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We have developed a femtosecond-resolved near-field scanning optical microscope, using a
diffraction-limited pump and near-field probe configuration, which allows us to measure carrier
dynamics with a spatial resolution 6f150 nm and a time resolution ef250 fs. This instrument

is used for near-field degenerate pump—probe studies of carrier dynamics in GaAs/AlGaAs single
guantum well samples locally patterned by focused-ion-bégiB) implantation. We find that
lateral carrier diffusion across the nanometer-scale FIB pattern plays a significant role in the decay
of the excited carriers. €999 American Institute of PhysidsS0003-695099)02901-0

Ultrafast optical spectroscopy has yielded a wealth ofeffect of laser noise. Differential probe transmission is mea-
information about carrier dynamics in semiconducfors. sured at the 50 kHz difference frequency versus time delay
However, conventional far-field techniques give only limited At between the pump and probe pulses using a lock-in tech-
physical information about the properties of nanometer-scalaique. The carrier dynamics can then be extracted from this
lateral structures since their inherent inhomogeneity cannaiata.
be spatially resolved due to diffraction-limited resolution. In order to limit shot noise and laser noise, backscattered
Furthermore, far-field measurements can tell us little aboupump light is minimized by a confocal setup, which reduces
the transport mechanisms on the submicron lateral scale. lthe sample area over which light is collected, and by using
order to circumvent these limitations, far-field ultrafast opti- polarization discrimination. No spectral filtering is needed,
cal spectroscopic techniques can be combined with thavoiding the need for complicated two-color laser seftps.
nanometer-scale lateral resolution of optical measuremenid/e are able to measure differential probe transmission below
obtained with near-field scanning optical microscopyl10 *, despite the low (10%°—10"°) power throughput of the
(NSOM).22 So far, only very few such effots’ have been NSOM tips.
reported. This letter discusses the development of an instru- In order to prove the capabilities of the femtosecond
ment which combines a femtosecond degenerate pumpNSOM, we measured two implantation patterned samples.
probe technique with NSOM. Ultrafast measurements of carBoth samples consist of 80 A GaAsiAGa -As single
rier dynamics in nanometer-scale ion-implanted singlequantum wells, which were mounted on glass disks and se-
quantum well samples prove that information about physicalectively etched to remove the GaAs substrates. The 12 nm
processes can be obtained with a spatial resolutior1B0  thickness of the top Al:Ga 7As barrier keeps the quantum
nm and a time resolution of250 fs. We find that the decay Well within the near field of the tip for optimal spatial reso-
time around the ion-implanted structures is strongly influ-lution. Nanometer-width implantation stripes were laterally
enced by lateral carrier diffusion on the nanometer scalepatterned on these samples by focused-ion-b&ai) im-

This effect cannot be measured with a far-field system.

The ultrafast NSOM, shown in Fig.(d), combines a ) NSOM fiber
. . 1
home-built NSOM with a standard degenerate femtosecond
pump—probe setup. The NSOM instrument consists of a le“s‘?’ NSOM tip
standard pulled or etched Al-coated fiber which is scanned EMD_GVD Tjsafnplg
across the sample, with tip-to-sample distances keptit AOM [PTEOR] | [ fobjective
. : pump NSOM
nm through shear-force feedback using tuning fork L
. D, E— —
detectior? A laser source generates100 fs pulses at 840 <-— Rt 7
nm. The pump pulse excites carriers globally through the detectionl
NSOM objective lens. The probe pulse is first precompen- - SyStem
sated for the group velocity dispersion of the60 cm ® 3
NSOM fiber and then transmitted through the NSOM tip and g
the sample to an avalanche photodiode. The pump and probe é - Risetime
beams are acousto-optically modulated at 1 and 1.05 MHz, N Y k=3
respectively. Such high frequencies are needed to suppress & l~a ‘ 4
the transient thermal effects of the fimnd to reduce the 5-08-04 0.0 0.4 08 12
Time Delay (ps)
3E|ectronic mail: nechay@iqe.phys.ethz.ch FIG. 1. (a) Experimental setup an¢b) near-field pump—probe scan of

PCurrent address: Micrion GmbH, D-85622 Feldkirchen, Germany. sample 2, indicating a-250 fs rise time.
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FIG. 3. Normalized pump—probe scans at various points in the pattern of
Fig. 2. Inset shows the amplitude of the scans as a function of distance
across the pattern.

independent of the position across the FIB pattern, in con-
trast to the amplitude.
To further explore the spatial dependence of the decay
s 500 nm time, near-field pump—probe measurements were performed
on sample 2, which had a wideri&n spacing that allows us
FIG. 2. (a) Variations in the pump—probe amplitude across the area oft0 Study carrier dynamics farther away from the FIB stripe. A
sample 1. The lighter regions correspond to the larger signaSimulta- higher-throughput,~300 nm lateral resolution, NSOM tip
neously measured topography. was used to obtain better signal to noise within the implanted
stripes. Figure @) shows the decay time and amplitude of

plantation of Ga ions at 50 keV. In sample 1, the FIB patternthe pump—probe scans measured versus dis’Fance across the
consists of 200 nm implanted stripes at -a3x 102 FIB pattern. One can see that th.e decay time is roughly con-
ions/cn? dose with 400 nm spaces between stripes. Irptant over a~800 nm region, while the pump—probe ampli-
sample 2, the pattern consists of 100 nm implanted stripes lyde changes over this region, confirming the results from

a ~8x 10 ions/cn? dose with 2um spaces. All measure- S2MPle 1.

ments are performed at 300 K, exciting at the band edge wit?I F]:rtsr: Wg note tt.hat the reI?ttl)ve flatnles(j of :he sp?tlial pro-
a pump fluence of 4.J/cn?. lle of the decay time cannot be purely due to spatial aver-

: ) aging of the NSOM tip since this would also lead to a flat
Figure 1b) shows a near-field pump—probe scan of an rofile of the amplitude, in disagreement with the experimen-
unpatterned region of sample 2. The 10%—-90% rise tim P ' g P

. - . al result. Moreover, we recall that the carrier trapping time
demonstrates a time resolution 6f250 fs. Figure £a) ppINng

. . . : and the amplitude of the differential transmission both in-
shows a two-dimensional image of the amplitude of the ul- P

trafast pump—probe signal from sample 1 at zero time delay.

One can clearly distinguish variations which follow the FIB 3005 1.00
pattern, where the low signal areas correspond to the high g 250 r0.9572
dose implanted stripes, as expect®@he topography of the o 2004 L0.90 &
. . . (]
same area, shovyn in Fig(i8, (_:Iearly proves that the varia- E 150- L0852
tion in Fig. z(a) |s1 pgrelly. optical and is n.ot.due to topo- 2 1004 302,
graphical artifact$? Significantly, these variations were not 3
) ) T ; A 50 L0.75 <€
observed in the linear probe transmission, demonstrating that
0 -0.70

these are indeed variations in the optical nonlinearity. —
. . . (a) 08 -04 00 04 08
A series of pump-probe time-domain measurements Distance (Lm)
were taken at various positions across the FIB pattern of Fig.

2(a). Figure 3 shows normalized plots of a few of these . 30

scans, while the inset of Fig. 3 shows the amplitude of the £.200

scans an\t=0 as a function of distance across the FIB pat- S 10

tern. Taking the 10%—-90% variation in the amplitude as the

measure of spatial resolution, our data demonstrate a resolu- "4 0o ' 04 @ 0%
tion of 150 nm. Furthermore, Fig. 3 shows that the decay ®) Distance (Lm)

time just outside of the |mplanted stripe 1s10 ps, much FIG. 4. (a) Decay time(+) and amplitude(®) of measured pump—probe

shorter than the~100 ps q_ecay time of an Un_patte_med I'€-scans across sample 2. The shaded region represents an implantedbtripe.
gion of the sample. Significantly, the decay time is almostMeasured diffusion time vs distan¢gdots and parabolic fi(solid line).
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crease with decreasing implantation d&%& Therefore, the acterization of arbitrary lateral implantation profiles.

increase of the amplitude with increasing distance from the In summary, we have developed an ultrafast NSOM with
implantation stripe shows that the dose decreases, as ex-150 nm lateral and-250 fs temporal resolution and a dif-
pected from the implantation parameters. Consequently, thierential transmission sensitivity below 1 No spectral
short, almost constant, decay time is not correlated with théiltering is used, avoiding the need for complicated two-color
implantation dose in this region and cannot be due to traplaser setups. The capabilities of this instrument have been
ping of carriers into implantation-induced defects. We con-proven through studies of carrier dynamics in focused-ion-
clude that carrier diffusion strongly affects the decay, besidebeam-implanted samples. We find that lateral diffusion ef-
the slow recombination of electron—hole pairs. Diffusion hasfects can considerably affect carrier dynamics in nanometer-
been shown to affect the decay of carriers in other types o$cale patterned structures due to the short length scales
semiconductor nanostructurg$® In a simple model, one involved.

can assume instantaneous depletion of bands in the im- . )
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