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We have developed an instrument for optically measuring carrier dynamics in thin-film materials
with ~150 nm lateral resolution;y 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 microscop@dSOMs. 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-be@fB) 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 withinr~1 um of the implanted stripes, an effect which could not have been
resolved with a far-field system. @999 American Institute of Physid$§0034-67489)03106-§

I. INTRODUCTION of a fiber is scanned in the near field of a sample, is the most
established and easiest to interpret. NSOM has proven useful
Many dynamical processes in condensed matter and maa exploring nanometer-scale physics and chemistry in a va-
lecular or atomic systems take place on picosecond or subiety of materials' Recently, a number of groups have suc-
picosecond time scales. Examples include energy relaxatiotessfully combined NSOM with ultrafast optical spectro-
in semiconductor systerhand charge transfer processes inscopic techniques to measure carrier dynamics with
molecular nanostructurésThough a variety of measurement femtosecond-scale temporal resolution and nanometer-scale
techniques can probe such dynamical processes, only allateral resolutiod2° This article presents the development
optical techniques have reliably achieved subpicosecondf a new instrument of this class, which combines a femto-
temporal resolution. Ultrafast optical spectroscopic techsecond pump-probe technique with NSOM, and discusses
nigues have yielded a wealth of information about dynamicghe issues involved. A novel detection system design adds
of electronic excitations in a variety of materiais.How- measurement flexibility by allowing for both degenerate and
ever, the diffraction limited lateral resolution of conventional two-color measurements. Ultrafast measurements of carrier
far-field techniques limits the physical information which dynamics in nanometer-scale ion implanted single quantum
can be obtained about the properties of nanometer-scale latell samples demonstrate the capabilities of the system—
eral structures, since their inherent inhomogeneity cannot ber150 nm spatial resolution;-250 fs time resolution, and
spatially resolved. Furthermore, far-field measurements cahigh sensitivity—and show that information about physical
tell us little about the transport mechanisms on the submiprocesses can be obtained that is not accessible with far-field
cron lateral scale. The investigation of ultrafast dynamicasystems.
processes on the nanometer scale has gained increasing in-
terest in recent years with improvements in nanofabrication
technologies leading to nanostructures with potential appli; BACKGROUND
cations in fields such as lasers and electronic devices.
Therefore, combining ultrafast all-optical spectroscopic tech-  In pump-probe experiments, a pump pulse excites carri-
nigues with the advantages of high spatial resolution in arers in the sample. These excited carriers modify the absorp-
instrument that measures optical signals in the near fieltion and the refractive index probed by a subsequent probe
would prove invaluable in exploring such processes. Al-pulse. The measurement of the differential probe transmis-
though alternate means of measuring near-field optical sigsion signal, i.e.,AT* Py, 7, or reflection signal, i.e.,
nals exist near-field scanning optical microscopy AR*Pyone 77, Versus pump-probe time delay gives a mea-
(NSOM),>® in which a nanometer-scale aperture at the endure of the dynamics of the excited carrier population. Here,
AT=Tpump o T and AR=Rymp oi- R (i.€., the pump-
3Electronic mail: nechay@ige.phys.ethz.ch induced changes in the probd andR are the linear trans-

bpresent address: Experimentalphysik VI, Universitaet AugsburgMission and r_eﬂe_Ction of the probe, reSPe_CtiVﬂ)(nobeiS the
D-86135 Augsburg, Germany. probe power incident on the sample, ands the collection
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efficiency of the detection system. In the simplest casE,
andAR are proportional to the excited carrier concentration.
The time resolution of such a measurement is limited

(b)

NSOM fiber,

only by the pump and probe pulsewidths. In all but a small lensee> JNSOM tip
handful of experiments, pump and probe excitations are done g S2mple fRleke{Gvp sample
. . e . . \ Transparent AOM [precomp [jobjectlve
in the far field—limiting the achievable lateral resolution to By Substrate pump NSOM
the diffraction limit of A/2. However, this limitation can be ' —— A

> AOM

circumvented by incorporating the lateral resolution of e
NSOM. system
In NSOM, a NSOM probe tip confines light to subwave-
length dimensions by a hanometer-scale aperture at its apex.. obal- local-orob " ‘ _ |
By raster scanning the tip across the sample in the near fiel G. 1. (@) Global-pump, local-probe configuratiofh) experimental setup.

. . " OM: acousto-optic modulator, GVD: group velocity dispersion.
i.e., at tip-sample distances much less than the wavelength,

nanorlneter-st(): alebspatla:jv?rrkl]atllt\)lgso?\;optltt:)al t[_arotpe.rtlelT of thfentensity due to the very low power throughput of NSOM
sample can be observed. The probe tip typica yCOn’[ips and the tip damage threshold of a few mW of input
sists of an optical fiber which has been tapered to nanomete

scale dimensions through either pullfngr etchind* tech-

40X
Objective

Bower to the fibet3241n global pump excitation, the excita-
tion intensity is only limited by the damage thresholds of the

niques an-d then aIummum coated at 90 gngles, formmg gample so potentially larger nonlinear responses can be mea-
small, typically ~100 nm size aperture. This aperture size,g red

along with the tip-sample flying height and thickness of the Since global pump excitation was chosen, the differen-
active region of the sample, determines the lateral resolutiop, probe transmission signal had to be measured locally

of NSOM. . _ _ _ . with the NSOM tip. The main consideration in the decision
One can envision various configurations combining féM-,oyeen measuring in illumination versus collection mode
tosecond pump-probe techniques with NSOM. First, thg, . signal-to-noise. The general experience in the NSOM
pump and probe pulses can excite the sample either globally, e iment community is that there is considerably more sig-
(i.e., far field or locally (i.e., through the NSOM tip allow- 5 5 \work within illumination mode NSOM, as opposed to
ing for three possibilities: global pump/local probe, local ;q)iection modé: Therefore, the higher efficiency of illumi-

pump/global probe, and local pump and probe. Second, thgation mode NSOM determined our preference for this con-
probe signal can be measured either in reflection or transm'?rguration.

sion. Last, the excitation and detection can either be at two
different wavelengthsi.e., two coloj or they can be degen- ¢hoosing a transmission geometry over a reflection geom-

erate. _ _ _ etry. Specifically, for samples which have comparable total
A few of these conﬂ?guratlons have been realized byiefiected and transmitted powers, one would expect that a
various groups. Starkt al.” used a two-color global pump/  |grger power can be measured in transmission than in reflec-
local transmitted probe conﬁggratlon, where spectral f||te.r|ng;£iOn mode due to a larger solid angle of the collection optics
was used to avoid the detection of background pump lighti, {ransmission. As for two-color versus degenerate experi-

. 8 .
Sm'thz etal’ used a degenerate equal-pulse correlation,ents the measurements discussed in this article were all
s_etuﬁ with both pump and probe sent through the NSOMygne with degenerate pump probe, which suited the physics
tip. Vertikov et al.” used a global pump with the reflected being explored for these samples.

probe measured in near-field collection mode, and used a
two-color configuration to separate the differential reflection
signal from the background pump light. Last, though not a”l' EXPERIMENTAL SETUP
pump-probe experiment according to the definition used in  The experimental setup is shown in FigblL The home-
this article, Levyet al® measured luminescence intensity au-built NSOM instrument consists of either a pulled or etched
tocorrelation using two equal power global pump pulses andNSOM tip whose aperture is held withir10 nm of the
picking up the luminescence with the NSOM tip. In this sample surface using shear-force feedb@cRiezoelectric
experiment, the higher pump photon energy was spectralljuning fork shear force detectithis used to avoid the ef-
filtered out from the luminescence. In the system describefects of scattered light which can be present in optical feed-
in this article, a global pump/local transmitted probe configu-back techniques. In our case, we use a 32768 Hz quartz
ration was chosen, shown in Figial, with a novel detection tuning fork from Grieder Bauteile AG. The sample stage
system that allows for both degenerate or two-color excitadesign and coarse and fine tip approach systems are similar
tion. This novel combination allows for a higher degree ofto the designs described in Ref. 4, Secs. 5.3.4 and 5.5, re-
measurement flexibility than earlier published wérk? spectively, while the coarse sample positioning is done with
The choice between global or local pump excitation isa manual translation stage. Both the feedback-controlled tip-
largely determined by the requirements of the chosen expersample flying height and the sample scanning are controlled
ment. Global pump excitation was chosen mainly due to thddy commercial Park Scientific Instruments Scanning Force
greater excitation intensity that can be applied in the far fieldMicroscope electronics, which was adapted for the NSOM.
as opposed to the near field. Specifically, pump excitation A mode-locked laser sourdeither a home-built Ti:sap-
through the NSOM tip is limited in the maximum excitation phire or commercial Cr:LiSAF lasgmgenerates a train of

Signal-to-noise was also the main consideration in
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~100 fs pulses, at a wavelength e840 nm and repetition
rate of ~100 MHz, which is split into pump and probe
pulses by a polarizing beamsplitter cube. The pump beam is
sent through a motorized variable delay stage, which deter-
mines the time delay between the pump and probe pulses. It
is then square-wave modulated at 1 MHz by an acousto-optic
modulator(AOM) before being sent up through the NSOM
objective and focused onto the sample. The probe pulse is
first square-wave modulated at 1.05 MHz by an AOM and
then sent through a group velocity dispersi@VvD) pre-
compensation setup. The resulting negatively chirped prObEIG. 2. Detection system, incorporating polarization discrimination and a

pulse is then coupled into a single mode NSOM fiber, emergeonfocal setup to reduce the back-reflected pump signal. GT: Glan Thom-
ing at the output NSOM tip aperture with pulse widths typi- son, APD: avalanche photodiode.

cally below ~200 fs. The output from the NSOM tip aper-
ture is transmitted through the thin sample in the near fielyrope transmission signal. Therefore, modulation and lock-in
and collected in the far field through the NSOM objective togetection is used to differentiate between the differential
the detection optics and avalanche photodi¢d®D). Fi-  prope transmission and the unaffected probe and back-
nally, the differential probe transmission signal is measuregeflected pump. Specifically, as mentioned in the previous
at the 50 kHz difference frequency using a I_ock-in amplifier.section, the input pump and probe pulse trains are modulated
Last, the probe and back-reflected pump light collected byt 1 and 1.05 MHz, respectively. The effect of pump excita-
the NSOM objective lens can alternatively be directed to &jon on probe transmission corresponds to a nonlinear re-
charge-coupled deviceCCD) imaging system to facilitate  sponse which mixes the pump and probe signals, introducing
alignment for pump-probe spatial overlap. a differential probe transmission signal at the 50 kHz differ-
ence frequency, which can be measured with lock-in detec-
tion. The high frequencies of the pump and probe modula-
tion reduce thermal effects of the tip-sample interacfion

In combining pump-probe spectroscopy with NSOM, and, together with the high difference frequency, reduce the
various unique issues need to be considered. The most sigffect of laser noise.
nificant of these involve signal-to-noise considerations. Spe- Despite these measures, the unaffected probe and the
cifically, all NSOM systems are limited by the lack of high back-reflected pump can still affect the measurement by in-
power throughput for apertures much smaller than the waveereasing the measured shot and laser noise or even saturating
length. For example, the most commonly used NSOM tipsthe detector. Unfortunately, detection of the unaffected probe
also used in this experiment, are pulled or etched singlesignal cannot be avoided, since it cannot be purely optically
mode fibers whose power throughputs, for a 100 nm aperturseparated from the desired differential probe signal. Fortu-
at ~800 nm wavelengths, are typically 19-10 % for  nately, this unaffected probe signal is small enough that it
pulled tips and 10°-10 2 for etched tips. The throughput does not introduce significant problems, only slightly in-
for etched tips is generally larger due to a larger cone anglesreasing the noise floor above detector dark noise. However,
which minimizes the distance over which evanescent modethe back-reflected pump signal is typically many orders of
near the tip aperture must propagate, thereby minimizing thenagnitude larger, so that measures need to be taken to re-
power loss. For both types of tips, the power throughputduce this signal as much as possible. In order to avoid the
strongly depends on the aperture diameterdagrom the  noise and saturation problems associated with detected pump
Bethe model’ so that better spatial resolution comes at asignal, other groups have used two-color setups with spectral
great cost of useable signal power. Furthermore, since thiiitering”®*° or symmetric arrangements of pump and probe
maximum input power is limited to a few mW by the dam- through equal-pulse correlation, sending both pump and
age threshold of the aluminum fiber coatitig*the resulting  probe through the fiber so that both the transmitted pump and
NSOM fiber output for a 100 nm aperture is typically lessunaffected transmitted probe background signals are $mall.
than 100 nW. In the case of pump-probe measurements, tha the experiment described in this article, two measures are
useable signal is decreased even further since it is the notaken to reduce the back-reflected pump while avoiding the
linear differential probe transmission signd;T* P e 7 wavelength limitations of the two-color requirement and the
not the linear probe transmission, which is measured. For thimitations on the measurement flexibility in the equal-pulse
case of the GaAs/AlGaAs samples discussed in this articlesetup. These are shown in Fig. 2. First, the pump and probe
the peak differential probe transmission ratid;T/T, is  beams are orthogonally polarized so that a Glan—Thomson
~0.5%, so typical differential probe transmission signals liepolarizer filters out the pump by a factor of typically more
in the pW range. than 100, and even as high as 500, while passing most of the

This pW range signal is accompanied by large backprobe. Though the polarization of the probe light output from
ground signals which include the transmitted probe powethe NSOM tip is not perfectly linear, measurements reveal
which is unaffected by the pump and the backreflected pumghat the polarization stays quite constant over the pump-
power, which cannot be easily avoided with the NSOM ge-probe measurement period. Therefore, no artifacts are intro-
ometry. These background signals dwarf the differentialduced into the pump-probe scan by the polarization sensitive

GT 50pm
polarizer pinhole

PUP

IV. ISSUES OF CONCERN IN ULTRAFAST NSOM
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detection. A second method of reducing the back-reflected
pump light involves a confocal arrangement consisting of a

-
5
=

(b)

50 um pinhole that spatially filters out the light outside of a @20 N § L

1.25um-diam sample area, thereby reducing the back- 515 LN P j% = Risetime

reflected pump by as much as a factor of 100. g! . £ 20k
These precautions significantly improve the attainable & s § )

signal-to-noise ratio of our system, allowing us to measure 0 ’5_08‘_0-4 varvmsvem

noise-equivalent power€NEP) of differential probe trans- " brism Sporing (ap  TimeDelay ps)

mission signals typically below 1.4 pWmsg), for a 1 s

lock-in time constant. For a 10 nWms) transmitted probe, g, 3. (a) Measured pulse-width at the output of a 46 cm fiber vs spacing
this NEP is 1.1 pW(rms), corresponding to a sensitivity in between the prisms of the two-prism GVD precompensation setup, for a
the differential probe transmission rati¢d T/T, of ~1 ~90 fs input pulse-width(b) local pump-probe measurement of sample 2,
X104 described in a later section, showing a temporal resolution 280 fs.

The dominant source of the measured noise in the dif- » ]
ferential probe transmission signal depends on the totdt@lances the positive GVD of the50 cm length of fiber.
power of the background signals, including both back-1he (?;/D pre.compensator consisted of a standard two-prism
reflected pump and unaffected probe. Specifically, for the®®tUP:” in which different spectral components of the pulse
lowest background signal levels, the measured noise is ddf@vel different distances, introducing a net negative GVD
termined by the dark noise of the detector which, for the cas¥/Nich depends on prism spacing and insertion. Figue 3
of the avalanche photodiod&PD) module—i.e., APD plus shows the pulsewidth of the output of a 46 cm open-ended

amplifier—used as the photodetector in this system, gives Bo€r after precompensation, deconvoluted from measured
dark NEP of typically 350fVV\(/H_Z. At moderate back- autocorrelation traces, as a function of prism separation, for a

ground signal levels, the measured noise would be domis-)0 fs input pulse. As can be seen, the pulsewidth can be

; o ; ly recovered with proper GVD optimization. This pre-
nated by shot noise, which is proportional to the square rooltarge _ )
of the total detected background signal power. Laser noisgompensation should not be affected by the NSOM up itself,

grows linearly with the background signal power and onIyWhICh does npt show much effect on _G\}b.leen this
would become significant once one exceeds uW of de- precompensation, we have measured time responses as fast

tected background signal. However, since the backgroun S~250. fs. This is shown in the pump—pro_be trace qf F'g.'
signals in this system range from5 to ~100 nW, the noise (b), which was taken on sample 2, described later in this

in the differential probe transmission signal is largely domi-amde' The ~250 fs 10%_90% risetime of this signal
nated by shot noise or detector dark noise. roughly represents the cpnvolutlon (.)f th_e sgest_lapeo! pump
This has effects in the measurable signal to noise ratiof?md probe pulses. This time resolution is partially limited by
he ~150 fs pulsewidth of the pump, which was not precom-

Specifically, if one assumes a small backreflected pum
power, then increasing the probe pow@or example, by peqsated_ jonine=LLcm of_gla_lss of the AOM andiomer
optics. It is expected that this time resolution can be further

increasing tip aperture diametenuch beyond uW would . db tina th | d also b
not improve the signal-to-noise ratio since the laser noise i proved by precompensating the pump puise and aiso by
ecreasing the laser output pulsewidth.

proportional to the probe power. However, in regions where one i p ideration | di ltrafast oul
the differential probe transmission noise is dominated byh nher\l|ssscgﬁ/| ?’b consi tﬁra lon 'IS'I'?ert]hlrt]g u rra as ?fu st
shot noise or dark noise, i.e., at detected background signl‘tl roug IDErS 1S the POsSIDIity that noniinear etiects

powers below~1 W, one can improve the signal-to-noise the fiber?® such as self phase modulation and stimulated
by increasing the/:) ro,be power Raman scattering, can warp the spectrum of the measured
One artifact of the commercial APD module detection isOUtpm pulse. To explore this effect, speciral measure_ments
an lecal mbing of th pump and prov pules n TE A O e SubuS of obeendes NSO T
module. This introduces a time-delay dependent backgroun . . i . .
y dep 9 or the NSOM fiber length with the prism setup described in

signal at the 50 kHz difference frequency at which the dif- . h. Th A h .
ferential probe transmission signal is measured. For Iarggﬁ|e previous paragraph. these measurements are shown in

back-reflected pump signals, this can be significant enough

to warp the pump-probe trace. In all the measurements 2 0T [—mw ’
shown in this article, this mixing effect was sufficiently sup- SO L 5
pressed by the reduction of the background signals. Never- § — ﬁg‘)l‘ﬁ’ ,
theless, new APD designs are being explored which avoid g 06T ,;‘
this mixing signal and which reduce the dark noise. & gad ,,f’
Besides signal-to-noise considerations, time resolution E ot &
and the limits imposed on it by group velocity dispersion 75 '
(GVD) is also an important issue. Of highest concern is the <Z‘5 0.0 T T T T ]
GVD of the NSOM fiber, a meter of which can stretch a 100 815 820 825 830 835 840
fs pulse at 800 nm to a chirped 1 ps pulse. Therefore, a GVD Wavelength (nm)

precqmpensation setup was i_ntrOduced before the fiber COWG. 4. Spectra of precompensated fiber output pulses for various fiber
pler in order to add a negative GVD to the pulse, whichoutput powers and fiber input spectrum as a reference.
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FIG. 5. Two-dimensional scans of pump-probe amplitude at zero time deIa*gIG 6. Twodi ional ¢ le(GaAs/AIGaA . i
(8 and simultaneously measured topographidal for sample 1: GaAs/ >+ 0- 'Wo-dimensional scan of samplelaans S quantum we
AlGaAs quantum well with 200 nm FIB implanted stripes and 400 nm With 100 nm FIB implanted stripes and2m spaceswhere the measured
spaces. optical _S|g_nal is changed durm_g the scan as shaWwh. dlfferentlgl probe
transmission signal at 40 ps time deldy, linear probe transmissiorB:

. locked.
Fig. 4. One can see that, for 25 mW output power, the outpu‘iietecmr blocked

pulse spectrum is significantly warped with respect to the
input pulse spectrum—revealing significant nonlinear ef-ing physics, samples needed to be measured which had a
fects. However, for output powers below4 mW, no sig- reasonably predictable lateral variation in carrier dynamics.
nificant nonlinear effects were observed. Though these reFhe samples chosen were undoped 80 A single quantum well
sults were measured with open ended fibers, it has beeBaAs/Al, Ga, ;As samples with a 12 nm top barrier, which
shown that the subwavelength aperture does not have an efrere mounted on glass disks and selectively etched to re-
fect on the spectruft Therefore, since optical powers move the opaque substrates, thus allowing for transmission
within NSOM fibers cannot be much higher than 4 mW dueexperiments. Lateral patterning of damage on the nanometer
to tip damage, the nonlinear effects are not significant. scale was introduced using FIB implantation of Ga ions at 50

Last, a major issue of concern in most NSOM measurekeV energies. Such ion implantation is known to reduce the
ments are topographical artifattsn which the topography measured nonlinearity and to introduce trap states, leading to
of the measured surface can alter the optical image, indepefast carrier trapping times:>* These samples then had the
dent of the variation in optical properties. This is of lesseradvantage of having a flat topographical profile, transition
concern in this instrument since the main physics which arenergies suitable to the available 840 nm laser sources, and a
explored involves the temporal dependence of the carrietlesigned lateral profile of ion damage which was known to
dynamics—i.e., the temporal shape of the pump-probéave strong effects on carrier dynamics. Furthermore, the
scan—and how this temporal dependence varies across thigin top barrier avoided surface trapping effects while the
sample, issues in which the topographical artifacts are nadptically active well layer stayed close to the sample surface,
significant. However, for samples with larger topographicalthus maintaining good achievable lateral resolution. Two
variations, topographical artifacts must be taken into accourdamples were measured, both using the same
when interpreting spatial variations in pump-probe ampli-GaAs/Al, {Ga, -As quantum well structures, which varied
tudes and in determining spatial resolution. only in their FIB implantation pattern—200 nm implanted

stripes at a~3x 10*?jons/cnt dose with 400 nm spaces be-

V. INSTRUMENT PERFORMANCE—FIB SAMPLE tween stripes for sample 1, and 100 nm stripes at &
RESULTS X 10 ions/cn? dose with 2um spaces for sample 2. All

In order to prove the capabilities of the system in termsmeasurements were performed at 300 K, exciting at the band
of its performance and its usefulness for measuring interesedge with a pump fluence of4 uJ/cnt.

(a) (b)
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FIG. 7. () Normalized pump-probe scans afll pump-probe amplitude at zero time delay) and decay time from a single-exponential(lt) vs distance
across the sample, for sample 1. The gray region corresponds to the implanted stripe.



Rev. Sci. Instrum., Vol. 70, No. 6, June 1999 Nechay et al. 2763

300 Lo plained by any local characteristic of the material, it must be
—~ 250 5 due to a nonlocal effect of transport. Since drift effects are
S50 0.9.8 expected to be insignificant, we conclude that, besides the
E 150 = slow recombination of electron hole pairs, the carrier dynam-
E; (’éb_ ics in the unimplanted regions of the sample are strongly
5100 085 affected by diffusion, which has also been shown to affect
5 = . . .

A 50 £ the decay of carriers in other types of semiconductor
0 . 2 0.7 nanostructure$®2% Specifically, the initial excited carrier
08 -04 00 04 08 concentration is reduced at the implanted stripes due to fast
Distance (um) trapping. The resulting concentration gradient causes carriers

in the unimplanted regions to diffuse toward the implanted
FIG. 8. Fast decay time constant from a double-exponentia@jtand  Stripes and get trapped. Therefore, the excited carrier concen-
pump-probe amplitude at zero time deid®) vs distance across sample 2. trations in the unimplanted regions are quickly depleted by
The gray region corresponds to the implanted stripe. this diffusion process, at a rate which is much faster than the

recombination rate and which is relatively independent of the

Figure 5 shows a two-dimensionéD) image of the distance across the implantation pattern.
amplitude of the pump-probe signt zero time delayand The effect of diffusion on carrier dynamics can also be
topography across the area of sample 1. One can clearE€n in measurements of sample 2, whosgn2 spacing
distinguish variations in the pump-probe amplitude patterrfilowed us to study carrier dynamics farther away from the
which follow the 600 nm period of the FIB implantation F!B stripe. A higher-throughput~300 nm aperture size
pattern, where the low signalglark regions correspond to  NSOM tip was used here. Figure 8 shows the pump-probe
smaller nonlinearities expected for higher implantationamp"'fUde and fast decay time from a double-exponential fit
dose<? It should be noted that this pattern is not seen in thedS @ function of distance across the FIB pattern. Indeed, the

topographical plot, proving that the measured optical patter§€cay time is roughly constant over a distance-&00 nm
is not a topographical artifaét. around the implanted stripe—consistent with the results seen

Figure 6 shows a 2D scan of sample 2, in which the®" Sample 1—and increases to a value equal to the measured

NSOM tip was scanned across the surface of the sampl&combination time of 250 ps half way between the im-
while various optical signals were measured—either ampliPlanted stripes. The spatial profile of the diffusive compo-
tude of the pump-probe signal{), linear probe transmis- nent of the decay time roughly follows a quadratic distance
sion(T), or probe light blockedB)—as shown. Though the 2 dependencé’ This is plausible since carriers excited close to
um periodicity of the implantation profile is clearly visible in the edges of the implanted stripe have a shorter distance to
the pump-probe amplitude variation, no such correlation idiffuse, resulting in enhanced diffusion, whereas diffusion of
seen in the linear probe transmission profile. This shows thfarriers excited~1 um from the stripes is suppressed so that
it is the nonlinear response of the sample which is measuredl€ decay in the carrier population is dominated by recombi-
not the linear response. nation. It is clear that the strong variation of the diffusion
A series of pump-probe time-domain measurement@)’”amics on a suldm scale could not have been resolved
were taken at various positions across the FIB pattern of Figlith a far-field system. These results demonstrate that the
5. Figure 7a) shows normalized plots of a few of these development of a femtosecond-scale time-resolved NSOM
scans, while Fig. () shows the amplitude of these scans©P€ns up new possibilities for measuring the physics of car-
and their decay time from a single-exponential fit versus disfi€r dynamics in nanometer-scale structures.
tance across the FIB pattern. The 10%—-90% lateral rise in
the amplitude plot reveals a lateral resolution as high aaCKNOWLEDGMENTS
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