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Long Intrinsic Radiative Lifetimes of Excitons in Quantum Wires
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Calculations of exciton radiative lifetimes in quantum wires free of defects are presented. Only
excitons near zero wave number can spontaneously undergo radiative decay while conserving energy
and momentum. The lifetime of the lowest-energy exciton in 100-A-diam GaAs quantum wires,
Tspon = 150 ps, is an order of magnitude longer than in quantum wells. This is due to the finite
spatial coherence in the lateral direction. Thermalization effects lead to an effective lifetime of

7(T)=140v/T psK~'/2.

PACS numbers: 78.47.+p, 71.36.4+c, 73.20.Dx, 78.65.—s

Low-temperature photoluminescence (PL) decay times
in quantum wells (QW) spectrally integrated over the 1s
heavy-hole peak are in the range 0.2-1 ns [1, 2]. Theo-
retical calculations show that the intrinsic decay times,
i.e., in a structure free of defects, are shorter, on the or-
der of 10 ps [3, 4]. Because only excitons near zero wave
number can decay spontaneously into a photon due to
the requirement of energy-momentum conservation, only
a small fraction of the thermal exciton population can
decay via the purely electrodynamic path [1,3]. The pic-
ture is further complicated by the presence of excitons
bound to interface defects, particularly in QWs narrower
than the exciton Bohr radius. The localization mixes
nonradiative large-wave-vector components into the ex-
citon wave function for states near the zone center and
so increases the radiative decay time.

Similar effects are expected for quantum wires
(QWRs). In this case, however, the detection of intrin-
sic effects is expected to be more elusive because of the
typically low interface quality of QWRs and because the
ratio of interface area to volume is greater than for QWs.
Moreover, whereas even in the best of cases QW inter-
face morphology is ill characterized and its interaction
with excitons is not well understood, even less is known
about QWRs. There are lifetime measurements in QWRs
grown by lithography and etching [5], but the aforemen-
tioned problems make difficult the extraction from the
data of an intrinsic decay time. These difficulties necessi-
tate the use of epitaxially grown QWRs in order to study
the intrinsic decay mechanism. Recently, cathodolumi-
nescence decay times in V-groove QWRs were measured
[6]. The QWRs are GaAs/AlGaAs in composition and
are crescent shaped with dimensions of 28 A thick and
~200 A across. A radiative lifetime of 310 ps at 5 K was
measured. Another study [7] performed on serpentine
superlattices gives a PL-decay time of 379 ps at 1.4 K. In
this Letter we present results of a Green’s function based
calculation which gives, e.g., for a GaAs QWR with a
diameter of 100 A, an intrinsic exciton radiative decay
time of ~150 ps and a thermally averaged decay time of
140v/T ps (T in kelvins). In contrast, the radiative life-
times in a 100-A GaAs/AlGaAs QW are ~13 ps and 17T
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ps [4]. A comparison of the radiative lifetimes in QWs
and QWRs of similar confinement dimensions shows that
the long lifetimes are due to finite spatial coherence in the
lateral direction in the QWR (8]. The slow radiative life-
times, together with the predicted slow dephasing times
in QWRs due to low scattering rates and bottlenecks in
the carrier populations [9, 10], indicate that the time re-
sponse of QWR-based devices incorporates a more strin-
gent limitation than any present for QW-based devices.

The details of the theoretical treatment by which the
intrinsic decay rate is obtained are presented elsewhere
[4]. Consider a QWR oriented along the z axis. The elec-
tron coordinate is denoted by (p, ¢) and the hole coordi-
nate by (p’,¢’). pand p’ are the coordinates in the plane
perpendicular to the z axis. r=(r1,r;)=(p—p’',{-{)
is the relative coordinate. We assume Wannier exci-
tons formed from two doubly degenerate subbands. The
QWR single-particle Bloch states in the conduction (va-
lence) subband are labeled ¢, (v,/) where o (¢”) is a spin
index. The label (cv), means an electron-hole pair c,v,-.
For an exciton of spin state s = (0¢’), the interacting
Green’s function, which is proportional to the dipole au-
tocorrelation function, is

_ 2Eex(kl)
DS(k) - (’I:W)(" - Eex(kz)2 - 2Eex(kz)h23(k) ’ (1)

where k = (iw, k.), k. is the wave number (along the
QWR), iw is the discrete complex frequency, and Eex(k;)
is the exciton dispersion. The basic ingredients that go
into D, (k) are the coupling strengths of the exciton with
all the modes of the optical field having k, as wave num-
ber projected in the z direction. hX (k) is the proper
radiative self-energy which is given by

hZs(k) = Y hSse(k),

hzse(k) = Bse‘/e(k)’ (2)
_ €2|Fex(0)|2R2

€0

B, |((cv),|R : ﬁf|0>|2 ’
where fi, is a unit vector in the direction of the light
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polarization e. For cylindrical symmetry, the polariza-
tions are longitudinal (fif,-Z = 0) denoted by e = L and
two transverse (fix Xz = 0) denoted by € = + for the
two circular light polarizations. The other symbols are
defined as follows: e is the electronic charge, & =iw/hc,
¢ = cg/+/€x is the speed of light in the medium, ¢ is
the in vacuo speed of light, and €, is the high-frequency
dielectric constant. Fex(r,) is the exciton envelope func-
tion and ((cv)s|R|0) is the dipole matrix element between
the electron-hole pair state and the crystal ground state.
Ve(k) is given by

Ve(k) = UP + 216 k2T

with
= —(R? +Kk2)/2R?, Up = —(R® - k2)/R?,

P /d2 / a2 £-(0) £2(P) fu (P ) f=(p)

dZ 'mr —ik,z
[ e
T= / d® | £-(p)12If.(p)I2.

fo and f, are conduction- and valence-band (single-
particle) envelope functions and are chosen to be real.
The Green’s function is continued analytically to real en-
ergies iw — E 4+ 16 [k — k + i6 = E/(hc) + 18] where 6 is
a positive infinitesimal. The self-energy gives the real
energy shift All,(E, k,) = Reh¥;(E,k;) and the intrin-
sic radiative decay rate I's(E, k,)=—Im¥,(E, k;). [Note
that the rate for the probability that the exciton has not

P(E,k,)

= [S*[—InA|K% — k2| +2In2 — 2y + inO(k — k
z

decayed is given by 2I's(E, k;).] In the sequel, we need
the energy shift and decay rate evaluated on energy shell,
E =FE¢(k;) = Eex(0). In order to evaluate P and Z, we
require the single-particle envelope functions. A conve-
nient choice that facilitates the evaluation of the integrals
is fo(p) = [2/(Mem)]"/2 exp(—p*/ ) (b=c,v). Although
these functions do not solve the Schrédinger equation for
the single-particle states, they provide a model which al-
lows the evaluation of the integrals. A comparison of the
true envelope function for a cylindrical QWR with infi-
nite barriers with the model shows that \/A/2 is roughly
half the wire radius pp where A =2\ A, /(Ac + Ay). We
define the parameters

- (fﬂﬁ‘_]-‘?e_x(_) -2
B ZB" = 2moc2 felS|

where & =1/137 is the fine-structure constant, my is the
free-electron mass, S is the overlap of f. and f,, and
fe=2moEex(0)|S|* 3, K(cv)s|fie-R|0)2/R? is the oscilla-
tor strength per unit length for polarization €. For the
lowest-lying exciton, the only nonvanishing dipole matrix
clements are |(cv)s [z -RIO)Z = 2% and f(cv) ssls -
R|0)|2 = 1u?, where p? is the squared bulk dipole ma-
trix element. The ratio of the oscillator strengths for the
different polarizations is then fr: fy:f-= [11].

The self-energy is evaluated in the QWR ( a)\ <1
and long-wavelength (k2\ < 1) limits. This gives

hEsL(E,k;) = —B (K2 — k2)P(E, k),
(3)

hzsi(E;kZ) = ”%B;i[’\(nz + kz)P(Eka) - 4]’

l where B!, = B,./(Ax?) is independent of x and

)enz)\/4].

The real energy shift Alls(E, k,;) =RehX(E,k,) and the decay rate I'sc(F, k;) =—Im¥(E, k) are then

Rsr(E, k;) = —BL A(k* — k2)Pr(E, k),

Ml,s (B, k;) = — 3B, [A(K% + k2)Pr(E, k) — 4],

Ton(B, k) = L5E B A(k2 — k2)0(k — k,)e= M4,

Fs:t(E»kz) = zr‘Jﬂ—Bli)\(n + k2)@(h‘, - ) —k2)/4 )

(4)

(5)

Here P.(E,k;) =ReP(E,k;). Thus, the states between I be averaged over the four spin states and summed over

the bottom of the exciton band and the crossing with the
photon line (k, < |x|) are quasistationary with respect
to radiative decay, similar to the case for QWs (3, 4].
Equation (4) shows that the polariton dispersions for e=
L and e == are qualitatively distinct near the photon line
k=£k,. The L mode is continuous with a cusp at k=k,
while the + modes are discontinuous and composed of
two branches each. This type of behavior for the L and T
modes has been predicted for exciton polaritons in QWs
[12-15].

For non-spin-polarized excitons, the decay rates must
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the decay channels [16]. The self-energy is evaluated on
energy shell E = FEq(k;)~ Eex(0). Thus

D(Eex(0),0) = 7 3 Toe(Eex(0),0)

= (48)"Y(BL + 1B, + 1B_)|SPme ruM4 |

where Kex = Eex(0)/hic. We consider a 2p9 =44/X/2=100
A GaAs/AlGaAs QWR and take fr ~ 4 x 10“2 A !
[17] and Eex(0) = 1.577 eV + Ey — Ep with E, =

meV (exciton-binding energy) and Eg = 120 meV (sum
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of the electron and hole single-particle confinement en-
ergies) [17]. The energy difference |Alls+(Eex(0),0) —
RIlsL (Eex(0),0)] ~ 0.3 meV (provided s is dipole
active for the respective polarizations) between the
L and + modes sets the scale for the longitudinal-
transverse splitting. The intrinsic radiative lifetime is
[2T(Eex(0),0)] =1 ~150 ps at k, =0. This value is almost
an order of magnitude greater than the k=0 decay time
of 25.5 ps for excitons in a QW of 100 A width [3, 4].

This increase in the decay time compared with that for
QWs comes about as follows. In terms of the expressions
for the radiative decay rates in QWs and QWRs at zero
wave vector, the ratio of the lifetimes for two cases is [4,
12]

WR
i

TSy

) f(QW)

€ €

~ WR,
Ee’ fé/Q )Kex

where the superscripts indicate whether the quantity is
for the QWR or QW. Substituting typical values for
the oscillator strengths [17, 18] gives réﬁ,v,."“) /Ts(g,\,’,v) ~
QWR) 200 fe(Qw). Thus,

5. To an approximation, fe
(QWR) / QW) (2pokex)"!. The additional factor of

Tspon Tspon
2pp in the QWR oscillator strength compared with that
of the QW is due to the finite spatial coherence in the
QWR for the lateral direction imposed by the geometry
rather than by disorder [8]. The argument from the point
of view of spatial coherence is only approximate as the
lateral confinement increases the electron-hole overlap
and so leads to some enhancement of the QWR oscillator
strength compared with the QW value normalized to the
wire width. Nevertheless, the numerical values obtained
from Eq. (5) show that the effect of the lateral coherence
length dominates for structures of comparable confine-
ment dimensions and consequently one expects long in-
trinsic radiative lifetimes of excitons in QWRs compared
to QWs. The discussion also shows that smaller band-
gap materials should be exploited to magnify the lifetime
enhancement.

It was shown above that only free excitons with k, <k
have finite intrinsic radiative lifetimes (neglecting other
processes). A thermal distribution of free excitons is
expected to have a longer effective lifetime since only
a small fraction of the occupied states satisfies k, < k.
In order that thermal distribution of excitons be main-
tained, the quasielastic scattering (given by the energy-
relaxation rate) of the excitons must be fast compared
with the radiative process. Performing such a thermal
average, one obtains for the temperature-dependent de-
cay rate

b

Y ee Jo dE'e=E'/k8TT  (Eey(0), k)
Y, Jo dE'e-E'7ksT ’

I(T) =

where kp is the Boltzmann constant and E' =h%k2/2M
with M the exciton effective mass. This gives for the

lowest-lying exciton

3By [mE1 _ 3aEe(0) wF, ()
2k kgT - 4dmygcy kgT

for 1< T < 150 K. Above 150 K optical-phonon scatter-
ing is expected to become important [19]. Here E; =
h?k2,/2M is the exciton bandwidth below the cross-
ing with the photon line. We take M = 0.25mg. The
temperature-dependent effective radiative lifetime of free
excitons in a GaAs QWR (2pp = 2v2X = 100 A) is
7(T) = 1/2I(T) = 140VT ps (T in kelvins). Compared
with the 100-A QW [3, 4], the QWR. exhibits consider-
ably longer PL-decay time for T < 100 K. Furthermore,
as a consequence of the different densities of states in
one and two dimensions, the temperature dependences
are different. (For a QW, the decay time is linear in T
[4].) These temperature dependences of the PL-decay
time are expected to be retained when excitons bound to
width fluctuations are taken into account [4]. Thus, it
is of interest to conduct temperature studies of the PL-
decay time in QWRs for 7' < 100 K. Such experiments
might serve as an analytic tool to identify high-quality
QWRs.

An important assumption in the previous discussion is
that the energy relaxation must be fast compared with
the radiative lifetime. To restate this more accurately,
the scattering mechanisms must be sufficiently fast so
that a quasithermal distribution of excitons is maintained
while the decay process takes place. In QWs, this as-
sumption is probably satisfied [20]. In the early stages
of the investigation of QWRs, however, it was predicted
that scattering processes are suppressed in QWRs due to
a reduction in the phase space for final states [21]. Also,
one expects bottleneck effects in the scattering processes
which may prevent rapid thermalization [9, 10]. Thus
even in high-quality QWRs the effective PL decay might
begin with a rapid decay (reflecting the intrinsic process)
followed by a slow decay constrained by energy relax-
ation. A signature of the existence of rapid thermaliza-
tion is the v/T dependence of the PL-decay time.

To conclude, it has been predicted that QWRs have
long exciton radiative lifetimes compared with QWs for
structures where the wire diameter is the same as the
well width. The long lifetime in QWRs is due to the
finite spatial coherence [8] of the QWR exciton in the
lateral direction due to the geometric constraint. The
present treatment describes the intrinsic radiative decay
of free excitons. At very low temperature, however, a
large fraction of the states is expected to be localized by
interface defects. The localizing potential mixes a non-
radiative large k, component into the states and gives
lifetimes longer than the intrinsic free-exciton lifetime.
At high temperatures as well the localized excitons are
expected to play an important role in the effective decay
time [4]. Therefore, a study of the intrinsic radiative de-
cay times in QWRs necessitates minimizing the density

I(T) =
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of interface defects in addition to the elimination of non-
radiative sites. Moreover, QWRs with very small cross
section are required. Time-resolved cathodoluminescence
spectrosopy has recently been used to study the radiative
decay time of excitons in high-quality epitaxially grown
GaAs/AlGaAs QWRs [6]. Radiative decay times of 310
ps were measured at 5 K. Although this value is close
to the theoretically predicted decay time, such a value is
also typical of low-temperature PL-decay times in QWs
where recombination of excitons localized by well-width
fluctuations dominates [1, 4]. This difficulty in interpre-
tation applies for the QWRs as well. Similar comments
also hold for the serpentine superlattices studied in Ref.
[7].

We thank R. Eccleston for helpful conversations and a
critical reading of the manuscript.
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