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Exciton transport into a single GaAs quantum wire studied by picosecond
near-field optical spectroscopy
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We report a time-resolved near-field luminescence study of excitonic real-space transéamgieo

GaAs quantum wires. Excitons generated by local optical excitation in a 250 nm spot undergo
diffusive transport over a length of several microns and are subsequently trapped into the quantum
wire by optical phonon emission. Local energy barriers in the vicinity of the quantum wire,
originating from the epitaxial growth mechanism of the nanostructure, directly influence the
real-space transfer dynamics and trapping efficiency. 1998 American Institute of Physics.
[S0003-695(198)04941-9

Real-space transfer and trapping of carriers in semiconehange in QW thickness leads to a quasi-one-dimensional
ductor nanostructures are of particular interest both from th€1D) confinement over a lateral width of 50 nm. The lateral
viewpoint of fundamental physics as well as for device ap-confinement potential of this QWR plotted in Figial was
plications. Submicron dimensions of devices and ultrashorderived from low-temperature photoluminescence excitation
scattering times of carriers require very high spatial and temmeasurements with a spatial resolution of 250%nThese
poral resolution to study the microscopic mechanisms of

such processes. Near-field scanning optical microscopy @  Gof ; ; - " ]
(NSOM)*? allows one to overcome the diffraction-limited m
resolution of classical microscopy and offers subwavelength 60} i GaAsQWR  GansaW 1

spatial resolution in the 100 nm range. In combination with —
time-resolved excitation and detection schemes it gives 1
direct access to carrier dynamics on ultrashort time and QW  QWR i:l_
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length scales. This has been demonstrated in spatially re-
solved pump-probe experiments on GaAs microdisksd
in a study of exciton spin dynamics in magnetic
heterostructure$. ‘ . . ,
In this letter, we combine low-temperature near-field -2 -1 o1 2 3
. . . . . Tip Position (um)
scanning optical microscopy and time-resolved luminescence
spectroscopy to study real-space transfer of excitons and the (b)
subsequent trapping into a single quasi-one-dimensional
nanostructure, a quantum wi@WR). The high spatial
resolution of 250 nm and the time resolution of 260 ps allow
a detailed analysis of the microscopic carrier dynamics in
real space. We demonstrate that local energy barriers origi-
nating from QWR formation in the epitaxial growth process
have strong influence on the transport properties of QWR
structures.
We studied the QWR structure depicted schematically in
Fig. 1(a). The sample was grown by molecular beam epitaxy
on patterned GaA&311)A substrates at the sidewall of 15—
20-nm-high mesa stripes oriented aldfg-1].° It consists of
a nominally 6-nm-thick GaAs quantum weédW) layer clad ’ " Tip Position (um)
by 50-nm-thick A} sGa, sAs barriers. In the growth process,
formation of a sidewall QWR arises from the preferential FIG. 1. (a)_ Lateral confinement pqtential of the QWR structure, as derived
migration of Ga atoms within the QW layer from both the :om spatla_llly rgsqlved photoluminescence excitation measur.ements. '_I'he
X orizontal lines indicate the calculated subband energies. Inset: schematic of
mesa top and the mesa bottom towards the sidewall, resulfze QWR structure(b) Spatially and temporally resolved photolumines-

ing in a local increase of the GaAs QW thickness. Thiscence from the QWR after localized excitation in the embedding quantum
well (E.=1.614 eV, detection energy 1.54 e\Whe luminescence intensity

is plotted as a function of the lateral distarnydeetween excitation and QWR
dCorresponding author: Electronic mail: lienau@mbi-berlin.de position and as a function of time.
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experiments performed with the same near-field probes as (a)
used in the present study, give local variations of the band
gap of the embedding QW along thelirection, i.e., perpen-
dicular to the QWR. On the mesa bottop<(0), the QW
band gap increases by up to 18 meV over a length afi}
representing a barrier for lateral carrier motion. On the mesa
top (y>0) the band gap shift is smaller and amounts to
about 14 meV. The maxima of the two barriers separating
QWR and flat area QW have a lateral distance of 800 nm.
The change in band gap energy originates from a local
change in QW thicknesswithin the experimental accuracy,
the same spatial band gap profile was found for different
positions on the sample.

In this structure, carrier transport is studied by time- (®) L O pm
resolved near-field spectroscopy using a low-temperature A
NSOM?2 Carriers locally excited in the QW by a short opti-
cal pulse undergo real-space transfer to the QWR and are
trapped into 1D states. The dynamics of transport and trap-
ping are monitored via the time-resolved onset of QWR lu-
minescence. Spatial resolution is provided by transmitting
femtosecond excitation pulses from a mode-locked Ti:sap-
phire laser through a metal-coated fiber probe of 200 nm 0 |l , , eksin oy
diameter’ The 16 meV broad spectrum of the laser is cen- 0 1 2 3 4 5 6 7
tered at 1.614 eV and overlaps the excitonic absorption band Time (ns)
of th_e QW. QWR photolumlnescencﬁé’_L) at 1.54 e_V’ the FIG. 2. Time evolution of QWR luminescence after excitation on (ge
maximum of the QWR PL spectrum, is collected in the farmesa top andb) mesa bottom of the QWR structure. The luminescence
field by a microscope objective. The PL is dispersed in antensity at 1.54 eV is plotted versus time for different excitation positions
0.25 m double monochromatéresolution 1.2 nmand de- and shows_, an increa_singly delayed risg w_ith increagindpich is due to the

. - . . . transport time of excitons from the excitation spot to the QWR. Insets: Data
tected with a silicon avalanche photodiode using t'me'plotted on a logarithmic intensity scale. Solid lines: results of a numerical
correlated single photon detection with a temporal resolutioralculation based on a drift-diffusion model for exciton transport.
of 260 ps. Luminescence decay curves are accumulated for

each of 100 excitation positions while scanning the flberintensity of QWR luminescence after excitation on the mesa

probe perpendicular to the wire axis. The laser power on thBottom (/<0) is smaller than for mesa toy%0) excita-

sample was 10 to 100 nW, correspondling to very low exCision j e fewer carriers are trapped into the QWR. This is

tation densities between 4@nd 16 cm ™. evident from the amplitude values in FiggaRand 2b) and
In Fig. 1(b), the intensity of the time-resolved QWR g, the shape of the plot in Fig(t) at positive and nega-

emission at a sample temperature of 100 K is shown as gq \,

functior_l of tip position along the I_ateralaxis(abscisshand In the following, we discuss the luminescence behavior

delay time(ordinatg. The QWR is located ay=0. Cross  ¢5,nq for different excitation positionsy. For ly|

sections through Fig. (bb), i.e., the time evolution of lumi-

nescence for fixed excitation positigyp|=0, 0.4, 1, and 2

log Intensity

Intensity
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um are shown in Figs. (@) and 2Zb) for excitation on mesa 15+ ' ' ' ' ' e
top and mesa bottom, respectively. For excitatioryat0, | o
we find a rise of the QWR luminescence that is limited by 12 £ |
the temporal resolution of our experiment of 260 ps and a ' °

decay of the QWR luminescence that is single exponentialﬁ\
over two orders of magnitude with a decay time of 1.5 ns. £ 08
This temporal dependence of the QWR luminescence re-g

mains unchanged fojy|<320 nm, i.e., for excitation be- F ggl N i
tween the barriers separating QWR and embedding QW. Forz

a distancdy|>320 nm, the onset of QWR luminescence is & 0slh 1
delayed with respect to that for excitationyat 0. The rise ’

of the QWR luminescence becomes monotoneously slower

with increasingly|, as is evident from the shift of the maxi- oo0F o
mum PL intensity in time. In Fig. 3, we plot the temporal 2 - 0 1 2 3
position of the maximum PL intensity,.x—1to, as a function Tip Position (um)

of the excitation positiory (to=~0.5 ns: maximum position
; FIG. 3. Temporal position of the luminescence maxima of Fig. 2 as a func-
<0. . — : . L
for |y| 0.32um). The value oftpa—t, increases almost tion of the lateral separationbetween excitation spot and QWBymbolg.

“nearly with increasmg diStaan’ with a S|0pe of 0.73 Solid line: Temporal positions calculated from the drift-diffusion model for

nsjum for y<0 and 0.62 ng/m for y>0. The maximum exciton transport.
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<0.32um, the single exponential decay of the QWR PL with experiment,I(t) is convoluted with the temporal re-
gives a population lifetime of the QWRof 1.5 ns, slightly  sponse function of the photodetecfsolid line in Fig. Z2a)].
longer than the PL decay time of the embedding QW of 1.35Assuming an exciton diffusion coefficierd.,= 13 cnt/s,
ns. The slow single exponential decay of the QWR PL indi-the calculated temporal dependence of the QWR lumines-
cates the high structural quality of the QWR sample. The fastence is in good agreement for excitation on both mesa top
rise of the QWR PL after excitation ay|<0.32um dem-  and bottom(Fig. 2). This diffusion coefficient corresponds to
onstrates that carrier relaxation from continuum states int@n excitonic mobilityu.,=1500 cn?/V s in the QW, given
localized QWR states occurs within the time resolution ofmainly by the 2D hole mobility and limited in this tempera-
the experiment of 260 ps. This relaxation involves both trapiure range by LO phonon scattering. In particular, the model
ping into and energy relaxation within the QWR. For our calculation correctly describes the influence of the lateral
very low excitation density of<10° cm™%, carrier-carrier band gap variatiotd (r) on the exciton transport. In the re-
scattering is negligible and emission of longitudinal opticalgion outside the barriert](r) exerts a force on the excitonic
phonons represents the dominant process populating loveenter of mass motion that opposes the diffusive real space
lying QWR states?! transfer towards the QWR. This is manifested in the experi-
The onset of the QWR luminescence for excitation atmental data a§) a significantly weaker QWR luminescence
ly|>0.32um, i.e., for photogeneration of carriers in the for mesa bottomy{<0) than mesa topy(>0) excitation due
QW, occurs with a delay of several hundred picosecondso the higher barrier on the mesa bottom, diigl a slight
This delay increases with (Fig. 3), reflecting the traveling shift of the temporal position of the maximum of the QWR
time of carriers from the excited QW area to the QWR loca-emissiont,,, to shorter delay times on the mesa top. Both on
tion. For a lattice temperature of 100 K and weak excitationthe mesa top and bottom, the calculatgd, are in good
real-space transfer in the QW is dominated by excitonicagreement with the measured valysse Fig. 3, indicating
transport? The time scale of transport is several hundredthat the exciton diffusion constants are similar on both sides
picoseconds, much longer than the formation and energy ref the QWR. We note that the influence of the drift current
laxation times of excitons, i.e., excitons undergoing real+relative to the diffusion current becomes even more impor-
space transfer form a quasiequilibrium energy distributiontant at lower temperature§ € 10 K) where exciton transfer
close to lattice temperature. In such a case, an isotherméom outside the barriers into the QWR is fully suppressed.
drift-diffusion model is appropriate to describe the spatially  In conclusion, we demonstrated the pronounced influ-
resolved exciton dynamics. ence of local, subwavelength variations of the band gap en-
Exciton transport is described by the two-dimensionalergy on the real-space exciton transport into single GaAs
particle current density(r,t)=jqx(r,t) +jqin(r,t) with a  quantum wires. Such growth-correlated variations of the
diffusion termjyi#(r,t) = —Dg, ¥V N(r,t) induced by the gra- band gap potential on a submicron length scale determine the
dient of the exciton concentratior(r,t) [r=(X,Y), Deyx: €x-  carrier dynamics in a wide variety of low-dimensional semi-
citon diffusion coefficient and a drift term jgn(r,t) conductor nanostructures and time-resolved near-field spec-
=— uen(r,t)VU(r) induced by the action of the local band troscopy presents a powerful tool for mapping these dynam-
gap gradientVU(r) on the center of mass motion of the ics in both time and space.
exciton (uey: equivalent charged particle mobility of the
exciton.’® Under the conditions of our experimeni., is
linked to the to the diffusion coefficief, by the Einstein
relationu.,=€De, /KT (€ electron chargek Boltzmann con-
stan). The spatiotemporal evolution of the exciton concen-
trationn(r,t) is described by the two dimensional continuity
equation, including a generation, a diffusion, a drift, and a
recombination term:
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