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The dynamics of one-dimensional (1D) excitons is investigated in a GaAsyAlAs quantum wire
array (QWR-A) using picosecond time resolved photoluminescence (PL) measurements. The exci
density is4 3 104 cm21, a factor of 20 below the Mott density. The rise and decay time consta
of the excitonic PL in the QWR-A are 55 and 450 psec, respectively. The exciton formation t
in 1D is determined to beø30 psec. Our results suggest that exciton-acoustic-phonon scatter
is enhanced in 1D. However, the rates of exciton scattering with carriers and excitons is redu
[S0031-9007(98)07167-1]
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Dynamics of excitons in quasi-2D systems has been e
tensively investigated in the past [1]. Further confineme
to quasi-1D is expected to lead to significant modific
tions in the rates of excitonic dynamical processes, su
as exciton formation, exciton scattering with carriers, e
citons and phonons, and exciton relaxation and coolin
Much of the previous work on quantum wires (QWRs
is devoted to the study of carrier capture and hot carr
relaxation in QWRs at high excitation densities [2]. Ex
perimental investigations of exciton dynamics in QWR
are relatively few and are mainly concerned with excito
recombination lifetime in QWRs [3], deduced with a tim
resolution of a few tens of picoseconds.

In this paper, we report the first investigation of ex
citon formation and relaxation dynamics in 1D system
We perform picosecond time resolved (TR) frequenc
up-conversion photoluminescence (PL) measurements
8 K) on a AlAsyGaAs quantum wire array (QWR-A), also
termed as a lateral superlattice (LSL), with a very lo
disorder. To compare these with 2D, we perform sim
lar measurements on a Al0.075Ga0.925AsyAl 0.33Ga0.67As
reference quantum well (QW) in the form of a highly tilted
part of the LSL with essentially no lateral band gap mod
lation (LBGM). Since the Al content in the reference QW
is nearly the same as the average Al content of 8.5 perc
in the QWR-A, any effects due to alloy disorder on excito
dynamics are similar in the two cases [4]. The QWR-A
along with the reference QW, is molecular-beam epita
grown on a (100) GaAs substrate, misoriented by0.5± to-
wards [110]. The growth sequence is shown in Fig.
The excited carrier density is4 3 104 cm21, well below
the Mott density (ø8 3 105 cm21 for 1D [5]). The PL
spectra in 1D at such low excitation densities are exciton
[6]. We find that the rise of the lowest energy exciton P
is faster in the QWR-A than in the reference QW, but th
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exciton PL decay is slower in the QWR-A. Using the tim
dependence of the homogeneous linewidth of the 1D
citonic PL, we deduce the time constant for formation
1D excitons to beø30 psec. The exciton relaxation and
cooling time is estimated to be about25 psec. Our stud-
ies indicate reduced exciton scattering with carriers a
excitons but enhanced exciton-acoustic-phonon scatte
compared to 2D.
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FIG. 1. The QWR-A layer structure (a) and the energ
dispersion (b) for various minibands in thekx (ky  0)
direction (solid lines) are shown, along with various optic
transitions possible in the absorption spectrum of the QWR-
Also shown is the energy dispersion in the absence of late
modulation (dotted curves). The upper panel shows a QWR
cross section and the modulation potential schematically.
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The various optical transitions in our QWR-A (Fig. 1
were studied in detail earlier by comparing the calculate
and measured absorption coefficient and its linear and c
cular polarization ratios [8]. The transitions are labeled
eim-hhin or eim-lhin, where “m” and “n” denotemth and
nth lateral minibands, resulting from the LBGM in thex
direction, with a lateral superlattice periodLx . This opens
minigaps at kx  6ppyLx , ky  0 for p  1, 2, . . . .
The indexi refers to quantization in the growth (z) direc-
tion. For our purpose,i  1, corresponding to the first
conduction subband and to the first two valence subban
The index i therefore is not displayed in Fig. 1 and in
what follows. The minibandse1, hh1, andlh1 are essen-
tially dispersionless, with insignificant wire-to-wire tun-
neling. The excitons associated with these minibands a
one dimensional. These are seen prominently in the ph
toluminescence excitation (PLE) spectra of the QWR-
but signal due toe1-hh1 continuum is not evident. The
e1-hh3 transition, although forbidden in 2D, is optically
active in the LSL, and can be seen in the PLE spectrum

The continuous wave (cw) PL energy spectrum ob
tained at 8 K shows peaks at 1.6507 and 1.6633 eV d
to the lowest energy excitons in the reference QW an
the QWR-A, respectively. The Gaussian full width a
half maximum (FWHM) is about 4.6 meV for the QW
PL peak and 6.0 meV for the QWR-A. The energy in
tegrated cw PL for the QWR-A is nearly the same a
that for the QW. The PLE Stokes shift is about 2 meV
The exciton1s-2s splitting is ø10 meV in the 2 K cw
PL spectrum for the QWR-A, giving an exciton bind
ing energy of about 12 meV. While the cw PL exci
tation spectrum for the QW is unpolarized, that for th
QWR-A shows a polarization anisotropy, with a linear po
larization ratio (LPR) of210 percent and 137 percent
for the e1-hh1 and e1-hh3 excitons, respectively, where
LPR  sIx 2 IydysIx 1 Iyd. Ixsyd is the PLE intensity
with incident light polarized perpendicular (parallel) to th
wire axis (y). These observations confirm the high qua
ity of growth and of the lateral interfaces.

Our time resolved PL measurements are perform
by exciting the sample with psec pulses from a d
cyanomethylene dye laser (pumped by a Nd-YAG lase
at a photon wavelength of 640 nm, below the energy
the band gap of the AlGaAs barriers of the QWR-A an
the reference QW in the growth direction. The time an
energy resolution is about 3.0 ps and 4.0 meV, respe
tively. Figure 2(a) shows the psec TR PL spectra for th
QWR-A, obtained at a delay of 10 psec. The spectru
is dominated by thee1-hh1 1D exciton. However, ad-
ditional features are clearly seen on the high energy t
of the spectrum. A comparison with PLE spectra show
that they occur at energies corresponding toe1-hh3 and
e1-lh1 excitons. Thee2-hh2 exciton, about 4 meV above
the e1-lh1 exciton, is somewhat weaker than thee1-lh1
exciton in the PLE spectrum. This is not well resolve
in Fig. 2(a). These tail contributions, however, vanish
larger delays, as is evident from the spectrum at 100 ps
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FIG. 2. The TR PL spectra at 10 psec and at a larger dela
together with cw PL spectra at 50 K are shown for th
QWR-A (a) and the reference QW (b) (on semilogarithmi
scale). [There is a small relative shift in the energy axes
(a).] 1, 2, and 3 in (a) and 1 in (b) refer to exciton line shap
fit, and 2 in (b) to free carrier PL fit, respectively.

shown in Fig. 2(a). Although the cw PL spectrum at 8 K
shows only thee1-hh1 exciton, we expect thee1-hh3 and
e1-lh1 exciton states to get occupied as the lattice tem
perature increases. The cw PL at 50 K, shown in Fig. 2(
as an example, clearly identifies the PL due to these ex
tons. A fit based on a simple calculation of line shapes f
PL contributions arising from the above transitions sati
fies the TR PL spectra very well.The results of Fig. 2(a)
provide evidence for luminescence due to excitons of zo
folded minibands of the QWR-A.

It is interesting to compare the above results in QWR-
with those obtained for the 2D reference QW [Fig. 2(b)
at identical excitation densities. As expected, the TR P
spectra for the QW are dominated by recombination
the heavy hole excitons (referred to asE1-HH1). The
shoulder seen on the high energy side of the spectra
10 psec is due to freee-h recombination, since it is known
that the light hole related excitons (E1-LH1) in QWs
decay rapidly (except at very low densities,,109 cm21)
[9] and, hence, are not resolved in TR PL spectra, ev
at short delays. [The light hole exciton, however, can b
seen in PLE spectrum for the QW. Also, as expected, t
light hole exciton occupancy for the QW can be reveale
in the cw PL spectra at elevated lattice temperatures,
in Fig. 2(b).] In contrast, thee1-hh3 ande1-lh1 excitons
2579
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for the QWR-A can be seen both in the PLE and T
PL spectra (at short delays) at low temperatures. Th
implies that the rate of decay of thee1-lh1 (and e1-hh3)
excitons in the QWR-A, presumably via their transfer t
the e1-hh1 continuum in the QWR-A, is much slower
than that of the transfer of the light hole exciton to th
E1-HH1 continuum in the QW. We find that thesum of
the spectrally integrated contributions due to thee1-lh1
and e1-hh3 excitonic PL,deduced from the line shape fits
described above for the QWR-A,rises and decays with a
time constant of about 5 and 40 psec, respectively.

In Fig. 3, we show the time evolution of luminescenc
due to the lowest energy excitons (e1-hh1 and E1-HH1,
respectively) in the QWR-A and the reference QW
obtained at identical excitation densities. The exciton P
in the 1D is seen to rise with an exponential time consta
of 55 psec. In contrast, the excitonic PL for the QW rise
with a larger time constant of 85 psec.

The rise time of excitonic PL is a combined resu
of carrier relaxation towards the subband edges, exci
formation at largeK, and the subsequent relaxation o
large K excitons to K ø 0, where they can couple
to light [10]. It is reasonable to assume that carri
cooling and relaxation in the upper 2D-like states o
the QWR-A and the QW are similar. This proces
may contribute a few psecs to the rise time of th
exciton PL. The major part of the rise time originate
from exciton formation and relaxation. Later, we sho
that the exciton formation time in the QWR-A and
the QW is approximately 30 and 45 psec, respective
This, together with the rise time of 55 psec for the 1
excitonic PL, leads to the exciton relaxation time of th
order of 25 psec in 1D. The corresponding estima
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FIG. 3. The time dependence of PL for the QWR-A and th
reference QW at energies corresponding toe1-hh1 andE1-HH1
exciton PL peaks, respectively (see Fig. 2) is shown, along w
exponential fits (solid lines). Arrows indicate delays at whic
the TR PLs reach maxima.
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for the QW is larger by 60 percent. Thus, the faste
exciton PL rise for the QWR-A in Fig. 3 is mainly a
result of faster exciton relaxation in 1D. This suggest
that the strength of exciton-acoustic-phonon scattering
which primarily determines exciton relaxation at low
densities, is enhanced in 1D.This is consistent with
the enhancement indicated earlier in measurements
temperature dependent exciton dephasing rates in fo
wave mixing (FWM) experiments [11,12] on QWR-A.

The 1D exciton PL in Fig. 3 has a decay time o
about 450 psec, larger than the decay time of 320 ps
for the QW exciton. That the decay is mainly radiative
is indicated by the weak temperature dependence f
the PL peak intensities below 50 K observed in our cw
PL spectral measurements on both the QWR-A and th
reference QW. Theintrinsic radiative lifetime of 1D
excitons atK ø 0 is expected to be an order of magnitude
larger than in 2D due to reduced exciton spatial coheren
in 1D [13]. However, experimentally measured exciton
PL decay times are thermally averaged radiative lifetime
(tr ). Since the thermal population of excitons atK . 0
in 2D is larger than in 1D,tr in 1D is larger than in 2D
only by h  3.83y

p
T , as found in the experiments of

Akiyama et al. [3] on their QWRs and QWs. (h ø 1.35
for T  8 K, close to the value of 1.4 obtained here.)

It is possible to estimate the 1D exciton formation time
from the time dependence of the homogeneous linewid
of the e1-hh1 1D excitonic PL as follows. The TR PL
spectra, corrected for instrument response, may be fitted
a convolution of a Lorentzian (for homogeneous broade
ing) and a Gaussian (for inhomogeneous broadening) [1
using a procedure described in detail elsewhere [10,15,1
This excitonic line shape satisfies the PL spectra very we
for most of the delay values. Small deviations appear o
the high energy tails at delays smaller than 100 psec or s
as seen in Fig. 2(a) and are due toe1-lh1 ande1-hh3 exci-
tons. In Fig. 4, we show the homogeneous FWHM (GL)
obtained using the above procedure. It has been sugges
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that free carrier-exciton scattering is the dominant cause
exciton line broadening in QWs in the early stages of exc
ton time evolution. The rapid initial decay ofGL in Fig. 4
is mainly related to the decay of carrier density due to ex
ton formation, as in 2D [10]. To further analyze the data
Fig. 4, we write, in analogy with the 2D case [17]:GLstd 
G0 1 a1DEBfgxcncstd 1 gxxnxstdg, wherea1D andEB are
the 1D exciton Bohr radius and binding energy, respe
tively. The coefficientgxc (gxx) represents the effect of
exciton scattering with carriers (excitons) onGL. The den-
sities of free carriers [ncstd] and excitons [nxstd] may be
obtained by solving a simple model of exciton formatio
[16,18] using coupled rate equations fornc, nd (largeK ex-
citon density), andnr (K ø 0 exciton density), expressed
in terms of exponential time constants,t0 andt1 for the
rise and decay ofnc, andtd andtr for the decay ofnd (due
to largeK exciton relaxation toK ø 0) and nr , respec-
tively. Also, nx ( nd 1 nr) is the total exciton density.
A very satisfactory fit toGL of Fig. 4, and the time evo-
lution of the energy integrated exciton PL intensity is ob
tained, giving us estimates of the time constants. We fi
thatncstd decays rapidly in about 100 psec, approximate
with a time constantt1  30 psec. This determines the
time constant for formation of 1D excitons in our QWR-
to be about 30 psec.In comparison, a similar analysis for
the 2D case using our PL measurements on the refere
QW leads to an exciton formation time ofø45 psec. As
in QWs, the 1D excitons are also presumably formed
K . 0. The somewhat smallert1 in 1D, in spite of re-
duced density of states for 1D excitons at largeK, may
be a result of enhanced exciton-acoustic-phonon scat
ing. The 1D exciton relaxation time (td) is found to be
ø30 psec, close to the estimate of 25 psec, made earl
This may be compared withtd ø 45 psec, deduced for the
reference QW, implying slower relaxation.

The coefficientsgxc andgxx, indicating the strengths of
carrier-exciton and exciton-exciton scattering in 1D, a
found to be 6.9 and 1.0, respectively, usinga1D  9 nm
and EB  12 meV. These are smaller than the corre
sponding values of 11.8 and 1.4 deduced for our refe
ence QW usinga1D  10 nm and EB  9 meV. This
shows thatexciton-carrier and exciton-exciton scattering
is weaker in 1D. Presumably, this is a consequence of th
restrictions of phase space and energy-momentum con
vation in electron-exciton scattering in 1D. Previously
reduced exciton-exciton scattering was also inferred
Oestreichet al. [19] from TR PL measurements on etch
patterned QWRs with an active wire width of 60 nm.
may be mentioned that the values of the scattering coe
cientsgxc andgxx deduced above for the Al0.075Ga0.925As
reference QW are nearly the same as those obtained in
PL experiments on 8 nm GaAs QWs [20]. Previousl
gxc  11.5 andgxx  1.5 were obtained for the 2D case
in FWM experiments [17] on 12 nm GaAs QWs.

In summary, we have obtained the first informatio
on dynamics of 1D excitons in a quantum wire arra
using picosecond time resolved PL measurements at l
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temperatures and low excitation densities. We find tha
the 1D excitonic luminescence rises and decays with tim
constants of 55 and 450 psec, respectively. We dedu
the exciton formation and relaxation times to be 30 an
25 psec, respectively. Our results suggest that excito
acoustic-phonon scattering is enhanced in 1D. Howeve
the exciton scattering with carriers and excitons is weake
than in 2D. Our measurements also reveal the presen
of excitonic luminescence associated with zone folde
minibands of the QWR-A.
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