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Femtosecond near-field spectroscopy of a single GaAs quantum wire
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Quasi-two-color femtosecond pump and probe spectroscopy and near-field scanning optical
microscopy are combined to study the carrier dynamics in single semiconductor nanostructures. In
temporally, spectrally, and spatially resolved measurements with a time resolution of 200 fs and a
spatial resolution of 200 nm, the nonlinear change in reflectivity of a single quantum wire is mapped
in real space and time. The experiments show that carrier relaxation in a single quantum wire occurs
on a 100 fs time scale at room temperature. 1899 American Institute of Physics.
[S0003-695(199)05148-1

Far-field femtosecond spectroscopic studies provide difield fiber probe. In a far-field pump/near-field probe geom-
rect insight into the dephasing, scattering, and energy relaxetry, only the probe pulse is sent through the fiber while the
ation of free carriers and excitons in semiconductor nanopump is focused down to 3@m on the sample by a far-field
structures and have led to a detailed understanding of the¢é=28 cm) lens. In both cases, the probe light reflected from
processes.In general, however, such studies give only indi-the sample is collected in the far field, spatially and spec-
rect information on the ballistic and diffusive real-spacetrally filtered and detected with a photodiode. Pump and
transfer of photogenerated carriers or their trapping into lowprobe beams are mechanically chopped at frequerfdes
dimensional nanostructures, as these processes involve thel.2 kHz andf2=1.77*f 1, respectively and the photodiode
real-space motion of carriers on typical length scales of 10-signal is recorded at the sum frequeniy+ f2. Aperture
1000 nm. Also, far-field resolution is often not sufficient to probes are made by chemically etching optical fibers.
isolate the ultrafast response from a single nanostructure. First, far-field pump/near-field probe spectra were re-
Here, the combination of femtosecond spectroscopy with micorded in the QW region of the sample. The pump pulses
croscopy techniques giving subwavelength resolution, suctbandwidth 40 meYare centered at the QW absorption reso-
as near-field scanning optical microscapySOM),>? offers  nance at 1.52 eV. The excitation density was about 3
new perspectives for a direct investigation of carrier dynam-x 10'*cm™2. The pump induced change in reflectivity is
ics on nanometer length scales. Yet only few experimentsensed by tunable probe pulses of 11 meV bandwidth. In Fig.
have been reported along this directfofiNo applicationsto  1(a), the reflectivity changeA R/Ry(ty) = (R(tg) —Ro)/Ry
low-dimensional nanostructures such as quantum wires Gor a time delayty of 10 ps between pump and probe is
dots have been reported so far. In this letter, we combine foplotted as a function of the probe energy, (R,R,: sample
the first time near-field microscopy and two-color femtosec—eflectivity with and without pump For photon energies of
ond pump and probe spectroscopy to spectroscopically rehe probe between 1.51 and 1.55 eV, the creation of electron-
solve the nonlinear optical response from a sin(@&1)  hole pairs results in an increase in reflectivity whereas a de-
GaAs quantum wireQWR) structure in real space and time. crease of reflectivity is found foE,<1.51eV. This spec-

Quantum wires with a thickness of up to 13 nm embed+rym shows a pronounced maximum B~ 1.515eV and
ded in a 6 nmGaAs quantum wellQW) were grown on  follows—for E,=1.50 eV—the shape of the QW PL spec-
patterned GaA431DA substrates. The total confinement trym [inset of Fig. 1a)]. These reflectivity changes rise
energy in lateraly) direction has a value of about 60 meV. wjthin the time resolution of the experiment of 200 fs. For
The QWR/QW layer is clad between 50 nmoAGaysAS  E >1.515eV, the signal decays by carrier recombination on
barriers. The upper barrier is covered by a 20 nm GaAs caf nanosecond time scale.
layer[Fig. 1(a) (insed]."*° At 300 K, the sample is charac- Next, we present data taken in the range of the QWR
terized by intense photoluminescer@) [Fig. 1(a) (insed]  resonance around 1.46 €¢f. inset of Fig. 1a)]. In this
from both the QW(peaked at 1.52 evand QWR region  measurement, both pump and probe were transmitted
(peaked at 1.46 eV _ through the fiber probe. Excitation at 1.51 eV generates car-

Pump and probe pulses were derived from a 80 MHziers in high-lying QWR states, in the embedding QW and in
Ti:sapphire oscillator; the laser output is split into a pumpihe GaAs cap and substrate layers, and gives rise to a local
and a probe beam. Each beam travels through a separgifange of reflectivity. This is evident from the image in Fig.
prism setup for spectral shaping and precompensation Of(p) where the change of reflectivity &,=145eV and a
group velocity dispersion. Two optical configurations arégejay time of 10 ps is plotted as a function of two spatial
used. In a near-field pump/near-field probe geometry, botRyorginates in the QW plane. The pronounced local change
pump and probe laser are transmitted through the same negft refiectivity occurs along a line that coincides with the
QWR position. This position is independently identified
dCorresponding author: electronic mail: emiliani@mbi-berlin.de from shear-force topography images. The local reflectivity
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FIG. 2. (a) Pump-induced reflectivity changeR/R, as a function of tip

FIG. 1. (8 Probe wavelength dependence of the pump-induced quantumyqsition along they axis, perpendicular to the quantum wire axis, and as a
wire reflectivity changeA Rowr(tq=10 ps)R, (closed circles and of the function of delay timety. E,=1.51€V, E,=1.475eV. (b) Temporal

reﬂtictivity change ir.1 the mesa top region of the samplgen circles  \aration of AR/R, at fixed spatial probe positions g=0 (QWR position,
Ep,=1.52eV. Insets: schematic of the QWR sample and room temperaturspen circley and on the mesa top part sit=1.5um (c) ARowr(te)/Ro

near-field photoluminescence spectrufh) Spatial map of the pump- =[AR(y=0t,)— AR(y=15umty)]/R,. Inset: spectra of pump and
induced reflectivity changdR/R, at a delay timety of 10 ps. The probe probe laser.

laser is set to 1.45 eM(c) Spatial variation ofARqwr/R, along a line
perpendicular to the wire axis at a probe wavelengthEgf=1.46 eV.

Closed circlesE,,=1.48 eV, open circlesE ,=1.44 eV. o
P P pu sample surface of about 70 nm. For excitation at 1.44 eV

[Fig. 1(c), open circle$ where the QWR absorption is neg-
change is superimposed on a spatially slowly varying backligible, the reflectivity change vanishes completely. These
ground signal which is due to the GaAs cap and substrateesults demonstrate that the local reflectivity chadd®,wr
layers. The variation of the reflectivity chang@eRqwr/Ro is due to carriers in the QWR and depends on their transient
=[AR(y=0)—AR(|y|>1 um)]/R, with probe energye,,  distribution and overall concentration.

is presented in Fig. (&) (solid circles for a delay of 10 ps The time evolution ofARqwr(tg) gives insight into car-
[AR(|]y|>1 um): background sign#l The line shape re- rier dynamics in the QWR. We investigated the relaxation of
sembles the shape of the QWR PLE specttim. energetic carriers generated with a 50 fs far-field pump pulse

In Fig. 1(c), the quantityA Ro\wr/Ry is plotted along the at 1.51 eV. The carrier dynamics in the QWR are probed by
y direction, i.e., perpendicular to the QWR axis€{0: QWR  measuringARqwr(tg) With a probe pulses at 1.475 eV, i.e.,
position, for two different pump energieg,,. The local near the QWR resonance, which are transmitted through the
reflectivity peak is measured with a spatial resolution of 200near-field fiber probe. In Fig.(2), the reflectivity change

nm, partially limited by the distance between QWR andAR(y,ty) is plotted as a function of the lateral coordingte
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and the delay timg;. On both sides of the QWR, a spatially =0)—AR(|y|>1 um)]/R,. The spectrum oARqwr/Rg in
homogenous transient reflectivity decrease is observed th&ig. 1(a) resembles the PLE spectrum of the QWR. As for
decays on a time scale of a few picoseconds. This is showtne QW, the QWR reflectivity change results from the carrier
in Fig. 2(b) (solid circle3 where the time evolution of induced bleaching of the QWR absorption and is mainly sen-
AR(y=1.5um) is plotted versus delay time. In contrast, asitive to the imaginary part of the susceptibility, thus having
decrease of reflectivity with smaller amplitude occurs at thea positive sign.
QWR positiony =0 [open circles in Fig. @)]. A fast change The QWR signalARqwr is sensitive to the concentra-
of reflectivity, i a 1 pstime scale, is present in both curves, tion and energy distribution of carriers in the QWR. For
and reflects the trapping of carriers into surface stdt@he Ep,=1.51eV[Figs. 2b) and Zc)], carriers are excited to
QWR contributionARqowr(tg)/Rp to the overall reflectivity  both high lying QWR states and into the surrounding QW.
change is extracted by taking the difference of the two tranProbing atE,=1.46 eV, i.e., at the bottom of the QWR, one
sients in Fig. 20). The time evolution ofARqwr(tg)/Ry  observes a rise akRowr Within the time resolution of 200
plotted in Fig. 2c) shows an ultrafast rise within 200 fs, the fs and a constant amplitude at later times. There are two
time resolution of the experiment. Similar transients are meamechanisms contributing to this behavior, screening of the
sured with pump pulses attenuated by a factor of 3. QWR absorption resonance by the optically injected carriers
The reflectivity spectra depend sensitively on details ofand bandfilling due to a carrier population in the low-lying
the layer structurd? To interpret our experiments we per- states of the QWR. Both effects are expected to be présent.
formed an analysis of the pulse propagation through oufhe first mechanism rises with the optically generated carrier
multilayer nanostructure. The structure consists of the GaAsoncentration, i.e., follows instantaneously the time integral
cap layer, the GaAs QW in which the QWR is embedded, thef the pump pulse. In contrast, the second mechanism re-
GaAs substrate and—in-between—the AlGaAs barriers. Foquires carrier redistribution from optically excited high lying
photon energie€,,<1.44eV, only the cap layer and the states to the bottom of the QWR. The absence of any slower
substrate are excited, for 1.44€\E,;<1.50 eV those layers dynamics on the transient in Fig(? suggests that this re-
and the QWR. For higher photon energies, carriers are alsdistribution process occurs within the first 200 fs. Both
created in the QW. Carrier generation leads to a modificatiomarrier-carrier and carrier-LO phonon scattering contribute to
of the optical susceptibility(w,ne,) of each layer with car- this fast relaxation. Furthermore, the constant signal at later
rier densityng,. This results in a change of reflectivity mea- times shows that there is no significant proliferation of car-
sured at the different probe wavelengths. A numerical simuriers from the embedding QW into the QWR.
lation of these changes assuming thermalized carrier In conclusion, we have demonstrated, for the first time,
distributions for both electrons and holes was performed byhe potential of femtosecond near-field spectroscopy for di-
using the numerical matrix inversion methtidfhe assump- rectly imaging the carrier dynamics in a single semiconduc-
tion of thermalized distributions is reasonably justified, astor nanostructure and have resolved the ultrafast relaxation of
our time resolution is less than the sub-100 fs dephasing anchrriers into a single QWR on a 100 fs time scale at room
thermalization times of free carriers in two-dimensio¢2iD) temperature.
quantum wells at room temperatuifeThe model accounts ] ) )
quantitatively for the influence of phase-space filling, V.E. gratefully acknowledges a Marie-Curie fellowship
screened Coulomb interaction, here treated in a static aﬂ-ERB“OOlGTg?SlZ)Y
proximation, and band-gap renormalization pfw,ng,). It .
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