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Abstract

In this thesis, we demonstrate the remarkable performance of a technique that
connects the ultrafast, femtosecond regime with the /ocal, nanometer world.
The combination of the ultrafast pump-probe technique with near-field scanning
optical microscopy allows to perform optical spectroscopy with simultaneous
250 fs temporal and 150 nm spatial resolution. Such spatiotemporal resolution
obtained with the ultrafast near-field scanning optical microscope (NSOM) is
crucial for transport studies in nanostructured materials, for the study of carrier
dynamics in single nanostructures as well as for the characterization of
inhomogeneities in nanostructured ensembles.

The design of an ultrafast NSOM has to be very deliberate. We employ a
configuration in which carriers are excited globally by a far-field pump laser
pulse and locally measured by a probe pulse sent through an NSOM tip and
transmitted through the sample in the near field. A novel detection system
allows for either two-color or degenerate pump and probe photon energies,
permitting greater measurement flexibility over earlier published work. The
capabilities of this instrument are proven through near-field degenerate pump-
probe studies of carrier dynamics in GaAs/AlGaAs single quantum well samples
locally patterned by focused-ion beam (FIB) implantation.

The details of the measured carrier dynamics in the FIB implanted quantum well
sample reveal complex spatiotemporal diffusion dynamics. Implantation induced
trapping centers cause carrier density gradients, which are the driving forces for
diffusion. The diffusion dynamics is directly observed by measuring carrier
density variations in both time and space. A comprehensive experimental study
allows us to identify different diffusion regimes. We find an initial diffusion
regime, characterized by non-sinusoidal carrier profiles and spatially dependent
temporal diffusion decay. In a long-time regime, the carrier profile is quasi-
sinusoidal and only weakly position-dependent temporal diffusion decay is
observed.

Femtosecond NSOM can also disentangle more complex transport dynamics
that involve both carrier drift and carrier diffusion. Such dynamics occurs in
metal-semiconductor composite materials, where buried Schottky contacts and
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built-in electric fields are formed at the semiconductor-metal interface. We have
performed femtosecond NSOM measurements that reveal the dynamics of
carrier transfer from a semiconductor into embedded metal clusters in the
presence of Schottky contacts and built-in electric fields. The carrier transfer
involves transport towards and trapping into the metal clusters. Our experiments
show that efficient transport of electrons towards the metal only occurs at higher
carrier densities. For these densities, the built-in field is screened. Only in this
case, the metal clusters act as efficient trapping centers for electrons.

Beside transport measurements, studies of single nanostructures, such as low-
dimensional systems, are one of the most important applications of the
femtosecond NSOM technique. Such studies allow one to gain insight into the
intrinsic properties of nanostructures, unperturbed by spatial averaging over an
ensemble of structures. Moreover, growth inhomogeneities in nanostructured
materials can be characterized. As an example, experiments on single one-
dimensional semiconductor quantum wires (QWRs) are discussed. We
demonstrate that femtosecond NSOM measurements on single V-groove
QWRs are possible and reveal ultrafast exciton relaxation dynamics.
Furthermore, a novel method is presented for the mapping of quantization
energy fluctuations along single quantum wires with nanometer-scale spatial
resolution.



-XV-

Kurzfassung

In dieser Arbeit stellen wir die bemerkenswerte Leistungsfahigkeit einer Technik
vor, die den ultrakurzen Femtosekunden-Bereich mit der /okalen Nanometer-
Welt verbindet. Die Kombination von Ultrakurzzeit Pump-Probe Spektroskopie
mit Nahfeld Mikroskopie ermdglicht optische Untersuchungen mit gleichzeitig
hoher Zeit- und Ortsauflésung. Unser selbst gebautes sogenanntes
Ultrakurzzeit Rasternahfeld-Mikroskop (NSOM) erlaubt Messungen mit einer
Raumzeitauflésung von 150 nm / 250 fs. Mit diesem Instrument ist es dadurch
madglich, Transport in nanostrukturierten Materialien zu studieren,
Ladungstragerdynamik in einzelnen niedrig-dimensionalen Systemen zu
untersuchen oder Inhomogenitaten in nanostrukturierten Ensemblen zu
charakterisieren.

Das Ultrakurzzeit NSOM muss konzeptionell sehr gut durchdacht sein, damit
seine Leistungsfahigkeit voll genutzt werden kann. Wir wenden eine
Konfiguration an, bei der Ladungstrager global durch einen Fernfeld Laserpuls
angeregt werden und deren Dynamik dann lokal durch einen Testpuls im
Nahfeld ausgelesen wird. Ein neuartiges Detektionssystem berucksichtigt
sowohl zwei Farben wie auch entartete Pump- und Probephotonenenergien,
womit eine hdhere Flexibilitdt gegenuber friheren Arbeiten erreicht wird. Das
Leistungsvermogen des Instruments wird demonstriert durch zeitaufgeloste
entartete Nahfelduntersuchungen der Ladungstréagerdynamik in GaAs/AlGaAs
Quantenfilmen, welche lokal durch einen fokussierten lonenstrahl (FIB)
bearbeitet wurden.

Die Details der gemessenen Ladungstragerdynamik im FIB implantierten
Quantenfilm zeigen komplexe Diffusionsdynamik. Durch die Implantation
erzeugte Haftzentren bewirken Ladungstragergradienten, welche als treibende
Krafte fur Diffusion agieren. Die Diffusionsdynamik wird direkt betrachtet durch
Messung der raumlichen und zeitlichen Variationen der Ladungstragerdichte.
Wir stellen fest, dass die anfangliche Diffusionsdynamik charakterisiert ist durch
nicht sinusférmige Ladungstragerdichteprofile und raumlich abhangige
Zerfallszeiten. Auf einer langeren Zeitskala hingegen ist das
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Ladungstréagerdichteprofile quasi sinusférmig und der Dichtezerfall hangt nur
noch schwach von der Position ab.

Das Femtosekunden NSOM kann auch kompliziertere Transportdynamik
entflechten, wenn sowohl Drift wie auch Diffusion involviert ist. Solche Dynamik
findet man in Metall-Halbleiter Verbundmaterialien, in denen Schottkykontakte
und elektrische Felder an der Halbleiter-Metallgrenzflache vorhanden sind. Die
durchgefuhrten Nahfeldmessungen erdrtern die Transferdynamik von
Ladungstragern aus einem Halbleiter in eingebettete Metallkigelchen hinein
unter dem Einfluss von Schottkykontakten und eingebauten elektrischen
Feldern. Unsere Experimente zeigen, dass effizienter Elektronentransport zum
Metall nur bei hohen Ladungstragerdichten vorkommt. Bei diesen Dichten sind
die eingebauten Felder abgeschirmt. Nur in diesem Fall kédnnen die
Metallktgelchen die Elektronen effizient einfangen.

Neben Transportmessungen ist die Erforschung einzelner Nanostrukturen, wie
z.B. niedrig-dimensionaler Systeme, eines der wichtigsten Anwendungsgebiete
der Femtosekunden NSOM Technik. Dabei wird ein Einblick in die spezifischen
Eigenschaften der Nanostruktur gewonnen, ungestért vom rédumlichen Mitteln
Uber ein Ensemble von Strukturen. Ausserdem kénnen Wachstums-
inhomogenitaten in nanostrukturierten Materialien charakterisiert werden. Als
Beispiel werde Experimente an einzelnen eindimensionalen Quantendrahten
(QWRs) diskutiert. Wir zeigen, dass Femtosekunden NSOM Messungen an
QWRs mdéglich sind und dadurch schnelle Exziton Relaxationsdynamik
untersucht werden kann. Zudem wird eine neuartige Methode vorgestellt, um
Fluktuationen der Quantisierungsenergie entlang einzelner Quantendréhte mit
einer raumlichen Auflésung im Nanometerbereich aufzuzeichnen.



1 Introduction

Many fundamental physical processes in condensed matter and molecular and
atomic systems take place on picosecond or sub-picosecond time scales.
Examples include the vibrational motion of molecules [1], redistribution of
charge carriers in the bands of semiconductors [2] and electron dynamics in
metals [3, 4]. Though a variety of measurement techniques can probe such
dynamical processes, only all-optical techniques have reliably achieved
subpicosecond temporal resolution. Therefore, ultrafast optical spectroscopy
techniques have substantially contributed to our understanding of fundamental
physics as well as to the characterization and optimization of electronic and
optoelectronic devices [1, 2].

In most femtosecond-resolved experiments, the information about the dynamic
processes is spatially averaged. Spatial averaging occurs over an area with a
typical diameter of 10-100 um, determined by the beam diameter of the
femtosecond laser with which the experiment is performed. This averaging is
particularly disadvantageous if dynamic processes are investigated in
nanostructured materials since their inherent inhomogeneity cannot be spatially
resolved. Given the great potential of nanostructured devices for applications in
photonics and electronics [5], the development of femtosecond-resolved
measurement techniques with nanometer spatial resolution is called for. The
same conclusion is reached if one considers studies of real-space transport. For
example, an electron moving in the semiconductor GaAs at the saturation drift
velocity of approximately 10’ cm/s moves over a distance on the order of
100 nm in 1 ps. Thus, time-resolved studies of such transport processes will
substantially benefit from nanometer-scale spatial resolution.

The most promising approach to achieve both high spatial and high temporal
resolution is given by ultrafast local probes. These techniques combine ultrafast
optical spectroscopy techniques with scanning probe microscopy (SPM).
Possible local probe techniques include Scanning Tunneling Microscopy (STM)
[6], Atomic Force Microscopy (AFM) [7] and Near-Field Scanning Optical
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Microscopy (NSOM)' [8-10]. Ultrafast SPM techniques use internal
nonlinearities inherent in STM, AFM and NSOM systems, as well as external
nonlinearities added to these systems, such as external gating.

Historically, the first local ultrafast measurements have been performed with an
ultrafast AFM [11] in 1992. In these experiments ultrafast voltage waveforms on
a high-speed circuit were measured. The technique is based on the detection of
the force between the tip and the sample that depends on the square of the
voltage between tip and sample. This nonlinearity allows to sample the ultrafast
signal waveform with ultrafast sampling pulses applied to the AFM tip, which
acts as an extremely high-speed mixer. Not much later, in 1993, ultrafast
measurements with STMs [12-14] were reported. In Ref. [12] the intrinsic
nonlinearity of the |-V characteristic was used to measure ultrafast voltage
pulses in transmission lines created by photoconductive switches. In Ref. [13,
14] ultrafast waveforms on transmission lines were sampled externally using a
photoconductive switch on the STM tip. However, since both the ultrafast AFM
and STM techniques rely either on photoconductive switches as time-gating
devices or on electronics, it seems doubtful whether the time resolution can be
pushed to the 100 fs range. All-optical techniques based on NSOM are much
more promising in this respect.

Starting in 1995, femtosecond-resolved NSOM experiments have been reported
by several groups [15-28]. Temporal and spatial resolutions in the 100 fs and
100 nm range, respectively, have been achieved. Besides the good temporal
and spatial resolution, the ultrafast NSOM is particularly successful, as it
combines near-field (NF) techniques with conventional well-known time-
resolved optical spectroscopy techniques. Examples include degenerate equal
pulse correlation, luminescence intensity autocorrelation and the most widely
used degenerate or two-color pump-probe technique. Thus, time-resolved all-
optical near-field microscopy has been established by now as an experimental

" The use of the term NSOM is not universal. The alternative term SNOM, which was introduced
by the IBM group in Switzerland, stresses the scanning aspects of the instrument. This nhame
also underscores the instrument's heritage as a member of the scanning probe microscope
family. The term NSOM was suggested by ther Cornell group in the United States. This name

stresses instead the near-field aspects of the instrument.
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tool that provides both spatial resolution beyond the diffraction limit and true
femtosecond time resolution.

In this thesis, we will introduce the femtosecond near-field scanning optical
microscope and show that its high performance allows for the measurement of
ultrafast carrier dynamics in a variety of semiconductor nanostructures. In
chapter 2, we first give an introduction to the conventional NSOM technique
with some details on the fabrication of NSOM tips by tube etching and on the
used shear-force feedback technique to keep the NSOM tip in a small distance
above the sample. Afterwards we introduce the pump-probe technique and
discuss shortly general carrier relaxation and transport dynamics in
semiconductors. We then describe how the pump-probe technique has been
combined with the NSOM technique to resolve spatiotemporal carrier dynamics
with 150 nm spatial and 250 fs temporal resolution. Particular attention is
devoted to the dispersion management in order to maintain good temporal
resolution.

Typical ultrafast near-field experiments can be placed into two categories: (i)
studies of real-space carrier transport and (ii) measurements on single
nanostructures. With respect to transport studies, we have performed
measurements on two different structures. Chapter 3 deals with diffusive carrier
transport in semiconductor quantum wells, which have been patterned by local
ion implantation. The implantation induces local carrier trapping, giving rise to a
locally reduced carrier density. The resulting density gradients are the driving
forces for the measured diffusive carrier transport. The extension to more
complicated drift and diffusion dynamics is performed in chapter 4. In this
chapter we study carrier transport in metal-semiconductor composite materials.
They are characterized by the presence of buried metallic nanodisks. These
nanodisks can trap carriers at the interface and form Schottky contacts to the
embedding semiconductor. The resulting built-in electric fields induce drift
forces on the carriers in addition to diffusion and trapping mechanisms. In both
chapters 3 and 4, the measured carrier dynamics is successfully compared with
numerical simulations of the carrier density dynamics.

Measurements on single nanostructures aim to provide a better understanding
of the intrinsic properties of these structures. Often, insight into the intrinsic
properties is difficult to obtain from far-field experiments, which average over
the response of an ensemble of nanostructures. This averaging complicates the
interpretation of the experimental data. Moreover, measurements on single
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nanostructures allow the characterization of the inhomogeneity of the
structures. In chapter 5, we present experiments on single semiconductor
quantum wires. Local measurements allow for the interpretation of ultrafast
carrier relaxation dynamics in a single quantum wire. Additionally, the analysis
of the experimental data demonstrates that femtosecond NSOM measurement
allow one to quantitatively determine fluctuations of optical transition energies
along a single quantum wire with nanometer-scale spatial resolution.
Information on the fluctuation in thickness of the wire can be obtained from
these measurements. Finally, we present our conclusions and an outlook in
chapter 6.



2 Ultrafast near-field scanning optical microscope

In this chapter we establish a basis for the experiments described in the
chapters 3 - 5. First we introduce the fundamental ideas of near-field optics,
which allow us to obtain sub-diffraction limit spatial resolution. More details are
given to the formation of near-field optical probes and the used shear-force
feedback system. Subsequently, the basics of femtosecond pump-probe
spectroscopy are explained, including a short description of carrier relaxation
and transport dynamics in semiconductors. The combination of NF optics and
pump-probe spectroscopy results in our femtosecond NSOM, which is specified
in the section on the experimental setup. We discuss the special requirements
that are necessary to perform pump-probe measurements with simultaneously
high temporal and spatial resolution. Finally, we demonstrate that the home-
built femtosecond NSOM allows for the measurement of carrier dynamics in a
patterned semiconductor quantum well with simultaneous 150 nm spatial and
250 fs temporal resolution and a high sensitivity of AT/T < 10™,

2.1 Near-field optics

Recently, strong technological progress has pushed near-field optics to one of
the cutting edge technologies in microscopy [29-43]. The success of the NSOM
is based on the fruitful combination of scanning probe technology with the
power of optical microscopy, which allows us to directly look into the nanoworld.
Up to date research fields include single molecule spectroscopy [30-32], low
dimensional electronic [33-35] and photonic structures [36, 37], surface
plasmons [38, 39], etc. Also for theorists the optical near-field has become very
attractive [40-43].

So far, the spatial resolution of conventional visible far-field optics has been
limited roughly to the micrometer as a consequence of the diffraction limit.
Already in 1873, Ernst Abbé [44] found, that there is a lower barrier for the
smallest resolvable spacings Ax:

Ax = /l (2.1)
2nsin@
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where A is the wavelength, n the refractive index of an embedding medium and
6 the aperture angle in the medium that may be a liquid or even a solid.

The first idea to circumvent the diffraction limit in order to obtain spatial
resolution in the 100 nm range was proposed in 1928 by E.H. Synge [45]. He
suggested to illuminate an opaque metallic film from the backside with a strong
light source. A small hole with a 100 nm diameter drilled in the metallic film
should then act as a very local light source (Fig. 2.1(a)). Images were taken by
raster scanning point by point the hole in a very short distance below 100 nm
over the sample to guarantee the spatial resolution. In fact, this theoretical
description comes very close to the modern NSOM instrument. However for
technological reasons, the theoretical concept had never been realized by
Synge. Only in 1984 the first NF optical microscopes have been developed at
IBM Ruschlikon by D. Pohl et al. [8] and independently at the Cornell University
by A. Lewis et al.[9]. Both groups used so called aperture NSOMs. In such
instruments light is coupled into an sharply tapered transparent probe tip that is
metal coated, leaving a sub-wavelength aperture at the tip apex (Fig. 2.1(b)).
Using a feedback system similar to the ones used in other SPM systems, the tip
is raster scanned in close proximity over the sample, maintaining a constant tip-
sample separation. The light emerging from the aperture is scattered by the
sample and detected in the far-field with a photodetector. With such aperture
NSOMs a spatial resolution below 50 nm can be routinely achieved nowadays.

principle idea aperture NSOM apertureless NSOM

Fig. 2.1 Different schemes for NF optical microscops: (a) first theoretical concept
proposed by Synge, (b) conventional widespread aperture NSOM and (c)
apertureless NSOM, based on local field enhancement at sharp probe tips.
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Improved spatial resolution has been recorded by the apertureless NSOM [46-
49]. This instrument takes advantage of the local field enhancement occurring
when a strong laser beam is focused in the far-field on a very sharp probe tip
(Fig. 2.1c)). The very confined optical field has shown to give a spatial
resolution down to a few nanometer in laboratory experiments [46-49]. The
strong drawback of the apertureless technique is the huge background signal of
far-field scattered radiation that overshadows the small NF optical signal.
Additionally, the interpretation of the measured signal can be difficult due to the
strong dependency of the local field enhancement on the geometry of the probe
tip and the topography of the measured sample. Therefore numerical
simulations have often to be considered for the interpretation of the measured
data.

In this work we have used a conventional aperture NSOM for the time-resolved
measurements. In the following we will describe the two main elements of the
NSOM, that are the aperture probe tip and the feedback mechanism.

2.1.1 Aperture near-field optical probes

Since the first publications of the aperture NSOM, there have been various
attempts for the realization of high quality probe tips. The main quality factors
concern reproducibility and throughput. The most successful techniques with
respect to this considerations are pulling or etching of single-mode optical
fibers. These techniques are widely used today, although they both suffer from
the lack of the possibility for mass production. The power throughputs, for a
100 nm aperture at ~800 nm wavelengths, are typically 10°-10* for pulled tips
and 107° to 10 for etched tips. The throughput for etched tips is generally larger
due to a larger cone angle, which minimizes the distance over which
evanescent modes near the tip aperture must propagate, thereby minimizing
the power loss. For both types of tips, the power throughput strongly depends
on the aperture diameter d, as d* from the Bethe/Bouwkamp model [50, 51].
Therefore, a better spatial resolution comes at a great cost of useable signal
power. However, the maximum input power is limited to a few mW by the
damage threshold of the Aluminum fiber coating [52, 53], resulting in a NSOM
fiber output for a 100 nm aperture of typically less than 100 nW.

The pulling method [54] is based on local heating of an optical fiber by a CO,
laser or a filament and subsequent pulling apart. The advantage of the method
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is the smooth surface at the apex that allows for the evaporation of metal layers
without leakage holes. We have used probe tips of this type for initial
measurements, but then abandoned them because of the poor throughput.

The etching technique produces probe tips by dipping the optical fibers in a
40% HF solutions [55] with an overlayer of an organic solvant (e.g. p-
xylene C;H,, or isooctane C4H,;). The organic solvant is used to avoid
evaporation of the HF, which would attack the entire fiber and not only the part
dipped in the HF. The probe tips we used in our experiments were fabricated by
the more elaborate tube-etching technique [56, 57]. In this method, the optical
fibers are dipped with the polymer coating in the HF solution for 2-3 hours. The
exact etching time depends on the brand and exact chemical composition of the
optical fiber and the polymer coating. The self-terminating tip formation process
is schematically shown in Fig. 2.2 at different stages. The polymer coating
forms a cylindrical cavity around the tip during the etching, which results in a
reduced surface roughness and therefore in an increased quality of the probe
tips. After the etching the polymer coating is removed either by dissolving it into
dichloromethane (CH,CI,) or by mechanical stripping.

Fig. 2.2 Tube etching process at different stages (a) right after dipping the optical
fiber in the HF solution, (b) during the etching, and (c) after the self-terminating
formation of the probe tip. The polymer tube that is not removed during the etching
is shown in black.

Subsequently, the bare etched fiber is metal coated. The evaporation is
performed under a slight angle of ~5° from behind (Fig. 2.3). Due to the
shadowing effect, the deposition rate is considerably reduced at the apex of the
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tip compared to the sides resulting in the formation of an aperture at the tip
apex. During the evaporation, the tip is rotated at a frequency of 2-5 Hz to
ensure a homogenous metal layer thickness. First we evaporate a few
monolayers of titanium at an evaporation rate of 3 A/s. This layer acts as a
sticking layer for the subsequent aluminum layer. It has been shown, that such
a sticking layer rises the optical damage threshold [58]. For the confinement of
the light we evaporate a ~70 nm thick aluminum coating at a rate of 1-2 nm/s.
The thickness of the Al coating ensures that no light is leaking sideward out of
the probe tip (the skin depth of Al at 800 nm is 7.5 nm).

Fig. 2.3 The aperture at the tip apex is formed by evaporating metal on the taper
sides under a small angle from behind.

2.1.2 Shear-force feedback system

Already Synge [45] suggested that in a NSOM experiment, the subwavelength
aperture must be placed very close to the sample surface of interest. Synge's
intuition was correct. Theoretical studies of the behavior of the electromagnetic
near-field of a subwavelength aperture show it to be strongly diverging, except
very near the aperture, i.e. for z<<i. Small tip-sample separations even during
raster scanning can only be kept constant, when the tip-sample distance is
actively controlled over a sensitive feedback loop. Among different feedback
mechanisms known from other SPM techniques, shear-force feedback control
[59] is currently the most popular one used for NSOMs. Our shear-force
feedback control system based on a piezoelectric tuning fork [60] is depicted in
Fig. 2.4. This kind of feedback technique avoids the effect of scattered light
which can be present in optical feedback techniques.
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For the shear-force feedback control, the optical fiber is glued on one leg of a
32'768 Hz quartz tuning fork from Grieder Bauteile AG. The tip together with the
tuning fork are dithered laterally by the dither-piezotube at one of the resonance
frequencies around 31-37 kHz, depending on the fiber shape and the exact
mounting geometry. Best feedback conditions are found for resonances with
~150 Hz FWHM. The dithering leads to an oscillation of the tip apex with an
amplitude of around 5 nm. The movement of the tip is transformed to a voltage
signal by the piezo-electric tuning fork. Using a lock-in amplifier at the driver
frequency, the amplitude of the oscillation is extracted.

driving signal from
function generator

Piezoelectric
Tuning Fork

—

displacemant signal to
Lock-1n amplifiee
{Lock-In ouput o PSI
electronics)

Z-Feedback Piezos
{driving signal from PSI and
homa-built slecironics)

Fig. 2.4 Piezoelectric tuning fork shear force feedback system and scanner unit,
driven by Park Scientific Instruments (PSI) or home-built electronics.

As the fiber is brought to within roughly 15 nm of the surface, the resonance is
damped due to shear forces that act between tip and sample. As the tip-sample
separation goes to zero, the tip amplitude becomes zero. By maintaining a
constant tip oscillation amplitude, a constant tip-sample separations is obtained.
The constant tip-sample flying height is controlled over a commercial Park
Scientific Instruments AFM, which drives the z-feedback piezos of the sample
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holder. Thus, while recording the distance necessary to move the sample to
maintain this constant tip oscillation, one records a topographic image
simultaneously with the NSOM image. The x-y raster scanning is performed by
the three sample holder piezos.

The sample stage design and coarse and fine tip approach systems are similar
to the designs described in Ref. [61], Secs. 5.4.3 and 5.5, respectively. The
coarse sample positioning is done with manual translation stages.

2.2 Pump-probe technique

In order to obtain femtosecond time resolution, in all but a few cases the pump-
probe technique has been combined with NSOM [15, 16, 18-26, 28]. In the
context of this thesis, "pump-probe" refers to measurements of either the
differential reflectivity or the differential transmission [2, 62]. In these pump-
probe experiments, a pump pulse excites carriers in the sample. The excited
carriers modify the absorption and the refractive index and, in turn the
reflectivity and the transmission of the sample. The pump-induced reflectivity or
transmission changes are measured by a probe pulse at various time delays At
after the pump excitation, as shown in Fig. 2.5. The time delay At is adjusted by
a mechanical delay stage.

delay / \
stage

time

ultrafast
laser /

Fig. 2.5 Scheme of the pump-probe technique. The pump-induced transmission
changes are measured with a probe pulse as a function of pump-probe time delay
At.
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More specifically, the pump-induced changes of the reflected or transmitted
probe intensity are determined, which are proportional to the "differential
reflectivity" AR = R, on — R @nd the "differential transmission" AT =T ,o0n — T,
respectively. Here, T is the linear transmission of the sample and R its linear
reflectivity. The time resolution in these experiments is only determined by the
width of the pump and probe pulses. In this work, we will mainly concentrate on
the differential transmission technique.

After coherence is lost, the differential transmission signal is determined by
many-body effects (e.g. band gap renormalization or exciton energy changes)
and occupation effects. In samples and under experimental conditions, where
many-body effects can be neglected and occupation effects dominate the
dynamics, the analysis of the experiments is considerably simplified. Assuming
a constant matrix element for the interband transitions in the spectral region of
interest, the pump induced change in the absorption coefficient « is given by [2]:

Ac(w) =—(f, + f,)o(@) (2.2)

where f, and f, are the photoexcited electon and hole distribution functions at
energies E, and E,, respectively, coupled by a photon of energy 7i@. Under the
simplifying assumptions that changes in reflectivity can be neglected and that
the absorption changes Ax in a thin sample with thickness d are small, we can
write the normalized differential transmission as:

AT(@,A1) _ Tyuny (@A) - T(@) _ Ao(w, At)d

Hw) I(w) (2.3)

Hence, with the described simplifications, we conclude from Eq. 2.2 and 2.3
that the differential transmission signal is a measure for the excited carrier
density . As a consequence, measurements of the differential transmission
versus the time delay between the pump and the probe pulses reveal the
temporal evolution of the carrier distribution.

2.2.1 Carrier relaxation dynamics

In general, the relaxation of photoexcited carriers in semiconductors to the
thermodynamic equilibrium can be classified roughly into four time-regimes (see
Fig. 2.6). In the first, coherent regime | the excitation in the semiconductor is in
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a well-defined phase relationship with the electromagnetic field of the pump
pulse. The coherence is destroyed by various scattering processes, such as
carrier-carrier scattering, momentum scattering, etc. Typical dephasing times of
e.g. free carriers in GaAs at room temperature are on the order of 10 fs [63, 64].

At

()

e - phonon

k
>

Fig. 2.6 The four carrier regimes that are significant for the relaxation of ultrafast
excited carriers, depicted for a 2-band bulk semiconductor: Coherent regime |, non-
thermal regime II, hot-(cold)-carrier regime lll, and isothermal regime IV.

After the dephasing, the distribution of the free electron-hole pairs or excitons is
non-thermal (regime Il), i.e. the carrier distribution can not be characterized by a
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temperature. Mainly carrier-carrier scattering evolves the non-thermal carrier
distribution to a hot or cold thermal carrier distribution. The thermalization
process in the case of electrons in GaAs takes place in around 200 fs [65, 66].
The thermalized carrier distribution has normally a higher or lower temperature
than the lattice temperature, depending on the excitation photon energy and the
excited carrier density. In the third hot-(cold)-carrier regime Il the electron-hole
pairs are cooled (heated) and reach the lattice temperature on a picosecond
time-scale through interaction with various phonons in the semiconductor [2].
Finally all carriers, phonons and excitons are in equilibrium with each other and
can be described by a single temperature, the one of the lattice. In this
isothermal regime IV the excess electron-hole pairs or excitons recombine
radiativley or non-radiatively and return to the thermodynamic equilibrium before
optical pulse excitation.

It has to be highlighted that the four regimes temporally overlap. For example in
samples with a high amount of defects, the electron-hole pairs can recombine
non-radiatively on a very short time-scale of a few picoseconds.

For our femtosecond NSOM with a temporal resolution of ~250 fs coherent
carrier dynamics is not accessible. We are only interested in carrier dynamics
that play on a longer time scale of a few hundreds of femtosecond to hundreds
of piconseconds.

2.2.2 Carrier transport dynamics

One of the most important features of a temporally and spatially resolving
technique like the ultrafast NSOM is the ability to investigate the dynamics of
lateral carrier transport. In chapter 3 and 4 we will describe carrier transport
driven by carrier density gradients and electric fields, resulting in carrier
diffusion and drift, respectively. The underlying theoretical description for the
transport dynamics is the continuity equation:

2 p(t.0)=-Vi(tx) (2.9)

where p is the carrier density and j the current density. In the non-ballistic
regime the current density consists of a diffusion and a drift term:
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50 = igion () + i (%) = =DV p(x) + ip(x)E(x). (2.5)

D denotes the diffusion constant, y the mobility and E the electric field. The
diffusion constant and the mobility are linked over the Einstein relation:

u (2.6)

where k; is the Boltzmann constant, 7' the temperature and ¢ the electron
charge. The electric field itself is related to the carrier density through Poisson's
equation:

p(x)=VD(x) = eg,VE(x) (2.7)

Here, D is the electric displacement, ¢ the dielectric constant and ¢, the
permittivity in vacuum. These equations 2.4, 2.5 and 2.7 will allow us to derive
rate equations for the electron and hole density. The numerical implementation
of the rate equation model and the comparison of the calculated with the
experimental data will allow us to verify the applied theoretical model and will be
important for the discussion of the data.

2.3 Experimental setup

One can envision various configurations combining femtosecond pump-probe
techniques with NSOM. For example, the pump pulse, the incident probe pulse,
or both pulses can propagate through the NSOM fiber while the transmitted or
reflected probe pulse is detected in the far-field. Alternatively, the transmitted or
reflected probe pulse can be picked up by the NSOM fiber while the excitation
pulses propagate in the far-field. For all these configurations, the excitation and
detection can either be at two different wavelengths (i.e. two-color) or they can
be degenerate.

A few of these configurations have been realized by various groups. In the
system described in this thesis, a global pump / local transmitted probe
configuration was chosen, shown in Fig. 2.7. The sample is excited from the
bottom side by a pump pulse that is focused to a ~10 um spot by a 40 X
microscope objective. The pump-induced changes in transmission are detected
by a near-field probe pulse that is sent through the NSOM fiber and transmitted
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through the sample. The novel detection system described later can be used
for both degenerate or two-color excitation. This novel combination allows for a
high degree of measurement flexibility. All experiments are performed at room
temperature.

transparent
substrate

objective

Fig. 2.7 The far-field pump / near-field transmitted probe configuration.

The choice between global or local pump excitation is largely determined by the
requirements of the experiment. Global pump excitation was chosen mainly due
to the greater excitation intensity that can be applied in the far-field, as opposed
to the near-field. Specifically, pump excitation through the NSOM tip is limited in
the maximum excitation intensity due to the very low power throughput of
NSOM tips and the tip damage threshold of a few mW of input power to the
fiber [52, 53]. In global pump excitation, the excitation intensity is only limited by
the damage thresholds of the sample so potentially larger nonlinear responses
can be measured. Additionally, the pump intensity and thereby the excited
carrier density is more precisely determined in FF excitation than in NF
excitation.
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Since global pump excitation was chosen, the differential probe transmission
signal had to be measured locally with the NSOM tip. The main consideration in
the decision between measuring in illumination versus collection mode was
signal to noise. The general experience in the NSOM experiment community is
that there is considerably more signal to work with in illumination mode NSOM,
as opposed to collection mode [61]. Therefore, the higher efficiency of
illumination mode NSOM determined our preference for this configuration.

NSOM
fiber

lens
robe
laser i GVD sa_tmple
AQM [Precomp < microscope
objective
pump
< y
ol AOM L
; y detection
stage system

Fig. 2.8 Experimental pump-probe set-up. AOM: acousto-optic modulator, GVD:
group velocity dispersion.

Details of the pump-probe NSOM set-up are shown in Fig. 2.8. A modelocked
laser source (either a home-built Ti:Sapphire or a commercial Cr:LiSAF laser)
generates a train of ~100 fs pulses tunable at wavelengths around 800 nm and
a repetition rate of ~ 100 MHz. The pulse train is split into pump and probe
pulses by a polarizing beamsplitter cube. The pump beam is sent through a
motorized variable delay stage, which determines the time delay between the
pump and probe pulses. It is then square-wave modulated at 1 MHz by an
acousto-optic modulator (AOM) from IntraAction Corp (model AOM-40N) before
being sent up through the NSOM objective and focused to a ~10um spot on the
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sample. The probe pulse is first square-wave modulated at 1.05 MHz by an
AOM and then sent through a group velocity dispersion (GVD)
precompensation set-up. The resulting negatively chirped probe pulse is then
coupled into a single mode NSOM fiber, emerging at the output NSOM tip
aperture with pulsewidths typically below ~200 fs. The output from the NSOM
tip aperture is transmitted through the thin sample in the near-field and collected
in the far-field through the NSOM objective to the detection optics and an
avalanche photodiode (APD). The differential probe transmission signal AT is
measured at the 50 kHz difference frequency using a lock-in amplifier (Stanford
Research Systems SR830). The linear transmission signal T is simultaneously
measured at 1.05 MHz with a RF lock-in amplifier (Stanford Research Systems
SR844) to calculate the normalized differential transmission signal AT/T. The
probe and backreflected pump light collected by the NSOM objective lens can
alternatively be directed to a CCD imaging system to facilitate alignment for
pump-probe spatial overlap.

2.3.1 Signal-to-noise considerations

Typical differential probe transmission signals lie in the pW range. This pW-
range signal is accompanied by large background signals which include the
transmitted probe power that is unaffected by the pump and the backreflected
pump power, which can not be easily avoided with the NSOM geometry. These
background signals dwarf the differential probe transmission signal. Therefore,
modulation and lock-in detection is used to differentiate between the differential
probe transmission and the unaffected probe and backreflected pump.
Specifically, as mentioned in the previous section, the input pump and probe
pulse trains are modulated at 1 MHz and 1.05 MHz respectively. The effect of
pump excitation on probe transmission corresponds to a nonlinear response
which mixes the pump and probe signals, introducing a differential probe
transmission signal at the 50 kHz difference frequency, which can be measured
with lock-in detection. The high frequencies of the pump and probe modulation
reduce thermal effects of the tip-sample interaction [52] and, together with the
high difference frequency, reduce the effect of laser noise.

Despite these measures, the unaffected probe and the back-reflected pump can
still affect the measurement by increasing the measured shot and laser noise or
even saturating the detector. Unfortunately, detection of the unaffected probe
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signal cannot be avoided, since it cannot be purely optically separated from the
desired differential probe signal. Fortunately, this unaffected probe signal is
small enough that it does not introduce significant problems, only slightly
increasing the noise floor above detector dark noise. However, the back-
reflected pump signal is typically many orders of magnitude larger, so that
measures need to be taken to reduce this signal as much as possible. In order
to avoid the noise and saturation problems associated with detected pump
signal, other groups have used two-color set-ups with spectral filtering or
symmetric arrangements of pump and probe through equal-pulse correlation,
sending both pump and probe through the fiber so that both the transmitted
pump and unaffected transmitted probe background signals are small. In the
experiment described in this work, two measures are taken to reduce the back-
reflected pump while avoiding the wavelength limitations of the two-color
requirement and the limitations on the measurement flexibility in the equal-pulse
set-up. These are shown in Fig. 2.9. First, the pump and probe beams are
orthogonally polarized so that a Glan-Thomson polarizer filters out the pump by
a factor of typically more than 100, and even as high as 500, while passing
most of the probe. Though the polarization of the probe light output from the
NSOM tip is not perfectly linear, measurements reveal that the polarization
stays quite constant over the pump-probe measurement period. Therefore, no
artifacts are introduced into the pump-probe scan by the polarization sensitive
detection.

A second method for reducing the back-reflected pump light involves a confocal
arrangement consisting of a 50 um pinhole that spatially filters out the light
outside of a 1.25 ym diameter sample area, thereby reducing the back-reflected
pump by as much as a factor of 100 (see Fig. 2.9).
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Fig. 2.9 Detection system, incorporating polarization discrimination and a confocal
setup to reduce the back-reflected pump signal. GT: Glan Thomson, APD:
avalanche photodiode.

These precautions significantly reduce the back-reflected pump light and
therefore lower the shot noise level of the electrical signal obtained from the
avalanche photodiode (APD). The APD module in our setup is a home-built low-
noise module with an avalanche photodiode from Hamamatsu (S6045) and a
low-noise operational amplifier from Analog Devices (AD744). Due to a
thorough design the dark noise-equivalent power is below 10 f\W/+/Hz. This
small dark noise level has actually always been below the shot noise level
originating from background signal and has therefore not limited the detectable
signal.

One artifact of the APD module detection is an electrical mixing of the pump
and probe pulses at high gain operation of the avalanche module. This
introduces a time-delay dependent background signal at the 50 kHz difference
frequency at which the differential probe transmission signal is measured. For
large back-reflected pump signals, this can be significant enough to warp the
pump-probe trace. In all the measurements shown in this work, this mixing
effect was sufficiently suppressed by the reduction of the background signals. It
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is noteworthy that with a commercial APD module we used before, this mixing
problem was even much more pronounced.

Including all these considerations, our setup allows us to measure normalized
differential probe transmission signals, AT/T, below 1x10™.

2.3.2 Maintaining high time resolution in a NSOM

Besides signal to noise considerations, time resolution and the limits imposed
on it by group velocity dispersion (GVD) is also an important issue. Of highest
concern is the GVD of the NSOM fiber, a meter of which can stretch a 100 fs
pulse at 800 nm to a chirped 1 ps pulse. Therefore, a GVD precompensation
set-up was introduced before the fiber coupler in order to add a negative GVD
to the pulse, which balances the positive GVD of the ~50 cm length of fiber. The
GVD precompensator consisted of a standard two-prism set-up [67] shown in
Fig. 2.10 [67], in which different spectral components of the pulse travel
different distances, introducing a net negative GVD which depends on prism
spacing and insertion.

Fiber > A
Coupler

Fig. 210 Standard prism pair setup to precompensate the group velocity
dispersion in the NSOM optical fiber.

Fig. 2.11 shows the pulsewidth at the output of a 46 cm open-ended fiber after
precompensation, deconvoluted from measured autocorrelation traces, as a
function of prism separation, for a 90 fs input pulse. As can be seen, the pulse-
width can be largely recovered with proper GVD optimization.
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Fig. 2.11 Measured pulse-width at the output of a 46 cm fiber vs spacing between
the prisms of the two-prism GVD precompensation setup, for a ~90 fs input pulse-
width.

The precompensation for 100 fs pulses should not be affected by the NSOM tip
itself, which does not show much effect on GVD [16]. Given this
precompensation, we have measured time-responses as fast as ~250 fs. This is
shown in the pump-probe trace of Fig. 2.12, which was taken on the FIB
implanted quantum well sample 100/2000, described later in this chapter.
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Fig. 2.12 Local pump-probe measurements of the FIB implanted quantum well
sample sample 100/2000, showing a temporal resolution of ~250 fs.

The ~250 fs 10-90% risetime of this signal roughly represents the convolution of
the sech’-shaped pump and probe pulses. This time resolution is partially
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limited by the ~150 fs pulsewidth of the pump, which was not precompensated
for the ~11 cm of glass of the AOM and other optics. It is expected that the time
resolution can be further improved by precompensating the pump pulse and
also by decreasing the laser output pulsewidth. For the experiments discussed
in this thesis, no improvement of the temporal resolution has been necessary.

One issue of consideration in sending ultrafast pulses through NSOM fibers is
the possibility that nonlinear effects in the fiber [68], such as self-phase
modulation and stimulated Raman scattering, can warp the spectrum of the
measured output pulse. To explore this effect, spectral measurements were
made on the outputs of open-ended NSOM fibers, where the ~100 fs input
pulses were first precompensated for the NSOM fiber length with the prism set-
up described in the previous paragraph. These measurements are shown in
Fig. 2.13. One can see that, for 25 mW output power, the output pulse spectrum
is significantly warped with respect to the input pulse spectrum — revealing
significant nonlinear effects. However, for output powers below ~4 mW, no
significant nonlinear effects were observed. Though these results were
measured with open ended fibers, it has been shown that the subwavelength
aperture does not have an effect on the spectrum [69]. Only for 10 fs pulses it
has been shown theoretically that a metal coated aperture probe can strongly
modify the temporal and spectral pulse profile [70]. Therefore, for our 100 fs
pulses and since optical powers within NSOM fibers cannot be much higher
than 4 mW due to tip damage, the nonlinear effects are not significant.
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Fig. 2.13 Spectra of precompensated fiber output pulses for various fiber output
powers and fiber input spectrum as a reference.
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2.4 Topographical artifacts

A major issue of concern in most NSOM measurements are topographical
artifacts [71] in which the topography of the measured surface can alter the
optical image, independent of the variation in optical properties. This is of lesser
concern in this instrument since the main physics which is explored involves the
temporal dependence of the carrier dynamics. This means that we are mainly
interested in the temporal shape of the pump-probe scan and how this temporal
dependence varies across the sample, issues in which the topographical
artifacts are less significant.

As the FIB samples studied in chapter 3 and the W-disk sample investigated in
chapter 4 have flat surfaces, topographical artifacts do not have to be
discussed. However, for samples with larger topographical variations, like the V-
groove quantum wires in chapter 5, topographical artifacts must be taken into
account when interpreting spatial variations in pump-probe amplitudes and in
determining the spatial resolution.

2.5 Semiconductor sample preparation for NF measurements

Suitable samples for near-field measurements have to fulfill one main
consideration, namely that the active region has to be close to the surface. This
entails that the active region and top protection or barrier layers have to be very
thin. Active regions in quantum structures like quantum wells, wires or dots are
inherently thin, in the order of some nanometers. Bulk semiconductor samples
should be designed with a thickness, that doesn't exceed 100 nm to maintain
reasonable spatial resolution. With respect to energy barriers and protection
layers, they should be as thin as possible without losing on their functionality,
resulting in a thickness of a few tens of nanometer.

The used global pump / local transmitted probe configuration requires that the
semiconductor samples are suitable for transmission measurements. Typically,
the samples are grown on a opaque 0.4 mm thick GaAs substrate, which has to
be removed. This is accomplished by growing on the GaAs substrate an etch
stop layer sequence followed by the nanostructure of interest and a 400-500 nm
thick transparent layer as a mechanical support, as schematically depicted in
Fig. 2.14.
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Fig. 2.14 Typical semiconductor nanostructure sample for transmission NSOM
measurements, including GaAs/Al,Ga, As etch stop layers.

First, the sample is glued onto a 1 mm thick BK7 (RS10X1 from WZW Optic
AG) glass substrate with the epitaxial layers facing downwards using a UV
curing optical adhesive (NOA61 from Thorlabs). The GaAs substrate is thinned
down to ~100 um using a bromine methanol solution. Subsequently, the
GaAs/Al,Ga, As etch stop layers are removed by chemical wet etching with
peroxide/ammonium-hydroxide (H,0,/NH,OH) solution for GaAs [72] and
fuming hydrochloric acid (HCI) solution for AlAs. The H,O,/NH,OH solution has
its best selectivity at pH 7.05. In a more concentrated solution it etches faster
[72-74]. The remaining structure consists of the mechanical support that
prevents the sample from cracking due to stress implied by the glue, and of the
nanostructure of interest.
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2.6 Proof of principle of the ultrafast NSOM

In order to prove the imaging capability of the femtosecond NSOM, experiments
on semiconductor nanostructures are performed. The requested structure must
have a reasonable predictable lateral variation in carrier dynamics and
preferentially a flat topographical profile.

2.6.1 Focused-ion beam implanted quantum well

The desired semiconductor nanostructures have been obtained by nanometer-
scale lateral patterning of an undoped 80 A GaAs/Al,,Ga,;As single quantum
well with focused ion beam (FIB) implantation of 50 keV Ga ions, as shown in
Fig. 2.15.

Ga lons
50 keV @ ~5nm

12nm AlGaAs  ®g® |
'8 nm GaAs

500 nm AlGaAs 000 oo

Lo

Fig. 2.15 Side view of the structure and the fabrication process of the FIB
implanted quantum well.

The implantation energy was chosen to create damage in the GaAs quantum
well, according to TRIM simulations [75]. The local ion implantation results in
defect formation, which gives rise to carrier trapping with picosecond or sub-ps
time constants [76, 77]. Sample 100/2000 is patterned with 100 nm implanted
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stripes and 2000 nm spaces at a dose 8x10" cm? sample 200/400 with
200 nm implanted stripes and 400 nm spaces at a dose 3x10'? cm? (see Fig.
2.16).

Sample 200/400 Sample 100/2000
I ﬁ l [ . l
200 nm 100 nm
— —-
dose ~3x10" ions/cm® dose ~8x10" ions/cm®

Fig. 2.16 Pattern of the two FIB samples 200/400 and 100/2000. The gray regions
indicate the implanted stripes.

The FIB implantation creates a spatial defect profile with well-defined edges
since TRIM simulations [75] show that the defects spread only 20 nm beyond
the nominal width of the implanted stripes. The preparation of the samples for
transmission experiments follows the description of section 2.5. The remaining
quantum well has a 12 nm AlGaAs top barrier, which allows one to bring the
NSOM tip close to the optically active layer, ensuring high spatial resolution in
near-field experiments. In all experiments, the laser was tuned to the lowest
heavy hole exciton resonance of the quantum well at 1.475 eV (840 nm). The
pump fluence was 4 pJ/cm?, corresponding to a carrier density of about 10" cm-
2. |t is noteworthy, that the focused-ion beam implanted quantum well sample
has not only been used as a test sample to show the capabilities of the ultrafast
NSOM but also to study carrier diffusion dynamics, which will be described later
in chapter 3.

2.6.2 First spatially and temporally resolved measurements

Fig. 2.17 shows a two-dimensional image of the amplitude of the pump-probe
signal at zero time delay, measured on sample 200/400. One can clearly
distinguish variations in the pump-probe amplitude image which follow the 600
nm period of the FIB implantation pattern. The dark regions correspond to
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smaller signals. Fast carrier trapping in the implanted stripes is at the origin of
the pump-probe pattern. Carrier trapping reduces the carrier density in the
implanted stripes already at zero time delay when the pump and the probe
pulse temporally overlap, resulting in a smaller pump-probe amplitude. It should
be noted that no contrast is seen in the simultaneously measured topography
image of Fig. 2(b), excluding the possibility that the pattern in the pump-probe
image is a topographical artifact [71]. Thus, the femtosecond NSOM can
provide images of the optical nonlinearity at fixed time delays.

EE 500 nm (b) EE 500 nm

(@)

Fig. 2.17 (a) A two-dimensional image of the pump-probe amplitude at zero time
delay. (b) The simultaneously measured topography of the GaAs/AlGaAs quantum
well with 200 nm FIB implanted stripes and 400 nm spaces.

Fig. 2.18 shows a 2-D scan of sample 100/2000, in which the NSOM tip was
scanned across the surface of the sample while various optical signals were
measured — either amplitude of the pump-probe signal (AT), linear probe
transmission (T) , or probe light blocked (B) — as shown. Though the 2 pm
periodicity of the implantation profile is clearly visible in the pump-probe
amplitude variation, no such correlation is seen in the linear probe transmission
profile. This shows that it is the nonlinear response of the sample which is
measured, not the linear response.
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Fig. 2.18 Two-dimensional scan of sample 100/2000 where the measured optical
signal is changed during the scan as shown. AT: differential probe transmission
signal at 40 ps time delay, T: linear probe transmission, B: detector blocked.

For the determination of the spatial resolution of our home-built femtosecond
NSOM, a series of pump-probe time-domain measurements are taken at
various positions across the FIB pattern of Fig. 2.17. Fig. 2.19(a) shows
normalized plots of a few of these scans, while Fig. 2.19(b) shows the amplitude
of these scans .from a single-exponential fit versus distance across the FIB
pattern. The 10-90% lateral rise in the amplitude plot reveals a lateral resolution
as high as ~150 nm. Indeed, this is a conservative estimate of lateral resolution
since it assumes a step-like variation in the implantation profile, whereas TRIM
[75] simulations suggested that the lateral damage was spread by ~20 nm.
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Fig. 2.19 (a) Normalized pump-probe scans taken at the positions indicated in (b).
(b) Pump-probe amplitude at zero time delay vs distance across the FIB sample
200/400. The gray region correspond to the implanted stripe.

Summarizing this chapter, the described home-built femtosecond NSOM allows
differential transmission measurements with 150 nm spatial and 250 fs temporal
resolution and a high sensitivity of AT/T < 10™.
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3 Different diffusive transport regimes in focused ion
beam implanted semiconductor quantum wells

In this chapter, we experimentally demonstrate that diffusive carrier transport in
semiconductor nanostructures results in complex spatiotemporal carrier
dynamics on the picosecond time and the nanometer length scale. We have
studied nanostructured samples in which carrier drift can be neglected,
facilitating the observation of the detailed features of carrier diffusion. Different
diffusion regimes are identified. In an initial regime, we directly observe non-
sinusoidal carrier density profiles in which the temporal diffusion decay depends
on the spatial position. On longer time scales, a quasi-sinusoidal spatial carrier
profile forms, in which the temporal diffusion decay is only weakly dependent on
position, characteristic for the long-time diffusion regime. The femtosecond
NSOM allows us to directly measure the shape of nanometer-scale spatial
carrier profiles at different times.

The carrier diffusion studies have been performed on the focused ion beam
(FIB) implanted quantum well samples 200/400 and 100/2000 described in the
previous chapter, section 2.6.1.

3.1 Experimental results in the initial diffusion regime

All experiments in this chapter have been carried out at room temperature with
15 meV wide pump and probe spectra centered at the lowest heavy hole
exciton resonance of the quantum well at 1.475 eV. The pump fluence is 4
uJ/cm?, corresponding to a carrier density of about 10" cm™.

3.1.1 Spatially dependent time scans

Fig. 3.1 shows normalized pump-probe traces at different positions across the
FIB pattern of sample 100/2000. The overall shape and the initial decay strongly
depend on the position. To quantify this position dependence, we have fitted the
experimental traces to double-exponential functions
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Aexp(—At/1,)+ Bexp(-At/t,) where Ar is the time delay between pump and
probe pulse. Here, 7, is the faster time constant and describes the initial decay
while 7, is the slower time constant, which describes the decay at longer times.
A detailed discussion of the physical meaning of 7, and 7, will be presented
later. From our data, we find that r, is 200-300 ps, independent of the spatial
position.

x=0.2 um, 11=21 ps

x=1.0 um, ©1=242 ps

Pump-Probe Signal (arb. units)

00:1\ 1 L 1 N | L 1
0 40 80 120
Time Delay (ps)

Fig. 3.1 Sample 100/2000 (100 nm implanted stripes, 2000 nm spaces):
Normalized pump-probe traces at different distances x away from the stripes,
experimental traces (solid), double exponential fits (dotted) from which the initial
decay time 7, is obtained.

The faster initial decay time 1, and the pump-probe amplitude at Ar=0 are

plotted versus position in Fig. 3.2. The amplitude is reduced in the implanted
stripe, as expected [77] [78]. Midway between the implanted stripes, the decay
time 7, is roughly equal to the 250 ps. Surprisingly, the decay times over an
800 nm wide range around the 100 nm implanted stripe are much shorter at
about 10-40 ps.
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Fig. 3.2 Sample 100/2000: Initial decay time 7, (squares) and pump-probe
amplitude at zero time delay (crosses) vs. position. The gray bar marks the
implanted stripe.

Note that the pump-probe traces decay almost exponentially with a time
constant of roughly 250 ps far away from the FIB patterned area. This decay
time is independent of position and will be referred to as recombination time in
the following®. The short decay times around the implanted stripe cannot be due
to recombination. Furthermore, they cannot be caused by spatial averaging with
the fast trapping times in the implanted stripes since the rise in the amplitude
signal shows that spatial averaging effects happen on a much shorter spatial
scale. Lastly, carrier trapping due to a wider damage profile cannot be the
reason for these short decay times either since the large amplitude, i.e. large
nonlinearity, in much of this region shows that the implantation-induced defect

2 The recombination times in samples 100/2000 and 200/400 are not due to intrinsic radiative
recombination but result from non-radiative decay due to a small laterally uniform background
implantation dose applied in the FIB patterning process. The background implantation dose
varies between FIB implantation runs. This results in different recombination times in sample
100/2000 and 100/2000.
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distribution is not much broader than the nominal stripe width of 100 nm, as
expected from the TRIM simulations [75].

We conclude that the short decay times 7, of 10-40 ps result from carrier
transport. In general, both carrier diffusion and drift can contribute to the
transport. Carrier drift requires potential gradients. We note that the sample
does not contain potential gradients in the plane of the quantum well before
implantation. Moreover, the implantation is not expected to result in large
potential gradients. This is because ion implantation into GaAs generates As
antisite [79]. These defect states are located close to the center of the bandgap
[80] and pin the Fermi level at mid-gap [81]. Since the Fermi level in the
unimplanted regions is also at mid-gap in the undoped quantum well, we do not
expect the formation of large potential gradients. Moreover, we do not expect
the formation of large potential gradients due to compositional intermixing,
which gives large energy shifts only at ion doses higher than the ones used in
our samples [82]. Consequently, we conclude that carrier drift can be neglected
and that carrier transport is mainly due to diffusion of carriers towards the
implanted stripe.

3.1.2 Numerical model of the carrier diffusion dynamics

In our FIB samples, diffusion is driven by the carrier density gradient that is
caused by the fast trapping of carriers in the stripe. This conclusion is confirmed
by quantitative modeling which includes diffusion but neglects drift. Since the
optical excitation of excitons is followed by ionization after about 300 fs at room
temperature [83], the dynamics of the density n of band electron-hole pairs is
modeled. We have solved the one-dimensional continuity equation for the
electron-hole pair density n, coupled to the differential equation for the density
n, of occupied traps

on(x,t) _, dn_n n _n
praatew T (l N, ) +G(1) (3.1)
on,(x,t) _on (_m (3.2)
ot 7,(x) N, '
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Here, D, is the ambipolar diffusion constant [84] [85], 7. the recombination
time, 7, the trapping time, and N, the total density of traps in the implanted

stripes. The spatially uniform carrier excitation is described by the x
independent generation term G(f), for which we assume a sech? pulse with a full
width at half maximum of 200 fs. The trapping rate 1/7, decreases from a

constant value in the implanted stripes to zero outside the stripes. This
decrease occurs over a 20 nm wide transition region, determined from the TRIM
simulations. Trap filling and the corresponding decrease of the trapping rate
with time are accounted for in the third term on the RHS of eq. 3.1 in
conjunction with eq. 3.2. The degree of trap filling is adjusted by the ratio
N, /_[G(t)dt in the implanted stripes.

The initial exciton ionization [83] as well as the thermalization of carriers with
the lattice are not included in the model. At room temperature, the latter occurs
in about a picosecond if carriers are injected at the band edge of GaAs/AlGaAs
quantum wells [86] [87]. Therefore, equations 3.1 and 3.2 are used for time
delays of 2 ps and longer. Moreover, for these time delays, the ambipolar
diffusion constant D, for room temperature can be used, neglecting any
temperature dependence of diffusion [85].

In order to compare the calculated electron-hole pair density n to the measured
pump-probe traces, we assume that the pump-probe signal is proportional to n
[2]. In such comparisons, the calculated electron-hole pair density n is
convoluted with a Gaussian function, which accounts for the spatial resolution of
~300 nm in these experiments. Fig. 3.3 shows measured and calculated pump-
probe traces at different positions across the FIB pattern. For all positions, the
calculation was performed with D,= 10 cm?/s, 7.=250ps, 7, =3 ps, and

N, /_[G(t)dz = 4 to account for trap filling. The value for D, is reasonable in view

of earlier work on GaAs/AlGaAs heterostructures and quantum wells [84] [85].
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Pump-Probe Signal (arb. units)
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Fig. 3.3 Sample 100/2000: Measured (solid) and calculated (dashed) pump-probe
traces at different positions, see text for the details of the calculation.

The good agreement between the experimental and the calculated pump-probe
traces proves that diffusion substantially affects the dynamics in
sample 100/2000 and strongly supports the argument that carrier drift can be
neglected. Fig. 3.4 shows the faster time constants z,, from double exponential
fits to the measured and calculated pump-probe traces, versus position. Again,
good agreement is obtained.
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Fig. 3.4 Sample 100/2000: Initial decay times from double exponential fits to
measured (squares) and calculated (dashed line) pump-probe traces vs. position.

3.1.3 Time dependent line scans

More details of the diffusion dynamics can be inferred from direct
measurements of the pump-probe signal versus distance across the FIB pattern
for fixed time delays Ar. This data is shown in Fig. 3.5. At an early time delay,
At=4 ps, we observe a square-like pump-probe distance dependence,
corresponding to a square-like carrier density profile. At a later time delay,
Ar=80 ps, a smoother, quasi-sinusoidal profile is observed. These
measurements show a good fit to the calculated profiles, which use the
parameters obtained from the modeling in Fig. 3.3. The calculated carrier profile
at Ar=400 ps is also shown®, revealing a profile which is almost flat.

3 For very long time delays, the measured pump-probe signal is so small that noise prevents

detailed analysis. Therefore, only the calculated trace is shown in Fig. 3.5
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Fig. 3.5 Sample 100/2000: Measured (solid) and calculated (dashed) pump-probe
signal vs. position for different time delays. Averaging over a 300 nm tip aperture
was assumed in the calculation.

We conclude that the initial square-like profile at At=4 ps is a result of the fast
carrier trapping in the well-defined FIB implanted stripes. Enhanced diffusion at
the edges of the square-like carrier profile then smoothes out the sharp edges,
leading to the quasi-sinusoidal profile at Ar=80 ps. At Ar=400 ps, the flat carrier
profile shows that diffusion has evened out the carrier density gradients. The
smoothing of the initial square-like carrier profile in Fig. 3.5 results in the
spatially dependent decay time 1, shown in Fig. 3.4. Fast decay times are
observed close to the edges due to strong diffusion. In contrast, midway
between the implanted stripes, diffusion is slow and the decay time t, is much

longer.

These effects can also be understood in the spatial frequency domain. We
recall that, in a sinusoidal carrier distribution with period L, the carrier density
exponentially decays due to diffusion with a time constant 7,, = 7 /(47°D, ) [88].

The linearity of the continuity equation implies that the dynamics of a non-
sinusoidal periodic profile is simply the sum of the dynamics of its harmonic
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components. These arguments show that the higher spatial harmonics of the
initial square-like carrier profile decay much faster than the fundamental period
due to their smaller L. The fast decay of higher spatial harmonics corresponds
to the smoothing of the edges of the carrier profile in real space. Since the
higher spatial harmonics decay much faster than the fundamental period, a
quasi-sinusoidal profile is expected at long times, as observed in Fig. 3.5. With
respect to the position dependence of the diffusion decay time 7, = I* /(47r2Da),

we note that this decay time does not depend on position in sinusoidal carrier
distributions [88]. Summarizing this discussion, we can distinguish two different
diffusion regimes: (i) An initial diffusion regime, which is characterized by a
square-like carrier profile containing higher spatial harmonics, and by position
dependent temporal diffusion decay, and (ii) a long-time diffusion regime, in
which the carrier profile is quasi-sinusoidal with only weakly position dependent
temporal diffusion decay.

We now comment on the physical meaning of the time constants 7, and 7, of
the double-exponential fit. The time constant 7, describes the initial diffusion
regime. Close to the edges of the implanted stripes, 1, is much faster than the
recombination time due to the fast diffusion corresponding to the decay of the
higher spatial harmonics in the initial diffusion regime. Midway between the
stripes, the diffusion current is negligible in the initial diffusion regime since the
carrier profile is almost flat with negligible gradient. Therefore, 7, reflects the
recombination time midway between the implanted stripes in sample 100/2000.
In fact, the time constant 7,=250 ps determined experimentally midway between
the stripes is identical to the recombination time determined far away from the
FIB patterned area.

3.2 Experimental results in the long-time diffusion regime

In the long-time diffusion regime, diffusion with D,=10 cm?/s in a sinusoidal
profile with period L=2.1 um leads to a decay of the carrier density with the time
constant 7,=110 ps in sample 100/2000. This number is relatively close to the

recombination time 7, =250 ps. Therefore, both recombination and diffusion
contribute to the decay of the pump-probe traces from sample 100/2000 at long
times. This long-time decay is described by the slow time constant z,. We have
found that 7, is 200-300 ps from fits to both experimental and calculated pump-
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probe traces, in agreement with the combined recombination and trapping
dynamics. This discussion shows, that sample 100/2000 is not appropriate for
the experimental observation of the long-time diffusion regime unperturbed by
recombination.

The long-time diffusion regime is experimentally more accessible in
sample 200/400 in which the overall diffusion is much faster due to the smaller
distances. Fig. 3.6 shows a measured and a calculated pump-probe trace. The
calculation uses D,=20 cm?s, 7, =100 ps *> measured far away from the FIB
patterned area, and 7,=0.3 ps. The faster trapping time as compared to

sample 100/2000 reflects the higher implantation dose. Trap filling could be
neglected in sample 200/400 due to the larger dose and the larger ratio of
implanted to unimplanted area.
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Fig. 3.6 Sample 200/400 (200 nm implanted stripes, 400 nm spaces): (a)
Measured (solid) and calculated (dashed) normalized pump-probe trace 0.2 ym
away from the center of an implanted stripe.

Both the experimental and the calculated pump-probe traces show a single
exponential decay in the time window from 2 ps to 30 ps. This is because the
higher spatial harmonics have diffusion decay times of less than 2 ps in
sample 200/400 and the initial diffusion regime is already over at 2 ps. This
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implies that the term Aexp(-At/7,) of the fit function
Aexp(—At/ 1)+ Bexp(-At/7,) has decayed to zero in the time window of
observation. Therefore, a single exponential decay is obtained and 7, can be
determined from a fit to the function Bexp(-At/1,).

The decay times 1, of measured and calculated traces are plotted versus
position in Fig. 3.7 together with the pump-probe amplitude at Ar=0. Between
the implanted stripes, the time constants 7, of about 8 ps are much faster than
the recombination time. Spatial averaging and trapping do not determine these
time constants, as shown by the rise of the amplitude and the arguments
presented for sample 100/2000.
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Fig. 3.7 Sample 200/400: Second decay time, describing the long-time diffusion
regime, from fits to measured (filled squares) and calculated (open squares) pump-
probe traces and pump-probe amplitude at zero time delay (crosses) vs. position.

The decay between the implanted stripes is dominated by diffusion in the long-
time diffusion regime, unperturbed by the much slower recombination. The
decay time depends only very weakly on position, as expected for quasi-
sinusoidal carrier profiles in this regime. We note that diffusion could not have
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been studied by far-field transient grating techniques [89] in sample 200/400
since diffraction of 800 nm light from a grating with a 600 nm period is
impossible.

3.3 FIB QW summary

In this chapter we have presented, that femtosecond NF spectroscopy allows to
experimentally observe different diffusion regimes in semiconductor
nanostructures. The results directly demonstrate a complex dependence of
spatiotemporal carrier dynamics on the lateral structure and the time window of
observation.

With respect to the transport studies presented in the next chapter, we would
like to emphasize that the signature of diffusive transport in square-like carrier
density profiles is the spatial dependence of the decay of the pump-probe
traces. The decay becomes faster as the probe position is moved towards the
edge of the square-like carrier density profile.
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4 Carrier and field dynamics around nano-scale
Schottky contacts

In this chapter we will present carrier transport dynamics in nanostructured
samples with intrinsic trapping centers and electric fields. Such transport
dynamics is the generalized continuation of the diffusion dynamics, studied in
the previous chapter 3.

In many metal-semiconductor composite materials Schottky contacts are
formed at the interfaces between the semiconductor and the metal inclusions.
Around the Schottky contacts electric fields and potentials exist even if no
external bias field is applied [90]. If charge carriers are optically excited in such
a material, the dynamics of the carriers will be substantially influenced by the
built-in electric fields. More specifically, the fields will separate positive and
negative charges. This charge separation results in the generation of space
charge, which, in turn, changes the electric field distribution. Thus, complex
carrier and field dynamics can be anticipated. If the metal inclusions act as
carrier trapping centers, one expects that the built-in fields also directly affect
carrier trapping into the metal. This is because the electric fields lead to carrier
transport towards or away from the metal-semiconductor interface, depending
on the sign of the charge and the direction of the fields.

Without external bias, the electric field is non-zero only in the depletion zone of
a Schottky contact with a typical extension in the micro- or submicrometer
range. This short length scale implies that the carrier dynamics occurs on a
short time scale [91]. Therefore, only experimental techniques with both high
temporal and high spatial resolution can provide detailed insight into the carrier
dynamics close to a Schottky contact. As a consequence, femtosecond-
resolved pump-probe measurements in the optical near-field (NF) lend
themselves well to the study of carrier dynamics around Schottky contacts.

In this chapter, we present a comprehensive study of free carrier and field
dynamics around nano-scale Schottky contacts. Experimental data are obtained
using both conventional spatially averaging FF and spatially resolving NF pump-
probe techniques. The experiments have been performed on a lithographically
produced model system, which consists of tungsten (W) nanodisks embedded
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in GaAs. The pattern of the embedded W disk can be chosen by the
lithographic fabrication process. It is therefore possible to adjust the spacing
between the disks for the desired purposes.

By means of far-field measurements we will identify the metallic inclusions as
efficient trapping centers at high optically excited carrier densities. In this
regime, carrier transport towards and trapping into the metal is efficient and
occurs on a picosecond time scale. We find that smaller disk spacings result in
shorter time constants in these spatially averaged measurements. Thus, control
of the disk spacing allows one to tailor the structures for ultrafast applications.

More details will be inferred from spatially and time resolved near-field
measurements. In samples with larger disk spacing the depletion zones of
adjacent disks do not overlap [92]. In such samples, the femtosecond NSOM
pump-probe measurements reveal the ultrafast carrier dynamics in the close
vicinity of a single tungsten nanodisk in GaAs. Thus, we can directly observe
the interplay between free carrier and field dynamics and carrier trapping
around a single Schottky contact. This experimental approach avoids
complications due to averaging over an ensemble of Schottky contacts, which
arise in the far-field experiments.

We will present systematic experimental and theoretical investigations of the
complex spatio-temporal carrier dynamics around nano-scale Schottky contacts
in different carrier density regimes. We will introduce a theoretical model based
on a selfconsistent treatment of the drift-diffusion equation for the carriers and
Poisson's equation for the electric field. The model allows us to calculate the
electron and hole dynamics as well as the temporal and spatial variation of the
electric field and potential around a single Schottky contact. Two different
carrier density regimes are revealed by the measurements and the calculations.
At lower carrier densities, the built-in electric field is only weakly reduced,
leading to a repulsion of electrons from the Schottky barrier. Therefore electron
trapping into the W disk is strongly suppressed. In contrast, at higher carrier
densities, the built-in field is screened, resulting in an efficient diffusive electron
transport towards and trapping into the W disk. In both density regimes, the
experimental data and the numerical calculations are in very good agreement.

Another important metal-semiconductor composite material is annealed low-
temperature (LT) grown GaAs, which can be produced without lithographic
processing. Annealed LT-GaAs contains metallic As precipitates [93], which can
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form Schottky contacts with the embedding GaAs [93, 94]. Ultrafast carrier
trapping times into the As precipitates [95] and high resistivity [81, 96] make this
metal-semiconductor composite material very attractive for many optoelectronic
and photonic devices. Examples include terahertz emitters [97], ultrafast
photoconductive switches [98], ultrafast all-optical switches [99], and
semiconductor saturable absorbers [100]. We will show in the last section of this
paper that optical far-field experiments on annealed LT-GaAs can be described
by the picture of carrier and field dynamics that has been deduced from the
experiments on the W-disk material with Schottky contacts. The study of a
single As precipitate in the NF is not possible as the typical distance between
precipitates is well below 100 nm [101], i.e., smaller than the spatial resolution
of our ultrafast NSOM.

4.1 Sample descriptions and experimental set-up

In this section we introduce the tungsten disk and the LT-GaAs sample and
explain briefly the experimental conditions. We describe the design and the
fabrication of the samples as well as the process used to prepare the W disk
sample for near-field experiments.

4.1.1 Wdisk structure

The investigated tungsten disk sample has been grown by metalorganic vapor
phase epitaxy (MOVPE). On a GaAs substrate we have grown AlAs/GaAs etch
stop layers, a 20 nm GalnP protection layer and a 20 nm thick GaAs layer.
Afterwards, W-disks with ~80 nm diameter and a thickness of 20 nm have been
deposited in a rectangular pattern with 0.3, 1 and 2 um disk spacing as shown
in Fig. 4.1 by electron beam lithography and a subsequent lift-off process. The
disks have then been epitaxially overgrown with an 80 nm thick GaAs layer,
followed by a 500 nm thick GalnP layer. The exact structure of the sample is
depicted in Fig. 4.2. The GaAs is n-doped (electron density ~10"° cm™) and
Schottky barriers are formed at the W/GaAs interface [92, 102]. A detailed
description of the fabrication process can be found in Ref.[92] and [102]. With
respect to our choice of system, we like to mention that W-disk/GaAs structures
have potential for semiconductor device technology as the electrical properties
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of the GaAs can be changed from conducting to semi-insulating by varying the
disk spacing [102].

100x100 pm 00x100 um
alignment mark 00 ym Iignment“mark

000 nm 1000 nm 00 nm
isk spacing disk spacing isk spacing

Fig. 4.1 W disk pattern produced by electron beam lithography and subsequent lift-
off process. There are two fields for each disk spacing. The 6 fields are aligned
between two tungsten alignment marks that are visible in a normal optical
microscope to coarsely position the NSOM tip.

500 nm GalnP mechanical support

80 nm GaAs overgrowth

W disk pattern

20 nm GaAs

20 nm GalnP passivation layer (top surface after etching)

10 nm GaAs layer

3 nm GaAs passivation layer

40 nm AlAs

100 nm GaAs

300 nm AlAs

GaAs substrate

Fig. 4.2 Layer sequence of the W disk sample grown on a GaAs substrate.
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As discussed already before, suitable samples for transmission NF
measurements have to fulfill two main requirements. Light of the wavelength of
interest should only be absorbed in the active region and the active region has
to be as close as possible to the surface to preserve spatial resolution.
Therefore we have glued our sample upside down on a glass substrate and
removed the GaAs substrate and the etch-stop layers by chemical wet etching.
The remaining structure, schematically shown in Fig. 4.3, consists of the
absorbing GaAs with the embedded W-disks, sandwiched between high band
gap GalnP layers. The bottom one acts as a mechanical support. The top one is
very important as it serves as protection layer to avoid surface trapping of the
optically excited carriers. On previous samples without a top GalnP layer, we
have found that the carrier density decays very rapidly within a few
picoseconds. This decay was independent of the position with regard to the W
disk and therefore was attributed to surface trapping.

GalnP

GaAs

GalnP

Pump

Fig. 4.3 Schematic illustration of the tungsten disk sample, showing the GaAs layer
with the embedded W disk, sandwiched between GalnP layers. Additionally, the
global pump / local probe NSOM configuration is depicted.
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4.1.2 LT-GaAs sample

For comparison with the W disk sample we have designed an LT-GaAs sample,
which is sufficiently n-doped to expect large built-in fields close to the As
precipitates. Additionally, we have grown an undoped LT-GaAs sample to
measure the carrier dynamics in the presence of only weak built-in fields. The
two 500 nm thick LT-GaAs samples have been grown on a GaAs substrate by
molecular beam epitaxy (MBE) at As,/Ga-flux ratios of 3 and 4.5, respectively,
and a growth temperature of 320 °C. One sample is undoped, the other one is
n-doped with Si at a concentration of 1x10' cm™. This Si concentration has
been chosen much larger than the concentration of ionized arsenic anitsites
As?_, which is smaller than 1x10" cm™ [95, 103]. Therefore the majority of the

doping electrons will contribute to the formation of Schottky contacts with large
built-in fields. After the growth, both samples have been annealed in-situ under
arsenic overpressure at 600 °C for 1 hour. Such conditions ensure the formation
of metallic As precipitates [93]. For transmission measurements, the GaAs
substrate has been removed by chemical wet etching.

4.1.3 Experimental set-up

The far-field measurements on the W disk sample and the LT-GaAs samples
have been performed with the NSOM setup described in chapter 2, in which the
NSOM fiber has been replaced by a cleaved fiber, resulting in a probe spot
diameter of ~4 um on the sample. The degenerate NF pump-probe
measurements on the W disk sample are performed in the standard
configuration with 100 fs pulses, centered at a photon energy of 1.46 eV. The W
disk sample is excited uniformly from the bottom side with a pump beam of
~10 um diameter. All data have been taken at room temperature.

4.2 Theoretical model

We have performed numerical simulations in order to obtain a better
understanding of the experimental NF pump-probe data. The electron and hole
density and the electric field in the vicinity of a W disk are calculated with the
drift-diffusion equation and Poisson’s equation in a selfconsistent way (see
equations 2.4, 2.5 and 2.7 in section 2.2.2). In our model, we neglect dynamics
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in the direction perpendicular to the W disk plane. This simplification is justified
by the geometry of the sample. The carriers are confined in a thin slab of
100 nm thick GaAs by the top and bottom GalnP layer. Therefore, carrier
transport occurs mainly in the much larger W-disk plane. The symmetry of the
W disk structure then allows us to use a one-dimensional model with the radius
rin the W disk plane as the only space coordinate. The zero point is chosen at
the center of the disk. The calculations of the electron/hole dynamics have been
performed in an area extending from the W/GaAs interface at r;,=40 nm (r
radius of a single W disk) to =1 um. At r=1 um the influence of the W disk on
the carrier dynamics has found to be negligible.

The internal static electric field E,,,,(r) inside the depletion region is obtained by
a simple integration of Poisson's equation without optical excited carriers,
analogous to the calculations in [90]:

N w?
Enlern(r) = qz—gd(r - 7) (4 1)

Here, q is the electron charge, N,=10" cm™ the donor impurity density and ¢ the
dielectric constant of GaAs. Outside the depletion region E,,,, is zero. The
position of the edge of the depletion zone is denoted by w, measured from the
center of the W disk. This position w can be obtained from

2
v ZQ_]\G(WzIOgL_l(Wz —r;sk)) (4.2)

2¢ Vaiske

Here, V,; denotes the built-in potential. V,; is given by the difference between the
barrier height of the metal-semiconductor contact and the potential difference
between the Fermi level and the conduction band energy outside the depletion
region, see Fig. 4.4(a).
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CB built-in field
................. e R
Er htQ—@¢”
space charge field
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Fig. 44 (a) Schematic diagram of the GaAs band structure with the bent
conduction and valence band (CB and VB, respectively) and the Fermi energy (Ep)
around the W disk. V,; denotes the built-in potential. (b) Schematic illustration of the
built-in electric field pointing towards the disk. The field separates electrons and
holes. The resulting space-charge field points in the opposite direction as the built-
in field.

The dynamics of the electron density n(r,tf) depends on the total electric field E
and the hole density p(r,t) and is given by the continuity equation:

on(r,t)= Dn(&’rzn + l&’rn) + ,un(zé’r(rE) + E&’rn) — Bnp + g(1) (4.3)
r r
(1) = = aseo!) (4.4)
T

n

The electron diffusion constant D, and the mobility u, are linked by the Einstein
relation (equation 2.6) and amount to 220 cm?/s and 8500 cm?/Vs [90],
respectively. The term -Bnp on the right-hand side of Eq. 4.3 accounts for
bimolecular recombination. The spatially uniform carrier excitation is described
by the r-independent generation term g(t), for which we assume a sech? pulse
with a full width at half maximum of 200 fs. The second equation describes the
trapping of electrons into the disk at the W/GaAs interface, where 1, denotes the
trapping time. We have calculated 7, multiplying the Richardson constant of
0.4 Acm?K? for electrons [104] with the surface of the W disk shell of
5x10™"" cm? and the square of the room temperature. Following this procedure
and dividing by the electron charge, a trapping time 7,=90 fs is deduced. This
approach is based on the assumption that electron emission and trapping at the
WI/GaAs interface occurs at the same rate. Equivalent equations to Eq. 4.3 and
4.4 are used to calculate the hole density p(r,t). The corresponding values for D,
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and p, are 10 cm?/s and 400 cm?/Vs [90], respectively. The trapping time 7,=5 fs
is again obtained from the Richardson constant of 7 Acm?K? for holes [104].

The electric field E is composed of the internal static field E,,(r) and the
space-charge field, which is related to the dynamics of the electrons and holes
by the equations:

Er,n=E, )+ g_‘: k r’(Qmpﬁ(r’ - rdl.sk) + p—n)dr’ (4.5)
0., (1) = J'_’ PPy 1) M1 )dl' (4.6)
- T, T,

The captured charge density Q,,,x accounts for the trapped electrons and holes
at the W/GaAs interface. The consideration of carrier trapping into the W-disks
in our model results in a time-dependent total electric field at r=r, in contrast to
previous works [105, 106], where trapping has been neglected. From the
electric field we can deduce the electric potential U(r,t) integrating the equation
E(r,ty==0.U(r,t). The integration has been performed for the boundary
condition U(rgg.t)=const., i.e., the potential at r=rg, is kept fixed while it varies
with time for r>rg,. This choice of boundary condition emphasizes that the
Schottky barrier height remains constant, whereas the potential barrier is
changing. Note that, for the interpretation of the physics, only the potential
difference between r=r , and r>r,, matters.

All parameters for the calculations are taken from literature, except for the built-
in potential V,, and the bimolecular recombination constant B. Those
parameters are obtained by comparing the simulations with the experimental
results. We find for the built-in potential V,=0.15 eV, leading to the depletion
region edge at w=160 nm. We like to recall that V,; denotes the built-in potential
and not the full Schottky barrier height. As shown in Fig. 4.4(a), V,; is smaller
than the full Schottky barrier height. The bimolecular recombination process is
introduced, because the experiments have shown that the decay of the electron
density far away from the disks is strongly dependent on the density. Such a
behavior cannot be modeled by a monomolecular recombination process. From
the comparison with the measurements, we deduce a bimolecular
recombination constant of B=5.6x10" cm?®s. The large value of B compared to
the bimolecular radiative recombination constant (~107"° cm®s in GaAs [107])
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suggests that the bimolecular recombination process is nonradiative and
possibly related to impurities.

The comparison of the experimental results with the numerical simulations and
the discussion in Sec. 4.4 are based on the assumption that the pump-probe
traces directly reflect the carrier density dynamics in the GaAs [2]. As we detect
the pump-induced transmission changes at an energy close to the band edge,
the electrons yield the major contribution to the pump-probe signal [108].
Therefore, we compare the calculated electron density n to the experimental
pump-probe data. In such comparisons, we convolute the calculated electron
density n with a Gaussian function that accounts for the spatial resolution of
230 nm in the experiment®. If no comparison is made to experimental data, the
calculated data are not convoluted, i.e., unlimited spatial resolution is assumed
when presenting purely theoretical results. In this way, maximum information is
obtained.

4.3 Far-field experiments

The far-field measurements presented in this section are important to identify
the metallic inclusions as efficient trapping centers at high optically excited
carrier densities. Fig. 4.5 shows FF pump-probe traces obtained from the
pattern with 0.3 um disk spacing at different optically excited carrier densities.
At low carrier densities, the differential transmission signal AT/T is essentially

constant over 80 ps. In contrast, above a threshold carrier density, we observe
a fast decay within the first 20 ps, followed by a contribution that decays very
slowly. The transition from the quasi-constant signal to the decaying one occurs
at a carrier density of approximately 10" cm=, equal to the doping level.

4 As the W disk plane is 40 nm away from the NSOM tip, the spatial resolution is reduced to

230 nm even though the aperture of the tip is smaller.
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Fig. 4.5 Far-field differential transmission traces from the sample region with 0.3
um W disk spacing for different carrier densities (in cm™).

Decay times 1 are extracted fitting the pump-probe traces to

(AT/T)Oﬁ@eZJr(AT/T)fme_A% (At time delay). The offset (AT/T)ﬂI describes the

long time behavior and is assumed to be time-independent in the time window
of observation; (AT/T)f is the amplitude of the time dependent signal
ast

contribution. The decay times 7 are shown in Fig. 4.6 versus carrier density for
the three different disk spacings. We observe a faster decay for smaller disk
spacings. This result indicates that the disks are responsible for the fast decay
but not intraband relaxation processes, which should not depend on the disk
spacing. Moreover, Fig. 4.6 demonstrates that the decay time can be controlled
by the disk spacing and can be as short as 10 ps.
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Fig. 4.6 Decay times 7 vs carrier density for different disk spacings: 0.3 pm
(squares), 1 um (circles), 2 um (triangles).

In Fig. 4.7 we have plotted (AT/T)f and (AT/T)ﬂ versus carrier density for the

three different disk spacings. One can clearly see that the amplitude (AT/T)f

substantially contributes to the pump-probe signal only above the threshold
density of ~10" cm™. Above this density, the amplitude (AT/T)f increases

ast
linearly with carrier density. In contrast, the offset is constant at higher carrier
densities.

In the following, we assume that the pump-probe traces directly reflect the
carrier dynamics in the GaAs [2] in the presence of Schottky contacts and built-
in electric fields. Before optical excitation, the built-in fields in the depletion
regions of the Schottky contacts point to the W disks, i.e., the bands are bent
upwards [102], as shown in Fig. 4.4. At optically excited carrier densities smaller
than the doping density, any changes in the space-charge region can be
neglected and the built-in fields and the band bending persist. Thus, the
transport of optically excited electrons towards the W disks is suppressed since
diffusion towards the W disks and drift away from the disks cancel each other.
As a consequence, most of the electrons remain in the GaAs where they
recombine on a nanosecond time scale [90]. This slow process is observed in
the pump-probe traces since electrons yield the major contribution to the signal
for detection close to the band edge [108].
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Fig. 4.7 Amplitude (open symbols) and offset (filled symbols) of far-field pump-
probe traces obtained from exponential fits vs carrier density for different disk
spacings.

We note that the holes in the depletion region move towards the W disks driven
by the built-in field. If the optically excited carrier density exceeds the doping
density, a substantial screening field builds up as the electrons and holes are
separated. The total field is decreased and the band bending is diminished
[109]. Both electrons and holes can then diffuse towards the W disks where
they are trapped and recombine. We attribute the fast decay seen for initial
optically excited carrier density >10" cm™ to this effect. Once the carrier density
has decreased to ~10" cm=, the built-in field is restored. Then electron
transport towards the disks is again suppressed, reflected by the offset
(AT/T)OW of the pump-probe data. These conclusions are strongly supported by

the density dependence of the data in Fig. 4.5, Fig. 4.6 and Fig. 4.7. We like to
emphasize that the decay time 7 includes the dynamics of diffusion towards the
disks as well as trapping and recombination at the disks.

Additional and much more detailed insight into the carrier dynamics are
obtained from near-field measurements, which support the previous reasoning.
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4.4 Near-field experiments

In this section we will present and discuss near-field measurements and
simulations of the carrier dynamics in the 2 um W disk sample. Two different
cases are considered, namely carrier dynamics at lower and at higher optically
excited carrier densities. With respect to our analysis of the carrier dynamics,
we like to recall the properties of the built-in potential and field close to a
Schottky contact before optical excitation. A schematic illustration is shown in
Fig. 4.4 (a) and (b), respectively.

4.4.1 Low-density regime

First, we will discuss the carrier and field dynamics for a low optically excited
carrier density of 6x10"™ cm-2. Fig. 4.8 shows pump-probe traces taken either
over or 1 um away from a W disk. Apart from a small difference in amplitude
both traces look the same. The curves are essentially constant within the 10 ps
time window of the measurement. No fast dynamics is observable, neither over
the disk nor far away, in this experiment with a temporal resolution of 250 fs.
We conclude that carrier trapping is inefficient despite the presence of a
trapping center in form of the W disk.
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Fig. 4.8 Low-density regime: near-field pump-probe traces taken either over
(dashed line) or 1 ym away (solid line) from the W disk.
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Fig. 4.9(a) shows a 2-dimensional (2D) image of the pump-probe signal taken at
a time delay of At=2 ps. In the center of the image, where the W disk is located,
a clear reduction of the signal is visible. Around this region, one observes a
ring-shaped region in which the nonlinear signal is slightly larger. The same
features are seen in the 2D-image of the calculated electron density in Fig.
4.9(b). The 2D images suggest electron transfer from the border of the disk to
the outside region, leading to a reduction of the electron density over the disk
and to an enhancement of the density at a distance of 200 nm around the disk.
One might wonder why this process does not lead to a fast decaying
contribution to the pump-probe trace in Fig. 4.8 that has been taken over the
disk. The absence of such a fast decaying signal (Fig. 4.8) is due to the finite
temporal resolution of ~250 fs. We conclude that the electrons are redistributed
already during the pump excitation pulse, resulting in the electron distribution
seen in Fig. 4.9 at At=2 ps. This interpretation is confirmed by the numerical
simulations that will be discussed next. The numerical simulations also confirm
that carrier trapping into the W disk is inefficient in the low-density regime and
elucidate the reason for this experimental finding.

Differential Transmission AT/T Electron Density

—~~
O
S’

| high

low

Fig. 4.9 Low-density regime: (a) two-dimensional optical near-field image of the
differential transmission AT/T taken at a time delay At=2 ps over a single W disk at
an optically excited carrier density of 6x10" cm™. (b) Calculated electron density
obtained from the theoretical model of Sect. 4.2 for the experimental condition of

().
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With regards to the simulations, we like to emphasize that very good agreement
between the calculated and the experimental data is obtained in Fig. 4.9. This
result testifies to the validity of the model presented in section 4.2. In particular,
it is a valid procedure to identify the pump-probe signal with the electron density
and to neglect hole contributions, many-body effects [2], and field-induced
transmission changes due to the Franz-Keldysh effect [110]. As a consequence,
we can extract the spatial dependence and the temporal evolution of important
parameters from the model.

Fig. 4.10 shows the electron density n, the hole density p, the total electric field
E and the (energy) potential -|q|U vs. distance r from the center of the disk for
different time delays At. We begin with the discussion of the total electric field £
and the potential -|q|U. Later, we will comment on the dynamics of the electrons
and holes. We like to recall that all four variables n, p, E and -|q|U are coupled
by the equations of section 4.2 and, therefore, should always be considered
together. In Fig. 4.10(a) we show the temporal evolution of the total electric
field. The trace at time delay At=-1 ps indicates the built-in field before optical
excitation. The field is negative as it points towards the disk. After optical
excitation the electron-hole pairs are separated by the electric field. The holes
drift towards the disk, where they get trapped at the W/GaAs interface whereas
the electrons drift away from the disk. The spatially separated electrons and
holes induce a space charge field that is opposite to the built-in field; see the
schematic picture of Fig. 4.4(b). Therefore, we find that the absolute value of
the electric field decreases to less than half of its initial value within the first
10 ps. This behavior is reflected by the evolution of the energy potential in Fig.
4.10(b). The potential barrier is reduced to a third of its initial value within the
first 10 ps. The field and the energy potential remain almost unchanged for
several tens of picoseconds (data not shown). For example, the curves at
At=10 ps and At=40 ps almost coincide. We like to emphasize that a
considerable field and potential barrier remain after optical excitation. The
remaining electric field leads to a non-negligible electron drift current away from
the disk, which counteracts electron diffusion towards the disk. Thus, net
electron transport to the disk is reduced and the trapping of electrons into the
disk is inefficient, as seen from the pump-probe traces of Fig. 4.8.
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Fig. 4.10 Low-density regime: results from the theoretical model plotted vs. radius r
from the center of the W disk at different time delays At. (a) electric field, (b) energy
potential, (c) electron density and (d) hole density. In (@) and (b) the traces at At=-
1 ps indicate the electric field and the potential before optical excitation. The
legend in (a) applies to (b). Likewise, the legend in (c) applies to (d). Note the
different r-scale in (a).
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Focusing now on details of the field dynamics, one observes a sign change of
the electric field and a dip in the potential at r=0.14 um already at very early
time delays (At=0 ps). The positive electric field for r > 0.14 um reflects the
increase of the potential that leads to the formation of a potential well. The well
is self-induced by the electron and hole dynamics and the resulting space-
charge field, i.e., it arises from the coupling of the carrier and the electric field
dynamics. From the discussion in the previous paragraph, it follows that the well
persists up to 40 ps.

The temporal evolution of the electric field and the potential are closely related
to the electron and hole dynamics shown in Fig. 4.10(c) and (d), respectively.
Already during the pump excitation (At=0 ps) the electrons are efficiently pulled
away from the W disk by the electric field and accumulate at the edge of the
depletion zone. This numerical result is in agreement with the absence of a fast
contribution in the pump-probe traces of Fig. 4.8. The maximum in the electron
density seen in Fig. 4.10(c) is consistent with the dip in the potential and the
sign change of the electric field. In other words, the electrons accumulate in the
potential well. The maximum in the electron density is the reason for the ring-
shaped signal enhancement in Fig. 4.9. The maximum is still seen at At=40 ps,
corresponding to the long lifetime of the potential well.

The hole dynamics in Fig. 4.10(d) is dominated by hole drift and diffusion
towards and trapping into the disk. These processes are slower than the
corresponding electron processes due to the smaller hole mobility and diffusion
constant. Nevertheless, these processes substantially reshape the hole
distribution during the first 40 ps. In particular, diffusion smoothes the hole
distribution. The weak overall reduction of both the electron and hole density is
due to the inefficiency of bimolecular recombination at low carrier density.
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4.4.2 High-density regime

In the high-density regime we consider an excited carrier density of
7-8x10" cm~3, which is significantly higher than the doping level. Fig. 4.11
shows a 2D image of the pump-probe amplitude at a time delay of 15 ps. The
disk pattern is clearly visible as the measured signal is substantially reduced
over the disks.

Differential Transmission AT/T

high

Fig. 4.11 High-density regime: two dimensional image of the differential
transmission AT/T at time delay At=15 ps. The white disk in the lower left corner
schematically marks the size of a W disk.

In Fig. 4.12 we show a line scan of the pump-probe signal together with a
Gaussian function that indicates the spatial resolution in the experiment. The
electron density is reduced not only over the disks, but also in a wide region
around the disks. This region has a full width at half maximum (FWHM) of
410 nm and is much broader than the spatial resolution function with a FWHM
of 230 nm. We conclude that the electrons from this region have moved towards
the disk, where they have been trapped, in contrast to the dynamics seen in the
low-density regime. Efficient electron transport towards the disks is only
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possible if the built-in field is screened [25]. Otherwise electron drift away from
the disks counteracts diffusion towards them, suppressing net electron
transport. This reasoning indicates that diffusion is the main transport
mechanism for electrons under this experimental condition.
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Fig. 4.12 High-density regime: Line scan of the differential transmission AT/T (solid
line) along the dashed line in Fig. 4.11 together with a Gaussian function showing
the spatial resolution (dashed line).

In Fig. 4.13, pump-probe traces are shown, which have been taken either over
or 1 um away from the disk. Over the disk, the signal decays within 7.5 ps to
half of its initial value, significantly faster than away from the disk, where it takes
37 ps to reach the half-maximum point. Both traces decay faster than the
corresponding low-density curves in Fig. 4.8. This data confirms that efficient
electron trapping takes place in the high-density regime. Note that the density
dependence of the bimolecular recombination cannot be the main reason for
the results in Fig. 4.13. This is because bimolecular recombination alone would
not lead to different decays at different positions.
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Fig. 4.13 High-density regime: near-field pump-probe traces taken either over
(dashed line) or 1 ym away from the disk.

More details of the spatiotemporal carrier dynamics can be inferred from direct
measurements of the pump-probe signal versus distance across a single W disk
for fixed time delays At. These data together with the simulated electron density
are shown in Fig. 4.14(a). At zero time delay, the electron density is mainly
reduced in the close vicinity of the W disk. With time, the shape of the traces
changes and a reduction of the electron density is also observed farther away
from the disk. The calculated electron density agrees very well with the
measured pump-probe line scans. The good agreement shows that the model
of section 4.2 is also valid in the high-density regime. We will later on deduce
details of the carrier and field dynamics from the model.

Fig. 4.14(b) shows how the FWHM of the dip increases with time. After an initial
fast broadening of the signal dip, the increase of the FWHM slows down at
longer time delays. A fast broadening of the carrier density dip has been found
in quantum wells with artificially introduced trapping centers [22]. In such
samples, only trapping and diffusion determine the carrier dynamics; carrier drift
does not contribute. Therefore, the data of Fig. 4.14 suggest that the electron
dynamics is strongly affected by diffusion during the first several picoseconds
when the broadening of the pump-probe dip is pronounced. The overall signal
reduction is due to the bimolecular recombination, which is efficient at high
carrier densities.
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Fig. 4.14 High-density regime: (a) Line scans of the measured differential
transmission signal (solid lines) and the calculated electron density (dashed lines)
across a single tungsten disk for different time delays At. The gray bar marks the
extension of the tungsten disk. (b) Full width at half maximum (FWHM) of Gaussian
fits to the measured curves (squares) and FWHM of Gaussian fits to calculated
traces (dashed line).

Summarizing the results of Fig. 4.11 to Fig. 4.14, the experimental data indicate
that the electric field is strongly screened in the high-density regime, giving rise
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to efficient diffusive transport of electrons towards the W disk and efficient
electron trapping. These results are reconfirmed by the numerical simulation
shown in Fig. 4.15. Fig. 4.15(a) demonstrates that the electric field is
considerably suppressed almost immediately after excitation, in contrast to the
low-density regime. Likewise, the energy potential is almost flat, as shown in
Fig. 4.15(b). In the high-density regime, where the excitation density is well
above the doping level, already at short times the built-in field is efficiently
screened by the large amount of holes that are rapidly trapped into the W disk.
At longer time delays the electric field and the potential slowly recover. The
recovery is clearly seen if one compares the potential curves at 1 ps and 40 ps
in Fig. 4.15(b).

In Fig. 4.15(c) and (d) we present the calculated electron and hole densities.
During the excitation at At=0 ps the electrons are removed from the W disk
border by the internal electric field and we observe a maximum of the electron
density at the edge of the depletion zone (Fig. 4.15(c)). Compared to the low-
density situation this drift induced process is weaker at higher densities and
disappears almost immediately®. Following the optical excitation, the electric
field rapidly breaks down. As a consequence, drift contributions can be
neglected and diffusion dominates the carrier transport in the first 10 ps after
excitation. Electrons and holes are transferred to the disk, where they get
trapped and recombine. The diffusion dynamics is driven by the carrier density
gradient resulting from carrier trapping into the W disk. Additionally, diffusion
smoothes out the electron and hole density profiles and therefore leads to the
broadening of the pump-probe signal dip seen in Fig. 4.14(b).

As the diffusion is faster for electrons than for holes, the charge of the initially
trapped holes is slowly compensated. This process and the significant reduction
of the carrier density due to efficient carrier trapping and bimolecular
recombination result in the slow recovery of the built-in electric field and the
potential. Once the potential barrier has acquired a sufficient height, it again
suppresses electron transport towards the disk. Therefore, electron trapping
becomes less efficient at longer times. The suppression of electron transport
and trapping at longer times is observed in Fig. 4.13. Fig. 4.13 shows that the

® The maximum of the electron density is not visible in Fig. 4.11 and Fig. 4.14, because it is very

weak. Moreover it is averaged out due to limited spatial resolution.
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decrease of the pump-probe signal over the disk significantly slows down for
long time delays, resulting in a signal offset.
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Fig. 4.15 High-density regime: Results form the theoretical model in the high-
density regime plotted vs. radius r from the center of the W disk at different time
delays At. (a) electric field, (b) energy potential, (c) electron density, and (d) hole
density. In (a) and (b) the traces at At=-1 ps indicate the electric field and the
potential before optical excitation. Traces for At=-1 ps are not shown in (c) and (d).
The legend in (a) also applies to (b)-(d). Note the different r-scale in (a).
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4.4.3 Annealed LT-GaAs

The results obtained from the study of the W disk model sample for nano-scale
Schottky contacts can now be used to discuss the carrier dynamics in annealed
LT-GaAs. Fig. 4.16 shows pump-probe signals for low and high optically excited
carrier densities in undoped and n-doped LT-GaAs. The excitation photon
energy is 1.46 eV. As shown in Fig. 4.16(a), in the undoped sample the signal
decays exponentially for both low and high carrier densities with a typical 1/e
time of 3.5 ps. We find the same decay even for carrier densities below 10" cm"
® (data not shown). In Ref. [95] it has been shown that the decay of the pump-
probe signal in undoped LT-GaAs is due to electron trapping into As
precipitates. Fig. 4.16(a) shows that the efficiency of this fast trapping process
is independent of the optically excited carrier density. We recall that electrons
have first to move to the precipitates before being trapped at the
metal/semiconductor interface. Therefore, we conclude that the built-in fields of
the Schottky contacts around the precipitates in the undoped annealed LT-
GaAs sample are too small to substantially suppress electron transport towards
the As precipitates even at very low densities.

Undoped LT-GaAs n-doped LT-GaAs
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Fig. 4.16 Far-field pump-probe traces of undoped (a) and n-doped (b) annealed
LT-GaAs samples taken at low (dashed lines) and high (solid lines) excitation
carrier densities.
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In contrast, the pump-probe signals in the n-doped sample show a strong
carrier density dependence, as seen in Fig. 4.16(b). At high carrier densities,
we find a fast initial decay that slows down at later times, resulting in an offset.
At low carrier densities, there is no significant fast reduction of the signal, but
the signal remains almost constant over the whole time window of the
measurement. This behavior is very similar to the carrier dynamics that have
been observed in the W-disk sample at low (Fig. 4.8) and high (Fig. 4.13) carrier
densities. Therefore we conclude that the underlying physics is the same in
both cases. As expected from the design of the n-doped LT-GaAs sample, our
data indicate that strong built-in electric fields are present around the Schottky
contacts before optical excitation in the n-doped LT-GaAs. At low optically
excited carrier densities the fields suppress electron transport towards and
trapping into the As precipitates. In contrast, at high carrier densities above the
n-doping level, the trapped holes substantially screen the built-in fields, resulting
in efficient diffusion and trapping of electrons. The electron transport is again
suppressed when the optically excited electron density has substantially
decreased to a value comparable to the doping level.

4.5 Nanoscale W-disk summary

We have presented a detailed study of the carrier and field dynamics around
Schottky nanocontacts for different optically excited carrier densities. Tungsten
disks embedded in GaAs have been investigated by femtosecond near-field
optics. The dynamics has been modeled by the drift-diffusion and Poisson's
equation. Experiments and numerical simulations agree very well and reveal
two different density regimes. The low-density regime is characterized by the
transfer of electrons away from the disk and their accumulation at the edge of
the depletion zone. As the holes move towards the disk, a space-charge field is
formed which points in the opposite direction as the built-in field. However, the
space-charge field is weak. The total field and the corresponding potential
barrier are still strong enough to suppress electron transport towards and
electron trapping into the W disk. Hence, the optically excited electrons live for a
long time outside the depletion region.

In the high-density regime, the built-in field is substantially screened by the
trapped holes leading to efficient electron transport towards and trapping into
the W disk. Once the carrier density is considerably reduced, the built-in electric
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field is restored and electron trapping is again suppressed. These results
demonstrate that the coupling of the carrier and field dynamics can substantially
affect carrier trapping in metal-semiconductor composite materials in which
Schottky contacts are formed.

As a second metal-semiconductor composite material, we have investigated
annealed LT-GaAs, in which Schottky contacts are formed around metallic As
precipitates. We have shown that the carrier dynamics significantly depends on
the doping density of the LT-GaAs. In n-doped LT-GaAs, the dynamics is very
sensitive to the optically excited carrier density: a fast decay of the electron
population is observed at high densities and a slow one at low densities. In
contrast, in undoped LT-GaAs, the electron population decays rapidly
independent of the optically excited carrier density. Thus, the doping
concentration and the optically excited carrier density are important parameters
for the recovery time of devices produced from annealed LT-GaAs. We attribute
the observed effects to the screening of the built-in fields and conclude that the
same mechanisms are at work as in the W disk sample.






-71-

5 Quantization energy mapping of single V-groove
GaAs quantum wires

Studies of single nanostructures are one of the most important applications of
the femtosecond NSOM technique. Such studies allow one to gain insight into
the intrinsic properties of nanostructures, unperturbed by spatial averaging over
an ensemble of structures. Moreover, studies of single nanostructures can
characterize growth inhomogeneities in nanostructured materials. In this
chapter, we discuss experiments on single semiconductor quantum wires
(QWRs). We will demonstrate that femtosecond NSOM measurements on
single V-groove QWRs are possible with the instrument described in chapter 2.
Moreover, we present a novel method for the mapping of quantization energy
fluctuations along single quantum wires with nanometer-scale spatial resolution.
This method takes advantage of the sensitive photon energy dependence of the
near-field pump-probe traces around the lowest exciton resonance of the
QWRs.

5.1 V-groove GaAs QWRs

The QWRs have been produced by low-pressure organometallic chemical
vapor deposition (OMCVD) on V-groove substrates [111]. Quantum wires
produced by this method are promising one-dimensional systems due to their
large confinement energy [112]. The basic idea relies on the self-ordering of
extremely narrow channels or ridges, formed during epitaxy on non-planar
substrates under certain growth conditions. In particular, the growth of AlGaAs
cladding layers on a (100) GaAs substrate patterned with [011]-oriented V-
grooves leads to the formation of a very sharp corner between two {111} crystal
planes. The active GaAs quantum well, on the other hand, grows faster along
the [100] direction, which results in the formation of a crescent-shaped QW at
the bottom of the groove shown in Fig. 5.1(a). The lateral tapering of the QW
crescent provides lateral variation in the effective band gap due to the increase
in the carrier confinement energy with decreasing QW thickness. This lateral
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variation, in turn, results in a 2D potential well which confines the electrons and

holes

(a)

(b)

energy

to a quasi-1D quantum wire (Fig. 5.1(b)).

AlGaAs

BE GaAs

-

Distance across QW/QWR

Fig. 5.1 (@) Transmission electron micrograph (TEM) cross section of a
GaAs/AlGaAs quantum wire heterostructure. (b) Energy diagram vs. distance
across the QW/QWR showing the band gap of the AlGaAs barriers (dark gray) and
the GaAs QW/QWR (light gray). The dashed and the solid white lines
schematically indicate the ground state of the QW and the QWR, respectively.
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The investigated sample consists of a 0.5 um pitch lateral array of single V-
groove GaAs/Al,Ga, As (x=0.33) QWRs. Fig. 5.2(a) shows a schematic picture
of the sample before any further processing. One can see the GaAs substrate,
the AlGaAs energy barriers and, between the barriers, the GaAs quantum well
with the QWR at the bottom of the V-groove. The nominal GaAs epilayer
thickness is 1.7 nm, resulting in a QWR thickness of 4.2 nm. To prepare the
sample for the NSOM measurements, it was mounted upside down on a glass
disk and the GaAs substrate was removed by selective wet etching (see section
2.5). The etching leaves a 35 nm thick Al ,Ga, As barrier layer on top of the
QWRs, as shown in Fig. 5.2(b). The thickness of this layer was chosen to
ensure both QWR energy confinement and good spatial resolution in NSOM
measurements. The high quality of the etching process becomes obvious from
Fig. 5.2(c), where the topography of the sample after etching is shown,
measured with an atomic force microscope (AFM). Further sample
characterization was performed with photoluminescence (PL) measurements.
At 20 K, the sample shows the QWR PL peak at 1.675 eV with a full width at
half maximum (FWHM) of 14 meV. From these PL measurements and PL
excitation spectra, we estimate that the lowest exciton has a transition energy of
1.59-1.60 eV at room temperature.
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AlGaAs barriers

Fig. 5.2 Schematic diagrams of the QWR sample (a) before and (b) after etching
with its orientation regarding the NSOM tip. (c) A two-dimensional AFM image of
the topography of the QWR sample after etching.
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5.2 Experimental results

5.2.1 Spatially resolved QWRs

In a first experiment, the pump pulse with center photon energy 1.58 eV is
transmitted through the NSOM tip to excite the QWRs locally. The pump-
induced changes of the reflected probe pulse intensity are globally measured in
the far-field (see inset of Fig. 5.3). The excited carrier density was calculated to
be about 10° cm™. Fig. 5.3 shows a two-dimensional image of the amplitude of
the pump-probe signal at zero time delay. The quantum wires, separated by a
distance of 0.5 um, are well discernable, proving high spatial resolution. Along a
single wire, intensity variations of the pump-probe signal indicate fluctuations of
the energy or the oscillator strength of the QWR excitonic resonance.

Fig. 5.3 Two-dimensional image of the pump-probe amplitude at zero time delay.
The bending of the wires in the center of the image is due to scanner drift. Inset:
Schematic of the back-etched V-groove QWR sample (gray: AlGaAs; white: GaAs)
and the experimental configuration

Fig. 5.4 shows a line scan perpendicular to the QWRs. Between the QWRs the
pump-probe signal disappears completely, proving that high spatial resolution
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and strong contrast is obtained with the applied method. In contrast, if one
measures the transmitted pump intensity, one finds that its modulation is only a
few percent. This means that the coupling of the near-field pump and the
sample changes only slightly across the sample. Therefore, the topographical
artifacts [71] give negligible contribution to the nonlinear probe modulation
shown in Fig. 5.4. Especially, if we scan along a single QWR, the topographical
artifacts will be even more strongly reduced in comparison to a scan
perpendicular to the QWRs. Thus, nonlinear optical near-field spectroscopy
lends itself well to the characterization of these QWR samples.

1.0
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Pump-Probe Amplitude (a. u.)

Distance across QWRs (um)

Fig. 5.4 Line scan of the pump-probe amplitude perpendicular to the quantum
wires.

5.2.2 Single QWR carrier dynamics

The fluctuations in quantization energy along a single QWR are determined
from measurements in the standard femtosecond NSOM configuration with a
global pump and a local probe. The aperture of the NSOM tip is ~200 nm in
these measurements. For resonant excitation of a QWR, the measured
differential transmission is mainly due to pump-induced absorption changes and
its decay reflects the carrier dynamics in the QWR [23]. Fig. 5.5 shows near-
field pump-probe traces for different laser photon energies around the lowest
exciton resonance. The traces are taken at a fixed position on a single wire. The
measurements are performed with constant laser excitation power, resulting in
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a carrier density of 2*10° cm™ for resonant excitation of the exciton. For all
photon energies, a positive bleaching signal is observed at early times due to
excitonic phase space filling and screening. The bleaching signals show a fast
initial decay with a time constant of 300-400 fs. We attribute this decay to
exciton ionization by LO phonons which reduces the phase space filling
contribution to the pump-probe signal [83].

1.5Fa
. R A 1.596 eV
- ® 1.586¢eV
& 1.0 O 1.576 eV
©
C
D
w
© 0.5
0
o
Q.
(o}
€ 0.0
)
o
-0.51 1 1 1 1
0 5 10 15 20

Time Delay (ps)

Fig. 5.5 Near-field pump-probe traces taken at the same position of the QWR but
at various photon energies around the lowest exciton resonance.

After the initial fast decay, the pump-probe traces sensitively depend on the
laser photon energy. At higher photon energies close to the exciton resonance,
the non-linear signal is positive indicating a bleaching process. In contrast, at
photon energies well below the exciton resonance, the signal becomes negative
demonstrating induced absorption. We attribute the induced absorption to
pump-induced broadening of the exciton resonance. Fig. 5.6 schematically
shows the broadening of an absorption resonance due to excited carriers,
resulting in an increase of the absorption on the low-energy side.
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absorption o

energy

Fig. 5.6 A schematic picture showing an absorption resonance o before excitation
(full line) and the broadened resonance after pump excitation (broken line).

For all photon energies, the pump-probe signal approaches zero with a second
time constant of 10-12 ps. Since radiative recombination occurs on a much
longer time scale [113], the slow decay is due to non-radiative processes, such
as fast carrier trapping by activated interface impurities [114].

5.2.3 QWR quantization energy fluctuations

In order to quantify the dependence on detuning , we have fitted the pump-
probe traces to double exponential functions

(AT/TﬁmeXP( A/ )+ My exp(—A%.slow). In Fig. 5.6, we show the

extracted amplitude (A%) of the slowly decaying contribution of a set of

slow

pump-probe traces versus laser photon energy. The measurements are
performed at a fixed position on the QWR, i.e. for a fixed exciton resonance
energy E, °.

® The data of Fig. 5.5 and Fig. 5.7 have been taken at different positions. This explains why the
amplitude at 1.586 eV is positive in Fig. 5.5 but negative in Fig. 5.7.
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Fig. 5.7 The amplitude (AT/T)s10w of the slowly decaying contribution of near-field
pump-probe traces versus the photon energy for a fixed QWR position. The full line
indicated the slope used to calculate the variations in quantization energy.

In a photon energy region around the zero-crossing of the amplitude (AT/T)

H
slow

the shape of the pump-probe signal is very sensitive to the photon energy. In
this region we obtain, in a first approximation, a linear relation between the
amplitude and the detuning between the laser photon energy 7@ and E, with
the following slope (the full line in Fig. 5.6):

Al(AT,
[( Vr )slow] = 1.2%10" meV (5.3)

Aho-E, |

X

From this slope, one can calculate the variation of the energy detuning for a
given change of the amplitude. Equation 5.3 is valid for a certain excitation
power. If this excitation power is used, Eq. 5.3 allows for the mapping of
quantization energy fluctuations along a single quantum wire. This will be
discussed in the following.

If the NSOM tip is scanned along a QWR for a fixed laser photon energy, the
detuning between the photon energy 7@ and the exciton resonance energy E,
may change due to fluctuations of the exciton quantization energy. In turn, the
change of the detuning will substantially change the shape of the pump-probe
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traces. This effect is illustrated in Fig. 5.8(a) and Fig. 5.8(b), which show pump-
probe traces taken at two different positions for a fixed laser photon energy 7®
= 1.578 eV. For the quantitative determination of the exciton energy
fluctuations, the change of the amplitude (AT/T) is considered. Fig. 5.8(c)

slow

shows (AT/T), versus position along a single QWR for the fixed photon
energy 1.578 eV. The values of (AT/T), are calculated from pump-probe

traces taken every 200 nm along a single QWR with an NSOM tip providing a
spatial resolution of ~200 nm. As expected, (AT/T), varies with position. We

like to emphasize that the variation of (AT/T) in Fig. 5.8(c) is due to detuning

slow

variations that result from the fluctuation of the exciton resonance energy since
the photon energy is constant.

The fixed photon energy of 1.578 eV is chosen to give the smallest amplitude
(AT/T)Z at the start position of the scan. This ensures that Eq. 5.3 is valid.

Using Eq. 5.3, we can calculate the change of the detuning between photon
energy and exciton resonance energy from the variation of (AT/T) . Following

slow

this procedure, the right vertical axis of Fig. 5.8(c) has been obtained. From this
axis, it can be determined how the energy detuning changes with position along
a single quantum wire. The change of the energy detuning is equal to the
change of the exciton quantization energy. We note that an increase (decrease)
of (AT/T)SZOW reflects a red shift (blue shift) of the excitonic resonance and,

therefore, a smaller (larger) quantization energy.
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Fig. 5.8 Pump-probe traces (a) and (b) for two different positions y of a single
quantum wire for a fixed laser photon energy o f1.578 eV. (c) The amplitude
(AT/T)szow of the slowly decaying contribution of near-field pump-probe traces
versus position along a single QWR at the fixed laser photon energy of 1.578 eV.
The right-hand vertical axis shows the calculated energy detuning variation along

the wire.

Energy variations of 12 meV are observed over 2 um wire length. Such energy
variations are often deduced from the inhomogeneous broadening of spatially
integrated PL spectra. At low temperatures, the FWHM of the QWR PL peak is
14 meV, directly giving the inhomogeneous broadening. From the comparison
to the measured quantization energy fluctuations of 12 meV, we conclude that
the inhomogeneous broadening mainly arises from energy fluctuations along
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the wires. The quantization energy fluctuations result from variations of the wire
thickness. Considering the first electron - heavy hole transition in a simple finite
potential model for the V-groove QWRs, the energy variation of 12 meV
corresponds to a wire thickness fluctuation of about 3 A or 1 monolayer of
GaAs. It is noteworthy that energy fluctuations of less than 12 meV are resolved
in Fig. 5.8(c). These fluctuations correspond to thickness variations of less than
one monolayer, showing that monolayer fluctuations are averaged over the
NSOM tip diameter. Therefore, the monolayer fluctuations have to occur on a
length scale smaller than the tip diameter.

5.3 V-groove QWR summary

We have demonstrated that the femtosecond NSOM technique can be used to
study carrier dynamics in a single semiconductor quantum wire. Moreover, we
have presented an experimental method for the mapping of energy fluctuations
along a single quantum wire with high spatial resolution. With this method,
quantitative information is obtained on the magnitude of quantum wire thickness
fluctuations and on the length scale over which these fluctuations occur. These
results demonstrate the potential of femtosecond NSOM for the characterization
of nanostructured materials.
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6 Conclusion and outlook

In this theses, we have shown that femtosecond spectroscopy with a spatial
resolution beyond the diffraction limit can be performed if scanning near-field
optical microscopy is combined with ultrafast pump-probe techniques. Today,
the spatial and temporal resolution simultaneously achieved in near-field pump-
probe measurements is on the order of 100 nm and 100 fs, respectively.
Moreover, the results presented in this work show that, with a well-engineered
femtosecond NSOM instrument, a high sensitivity below 1x10* can be obtained
in near-field pump-probe measurements, even in a degenerate configuration.
For the future, the whole near-field optics field will increasingly gain of
importance in microscopy’. In particular, further progress can be expected due
to the recent development of high-throughput, small-aperture NSOM fiber
probes [115, 116]. These NSOM probes should allow one to push the spatial
resolution without sacrificing sensitivity. Moreover, the time resolution can also
be improved building on the recent progress in femtosecond technology [117].

Already today, the combination of high spatial and temporal resolution and high
sensitivity achieved in femtosecond NSOM provides considerable insight into
the spatiotemporal evolution of physical quantities. In fact, the ultrafast NSOM is
the leading instrument among the ultrafast SPM techniques, as the ultrafast
AFM and STM are still in the proof of principle stage. Current results in ultrafast
STM [118-120] show a spatio-temporal resolution as small as 1 nm-20 ps [120],
whereas measurements with ultrafast AFMs present a high temporal resolution
of ~2 ps without indicating data on the spatial resolution [121, 122]. However,
with both the ultrafast STM and AFM no measurements beyond the
determination of spatial or temporal resolution have been realized so far.

Typical femtosecond NSOM measurements can be placed in two categories:
studies of single nanostructures and transport studies. As an example for the

" A good overview of the present research activities in near-field optics can be found in the
proceedings of the NFO-6 conference, which has been held at the University of Twente, the
Netherlands, in August 2000. The proceedings are published by Blackwell Science in the
Journal of Microscopy, Vol. 202, April 2001,
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former, we have discussed femtosecond NSOM experiments on single
semiconductor quantum wires. These measurements yield information on the
carrier relaxation in a single QWR and on the fluctuations of the quantization
energy and the wire thickness along a single QWR. In general, the
characterization of nanostructured and low-dimensional materials is an
important application of the femtosecond NSOM technique.

As examples for transport studies, we have presented experiments on laterally
patterned semiconductor quantum wells and on a metal-semiconductor
composite material. The latter consists of nano-scale tungsten disks embedded
in GaAs. In the patterned quantum well samples, the details of carrier diffusion
in square-like carrier density profiles have been observed. Carrier transport in
the tungsten disk material has been found to involve both carrier drift and carrier
diffusion.

While carrier drift and diffusion have been studied by several groups [17, 19, 20,
22, 25, 26], ballistic transport phenomena have not yet been observed in
femtosecond NSOM experiments. For semiconductors, ballistic transport in
optical near-field experiments has been treated in detail theoretically [123-126].
Experimental studies of ballistic transport are a wide field for future
femtosecond NSOM work.

Exciting future nanomaterials for characterization as well as tranport
femtosecond NSOM studies include not only low-dimensional single structures
but also combined systems, such as semiconductor wire-dot structures [127,
128] or polymer-nanocrystal composite materials [129, 130], which may play an
important role in future optoelectronic applications. In such combined systems
the femtosecond NSOM allows for the investigation of spatially and temporally
resolved carrier transport from one to the other system, interface dynamics,
such as carrier and energy transfer, and carrier or energy relaxation dynamics.
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