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Photoluminescence emission at twice the fundamental band-gap energy is observed in GaSb-AlISb
multiple quantum-well structures for well thicknesses below 42 A, whereas it is not observed for larger
thicknesses. The intensity of the emission increases dramatically with decreasing well width below this
value. The appearance of these novel features is traced to changes in the character of the band-edge

wave functions due to quantum-well confinement.

PACS numbers: 78.55.Hx, 71.25.Tn

The properties of semiconductor quantum-well struc-
tures have attracted a great deal of experimental and
theoretical interest recently.! The most common form of
a quantum well consists of a layer of a semiconductor
with a smaller band gap (here GaSb, see inset of Fig. 1)
between layers of a second semiconductor material with
a larger band gap (here AISb), with “straddling” band
lineup such that the lowest-lying electron and hole states
in the conduction and valence bands are localized in the
region of the material with the smaller gap. Then both
electron and hole states are quantized into a series of
subbands (denoted by n=1,2,...) whose energies de-
pend on the well width. Such systems have been found
to give rise to novel electronic, optical, and transport
properties which are of great interest both scientifically
and also for device applications. !

In the present optical studies of GaSb-AISb quan-
tum-well structures, we have observed novel photo-
luminescence spectra corresponding to the simultaneous
recombination of two electrons and two holes in semicon-
ductor quantum-well systems. These features are not
observed in the corresponding bulk system.? They result
from carrier confinement and are observed only in struc-
tures with well widths less than 42 A. The correspond-
ing recombination intensities are found to increase
dramatically for decreasing well widths below this value.
We relate the appearance of these size-dependent transi-
tions to the mixing of wave functions away from the
center of the bulk Brillouin zone to form the subband
functions. Although such mixing has been studied
theoretically, there has been little experimental evi-
dence to date relating to this effect.*

The GaSb-AlISb quantum-well system is especially at-
tractive for the present studies. In bulk GaSb, the direct
gap, which is at the I" point, and the indirect gap at the L
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point lie about 0.80 and 0.89 eV above the valence-band
edge, respectively.’ The difference in the band gaps of
AISb and GaSb at the I" point is large, 1.5 eV, and it
occurs mainly in the conduction band.® The strong con-
finement allows the subbands in the conduction band to
move especially high in energy, giving rise to substantial
wave-function modifications which will be of interest
here. In addition, because the electron mass at the I
point is much smaller than that at the L point,® this

photoluminescence intensity

T T

.8 2.0 212 2.4
energy (eV)

—

FIG. 1. Photoluminescence spectrum in the energy range
close to twice the energy gap for a 20-A GaSb-AlISb multiple
quantum-well sample. Inset: Schematic energy-band diagram
in real space for a quantum-well structure. It is important for
the present study that in GaSb-AISb potential wells are formed
both at the I" point and close to the L point of the conduction
band (Ref. 7).

3217



VOLUME 57, NUMBER 25

PHYSICAL REVIEW LETTERS

22 DECEMBER 1986

quantum-well system changes over from direct gap to in-
direct gap’ for well thicknesses less than approximately
39 A; this feature offers a unique opportunity to study
recombination corresponding to both of these gaps.

The experiments were performed on a series of
molecular-beam-epitaxy-grown multiple quantum-well
structures with well widths L, between 115 and 20 A.
Details concerning the growth and structure of the sam-
ples are given by Griffiths er al.® All measurements
were performed at 2 K. The samples were excited slight-
ly above the direct-gap transition by a cw neodymium-
doped yttrium aluminum garnet laser (A; =1.064 nm)
for L,=25A and by a dye laser (A, =880 nm) for
L,=20A. The photoluminescence at twice the band-
gap energy (denoted as 2E, transitions) was detected by
a GaAs photomultiplier. Because the 2E, transitions are
rather weak, typically 1 count per second for fully
opened monochromator slits, great care was taken to
suppress any background light. For this purpose the op-
tical path was completely shielded from external stray
light, and a 1-m double monochromator was used. In or-
der to avoid high-energy components of the excitation,
the laser beam always was passed through a § -m mono-
chromator set at the laser wavelength.

Figure 1 shows a typical photoluminescence spectrum,
which is for a sample with L, =20 A, in the energy range
between 1.8 and 2.5 eV. It has been shown in previous
investigations” of the 1E, transition that this sample has
an indirect band gap at the L point. The lEg transition
from the lowest-lying (n =1) subband at the L point in
the conduction band to the n =1 heavy-hole subband
occurs at 1.050 eV. The lEgr transition between the first
subbands at the I' point is observed at 1.205 eV. The
spectrum in the energy range around twice the band gap
(Fig. 1) displays pronounced emission lines at 2.10 eV
(2Ef) and at 2.40 eV (2E]) which are situated at pre-
c1sely twice the correspondmg 1E, transition energies.

Very good agreement between the energies of the 2Ef
and the 2E; luminescence lines and twice the values of
the corresponding 1E, transitions is observed for all
indirect-gap samples as well as for direct-gap samples
with L, <42 A. Figure 2 shows our experimental data
for the 2E; (full circles) and the 2Ef (full squares)
transition energies compared to twice the values of the
respective 1E, transitions (open symbols) as a function
of the well widths. For all samples the agreement is
better than 10 meV. The solid lines represent twice the
calculated values of the n =1 transition energies for the
I' and L emissions, respectively.7 It should be noted in
Fig. 2 that we observe 2E, transitions only for well
widths below a certain value (42 A).

The 2E, transition at the T' point involves the four-
particle dipole matrix element (c1c2]d | vvy) between
two holes in the valence band and two electrons in the
conduction band. In systems with inversion symmetry
like bulk Si this transition is strictly forbidden because
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FIG. 2. Comparison of the positions in energy of the ob-
served 2Ef and the 2E} transitions (solid symbols) with twice
the values of the respective 1E, transitions (open symbols).
The solid lines are twice the calculated values of the 1E, tran-
sitions (Ref. 7).

each wave function has a definite parity, and each of the
pairs cjc; and vv, is even under inversion. For bulk
GaSb and the other III-V zinc-blende systems inversion
symmetry is absent, and the point group is 7,. For such
systems we find from group theory that the four-particle
matrix element at the I' point is nonzero. Nevertheless,
the wave function at the edge of the bulk conduction
band has I'j) symmetry and transforms like an s state,
and the valence-band edge has I'js symmetry and trans-
forms like a p state. Therefore, on physical grounds the
four-particle matrix element is expected to be small for
bulk GaSb and for related III-V systems, and in the lim-
it in which the potentials of the Ga and Sb atoms be-
come identical this transition becomes strictly forbidden.

In order to account for the appearance of 2Egr transi-
tions in the case of quantum wells it is necessary to con-
sider the changes in the character of the band-edge wave
functions upon confinement. The wave-vector com-
ponent parallel to the well (k) remains a good quantum
number, but that perpendicular to it (k,) is not. The
wave function at the bottom of the lowest subband is
composed from all of the bulk states which have zero k
and have an energy equal to that of the subband. In the
case of the conduction band in GaSb, as the subband en-
ergy moves up from the bulk I' point (for finite well
thicknesses) the wave function begins to include increas-
ingly large contributions having p-like symmetry from
the bulk bands having finite k, near zone center. The
appearance of these terms can be understood from k- p
perturbation theory.®!® As the width of the well de-
creases the subband energies move farther away from
the bulk band edges, and the magnitude of these admix-
tures increases. These admixtures give contributions to
the matrix element which are large compared to that of
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the bulk I" point.

From the above arguments we expect that the intensi-
ty of the 2E; transition will increase with decreasing
well thickness. In Fig. 3 we show the intensity of the
2E] transition as a function of the well width for
L, <42 A. As predicted by the above arguments we ob-
serve a dramatic increase of the intensity with decreasing
well width. Between the thickest sample for which we
observe the 2E; transitions (L, =41 A) and the thinnest
sample (L, =20 A) the intensity increases by more than
three orders of magnitude. No indication of 2E{ transi-
tions is seen in samples with well thicknesses greater
than 42 A. As indicated by our semilogarithmic plot, the
intensity of the 2Egr transition increases approximately
exponentially with decreasing well width. The dip in the
2E[ intensity which occurs around 35 A might be associ-
ated with the change from direct to indirect band-gap
structure which occurs in this well-width range.’

We observe a similar dependence on well width of the
intensity of the 2E, transition at the L point. The 2Ef
transition occurs at twice the energy of the 1Ef transi-
tion and shows no evidence of a phonon shift. From the
fact that the GaSb typically shows a substantial® (10
cm ~3) hole concentration we suggest that both the 1Ef
and the ZEf transitions occur via shallow impurity (ac-
ceptor) levels. The conduction band at the L point has
I'; s-like symmetry, and therefore the argument given
above concerning the admixture of wave functions hav-
ing symmetries different from the bulk for decreasing
quantum-well widths also holds for the L point.

Finally we point out that internal frequency doubling
does not provide an appropriate explanation of the 2E,
lines observed here. This process is allowed at the I'
point. Because the intensity for internal frequency dou-
bling at the energy gap varies in proportion to the densi-
ty of states, only a very weak variation of the emission
intensity with L, is expected, which is in contradiction
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FIG. 3. Intensity dependence of the 2E; transition in the
GaSb-AISb quantum wells as a function of the well width.

with our experimental results.'""!2 Furthermore, internal
frequency doubling should not occur at the L point.

In summary, we have observed novel emissions at
twice the gap energy at both the direct and indirect gaps
in quantum-well structures. These four-particle transi-
tions are not observed at the direct gaps of corresponding
bulk materials. We have related the appearance of these
transitions to the presence of contributions corresponding
to states away from the bulk edges in the quantum-well
subband wave functions. It should be noted that such
wave-function admixtures give rise to the breakdown of
bulk selection rules in confined geometries and that such
effects should be a general feature of confined electronic
systems.

We acknowledge stimulating discussions with M. H.
Pilkuhn, H. Schweizer, and P. J. Lin-Chung. The finan-
cial support of the Deutsche Forschungsgemeinschaft
under Contract No. PI 71/20, and of the Office of Naval
Research under Contracts No. N00014-85WR24105
(T.L.R) and No. N00014-77C-0430 (University of Cali-
fornia, Santa Barbara) is appreciated.

(@Ppresent address: Commonwealth Scientific and Industrial
Research Organization Division of Radio Physics, Epping,
New South Wales 2121, Australia.

1A. Forchel, U. Cebulla, G. Trinkle, H. Kroemer, S. Sub-
banna, and G. Griffiths, Surf. Sci. 174, 143 (1986).

2Recombination at twice the band-gap energy has been ob-
served previously at the indirect gap of Si; see, for example,
K. Betzler and T. Weller, Phys. Rev. Lett. 26, 640 (1971);
K. Betzler, T. Weller, and R. Conradt, Phys. Rev. B 6, 1394
(1972).

3Detailed calculations of the electronic states of some semi-
conductor superlattices have been carried out by, e.g., J. N.
Schulman and Y. C. Chang, Phys. Rev. B 31, 2056 (1985),
and K. B. Wong, M. Jaros, M. A. Gell, and D. Ninno, J. Phys.
C 19, 531 (1986).

4Previous experimental studies of the effects of confinement
on selection rules in quantum wells have concentrated on the
effects of valence-band mixing; see, e.g., R. C. Miller, A. C.
Gossard, G. D. Sanders, Y. C. Chang, and J. N. Schulman,
Phys. Rev. B 32, 8452 (1985), and references therein.

5Landolt-Bornstein: Numerical Data and Functional Rela-
tionships in Science and Technology, edited by O. Madelung,
M. Schulz, and H. Weiss (Springer-Verlag, Berlin, 1982),
Group 3, Vol. 17, Part a.

6U. Ziem, thesis, University of Stuttgart, 1986 (unpub-
lished). From the evaluation of the splitting between heavy-
and light-hole edges in the n =1 and the n =2 transitions in
absorption, we estimate a valence-band offset of about 300
meV.

7A. Forchel, U. Cebulla, G. Trinkle, U. Ziem, H. Kroemer,
S. Subbanna, and G. Griffiths, to be published; A. Forchel et
al., Ref. 1. Surf. Sci. 174, 143 (1986). These studies show
that for the indirect-gap samples (widths less than ~40 A) the
occupation of the energetically higher I' point in the conduc-
tion band most likely occurs via Auger processes involving trap

3219



VOLUME 57, NUMBER 25 PHYSICAL REVIEW LETTERS 22 DECEMBER 1986

centers. 10E. O. Kane, J. Phys. Chem. Solids 1, 83 (1956).

8G. Griffiths, K. Mohammed, S. Subbanna, H. Kroemer, 1TH, Lotem, G. Koren, and Y. Yacoby, Phys. Rev. B 9, 3532
and J. L. Merz, Appl. Phys. Lett. 43, 1059 (1983). (1974).

9E. J. Johnson, in Optical Properties of III-V Compounds, 12Furthermore, we do not observe frequency doubling for the
edited by R. K. Willardson and A. C. Beer, Semiconductors pump laser. This process would be strongly favored compared
and Semimetals Vol. 3 (Academic, New York, 1957), p. 153, to doubling of the quantum-well emission, because of much
and references therein. higher laser intensity.

3220



