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Spectral hole-burning in Ino. 536a0.$7As/InP alloy quantum wells show strong localization of all
excitons at low temperatures and enhanced inelastic scattering over GaAs quantum wells. The
observed scattering rate agrees with the phonon-assisted tunneling model proposed by Taka-
gahara.

In two&imensional GaAs/Ga, Ali -,As quantum-well
structures heavy-hole excitons have exhibited strong inho-
mogeneous broadening at low temperatures by interface
roughness. ' The roughness can scatter mobile excitons
elastically and provides a range in energy for exciton
states among which inelastic scattering can occur by pho-
nons. At low temperatures a sharp changeover in energy
at the center of the inhomogeneous exciton line has been
observed between strongly localized states and states delo-
calized over a scale of 1 pm. 2 The inelastic scttttering
rates were found to depend strongly on whether the exci-
tons were localized or mobile, being an order of magni-
tude greater for the latter. Mobile excitons can addition-
ally scatter off' the potential fluctuations. The scattering
rates and hence the localization properties are expected to
depend strongly on the amount of disorder. Photon echo
measurements on quantum wells with extremely flat inter-
faces, 3 and hence a small amount of disorder, yielded elas-
tic scattering rates consistent with all excitons being
mobile. The opposite effect of increased disorder should
lead eventually to localization of all states. This has not
been measured in these systems to date.

In this paper, we present results on the effects of in-
creased disorder, introduced by alloying the quantum
wells, on the localization properties. In Inn 53Gan47As/InP
quantum-well alloy structures we use a picosecond hole-
burning technique" to study the exciton dynamics. We
find that inelastic scattering is the dominant scattering
leading to localization of all excitons to the lowest temper-
ature measured. The scattering rate, however, is found to
be much stronger than for localized excitons in GaAs
wells and is similar, instead, to the scattering rate of
mobile excitons in those wells. The rate is consistent with

predictions of Takagahara based on phonon-assisted tun-
neling of localized excitons. 5

The samples consisted of 50 layers of Inn 53Gan 47As, 80
A. thick, sandwiched between 100-A-thick InP layers,
grown by chemical beam epitaxys on InP substrates. The
heavy-hole exciton line is well resolved in absorption at 5
K with a width [full width at half maximum (FWHM)] of
8 meV. 7 The width is a result of alloy and interface fluc-
tuations together with any layer-to-layer variations at a
macroscopic level. Hole burning in the inhomogeneously
broadened heavy-hole exciton line in GaAs wells has been
previously observed and is a result of saturation of that
part of the line resonant with a narrow-band laser. The
selective saturation is attributed to filling of the layer
space available to excitons resotiant with the laser which
can occur at a low enough density as to only weakly affect
the nonresonant exciton states. The hole was burned with
a tunable color center laser made locked to give'10-psec
pulses with a spectral width of 2 A.. The hole was probed
in a novel way using a probe beam with the same pulse
length but tunable over 2 nm. s Tunability was obtained
by passing a split-off' part of the laser output through 200
m of single-mode silica fiber with sufficient intensity to
produce high-order solitons. At an input peak power of 15
W the transmitted beam was spectrally broadened to 2
nm. The fiber output was passed through a spectrometer
to give a tunable probe centered at the pump wavelength
and with a pulse length similar to that of the probe. Pump
and probe beams were cross polarized to minimize any
coherent artifacts.

Figure 1 shows a series of spectra of hT/T for different
delays after the pump pulse with a photon energy 2.9 meV
lower than the peak of the inhomogeneous line. All spec-

7843 1988 The American Physical Society



7844 J. HEGARTY, K. TAI, AND W. T. TSANG

67 ps

1469.6
I

1470.4
WAV ELENG TH ( nm)

14?1.2

FIG. 1. Fractional change in probe transmission AT/T as a
function of wavelength for different delays after the pump. The
pump is at 1470.5 nm on the lower-energy side of the heavy-hole
absorption peak.

tra show a broad positive background which grows with
delay and which is due to saturation of the whole inhomo-
geneous line by exciton-exciton interaction. On top of the
broad background at small delays is a narrow feature res-
onant with the pump wavelength whose strength initially
is 3 to 4 times that of the background. We rule out the
possibility that this feature is a coherent artifact by its
intensity. A coherent artifact with cross;polarized beams
is expected to have the same strength as the signal at finite
pump-probe delays. The occurrence of this spectral hole
clearly shows that the interaction between resonant exci-
tons is more efficient than between nonresonant excitons.
The width of the hole is 3 A, which is a convolution of
pump width, spectrometer resolution, and homogeneous
width I q of the hole. The combination of pump and spec-
trometer widths was measured to be also close to 3 A so
that I s is less than 1 k The precise magnitude of I s
could not be measured directly. The amplitude of the hole
dies away rapidly with time and is zero after about 50
psec.

The exact lifetime of the hole was measured by the or-
dinary pump-probe method, in which pump and probe had
identical spectral profiles. This was achieved by reducing
the input intensity to the fiber below the onset of any non-
linearity. The time evolution of AT/T is shown in Fig. 2.
The signal decreases rapidly at first, in accordance with
the disappearance of the hole, leaving a long-lived com-
ponent at later times. The long-lived component is ex-
ponential with a lifetime of about 2 nsec, close to the
fluorescence lifetime of the excitons. It corresponds to the
decay of the broad background which at low exciton den-
sities is expected to scale with the total exciton population.

The fast decay of the hole on a time scale much shorter
than the exciton recombination time shows that the ini-
tially excited population of excitons spectrally diffuse to
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FIG. 2. Pump-probe decay where the pump and probe have
the same spectral pro61es. The dotted line is a fit to the data us-

ing the procedure described in the text. The wavelength is
1470.5 nm. The deconvoluted spectral decay time is 16 ps.

other states within the inhomogeneous line. A simple
rate-equation calculation was performed to fit the data in

Fig. 2. The fitting parameters included an exponential
spectral relaxation time T, and exciton absorption satura-
tion densities N, ~ and N, 2 for probe photon energy reso-
nant and nonresonant with the pump, respectively. The
results are superimposed as the dashed curves in Fig. 2.
Since the fitting is sensitive to these parameters, the spec-
tral relaxation time T, can be determined rather accurate-
ly and was found to be 16 psec. The ratio N, 1/N, 2 of -4
was used in the fitting, in agreement with the data of Fig.
1.

The spectral relaxation time T, varies little with pump
wavelength and is also independent of intensity, indicating
that we are in the low-density limit. The spectral diffusion
is consequently not by exciton-exciton interaction but by
inelastic scattering off phonons. A resonant population
decay time of 16 psec would set a lower limit of 0.7 A
(0.04 meV) to I s. Since the upper limit to I q is less than
1 A from Fig. 1, we conclude that the dominant contribu-
tion to I s is inelastic scattering off phonons. If the exci-
tons were mobile we would expect greater elastic scatter-
ing than in GaAs wells because of the extra alloy scatter-
ing contribution. The elastic scattering time for mobile
excitons in GaAs wells was measured to be =1 psec, so
we conclude that all excitons in Ino 53Gao 47As wells are lo-
calized and hop between localized sites incoherently by
phonon emission or absorption.

Takagaharas has calculated the contributions to the to-
tal scattering rate for both localized and delocalized exci-
tons. For localized excitons in the absence of a mobility
edge acoustic phonon-assisted tunneling leading to spec-
tral relaxation was the only scattering mechanism con-
sidered. This process depends on the exciton density of
states, the exciton-phonon coupling coefficient, the phonon
density of states, and the temperature. The tunneling
rates 1/T, are given by

T, ' (T, ) 'exp(BT'),

where To and B are constants and a is expected to be in

the range 1.6-1.8. In Fig. 3 the measured variation of the
scattering rate T, ' with temperature is shown. The data
can easily be fit by the tunneling equation provided
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FIG. 3. Plot of the measured spectral relaxation rate T, '

(points) against temperature along with a fit by the phonon-
assisted tunneling model. The wavelength is as in Fig. 1.

a 1.68, as shown in Fig. 3. The agreement of the ex-
ponent with that predicted shows that phonon-assisted
tunneling is the dominant scattering mechanism. The ab-
solute values of the scattering also agree closely with
Takagahara's predictions.

The measured value for I s is only very weakly depen-
dent on position within the inhomogeneous line at the
temperatures used. A weak dependence would indicate a

tail in the density of exciton states allowing relaxation
even at the lowest temperatures and at the lowest measur-
able energies in the line.

It is interesting to compare the scattering rates with
those observed in GaAs wells. The inelastic scattering
time in GaAs, 50 A wide, was as long as 200 psec at T 5
K, much longer than that expected from phonon-assisted
tunneling. The inelastic scattering time for the observed
mobile excitons, on the other hand, is comparable to that
for localized excitons in Ino53Gao47As. The large differ-
ence in inelastic scattering rates for localized excitons
may be attributed to a much stronger coupling of the exci-
tons to acoustic phonons in Ino53Gao. 47As. The strength
of the interaction with LO phonons has already been
found to be twice stronger in Ino53Gao47As than in GaAs
wells.

In conclusion, we have seen that scattering of excitons
in Ino 53Gao47As/InP alloy quantum wells is predominant-

ly inelastic to the lowest temperatures measured. All exci-
tons are consequently in the strongly localized regime and
tunnel incoherently from site to site. The scattering rate
agrees with Takagahara's predictions but is an order of
magnitude greater than in the nonalloy GaAs quantum
wells. It should now be possible to fine tune this family of
materials between the nonalloy and alloy extremes to
determine the cause for the enhanced scattering in the al-

loy material.
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