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Evidence for Dipole-Dipole Hopping of GaAs Quantum Well Excitons
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We present measurements of the energy relaxation of quasi-two-dimensional excitons in the hopping
regime. Under a variety of experimental conditions, the mean energy decays in proportion to lnt.
We interpret this result naturally in a model based on the dipole-dipole mechanism for energy
loss hops. The model achieves semiquantitative agreement with the observed energy loss rates.
[S0031-9007(97)03243-2]

PACS numbers: 71.35.Cc, 71.55.Jv, 72.20.Jv, 78.66.–w
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The slow relaxation of quantum particles through
system of localized states offers a test of accepted mo
of hopping and is central to the understanding of transi
photoconductivity and the optical properties of disorder
systems [1–4]. Specific examples include hydrogena
amorphous silicon and III-V or other heterostructures
which long recombination lifetimes are achieved throu
band gap engineering. At low temperatures an elect
hops only to sites of lower energy. The rate of dire
tunneling-type hoppingG for single electrons depend
exponentially on the distanceR between localized sites
according to

GsRd ­ G1 exps22Ryad , (1)

whereG1 is the attempt-to-escape frequency anda is the
larger of the localization lengths of the initial and fin
states. With each additional hop, the number of si
available for the next hop drops and, on average, the h
grow in length. Since more distant hops proceed m
slowly, the relaxation has the property of slowing ov
ever-lengthening time scales. For example, if the den
of localized states is a simple exponential

gsEd ­
N
E0

exps2EyE0d , (2)

the energy of the particle evolves [1] according to

Estd ø 2E0 ln ln G1t . (3)

In Eqs. (2), (3),E0 is the energy which characterize
the band tailing,N is the total concentration of localize
states, and the localization energyE is measured in the
positive sense from the mobility edge to the gap cen
The very slow energy relaxation of Eq. (3) results fro
the combined effects of exponentially fewer availab
sites at low energies, together with the exponentially sm
rate of hopping over long distances.

The situation is different for composite particles such
excitons. For those particles, hopping may be media
by the direct mechanism outlined above and expresse
Eq. (1), or may proceed via an exchange coupling.
particular, excitons may hop via exchange of a virtu
photon (dipole-dipole coupling) [2,3]. The probability o
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this hop scales with distance as
GsRd ­ G2sR0yRd6 . (4)

A comparison of Eqs. (1) and (4) shows that the dipo
dipole mechanism should dominate for large hoppi
lengths. However, if the intersite distanceR is compa-
rable to the exciton Bohr radius or the localization leng
wave function overlap between localized excitons is n
negligible, and the tunneling-type transfer can be releva
It is not possible to calculate theoretically from first prin
ciples which of Eqs. (1) or (4) should be applied for
particular experimental situation [3].

Dipole-dipole hopping is well documented in organ
crystals, and figures in theories of exciton relaxati
in semiconducting structures based on III-V and II-V
compounds. (See references in [2].) Nevertheless, th
has been no clear experimental verification of this eff
in, e.g., GaAs quantum wells, in spite of the enormo
literature on exciton dynamics in such structures. He
we present data on the slow energy relaxation of excit
in GaAs quantum structures, and compare to theoret
predictions based on the direct tunneling and dipo
dipole hopping mechanisms.

The principle prediction for excitonic energy relaxatio
mediated by the tunneling mechanism is contained
Eq. (3). The corresponding result for dipole-dipole ho
ping is obtained as follows. At an observation timet,
excitons have relaxed within the tail states via some nu
ber of hops. The average hopping time of each of th
hops is considerable shorter thant. The excitons form a
distribution around an average energyEd below the mo-
bility edge [1]. The hopping time for the next hop is, o
average, larger thant. The energyEd of the packet is
thus related to the timet by the condition

GsssRsEddddd ø t21 , (5)
where, in the two-dimensional system under study,

RsEdd ø fpNsEddg21y2 (6)
is the average distance between states with localiza
energies greater thanEd , and having an interface concen
tration

NsEdd ­
Z `

Ed

gsEd dE . (7)
© 1997 The American Physical Society 4261
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8).
(3).
(a)
Using Eqs. (4)–(7), we obtain a relation between
energyEd and the corresponding timet

Edstd ­ sE0y3d lnsp3R6
0N3G2td . (8)

Equation (8) is the result for the dipole-dipole mechanis
and contains two main predictions. The first is a mu
faster lnt energy decay compared to the ln lnt decay of
Eq. (3). This faster relaxation results from the power l
decay of the hopping rate with hop length, compared
the exponential form of Eq. (1). Equation (8) also mak
a specific connection between the rate of energy loss
the density of states parameter. In particular, we have

≠Ed

≠ ln t
­

1
3

E0 . (9)

Equations (3) and (8) describe only the long-time beh
ior. This behavior is probably not accessible using or
nary quantum structures in which the radiative lifetime
excitons is less than one nanosecond. Here, we empl
double well structure to create spatially indirect excito
whose radiative lifetime can be varied between nanos
onds and microseconds. Using these long-lived excito
we can track the energy relaxation deep into the band t
Specifically, the sample consists of 15 nm and 10
GaAs quantum wells separated by a 3 nm Al0.3Ga0.7As
barrier, and embedded in the1 mm thick intrinsic layer
of an Al0.3Ga0.7As pin diode. This arrangement allow
for the application of an electric field along the grow
direction. As described elsewhere [5], this electric fie
permits us to bias the system to a type II (spatially in
rect) condition in which the lowest lying interband exc
tations consist of electron and hole confined to sepa
well layers. In this case, the small electron-hole over
assures a long radiative lifetime. The sample was h
in an optical cryostate at temperatureT ­ 1.4 K and ex-
cited using 1.0 nsec pulses from a laser diode operate
100 kHz repetition rate. The photon energy 2.0 eV e
ceeded the band gap of the Al0.3Ga0.7As layers. The pair
density is estimated to be109 cm22. Time-resolved lumi-
nescence spectra were acquired using the time-corre
photon counting technique. The average energy per
ticle is taken as the centroid of the time-resolved sp
trum. The emission rate is determined as the spectr
integrated signal.

Figure 1 shows the time evolution of the emission r
for the bias V ­ 23.5 V selectric fieldø 50 kVycmd.
The emission is exponential over the5 msec range stud
ied. As discussed in detail elsewhere [6], this expon
tial feature is characteristic of excitonic recombinatio
Slower, power law decay at longer times and/or wea
electric fields correspond to distant pair recombinat
and is not the subject of this work.

Figure 2(a) shows the time dependence of the m
energy over 2.5 decades of time. Each data poin
labeled by an error bar which indicates a.50% con-
fidence interval. The error bars are determined by
shot noise inherent to the detection process, and
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FIG. 1. Spectrally integrated photoluminescence decay.

calculated asDEyN1y2, where DE is the full width at
half maximum of the corresponding time-resolved spe
trum, andN is the number of counts in the spectrum
A best fit to Eq. (8) is obtained for a slope param
ter 0.419 meVye-fold corresponding [throufgh Eq. (9)]
to a density of states parameterE0 ­ 1.26 meV. The
goodness of fit may be estimated using the normaliz

FIG. 2. Time evolution of the mean energy references
1.519 eV. In (a), the data are compared to a best fit to Eq. (
In (b), the same data are compared to a fit based on Eq.
The parameters are discussed in the text. The arrow in
indicates the time corresponding to the spectrum of Fig. 3.
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chi-squaredsx2d statistic [7] using the reciprocal confi
dence intervals as weights. The result isx2 ­ 0.69. The
x2 statistic is distributed in a well known way [7], and h
been tabulated. In the present case of 13 degrees of
dom s­ number of data points2 fitting parameterd a x2

at least as large as 0.69 is 77% probable. We conc
that the data follow Eq. (8) very closely, with small, ra
dom deviations at a statistically reasonable level.

Figure 2(b) compares the same experimental data
Eq. (3) for the caseG1 ­ 1012 sec21. Equation (3) is
concave up when plotted versus lnt, and deviates from
the data systematically. A best fit is obtained forE0 ­
2.73 meV. The normalizedx2 statistic in this case is
x2 ­ 2.23 and is less than 1% likely. That is, there is le
than 1% change that Eq. (3), together with random erro
a statistically reasonable level, could result in the pres
data. Thex2 statistic essentially rules out the model
Eq. (3).

Possibly, the fit to Eq. (3) could be improved by allow
ing other attempt frequencies. Table I shows the res
of fits to Eq. (3) using a series ofG1’s. As G1 is in-
creased, thex2 improves until it reaches a minimum ne
G1 ­ 1015 sec21. Even this minimum value is only 15%
likely, however, and it entails the use of an attempt f
quency which is unphysically large.

The density of states parameter provides an additio
point for comparison of the two models.E0 was de-
termined independently from the time-resolved photo
minescence spectrum shown in Fig. 3. The spectr
is taken at t ­ 0.36 msec, corresponding to the poin
marked by the arrow in Fig. 2(a). The low energy t
of the photoluminescence spectrum is well described
Eq. (2) withE0 ­ 1.0 meV. While there is no theory o
the transient emission line shape [8], we expect the tai
parameter to be close to this value.

The fit to the dipole-dipole model [Fig. 2(a)] give
E0 ­ 1.26 meV and is in good agreement with the ph
toluminescence result. The fit to the tunneling hopp
model [Fig. 2(b)] givesE0 ­ 2.73 meV which, though
not impossible, is not in good agreement with the photo
minescence result. Table I shows that as the fit to Eq.
is adjusted to improve thex2 statistic, the resultingE0
grows and agrees less and less well with the PL res
For G1 # 1014 sec21, Eq. (3) is rejected because of po

TABLE I. Various fits of Eq. (3) to the data shown in Fig.
are given. For each set of parametersE0 andG1, thex2 statis-
tic is given, together with is probability.

G1 ssec21d E0 smeVd x2 Probability (%)

1010 1.74 4.11 ,0.1
1011 2.24 2.86 0.1
1012 2.73 2.23 1
1013 3.24 1.87 3.5
1014 3.72 1.63 7
1015 4.22 1.47 15
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FIG. 3. Photoluminescence spectrum att ­ 0.36 msec. The
low energy side of the peak is well described by an exponen
with (reciprocal) slope 1.0 meVye-fold.

fit, while for G1 $ 1015 sec21, is it rejected by reason of
unphysical parameters.

We next mention an alternative explanation of th
present data using the tunneling hopping mechan
characterized by Eq. (1). The lnt relaxation of the energy
is predicted if we adopt the density of states

gsEd , E,3 , (10)

together with Eq. (1). However, this choice is contr
dicted by data such as Fig. 3, and has no appar
theoretical basis.

In conclusion, we have exploited the long radiative lif
time of spatially indirect excitons to explore the energ
dynamics in the hopping regime. Under a variety of co
ditions, we find that the mean energy decays with t
logarithm of the time. This result is explained easily in
model which includes an exponential density of localiz
states and dipole-dipole hopping. The exponential den
of states is supported by the time-resolved photolumin
cence data. An alternative explanation, based on dir
hopping and a1yE3 density of states is unsupported. Th
dipole-dipole model also achieves semiquantitative agr
ment with the observed energy loss rates.
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