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Femtosecond near-field optical spectroscopy of implantation
patterned semiconductors
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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 of;150 nm and a time resolution of;250 fs. This instrument
is used for 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
of the excited carriers. ©1999 American Institute of Physics.@S0003-6951~99!02901-0#
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Ultrafast optical spectroscopy has yielded a wealth
information about carrier dynamics in semiconductor1

However, conventional far-field techniques give only limit
physical information about the properties of nanometer-sc
lateral structures since their inherent inhomogeneity can
be spatially resolved due to diffraction-limited resolutio
Furthermore, far-field measurements can tell us little ab
the transport mechanisms on the submicron lateral scale
order to circumvent these limitations, far-field ultrafast op
cal spectroscopic techniques can be combined with
nanometer-scale lateral resolution of optical measurem
obtained with near-field scanning optical microsco
~NSOM!.2,3 So far, only very few such efforts4–7 have been
reported. This letter discusses the development of an ins
ment which combines a femtosecond degenerate pum
probe technique with NSOM. Ultrafast measurements of c
rier dynamics in nanometer-scale ion-implanted sin
quantum well samples prove that information about phys
processes can be obtained with a spatial resolution of;150
nm and a time resolution of;250 fs. We find that the deca
time around the ion-implanted structures is strongly infl
enced by lateral carrier diffusion on the nanometer sc
This effect cannot be measured with a far-field system.

The ultrafast NSOM, shown in Fig. 1~a!, combines a
home-built NSOM with a standard degenerate femtosec
pump–probe setup. The NSOM instrument consists o
standard pulled or etched Al-coated fiber which is scan
across the sample, with tip-to-sample distances kept at;10
nm through shear-force feedback using tuning fo
detection.8 A laser source generates;100 fs pulses at 840
nm. The pump pulse excites carriers globally through
NSOM objective lens. The probe pulse is first precomp
sated for the group velocity dispersion of the;60 cm
NSOM fiber and then transmitted through the NSOM tip a
the sample to an avalanche photodiode. The pump and p
beams are acousto-optically modulated at 1 and 1.05 M
respectively. Such high frequencies are needed to supp
the transient thermal effects of the tip,9 and to reduce the
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effect of laser noise. Differential probe transmission is m
sured at the 50 kHz difference frequency versus time de
Dt between the pump and probe pulses using a lock-in te
nique. The carrier dynamics can then be extracted from
data.

In order to limit shot noise and laser noise, backscatte
pump light is minimized by a confocal setup, which reduc
the sample area over which light is collected, and by us
polarization discrimination. No spectral filtering is neede
avoiding the need for complicated two-color laser setups4,7

We are able to measure differential probe transmission be
1024, despite the low (1024– 1025) power throughput of the
NSOM tips.

In order to prove the capabilities of the femtoseco
NSOM, we measured two implantation patterned samp
Both samples consist of 80 Å GaAs/Al0.3Ga0.7As single
quantum wells, which were mounted on glass disks and
lectively etched to remove the GaAs substrates. The 12
thickness of the top Al0.3Ga0.7As barrier keeps the quantum
well within the near field of the tip for optimal spatial reso
lution. Nanometer-width implantation stripes were latera
patterned on these samples by focused-ion-beam~FIB! im-

FIG. 1. ~a! Experimental setup and~b! near-field pump–probe scan o
sample 2, indicating a;250 fs rise time.
© 1999 American Institute of Physics
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plantation of Ga ions at 50 keV. In sample 1, the FIB patt
consists of 200 nm implanted stripes at a;331012

ions/cm2 dose with 400 nm spaces between stripes.
sample 2, the pattern consists of 100 nm implanted stripe
a ;831011 ions/cm2 dose with 2mm spaces. All measure
ments are performed at 300 K, exciting at the band edge w
a pump fluence of 4mJ/cm2.

Figure 1~b! shows a near-field pump–probe scan of
unpatterned region of sample 2. The 10%–90% rise t
demonstrates a time resolution of;250 fs. Figure 2~a!
shows a two-dimensional image of the amplitude of the
trafast pump–probe signal from sample 1 at zero time de
One can clearly distinguish variations which follow the F
pattern, where the low signal areas correspond to the h
dose implanted stripes, as expected.10 The topography of the
same area, shown in Fig. 2~b!, clearly proves that the varia
tion in Fig. 2~a! is purely optical and is not due to topo
graphical artifacts.11 Significantly, these variations were no
observed in the linear probe transmission, demonstrating
these are indeed variations in the optical nonlinearity.

A series of pump–probe time-domain measureme
were taken at various positions across the FIB pattern of
2~a!. Figure 3 shows normalized plots of a few of the
scans, while the inset of Fig. 3 shows the amplitude of
scans atDt50 as a function of distance across the FIB p
tern. Taking the 10%–90% variation in the amplitude as
measure of spatial resolution, our data demonstrate a res
tion of 150 nm. Furthermore, Fig. 3 shows that the dec
time just outside of the implanted stripe is;10 ps, much
shorter than the;100 ps decay time of an unpatterned r
gion of the sample. Significantly, the decay time is alm

FIG. 2. ~a! Variations in the pump–probe amplitude across the area
sample 1. The lighter regions correspond to the larger signal.~b! Simulta-
neously measured topography.
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independent of the position across the FIB pattern, in c
trast to the amplitude.

To further explore the spatial dependence of the de
time, near-field pump–probe measurements were perfor
on sample 2, which had a wider 2mm spacing that allows us
to study carrier dynamics farther away from the FIB stripe
higher-throughput,;300 nm lateral resolution, NSOM tip
was used to obtain better signal to noise within the implan
stripes. Figure 4~a! shows the decay time and amplitude
the pump–probe scans measured versus distance acros
FIB pattern. One can see that the decay time is roughly c
stant over a;800 nm region, while the pump–probe amp
tude changes over this region, confirming the results fr
sample 1.

First we note that the relative flatness of the spatial p
file of the decay time cannot be purely due to spatial av
aging of the NSOM tip since this would also lead to a fl
profile of the amplitude, in disagreement with the experime
tal result. Moreover, we recall that the carrier trapping tim
and the amplitude of the differential transmission both

f

FIG. 3. Normalized pump–probe scans at various points in the patter
Fig. 2. Inset shows the amplitude of the scans as a function of dista
across the pattern.

FIG. 4. ~a! Decay time~1! and amplitude~d! of measured pump–probe
scans across sample 2. The shaded region represents an implanted stri~b!
Measured diffusion time vs distance~dots! and parabolic fit~solid line!.
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crease with decreasing implantation dose.10,12 Therefore, the
increase of the amplitude with increasing distance from
implantation stripe shows that the dose decreases, as
pected from the implantation parameters. Consequently,
short, almost constant, decay time is not correlated with
implantation dose in this region and cannot be due to tr
ping of carriers into implantation-induced defects. We co
clude that carrier diffusion strongly affects the decay, besi
the slow recombination of electron–hole pairs. Diffusion h
been shown to affect the decay of carriers in other types
semiconductor nanostructures.5,6,13 In a simple model, one
can assume instantaneous depletion of bands in the
planted stripes due to fast trapping. The resulting gradien
excited carrier density leads to diffusion of excited carri
from the unimplanted regions into the implanted stripes. T
measured decay rate of carriers in unimplanted region
then a sum of diffusion and recombination: 1/tmeas51/tD

11/tR , wheretR is the recombination time, measured in
unpatterned region of the sample, andtD is the diffusion
time for a distanced away from the implanted stripe. Th
quadratic fit oftD5(tmeas

21 2tR
21)21 to d, shown in Fig. 4~b!

for sample 2 withtR5250 ps, strongly supports the role o
diffusion.

A simple diffusion model was used to estimate the a
bipolar diffusion constant from the measurements of sam
1. This model assumes an initially sinusoidal carrier dis
bution and a decay rate dominated by diffusion. These
sumptions are reasonable for sample 1 since the width
implanted stripes and spaces are relatively equal and s
the measured decay times are much smaller than the 10
recombination time. Sample 2 did not meet these requ
ments since the implanted stripe width is much smaller t
the stripe spacing. This model yields an ambipolar diffus
constant of 8 cm2/s, a reasonable value for III/V
materials.13,14 It is worthwhile to note that, given this diffu
sion constant, the diffusion within the short;200 fs pulse
width is negligible, so that the lateral spread of the pum
probe amplitude is mainly due to tip resolution. This mak
the pump–probe amplitude signal useful for qualitative ch
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In summary, we have developed an ultrafast NSOM w

;150 nm lateral and;250 fs temporal resolution and a di
ferential transmission sensitivity below 1024. No spectral
filtering is used, avoiding the need for complicated two-co
laser setups. The capabilities of this instrument have b
proven through studies of carrier dynamics in focused-i
beam-implanted samples. We find that lateral diffusion
fects can considerably affect carrier dynamics in nanome
scale patterned structures due to the short length sc
involved.
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