VOLUME 71, NUMBER 22

PHYSICAL REVIEW LETTERS

29 NOVEMBER 1993

Direct Measurement of Heavy-Hole Exciton Transport in Type-II GaAs/AlAs Superlattices
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We have directly measured the transport of heavy-hole excitons in a type-Il GaAs/AlAs superlattice.
Our results constitute the first direct confirmation of exciton localization in type-II structures and
thermal activation to more mobile states. We have also developed a quantitative model to explain our
transport and kinetics results, and have obtained the nonradiative interfacial defect density.

PACS numbers: 78.47.+p, 68.65.+g, 71.35.+z, 72.80.Ey

Band-structure engineering of semiconductor materials
may drastically change the optical and electronic proper-
ties from those normally observed in the bulk depending
on whether electrons and holes are confined in the same
layer (type-I superlattices and quantum wells) or in
different layers (type-1I superlattices) [1-4]. For type-II
superlattices, these structure-induced changes may en-
hance certain processes, including real-space transfer,
spatially indirect recombination, excitonic localization,
and carrier scattering at heterointerfacial potential fluc-
tuations [5-10]. In spite of these studies, a quantitative
understanding of exciton kinetics in type-II structures is
still lacking. Additionally, characterization of excitonic
transport properties has been problematical due to their
electrical neutrality which precludes the use of conven-
tional electrical transport techniques.

For the (GaAs),./(AlAs), system, type-II band align-
ment results for GaAs-layer thicknesses <35 A (m
< 13) and AlAs-layer thicknesses > 15 A (n>6) [3] or
through the application of hydrostatic pressure [9]. In
such structures, the hole ground state is in the GaAs lay-
er (at the I" point), whereas, in contrast, the nature of the
electronic ground state has been disputed [5-8]. This
difficulty has arisen due to the lifting of the threefold de-
generacy of X-electron states in the AlAs layers by
several processes, including strain-induced splitting of X
and Xyx.y, electronic mass anisotropy [m.(Xz)=1.1my
and m, (Xx,y) =0.19m,l, I'-X mixing due to the superlat-
tice potential near I'-X crossing, and interface disorder
induced potential fluctuations [5-8,11]. Nevertheless,
there is agreement that the universally observed rapid de-
crease in photoluminescence (PL) lifetime with increas-
ing temperature results from thermal activation from lo-
calized states. However, this has never been shown ex-
perimentally.

In this Letter we report, to our knowledge, the first
direct experimental determination of excitonic transport
in type-II superlattices, specifically, GaAs/AlAs short-
period superlattices. Additionally, we have quantitatively
modeled the temperature dependence of both the exciton
kinetics and transport. We demonstrate directly that the
transport is governed by the thermal activation from lo-
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calized states to highly mobile states. Furthermore, we
quantify the interfacial nonradiative defect density and
the heterointerfacial disorder that is most probably re-
sponsible for the observed excitonic localization.

In order to measure excitonic transport we have resort-
ed to an all-optical analog of the classic Haynes-Shockley
experiment, whereby excitonic PL is spatially and tem-
porally resolved [12]. There are several varieties of this
basic technique, and ours relies on confocal laser excita-
tion and imaging of the photoexcited excitons. PL was
excited by a synchronously pumped cavity-dumped dye
laser (1 ps pulse width) pumped by a frequency-doubled
cw mode-locked Nd3%: YAG laser. With this experimen-
tal arrangement, near diffraction-limited laser spot sizes
(~3 um) are achievable, with a temporal and spectral
resolution of ~50 ps and —0.1 meV, respectively.

The sample used in this study was an undoped
molecular-beam-epitaxy-prepared (GaAs);/(AlAs) g su-
perlattice with 55 periods. GaAs layers are 30 A thick
and AlAs layers are 50 A thick. Most studies [5,6] have
concluded that the lowest electronic bound state is Xz for
thin structures, whereas for superlattices with AlAs bar-
riers > 60 A thick the lowest state is Xx y. Jaros and
co-workers [13] have found that Xz is the ground state
regardless of the structure. Thus, the prevailing view is
that Xz is the electronic ground state of our structure.

Figure 1 shows the cw PL spectra versus temperature
from 2 to 30 K. The Xz-I' no-phonon line is clearly evi-
dent and the lower-energy phonon replicas are much
weaker. These cw spectra show the remarkable tempera-
ture invariant PL line shape of the Xz-I' no-phonon
line—with no shift in peak emission energy, very little
broadening of the PL line, and a small decrease in emis-
sion intensity. With pulsed excitation (at a repetition
rate slower than the longest decay time) we find that the
PL intensity decreases by > 10° while the line shape
again remains invariant. The linewidth of the Xz-I' no-
phonon line is ~5.5 meV at 1.8 K and only increases to
~5.8 meV at 30 K, whereas k7T at 30 K is 2.6 meV.

Figure 2 shows PL time decays versus temperature for
the Xz-I' no-phonon line. At low temperatures the de-
cays are nonexponential and very slow, whereas for in-
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FIG. 1. PL spectra versus temperature after cw excitation at

4579 A. All spectra are normalized. Inset shows Xz-I' no-
phonon transition.

creasing temperature the decays become exponential
(over 3 decades) and much faster. These decays may be
quantified by their lifetimes deduced from the long-time
exponential tail of the decays— yielding lifetimes ranging
from ~21 us at 1.8 Kto ~15 ns at 30 K.

Using our time-resolved confocal PL-imaging tech-
nique, we have obtained the time-dependent spatial
profile of the radiating carriers. We observe a systematic
expansion of the luminescence from the initial laser spot
size of ~5 pum to over 30 um at high temperatures. We
find, under our excitation conditions (< 10'? photons/
cm?), that the transport is diffusive, with diffusion
coefficients versus temperature shown in Fig. 3. There is
a > 107 increase of diffusion constant, D, with tem-
perature— from ~2%10 "3 cm?/s at 1.8 K to ~7 cm?/s
at 30 K. An Arrhenius plot of the diffusion constant
yields an activation energy of —~6.8 = 1.5 meV.

Based upon PL kinetics alone, most reports [4,8] have
concluded that the temperature dependence arises from
the thermally activated detrapping of excitons from local-
ized states to mobile states. However, this hypothesis has
never been proven since the spatial transport of these ex-
citons has never been measured. Our results demonstrate
the temperature-dependent transport of these excitons,
which is crucial to this localization model. Furthermore,
the observed temperature-independent PL line shapes
suggest that the type-II radiative recombination only
occurs from localized states; otherwise, the excitonic
recombination from the higher-energy mobile states
would yield a distinct high-energy tail in the PL spectra.
Since spatially separated electrons and holes are in inti-
mate contact with the heterointerface due to their mutual
Coulomb attraction, their optical properties should be
very sensitive to any possible heterointerfacial disorder.
Thus, we conclude that the localization most probably re-
sults from heterointerfacial disorder, and that this is vital
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FIG. 2. Xz-I' PL decay kinetics versus temperature after
pulsed excitation at 6000 A.

to the recombination mechanism. The PL spectrum (line
shape) is indicative of the distribution of localized states.
Recent theoretical work has confirmed the role of inter-
face localization in the PL spectra of various systems
[14]. Also, our results suggest that the mobile states are
~6.8 = 1.5 meV higher in energy than the distribution of
localized states.

The observed transport probably results from the
temperature-dependent excitonic occupation of mobile
versus stationary localized states, rather than from a tem-
perature dependence of the mobile exciton diffusivity
alone. We may thus extend the previously proposed mod-
el as follows: (1) At low temperatures all excitons are lo-
calized and the PL is indicative of this localized state dis-
tribution. (2) As temperature is increased excitons may
be thermally detrapped into the mobile states. (3) These
mobile excitons may then spatially diffuse, without radi-
ating. (4) As these mobile excitons diffuse they may be-
come trapped at a nonradiative defect. (5) The mobile
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FIG. 3. Temperature dependence of diffusivity and lifetimes
derived from our transport and PL decay kinetics measure-
ments.
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excitons may spatially diffuse, become relocalized in the
lower-energy sites, and subsequently recombine. This
model explains all the experimental observations.

Based on the premises above and using as a starting
point the theory by Chandrasekhar [15] treating coagula-
tion in colloids, we developed a quantitative model to
compare with our experimental results. Here, we divide
the photoexcited 2D excitonic population into two
categories, localized n; and mobile n, (N=n+n,),
where the relative populations are related by an Ar-
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and a, are the zeros of U(a,r). Here, J; and Y; (i =0,1)
are the Bessel and modified Bessel functions of order i.
Using the Klein-Sturge-Cohen (KSC) theory [17] for ra-
diative decay in an alloy (distribution of radiative rates),
which approximates the heterointerface disorder induced
randomness in this type-II excitonic system (although the
exact shape of this distribution is unknown), the PL de-
cay kinetics may be modeled as

1) =10exp[—j;tw,,,dt'](1+e Tty =32 )
where
—=27Dr(@ny, (r,t)/9r)|, =,
o () = wDr(@n, (r,0)/8r)|, =, ’ 3)
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and w, and w,, are the radiative and nonradiative rates,
respectively.

We have derived a microscopic model for nonradiative
decay in type-II superlattices, thus extending the KSC
theory to specifically model this process. Figure 4 shows
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FIG. 4. Comparison of calculated nonradiative decay rates
versus diffusivity and experimentally determined values. The
best fit is obtained for ra/r; = 250.
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rhenius term exp(—AE,/kT). The mobile population is
free to diffuse, and possibly becomes trapped at a perfect-
ly absorbing nonradiative defect. We have solved the
diffusion equation for the mobile excitons in 2D using the
Wigner-Seitz method [16] with the following boundary
conditions: n, =Cy at t=0, and n,=0 at r=r|,
on,,/dr=0 at r=r;, for t =0, where r, is the radius of
the perfectly absorbing defect and 2r; is the mean sepa-
ration between defects. This yields the time-dependent
density of mobile excitons

(n

[

results of our model calculation compared with our exper-
imental measurements, using only r; and r; as adjustable
parameters. We find good agreement between experi-
ment and theory for r{ =115 A and r,=2.9 uym. This
implies a nonradiative defect sheet density of ~1.2x107
cm ~2. We have assumed that r, is equal to the 2D exci-
ton Bohr radius [18]. This nonradiative defect density is
also consistent with the temperature-independent dif-
fusion lengths of ~3 um derived from our transport and
kinetic measurements. This relatively small density of
nonradiative defects is consistent with possible heteroin-
terfacial oxygen incorporation and/or interfacial disloca-
tions [19], but this is only speculation.

One possible explanation for the electronic energy-level
system deduced from these measurements might be due
to the nondegenerate Xz and Xy, y states. Excitons in the
lower energy Xz state, with momentum perpendicular to
the layer, may be localized, whereas excitons in the Xy y
states, with momentum parallel to the layer and in the
plane of observation, may lie ~7 meV higher in energy
and be highly mobile. We also recognize that our experi-
ments actually excite excitons at all interfaces, and thus
our diffusion constants, nonradiative trap densities, etc.,
are indicative of an average over all interfaces.

In summary, we report here a direct observation of the
heretofore only postulated temperature-dependent, spatial
localization of cross-interface excitons in type-II superlat-
tices. We have also developed a quantitative model relat-
ing .the excitonic decay kinetics to their transport. Our
model accurately predicts the observed PL decay kinetics
using the measured diffusivities. From this model we
may characterize the heterointerface quality in terms of
the density of nonradiative traps, which for this sample is
about 1.2x107 cm ~2.
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