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Femtosecond pump-probe near-field optical microscopy
B. A. Nechay,a) U. Siegner, M. Achermann, H. Bielefeldt,b) and U. Keller
Swiss Federal Institute of Technology Zurich, Institute of Quantum Electronics, ETH Ho¨nggerberg-HPT,
CH-8093 Zu¨rich, Switzerland
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We have developed an instrument for optically measuring carrier dynamics in thin-film materials
with ;150 nm lateral resolution,;250 fs temporal resolution, and high sensitivity. This is achieved
by combining ultrafast pump-probe laser spectroscopic techniques, which measure carrier dynamics
with femtosecond-scale temporal resolution, with the nanometer-scale lateral resolution of near-field
scanning optical microscopes~NSOMs!. We employ a configuration in which carriers are excited by
a far-field pump laser pulse and locally measured by a probe pulse sent through a NSOM tip and
transmitted through the sample in the near field. A novel detection system allows for either
two-color or degenerate pump and probe photon energies, permitting greater measurement
flexibility over earlier published work. The capabilities of this instrument are proven through
near-field degenerate pump-probe studies of carrier dynamics in GaAs/AlGaAs single quantum well
samples locally patterned by focused-ion-beam~FIB! implantation. We find that lateral carrier
diffusion across the nanometer-scale FIB pattern plays a significant role in the decay time of the
excited carriers within;1 mm of the implanted stripes, an effect which could not have been
resolved with a far-field system. ©1999 American Institute of Physics.@S0034-6748~99!03106-8#
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I. INTRODUCTION

Many dynamical processes in condensed matter and
lecular or atomic systems take place on picosecond or
picosecond time scales. Examples include energy relaxa
in semiconductor systems1 and charge transfer processes
molecular nanostructures.2 Though a variety of measureme
techniques can probe such dynamical processes, only
optical techniques have reliably achieved subpicosec
temporal resolution. Ultrafast optical spectroscopic te
niques have yielded a wealth of information about dynam
of electronic excitations in a variety of materials.1,2 How-
ever, the diffraction limited lateral resolution of convention
far-field techniques limits the physical information whic
can be obtained about the properties of nanometer-scale
eral structures, since their inherent inhomogeneity canno
spatially resolved. Furthermore, far-field measurements
tell us little about the transport mechanisms on the sub
cron lateral scale. The investigation of ultrafast dynami
processes on the nanometer scale has gained increasin
terest in recent years with improvements in nanofabrica
technologies leading to nanostructures with potential ap
cations in fields such as lasers and electronic devic3

Therefore, combining ultrafast all-optical spectroscopic te
niques with the advantages of high spatial resolution in
instrument that measures optical signals in the near fi
would prove invaluable in exploring such processes.
though alternate means of measuring near-field optical
nals exist,4 near-field scanning optical microscop
~NSOM!,5,6 in which a nanometer-scale aperture at the e

a!Electronic mail: nechay@iqe.phys.ethz.ch
b!Present address: Experimentalphysik VI, Universitaet Augsb

D-86135 Augsburg, Germany.
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of a fiber is scanned in the near field of a sample, is the m
established and easiest to interpret. NSOM has proven us
in exploring nanometer-scale physics and chemistry in a
riety of materials.4 Recently, a number of groups have su
cessfully combined NSOM with ultrafast optical spectr
scopic techniques to measure carrier dynamics w
femtosecond-scale temporal resolution and nanometer-s
lateral resolution.7–10 This article presents the developme
of a new instrument of this class, which combines a fem
second pump-probe technique with NSOM, and discus
the issues involved. A novel detection system design a
measurement flexibility by allowing for both degenerate a
two-color measurements. Ultrafast measurements of ca
dynamics in nanometer-scale ion implanted single quan
well samples demonstrate the capabilities of the system
;150 nm spatial resolution,;250 fs time resolution, and
high sensitivity—and show that information about physic
processes can be obtained that is not accessible with far-
systems.

II. BACKGROUND

In pump-probe experiments, a pump pulse excites ca
ers in the sample. These excited carriers modify the abs
tion and the refractive index probed by a subsequent pr
pulse. The measurement of the differential probe transm
sion signal, i.e.,DT* Pprobe* h, or reflection signal, i.e.,
DR* Pprobe* h, versus pump-probe time delay gives a me
sure of the dynamics of the excited carrier population. He
DT5Tpump on2T and DR5Rpump on2R ~i.e., the pump-
induced changes in the probe!, T andR are the linear trans-
mission and reflection of the probe, respectively,Pprobeis the
probe power incident on the sample, andh is the collection
,

8 © 1999 American Institute of Physics
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efficiency of the detection system. In the simplest case,DT
andDR are proportional to the excited carrier concentratio1

The time resolution of such a measurement is limi
only by the pump and probe pulsewidths. In all but a sm
handful of experiments, pump and probe excitations are d
in the far field—limiting the achievable lateral resolution
the diffraction limit of l/2. However, this limitation can be
circumvented by incorporating the lateral resolution
NSOM.

In NSOM, a NSOM probe tip confines light to subwav
length dimensions by a nanometer-scale aperture at its a
By raster scanning the tip across the sample in the near fi
i.e., at tip-sample distances much less than the wavelen
nanometer-scale spatial variations of optical properties of
sample can be observed. The NSOM probe tip typically c
sists of an optical fiber which has been tapered to nanome
scale dimensions through either pulling6 or etching11 tech-
niques and then aluminum coated at 90° angles, formin
small, typically ;100 nm size aperture. This aperture siz
along with the tip-sample flying height and thickness of t
active region of the sample, determines the lateral resolu
of NSOM.

One can envision various configurations combining fe
tosecond pump-probe techniques with NSOM. First,
pump and probe pulses can excite the sample either glob
~i.e., far field! or locally ~i.e., through the NSOM tip!, allow-
ing for three possibilities: global pump/local probe, loc
pump/global probe, and local pump and probe. Second,
probe signal can be measured either in reflection or trans
sion. Last, the excitation and detection can either be at
different wavelengths~i.e., two color! or they can be degen
erate.

A few of these configurations have been realized
various groups. Starket al.7 used a two-color global pump
local transmitted probe configuration, where spectral filter
was used to avoid the detection of background pump lig
Smith et al.8 used a degenerate equal-pulse correlat
setup12 with both pump and probe sent through the NSO
tip. Vertikov et al.10 used a global pump with the reflecte
probe measured in near-field collection mode, and use
two-color configuration to separate the differential reflect
signal from the background pump light. Last, though no
pump-probe experiment according to the definition used
this article, Levyet al.9 measured luminescence intensity a
tocorrelation using two equal power global pump pulses
picking up the luminescence with the NSOM tip. In th
experiment, the higher pump photon energy was spectr
filtered out from the luminescence. In the system descri
in this article, a global pump/local transmitted probe config
ration was chosen, shown in Fig. 1~a!, with a novel detection
system that allows for both degenerate or two-color exc
tion. This novel combination allows for a higher degree
measurement flexibility than earlier published work.7–10

The choice between global or local pump excitation
largely determined by the requirements of the chosen exp
ment. Global pump excitation was chosen mainly due to
greater excitation intensity that can be applied in the far fie
as opposed to the near field. Specifically, pump excita
through the NSOM tip is limited in the maximum excitatio
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intensity due to the very low power throughput of NSO
tips and the tip damage threshold of a few mW of inp
power to the fiber.13,14 In global pump excitation, the excita
tion intensity is only limited by the damage thresholds of t
sample so potentially larger nonlinear responses can be m
sured.

Since global pump excitation was chosen, the differe
tial probe transmission signal had to be measured loc
with the NSOM tip. The main consideration in the decisi
between measuring in illumination versus collection mo
was signal-to-noise. The general experience in the NS
experiment community is that there is considerably more s
nal to work within illumination mode NSOM, as opposed
collection mode.4 Therefore, the higher efficiency of illumi
nation mode NSOM determined our preference for this c
figuration.

Signal-to-noise was also the main consideration
choosing a transmission geometry over a reflection ge
etry. Specifically, for samples which have comparable to
reflected and transmitted powers, one would expect tha
larger power can be measured in transmission than in re
tion mode due to a larger solid angle of the collection opt
in transmission. As for two-color versus degenerate exp
ments, the measurements discussed in this article were
done with degenerate pump probe, which suited the phy
being explored for these samples.

III. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1~b!. The home-
built NSOM instrument consists of either a pulled or etch
NSOM tip whose aperture is held within;10 nm of the
sample surface using shear-force feedback.15 Piezoelectric
tuning fork shear force detection16 is used to avoid the ef-
fects of scattered light which can be present in optical fe
back techniques. In our case, we use a 32 768 Hz qu
tuning fork from Grieder Bauteile AG. The sample sta
design and coarse and fine tip approach systems are sim
to the designs described in Ref. 4, Secs. 5.3.4 and 5.5
spectively, while the coarse sample positioning is done w
a manual translation stage. Both the feedback-controlled
sample flying height and the sample scanning are contro
by commercial Park Scientific Instruments Scanning Fo
Microscope electronics, which was adapted for the NSO

A mode-locked laser source~either a home-built Ti:sap-
phire or commercial Cr:LiSAF laser! generates a train o

FIG. 1. ~a! Global-pump, local-probe configuration,~b! experimental setup.
AOM: acousto-optic modulator, GVD: group velocity dispersion.
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;100 fs pulses, at a wavelength of;840 nm and repetition
rate of ;100 MHz, which is split into pump and prob
pulses by a polarizing beamsplitter cube. The pump bea
sent through a motorized variable delay stage, which de
mines the time delay between the pump and probe pulse
is then square-wave modulated at 1 MHz by an acousto-o
modulator~AOM! before being sent up through the NSO
objective and focused onto the sample. The probe puls
first square-wave modulated at 1.05 MHz by an AOM a
then sent through a group velocity dispersion~GVD! pre-
compensation setup. The resulting negatively chirped pr
pulse is then coupled into a single mode NSOM fiber, eme
ing at the output NSOM tip aperture with pulse widths typ
cally below;200 fs. The output from the NSOM tip ape
ture is transmitted through the thin sample in the near fi
and collected in the far field through the NSOM objective
the detection optics and avalanche photodiode~APD!. Fi-
nally, the differential probe transmission signal is measu
at the 50 kHz difference frequency using a lock-in amplifi
Last, the probe and back-reflected pump light collected
the NSOM objective lens can alternatively be directed t
charge-coupled device~CCD! imaging system to facilitate
alignment for pump-probe spatial overlap.

IV. ISSUES OF CONCERN IN ULTRAFAST NSOM

In combining pump-probe spectroscopy with NSOM
various unique issues need to be considered. The most
nificant of these involve signal-to-noise considerations. S
cifically, all NSOM systems are limited by the lack of hig
power throughput for apertures much smaller than the wa
length. For example, the most commonly used NSOM ti
also used in this experiment, are pulled or etched sin
mode fibers whose power throughputs, for a 100 nm aper
at ;800 nm wavelengths, are typically 1026– 1024 for
pulled tips and 1025– 1023 for etched tips. The throughpu
for etched tips is generally larger due to a larger cone an
which minimizes the distance over which evanescent mo
near the tip aperture must propagate, thereby minimizing
power loss. For both types of tips, the power through
strongly depends on the aperture diameter, asd6 from the
Bethe model,17 so that better spatial resolution comes a
great cost of useable signal power. Furthermore, since
maximum input power is limited to a few mW by the dam
age threshold of the aluminum fiber coating,13,14the resulting
NSOM fiber output for a 100 nm aperture is typically le
than 100 nW. In the case of pump-probe measurements
useable signal is decreased even further since it is the
linear differential probe transmission signal,DT* Pprobe* h
not the linear probe transmission, which is measured. For
case of the GaAs/AlGaAs samples discussed in this art
the peak differential probe transmission ratio,DT/T, is
;0.5%, so typical differential probe transmission signals
in the pW range.

This pW range signal is accompanied by large ba
ground signals which include the transmitted probe pow
which is unaffected by the pump and the backreflected pu
power, which cannot be easily avoided with the NSOM g
ometry. These background signals dwarf the differen
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probe transmission signal. Therefore, modulation and lock
detection is used to differentiate between the differen
probe transmission and the unaffected probe and ba
reflected pump. Specifically, as mentioned in the previo
section, the input pump and probe pulse trains are modul
at 1 and 1.05 MHz, respectively. The effect of pump exci
tion on probe transmission corresponds to a nonlinear
sponse which mixes the pump and probe signals, introduc
a differential probe transmission signal at the 50 kHz diff
ence frequency, which can be measured with lock-in de
tion. The high frequencies of the pump and probe modu
tion reduce thermal effects of the tip-sample interactio13

and, together with the high difference frequency, reduce
effect of laser noise.

Despite these measures, the unaffected probe and
back-reflected pump can still affect the measurement by
creasing the measured shot and laser noise or even satur
the detector. Unfortunately, detection of the unaffected pr
signal cannot be avoided, since it cannot be purely optic
separated from the desired differential probe signal. Fo
nately, this unaffected probe signal is small enough tha
does not introduce significant problems, only slightly i
creasing the noise floor above detector dark noise. Howe
the back-reflected pump signal is typically many orders
magnitude larger, so that measures need to be taken to
duce this signal as much as possible. In order to avoid
noise and saturation problems associated with detected p
signal, other groups have used two-color setups with spec
filtering7,9,10 or symmetric arrangements of pump and pro
through equal-pulse correlation, sending both pump a
probe through the fiber so that both the transmitted pump
unaffected transmitted probe background signals are sm8

In the experiment described in this article, two measures
taken to reduce the back-reflected pump while avoiding
wavelength limitations of the two-color requirement and t
limitations on the measurement flexibility in the equal-pu
setup. These are shown in Fig. 2. First, the pump and pr
beams are orthogonally polarized so that a Glan–Thom
polarizer filters out the pump by a factor of typically mo
than 100, and even as high as 500, while passing most o
probe. Though the polarization of the probe light output fro
the NSOM tip is not perfectly linear, measurements rev
that the polarization stays quite constant over the pum
probe measurement period. Therefore, no artifacts are in
duced into the pump-probe scan by the polarization sens

FIG. 2. Detection system, incorporating polarization discrimination an
confocal setup to reduce the back-reflected pump signal. GT: Glan Th
son, APD: avalanche photodiode.
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detection. A second method of reducing the back-reflec
pump light involves a confocal arrangement consisting o
50 mm pinhole that spatially filters out the light outside of
1.25-mm-diam sample area, thereby reducing the ba
reflected pump by as much as a factor of 100.

These precautions significantly improve the attaina
signal-to-noise ratio of our system, allowing us to meas
noise-equivalent powers~NEP! of differential probe trans-
mission signals typically below 1.4 pW~rms!, for a 1 s
lock-in time constant. For a 10 nW~rms! transmitted probe,
this NEP is 1.1 pW~rms!, corresponding to a sensitivity in
the differential probe transmission ratio,DT/T, of ;1
31024.

The dominant source of the measured noise in the
ferential probe transmission signal depends on the t
power of the background signals, including both bac
reflected pump and unaffected probe. Specifically, for
lowest background signal levels, the measured noise is
termined by the dark noise of the detector which, for the c
of the avalanche photodiode~APD! module—i.e., APD plus
amplifier—used as the photodetector in this system, give
dark NEP of typically 350 fW/AHz. At moderate back-
ground signal levels, the measured noise would be do
nated by shot noise, which is proportional to the square r
of the total detected background signal power. Laser no
grows linearly with the background signal power and on
would become significant once one exceeds;1 mW of de-
tected background signal. However, since the backgro
signals in this system range from;5 to ;100 nW, the noise
in the differential probe transmission signal is largely dom
nated by shot noise or detector dark noise.

This has effects in the measurable signal to noise ra
Specifically, if one assumes a small backreflected pu
power, then increasing the probe power~for example, by
increasing tip aperture diameter! much beyond 1mW would
not improve the signal-to-noise ratio since the laser nois
proportional to the probe power. However, in regions wh
the differential probe transmission noise is dominated
shot noise or dark noise, i.e., at detected background si
powers below;1 mW, one can improve the signal-to-nois
by increasing the probe power.

One artifact of the commercial APD module detection
an electrical mixing of the pump and probe pulses in
module. This introduces a time-delay dependent backgro
signal at the 50 kHz difference frequency at which the d
ferential probe transmission signal is measured. For la
back-reflected pump signals, this can be significant eno
to warp the pump-probe trace. In all the measureme
shown in this article, this mixing effect was sufficiently su
pressed by the reduction of the background signals. Ne
theless, new APD designs are being explored which av
this mixing signal and which reduce the dark noise.

Besides signal-to-noise considerations, time resolu
and the limits imposed on it by group velocity dispersi
~GVD! is also an important issue. Of highest concern is
GVD of the NSOM fiber, a meter of which can stretch a 1
fs pulse at 800 nm to a chirped 1 ps pulse. Therefore, a G
precompensation setup was introduced before the fiber
pler in order to add a negative GVD to the pulse, whi
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balances the positive GVD of the;50 cm length of fiber.
The GVD precompensator consisted of a standard two-pr
setup,18 in which different spectral components of the pul
travel different distances, introducing a net negative GV
which depends on prism spacing and insertion. Figure 3~a!
shows the pulsewidth of the output of a 46 cm open-en
fiber after precompensation, deconvoluted from measu
autocorrelation traces, as a function of prism separation, f
90 fs input pulse. As can be seen, the pulsewidth can
largely recovered with proper GVD optimization. This pr
compensation should not be affected by the NSOM tip its
which does not show much effect on GVD.19 Given this
precompensation, we have measured time responses a
as ;250 fs. This is shown in the pump-probe trace of F
3~b!, which was taken on sample 2, described later in t
article. The ;250 fs 10%–90% risetime of this signa
roughly represents the convolution of the sech2-shaped pump
and probe pulses. This time resolution is partially limited
the;150 fs pulsewidth of the pump, which was not preco
pensated for the;11 cm of glass of the AOM and othe
optics. It is expected that this time resolution can be furt
improved by precompensating the pump pulse and also
decreasing the laser output pulsewidth.

One issue of consideration in sending ultrafast pul
through NSOM fibers is the possibility that nonlinear effec
in the fiber,20 such as self phase modulation and stimula
Raman scattering, can warp the spectrum of the meas
output pulse. To explore this effect, spectral measurem
were made on the outputs of open-ended NSOM fibe
where the;100 fs input pulses were first precompensa
for the NSOM fiber length with the prism setup described
the previous paragraph. These measurements are show

FIG. 4. Spectra of precompensated fiber output pulses for various
output powers and fiber input spectrum as a reference.

FIG. 3. ~a! Measured pulse-width at the output of a 46 cm fiber vs spac
between the prisms of the two-prism GVD precompensation setup, f
;90 fs input pulse-width,~b! local pump-probe measurement of sample
described in a later section, showing a temporal resolution of;250 fs.
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Fig. 4. One can see that, for 25 mW output power, the ou
pulse spectrum is significantly warped with respect to
input pulse spectrum—revealing significant nonlinear
fects. However, for output powers below;4 mW, no sig-
nificant nonlinear effects were observed. Though these
sults were measured with open ended fibers, it has b
shown that the subwavelength aperture does not have a
fect on the spectrum.21 Therefore, since optical power
within NSOM fibers cannot be much higher than 4 mW d
to tip damage, the nonlinear effects are not significant.

Last, a major issue of concern in most NSOM measu
ments are topographical artifacts22 in which the topography
of the measured surface can alter the optical image, inde
dent of the variation in optical properties. This is of less
concern in this instrument since the main physics which
explored involves the temporal dependence of the car
dynamics—i.e., the temporal shape of the pump-pro
scan—and how this temporal dependence varies acros
sample, issues in which the topographical artifacts are
significant. However, for samples with larger topographi
variations, topographical artifacts must be taken into acco
when interpreting spatial variations in pump-probe amp
tudes and in determining spatial resolution.

V. INSTRUMENT PERFORMANCE—FIB SAMPLE
RESULTS

In order to prove the capabilities of the system in ter
of its performance and its usefulness for measuring inter

FIG. 5. Two-dimensional scans of pump-probe amplitude at zero time d
~a! and simultaneously measured topographical~b! for sample 1: GaAs/
AlGaAs quantum well with 200 nm FIB implanted stripes and 400 n
spaces.
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ing physics, samples needed to be measured which h
reasonably predictable lateral variation in carrier dynam
The samples chosen were undoped 80 Å single quantum
GaAs/Al0.3Ga0.7As samples with a 12 nm top barrier, whic
were mounted on glass disks and selectively etched to
move the opaque substrates, thus allowing for transmis
experiments. Lateral patterning of damage on the nanom
scale was introduced using FIB implantation of Ga ions at
keV energies. Such ion implantation is known to reduce
measured nonlinearity and to introduce trap states, leadin
fast carrier trapping times.23,24 These samples then had th
advantage of having a flat topographical profile, transit
energies suitable to the available 840 nm laser sources, a
designed lateral profile of ion damage which was known
have strong effects on carrier dynamics. Furthermore,
thin top barrier avoided surface trapping effects while t
optically active well layer stayed close to the sample surfa
thus maintaining good achievable lateral resolution. T
samples were measured, both using the sa
GaAs/Al0.3Ga0.7As quantum well structures, which varie
only in their FIB implantation pattern—200 nm implante
stripes at a;331012 ions/cm2 dose with 400 nm spaces be
tween stripes for sample 1, and 100 nm stripes at a;8
31011 ions/cm2 dose with 2mm spaces for sample 2. Al
measurements were performed at 300 K, exciting at the b
edge with a pump fluence of;4 mJ/cm2.

y
FIG. 6. Two-dimensional scan of sample 2~GaAs/AlGaAs quantum well
with 100 nm FIB implanted stripes and 2mm spaces! where the measured
optical signal is changed during the scan as shown.DT: differential probe
transmission signal at 40 ps time delay,T: linear probe transmission,B:
detector blocked.
FIG. 7. ~a! Normalized pump-probe scans and~b! pump-probe amplitude at zero time delay~3! and decay time from a single-exponential fit~j! vs distance
across the sample, for sample 1. The gray region corresponds to the implanted stripe.
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Figure 5 shows a two-dimensional~2D! image of the
amplitude of the pump-probe signal~at zero time delay! and
topography across the area of sample 1. One can cle
distinguish variations in the pump-probe amplitude patt
which follow the 600 nm period of the FIB implantatio
pattern, where the low signals~dark regions! correspond to
smaller nonlinearities expected for higher implantati
doses.23 It should be noted that this pattern is not seen in
topographical plot, proving that the measured optical patt
is not a topographical artifact.22

Figure 6 shows a 2D scan of sample 2, in which t
NSOM tip was scanned across the surface of the sam
while various optical signals were measured—either am
tude of the pump-probe signal (DT), linear probe transmis
sion~T!, or probe light blocked~B!—as shown. Though the 2
mm periodicity of the implantation profile is clearly visible i
the pump-probe amplitude variation, no such correlation
seen in the linear probe transmission profile. This shows
it is the nonlinear response of the sample which is measu
not the linear response.

A series of pump-probe time-domain measureme
were taken at various positions across the FIB pattern of
5. Figure 7~a! shows normalized plots of a few of thes
scans, while Fig. 7~b! shows the amplitude of these sca
and their decay time from a single-exponential fit versus d
tance across the FIB pattern. The 10%–90% lateral ris
the amplitude plot reveals a lateral resolution as high
;150 nm. Indeed, this is a conservative estimate of lat
resolution since it assumes a step-like variation in the
plantation profile, whereasTRIM25 simulations suggested tha
the lateral damage was spread by;20 nm.

An interesting point in both the normalized pump-pro
scans of Fig. 7~a! and the decay time profile of Fig. 7~b! is
that the decay time over the region between the stripe
relatively constant at about 8 ps, much smaller than the
ps recombination decay times measured in unimplanted a
far away from the implantation-patterned region. This eff
cannot be purely due to spatial averaging of the NSOM
since the amplitude signal shows that variations on
length scale can be spatially resolved. Furthermore, this
fect cannot be due to lateral spread of the damage since
large amplitude signal in the unimplanted regions shows
the damage is mainly confined to the 200 nm implan
stripe. Therefore, since the fast decay times cannot be

FIG. 8. Fast decay time constant from a double-exponential fit~d! and
pump-probe amplitude at zero time delay~j! vs distance across sample
The gray region corresponds to the implanted stripe.
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plained by any local characteristic of the material, it must
due to a nonlocal effect of transport. Since drift effects a
expected to be insignificant, we conclude that, besides
slow recombination of electron hole pairs, the carrier dyna
ics in the unimplanted regions of the sample are stron
affected by diffusion, which has also been shown to aff
the decay of carriers in other types of semiconduc
nanostructures.8,9,26 Specifically, the initial excited carrie
concentration is reduced at the implanted stripes due to
trapping. The resulting concentration gradient causes car
in the unimplanted regions to diffuse toward the implant
stripes and get trapped. Therefore, the excited carrier con
trations in the unimplanted regions are quickly depleted
this diffusion process, at a rate which is much faster than
recombination rate and which is relatively independent of
distance across the implantation pattern.

The effect of diffusion on carrier dynamics can also
seen in measurements of sample 2, whose 2mm spacing
allowed us to study carrier dynamics farther away from
FIB stripe. A higher-throughput,;300 nm aperture size
NSOM tip was used here. Figure 8 shows the pump-pr
amplitude and fast decay time from a double-exponentia
as a function of distance across the FIB pattern. Indeed,
decay time is roughly constant over a distance of;800 nm
around the implanted stripe—consistent with the results s
on sample 1—and increases to a value equal to the meas
recombination time of 250 ps half way between the i
planted stripes. The spatial profile of the diffusive comp
nent of the decay time roughly follows a quadratic distan
dependence.27 This is plausible since carriers excited close
the edges of the implanted stripe have a shorter distanc
diffuse, resulting in enhanced diffusion, whereas diffusion
carriers excited;1 mm from the stripes is suppressed so th
the decay in the carrier population is dominated by recom
nation. It is clear that the strong variation of the diffusio
dynamics on a sub-mm scale could not have been resolv
with a far-field system. These results demonstrate that
development of a femtosecond-scale time-resolved NS
opens up new possibilities for measuring the physics of c
rier dynamics in nanometer-scale structures.
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