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Direct-to-indirect energy-gap transition in strained Ga In& AsiInP quantum wells
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(Received 26 March 1993)

We present direct experimental evidence that in Ga In& As/InP quantum wells the band struc-
ture undergoes a direct-to-indirect gap transition in A: space above a critical value of x. We observe
a drastic increase of the measured radiative exciton lifetimes for samples where x ) x, with x
depending on well width. Using a six-band k. p calculation of the valence subbands, we show that
for x ) x, the valence band maximum is at k g 0, i.e., the band structure becomes indirect.

Strained-layer quantum wells have recently been sub-
ject to considerable interest both from a fundamental
point of view and for state-of-the-art applications such
as semiconductor lasers. The strain introduced by the
lattice mismatch primarily leads to a splitting and/or
a mixing of the light and heavy hole valence bands and
makes the valence subbands in quantum wells much more
complex. However, this introduces a degree of freedom
for the valence subbands and makes the effective mass of
the valence bands an adjustable parameter.

The strained-layer Ga Inq As/InP material system is
particularly interesting since it allows for a variation of
strain over a wide range. The strain in the Ga Ini As
can be easily controlled for this system as the layer com-
position is changed from x = 0 (InAs) to x = 1 (GaAs).
For gallium contents x ( 0.47 the strain is compressive
whereas for x ) 0.47 it is tensile. Compressive strain
effectively decouples the light and heavy hole subbands
and moves the heavy hole subband to the top of the va-
lence band. Tensile strain, on the other hand, moves the
light hole subbands up in energy and makes them the
highest valence bands. At the same time, this leads to
strong band mixing effects and nonparabolicities.

We present direct evidence that strain-induced band-
mixing efFects in Ga Inq As/InP quantum wells lead to
an indirect band structure in A: space in a certain range of
compositions and well widths. Prom a drastic increase of
the measured radiative exciton lifetime at certain values
of the Ga content and from the results of our six-band
k p band structure calculation we conclude that the
valence band maximum in these structures is at k g 0.
To our knowledge this is the erst time that experimental
evidence for such indirect valence bands is reported.

We performed composition and well width dependent
time resolved experiments on Ga Inq As/InP quantum
wells to investigate the inHuence of strain on the band
structure. All of our samples are nominally undoped
Ga Inq As/InP multiple quantum wells (MQW's) (0.45( x ( 0.70) grown on semi-insulating (100) InP:Fe sub-
strate in a horizontal metalorganic vapor phase epitaxy
technique (MOVPE) reactor using growth interruptions
at all interfaces. The well widths and the well compo-
sitions are adjusted by the use of MOVPE growth pa-
rameters and are cross-checked by high resolution x-ray
diffraction. The MQW's with 4.5- and 6-nm well widths
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FIG. 1. PL lifetime vs gallium composition for the 4.5- and
6-nm MQW's at 5 K. Broken lines are only guides to the eye.

consist of ten periods of Ga Ini As wells. All wells are
separated by 20-nm InP barriers to avoid coupling be-
tween the wells. The values of the well widths were kept
below the critical layer thickness which is a function of
well width and composition. '"

The time resolved measurements were performed us-
ing a photoluminescence setup, where the samples were
excited by 5-ps in&ared pulses in the 1.2—1.6-pm region.
The in&ared pulses are generated by mixing a 1.064-pm
Nd: YAG (where YAG denotes yttrium aluminum garnet)
laser pulse and a visible pulse from a cavity-dumped, syn-
chronously pumped dye laser. The photon energy was
low enough to generate carriers only in the Ga Ini As
wells. The carrier density was estimated from the ex-
citation power density and the absorption coeKcient of
Ga Ini As to be about 8 x 10 cm in the wells. In
this density region and at low temperature (T ( 50 K)
exciton recombination is the main decay channel. The
luminescence was detected with a Ge avalanche photo-
diode in a photon counting mode. Continuous-wave PL
measurements have been performed at 2 K using an Ar-
ion laser operating at 514.5 nm.

The results of the PL decay time measurements at 5
K are summarized in Fig. 1. The composition depen-
dence of the PL decay time of the samples with 6- and
4.5-nm well width is similar. At low Ga concentrations
x ( x, we find an almost composition independent life-
time of about 2—3 ns which is in good agreement with
the radiative lifetime of an exciton in lattice matched
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Gao 47Ino $3As/InP quantum wells. For gallium concen-
trations x ) x, we observe drastically increased PL decay
times by nearly two orders of magnitude. The transition
takes place within a narrow region of about 4—5 '%%uo around
the critical value x, . The critical value x depends on the
well width and is x 0.52 for the samples with L = 6
nm and x 0.58 for the samples with I = 4.5 nm.

By considering the strain dependent change of the va-
lence band structure, the strong increase of the PL decay
time can be well understood. We have performed band
structure calculations using a six-band k- p theory based
on a Luttinger-Kohn Hamiltonian. ' Figure 2 shows
the calculated valence band structures for a 4.5-nm quan-
tum well with four difFerent Ga compositions. With in-
creasing tensile strain, the light-hole subband moves to
the valence band ground state (see Fig. 2) which leads
to a strong interaction between the light and heavy hole
bands. As a consequence a second maximum at kgO is
induced in the highest hole band. For gallium composi-
tions x ) x the second maximum has moved above the
maximum at k = 0 and the band structure becomes indi-
rect. This behavior was previously shown in theoretical
studies by Houng and Chang and Chu, Sanders, and
Chang. Our theoretically calculated values x for the
transition from direct to indirect are x = 0.53 for a sam-
ple with I = 6 nm and x, = 0.59 for a sample with L
4.5 nm. This is in good agreement with our measured x
values. The samples with Ga concentrations below x
have a direct band structure and show PL decay times
between 2 ns and 3 ns at low temperatures. The x x
samples, situated close to the transition from direct to
indirect band structure, display decay times between 10
ns and 100 ns. The samples x ) x situated clearly on
the indirect gap side show time constants between 100 ns
and 200 ns.

A direct-to-indirect gap transition of a difFerent kind
was found by Cebulla et al. on GaSb/AlSb MQW's. In
this material system, the small energetic difFerence be-
tween the I. minimum and the I' minimum of the GaSb
conduction band and the difFerent efFective masses at
these minima lead to a size induced direct-to-indirect
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crossover in the conduction band if the well width is re-
duced. They also measured a lifetime enhancement in
the indirect samples of about two orders in magnitude.

It is interesting to analyze the nature of the indirect
transition, i.e. , if it is phonon assisted or not. Further
information was gained from Fig. 3, which displays two
typical spectra for a sample with a direct band structure
(part a) and an indirect band structure (part b). Both
spectra were measured at 2 K using an excitation inten-
sity of about 25 (mW/cm 2). For all samples with a Ga
content x ( x the PL spectra exhibit a single emission
line. This emission line is attributed to excitonic lumi-
nescence, since in this density region and at low temper-
ature (2 K) excitonic recombination dominates the ra-
diative recombination in QW's. In contrast, the spectra
for the samples with x ) x are composed of two sepa-
rate lines. The low-energy line is a phonon replica, which
is due to LO phonons. The replica consists of InAs-type
and GaAs-type LO phonons with energies of 30 meV and
35 meV. The interpretation of the low-energy line as a
phonon replica is supported by the identical transient de-
cay of the two lines.

For radiative transitions, the recombination in the in-
direct samples takes place via an indirect exciton, con-
sisting of an electron in the I' conduction band minimum
and of a hole in the indirect valence band maximum at
k g 0. The intensity ratio of the original line to its LO
phonon replica is 4:1~ As a consequence, at low temper-
ature the LO phonon assisted recombination processes
have a smaller transition probability and therefore do
not limit the observed lifetimes in the indirect samples.
Making the hypothesis that the radiative recombination
rate of the no-phonon line determines the lifetime for the
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I IG. 2. Valence subband structures of 4.5-nm
Ga In& As/InP quantum wells with varying contents of gal-
lium calculated by a six-band k - p theory.

FIG. 3. Low-temperature (T = 2 K) photoluminescence
spectra of 6-nm Ga Inq As/InP MQW's with gallium con-
tents of (a) x = 0.47 and (b) x = 0.60.
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measured samples, the transition rate in the absence of
phonons should be proportional to the square of the exci-
ton wave function in k space at the I' point (k = 0). The
k value of the indirect maximum in the 6-nm MQW is k

0.027 (27r/a), whereas the value of the 4.5-nrn MQW
is k —0.042 (2m/a). Because of the larger k value of the
4.5-nm MQW's, one expects for the indirect radiative
transition a much longer lifetime for the 4.5-nm MQW's,
since the square of the exciton wave function at k =0 is
much smaller than in the case of the 6-nm wells. We have
performed detailed calculations of the transition proba-
bility using the calculated band structure and the wave
function of the ideal 2D exciton in k space. The results
show that the lifetime in the 4.5-nm MQW's should be
more than one order of magnitude larger than in the 6-nm
MQW's. This disagrees with our experimental findings
of nearly well width independent lifetimes of 100-200 ns
for both the 6- and the 4.5-nm samples. Therefore we
conclude that the maximum lifetime in indirect samples
is limited by nonradiative recombination centers. This
interpretation is supported by the results of integrated
PL intensity measurements. The indirect samples show
a reduced quantum eKciency by a factor of 4 in com-
parison to the direct samples, with a further reduction
towards high temperatures. The results taken together

clearly show that the observed recombination from the
indirect maximum in the valence band is partly phonon
assisted and the absolute value of the lifetime in the in-
direct samples is limited by nonradiative recombination
centers.

In summary we have presented direct experimental ev-
idence that in Ga Ini As/InP quantum wells the band
structure undergoes a direct-to-indirect gap transition in
k space above a critical value of x . The experimental
results are supported by our six-band k p calculations
of the valence subbands which show that for x ) x the
valence band maximum is at k g 0, i.e. , the band struc-
ture becomes indirect. We observed a drastic increase of
the PL lifetime by two orders of magnitude (from 2 ns to
100—200 ns) for samples whose gallium content is above
the critical value x„with x depending on well width.
The value for x was determined to be z, 0.52 for the
6-nm well width samples and x 0.58 for the 4.5-nm
well width samples.
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