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New optical structure near the El transitions of InSb/InAlSb quantum wells

F. Cerdeira, ' A. Pinczuk, T. H. Chiu, and W. T. Tsang
A Tcf T Bell Laboratories, Murray Hill, New Jersey 07974

(Received 16 April 1985)

We use resonant Raman scattering to probe into the electronic structure of InSb/InA1Sb strained layer
superlattices in the region of the El optical gap. A new resonant enhancement peak, not present in bulk

InSb, appears in narrow quantum-well samples at low temperatures. Its dependence of quantum-we11 width
and temperature indicates the existence of another critical point in the combined density of states that be-
comes observable through excitonic interactions under extreme confinement of the electronic states. A
similar structure is observed in GaSb/GaA1Sb quantum wells. This suggests the presence of two critical
points along the A direction of the Brillouin zone in the bulk semiconductors of this family.

The formation of quantum states or subbands in superlat-
tices and multiple quantum wells of III-V semiconductors
has been amply documented. " Most of this research, how-
ever, concerns the subband structure of direct band-gap ma-
terials in the vicinity of the Brillouin zone center. The more
general issue regarding the effect of the superlattice poten-
tial on electronic states and optical transitions at other criti-
cal points remains largely unexplored. Recent results of
electroreflectance' and resonant Raman scattering' suggest
that subbands also form in the region of the El and El +hi
optical gaps. The question as to how exactly the El transi-
tions are affected by the superlattice potential, however, is
still unclear. In fact, the nature of the E» optical transitions
in bulk materials has been the subject of considerable con-
troversy. It is not clear whether the structure observed in
the optical constants is due to direct transitions along the A
direction extending through a large portion of the Brillouin
zone, or if it comes from a critical point localized at the I.
point. ' The existence of a second, weaker, Mo singularity
close to a much stronger Ml critical point is inferred from
thermally modulated reflectance. '

In the present work we investigate the region of the El
transition in InSb/InA1Sb strained layer superlattices, using
resonant Raman scattering to probe into the optical inter-
band transitions occurring in this spectral range. This tech-
nique is particularly adequate to study electronic states in
superlattices and multiple quantum wells because it exploits
the modulation produced in these states by the
longitudinal-optical (LO) lattice vibratioris characteristic of
each type of layer. This selectivity as to the type of layer
being probed makes it ideal to determine whether the elec-
tronic states under study are confined within the quantum
wells of the smaller band-gap material or if they extend
across the interface. ' In particular, the Raman cross sec-
tion of the LO phonon in the Frohlich-induced forbidden
configuration has a single peak in the vicinity of critical
points due to vertical electronic transitions. " The shape and
interpretation of this resonance in bulk InSb is well under-
stood. " ' In our experiments with narrow InSb quantum
wells, the Raman cross section of the forbidden LO phonon
at low temperatures (T & 150 K) exhibits two well defined
peaks in the laser frequency range 1.85 ~t~L «2.15 eV.
The peak at higher energies evolves continuously towards
the single peak found in bulk InSb (Refs. 12-14) as the
width of the quantum well, d, increases. The second peak
vanishes as d or T increase. The absence of any enhance-
ment in the LO phonons originating in the alloy layers indi-

cate that the electronic transitions. involved in these reso-
nances are confined within the InSb quantum wells. A
similar structure is observed in GaSb/AloaSb quantum-well
heterostructures. We propose that the extra peak in the
resonant Raman cross section of narrow quantum wells re-
veals the existence of two critical points in the combined
density of states for E& optical transitions (separated by—100-150 meV). These critical points occur along the A
direction of the Brillouin zone of the bulk, and can only be
resolved by confining the electronic states within narrow
quantum-well layers.

The samples used in our experiments were superlattices
of InSb/Ino 7Alo 3Sb heterostructures. A 1-p,m layer of
Inl „Al„Sb, graded up to x=0.2 was first grown on a
(100)InSb substrate. Subsequently, alternating layers of
InSb and In07Alo3Sb, of thicknesses d and do, respectively,
were grown with 15 or 30 repetitions. The end layer of all
our samples consisted of 60 A of Ino'7Alo3Sb. Table I lists
the main parameters of our samples. The lattice mismatch
between the InSb and In07A103Sb is accommodated by a
homogeneous tetragonal compression (extension) of the
InSb (alloy) layer. The strain present in the InSb layers was
determined by measuring the difference in frequency
between the LO phonon in the superlattice and that in bulk
(substrate) material. " The measured values of strain e in
each sample are also listed in Table I. The width of the Ra-
man line at T=2 K was monitored to detect the possible
presence of inhomogeneous strain in the layers 5' No sig-
nificant inhomogeneities in the strain distributions could be
observed by this method in any of the samples listed in
Table I. One sample of GaSb/GaAISb (No. 5 in Table I)
was also measured. It was grown directly on a (100)GaSb
substrate, so that the GaSb layers are unstrained. The Ra-
man measurements were performed in the backscattering
configuration z(xrc)z, where x, y, and z coincide with the
cubic axis and z is perpendicular to the layers. We used the
continuous emission of a cw-dye laser with DCM, rhodam-
ine 6G, and coumarine 6 dyes, covering the spectral region
1.85 ~fool ~2.30 eV.

The Raman spectrum of the InSb/InAlSb samples con-
sists of longitudinal-optical vibrations of the InSb (LO) and
the InAISb (LOt) layers. A typical spectrum is shown in
the inset of Fig. 1. While the cross section of the LOI peak
remained approximately constant, that of the LO peak
showed a marked dependence on incident laser frequency in
the region under study (1.85—2.15 eV). This dependence,
for sample No. 2 of Table I, is displayed in Fig. 1 for several
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TABLE I. Main characteristics of the strained-layer superlattice samples used in our experiment. Percen-
tual strain, 1D2~, in the InSb sample is indicated.

Sample
No. Type

Graded
layer

Substrate (x —0.2)

0
Layer thickness (A)
d dp

(host) (alloy)
Number

of periods 10 ~

InSb/In
~ „Al„Sb

InSb/In
& „Al„Sb

InSb/In ) „Al„Sb

InSb/In 1 —xAlxSb

GaS/Ga~ „Al„Sb

InSb
(100)

InSb

InSb

GaSb
(100}

Yes

Yes

Yes

Yes

No

0.3

0.3

0.3

0.3

0.4

40

60

120

300

90

40

60

120

300

150

30

30

30

15

30

1.04

1.04

0.78

0.70

temperature values. At T =10 K the Raman cross section
of the LO peak shows two sharp maxima located at
lcuL =Es(1) =2.088 eV and &e!r. =ER(2) =1.972 eV, re-
spectively. The latter decreases in relative intensity as tem-
perature increases and is not observed at room temperature.
The energy of both peaks decreases as temperature in-
creases at rates [ —5.1&&10 eV/K for E~(I) and —6.0
X10 ~ eViK for ER(2)1 consistent with values quoted in
the literatures for the E~ optical gap of InSb. The tempera-
ture dependence of the intensity of the E~(2) (lower ener-
gy) peak signals to the strong excitonic character of the opti-
cal transition involved in this resonance. The absence of
any resonance enhancement in the LO~ peak throughout the
whole region indicates that the electronic states involved in

this resonance are localized within the InSb quantum wells.
The same is true for all the samples examined at all tem-
peratures.

Next we investigated the dependence of these two
resonant enhancement peaks as a function of quantum well
width. In Fig. 2 we show the results for the forbidden LO
phonon of InSb at T=10 K in InSb/Inp7Alp3Sb superlat-
tices of different layer thicknesses. An arrow indicates the
position of the single peak found in bulk (substrate materi-
al) InSb. A similar peak ER(I ) is observed in all the super-
lattice samples, shifted towards higher energies by the com-
bined effect of stress and confinement. The lower energy
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FIG. 1. Raman cross section vs incident laser frequency for the
forbidden LO phonon of InSb, from sample No. 2 of Table I. A
typical Raman spectrum is shown in the inset.

FIG. 2. Rarnan cross section vs incident laser frequency of the
forbidden LO phonon of InSb for InSb/InAlSb superlattices with
different quantum well width (d).
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peak E~(2) appears only in the samples with narrower
quantum wells, being absent in bulk InSb as well as in the
superlattice with d =300 A (Fig. 2). This peak appears to
vanish continuously as the width of the quantum well, d, in-
creases. It shows maximum intensity [relative to the ER(1)
peak] for the sample with d =60 A. The dependence of the
intensity of the E~(2) peak with both d and temperature
signals to excitonic effects, which are stronger when both
the electron and the hole are confined within a distance of
the order of the excitonic radius.

Figure 2 shows that both resonant peaks move towards
higher energies as the width of the quantum well decreases,
although the lower energy peak E~(2) does so at a higher
rate. In order to give quantitative interpretation to these
data we must attempt an assignment of the optical transi-
tions involved in each one of the resonant maxima. The
higher energy peak Es(1) evolves continuously, as d in-
creases, into the single peak observed in bulk InSb. Hence,
we assign this structure to the EI optical gap of bulk InSb
shifted towards higher energies in the superlattice by the
combined effects of strain and confinement. The second
peak could be assigned to another critical point in the same
region (A —L) of the Brillouin zone, but with much weaker
oscillator strength, so that it only becomes noticeable at low
temperatures and under conditions of extreme confinement.
The fact that the values of de /dT found in this experi-
ment are consistent with those reported in the literature for
the E~ gap, ' and furthermore the fact that Id'(2)/dTI) !dER(1)/dT1 supports this assignment. ' Alternatively,
the Ez(2) peak can be interpreted in terms of a second crit-
ical point in this energy region which occurs only in super-
lattice samples as a consequence of Brillouin-zone folding. ~

In what follows we examine our experimental results in the
light of these two possible assignments.

If both resonant peaks observed in superlattice samples
are related to optical transitions in bulk InSb, their energies
in each type of sample (E~ and Eg, respectively) are related
to each other as

ER(e, d) =EI+A, (e) +A, (d)

where 6, and 5, are energy shifts produced by strain and
confinement, respectively. The former can be calculated us-
ing the data in Table I and the results of modulated reflec-
tance in InSb under uniaxial strain, ' as

h, (e) =3.016m (5, in eV) (2)

The third term in Eq. (1) is more difficult to calculate.
Even in the square-well model it depends on the mismatch
of valence and conduction bands between both types of
layers at the critical point responsible for the observed reso-
nance. If that mismatch were very large, 6, could be ap-
proximated by the lowest level of a particle of mass p,

' (re-
duced optical mass) in an infinite square well of width d:

2/2
&,(d) =

2p, d
(3)

Given the small difference in the EI gaps of InSb and
I07Alo3Sb (EEI —0.16 eV) this approximation is not really
justified. Still, we might expect 4, to scale approximately as
d '. In Fig. 3 we plot E~ ——E~(e,d) —d, (e) vs d ' and
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FIG. 3. Position of the resonant maxima [corrected for strain as
indicated in Eqs. (1) and (2)] vs d

find that both peaks exhibit a fairly linear behavior, extrapo-
lating for d ~ to bulk values of EI(1)=2.035 eV and
Eg(2) = 1.908 eV. The difference in slope would point to a
relation between reduced optical masses of p, '(I)/p, '(2)
= 1.9. Thus, our second critical point would be located at—0.13 eV below the stronger singularity and be character-
ized by a smaller (almost half) reduced optical mass.

The alternative explanation of the low-energy peaks of
Figs. 1 and 2 consists of postulating the existence of a criti-
cal point in this energy region which is absent in the bulk,
but appears as a consequence of the superlattice potential in
the layered samples. This would occur through zone folding
along the (001) direction of the Brillouin zone. ' An exam-
ination of existing band calculations'8 for InSb suggests
transitions from the valence band at or near the X point to
the conduction band at I as likely candidates for the extra
critical point. The small conduction-band mass would ac-
count for the bigger slope in Ez(2) shown in Fig. 3, and the
gradual disappearance of the additional peak as d increases.
On the negative side, we would expect the folded states to
extend throughout the whole superlattice, rather than be
confined in the InSb layers. Also, it is rather surprising to
find such a large optical matrix element for samples of large
period such as L = 2d = 120 A. We would also expect the
relative intensity of this extra peak to continue increasing as
I. decreases, in contrast with the results shown in Fig. 2 for
d =60 and 40 A.

There is a substantial difference between the two interpre-
tations discussed above. The first one would imply the ex-
istence of a similar effect in other superlattices composed of
zinc blende or diamond-type semiconductors, since the ex-
istence of one or two critical points in the region of the E~
gap is likely to be a characteristic common to all materials of
this family. The second explanation, transitions between
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folded states, depends upon the fortuitous coincidence of
the X I transition with the E~ optical gap. Even if this
were true for InSb, it is unlikely that the same effect should
be observed in superlattices made up of different III-V ma-
terials. Following this reasoning we performed the same ex-
periment in a GaAsiGaAISb superlattice (sample No. 5 in
Table I). Although resonant Raman results in this type of
superlattice were already reported, ' the laser frequency re-
gion studied in this previous experiment was not wide
enough to find additional structure in the vicinity of the Ei
main resonance. Our results (Fig. 4) show a second
resonant enhancement peak at lower energies with charac-
teristics analogous (confined to the GaSb LO, —150 meV
towards lower energies, etc.) to those found in the InSb su-
perlattices. Since the GaSb layers are unstrained, this addi-
tional structure cannot be explained away as a strain effect
or be related to the particular characteristics of sample
preparation. Its presence in both types of superlattice also
favors the interpretation in terms of the complex nature of
the Ei singularity in this family of materials, that is brought
to light by the effects of confinement of the electronic states
into narrow quantum wells. It is clear that further theoreti-
cal work into the band structure of these materials, in par-
ticular, as to how it is affected by the presence of the super-
lattice potential, is necessary to fully understand the implica-
tions of the results presented here.

In summary, resonant Raman experiments performed in
InSb/InAlSb and GaSb/GaAlSb superlattices reveal the ex-
istence of a second set of direct interband transitions in the
region of the Ei optical gap. In our opinion, the most likely
explanation of this new structure, which is not present in
bulk samples, is the existence of a second, but weaker,
singular point in the same region of k space whose effect
becomes observable through excitonic interaction when the
electrons and holes are confined within a distance compar-
able to the excitonic radius.
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FIG. 4. Raman cross section vs incident laser frequency for the
forbidden LO phonon of GaSb in a GaSb/GaAlSb superlattice. The
inset shows a typical Raman spectrum of this sample.
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