si layers reduces the
parameter regions for which @e& Si,/Si is a direct-gap structure. This is due to the fact
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Figure 2. Regions of specific relative energy positions of the conduction-band-edge states in
Si and in the alloy for a (001) Ge, Si,/Si heterostructure. At the bottom of the figure, the
relative energy positions of the conduction-band edge in Si and in the alloy are shown for all
of the regions. Quantum confinement effects are not taken into acceucbrresponds to the
buffer layer on which a heterostructure is grown.

that the 23 minima in the alloy lie higher in energy than those in Si over the entire range of
parameters considered.43 A < q; < 5.65A, 0 < x < 1), and the quantum confinement
causes an increase in energy of the @inima in silicon. Thus, the 2 minima in a rather

thin Si layer may be higher than some others. In contrast, decreasing the alloy width could
just lead to growth of the parameter region over which the heterostructure has a direct band
gap. That is, the quantum confinement in an alloy layer reduces region 4 in figure 2, and
keeps it close up to the-axis.

The approach given in [4] leads to very similar results: regions of the fixed conduction-
band structure differ insignificantly from those in figure 2. In particular, the region
corresponding to the fourth region in figure 2 is slightly bigger, and extends fren0.6
tox = 1.

Let us compare the results which have been obtained by employing the results from [5],
and (4), with some experimental data for ;G€e5i, layers grown pseudomorphically on
unstrained Si. The energy differences between the lowest conduction-band edge and the
top of the valence bands in the alloy, as noted above, agree within 2% (to better than
~13 meV) with the expression valid for > 0.76, which was experimentally obtained
in [1]. The energy difference between theminima in Si and the A minima in the alloy,
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AE,., is less than 8 meV for region 4 in figure 2. This fact agrees with [1], where the
conduction-band offse{AE.|, was shown to be less than 10 meV for they&G8igg3/Si
heterostructure. Although the discrepancy between the theoretical [5] and experimental [1]
values of the band gap is relatively small, it is still more than the conduction-band offset
|AE.|. Thus the question of the real existence of type-I band alignment is still open. As far
as we are aware, this problem has not yet been solved experimentally, eithers{0164

there is experimental evidence which is more readily explained for a type-I [1, 6] or type-
Il [7] band alignment. In the following sections, we will discuss the problem of specifying
the type of the lowest conduction-band minima, as well as the type of band alignment.

3. Selection rules for optical transitions in (111) Ge_,Si,/Ge heterostructures

In the previous section, we have shown that the conduction-band bottoms in the
Ge_, Si,/Ge heterostructure can be in 3L, 1L, Arvalleys. In this section the selection
rules for the dipole indirect optical transitions between the valleys and the valence band
are considered. Because of the straip € 5.65) and the quantum confinement effect, the

top of the valence band is formed from the heavy-hole states with large mass in the [111]
direction. Therefore, we consider transitions only in or from these states. Note that if the
lattice constanty is larger than that in an unstrained alloy, then in very thin Ge layers
(width less than 10-28\), the top of the valence bands can be formed from the light-hole
states. This is possible only for the above deformations, because in this case the top of the
heavy-hole subband is lower than the top of the light-hole subband in the alloy.

We consider a QW structure with a symmetry plane at the centre of a quantum well.
The groups of the wave vector at different points of the Brillouin zone, and the irreducible
representations for the corresponding electron and hole wave functions are shown in table
1(a). Representations of the momentum operator components and those of the phonon wave
functions are shown in the same table. We use common notation for the phonons: the letters
L, T for longitudinal and transverse phonons, and O, A for optical and acoustical phonons.

3.1. hh—1L transitions

By using a standard method [14, 15], we find the following selection rules for optical
phonon-assisted transitions between the heavy-hole subband and the 1L valley. Similarly
to the case for bulk germanium, the LO- and TA-phonon-assisted transitions are forbidden
because of parity conservation. TO-phonon-assisted transitions are allowed for any light
polarization. LA-phonon-assisted transitions are allowed only for photons which have
nonzero electric field componenis on the (111) plane.

As we noted above, a direct-gap structure may be realized if the conduction-band bottom
is in the 1L valley. But the direct dipole optical transitions from heavy-hole and light-
hole subbands in 1L valleys are forbidden. The problem is that the electron and hole
wave functions have even parity (this is denoted by the supersgriptthe representation
notation), but dipole transitions are forbidden between same-parity states. This assertion is
not valid for transitions with a change in the level number—for example, for transitions
between the second hole subband and the first 1L valley (electron) subband. This is due to
the odd parity of wave functions in even subbands. Thus the wave function representations
in even subbands arg;land L, + L5 for the electron and hole, respectively. Note that in
this case the LO- and TA-phonon-assisted transitions are allowed, too.

It can be proved that the hh—1L LA-phonon-assisted transition is forbidddf fof111]
in an asymmetric heterostructure.



4848 V Ya Aleshkin ath N A Bekin

Table 1. (a) Wave-vector groups at different points of the Brillouin zone, and irreducible
representations for electron and hole wave functions, phonons, and operator momentum
components for a (111) Ge,Si,/Ge structure. A normal direction to the growth plane is
labelled z; two directions in the growth plane are labelledand y. We use the notation for
irreducible representations for thefand Gy groups from [14], for the &,, Con, ando -groups

we use that from tables 2—4, and for thg,@roup we use that from [18] and table 5. (b) As

(a), but for the (001) Ge . Si,/Si structure.

(a) Irreducible
representation Group
Heavy holes Ly+Ld
Light holes L
p: L1
Pr, Py (A
1L Electrons L¢ Dag
valley | Phonons| LA Ly
LO LT
TA L
TO Ly
3L Electrons Bf +B
valley | Phonons| LA Al
LO AT
TA | AT +AS Con
TO| Al +A;
P. A;
Pr, Py AL
A Electrons B1 + B>
valley | Phonons| LA Ay
LO A1
TA Az o
TO Az
p: Ap
Pxs Py Az

3.2. hh=3L transitions

The dipole hh—3L transitions are allowed for any light polarization, if assisted by LA and
TO phonons, and are forbidden for other phonons.

Thus, for photons withE | [111], the hh-3L LA-phonon-assisted transitions are
allowed, and the hh—1L transitions are forbidden. It is interesting to find the intermediate
states for allowed transitions. It turns out that allowed transitions are realized through
L, +L; and B +B; states. The intermediatg b-L; state arises from thEg conduction-
band state of bulk Ge, and thg B-B; state arises from thejl+ L, valence-band state. It
is more probable that transitions are through the4BB; state, because it is nearest to the
initial valence-band state. In bulk Ge, optical LA-phonon-assisted transitions are realized
through the intermediate state in tie conduction band [16]. In a heterostructure, the
same transitions are realized through thiedtate which arises frorit;. These transitions
are caused only by the electrical field components located in the (111) plane. The energy
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Table 1. (Continued)

(b) Irreducible
representation Group
Heavy holes =
Light holes E,* Dan
p: Ay
Pxs Py E”
2A Electrons Ag
valley | Phonons| LA A1
LO A
TA As Cay
TO As
p: A1
Px, Py As
4A Electrons E
valley | Phonons| LA A1
LO Az
TA B1+ B> Coy
TO B1+ B2
Pz A1
P, Py Bi1, B2

Table 2. Characters of the irreducible representations for the doubleg®up. The notation
for the group elements is taken from [18].

Copy |[E| Q| C2| QCa| 0| Qo | I ]| QI
Af 1] 1] 1 1)1 1

Af 1] 1]-1| -1]-1] -1

Al |1 1) 1 10-1] -1 |-1] -1
A |1 1)-1] -1|1 1|-1| 1
Bf | 1|-1] i —i| i i -1
B | 1|-1]| —i i| i i -1
Bl | 1|-1 i —i | =i i|-1

B, | 1|-1] —i i i —i|-1

difference between the initial and intermediate states is less for transitions through the
Lg state than for transitions through thg B- B, state; therefore, the probability of the
hh-3L transition through theg state is higher. This means that the probability of the LA-
phonon-assisted hh—3L transition causedmy [111] is less than that of the one caused

by E 1 [111].

3.3. hh-A transitions

Symmetry allows any hh& phonon-assisted optical transition for any light polarization.
Yet, in bulk Si and in bulk Gg ,Si, alloy, only TA- and TO-phonon-assisted transitions



4850 V Ya Aleshkin ath N A Bekin

Table 3. The irreducible representation characters of the doubfgoup. The notation for the
group elements is taken from [18].

o | E| Q| o | Qo
A | 1 11 1
Ay | 1 1/-1| -1
B1 1/-1 i —I
B> 1 /-1 |-i i

Table 4. The irreducible representation characters of the doubleg®up. o1y ando,y denote
symmetry planes crossing the @xis.

Cy | E| Q| C2 QCy | 01y, Qory | 02y, Qo2y
Aq 1 1 1 1 1
Ao 1 1 1 -1 -1
B1 1 1 -1 1 -1
B> 1 1 -1 -1
E|2|-2 0 0 0

Table 5. The irreducible representation characters of the douhledboup. » and«’ denote
twofold rotation axes which are perpendicular to the fourfold rotation axis C

Dy | E| 0 Ca, 0Cy Cq, Gt 0C,, 0t 2u, 2Qu 2u', 20u’
gt 2| -2 0 V2 -2 0 0
Ef | 2| -2 0 -2 V2 0 0
E-| 2] -2 0 V2 -2 0 0
E,” | 2| -2 0 -2 V2 0 0
Dy, | I | QI | IC2, QIC, | ICa, ICTY | QICy, QICTY | 2Iu, 201u | 21w, 201u
Bt 2] -2 0 V2 -2 0 0
E,* -2 0 -2 V2 0 0
B |2 2 0 -2 V2 0 0
E,” |-2 0 V2 -2 0 0

between the valence band and thevalleys are observed [1, 11]. Symmetry does not
account for the absence of longitudinal-phonon-assisted transitions [15]; therefore, in the
heterostructure Ge, Si,/Ge, only transverse-phonon-assisted transitions can be observed.

In summary, we now briefly formulate the selection rules for phonon-assisted
optical transitions between the valence band and different conduction-band valleys in a
Ge . Si,/Ge heterostructure grown on a (111) plane. If the conduction-band minima
are at A, then the TO-phonon-assisted optical transitions are predominant [1]. When
the conduction-band minima are at any L points, LA-phonon-assisted optical transitions
prevail [17]. LA-phonon-assisted transitions from 1L and 3L valleys differ in polarization.
LA-phonon-assisted transitions witE || [111] are forbidden for the 1L valley, and are
reduced for 3L valleys.
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4. Selection rules for optical transitions in (001) Ge_,Si,/Si heterostructures

Again, we consider a QW heterostructure with the symmetry plane in the centre of a quantum
well. The notation for the wave-vector groups and irreducible representations is shown in
table 1(b). As we noted, the top of the valence band lies highest in the layer with the largest
Ge fraction (in this case, in the alloy layer). In the alloy layer, the relative positioning of
the valence-band tops for heavy and light holes depends on a lattice congtalfita is

less than that in an unstrained alloy, then the top of the heavy-hole band is higher, while,
in contrast, the top of the light-hole band is higher for the reverse relationship between the
lattice constants (if quantum confinement is neglected). This has to be taken into account
in the selection rule analysis.

As shown in figure 2, the conduction-band bottoms may be And@ 4A valleys.

The phonon-assisted transitions from #alleys to light-hole and heavy-hole subbands are
allowed for any phonon and any light polarization.

The transverse-phonon-assisted transitions franvalleys to light-hole and heavy-hole
subbands are allowed for any light polarization. The longitudinal-phonon-assisted transitions
to light/heavy hole subbands are allowed ®r L [001]. In the case wherd& | [001],
the LA-phonon-assisted transitions between\zlleys and a light-hole band are forbidden,
but the transitions betweem2valleys and a heavy-hole subband are allowed. In contrast,
the LO-phonon-assisted transitions to a light-hole subband are allowed, and transitions to a
heavy-hole band are forbidden. Longitudinal-phonon-assisted transitions are not observed
in Si and the alloy. Therefore, in the study of optical transitions, one cannot distinguish
between those fromAl valleys and those fromA valleys.

Unlike the transitions from A valleys, transitions from & valleys can be realized
without scattering. They are direct in momentum space and indirect in coordinate space.
Symmetry allows these transitions to light-hole and heavy-hole subbands, if the electrical
field vector has nonzero components in the (001) plane.B~dr (001), transitions to the
light-hole subband are allowed, but transitions to the heavy-hole subband are forbidden.

The direct transition intensity must rise with decreasing layer thickness, because of the
greater overlap of wave functions in the coordinate and momentum spaces. In contrast, the
zero-phonon transition intensity from tha4salleys (region 4 in figure 2) depends weakly on
Si and the alloy layer thickness, given a good quality of heterointerfaces. Therefore, one can
distinguish between the transitions from 4nd 2A valleys by investigating the dependency
of the ratio of the phonon-assisted-line intensity to the zero-phonon-line intensity on the
layer thickness.

Certainly, there are more direct methods for identification of the type of the lowest
valley in a conduction band. For example, this may be done by making cyclotron resonance
measurements of the electron masses. However, these measurements require a very high
quality of structure. The requirements for structure quality allowing observation of optical
phenomena may be less stringent, and, consequently, the methods suggested here can be
easier.
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