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The temperature dependence of the photoluminescence decay time associated with
the radiative decay of a thermalized exciton population in a quantum well or wire
is shown to be independent of the number of exciton bands involved.
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Time-resolved photoluminescence (TRPL) spectro-
scopy with off-resonant excitation provides a probe into
the radiative lifetimes of excitons in d-dimensional semi-

conductor heterostructures, such as quantum wells (QW)

{d = 2) and quantum wires (QWR) (d = 1). It was
realized quite early by Feldmann, et a}l] that the
TRPL decay time has a temperature (T) dependence
7(T) which also de‘rl:ndx on d. For QW’s, the assump-
tion of a thermal distribution of excitons occupying a
single parabolic band together with the requirement that
only excitons with in-plane center-of-mass wavevector
kj =0 can recombine radiatively (neglecting the photon
momentum) leads to 7(T) o T, which is indeed observed
experiment- ally.[1, 2] Theoretical understanding of the
TRPL decay time is refined by considering the radia-
tive decay of excitons within the context of polariton
theory.[3, 4, 5, 6] Agranovich and Dubovskii showed[4]
that in QW's and QWR’s only those excitons (i.e. ex-
citonlike polaritons) with wavevectors smaller than the
wavevector of light at the emission energy are :adiatively
broadened; larger-wavevector states are stationary with
respect to unassisted radiative decay. In addition to pro-
viding a self-consistent context for the description of ex-
citonic radiative effects, the polariton theory also fixes
the constant of proportionality in r(T). Similar con-
siderations for QWR's give 7(T') o T"/?, which has very
recently been confirmed by TRPL.[7] Thus, we can sum-
marize the results for QW's and QWR's as 7(T) x T¥/2.

The one-band model has been used to understand
the T dependence of the TRPL decay time in QW’s since
the work of Feldmann, et al.[1] It may be surprising that
this one-band model provides a quite accurate theoret-
ical description over a rather large temperature range,
not only to give the T-dependence, but also the overall
magnitude of the TRPL decay time, when in fact there
are typically several exciton bands significantly popu-
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lated, especially at higher temperatures. One might
therefore expect that as T is raised and more and more
bands become occupied, the optical dynamics will loose
the characteristic d dependence and increasingly resem-
ble that of & bulk system. We show here, however, that
under fairly unrestrictive conditions this is not the case.
Below it is shown that the many-band model for TRPL
gives results closely resembling those obtained from the
single-band model.[5, 6]

We begin by stating our principle assumptions. (i
The homogeneocus linewidth is assurmed small compare
with 8~! = kgT. At the same time, there is a scatter-
ing process operating which is rapid enough to main-
tain a thermal distribution of excitons while radiative
decay is underway. This means that 7(T) is energy-
independent. In addition, we neglect higher-order (e.g.
phonon-assisted) and nonlinear processes. (ii) We take
parabolic (direct) bands j, and denote the energy mea-

sured from the crystal ground state as E;-- E! = E;+ %%%:—

where k is the magnitude of the excitation wavevector
(k=K for the QW, k=k, for the QWR) and M; is the
exciton mass. We shall assume M; =M independ=nt of
7. (iii) Typically M is sufficiently large and Eo:» 87! s0
that the wavevector x at which band j crosses the light
cone can be taken to be a constant x = E, (hc) where cis
the speed of light in the background dielectric medium.
(iv) The, oscillator strength of the vadiative transition is
independent of the exciton band involved. (v) 8~!» A

where A = %:‘} (vi) We employ Boltzmann stati-tics.
(vii) We assume the temperature is sufficiently low so
that we may neglect nonradiative recombination. (viii)
The effect of static disorder is neglected. (ix) The con-
finement dimensions of the structure are assumed to be
much less than the optical wavelength over 2x in the

medium of the emitted light.

The decay rate of the thermal exciton population is
simply the average decay rate per exciton,
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() = 2, ()

with

4 = 3 [TdE; oT,(E;) A5 Em B (EY), (2)
3

B = X [TdB; e E 5o (B, (3)
J

where p; is the density of states for exciton band j and
T;(E}) =T;(k) is the k-dependent decay rate (for band
7) given in Ref. [6] for QW’s and Ref. [8] for QWR's.
The TRPL decay time is then 7(T) = [2I(T)]"!. We
use the convention that quantities I' refer to the decay
rate of the wavefunction amplitude, hence the factor of
2 to describe population decay rates. Assumption (iii)
above has as a consequence that p; = g independent
of j. Since we are dealing with a thermal population,
we can assume that the rates I';( £}) have been averaged
over degenerate exciton spin states (polarization).[6] As-
sumptions (iii), (iv), and (v) allow us to write

Ii(E;) =T o(A - E)). (4)

The decoupling of the sum and the integral in Eq. (2) re-
sults, and the remaining sums in Eqs. (2) and (3) cancel.
We then can evaluate gql. (1), (2), and (3) to give

P (LN o
0(T) = 2F (ﬁ) x =12 (5)

independent of the number of exciton bands. In partic-
ular, this is the result obtained in the one-band model(5,
6, 8] as given above in the introductory paragraph.

It may be supposed that the conditions (i)-(ix) we
invoke are rather restrictive. Let us consider them one
by one. (i) We make no attempt to present a criti-
cal analyms of the assumption of a thermalized exci-
ton distribution, whether within a single band or many
bands. Nevertheless, since except at very low temper-
ature (~4 K) in resonant experiments dephasing times
are short compared with radiative decay times, it seems
likely that the exciton population is at least approxi-
mately thermal. Moreover, the measured dependences
7(T)ox T%? and the foregoing analysis strongly support
the validity of this assumption. (ii) Band-structure ef-

fects are expected to modify the details of the picture
somewhat, but not drastically. (iii) For semiconductors
with a direct band gap in the optical range, E; = 1
¢V, whereas 8! = 26 meV at room temperature. (iv)
Once the decay rates are spin averaged, I'(k;) for light-
hole and heavy-hole excitons are comparable. Similar
remarks apply to QWR's. Provided the spectral density
of dipole-forbidden bands is roughly proportional to that
of dipole-allowed bands, the presence of dipole-fobidden
bands will simply reduce the effective value of I'. (v)
For example, for GaAs-based structures, this assump-
tion means T:» 1 K.[5, 6] (vi) The validity of assump-
tions (v) and &vlu) validates the use of classical statis-
tics. (vii) For s/AlGaAs QW'’s this assumption im-
plies T < 80 K, although there appears to be consider-
able sample dependence to the temperature above which
nonradiative processes dominate.[2] (viii) Although lo-
calized states are expected to play a role even for 8!
greater than the Stokes shift between luminescence and
excitation spectra,[6] the overall effect is to change the
constant of proportionality in 7(T)oc T%/2 above some
critical temperature. (ix) Again for GaAs-based struc-
tures, this implies that confinement dimensions must be
less than x~1400 A.

In summary, we have shown why the one-band model
yields remarkably good results for the TRPL decay time
despite the lignifgcmt occupation of several exciton
bands. We do not claim that the model, whether in its
one- or many-band form, is adequate to fully describe
TRPL experiments; we merely point out the surprising
result that the a.mjylis based upon the model is inde-
pendent of the number of participating exciton bands.
The same conclusion is reached both for QW’s and for
QWR’s. In particular, 7(T) retains its unique signa-
ture of d even when several exciton bands are signifi-
cantly occupied. The assumptions (i)-(ixlrwere shown
to be not overly restrictive for off-resonant TRPL within
a particular temperature regime, although we do expect
weak departures from the predicted T-dependence when
one includes the realistic band structure and distribution
functions.
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