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Direct experimental observation of different diffusive transport regimes
in semiconductor nanostructures

M. Achermann,* B. A. Nechay, F. Morier-Genoud, A. Schertel,† U. Siegner, and U. Keller
Swiss Federal Institute of Technology Zurich, Institute of Quantum Electronics, ETH Honggerberg HPT, CH-8093 Zurich, Switz

~Received 20 January 1999!

A near-field pump-probe system with nanometer-scale spatial and femtosecond temporal resolution allows
us to measure complex spatiotemporal carrier diffusion dynamics in semiconductor nanostructures. Single
GaAs/AlxGa12xAs quantum wells are patterned by nanometer-scale focused ion-beam~FIB! implantation,
which introduces local carrier trapping. The resulting carrier density gradients cause diffusion, which is di-
rectly observed by measuring carrier density variations in both time and space. A comprehensive experimental
study allows us to identify different diffusion regimes. We find an initial diffusion regime, characterized by
nonsinusoidal carrier profiles and spatially dependent temporal diffusion decay. In a long-time regime, the
carrier profile is quasisinusoidal and only weakly position-dependent temporal diffusion decay is observed.
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The temporal evolution of optically excited carrier den
ties in semiconductor nanostructures can be strongly affe
by real-space carrier transport.1 Such transport effects ar
particularly important in nanostructures due to their inher
lateral inhomogeneity. For example, potential gradients
quantum wires lead to drift.2 Also, spatially varying optical
properties can give rise to gradients in the carrier dens
which cause diffusive transport.3 In fact, the occurrence o
carrier transport in nanostructures has been observed
variety of experiments. These include spatially resolv
time-integrated experiments,1,4–7 spatially resolved experi
ments with limited, 260 ps, time resolution,2 and time re-
solved but spatially averaged experiments.8 However, the di-
rect observation of the detailed features of spatiotemp
transport dynamics in nanometer-scale structures requ
both high spatial and high temporal resolution since the s
length scales imply fast transport. Recently, femtosec
near-field scanning optical microscopes~NSOM! have been
developed which provide femtosecond time and nanome
scale spatial resolution.3,9–12The observation of carrier trans
port dynamics with these instruments has been reporte
Refs. 3 and 11. However, the detailed features of diffus
transport were not explored.

In this paper, we experimentally demonstrate that dif
sive carrier transport in semiconductor nanostructures res
in complex spatiotemporal carrier dynamics on the picos
ond time and the nanometer length scale. These experim
have been made possible by a recently developed femto
ond NSOM with 150-nm spatial and 250-fs temporal reso
tion and high sensitivity.12 We have used nanostructure
samples in which carrier drift can be neglected, facilitati
the observation of the detailed features of carrier diffusi
Different diffusion regimes are identified. In an initial re
gime, we directly observenonsinusoidalcarrier density pro-
files in which the temporal diffusion decay depends on
spatial position. On longer time scales, a quasisinusoidal
tial carrier profile forms, in which the temporal diffusio
decay is only weakly dependent on position, characteri
for the long-time diffusion regime. The femtosecond NSO
allows us to directly measure the shape of nanometer-s
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spatial carrier profiles at different times.
Semiconductor nanostructures have been obtained

nanometer-scale lateral patterning of an undoped 8
GaAs/Al0.3Ga0.7As single quantum well with focused ion
beam~FIB! implantation of 50-keV Ga ions. The implanta
tion energy was chosen to create damage in the GaAs q
tum well, according to transport of ions in matter~TRIM!
simulations.13 The local ion implantation results in defec
formation. These defects give rise to carrier trapping w
picosecond or sub-ps time constants, which decrease
increasing ion dose.14,15Besides carrier trapping, ion implan
tation causes a decrease of the optical nonlinearity
exciton16 and continuum15 transitions. SampleA is patterned
with 100-nm implanted stripes with 2000-nm spaces a
dose 831011cm22, sampleB with 200-nm implanted stripes
with 400-nm spaces at a dose 331012cm22. For FIB im-
plantation, the spatial defect profile has well-defined ed
since TRIM simulations13 show that the defects spread on
20 nm beyond the nominal width of the implanted stripes.
prepare the samples for the NSOM experiments, the G
substrate was removed by wet etching.

Carrier dynamics in these nanostructures have been m
sured by near-field pump-probe experiments in which ca
ers are uniformly excited over a 5–10-mm diameter area.
The pump-induced transmission changes are detected in
optical near-field with a probe pulse, which propaga
through an NSOM fiber and the sample. A detailed desc
tion of the femtosecond NSOM can be found in Ref. 12. A
experiments have been carried out at room temperature
15-meV-wide pump and probe spectra centered at the low
heavy-hole exciton resonance of the quantum well at 1.
eV. The pump fluence is 4mJ/cm2, corresponding to a carrie
density of about 1011cm22.

Figure 1~a! shows normalized pump-probe traces at d
ferent positions across the FIB pattern of sampleA. The
overall shape and the initial decay strongly depend on
position. To quantify this position dependence, we have
ted the experimental traces to double-exponential functi
A exp(2Dt/t1)1Bexp(2Dt/t2) where Dt is the time delay
2101 ©1999 The American Physical Society
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2102 PRB 60M. ACHERMANN et al.
between pump and probe pulse. Here,t1 is the faster time
constant and describes the initial decay whilet2 is the slower
time constant, which describes the decay at longer time
detailed discussion of the physical meaning oft1 andt2 will
be presented later. From our data, we find thatt2 is 200–300
ps, independent of the spatial position.

The faster initial decay timet1 and the pump-probe am
plitude atDt50 are plotted versus position in Fig. 1~b!. The
amplitude is reduced in the implanted stripe, as expected15,16

Midway between the implanted stripes, the decay timet1 is
roughly equal to 250 ps. Surprisingly, the decay times o
an 800-nm-wide range around the 100-nm implanted st
are much shorter at about 10–40 ps. Note that the pu
probe traces decay almost exponentially with a time cons
of roughly 250 ps far away from the FIB patterned area. T
decay time is independent of position and will be referred
as recombination time in the following.17 The short decay
times around the implanted stripe cannot be due to recom
nation. Furthermore, they cannot be caused by spatial a
aging with the fast trapping times in the implanted strip
since the rise in the amplitude signal shows that spatial
eraging effects happen on a much shorter spatial scale
nally, carrier trapping due to a wider damage profile can
be the reason for these short decay times either since
large amplitude, i.e., large nonlinearity, in much of this r
gion shows that the implantation-induced defect distribut

FIG. 1. SampleA ~100-nm implanted stripes, 2000-nm space!:
~a! Normalized pump-probe traces at different distancesx away
from the stripes, experimental traces~solid!, double exponential fits
~dotted! from which the initial decay timet1 is obtained.~b! Initial
decay timet1 ~squares! and pump-probe amplitude at zero tim
delay ~crosses! vs. position. The gray bar marks the implant
stripe.
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is not much broader than the nominal stripe width of 100 n
as expected from the TRIM simulations.13

We conclude that the short decay timest1 of 10–40 ps
result from carrier transport. In general, both carrier diffusi
and drift can contribute to the transport. Carrier drift requir
potential gradients. We note that the sample does not con
potential gradients in the plane of the quantum well bef
implantation. Moreover, the implantation is not expected
result in large potential gradients. This is because ion
plantation into GaAs generates As antisites.18 These defect
states are located close to the center of the band gap19 and
pin the Fermi level at midgap.20 Since the Fermi level in the
unimplanted regions is also at midgap in the undoped qu
tum well, we do not expect the formation of large potent
gradients. Moreover, we do not expect the formation of la
potential gradients due to compositional intermixing, whi
gives large energy shifts only at ion doses higher than
ones used in our samples.21 Consequently, we conclude tha
carrier drift can be neglected and that carrier transpor
mainly due to diffusion of carriers towards the implant
stripe. Diffusion is driven by the carrier density gradient th
is caused by the fast trapping of carriers in the stripe. T
conclusion is confirmed by quantitative modeling which i
cludes diffusion but neglects drift. Since the optical exci
tion of excitons is followed by ionization after about 300
at room temperature,22 the dynamics of the densityn of band
electron-hole pairs is modeled. We have solved the o
dimensional continuity equation for the electron-hole p
densityn, coupled to the differential equation for the dens
nt of occupied traps

]n~x,t !

]t
5Da

]2n

]x2 2
n

t rec
2

n

t t~x! S 12
nt

N0
D1G~ t !, ~1!

]nt~x,t !

]t
5

n

t t~x! S 12
nt

N0
D . ~2!

Here,Da is the ambipolar diffusion constant,23,24 t rec is the
recombination time,t t is the trapping time, andN0 is the
total density of traps in the implanted stripes. The spatia
uniform carrier excitation is described by thex-independent
generation termG(t), for which we assume a sech2 pulse
with a full width at half maximum of 200 fs. The trappin
rate 1/t t decreases from a constant value in the implan
stripes to zero outside the stripes. This decrease occurs
a 20-nm-wide transition region, determined from the TRI
simulations. Trap filling and the corresponding decrease
the trapping rate with time are accounted for in the third te
on the RHS of Eq.~1! in conjunction with Eq.~2!. The
degree of trap filling is adjusted by the ratioN0 /*G(t)dt in
the implanted stripes.

The initial exciton ionization22 as well as the thermaliza
tion of carriers with the lattice are not included in the mod
At room temperature, the latter occurs in about a picosec
if carriers are injected at the band edge of GaAs/AlxGa12xAs
quantum wells.25,26 Therefore, Eqs.~1! and ~2! are used for
time delays of 2 ps and longer. Moreover, for these ti
delays, the ambipolar diffusion constantDa for room tem-
perature can be used, neglecting any temperature depend
of diffusion.24
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In order to compare the calculated electron-hole pair d
sity n to the measured pump-probe traces, we assume tha
pump-probe signal is proportional ton.27 Figure 2~a! shows
measured and calculated pump-probe traces at different
sitions across the FIB pattern. For all positions, the calcu
tion was performed withDa510 cm2/s, t rec5250 ps, t t
53 ps, andN0 /*G(t)dt54 to account for trap filling. The
value for Da is reasonable in view of earlier work o
GaAs/AlxGa12xAs heterostructures and quantum wells.23,24

The good agreement between the experimental and the
culated pump-probe traces proves that diffusion substant
affects the dynamics in sampleA and strongly supports th
argument that carrier drift can be neglected. Fig. 2~b! shows
the faster time constantst1 , from double exponential fits to
the measured and calculated pump-probe traces, versus
tion. Again, good agreement is obtained.

More details of the diffusion dynamics can be inferr
from direct measurements of the pump-probe signal ve
distance across the FIB pattern for fixed time delaysDt.
These data are shown in Fig. 3. At an early time delay,Dt
54 ps, we observe a squarelike pump-probe distance de
dence, corresponding to a square-like carrier density pro
At a later time delay,Dt580 ps, a smoother, quasisinusoid
profile is observed. These measurements show a good
the calculated profiles, which use the parameters obta
from the modeling in Fig. 2. The calculated carrier profile
Dt5400 ps is also shown,28 revealing a profile which is al-

FIG. 2. SampleA: ~a! Measured~solid! and calculated~dashed!
pump-probe traces at different positions, see text for the detail
the calculation.~b! Initial decay times from double exponential fi
to measured~squares! and calculated~dashed line! pump-probe
traces vs. position.
-
the

o-
-

al-
lly

osi-

us

n-
e.
l
to

ed
t

most flat. We conclude that the initial squarelike profile
Dt54 ps is a result of the fast carrier trapping in the we
defined FIB implanted stripes. Enhanced diffusion at
edges of the squarelike carrier profile then smoothes out
sharp edges, leading to the quasisinusoidal profile atDt
580 ps. AtDt5400 ps, the flat carrier profile shows th
diffusion has evened out the carrier density gradients.

The smoothing of the initial squarelike carrier profile
Fig. 3 results in the spatially dependent decay timet1 shown
in Fig. 2. Fast decay times are observed close to the ed
due to strong diffusion. In contrast, midway between t
implanted stripes, diffusion is slow and the decay timet1 is
much longer.

These effects can also be understood in the spatial
quency domain. We recall that, in a sinusoidal carrier dis
bution with periodL, the carrier density exponentially decay
due to diffusion with a time constanttD5L2/(4p2Da).29

The linearity of the continuity equation implies that the d
namics of anonsinusoidalperiodic profile is simply the sum
of the dynamics of its harmonic components. These ar
ments show that the higher spatial harmonics of the ini
squarelike carrier profile decay much faster than the fun
mental period due to their smallerL. The fast decay of highe
spatial harmonics corresponds to the smoothing of the ed
of the carrier profile in real space. Since the higher spa
harmonics decay much faster than the fundamental perio
quasisinusoidal profile is expected at long times, as obse
in Fig. 3. With respect to the position dependence of
diffusion decay timetD5L2/(4p2Da), we note that this de-
cay time does not depend on position in sinusoidal car
distributions.29 Summarizing this discussion, we can disti
guish two different diffusion regimes:~i! An initial diffusion
regime, which is characterized by a squarelike carrier pro
containing higher spatial harmonics, and by positio
dependent temporal diffusion decay, and~ii ! a long-time dif-
fusion regime, in which the carrier profile is quasisinusoid
with only weakly position-dependent temporal diffusion d
cay.

We now comment on the physical meaning of the tim
constantst1 and t2 of the double-exponential fit. The tim
constantt1 describes the initial diffusion regime. Close
the edges of the implanted stripes,t1 is much faster than the
recombination time due to the fast diffusion corresponding
the decay of the higher spatial harmonics in the initial diff

of

FIG. 3. SampleA: Measured~solid! and calculated~dashed!
pump-probe signal vs. position for different time delays. Averag
over a 300-nm tip aperture was assumed in the calculation.
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sion regime. Midway between the stripes, the diffusion c
rent is negligible in the initial diffusion regime since th
carrier profile is almost flat with negligible gradient. Ther
fore, t1 reflects the recombination time midway between
implanted stripes in sampleA. In fact, the time constantt1
5250 ps determined experimentally midway between
stripes is identical to the recombination time determined
away from the FIB patterned area.

In the long-time diffusion regime, diffusion withDa
510 cm2/s in a sinusoidal profile with periodL52.1mm
leads to a decay of the carrier density with the time cons
tD5110 ps in sampleA. This number is relatively close to
the recombination timet rec5250 ps. Therefore, both recom
bination and diffusion contribute to the decay of the pum
probe traces from sampleA at long times. This long-time
decay is described by the slow time constantt2 . We have

FIG. 4. SampleB ~200-nm implanted stripes, 400-nm space!:
~a! Measured~solid! and calculated~dashed! normalized pump-
probe trace 0.2mm away from the center of an implanted stripe.~b!
Second decay time, describing the long-time diffusion regime
sampleB, from fits to measured~filled squares! and calculated
~open squares! pump-probe traces and pump-probe amplitude
zero time delay~crosses! vs. position.
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found thatt2 is 200–300 ps from fits to both experimenta
and calculated pump-probe traces, in agreement with
combined recombination and diffusion dynamics. This di
cussion shows, that sampleA is not appropriate for the ex-
perimental observation of the long-time diffusion regime u
perturbed by recombination.

The long-time diffusion regime is experimentally mor
accessible in sampleB ~200-nm implanted stripes, 400-nm
spaces! in which the overall diffusion is much faster due to
the smaller distances. Figure 4~a! shows a measured and a
calculated pump-probe trace. The calculation usesDa
520 cm2/s, t rec5100 ps ~Ref. 17! measured far away
from the FIB patterned area, andt t50.3 ps. The faster trap-
ping time as compared to sampleA reflects the higher im-
plantation dose. Trap filling could be neglected in sampleB
due to the larger dose and the larger ratio of implanted
unimplanted area.

Both the experimental and the calculated pump-pro
traces show a single exponential decay in the time windo
from 2 to 30 ps. This is because the higher spatial harmon
have diffusion decay times of less than 2 ps in sampleB and
the initial diffusion regime is already over at 2 ps. This im
plies that the termA exp(2Dt/t1) of the fit function
A exp(2Dt/t1)1Bexp(2Dt/t2) has decayed to zero in the
time window of observation. Therefore, a single exponent
decay is obtained andt2 can be determined from a fit to the
function B exp(2Dt/t2).

The decay timest2 of measured and calculated traces a
plotted versus position in Fig. 4~b! together with the pump-
probe amplitude atDt50. Between the implanted stripes, th
time constantst2 of about 8 ps are much faster than th
recombination time. Spatial averaging and trapping do n
determine these time constants, as shown by the rise of
amplitude and the arguments presented for sampleA. The
decay between the implanted stripes is dominated by dif
sion in the long-time diffusion regime, unperturbed by th
much slower recombination. The decay time depends o
very weakly on position, as expected for quasisinusoidal c
rier profiles in this regime. We note that diffusion could no
have been studied by far-field transient grating technique30

in sampleB since diffraction of 800-nm light from a grating
with a 600-nm period is impossible.

In conclusion, femtosecond near-field spectroscopy h
allowed us to experimentally observe different diffusion re
gimes in semiconductor nanostructures. The results direc
demonstrate a complex dependence of spatiotemporal ca
dynamics on the lateral structure and the time window
observation.
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