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ABSTRACT

Excitonic and spin excitations of single semiconductor quantum dots currently attract attention as possible
candidates for solid state based implementations of quantum logic devices. Due to their rather short decoherence
times in the picosecond to nanosecond range, such implementations rely on using ultrafast optical pulses to probe
and control coherent polarizations. We combine ultrafast spectroscopy and near-field microscopy to probe the
nonlinear optical response of a single quantum dot on a femtosecond time scale. Transient reflectivity spectra
show pronounced oscillations around the quantum dot exciton line. These oscillations reflect phase-disturbing
Coulomb interactions between the excitonic quantum dot polarization and continuum excitations. The results
show that although semiconductor quantum dots resemble in many respects atomic systems, Coulomb many-body
interactions can contribute significantly to their optical nonlinearities on ultrashort time scales.

1. INTRODUCTION

Our insight into the structure, function and dynamics of atomic, molecular, biological and solid-state nanostruc-
tures has been influenced strongly during the last two decades by two complementary and novel experimental
tools, i.e., by scanning probe microscopy and ultrafast optics. The techniques of scanning probe microscopy (1),
in particular scanning tunneling microscopy (STM) and atomic force microscopy (AFM), enable one to image
the structure of surfaces on an atomic and even sub-atomic (2) scale and give information about the local elec-
tronic density of states. STM techniques offer the unique ability to manipulate the position of single atoms with
sub nanometer precision and to assemble new structures on a nanoscale (3; 4). Dynamic processes on surfaces,
however, can only be studied on a time scale given by the mechanical scan speed of the raster probe, i.e. typically
on a millisecond time scale.

Optical techniques, on the other hand, are inherently diffraction limited in spatial resolution to the scale
of the wavelength of the light, i.e., to about 0.5 ym in the visible range. In combination with ultrashort light
pulses, optics allows to probe structural changes on femtosecond time scales. This makes ultrafast spectroscopy
a unique tool for probing the elementary dynamics of electronic and nuclear motion in atomic, molecular and
solid state systems. It is the ideal technique for the time-resolved study of chemical reaction dynamics (5; 6)
and of the dynamics of electronic excitations in solid state media (7).

A particularly interesting research perspective lies in a combination of scanning probe microscopy and ultra-
fast optics to spatially resolve the ultrafast dynamics of optical excitations on ultrashort, nanometer length scales.
During the last decade, scientists have embarked on different strategies to attain this goal. The combination of
a scanning tunneling microscope with ultrashort light pulses offers ultimate, nanometer spatial resolution; yet,
experimentally, has so far been proven difficult (8; 9). An alternative concept relies on using the nano-optical
techniques that have been developed during the last decade, e.g. aperture-based (10; 11; 12) or apertureless,
scattering-type (13; 14; 15) near-field microscopy, to break the diffraction limit and localize ultrashort light pulses
to spatial dimensions of the order of 10 to 100 nm. Ultrafast nano-optics is currently a rapidly expanding field
of research, as the newly developed experimental tools have the potential to probe and manipulate the dynamics
of optical excitations of single nanostructures (16; 17; 18; 19). This allows to eliminate ensemble averaging, so
far unavoidable in conventional far-field ultrafast experiments.

It is the aim of this article, to introduce a novel experimental approach, combining near-field optics and fem-
tosecond pump-probe spectroscopy, to probe the nonlinear optical response of single nanostructures on ultrafast
time scales. This technique is implemented to study the coherent polarization dynamics and optical nonlinearity
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Figure 1. Two-dimensional FDTD simulation of the spatio-temporal evolution of a 10-fs light pulse at a center wave-
length of 810 nm propagating through a tapered, metalized fiber probe of 100-nm aperture diameter. The field intensity
|E.(x,y,t)|* is displayed on a logarithmic intensity scale at four different instants in time. Around ¢t =14 fs the pulse
center reaches the aperture, generating an ultrashort near-field light spot directly below the aperture. Note the strong
back reflection of the pulse inside the fiber. The metal coating is assumed to be a perfect conductor.

of a single semiconductor quantum dot. Analyzing transient reflectivity spectra, we directly demonstrate the
effects of many-body Coulomb interactions on the excitonic polarization dynamics. The paper is organized as
follows. In section 2, the experimental techniques applied in this study are introduced. Section 3 summarizes
briefly some basic properties of interface quantum dots. The experimental results and their analysis are presented
in section 4. A summary and some conclusions are given in section 5.

2. ULTRAFAST NANO-SPECTROSCOPY

A prerequisite for probing the dynamics of optical excitations on a nanometer scale in real space is the ability
to generate and/or probe light spots with a temporal duration in the femtosecond range and nanometer spot
sizes. A straightforward approach relies on transmitting ultrafast lasers through nanometer-sized apertures in
nontransparent metal films. In the direct vicinity of the aperture, i.e., in its near field, the spatial resolution
is defined by the dimension of the aperture, rather than by diffraction. The resolution can thus be increased
by sufficiently decreasing the size of the aperture. If the aperture is fabricated at the tip of, e.g., a metal-
coated tapered optical fiber, it can be raster-scanned across the sample surface, using conventional techniques
of scanning probe microscopy (1). Near-field optical images are then generated by recording the transmitted or
reflected light as a function of tip position. This approach is illustrated in figure 1. It depicts a two-dimensional
finite difference time domain (FDTD) simulation (20) of the propagation of a 10 fs light pulse with a center
wavelength of 810 nm through a metal-coated near-field fiber probe with a 100-nm aperture diameter (21). The
spatial distribution of the field intensity |E,(z, z)|? is shown on a logarithmic scale at four different instants in
time. Around t =14 fs the pulse center reaches the aperture. A near-field light spot with a lateral dimension
given by the aperture size is generated directly below the aperture. For a 100-nm aperture, its energy is about 3
orders of magnitude smaller than that of the incident pulse coupled into the fiber taper and this energy decreases
strongly with decreasing aperture size. With current technology, aperture sizes down to about 30-40 nm can be
fabricated, but the transmission coefficient is typically less than 10-* (22; 23).

Since many semiconductor nanostructures are grown on non-transparent substrates, using a reflection ge-
ometry is often desirable. In metal-coated tapers, however, most of the incident pulse energy is back-reflected
inside the taper. This makes it difficult to detect optical signals induced by the localized near-field light spot
in a reflection geometry. Since many semiconductor nanostructures are grown on non-transparent substrates,
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Figure 2. (a) Schematic illustration of the illumination/collection mode. (b) Scanning electron microscopy image of a
etched uncoated near-field fiber probe. (c¢) Dependence of the reflected light detected in illumination/collection mode on
the tip-to-sample distance.

using a reflection geometry is often desirable. In designing high spatial resolution experiments on semiconductor
nanostructures, it is important that high optical quality semiconductor quantum wells (QWs), wires (QWRs)
and dots (QDs) are often buried at a depth of 50-100 nm below the sample surface in order to avoid nonradiative
recombination effects. Thus, even if an ideal point-like dipole source was used, the spatial resolution would be
limited to about 1.5 - 2 times the depth, i.e., to about 100-200 nm. This also means that the amplitude of the
evanescent fields generated near the surface the has decreased substantially when interacting with the buried
semiconductor nanostructure.

Therefore, a slightly different approach is used in our experiments. We replace the metal-coated fiber probe by
an uncoated, etched single mode optical fiber taper with a cone angle of about 30°. Tube etching (24) is used to
reduce the surface roughness and improve the optical quality of the taper (figure 2). These uncoated tips are used
in an illumination/collection geometry (figure 2a), detecting the light that is reflected back into the taper. This
detection geometry is particularly sensitive to the local surface reflectivity, as can be seen from the pronounced
decrease of the reflected light intensity with increasing tip-to-sample distance (figure 2(c)). The reflected intensity
decreases by a factor of 2 within the first 150 nm. An approximately exponential distance dependence with a
decay length of 250 nm, free of interference oscillations is observed for good quality tapers. 3D FDTD simulations
(25) show that in the presence of a semiconductor, almost all of the incident pulse energy is adiabatically guided
into a spot with a diameter of about 250 nm at the very end of the taper. In illumination/collection geometry,
the spatial resolution is further improved since the light passes twice through the aperture. It can reach less
than 150 nm or about A/5 (26). The FDTD simulations also show that a large fraction of the locally reflected
light is coupled back into the tapered fiber. Experimentally, we find that for GaAs samples about 1% of the light
coupled into the fiber is collected in this geometry. This high transmission and collection efficiency makes such
uncoated fiber probes particularly well suited for semiconductor nano-spectroscopy. Also, due to its pronounced
distance dependence, the intensity of the locally reflected light can be used to sensitively sense the tip-to-sample
distance with an accuracy of +/—2 nm. In our experiments, the reflected light is used for a sensitive, contact-free
distance regulation setup, avoiding the mechanical strain that is sometimes found in shear-force based feedbacks

(27).

When using these tapered fiber probes for femtosecond time-resolved spectroscopy, the temporal broadening
of light pulses during propagation due to group-velocity dispersion has to be considered. For a bandwidth-
limited Gaussian input pulse of duration 7;,, the output pulse length 7,,; after propagation through a dispersive
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Figure 3. Schematic setup of the near-field pump-probe spectrometer (28; 12). Pump and probe pulses are derived
from a 50 fs, 80 MHz repetition rate Ti:sapphire oscillator. The pulses are spectrally and temporally shaped in two
independent compressor units in order to reach less than 200 fs time resolution at the exit of the fiber tip. In the
illumination/collection-mode, pump and probe pulses are coupled into a near-field fiber probe and the reflected light is
collected through the same fiber, spectrally dispersed in a monochromator and detected with a CCD camera. The fiber
probe is raster-scanned across the sample which is mounted on the cold finger of a helium flow cryostat (29)

material of length L is given by Tout = Tin/1 + 4]ka|?L?/7},. The group velocity dispersion (GVD) parameter
kq = 0%k/0w?, with k being the wavevector and w the angular frequency. Higher order dispersion is neglected
in this formula. For quartz single mode fibers at a laser wavelength around 800 nm, kg ~ 100 ps?/km. In a
typical, 100-cm long quartz single mode fiber, a 50 fs input pulse is stretched to about 4 ps. Thus, a GVD
precompensation setup must be introduced before the fiber in order to add a negative GVD that compensates
the positive GVD of the fiber. We use a grating compressor (30) (figure 3) and typically achieve a time resolution
of less than 100 fs for a 40-cm-long fiber taper and less than 200 fs for 100-cm-long fibers. The achieved time
resolution is mainly limited by higher order dispersion inside the optical fiber, which can not be compensated
with this grating compressor. With unamplified laser pulses taken from mode-locked oscillators, the distortion
of the pulse spectrum due to self-phase modulation is generally negligible.

A schematic illustration of the near-field pump-probe setup used in our experiments is shown in figure 3. Both
pump and probe pulses are derived from a modelocked Ti:sapphire oscillator providing pulses with a length of
about 50 fs pulses that are tunable in the wavelength range from 810 to 870 nm. The laser works at a repetition
rate of 80 MHz and gives an average power of up to several hundred of milliwatt. The laser output is split into
a pump and a probe beam. Each of these beams travels through a separate grating setup for spectral selection
and precompensation of group velocity dispersion. Both pump and probe pulses are coupled into an uncoated
near-field fiber probe. The probe light reflected from the sample is locally collected through the same fiber.
The sample is mounted on the cold finger of a helium flow cryostat (29). For spectrally resolved pump-probe
experiments, the collected light is dispersed in a 0.5-m monochromator yielding a spectral resolution of 60 ueV.
The experiments are performed at low probe laser powers of only about 100 nW coupled into the near-field fiber,
requiring a high detection sensitivity. The collected light is therefore detected with a high-sensitivity liquid-
nitrogen-cooled CCD camera. The signal-to-noise ratio of the CCD detection used in this setup is approximately
two times higher than the shot noise limit.

The spatial resolution that is obtained with this near-field pump-probe setup is illustrated in figure 4, showing
a spatial map of the nonlinear pump-laser induced change in reflectivity of a single GaAs quantum wire (QWR)
(28). The map is recorded at room temperature using a 100 fs probe laser pulse with a photon energy of 1.45
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Figure 4. (a) Spatial map of the nonlinear pump-induced change in reflectivity of a single GaAs quantum wire. The map
is recorded at room temperature with a probe laser set to 1.45 eV at the center of the QWR absorption resonance. A
pump laser at 1.52 eV generates electron-hole pairs in the embedding quantum well. Trapping of carriers into the QWR
bleaches the QWR absorption and decreases the reflectivity. (b) Spatial variation of the change in reflectivity along a line
perpendicular to the quantum wire axis at a probe energy of 1.46 eV. The closed circles show data for resonant quantum
wire excitation with a pump laser at E,, =1.48 eV, demonstrating 200 nm spatial resolution. For off-resonant excitation
at E,, =1.44 eV the nonlinear signal vanishes (open circles).

eV, the center of the QWR absorption resonance. A pump laser pulse, arriving 10 ps before the probe laser,
generates electron-hole pairs in the quantum well surrounding the QWR. Trapping of carriers into the QWR
bleaches the QWR absorption and thus decreases the reflectivity. The local pump-induced change in QWR
reflectivity is clearly resolved in figure 4(a). The temporal dynamics of the QWR reflectivity reveal an ultrafast
trapping of carriers into the QWR (28)and allow to time resolve the optically-induced nonequilibrium carrier
transport along the quantum wire (31).

3. INTERFACE QUANTUM DOTS

An important QD model system are thin semiconductor quantum wells (QW). In quantum wells, local monolayer
height fluctuations at the interfaces (interface roughness) and fluctuations of the alloy composition (alloy disorder)
are unavoidable (figure 5(a)). The resulting disordered potential leads to the localization of excitons in single
"interface” quantum dots with a confinement energy of about 10 meV (figure 5(b)). This disorder gives rise
to a pronounced inhomogeneous broadening of far-field optical spectra. In experiments with high spatial and
spectral resolution, however, the smooth, inhomogeneously broadened photoluminescence (PL) spectra break
up into narrow emission spikes from a few localized excitons (32; 33; 34; 26; 35; 36). This makes nano-optical
techniques with high spectral resolution particularly well suited for studies of single QDs.

The linear optical properties of interface QDs resemble in many aspects those of atomic systems. At low
temperatures, the excitonic lines display a narrow homogeneous linewidth of 30-50 peV, in agreement with
measured dephasing times of 20-30 ps. The QDs show a discrete absorption spectrum (34) and a fine structure
splitting due to the spatial asymmetry of the monolayer islands. The temperature dependence of the exciton
linewidth and the fine structure of these emission line has been thoroughly investigated (34; 37). The center-of-
mass wave function of localized excitons in interface quantum dots typically extends over several tens of nm. This
results in large QD dipole moments of 50-100 Debye and a particularly strong coupling of these excitons to light
(38; 39). This makes interface quantum dots a particularly interesting model system for nonlinear spectroscopy
of single quantum dots.

Much information about the underlying disorder potential and about the localization length of the excitonic
wave functions is obtained from a statistical analysis of the autocorrelation function of such near-field spectra
(35; 40). Specifically, such experiments reveal excitonic level repulsion as a robust correlation between localized
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Figure 5. (a) Disorder in quantum wells arises from spatial fluctuations of the local quantum well thickness (interface
roughness) and of the quantum well composition (alloy disorder). (b) Schematic illustration of the effective disorder
potential V(R) and of a localized excitonic center-of-mass wave function |¥(R)|>. (c,d) Representative near-field PL
spectra (T =12K) of (c) a 5.1 nm thick and (d) a 3.3 nm thick (100) GaAs QW.

exciton states with spatially overlapping wave functions and allow to estimate the correlation length of the
underlying disorder potential.

In this work, we investigate a sample consisting of 12 single QW layers of different thicknesses grown on
a (100) GaAs substrate. The QW layers are separated by AlAs/GaAs short period superlattice barriers, each
formed by nine AlAs and GaAs layers with a total thickness of 23.8 nm. Here, we investigate the top seven
QWs with thicknesses of 3.3 to 7.1 nm. The layers are buried at distances between 40 and 211 nm below the
surface. Growth interruptions of 10 s at each interface lead to a large correlation length of the QW disorder
potential and to the formation of interface quantum dots (QD). The growth interruptions are kept short in order
to avoid a monolayer splitting of the macroscopic PL spectra and to minimize the incorporation of impurities at
the interfaces.

In figures 5(c) and (d) representative low temperature (T' =12 K) near-field PL spectra are shown for the 3.3
and 5.1 nm thick (100) GaAs QW. The spectra reveal clearly the emission from excitons localized in interface
quantum dots. The linewidth of the sharp resonances is limited by the spectral resolution of 100 ueV. The
spectra are recorded at an excitation intensity of 110 nW, corresponding to an average excitation density well
below one exciton per monolayer island. For excitation powers between 1 and 500 nW, we find a linear intensity
dependence and an excitation-independent shape of the emission spectra, indicating negligible contributions
from biexcitons and charged excitons. In addition to the sharp localized exciton emission, these spectra display
a spectrally broad background emission from more delocalized excitons in QW continuum states (26).

4. ULTRAFAST NONLINEAR OPTICAL RESPONSE OF SINGLE QUANTUM
DOTS

The nonlinear optical properties of excitons in single interface QDs have been investigated mainly by high-
resolution nonlinear spectroscopy in the frequency domain (16; 17). The third-order nonlinear response has
been explained on the basis of homogeneously broadened two-level systems, in analogy to descriptions of atomic



systems. On the other hand, it is well known that Coulomb interactions play an important role for ultrafast
optical nonlinearities of higher dimensional systems, such as quantum wells and wires. This raises the question
how transient many-body interactions arising from multiexcitonic interactions (41) and/or nonresonant optical
excitations of the QD and its environment [e.g., neighboring QDs (42)] affect the QD optical nonlinearities and
their ultrafast dynamics. Since such couplings are difficult to probe and/or control in ensembles, time-resolved
studies of single QD nonlinearities are desirable.

Knowledge about the effects of many-body interactions on the optical nonlinearities of single QDs is particu-
larly important in the light of recent proposals to use excitonic excitations of single QDs as basic building blocks
for quantum information processing in solids (42; 41). Since the decoherence times of excitonic excitations are
comparatively short, in the range of 10 ps to 1 ns, such implementations rely on controlling excitonic nonlin-
earities on an ultrafast, femtosecond time scale, much shorter than the excitonic decoherence time. Controlled
many-body interactions, e.g. via dipole-dipole coupling (42), are essential for coupling excitons in neighboring
quantum dots, i.e., for implementing controlled quantum gates. Uncontrolled many-body interactions with car-
riers in the environment of the QD, on the other hand, effectively couple the QD excitons to a surrounding bath
and thus may be an important source of decoherence.

Here, the first femtosecond study of the nonlinear optical response of a single QD is reported. By ana-
lyzing transient reflectivity spectra from single QDs, we directly probe the dynamics of the coherent excitonic
polarization in the presence of nonequilibrium carriers excited in the environment of the QD. We show that
excitation-induced dephasing by Coulomb interactions with continuum excitations is the dominant nonlinearity
of the QD exciton on an ultrafast time scale. This presents an important step forward in probing and manipu-
lating coherent QD polarizations, which is of fundamental importance for semiconductor-based implementations
of quantum information processing.

In this section, we first describe how QD nonlinearities are probed in near-field reflectivity measurements
and then analyze the dynamics of the QD nonlinearities. From these experiments, the radiative recombination
rate of different quantum dots is extracted and their dipole moment is inferred. Then, the dynamics of the
QD polarization in the presence of nonequilibrium carriers are discussed and excitation-induced dephasing is
identified as the dominant QD nonlinearity on an ultrafast time scale.

4.1. Near-field reflectivity spectra of single quantum dots

In our experiments, we probe the QD nonlinearity by measuring the spectrum of a probe laser locally reflected
from the QD sample. Here the effect of the the excitonic QD polarization on the detected spectrum, i.e., the
generation of the nonlinear reflectivity signal is described.

Our experimental concept is outlined in figure 6(a). A spectrally broad femtosecond laser, centered around
the QW absorption, is coupled into the near-field fiber probe. The probe laser light reflected from the sample
is collected by the same fiber probe, dispersed in the monochromator and detected with the CCD camera. This
steady-state reflectivity spectrum Rg(wg.+) contains weak spectrally narrow resonances from single QD transitions
(figure 6(a)). A second, blue-shifted pump laser creates carriers in QW continuum states. This nonequilibrium
carrier concentration affects the QD spectrum and thus gives rise to a modified probe reflectivity R(wget)-
Differential probe reflectivity spectra AR(wget, At)/Ro = [R(wWdet, At) — Ro(waet)]/ Ro(waet) are recorded at a
fixed spatial position of the near-field tip as a function of the time delay At between pump and probe pulses.
To probe the nonlinear optical response from single quantum dots, the high spatial resolution of the near-
field technique is needed for two reasons. First, the combined spatial and spectral resolution allows to isolate
single QD resonances (figure 5). Second, the relative amplitude of the QD resonance in Rg(wge¢) scales, in first
approximation, inversely proportional to the square of the spatial resolution. Thus improving the resolution from
1 pm to 100 nm increases the weak nonlinear QD signal by two orders of magnitude.

Specifically, in our experiments, pump pulses centered at 1.675 eV with an energy of 1.5 fJ and a repetition
rate of 80 MHz create less than five electron-hole pairs in QW states, corresponding to an excitation density of
5-10%m™2. The 1 fJ probe pulses of 18 meV bandwidth are centered at 1.655 eV, around the QW absorption
resonance. Figure 6(b) depicts a differential reflectivity spectrum AR(E,.;) at a time delay of 30 ps in the low
energy region of the 5.1 nm QW absorption spectrum. It displays a single spectrally sharp resonance at exactly
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Figure 6. (a) Schematic illustration of the experimental setup and of near-field PL and reflectivity spectra of the QD
sample. (b) Near-field PL spectrum of a single QD (solid line) and differential reflectivity spectrum AR/Rq at At =30 ps.
PL and AR are recorded with identical pump pulses centered at 1.675 eV, exciting electron-hole pairs in 2D continuum
states. The 100 nW probe pulses of 19 meV bandwidth are centered at 1.655 eV, around the QD absorption resonance.
Inset: Schematic energy diagram.

the same spectral position Egp as the simultaneously recorded near-field PL spectrum. The large amplitude of
the signal of 5- 102 is consistent with a spatial resolution of the experiment of 200-250 nm. Two-dimensional
spatial scans indicate a resolution of 230 nm, limited by the QW-to-surface distance.

Figure 7 compares differential reflectivity AR(Eg;) and PL spectra recorded under similar excitation condi-
tions for single localized excitons in five different QWSs buried at distances of 95 nm to 211 nm below the surface.
We very clearly observe a transition between a dispersion-like and an absorption-like line shape as the QW to sur-
face distance is varied. This behavior of the QD line shape can be understood in the framework a local oscillator
model as caused by the interference between the electric probe laser field Eg(t) reflected from the sample surface
and the field Egp(t) emitted from the QD in back direction. A fraction Eg(t) of the probe laser is reflected
from the sample surface and coupled back into the near field fiber probe. The probe field Er(t), transmitted
into the semiconductor, induces a polarization Pop(t) = [dt'xop(t')Er(t —t') of the QD located at a distance
d below the sample surface. Here, Er(t) and xgp denote the probe field interacting with the QD and the QD
susceptibility, respectively. The QD polarization re-emits an electric field and a fraction of this field, Eqp(t)
is locally collected by the near-field probe where it interferes with Eg(¢). The time-integrated reflectivity R(w)
detected behind the monochromator is proportional to |Egp(w) + Er(w)|? ~ |Er(w)|? + 2Re[E%(w)Egp (w)],
where E(w) denotes the Fourier transform of the field E(t). Here, the finite monochromator resolution and the
weak contribution from |Egp|? has been neglected. Excitation by the pump laser affects the QD polarization
and thus results in a change of the QD reflectivity. The differential reflectivity AR(w, At) represents the spectral
interferogram of Er and EQD:

AR(w, At) o Re{ Ej(w) [ Eqp (w, At) — Egpo(w)]}. (1)

The spectral shape of this interferogram evidently depends on the QD polarization dynamics and on the phase
delay between Egp(t) and Eg(t). Treating the QD for simplicity as a point dipole and the near-field tip as
a point-like emitter, the phase delay depends on the distance between quantum dot and near field tip. This
interference effect is nicely seen in figure 7 and explains the transition between absorptive and dispersive line
shapes. Since the QDs are buried more than 50 nm below the surface, the near-field terms of the QD dipole
emission can be neglected since they decay on a typical length scale of A/(27n) ~35 nm (n ~ 3.5 - refractive
index). Based on an optical path of 4rnd/)\, we estimate a phase change of 7/2 for a change in QD-sample
distance of 28 nm. This is in quite good agreement with the results of figure 7. We consider this convincing
evidence for the validity of the phenomenological local oscillator model described above. Clearly a detailed
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Figure 7. Differential reflectivity spectra (open circles) of five interface QDs located at different depths of 95 to 210 nm
below the sample surface (see inset). The differential reflectivity spectra are compared to simultaneously recorded PL
spectra. Note the transition between dispersive and absorptive line shapes.

analysis of these data, using, e.g., a Green function solution of Maxwell’s equations for a realistic experimental
geometry is desirable for a quantitative comparison between experiment and theory.

4.2. Exciton recombination in single quantum dots

In this section, the dynamics of the differential QD reflectivity spectra on a 100 ps time scale are analyzed.
The data allow to extract the exciton lifetime and infer the QD dipole moment. Figure 8(a) shows the time
evolution of AR(Egp) for three different QD resonances at 1.6598 eV (circles), 1.6614 eV (triangles) and 1.6647
eV (squares). AR displays a slow decay with time constants 7gp of 50-150 ps. The lifetime is found to fluctuate
from QD to QD. The overall trend is a decrease with increasing Egp. A clear correlation between 1/7gp and
the magnitude of AR is observed.

The nonlinearities observed at sufficiently long positive At are easily understood on the basis of a simple two-
level model for the QD nonlinearity. The pump laser creates a non-equilibrium distribution of electron-hole pairs
in QW continuum states. Subsequent trapping of these carriers gives rise to a bleaching of the QD absorption and
a concomitant decrease of the QD absorption. Hence, the decay time of AR reflects the lifetime of the individual
exciton state probed. Following an earlier conjecture (34), the QD population decay is mainly dominated by
radiative recombination, i.e. 7,44 ~ Tgp. We can then estimate the dipole moment of the individual QDs using
(43; 39):

3. 2
1w dQ D @)
We estimate dipole moments dgp of 50 to 85 Debye for 7,,4 between 150 and 50 ps. These values are in
rather good agreement with previous estimates (18; 43). They exceed those of atomic systems by more than

an order of magnitude and reflect the large spatial extension of the exciton center-of-mass wave function in
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Figure 8. (a) Temporal dynamics of AR/R for three different QD resonances (logarithmic ordinate scale). All decays
are biexponential with a slow decay time varying between 30 and 150 ps. (b) Early time AR/Ro dynamics of a single QD
resonance. A slow rise of AR/Ry is observed at negative time delays. The time resolution of the experiment is 150 fs, as
indicated by the cross-correlation measurement (solid line around A¢=0).

these QDs. Near-field autocorrelation spectra indicate an exciton localization length of about 40-50 nm. Due to
the statistical nature of the disorder potential, the exciton localization length and thus the dipole moment and
radiative recombination rate varies quite strongly from QD to QD, as seen in figure 8(b). Theoretical models of
localized excitons in disordered quantum wells (44) yield comparable results.

4.3. Coherent quantum dot polarization dynamics and excitation induced dephasing

In this section, the dynamics of the QD reflectivity on a time scale of few ps is discussed. After nonresonant
femtosecond excitation of carriers in continuum states, we observe, unlike in atomic systems, transient differential
reflectivity spectra with pronounced oscillatory structure around the QD exciton resonance. These oscillations
reflect the perturbation of the free induction decay of the coherent QD polarization by transient many-body
interactions.

Figure 8(b) plots the dynamics of QD reflectivity change time delays between -10 ps and +10 ps. The
time evolution of AR(Egp, At) shows an 8-ps rise at negative delay times, much slower than the 150-fs cross
correlation of pump and probe pulses. A biexponential decay is found at positive delays. The fast decay time of
about 6 ps is similar for all different QD’s investigated, whereas the decay time of the slow component varies from
dot to dot. The reflectivity AR;(At) = [ dEqet AR(Eq4et, At), spectrally integrated over an energy interval of
2 meV around the QD resonance, vanishes at negative delay times and shows a slow exponential decay at At > 0.
The spectral characteristics of the differential reflectivity are markedly different at positive and negative delays
(figure 9). At negative delays, pronounced spectrally symmetric oscillations around the excitonic resonance are
observed. Their oscillation period decreases with increasing negative time delay. At large positive delays, the
spectra show a bleaching of the QD resonance.

To account for this behavior, one has to consistently describe the dynamics of the field Egp(t) radiated from
the coherent QD polarization Pgp(t). We phenomenologically describe the QD as an effective two-level system
with a ground, no-exciton state |0), and an excited one-exciton state |1). Within the density matrix formalism,
Pop(t) is given as Pop(t) = dgppor + c.c., where dgp denotes the QD dipole moment and pp; the microscopic
QD polarization (45). Then, the well known Bloch equations hold and po; obeys the equation of motion

0 . .
Ep‘”(t) = —iwgppor (t) +i(1 — 2ngp)wr — Ypor (t), (3)

with exciton energy wgp, dephasing rate v, exciton population ngp and generalized Rabi frequency wg.
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Figure 9. (a) Near-field AR/Rq spectra (circles) at different delay times A¢. The spectra at At < 0 display pronounced
spectral oscillations around the excitonic resonance. The solid lines shows simulated spectra for the perturbed free
induction decay of the coherent QD polarization assuming T>=15 ps. (b)Dynamics of Pgp(t) extracted from the time-
dependent near-field AR/Ry spectra.

In the absence of a pump laser, the resonant probe laser impulsively excites a coherent QD polarization that
then decays with the dephasing rate y. The re-emitted field interferes with the reflected probe laser field, giving
rise to a Lorentzian QD line shape in Rg(w) (figure 6). The fact that we observe a linewidth that is limited by
our monochromator resolution of about 60ueV gives a lower limit for the QD dephasing time of T» = 1/ > 15ps.

Such a line shape is only observed under weak excitation conditions. For strong excitation, Rabi oscillations
(18; 46) influence the polarization and population dynamics and affect the QD line shape. The experiments
reported in this paper are all performed in the weak excitation limit with a probe pulse area of less than 0.47.
In additional experiments, that will be discussed elsewhere, clear Rabi oscillations are observed for resonant QD
excitation and time-resolved detection of the induced biexcitonic QD nonlinearity.

The transient spectral oscillations around the QD exciton resonance at negative time delays indicate that
this free induction decay of the Pgp(t) is perturbed by the presence of the pump laser. In semiconductors,
such oscillations have so far only been observed for higher dimensional system, e.g., studies of transient QW
nonlinearities (47; 48). In our experiments, the off-resonant pump does not directly interact with the QD dipole
but creates electron-hole pairs (density ngw)in the QW continuum. Thus many-body interactions perturb the
free induction decay of Pop(t).

The spectra at At < 0 are quantitatively described by assuming that an excitation-induced dephasing (49),
i.e., an increase in 7y due to the interaction between pg; and ngw is the leading contribution to the QD nonlinearity
at early times. Coulomb scattering between the QD dipole and the initial nonequilibrium carrier distribution in
the QW causes this additional fast damping of pp;. In the frequency domain, this excitation-induced dephasing
leads to oscillatory structures in the spectrum with a period determined by the time delay between probe and
pump. The solid lines in figure 9(a) are calculated from equation (3) by assuming that the probe-induced QD
polarization Pgp(t) decays initially with an effective dephasing time T» = 15 ps, decreasing to Trrp = 3 ps after
the arrival of the pump laser (figure 9(b)). Such an excitation-induced dephasing model accounts quantitatively
for the the transient oscillations and this analysis allows to extract the QD polarization dynamics.

A detailed theoretical analysis of the data was performed on the basis of the semiconductor Bloch equations
in the mean-field approximation (19). In first approximation, the excitation-induced dephasing rate should
increase linearly with the pump-induced nonequilibrium carrier concentration ngw in QW continuum states.
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Figure 10. Simulation illustration of two models assuming (a) bleaching (a) and excitation-induced dephasing as the
dominant QD nonlinearity. (c¢) Experimental AR(wgp)/Ro dynamics and simulations based on the two models.

Such a phenomenological model for the dephasing rate v = 1/T5 + 1 - now was included in the simulations and
good agreement between experiment and theoretical simulation was obtained. The theoretical simulations show
clearly the importance of excitation-induced dephasing to the perturbed free induction decay.

The assumption of a density-dependent dephasing rate can also explain the fast decay of the differential
reflectivity at early positive delay times (figure 8(b)). We assume that ngw decays on a time scale of about
3 ps. This decay is most likely due to carrier trapping into QD states. Then, the initial fast differential
reflectivity decay reflects the transition from a QD nonlinearity dominated by excitation-induced dephasing to
a nonlinearity dominated by exciton bleaching due to the population relaxation into the QD. The slow decay of
the differential reflectivity on a time scale of tens of ps then reflects the population lifetime, i.e., the electron-
hole pair recombination time in the individual QDs. It is determined by radiative recombination and inversely
proportional to the square of the QD dipole moment, as discussed above.

This model for the QD nonlinearity allows to quantitatively describe the dynamics of the differential reflec-
tivity at both positive and negative delay times (figure 10). It accounts for the transient spectral oscillations at
negative delay times and reproduces the biexponential decay at positive delay times.

The experimental spectra probe reflect the dynamics of the QD polarization Pgp(t), which is given as the
product of the dipole moment dgp and the microscopic polarization pg;. Thus, one may speculate that a change
in the oscillator strength model of the quantum dot may account for the observed spectra (50). Such an oscillator
strength model is inconsistent with our experimental results. Within such a model one expects an increase in
AR(Egp,At) at positive delay times on the time scale of the switch-off time of the dipole moment (figure 10).
In contrast, an initial decay is observed, in agreement with the assumption of a nonlinearity that is dominated
by excitation induced dephasing.

These results show quite clearly that although single quantum dots resemble in many respect atomic systems,
Coulomb many-body interactions contribute significantly to their optical nonlinearities on ultrashort time scales.
Such many-body interactions have to be taken into account as important additional dephasing mechanisms. On
the other hand, the now established ability to probe the dynamics of coherent polarization of single excitons
in real time improves our understanding of such interactions. This is important for optimizing quantum dot
geometries and excitonic excitations with their environment.

Also, the strong Coulomb and light-matter interactions in excitonic systems open up new and very interesting
ways for a controlled ultrafast manipulation of coherent QD polarizations, e.g. via dipole-dipole interactions of



neighboring quantum dots (42). This is highly relevant for semiconductor-based implementations of quantum
information processing.

5. CONCLUSION

In summary, we have described and demonstrated a novel experimental technique, combining near-field mi-
croscopy and femtosecond pump-probe spectroscopy, to probe the nonlinear optical response of single nanos-
tructures. The techniques provides a spatial and temporal resolution of 200 nanometer and 100 femtoseconds,
respectively. Detecting the spectrally resolved reflected probe laser light with a high-sensitivity CCD camera
allows to temporally resolve the optical nonlinearity of a single semiconductor quantum dot. The high sensi-
tivity of the pump-probe technique demonstrated in this work makes it a powerful tool for probing nanoscale
optical nonlinearities of a wide class of materials, e.g, organic semiconductors or photochromic molecules. It will
be interesting to further improve the spatial resolution of the near-field pump-probe technique, e.g. by using
apertureless metallic probes. This opens the way to performing nonlinear optical spectroscopy on a length scale
of 10 nm.
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