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Microscopic mechanisms governing exciton-decay kinetics in type-II GaAs/AIAs snperlattices
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We have measured the time- and space-resolved evolution of type-II excitons in GaAs/A1As superlat-
tices with various AlAs layer thicknesses, at temperatures ranging from 1.8 to 30 K. Our photolumines-
cence {PL) time decay and transport results demonstrate that the exciton-decay kinetics at low tempera-
tures are entirely determined by intrinsic radiative recombination, whereas at higher temperatures, the
PL time decays are dominated by nonradiative defect trapping processes. We show that these nonradia-
tive decays do not occur within the layers but are instead localized at the heterointerfaces. The mea-
sured lifetimes at 30 K are consistent with our model calculations based on this interpretation. Further-
more, the superlattice and interface-disorder-induced I -X mixing potentials are determined from our
low-temperature exciton lifetimes to be 1.3 and 0.2 meV, respectively.

I. INTRQDUCTION

Although the electronic energy states of type-II
(GaAs) /(A1As)„superlattices (m (13 and n)6) are
fairly well understood, there is still considerable con-
fusion about the recombination processes of excitons in
these structures. In type-II (GaAs) /(A1As)„superlat-
tices excitons are formed by the Coulomb interaction of
holes residing at the I point of the GaAs layers with
electrons located at the X conduction-band edges of the
A1As layers. ' These type-II excitons are thus indirect in
both real and momentum space. The finite oscillator
strength of the no-phonon line commonly observed in the
photoluminescence (PL) spectrum is generally attributed
to the k-space momentum mixing of the I and X
conduction-band states (I -X mixing) by various mecha-
nisms, such as the superlattice potential and/or interface
disorder or potential Auctuations at the heterointer-
faces. Furthermore, the conduction-band X valleys of
the A1As layers split into X& & and Xz electronic states
due to quantum confinement and strain. It has been
demonstrated that in samples with A1As-layer
thicknesses &55 A, the Xz z states are lower in energy
than the Xz states, but when the A1As thicknesses are
& 55 A Xz becomes the electronic ground state.
Since the recombination of these doubly forbidden exci-
tons relies strongly on the amount of I -X mixing, the ra-
diative lifetime of these type-II excitons should show a
strong dependence of both the AlAs thickness and the
disorder at the heterointerfaces. The decay kinetics of
these type-II excitons should also be very sensitive to the
microscopic structure at the interfaces because of the
large spatial overlap of these excitons with the heteroin-

terfaces. However, systematic studies of the microscopic
mechanisms governing the exciton kinetics are still lack-
ing in the literature.

In these type-II superlattices it is universally observed
that the PL lifetime decreases rapidly with increasing
temperature" and, concomitantly, the PL intensity be-
comes thermally quenched. Different theories were thus
proposed' ' to explain the exciton-decay kinetics, and
it is generally accepted that the decrease in lifetime re-
sults from thermal detrapping of localized excitons. For
instance, Angell and Sturge' recently proposed a theory
of exciton decay in type-II structures based upon an exci-
ton hopping process, with resulting excitonic optical
transitions being motionally averaged over a distribution
of decay rates as temperature is increased and thermal
delocalization sets in. However, this model omits the
effects of nonradiative decay and does not quantify the
extent of spatial transport, and therefore does not explain
the quenching of the PL with increasing temperature.
On the other hand, Gilliland et al. ' have already direct-
ly measured such exciton spatial motion in type-II struc-
tures, thereby proving the validity of a thermal detrap-
ping view of the localized excitons and further demon-
strating the importance of the nonradiative decay due to
trapping of mobile excitons by defects.

In this paper, we present a systematic study of the
exciton-decay kinetics and transport in type-II
GaAs/A1As superlattices with AlAs-layer thicknesses
varying from 20 to 80 A. We find that the low-
temperature (T(10 K) decay kinetics are governed by
radiatiUe recombination, whereas the higher-temperature
(T-30 K) decays are dominated by the nonradiative
trapping process discussed in Ref. 16. These unequivocal
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conclusions are only possible through measurements of
both exciton-decay kinetics and transport. Model calcu-
lations were performed and after comparison of the low-
temperature lifetimes, individual strengths of the I -X
mixing due to both the superlattice potential and the
heterointerfacial roughness (interface-disorder) were
determined. We thus find in these samples that such su-
perlattice mixing potential is significantly larger than the
interface-disorder-induced potential. To the best of our
knowledge, this is the first direct measurement of the
interface-disordered I -X mixing potential and the first
quantitative comparison of the importance of the two
mixing mechanisms. In addition, through detailed com-
parison of our theoretical model to the measured life-
times and diffusivities from different samples at T=30 K,
we have demonstrated that the nonradiative decay pro-
cess limiting the higher-temperature lifetimes in these
structures is closely related to the spatial overlap of the
excitons with the defects localized near the heterointer-
faces.

II. EXPERIMENT

In an effort to understand the microscopic mechanisms
governing the exciton-decay kinetics, we have performed
PL, PL time-decay, and time-resolved PL imaging experi-
ments. Exciton recombination was measured using time-
correlated single-photon counting, while exciton trans-
port was measured using an all-optical, time-resolved
PL-imaging technique, where PL is both temporally and
spatially resolved, and which relies on confocal laser exci-
tation and imaging of the mobile, photoexcited exci-
tons. ' Photoluminescence was excited by a cw Ar+-
laser-pumped mode-locked Ti +: sapphire laser, which
was frequency doubled, and pulse picked to lower the re-
petition rate appropriate to the PL decay lifetime. Near
diff'raction limit laser spot sizes ( —3 pm) were achieved
with a temporal and spectral resolution of -500 ps and
-0.1 A, respectively.

The samples were undoped GaAs/AlAs superlattices
grown at 600 'C by molecular-beam epitaxy (MBE).
GaAs layers in all samples are nominally 30 A thick in
all samples, while A1As layers were intended to vary from
20 to 80 A (each sample was also grown on top of a 1-
pm-thick GaAs bufFer layer). Specific samples, on which
we present data here, contain —by MBE-growth-rate
calibrations —GaAs (AlAs) layer thicknesses of
35 A (20 A), 30 A (50 A), and 25 A (80 A), and are la-
beled G0002, BL141,and G0169, respectively; hence, the
actual GaAs-layer thicknesses were indeed maintained
nearly fixed across this series.

III. RESULTS AND DISCUSSIONS

It has been established that the relative intensity of the
no-phonon line (and its corresponding phonon replicas)
rejects not only the extent of I -X mixing occurring
within the type-II superlattice, but also the symmetry of
the X conduction-band edge electronic ground state. '
Figure 1 displays the cw PL spectra of each sample at 10
K. Those with narrow A1As-layer thicknesses (20 and
50 A), in which Xz is the electronic ground state, exhibit
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FIG. 1. Photoluminescence spectra from samples G0169,

BL141, and G0002 at 10 K. Spectra are offset vertically and
normalized for clarity.

strong no-phonon X,-I transitions and weaker phonon
replicas. In contrast, samples with thicker AlAs-layer
thicknesses ()65 A), in which Xz r is the electronic
ground state, exhibit a weaker no-phonon X~ ~-I emis-
sion line and more intense phonon replicas (relative to the
no-phonon line). Such observations qualitatively suggest
that a larger I -X mixing potential exists in samples with
narrower AIAs-layer thicknesses. Detailed mechanisms
responsible for any quantitatively differing amounts of
I -X mixing in these samples will be addressed later in
connection with the low-temperature PL time decays.
Further, concerning the no-phonon PL lines, we find that
with increasing temperature the line widths increase
slightly, while peak emission energies remain largely in-
variant. Moreover, under pulsed excitation, the overall
PL intensities decrease drastically with increasing
temperature —a result implying the existence of a strong
temperature-dependent nonradiative" ' ' decay pro-
cess.

Photoluminescence time decays of the no-phonon emis-
sion versus temperature were measured versus tempera-
ture. Here, for all samples, we find at low temperatures
the decays are long and nonexponential, and with in-
creasing temperature they become faster and rigorously
exponential. This universally observed behavior is illus-
trated in Fig. 2 for sample G0169. The time-decay data
were empirically fit (shown as solid lines) using the sum
of an exponential function and a bimolecular expression,
and the corresponding lifetimes were thus derived from
the long-time tail of the decays.

Figure 3 shows such lifetimes deduced from least-
squared fits to the long-time exponential tails of these de-
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FIG. 2. Temperature dependence of decay kinetics for sam-
ple G0169. The solid lines are least-square fits to the data.
Data are ofFset vertically for clarity.

cays. As is made clear in Fig. 2, these derived lifetimes
exhibit, in all samples, a rapid decrease in magnitude as
temperature is increased. Indeed, for example, sample
Ci0169 exhibits a truly remarkable 5 ord-er of-m-agnitude
decrease in lifetime between 1.8 and 30 K Further, at all
temperatures, the derived lifetimes systematically in-
crease in magnitude for increasing A1As-layer
thicknesses. However, the quantitatiue differences in life-
times among the three samples decrease as temperature
increases, a result possibly indicative of the dominance of
a decay mechanism at higher temperatures, which is rela-
tively less sensitive to the sample structure.

In an e6ort to further understand the origin of the de-
cay kinetics, we have used our combination time- and
space-resolved PL imaging technique, to measure the la-
teral transport of these type-II excitons along the heteroin-
terfaces. Figure 4 depicts the thus-derived monotonic in-
crease in excitonic di6usivities with temperature for our
three representative samples. The measured di6'usivities
range from 10 cm /s at 1.8 K to 100 cm /s at 50 K.
These results clearly indicate the photoexcited type-II ex-
citons are, at lowest temperatures, spatially localized and
at higher temperatures become thermally activated to
mobile states. Once mobile, these interface-straddling ex-
citons may then di6'use and possibly encounter defects
and recombine nonradiatively. Our theoretical estimates
based on the thermal detrapping model' described above
show the sheet density of such deleterious nonradiative
defects to be nonetheless ostensibly relatively low,—10 —10 cm

Thus, we may conclude that, at least at low tempera-
tures, in our type-II superlattice systems excitons are spa-
tially localized and are therefore apparently relatively in-
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FICx. 3. Lifetime vs temperature for samples with various
AlAs-layer thicknesses.

FICx. 4. Measured difFusivity vs temperature for samples
GO169, BL141, and G0002. The dashed line is just a guide to
the eye.
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where c„=cr(4, ~
V~%, ) I(E„E~), and cr—may be

determined by appropriate normalization of the electron
wave function, and for which only k-space mixing with
the lowest confined I (k =0) state is taken into account.
The matrix element, A =(%,~V~%, ), then represents
the tota/ I-X mixing via a variety of mechanisms—
including, most importantly, interface-disorder scattering
(note that to this order in perturbation theory, we do not
distinguish among the anisotropic interface-disorder
scattering mechanisms) and the superlattice-modulation
potential (i.e., "zone-folding" effect). The radiative
recombination rate of the type-II excitons, including the
overlap of the electronic envelope functions in the A1As
and GaAs layers, can then be described by the matrix ele-
ment,

~II™I( +AlAS~ +GRAS)( ~ ~~E ) (2)

where hE=E~ —E~ is the energy separation between
the I and X states, M& is the optical-transition matrix
element for a type-I I -electron (k =0) to I -hole transi-
tion, and %'&,"&, and 4'z&~, are the slowly varying electron

sensitive to nonradiative decay at such sparsely arrayed
defect sites. It should be noted that this qualitative but
significant conclusion is made possible only because of
our unique ability to quantify the excitonic transport and
nonradiative defect density (e.g. , the average sheet-defect
spacing is -3 pm, as compared to the approximate exci-
tonic radius of 100 A). Thus, the observed decay kinetics
at lowest temperatures are primarily determined by the
intrinsic cross-interface and cross-k-space radiative
recombination of the type-II excitons. The nonexponen-
tial decays found at these lowest temperatures are con-
sistent with there being heterointerfacial disorder-
induced inhornogeneous broadening of the PL linewidth
and a concomitant distribution of radiative rates, despite
the fact that these superlattices are made up of binary
compounds. It should also be noted in this context that
the lifetimes derived for long-time behavior at T=1.8 K
are 4285, 21.5, and 0.687 ps for samples G0169, BL141,
and G0002, respectively. This relatively large variation
(4 orders of magnitude) at lowest temperatures most
probably reAects the combined difFerences in electronic
states (conduction-band ground state of Xz versus
Xz r), ' the microstructural dependence of the wave-
function overlap between electrons and holes upon super-
lattice composition, and the variances in the magnitude
of the I -X mixing potential, which hybridizes the A1As
X-electron states. The PL time-decay data suggest that
the type-II excitonic lifetimes decrease rapidly with de-
creasing AlAs-layer thickness, as a result of the increased
amount of I -X mixing.

In order to identify the underlying mechanisms and
magnitudes of the mixing potentials, we have performed
calculations based on first-order perturbation theory of
the exciton envelope functions. For this purpose, the
electron portion of the excitonic wave function is taken,
to a first approximation, as a linear combination of the
I (k =0) and X wave functions:

envelope functions in the GaAs and A1As layers, respec-
tively. The radiative lifetime is inversely proportional to
the square of the matrix element, and is given by

The energy separation (b,E) between the I and X states
was determined from our PL rneasurernents, and the
overlap integral of the electron envelope function was
calculated using a Kronig-Penney model. Based on data
for the recombination lifetime in typical type-I quantum
wells, ' we may here assume the type-I superlattice life-
time (r, ) of 250 ps. Using Eq. (3) and the measured life-
times at T= 1.8 K, we have determined the total derived
I -X mixing potentials for the G0002, BL141, and 60169
samples to be 1.5, 1.5, and 0.2 meV, respectively. Thus,
the deduced mixing potential for sample G0169
(25 A j80 A) is much smaller than that of the other two
samples.

This marked difFerence can be reasonably explained as
resulting from the X& z symmetry of the lowest electronic
state of sample G0169, in which the superlattice I -X
mixing is not e+ectiue (due to symmetry) since the period-
ic potential is primarily along the z direction and thus the
primary mixing mechanism is due to the disorder scatter-
ing associated with potential fluctuations localized near
the heterointerfaces (e.g., binary-binary intermixing
forming an intermediate "alloy" region, interface rough-
ness induced by step-height fluctuations, etc.). In con-
trast, in the two companion samples (60002 and BL141)
in which Xz is the electronic ground state, the I -X mix-
ing mechanism involves both the superlattice-modulation
potential and the interface disorder. Although the low-
temperature lifetimes for samples G0002 and BL141 are
quite different (a factor of 30), we nonetheless obtained an
identical niixing potential (1.5 meV) for them, as a result
of properly accounting for the structural dependence of
the wave functions. This further supports our assertion
that the low-temperature decay kinetics can be realistical-
ly described entirely by the radiative recombination of
the localized type-II excitons.

Assuming the interface disorder does indeed induce
I'-X mixing, and that its magnitude is the same in all
samples studied here (i.e., the interfacial disorder or
roughness is qualitatively similar throughout —as sup-
ported by the similar PL linewidths), we calculate the su-
perlattice I -X mixing potential (SMP) and interface-
disorder I -X mixing potential (IDMP) to be 1.3 and 0.2
meV, respectively. To place these values in context,
several other reports of the SMP values might be helpful
to note. For example, among these are I -X SMP deriva-
tives Meynadier et al. used in their description of the
indirect-to-direct crossing induced by an electric field and
leading to SMP values of 1 —3 meV for structures with
periods ranging from 38 to 88 A. Another is that quoted
by Maaref et al. who derived a value of 4 meV for 26-
and 62-A A1As-layer thicknesses. Still further, Dawson
et al. ' obtained a value of some 3 meV for structures
with A1As-layer thicknesses ranging from 19 to 41 A.
And finally, van Kesteren et al. reported a &0.2 meV
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mixing potential between the X~ and X~ states for struc-
0

tures with AlAs thicknesses ) 100 A. In contrast there
are no reports, as far as we are aware, of interface-
disorder mixing potentials for coupling Xz z to I . How-
ever, Tribe, Klipstein, and Smith' deduced a value of
&0.75 meV for the Xz to X~ ~ IDMP, a value that is
close to ours despite a physically different coupling mech-
anism from that reported here. In these contexts the rel-
atively small value we derived for the II3MP is possibly a
reQection of the high interfacial quality of our MBE su-
perlattices. To the best of our knowledge, this is the first
measurement of this interface-disorder I -X mixing po-
tential. Since such mixing potentials will most certainly
vary from sample to sample with differing growth
conditions —we might conclude that its magnitude may,
in fact, be used as a quantitative criterion for evaluating
and comparing heterointerfacial quality. Further investi-
gation of the relation between low-temperature lifetimes
and various sample growth conditions, such as growth in-
terrupts, are being pursued and will be reported in a later
publication.

In comparison to the low-temperature 1.8 K decay
kinetics, at higher temperatures (e.g., T —30 K) our mea-
sured decays become almost entirely exponential, and
significantly shorter —as shown in the 30-K time-decay
comparisons in Fig. 5. This may be accounted for by
recognizing that excitons which readily become localized
at lowest temperatures, at increasing temperatures
thermally populate the mobile states. These mobile exci-

tons may then spatially diffuse until they encounter non-
radiative defects that would e%ciently recapture the exci-
tons, thus leading to a quenching of the PL intensity and
a corresponding drastic shortening of its time decay.
Hence, we may then conclude the lifetimes derived at
higher temperatures are only apparent (rather than in-
trinsic), instead being governed (if not wholly determined)
by nonradiative decay which is enhanced by the increased
diffusivity of these excitons. The data in Fig. 4 represent-
ing the temperature dependence of such exciton diffusion
are consistent with this interpretation. In contrast, at
lowest temperature (e.g. , T=1.8 K), where excitonic
diffusivity was found to be negligible, this nonradiative
decay is of little or no consequence.

A further remark concerning the decays of Fig. 5 is the
relatively small, but genuine, systematic decrease in life-
time with decreasing A1As-barrier thickness. To possibly
understand this apparent structural dependence of the
observed nonradiative decay, one may look to the possi-
ble microscopic origin of the dominating nonradiative
trapping centers. Since these type-II excitons indeed
"straddle" the heterointerfaces, exciton recombination
should be extremely sensitive to interfacial defects and
their microstructure. This is evident by the larger exci-
tonic PL linewidths of type-II structures compared to
type-I structures prepared under otherwise identical
growth conditions.

In an effort to elucidate the microscopic mechanism
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governing the decay kinetics at higher temperatures, we
have performed variational calculations ' within the
framework of the eFective-mass approximation and ob-
tained the type-II excitonic wave functions for these
structures. Figure 6 shows the computed electron (solid
lines) and hole (open circles) probability densities that
comprise the type-II excitons in these three samples. It
clearly demonstrates the microstructural dependence of
the overlap of the exciton wave function upon the details
of the heterointerfaces. As may be easily noted, the hole
wave functions are centered and mostly confined within
the GaAs layers, and are approximately the same for the
three structures. In contrast, however, the electron wave
functions peak at positions very close to the heterointer-
faces, and hence, the probability of finding electrons at
the interfaces might be expected to, and does in the cal-
culation, show a strong dependence on the A1As-layer
thickness. We have also computed the fractional proba
bility of these excitons existing (combined electron-hole
probabilities) within a monolayer of the heterointerfaces.
These resulting fractional values are found to be 0.045,
0.027, and 0.018 for samples G0002, BL141, and G0169,
respectively. Multiplying these values against their cor-
responding measured diffusivities of 8.9, 6.9, and 4.5
cm /s, respectively, we have computed the relative non-
radiative decay rates (with respect to that of sample
G0002), assuming the same heterointerfacial sheet-defect
density ( —10 cm ) for all three samples. These values
are shown in the inset of Fig. 5 together with their corre-
sponding experimental values, and show reasonable
agreement with the data. From these results, we may
conclude that the excitonic nonradiative decay rate de-

pends most strongly on the overlap of the exciton wave
function with the heterointerfaces.

IV. CONCLUSIQNS

In conclusion, we have shown that the low-
temperature ( (5 K) decay kinetics of type-EI
GaAs/AEAs superlattices may be considered to be totally
governed by radiatiue recombination. Further, the I -X
mixing responsible for the prominently observed no-
phonon emission is determined by the superlattice modu-
lation potential in samples with Xz being the electronic
ground state. The deduced superlattice mixing potential,
which is obtained from samples with Xz being the elec-
tronic ground state, is in accordance with that reported
in literature. From the sample in which the electronic
ground state is, in contrast, Xx z, we have determined the
I -X interface-disorder mixing potential to be 0.2 meV.
Further, we have also demonstrated that the high-
temperature (e.g., 30 K) decay kinetics are almost entirely
governed by extrinsic defect-induced nonradiative recom-
bination that occurs within the heterointerfacial plane. A
concomitant observed systematic trend in PL lifetimes at
30 K for diFerent samples is also consistent with theoreti-
cally modeled cross-interface and cross-k-space excitonic
wave functions.
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