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Ultrafast near-field spectroscopy of quasi-one-dimensional transport in a single quantum wire
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Quasi-one-dimensional carrier transport is studied in a single AlxGa12xAs/GaAs quantum wire by combin-
ing two-color femtosecond pump and probe spectroscopy and near-field optical microscopy. Evidence is found
for a transient nonambipolar electron transport along the wire axis on a picosecond time and 100 nanometer
length scale.
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Recently the nonequilibrium dynamics of excitons a
free carriers in quasi-two-dimensional semiconductor na
structures have been extensively investigated using a va
of far-field ultrafast optical techniques.1 This led to a detailed
understanding of those processes. Much less is known a
the carrier dynamics in quasi-one-dimensional~1D! systems,
such as quantum wires~QWR’s!. Semiclassical theories pre
dict that, in idealized 1D systems, the Coulomb scatter
under strict conservation of energy and quasimomentum
strongly suppressed,2 resulting, e.g., in an enhanced carri
mobility. However, in realistic systems, the effects of Co
lomb quantum kinetics,3 the influences of multiple subband
~intersubband scattering!, and scattering by interface and su
face roughness or with acoustic and optical phonons are
dicted to make the transport dynamics similar to those
quantum wells~QW’s!.4

Transport studies in QWR’s have mainly been perform
with electrical techniques.5 Only a few optical measuremen
are reported,6,7 mainly because of the limited spatial resol
tion that is achieved with conventional far-field microscop
These stationary photoluminescence studies have reso
the ambipolar diffusive transport in (InP)2 /(GaP)2 QWR
arrays6 and single GaAs/AlxGa12xAs QWR’s.7

Pronounced deviations from such ambipolar diffus
transport dynamics are predicted to occur for spatially a
temporally strongly localized optical excitation o
nanostructures.8 These theoretical studies predict in partic
lar that electron and hole wave packets that are create
interband excitation above the band edge propagate basi
like free particles, only weakly influenced by the Coulom
interaction. Experimentally, the observation of those dyna
ics requires optical techniques with ultrahigh spatial a
temporal resolution. Recently, we have demonstrated tha
combination of near-field microscopy and femtoseco
pump-probe-spectroscopy allows one to image carrier
namics in nanostructures with 200 nm spatial and 200
temporal resolution.9

In this paper, we use this technique for mapping the c
rier transport along a single quantum wire on ultrash
length and time scales. We find, at room temperature, a
prising enhancement of the quasi-one-dimensional ca
mobility with respect to the ambipolar mobility in the em
bedding QW. The experiments suggest that the quasi-o
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dimensional transport reflects the nonambipolar motion
electrons that move mainly independently from the optica
generated hole distribution.

Quantum wires with a thickness of up to 13 nm and e
bedded in a 6 nmGaAs quantum well were grown by mo
lecular beam epitaxy on patterned GaAs (311)A substrates.
The QWR/QW layer is clad between two 50 nm thic
Al0.5Ga0.5As lower and upper barrier layers. The upper b
rier is covered by a 20 nm thick GaAs cap layer.10 The total
1D confinement energy of the QWR is about 80 meV~Fig.
1!.11 This pronounced 1D confinement gives rise to inten
QWR photoluminescence~PL! at room temperature~cen-
tered around 1.46 eV!, spectrally well separated from th
QW PL at 1.52 eV.12

Spatially and spectrally resolved pump-probe experime
were performed at room temperature with pulses deri
from a modelocked 80 MHz Ti:sapphire oscillator providin
50 fs pulses tunable between 810 and 870 nm. The la

FIG. 1. Lateral confinement potential of the QWR structure,
derived from spatially resolved photoluminescence excitat
spectroscopy.11 The horizontal lines indicate the calculated subba
energies. The insets show the density of statesr(E) in the QWR
and embedding QW region and the electron and hole distribu
functions f (E) for localized excitation of a density of 1011 cm22

electron-hole pairs in a 400 nm diameter spot.
R10 583 ©2000 The American Physical Society
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output is split into a pump and a probe beam, each trave
through a separate prism setup for spectral shaping
group velocity dispersion compensation. Two different op
cal configurations are used. In a near-field pump/near-fi
probe geometry~NFNF!, both pump and probe pulses a
transmitted through the same near-field fiber probe, resul
in a subwavelength excitation spot. In a far-field pump/ne
field probe geometry~FFNF!, only the probe pulse is sen
through the fiber while the pump is focused through a f
field lens to a spot size of about 30mm. In both configura-
tions, the probe light reflected from the sample is collected
the far field and detected with a photodiode as a function
pump and probe time delaytd .

First, experiments performed with far-field excitatio
~FFNF! are presented~Fig. 2!. The carrier-induced change i
local reflectivity DR/R is probed with pulses of 11 meV
bandwidth tuned to the QWR resonance at 1.46 eV. T
pump laser~bandwidth 40 meV! is centered at 1.52 eV an
spectrally shaped in order to overlap the absorption spect
of the QW ~excitation density.1011 cm22). Carriers are
generated in high-energy QWR states and in the embed
QW. The QWR contributionDR/R~QWR! to the overall re-
flectivity changeDR/R is extracted by taking the differenc
of the transients measured at the QWR location and ou
the QWR region.9 The temporal evolution ofDR/R~QWR!
shows a fast initial rise within 200 fs, the time resolution
the experiment, and a constant value up totd555 ps. A
similar evolution ofDR/R~QWR! is observed for resonan
far-field excitation of the QWR at 1.47 eV and probing
energies of high-lying QWR states around 1.51 eV~not
shown!.

Different dynamics are observed when both pump a
probe pulses are transmitted through the near-field fi
probe~NFNF!, as shown in Fig. 3. The spectra of the pum
and probe lasers are shown in the inset. The transient of
3 reveals now a clear decay by more than 50% on a t
scale of 50 ps—in contrast to the time-independent reflec
ity change for far-field excitation. Similar dynamics are o
served for probe energies between 1.5 eV and 1.43 eV~Fig.
4!—i.e., by tuning the probe energy through the QW
resonance—and for resonant QWR excitation.

FIG. 2. Temporal variation of the pump-induced reflectiv
changeDR/R~QWR! at the QWR position on a time scale of 50 p
The excitation is performed with a far-field spot having a diame
of 30 mm ~FFNF!. The pump laser is centered at 1.52 eV to cre
electron-hole pairs in high-lying QWR states and in the embedd
QW. The probe laser at 1.46 eV probes the local bleaching
the excitonic QWR absorption. Inset:DR/R~QWR! within the
first 3 ps.
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The pump-induced change in the probe reflectivi
DR/R~QWR!, arises from the carrier-induced bleaching
the excitonic QWR absorption.9 This bleaching is due to
photoexcited carriers inside the QWR and, thu
DR/R~QWR! is an efficient probe for the temporal evolutio
of the QWR carrier density. There are two mechanisms t
contribute to this excitonic QWR nonlinearity: Coulom
screening and phase-space filling. In quantum wells, at h
temperatures and for carrier densities that are similar to
experimental conditions, phase-space filling dominates
causes a direct reduction of the exciton oscillator strengt13

The observed spectral dependence ofDR/R~QWR! ~Ref. 9!
identifies phase-space filling as the dominant contribution
the exciton QWR nonlinearity as well. The phase-space
ing and therefore also the magnitude of the bleaching of
excitonic QWR absorption and ofDR/R~QWR! are probes
of the sum of the local concentrations of electrons and ho
within the QWR region. The observation of a reflectivi
change for probe energies around 1.46 eV thus requires
rier redistribution from optically excited high lying QWR
and continuum states to the bottom of the QWR. The
sence of any slower dynamics on the transient in Fig. 2 s
gests that this redistribution process occurs within the fi

r
e
g
f

FIG. 3. Temporal variation of the pump-induced reflectivi
changeDR/R~QWR! at the QWR position on a time scale of 50 p
for localized near-field excitation with a spatial resolution of le
than 400 nm~NFNF!. The decay of the reflectivity signal reflect
the carrier transport along the QWR. The solid line shows a sim
lation of a 1D diffusion model withDQWR580 cm2/s. Inset:
spectra of pump and probe lasers, centered at 1.50 and 1.46
respectively.

FIG. 4. Probe wavelength dependence ofDR/R(QWR)(td) for
localized near-field excitation with a spatial resolution of less th
400 nm ~NFNF! for probe lasers centered at 1.444 eV, 1.467 e
and 1.478 eV, respectively. Excitation conditions as in Fig. 3.
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200 fs. At room temperature and under our excitation con
tions this relaxation involves a complex scattering scena
with contributions from both carrier-LO phonon scatteri
~typical phonon emission times in QWR’s are>150 fs!3,4

and carrier-carrier scattering. The ultrafast rise in reflectiv
that is observed when the pump is tuned in resonance
the QWR absorption and the probe wavelength is set to h
lying QWR states, suggests that a thermalized carrier di
bution is formed within the first 200 fs, similar to the the
malization dynamics in quantum wells.

On a time scale of up to 50 ps, the dynamics observe
the two configurations are clearly different: In the FFNF co
figuration, after the initial fast rise, the signal remains co
stant up to 55 ps. This suggests that, after the thermaliza
of the carrier distribution in the QWR region, there is n
significant change in the carrier concentration in this reg
of the sample. In this geometry, a spatially nearly homo
neous carrier distribution is excited. Therefore, in the emb
ding QW, the local gradients in the carrier concentration
the direction perpendicular to the QWR axis are weak. D
fusive ambipolar transport of carriers within the embedd
QW ~for which a RT diffusion coefficient ofDQW512
cm2/s was measured in our sample12! does not significantly
enhance the QWR carrier density on a ps time scale.
carrier distribution is also homogeneous along the QWR
that quasi-one-dimensional transport is not expected to a
the reflectivity signal, which decays by electron-hole reco
bination with a decay time of 1.9 ns.12 In the NFNF configu-
ration we observe, on the contrary, a clear decay of the
flectivity change on a 10 ps time scale. Here, the excita
and probe pulse, spatially overlapping, are localized t
small spot of about 400 nm in diameter. Therefore, the o
cally injected carriers can migrate out of the excitation v
ume. This results in a decrease of the local carrier conc
tration and thus in a reduction of the pump-induc
reflectivity change. In general, the transport of carriers ou
the excited volume can occur both along the QWR wire
well as perpendicular to it. In these experiments, a densit
about 1011 cm22 electron-hole pairs is locally generated in
400 nm diameter spot. The data in Fig. 2 suggest tha
quasi-equilibrium Fermi distribution in both QWR and QW
states is formed within 200 fs. The density of statesr(E) and
distribution functionsf (E) for electrons and holes in such
nondegenerate distribution are schematically depicted in
1. The Fermi levels are about 10 meV and 90 meV below
energy of the lowest QWR subband for the electrons
holes, respectively. Due to the difference in confinement
tentials for electrons~65 meV! and heavy holes~15 meV! the
spatial distributions of electrons and holes are different. T
density of electrons in the QWR is estimated to be abou
times higher than the QWR hole density. A large fraction
the photoexcited electrons is confined inside the QWR w
most of the holes are populating quasi-continuum state
the embedding QW. ThusDR/R~QWR! probes mainly the
local dynamics of electrons inside the QWR. Also, for ele
trons, the probability for occupation of high-lying QW
statesf e , from which transport in the lateral direction, i.e
into the unexcited embedding QW can occur, is smal
about 1/8 off e in the lowest subband of the QWR. Consi
ering this small fraction of carriers, and taking into accou
the ambipolar QW diffusion coefficientDQW512 cm2/s, one
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finds a negligible contribution of the lateral transport to t
transients in Fig. 3. We conclude that the decay of the refl
tivity transient in Fig. 3 reflects mainly the transport of ele
trons along the QWR axis.

Assuming that the transport along the QWR—on a tim
scale of several picoseconds — is adequately represe
within a 1D-diffusion model, the experimental curves can
simulated, having the diffusivity as the only unknown p
rameter. Carrier diffusion and recombination can be
scribed by the following equation:

]n~x,t !

]t
52

n~x,t !

t
1G~x,t !1D

]2n~x,t !

]x2
, ~1!

wheren is the 1D carrier concentration,t the recombination
lifetime, G(x,t) the generation rate, andD the diffusion co-
efficient. Its solution is

Dn~x,t !5
Dn~x,t !o

~4pDt !
1
2

expS 2x2

4Dt Dexp~2t/t!. ~2!

Here,Dn(x,t)o is the initial carrier concentration, given b
the pump laser profile. To simulate the observed time evo
tion, Dn(x,t) has to be convoluted with the shape of t
probe pulse, taken as a Gaussian of full width at half ma
mum, spot, estimated from the measured spatial resolut
R: spot5RA2. The observed carrier concentratio
Dn(x,t)obs is then:

Dn~x,t !obs5
Dn~x,t !o

p
A p

W14Dt
, ~3!

whereW5spot2/(4ln2). The observed decay of the QW
reflectivity is well described by taking a quasi-on
dimensional diffusion coefficientDQWR 5 80620 cm2/s
~solid lines in Fig. 3 and Fig. 4!. This value of the 1D diffu-
sion coefficient is more than 5 times larger than the ambi
lar 2D diffusion coefficientDQW512 cm2/s. The 2D value,
using the Einstein relationm5eD/kbT (e electron charge,
kbT thermal energy!, corresponds to a mobility of 500
cm2/V s which is close to the mobility of holes in GaAs a
300 K. At room temperature, hole diffusion governs the a
bipolar transport through the QW and the hole mobility
limited by scattering with phonons via the optical deform
tion potential.14 2D QW mobilities have been optically mea
sured in our sample in the temperature range between 10
300 K,15 and are in good agreement with mobility measu
ments reported for GaAs/AlxGa12xAs QW’s.16 At high tem-
peratures, these data show only a weak dependence o
mobility on the well width, varying by about a factor of 2 a
the well width is changed from 4 to 15 nm. Theoretically, t
well width dependence of the deformation potential scat
ing rates results mainly from the variation in the density
states and this suggests that, in thin QW’s, the RT mobi
increases linearly with well width.17 In our sample, the loca
thickness of GaAs QWR increases to about two times tha
the embedding QW, and we thus expect the ambipolar
diffusion within the two regions to be similar within a facto
of 2.

On the contrary, we find experimentally a significant
larger diffusion coefficient DQWR580620 cm2/s. This
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value corresponds to a mobilitym53000 cm2/V s, which is
close to the RT mobility of electrons in GaAs.18

This suggests that, in our experiments, the transpor
electrons along the QWR axis is strongly different from
conventional ambipolar diffusive transport regime, with
spatially and temporally correlated motion of electrons a
holes and a mobility that is hole limited.19 Instead, we ob-
serve a rapid motion of electrons out of the excitation v
ume, along the QWR axis, with a mobility that is basica
unaffected by the hole distribution within the QWR. Th
suggests that, due to the excess density of electrons in
QWR that is created with spatially and temporally localiz
excitation, and the pronounced spatial gradient of the e
tron density along the QWR, the electrostatic repulsion
tween electrons in the QWR is not compensated by the C
lomb attraction between electrons and holes. Thus,
electrons can propagate mainly independently from the h
distribution and this gives rise to the observed enhancem
of the 1D mobility.

This conclusion is supported by the finding that, probi
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the temporal evolution of the carrier-induced bleaching
the excitonic QW reflectivityDR/R~QW! on the QW flat
area, we observe a significantly less pronounced decay
20 ps time scale.20 This decay is in agreement with a quas
two-dimensional ambipolar QW diffusion with a diffusio
coefficientDQW512 cm2/s.

In conclusion, we have imaged the nonequilibrium carr
dynamics in a single quantum wire at room temperature
combining femtosecond pump-and-probe spectroscopy
near-field microscopy. Evidence is found for a transient n
ambipolar transport of electrons along the quantum wire o
picosecond time and 100 nm length scale, that is attribute
an ultrafast spatial separation of electron and hole densi
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