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Chapter

Introduction

When we go to the very, very small world - say circuits of seven atoms - we
have a lot of new things that would happen that represent completely new
opportunities for design. Atoms on a small scale behave like nothing on a large

scale, for they satisfy the laws of quantum mechanics.

Richard P. Feynman,
There’s plenty of room at the bottom, 1959

Our visual perception of the world surrounding us is determined by the interaction of light
and matter. The precise interplay of electromagnetic fields with the ions and electrons in
solids forms the fabric for an incredibly diverse array of optical phenomena, ranging from
the metallic luster of gold to the birefringence of anisotropic crystals. Just like pushing
a ball attached to a spring, the electrons in a solid are driven by external electromag-
netic fields and oscillate around their equilibrium positions with oscillation characteristics
given by the crystal structure, the atoms and the neighboring electrons. Hence, by us-
ing optical spectroscopy a straightforward and profound understanding of the underlying
physical driving forces between electrons and ions can be established, which determine
the optical properties of solids that we experience in day-to-day life. The application of
conventional spectroscopy, which works well on macroscopic length scales, unfortunately,
becomes increasingly challenging when the physical dimensions of solids are reduced to
the nanometer scale (Inm = 10~%m). Here, novel quantum effects start to dominate,
significantly influencing the physical properties of condensed matter systems. Optical
microscopy, which could have potentially been used to investigate these peculiar charac-
teristics on the single nanoparticle scale, however, is hindered in its spatial resolution by
the fundamental diffraction limit of light [Abb73]. The desire to visualize, to understand
and to take advantage of the size-dependent properties of such nano-materials has sparked

ingenious ideas and inventions helping to grasp what is hidden from the bare eye.



Chapter 1 Introduction

In 1928, Edward H. Synge started to challenge the ubiquitous diffraction limit by suggest-
ing an experiment using light transmitted through a 10-nm wide aperture to locally illumi-
nate a sample. By scanning the aperture over the sample surface, this microscope would
record images of the transmitted light with a spatial resolution given by the diameter of
the aperture [Syn28|. Unfortunately, the lack of suitable technology for positioning and
illumination of the aperture hampered the realization of his ideas. Nevertheless, the prin-
ciple of coupling propagating far-field radiation to the strongly-localized evanescent near
field of nanometer-sized objects, turned out to be the key ingredient for sub-diffraction-
limited imaging. With the development of intense coherent optical light sources in 1960 by
Theodore H. Maiman [Mai60] and the invention of scanning tunneling microscopy [Bin83]
as well as atomic force microscopy [Bin86], the technological framework was established
and Dieter W. Pohl realized the first optical near-field microscope [Poh84|. Today, two
main techniques have emerged: (i) Aperture-type near-field scanning optical microscopy
(a-NSOM), where the light, transmitted through a small nanometer-sized aperture, is
used to extract the local dielectric function of the sample [Bet91]; (ii) scattering-type
near-field scanning optical microscopy (s-NSOM), in which a sharp metallic or semicon-
ducting tip is brought close to the sample surface, acting as a light-scattering object.
Here, the tip is coupled to the sample via their interpenetrative near fields and the scat-
tered radiation depends on the local dielectric properties of the sample below the tip
[Zen94, Ino94, Kaw95, Nov9g].

The nearly one-century-old idea of coupling light to the evanescent near field has revo-
lutionized optical microscopy, granting access to the local dielectric properties of nano-
materials from the far-infrared up to the visible spectral range [Zen94, Kno99, Che03,
Rot14]. Due to its relatively poor, diffraction-limited spatial resolution of 10 to 1000 pm,
the infrared wavelength region is here of particular interest. These frequencies are home
to a plethora of low-energy elementary excitations, e.g. phonons, plasmons, magnons
or intra-excitonic transitions, which determine the optical and electronic properties of
many materials [Ulb11]. Using s-NSOM, these fundamental excitations can now directly
be studied with unprecedented spatial resolution, leading to the observation of fascinat-
ing phenomena like interfering phonon-polaritons in boron nitride [Dail4] or plasmon-
polaritons on the surface of single layer graphene [Chel2, Feil2, Gerl4, Woel5|. Besides
single layer materials, s-NSOM has been successfully employed to study the carrier density
and mobility in nanoscale transistors [Hub08] and indium phosphide nanowires [Stil0].
By virtue of the exceptional sensitivity of this technique, an image contrast corresponding
to only a few 10 electrons within the near-field probing volume could be achieved. Finally,

polymorphism in pentacene films [Wes14] and even nanometer-sized metallic puddles in



the strongly correlated material vanadium dioxide have been resolved, the latter proving
unequivocally that metallic domains form and grow as the material is driven through the
insulator-to-metal phase transition [Qaz07, Fre09, Liul3, Liul4, Call5]. The examples
highlighted here, clearly indicate the broad application range and the fundamentally new
approach to solid-state physics attainable by infrared s-NSOM. Despite its great success
over the last few years, time-resolved measurements in infrared s-NSOM are practically
non-existent. This comes as a surprise considering that steady-state microscopy fails to
catch the very nature of the precise interplay of electrons and ions, which happens on
the femtosecond timescale (1fs = 107%s). Studying the effects of strain, defects or lo-
cal doping on the ultrafast dynamics of electrons and ions as a function of space and
time would complement femtosecond far-field experiments and significantly increase our

understanding of condensed matter systems.

Phase-locked, few-cycle light pulses in the few-terahertz (0.1 — 10 THz, far-infrared) to
multi-terahertz (10 — 100 THz, mid-infrared) frequency range provide the means to resolve
this shortcoming. Field-resolved detection of terahertz (THz, 1 THz = 10'? Hz) waveforms
by electro-optic sampling has turned time-resolved THz spectroscopy into one of the most
powerful tools for studying and controlling the dynamics of low-energy elementary exci-
tations in solids [Fer02, Ton07, Jepl0, Ulb1ll, Kam13]. Direct access to the oscillating
electric field upon ultrafast photoexcitation, a property which is exclusive for THz spec-
troscopy, provides a temporal resolution faster than a single oscillation cycle of the THz
pulse and enables the extraction of the complex-valued dielectric function on a sub-cycle
timescale [Kin99, Hub01, Ném02, Ném05]. The resonant coupling of THz radiation to
low-energy elementary excitations enabled the direct observation of the ultrafast build-up
of screening in photoexcited gallium arsenide crystals [Hub01] and the sub-cycle control
of magnons in nickel oxide [Kam11]. Even the observation and control of dynamical Bloch
oscillations performed by electrons accelerated through the Brillouin zone of a bulk gal-
lium selenide crystal by the electric field of intense THz pulses has been achieved [Sch14].
In addition, ultrabroadband THz spectroscopy has been employed to simultaneously trace
the ultrafast evolution of different coexisting order parameters in strongly correlated ma-
terials, yielding detailed information about the intricate interplay of electron-electron,
electron-phonon and magnetic correlations [Kiib07, Pas10, Pas11, Porl4a]. Although THz
spectroscopy in the few-THz range has been successfully combined with s-NSOM, yield-
ing a spatial resolution down to 150 nm [Hun98, Che03, Che04, Zha07, Rib08, Moo12], no
time-resolved studies of single nanoparticles have been reported. Conversely, intensity-
based detection schemes have been employed in the multi-THz regime to probe the pho-
toexcited carrier dynamics of single layer graphene [Wagl4a] and epitaxially grown indium
arsenide [Wagl4b].



Chapter 1 Introduction

In this work the first combination of time-resolved multi-THz spectroscopy and scattering-
type near-field scanning optical microscopy is introduced. Going beyond intensity-resolved
detection, the microscope enables a sub-cycle temporal resolution of 10 fs by field-resolved
detection of the scattered radiation while simultaneously achieving a spatial resolution of
10nm [Eis14]. This fundamentally new approach to time-resolved near-field microscopy
has been achieved by combining cutting-edge, custom-tailored erbium-doped fiber laser
technology with a state-of-the-art near-field microscope. The ultrafast microscope is em-
ployed to study the pump-induced carrier dynamics in indium arsenide nanowires, pro-
viding detailed insights into surface effects and carrier density dynamics. Tracing the
oscillating electric near field at a distinct position on the nanowire surface as a func-
tion of pump-probe delay time reveals the appearance of a plasma resonance within the
multi-THz probe pulse spectrum. A thorough theoretical description of the experimental
observations is performed within an extended framework of the established point-dipole
model. The simulations provide direct access to the time-dependent complex-valued di-
electric function and thus the local carrier density in the indium arsenide nanowire, which,
on average, corresponds to only a few electrons within the near-field probing volume of
(10nm)3. Following photoinjection, the carrier density features a bi-exponential decay
with an ultrafast decay time < 40fs and a slower decay time of approximately 2 ps, which
is attributed to trapping into surface states. The novel technique of femtosecond tomog-
raphy [Eis14], which is developed here, is used to record a time-dependent depth profile
of the carrier density, identifying the initial ultrafast decay (< 40fs) as the formation of

a depletion layer at the surface of the doped indium arsenide nanowires.

Ultrafast field-resolved near-field microscopy provides direct access to the sub-cycle dy-
namics of low-energy elementary excitations on the nanoscale, far beyond the fundamental
diffraction limit of light. Hence, it paves the way towards a new class of time-resolved
experiments in the mid-infrared, where the influence of local confinement or structural
irregularities in virtually any physical, chemical and biological process can be studied and

imaged in unprecedented detail.



The first part of this thesis describes the technological platform that has been developed to
perform ultrafast near-field microscopy (Chapter 2). Based on ultrastable erbium-doped
fiber laser technology, the optical part of the experimental setup is entirely custom tailored
to guarantee ultimate performance. The generation of tunable multi-THz pulses with high
average power, 10-fs gate pulses for electro-optic sampling as well as pump pulses in the
near-infrared and visible spectral range are discussed. In addition the working principle
of near-field microscopy and the implementation of the atomic force microscope in the
optical setup is introduced. Intensity-based and field-resolved detection of the scattered
near field is explained in the context of the tapping mode operation scheme, which is used
for efficient background suppression. The chapter concludes with a first demonstration
of field-resolved detection of multi-THz waveforms scattered off a gold sample yielding

absolute phase and amplitude information out of the near field.

In Chapter 3 the microscope is employed to study the pump-induced carrier dynam-
ics of bulk indium arsenide. The scattered radiation is found to be highly susceptible
to the photoinjected carrier density, giving rise to strong modulations of the near-field
signal as a function of pump-probe delay time. The influence of the carrier density on
the scattered spectrum stems from the appearance of a plasmonic resonance within the
multi-THz probe pulse spectrum, which is confirmed by spectrally resolved measurements.
Furthermore, this chapter introduces the theoretical background to derive the scattering
response in the framework of the point-dipole model. Using the Drude formalism to
describe the dielectric properties of indium arsenide as a function of carrier density, an
excellent agreement between the experiment and the theory is achieved and important
parameters like the Drude scattering rate and carrier density as well as recombination
times are extracted. Finally, field-resolved detection of the multi-THz radiation scattered
off a (10nm)? volume on a single indium arsenide nanowire is employed to investigate the
electron dynamics on the sub-nanoparticle scale. In combination with the technique of
femtosecond tomography, which is developed here, a depth profile of the carrier dynamics
at the surface is recorded and the formation of a surface depletion layer is identified. The
experiments performed on the indium arsenide nanowire highlight the full potential of the
novel microscope, visualizing photoinduced dynamics with 10fs temporal resolution and

10 nm spatial resolution.

First time-resolved experiments performed on vanadium dioxide nanowires are presented
in Chapter 4. This material features a first-order insulator-to-metal phase transition
which can be induced either optically or thermally. The origin of this phase transition
is the center of a controversial discussion. Near-field imaging of the nanowire heated

across the phase-transition temperature reveals a strong influence of surface strain on the
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phase transition leading to a periodic formation of insulating and metallic domains. Inter-
estingly, pump-probe scans measured below the phase-transition temperature at various
locations on the nanowire exhibit a lower photo-conductivity at positions that develop an
insulating character at elevated temperatures than positions with metallic character. The

chapter closes with a first interpretation of the observed dynamics.

Chapter 5 gives a brief summary of the experimental and technological achievements
of this thesis as well as the results obtained on indium arsenide and vanadium dioxide.
An outlook on first ultrafast dynamics observed in single layer graphene and tungsten

diselenide flakes highlights the broad application range of the novel microscope.



Chapter

Ultrafast multi-terahertz

nano-spectroscopy

The novel, femtosecond multi-THz microscope introduced in this work establishes a new
paradigm in ultrafast science. For the first time it is possible to observe local low-energy
dynamics on the surface of solid-state systems with a temporal resolution on the few-
femtosecond scale [Eis14]. This microscope is based on a unique combination of ultra-
fast, mid-infrared laser technology, tracing the oscillating electric field of light directly in
the time domain, with scattering-type near-field scanning optical microscopy (s-NSOM).
Phase-stable multi-THz pulses are focused onto the tip of an atomic force microscope
which imprints the local optical properties of the sample below the tip on the scattered
radiation. Thus, this technique allows one to retrieve nanoscale information from a probe
volume as small as (10nm)3, approximately nine orders of magnitude smaller than the
fundamental diffraction volume. Far-field multi-THz spectroscopy and steady-state near-
field microscopy are by themselves well established methods in modern optics. However,
the combination of both techniques imposes new challenges on both the laser system and
the design of the s-NSOM:

Multi-THz power: S-NSOM is based on scattering light off a nanometer-sized metal tip
in an atomic force microscope. The scattering efficiency out of the near field is
thereby as low as 10™% as compared to the input intensity. To reasonably perform
near-field microscopy, the minimal average power of the multi-THz laser source has

to be in the mW range.

Stability: Tentatively, near-field imaging with high spatial resolution and a high signal-
to-noise ratio leads to acquisition times ranging from a few minutes to several days.
High stability and a low noise characteristic of both the laser source and the atomic

force microscope are therefore vital to perform such experiments.
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Custom-tailored femtosecond pulses: Efficient multi-THz generation, field-resolved de-
tection and pump-probe measurements require femtosecond laser pulses with pre-

cisely tunable spectral and temporal properties to guarantee ultimate performance.

Non-dispersive optics: State-of-the-art near-field microscopes mostly employ highly dis-
persive object lenses, which strongly distort the temporal shape of femtosecond laser
pulses. To achieve the highest possible temporal resolution an alternative scheme

based on reflective optical elements has to be chosen.

While the technology for non-dispersive near-field microscopy is nowadays commercially
available, the requirements imposed on the optical part of the experimental setup call
for an entirely custom tailored laser system. Erbium-doped fiber (Er:fiber) laser tech-
nology is most suited in this respect. The large gain bandwidth of Er:fibers together
with the tunability of the dispersion characteristics of optical fibers have lead towards all-
fiber-based femtosecond laser systems with nJ pulse energies at a wavelength of 1560 nm
[Tau03b, Tau04, Bril4]. Since the light pulses are guided in optical fibers these laser sys-
tems are completely maintenance-free and have superior characteristics with respect to
compactness, spatial and temporal long-term stability [Sel09] and photon noise [Adl07],
when compared to conventional titanium-sapphire lasers. With the help of custom-tailored
highly-nonlinear germano-silica fibers (HNLF) it is further possible to exploit strong non-
linear processes to generate octave spanning spectra. This development has enabled con-
tinuously tunable light pulses with frequency components ranging from 900 to 2600 nm
[Tau04, Sel09, Kral0O, Bril4] and pulse durations as low as 4.3 fs [KralO]. These unique
properties make Er:fiber lasers an ideal candidate for ultrastable and ultrasensitive multi-
THz spectroscopy [Sel08]. Carefully designed supercontinua in HNLF allow for an efficient
generation of phase-stable multi-THz pulses by difference frequency generation up to the
near-infrared [Ern07, Gam08, Sel08, Krall]. Furthermore, custom-tailored, ultrashort
gate pulses can be generated [Sel09], which are crucial for field-resolved detection of the

scattered multi-THz waveforms.

As part of this work a new pump-probe multi-THz spectroscopy setup has been developed.
This laser system provides multi-THz pulses via difference frequency generation with pulse
durations as low as 60 fs, pulse energies up to 28 pJ and center frequencies ranging from 27
to 55 THz. Field-resolved detection of the multi-THz waveforms by electro-optic sampling
(EOS) is achieved by using 10-fs gate pulses that are generated in a HNLF. To investigate
non-equilibrium dynamics, the laser system further provides femtosecond excitation pulses
both in the near-infrared as well as in the visible spectral range. The spectroscopy setup
is combined with a room temperature near-field microscope that is solely based on non-
dispersive optics. This way ultrafast multi-THz nano-spectroscopy is achieved with 10 nm

spatial resolution and sub-cycle, 10 fs temporal resolution [Eis14].



2.1 Erbium-doped fiber laser for ultrafast near-field microscopy

This chapter will first introduce the basic building blocks of the optical laser system
employed for near-field microscopy (Section 2.1). The overview is followed by a detailed
discussion of multi-THz generation and detection (Section 2.2) as well as the generation
of ultrafast pump pulses for two-time multi-THz spectroscopy (Section 2.3). Finally,
the operating principle of s-NSOM and our novel approach of field-resolved detection of

the scattered near-field radiation is presented (Section 2.4).

2.1 Erbium-doped fiber laser for ultrafast near-field microscopy

The commercially available Er:fiber laser system! employed in this experiment is based on
an Er:fiber oscillator operating at a fundamental repetition rate of 40 MHz (Fig. 2.1). The
oscillator output is divided into three inherently coherent pulse trains which subsequently
seed Amplifiers I - III. The amplifiers enhance the pulse energy of the oscillator pulses in
the range of 9 to 15nJ with pulse durations below 100 fs. The near-infrared pulses from
Amplifiers I and II are used to generate multi-THz waveforms via difference frequency
generation (DFG) in a gallium selenide (GaSe) crystal. To this end, the pulses from both
amplifiers are spectrally shaped by nonlinear pulse propagation in a HNLF and/or a NLF
and spatially overlapped via a dichroic mirror. To match the temporal offset between
the pulse trains in the GaSe crystal, a delay line (tppg) is inserted in the beam path of
Amplifier I. The generated phase-stable multi-THz probe pulses are then sent into the
s-NSOM where they are scattered off a sharp metal tip. Detection of the scattered multi-
THz radiation is achieved either intensity-resolved using a mercury cadmium telluride
(MCT) photodiode or field-resolved employing EOS. To eliminate spurious background
radiation in the detection schemes, the tip is operated in tapping mode, oscillating above
the sample surface with a frequency €, and an adjustable tapping amplitude of 40 to
250 nm. The near field scattered off the tip thereby depends nonlinearly on the tip-sample
distance. Thus, measuring the scattered radiation at higher harmonics of €1, efficiently
isolates the pure near-field signal and enables a spatial resolution on the nanometer scale,

far below the diffraction limit (see Section 2.4).

The ultrashort gate pulses, crucial for field-resolved detection by EOS, are custom-tailored
with the help of a NLF and HNLF from the output pulses from Amplifier III. A high-
precision fast-scan delay stage (tgos) is used to adjust the temporal overlap between
the multi-THz waveform and the gate pulses. With acquisition times of less than 1s,
a stroboscopic time trace of the transient electric field of the multi-THz pulses can be
recorded, which will be explained in detail in Section 2.2.2. To reduce the noise floor in

the detection scheme of EOS the repetition rate of the seed of Amplifier I is down-sampled

! FemtoFiber pro IR, TOPTICA Photonics AG, 82166 Gréfelfing, Germany
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Figure 2.1 | Schematic of the ultrafast erbium-doped fiber laser system. A femtosecond
erbium-doped fiber (Er:fiber) oscillator with a repetition rate fiop = 40 MHz directly seeds Am-
plifiers I - III. The repetition rate of Amplifier I is down-sampled to 20 MHz using an electro-optic
modulator (EOM) synchronized to fiep/2 by a clock divider (CD). The pulses from Amplifier ITI
pass a high-precision fast-scan delay stage tgog followed by a beam sampler that provides the
seed pulses for Amplifier IV. The pulses from each amplifier are custom-tailored using nonlin-
ear (NLF) and/or highly-nonlinear fibers (HNLF). Difference frequency generation (DFG) of the
pulses from Amplifiers I and II provides phase-stable multi-THz pulses in the mid-infrared spectral
range (wavelength 5—11pm). The temporal overlap of the generating near-infrared pulse trains is
established by a delay line (tppg) after Amplifier I. The multi-THz probe pulses are then used to
perform ultrafast near-field microscopy. Near-infrared pump pulses are provided by Amplifier IV.
These pulses can optionally be frequency doubled by second harmonic generation (SHG) to gener-
ate pump pulses in the visible spectral range (= 790nm). A delay line after Amplifier IV is used
to adjust the pump-probe delay time ¢,, or the pump-gate delay time ¢,,. The pulses from the
near-field microscope are detected using an intensity resolving mercury cadmium telluride (MCT)
photodiode or by electro-optic sampling (EOS) using ultrashort pulses (10fs) from Amplifier III.
All signals are recorded using lock-in detection: MCT signals are referenced to a higher harmonic
of the mechanical tip oscillation frequency (n - ;). Near-field signals measured by EOS are
detected at a sideband frequency from + 7 - Qyip.

10



2.1 Erbium-doped fiber laser for ultrafast near-field microscopy

by an electro-optic modulator to fgom = 20 MHz, allowing for low-noise lock-in detection
at the Nyquist frequency of the laser system [Sel09]. Consequently, the scattered radiation
recorded by EOS is measured at a sideband frequency from—+mn-€ip with n € N. This way,
the pure near field can be isolated from the background radiation while simultaneously

performing low-noise EOS.

To enable the observation of non-equilibrium dynamics Amplifier IV is designed to gen-
erate 22-fs pump pulses in the near-infrared using a NLF. These pulses can optionally
be frequency doubled in a periodically-poled lithium niobate (PPLN) crystal to generate
ultrafast pump pulses in the visible wavelength region (=~ 790 nm) (see Section 2.3.2). To
seed Amplifier IV, a fraction of the power output from Amplifier III is picked off behind
the EOS delay line with a beam sampler (Reflectivity ~ 10 %)2. This concept allows for an
intrinsic synchronization of the pump and gate pulses with respect to the multi-THz probe
pulses, which is a prerequisite to perform two-time multi-THz spectroscopy with ultimate
temporal resolution (see Section 2.3). To adjust the delay of the pump with respect to
the probe or gate pulses an additional delay line (pump-probe delay t,,, pump-gate delay
tpg) is implemented in the beam path after Amplifier IV.

2.1.1 Nonlinear pulse propagation in optical fibers

One of the key properties of Er:fiber laser technology, which is exploited in the optical
setup presented here, is the possibility to custom-tailor the temporal and spectral prop-
erties of the near-infrared light pulses in a wide range by nonlinear pulse propagation
in optical fibers. However, to efficiently exploit the high tunability of the Er:fiber laser
pulses, a quantitative understanding of the underlying propagation effects inside the NLF
and HNLF fibers is invaluable. For a comprehensive description, both the wavelength dis-
persion as well as nonlinear processes have to be considered. In a simplified picture, the
pulse propagation can be expressed using the following nonlinear Schrodinger equation
[Agr07]

. A(2,7) = —z‘%(ﬁA(z,r) +in Az, T2 A(2, 7) - (2.1)
A(z,7) is the pulse envelope as a function of propagation distance z in the fiber and the
retarded time 7 = t — [z relative to the input pulse. Here, £ is the group velocity of
the pulses inside the fiber. The first part on the right accounts for the group velocity
s

index n(w) of the glass fiber. The second term on the right describes the nonlinear

dispersion using the Taylor expansion coefficient 5y = n(w) of the effective refractive

2 The beam sampler is followed by a spectral filter that narrows the broad seed spectrum from Amplifier ITI
to a bandwidth of 12nm at a center wavelength of 1560 nm. This is necessary since the direct use of
broadband seed pulses from Amplifier III could lead to a strong temporal distortion of the output pulses
after amplification in Amplifier IV.

11



Chapter 2 Ultrafast multi-terahertz nano-spectroscopy

propagation inside the fiber due to self-phase modulation [Agr07]. The strength of the

nonlinearity is thereby characterized by the parameter v = /2\2’;”;, with the effective mode

field diameter A.g and the second order nonlinear refractive index no.

In the context of solving this differential equation it is helpful to introduce the following
effective length scales [Agr07]
T8 1 L
0 N — ZGVD

Logvp = —, LnL=——, =

|B2]

Ly,

with Ty and Py being the pulse duration and the peak power of the laser pulses, respec-
tively. Lgyp is the length scale on which the group velocity dispersion (GVD) becomes
significant, whereas Lyy, is the length scale where nonlinear (NL) effects, like self-phase
modulation, have to be considered. The solitonic order N is an indicator of whether
nonlinear processes (N > 1) or dispersive effects (N < 1) dominate the propagation of
the laser pulses inside the fiber. For N = 1 and negative GVD, dispersive and nonlinear
effects exactly balance and a stable solution of Equation 2.1 is found. This solution cor-
responds to a so called solitonic pulse that propagates through the fiber with a preserved

field envelope A(z,T)

A(z,7) = /Py sech (;0) exp( iz > . (2.2)

2Lavp

For N > 1 the temporal shape of the solitonic field envelope is not stable anymore but
evolves periodically during propagation. After a certain propagation distance, the pulse
duration of the soliton can thereby be reduced substantially, which is known as solitonic

pulse compression.

In order to achieve a quantitative agreement between the theory and the experiment,
Equation 2.1 has to be extended to incorporate absorption, higher-order dispersion terms
and additional nonlinear effects like Raman scattering. The nonlinear Schrédinger equa-
tion then reads [Sel09]

o (i- )[4 [Tl R - man| - e3)

The first part on the right accounts for the linear effects within the fiber, such as damping

(damping coeflicient ar) and dispersion (Taylor expansion coefficients 5; = (%)] Ln(w)).

Nonlinear propagation effects are represented by the second term with the nonlinear
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2.1 Erbium-doped fiber laser for ultrafast near-field microscopy

response function R(7) that describes the temporal evolution of the x(® nonlinearity

R(7) = (1= fr)d(7) + frhr(1)O(7) . (2.4)

The response function is composed of a dé-distribution which accounts for the quasi-in-
stantaneous electronic Kerr effect, and a temporally retarded response hgr(7)O(7) that
incorporates the Raman contributions. Both effects are weighted with an empirical factor
fr. The Raman response hg(7) is derived from a measured Raman amplification spectrum
[Sto89, Sel09].

Experimental verification of the derived model

To model the propagation of the laser pulses in our experiment, a simulation software de-
veloped by A. Sell [Sel09] is employed, which is based on an optimized split-step algorithm
[Agr07]. Except for the parameters of the input pulses, the simulation is entirely parame-
ter free. Dispersion and absorption are determined by measuring the fiber transmission in
a broadband, white-light Fourier transform spectrometer, whereas the nonlinear coefficient

v is calculated from the effective mode field diameter A.g supplied by the manufacturer.

The good agreement between the experiment and the simulations can be seen by com-
parison with a broadband supercontinuum (Fig. 2.2a (black curve)) that is generated by
nonlinear pulse propagation. Laser pulses from an Er:fiber amplifier with a pulse energy
of Epuise = 4.21nJ and a pulse duration of 7,5 < 100 fs are focused into a 9-cm long NLF3
prechirp-fiber. Within the prechirp-fiber, the propagation is determined by anomalous dis-
persion in combination with self-phase modulation. A soliton with N > 1 forms, leading to
a strong reduction of the pulse duration due to solitonic pulse compression. The prechirp-
fiber is then followed by a 7-mm long HNLF* in which the pulses are spectrally broadened
by self-phase modulation. The HNLF features a highly red-shifted zero-dispersion wave-
length as compared to the NLF. Thus, spectral components above 1400 nm experience
anomalous dispersion leading to the formation of a stable long-wavelength soliton. The
short-wavelength contributions, however, experience normal dispersion and form a disper-
sive pulse which suffers from temporal broadening. The two pulses interact via four-wave
mixing, leading to the generation of an ultrabroadband supercontinuum ranging from
900 to 2000 nm. The results from the simulation can be seen in Fig. 2.2b (black curve).
The measured spectrum of the Er:fiber amplifier (Fig. 2.2a, red curve) is here used as
an input pulse, whereby the phase is adjusted for best agreement. The general shapes

of the dispersive and solitonic wavelength contributions are nicely reproduced, as are the

3 LPC-04-1550-8/125-P-1.2-6.2A8-60-X-1-1, OZ Optics, KOA 1L0 Ottawa, Canada
4 GF4A, Thorlabs, 85221 Dachau, Germany
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Figure 2.2 | Ultrabroadband continuum generation in highly nonlinear fibers. a, Broad-
band supercontinuum (black curve) generated by nonlinear pulse propagation in a 9-cm long NLF
followed by a 7-mm long HNLF. Laser pulses from an Er:fiber amplifier with a pulse duration of
less than 100 fs and a pulse energy of 4.2nJ are used as input pulses. The spectrum of the input
pulses is depicted as a red curve. b, Simulated spectrum using the same fiber combination and
pulse energy as in a. ¢, Experimental (upper panel) and theoretical (lower panel) comparison of

the generated continua after nonlinear pulse propagation as a function of output pulse energy.

high and low wavelength cut-offs. The agreement is even more pronounced in Fig. 2.2c,
where the continua generated in the experiment and the simulation are color-coded as a
function of the output pulse energy. With increasing pulse energy, self-phase modulation
leads to a broadening of the spectrum. For pulse energies exceeding 4nJ, efficient four
wave mixing starts to generate a broadband continuum that is highly tunable with the

help of the pulse energy and the dispersion of the input pulses.

In summary, modeling the nonlinear pulse propagation in glass fibers allows for a good
estimate of the pulse duration and spectral shape and is used to custom-tailor the pulses

from each amplifier in our setup, as can be seen in the following sections.

2.2 Generation and detection of ultrabroadband, phase-stable

multi-terahertz waveforms

To perform femtosecond near-field microscopy in the mid-infrared, broadband multi-THz
radiation is generated by exploiting the nonlinear polarization response of solids subjected
to intense laser fields. Unlike the linear, low-field regime, where the electron and ion
movement is directly proportional to the external driving field, the polarization response
of the charged particles becomes highly anharmonic in the nonlinear case. For solids

featuring a non-centrosymmetric crystal lattice, the anharmonic motion can thereby lead
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2.2 Generation and detection of ultrabroadband, phase-stable multi-terahertz waveforms

to effects like optical rectification and difference frequency generation (DFG), where the
visible or near-infrared driving frequencies are down-converted to the far or mid-infrared.
The approach of optical rectification has been shown to produce THz and multi-THz
pulses [Ric94, Bon95, Kai99, Liu04] with frequencies exceeding 40 THz [Hub00]. Since
optical rectification can be regarded as DFG between the different frequency components
within a laser-pulse spectrum, the highest attainable multi-THz frequencies are directly
related to the spectral bandwidth of the generating pulses. This concept therefore becomes
strongly inefficient with increasing multi-THz frequencies, since only the spectral wings,
which have relatively low intensities, contribute to the generation of multi-THz radiation
[Sel08]. An approach to overcome this limitation is the use of DFG [Pet01] between
two spectrally detuned laser pulses, which are coherent with respect to each other. The
detuning is chosen such that the spectral weight of the generating visible or near-infrared
laser pulses is maximized with a frequency separation corresponding to the desired multi-

THz frequency.

Importantly, optical rectification and DFG are driven by mutually coherent laser pulses.
Thus, the unstable carrier envelope phase cancels [Bal02, Zim04, Sel08] and the THz and
multi-THz waveforms are intrinsically phase stable, i.e. they feature a defined relationship
between their oscillating electric field and their pulse envelope. This unique property is
crucial for the direct observation of the electric field of the multi-THz pulses in the time

domain (see Section 2.2.2) and is the foundation of the success of THz spectroscopy.

2.2.1 Multi-terahertz generation by difference frequency generation

The high spectral tunability of femtosecond Er:fiber lasers combined with DFG provides
a versatile basis to generate multi-THz pulses [Gam08, Sel08] with frequencies up to
the near-infrared [Krall] and conversion efficiencies up to 30 % [Ern07]. The nonlinear
generation of multi-THz radiation can thereby be described by an optical parametric
amplification process (see Fig. 2.3). A pump pulse with a center frequency v; (black pulse
in Fig. 2.3a) and a signal pulse with a center frequency v» (green pulse) are focused into a
non-centrosymmetric gallium selenide (GaSe) crystal. By difference frequency generation,
a new laser pulse, the idler, is generated at the difference frequency vs = v; — vy (red
pulse). The intensity I3 of the generated multi-THz radiation at the frequency v is given
by [Boy08]

Ly (2.5)

Iy o< I I, L* - sinc?(
Lcoh

with the input intensity of the pump (/1) and the signal (I2), the length L of the nonlinear
medium and the phase-matching factor sian(ﬁ). The coherence length Lo, = 2/Ak

determines the propagation length of the pulses within the nonlinear medium where co-
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Figure 2.3 | Process of difference frequency generation. a, Schematic of the difference
frequency generation (DFG) process. The ordinary polarized signal pulse (green) and the extraor-
dinary polarized pump pulse (black) are focused into a nonlinear, birefringent gallium selenide
(GaSe) crystal by a non-collinear focusing geometry. The temporal delay between the pulses can
be adjusted with a delay line ¢tppg. Phase-matching is achieved by rotation of the crystal (PM
angle) perpendicular to the optical axis. By DFG, phase-stable, few-cycle multi-THz pulses are
generated (red, idler). b, Experimentally measured frequency components of the pulses illustrated
in a. Pump and signal are centered at 191 THz (corresponding wavelength 1.56 pm) and 152 THz
(1.96 um), respectively. The generated idler pulses are centered at 38 THz (7.87 pm). The inset
depicts the energy level description for DFG. A pump photon excites an electron into virtual en-
ergy state (dashed line), which is depleted by stimulated emission, generating a new signal and

idler photon.

herent build-up of the generated multi-THz radiation is possible. Difference frequency
generation at a given crystal length is therefore most efficient when the momentum mis-
match Ak between the participating frequencies of the pump, signal and idler pulses

vanish, a condition known as phase matching [Boy08]

Ak =ky — kg — kg = 2L 1202 TSWS L (2.6)
C C C

Here, n; = n(w;) are the refractive indices at the frequency w; = 27 - v; with i = 1,2,3.
For birefringent crystals like GaSe, this condition can be fulfilled by tuning the crystal’s
phase-matching (PM) angle and the polarization of the laser pulses. The PM angle thereby
describes the angle between the signal pulse with ordinary polarization and the optical axis
of the GaSe crystal. However, when dealing with broadband laser pulses, phase-matching
can not be established for all frequencies simultaneously, due to the different dispersion
of the ordinary and extraordinary refractive indices. In this case, the wavevectors k;(w;)

can be expanded in a Taylor series around their respective center frequencies yielding

Loy 1Ok
2 Qw?

n;Wwj

Ok
+

A

k(w;) ~ (Aw)? + ..., (2.7)

C @i @;

16



2.2 Generation and detection of ultrabroadband, phase-stable multi-terahertz waveforms

with Aw; = ©; — w;. The wavevector mismatch can than be written as follows
Ak =AY+ AR .. (2.8)

Here, the zeroth order of the expansion Ak = nj@1/c — naio/c — n3is/c corresponds
to the phase matching condition shown in Equation 2.6. The spectral bandwidth of the

laser pulses results in a non-zero first order expansion coeflicient

akl 8k2 8k3
A 1 = —_— . A P — . v . A
k aw w1 “i1 aw w2 w2 3(,0 w3 ws
Oky| Ok Oky, Ok
= (D) )y Ay (22 O] YA, 2
(80.} @1 6&) @3> w1 <6w w2 8&) @3) “2 ( 9)

The second line has been calculated by using the energy conservation of the difference
frequency generation process fuws = fwi —hws. By assuming the phase matching condition
in zeroth order to be fulfilled (Ak? =~ 0) and by using a fixed pump frequency (Aw; ~ 0),
the phase mismatch is approximated by [Bril0]

1 1 .
Ak~ (— — — ) - Awg = dghvy - Awe 2.10
( o %Z) 2 = OGvm - Aws (2.10)
where the definition of the group velocity 1/v, = 0k;/0w is used. Here, d¢h,\, is defined
as the group velocity mismatch of the signal and the idler pulses which leads to a temporal

walk-off between the different laser pulses during propagation in the crystal.

To produce the signal and the pump for the DFG process, the pulses from Ampli-
fier T and II are spectrally shaped by nonlinear pulse propagation in a HNLF and/or
NLF (see Fig. 2.1). The pulses from Amplifier I (repetition rate fr., = 20 MHz, pulse
energy Epuise = 16 1nJ) are focused into a 5.5-cm long NLF prechirp-fiber. As discussed in
Section 2.1.1, nonlinear pulse propagation leads to a reduction of the pulse duration due to
solitonic pulse compression. The prechirp-fiber is followed by 10 mm of HNLF in which a
solitonic pulse forms and is subsequently red-shifted by four-wave mixing. Since solitonic
pulse propagation preserves the temporal pulse shape, the transmitted soliton is intrinsi-
cally compressed close to its bandwidth limit. The solitonic part (calculated pulse duration
= 30fs, Epuse = 1.510J and Agignal = 1960nm) is then used as the ordinary polarized sig-
nal (Fig. 2.3b, green curve) in the DFG process. The extraordinary polarized pump pulse
(black curve) is provided by Amplifier II (frep = 40 MHz, Epuse = 9nJ). Here, the pulse
duration is reduced by solitonic pulse compression in a 4.7-cm long NLF (pulse duration
= 30fs, Fpuise = 51J, Apump = 1560 nm) to match the pulse duration of the signal pulses.
Both the pump and signal pulses are temporally overlapped with the help of a delay line

(tprg) and focused into a 1-mm thick GaSe crystal to a focal spot-size of wg = 15 pm.

17



Chapter 2 Ultrafast multi-terahertz nano-spectroscopy

The focal radius results in an effective nonlinear interaction length given by twice the
Rayleigh range 22 = 27w2/Apump ~ 0.8 mm, optimally exploiting the crystal thickness.
The group velocity mismatches are calculated to be dgyy = 1/vgs — 1/vgp &~ —53 fs/mm,
68hm = 1/vgs — 1/vg &~ 131fs/mm and 51()}iVM = 1/vgp — 1/vg ~ 185fs/mm, resulting
in a decent temporal overlap of the pulses over the entire crystal length. Here, vgp, Vgs
and vg; are the group velocities of the pump, signal and idler pulses, respectively, cal-
culated at the corresponding center frequencies of Apymp = 1560 nm, Agignar = 1960 nm
and Ajgler = 7650nm. Due to the birefringence of GaSe, the extraordinary pump pulses
experience a significant spatial walk-off with a walk-off angle of 4° [GamO08]. This effect
is partially compensated by a non-collinear focusing geometry of the signal and pump
pulses, with a relative external angle of approximately 1°. The generated DFG spectrum
with the highest pulse energy is shown by the red curve in Fig. 2.3b, featuring a Gaussian
shape with center frequency of 38 THz (Ajqier = 7.87 nm).

Spectral tunability of the multi-terahertz radiation

The birefringence of the GaSe crystal can be used to spectrally tune the center frequency of
the generated multi-THz radiation via the PM angle. Since both signal and pump feature
a broad frequency spectrum, the resulting multi-THz pulses can be adjusted to cover
frequencies in the range between 20 and 60 THz. Selected multi-THz spectra for different
external PM angles are depicted in Fig. 2.4a. The spectra exhibit a Gaussian shape
with an average bandwidth of 10 THz (full-width at half-maximum, FWHM). The peaks
visible in the spectra at PM angles of 37° and 39° originate from the strongly structured
pump spectrum as can be seen in Fig. 2.3b (black curve). Fig. 2.4b shows the multi-THz
output power as a function of the DFG delay (tprg). At tppg = 0fs the signal and pump
pulses are temporally overlapped. By tuning tprg the generated power decreases to 50 %
within 425 fs, indicating that the pulse duration of the signal and pump pulses inside the
GaSe crystal is approximately 35 fs. Fig. 2.4c summarizes the properties of the generated
multi-THz radiation. Both pulse energy (red) and center frequency (black) are displayed
as a function of the PM angle. The gray shaded area indicates the FWHM bandwidth
of the multi-THz spectrum. Center frequencies between 27 and 52 THz are attainable
with pulse energies ranging from 4 to 28 pJ (80 — 560 uW), measured after filtering the
remaining radiation of the generation pulses®. The DFG setup developed here exhibits an
increase of the multi-THz pulse energy by at least 25 % compared to previously reported
DFG systems based on Er:fiber laser technology [Gam08, Sel08, Keil2, Gam13].

5 Longpass Filter IR 4.5 pm, 68655, Edmund Optics GmbH, 76227 Karlsruhe, Germany
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Figure 2.4 | Spectral tunability of the multi-THz pulses. a, Multi-THz spectrum for
selected external phase-matching (PM) angles. The spectra are Gaussian shaped with an aver-
age spectral bandwidth of approximately 10 THz (FWHM). The distinct spectral peaks in the
amplitude spectrum for PM angles larger than 37° originate from the strongly structured pump
spectrum, as can be seen in Fig. 2.3b. b, Dependence of the multi-THz output power on the rel-
ative delay time tppg between the signal and pump pulses. At full temporal overlap (¢pre = 0),
the generated output power exhibits a peak with a width of 50fs (FWHM). ¢, Multi-THz pulse
energy (red) and center frequency (black) as a function of the phase-matching angle. The fre-
quency bandwidth (FWHM) is visualized by the gray shaded area. The dots correspond to the
spectra shown in a.

Carrier envelope phase-stability of the multi-THz waveforms

An important feature of multi-THz generation by DFG or optical rectification is the
inherent phase-stability of the generated pulses, i.e. the electric field is identical for
each pulse. This property can not be overestimated since it enables the precise control
the electric field of a light pulse on the femtosecond scale [Sch14] and is key to field-
resolved THz spectroscopy. In contrast, typical laser sources that are used to generate
THz or multi-THz radiation are not phase-stable. Hence, these lasers emit a pulse train
of femtosecond light pulses at a repetition rate frp, with a varying carrier envelope phase
®cg. Peog thereby describes the offset of the electric-field maximum relative to the field
envelope, as seen in Fig. 2.5a. The pulse-to-pulse variation of ®cg stems from a phase
and group velocity mismatch of the propagating pulses inside the laser oscillator. In the
frequency domain the pulse train corresponds to a frequency comb with a spectral line

spacing of frep, which is shifted by the offset fcpo (Fig. 2.5b). Thus, each comb line can
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Figure 2.5 | The carrier envelope phase
of a light pulse. a, Pulse train emitted from
a femtosecond laser source with a repetition
rate frep. The red-shaded area depicts the
field envelope and the red curve the electric
field of the pulses. The offset of the elec-
tric field maximum with respect to the field

envelope describes the carrier envelope phase
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®cg. b, Frequency comb generated by the

1/ : pulse train in a. The red-shaded area dis-

rep

plays the frequency spectrum of a single laser

pulse. The comb lines have a equidistant spac-

»
»

ing of frep and the complete frequency comb is

f.=m-f +f.o

rep

—n. shifted by the carrier envelope offset frequency
f.=n-f_ +fo

rep

foro. For vanishing fcgo the light pulses are
feo phase stable with a constant ®cg. Note, that

Amplitude
v p

the frequencies of the comb lines (e.g. fp)

>
>

in the optical laser frequency spectrum are on
the order of a few 100 THz, while the spacing
between neighboring frequency comb lines is

m n Frequency

typically in the kHz to MHz range, given by
frep-

be written as
fl:l'frep+fCEO (ZEN) ) (211)

where fcgo is the carrier envelope offset frequency that is determined by the change
of ®cp between successive laser pulses®. By generating the difference frequency fru,

between two comb modes, fcro exactly cancels, which in turn results in a constant ®cg
friaz = fm — fa=m" fre(p =1 frep (Mm,neN) . (2.12)

In the case of DFG the simple illustration of Fig. 2.5 has to be extended to two laser pulse
trains that are spectrally detuned with respect to each other (see Fig. 2.3b). Importantly,
these pulse trains have to share the exact same frequency comb with an identical fcgo.
For the laser system employed in this work, this is guaranteed by the use of a common
seed laser (Er:fiber oscillator) for all Er:fiber amplifiers (see Fig. 2.1). Hence, DFG be-
tween Amplifier I and II leads to the generation of phase-stable multi-THz pulses, whose
oscillating electric fields can be measured in a stroboscopic fashion using ultrashort gate

pulses, which is discussed in the next section. An additional feature of multi-THz gen-

5 foro = frep - (A®cr mod 27) /27, where A®cg is the pulse-to-pulse change of the carrier envelope
phase ®cE.
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eration by DFG is the influence of the delay time tppg on the absolute carrier envelope
phase ®cg
Pcp =27 - frH, - tDFG - (2.13)

Hence, by tuning tprg the carrier envelope phase ®cg can be adjusted. However, for long
acquisition times, as it is often the case in near-field microscopy, thermal drift between
the two pulse trains leads to a variation of ®¢g in time. Nevertheless, for the experiments

presented here, the thermal drift can be accounted for, as shown in Appendix A.

2.2.2 Field-resolved detection of multi-terahertz waveforms

The ultimate way of detecting optical pulses is to resolve their oscillating electric field
directly in the time domain. The main challenge, however, is the bandwidth of the
detector. The electric field of light oscillates with frequencies much higher than 10'? Hz,
setting the bandwidth requirements of the detector to the same order of magnitude.
Conventional electronic detectors are currently limited to frequency bandwidths below
1THz [Nov12], making it impossible for them to directly trace the oscillating electric
field of light. An approach to overcome this limitation is the use of ultrafast gating
techniques like streaking spectroscopy [Kral4, Wiml14] or electro-optic sampling (EOS)
[Wu95, Hub00, Sel08|.

In the field of THz and multi-THz spectroscopy, EOS has been established as the method
of choice since it enables low-noise data acquisition at the shot-noise limit of the employed
gate pulses [Hub00, Porl4b]. The working principle of EOS can be seen in Fig. 2.6a. A
phase-stable multi-THz pulse (red, ordinary polarized) is focused into a 180-pm thick
GaSe crystal. An ultrafast gate pulse (green, extraordinary polarized) is overlapped with
the multi-THz pulse in the crystal and their relative arrival time is adjusted using a
delay stage (tgos). In the GaSe crystal, nonlinear sum and difference frequency mixing
between the gate and the multi-THz pulses occurs, leading to the creation of new photons
at the frequency feate £ fra, [Gal99]. These photons are ordinary polarized, resulting
in an elliptical polarization of the formerly linearly polarized gate beam. Like with the
multi-THz generation, phase matching is achieved by adjusting the PM angle of the GaSe
crystal [Liu04, Kiib04].

In a more intuitive picture, the process of EOS can also be explained by the Pockels
effect. The electric field of the multi-THz pulse induces a transient birefringence in the
nonlinear crystal, which is sampled by the gate pulse on a sub-THz-cycle timescale. The
birefringence thereby introduces a phase retardation between the linear polarization com-
ponents of the gate pulse, resulting in an elliptical polarization. The retardation can

be recorded using an ellipsometer consisting of a quarter-wave plate and a Wollaston
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Figure 2.6 | Field-resolved detection by electro-optic sampling. a, Illustration of the
electro-optic sampling (EOS) process. A multi-THz pulse (red) is focused into a GaSe crystal. The
instantaneous electric field induces a birefringence, which introduces a phase retardation between
the linear polarization components of a collinear propagating gate pulse. The retardation is
measured by an ellipsometer consisting of a quarter-wave plate (A\/4) and a Wollaston prism (PM).
The prism distributes the horizontal and vertical wavelength contributions on two photodiodes
and the respective intensities are measured via the induced photocurrent (Ipp; and Ippz). By
employing differential (Alpp = Ipp1 — Ipp2) lock-in (LI) technique, the momentary electric field
is recorded as a function of the relative delay tgog between the gate and the multi-THz pulses. b,
Electric field (black curve) and intensity envelope (gray area) of the multi-THz waveform detected
by EOS with 10fs temporal resolution, given by the gate pulse duration. ¢, Fourier transform of
the multi-THz pulse in b. The absolute phase (red curve) and amplitude spectrum (black curve)
are shown. The bandwidth-limited pulse duration in the time domain results in a flat spectral
phase.
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Figure 2.7 | Ultrashort gate pulses for
electro-optic sampling. a, Interferomet-

ric, nonlinear autocorrelation trace of the gate

AC intensity (a.u.)

pulses, custom-tailored from the output pulses
from Amplifier IIT with the help of a NLF-
HNLF hybrid fiber. As inferred from the au-

tocorrelation trace, the dispersive part of the

supercontinuum is re-compressed to a pulse
duration below 10fs using a prism compres-
sor. b, Spectrum of the gate pulses spanning
a wavelength range from 900 to 1700 nm, with

Amplitude (a.u.)

ST~ — " VY a pulse energy of Fpyse = 0.8nJ.
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prism. The prism distributes the horizontal and vertical polarization components equally
on two photodiodes as long as no electric field is applied to the crystal. In contrast,
field-induced birefringence causes an imbalance of the photocurrent of the photodiodes
Alpp = Ipp1 — Ippo. Using differential lock-in detection, Alpp can be measured at the
fundamental shot-noise limit of the gate pulses [Hub00, Porl4b] and the retrieved signal

is, to first approximation, linear with the applied electric field (Alpp x Eryy).

An example waveform measured by electro-optic sampling can be seen in Fig. 2.6b. The
oscillation period of the electric field is approximately 28 fs corresponding to 2.7 oscillation
cycles within the multi-THz pulse intensity envelope of 75fs. The excellent signal-to-
noise ratio of 10000 - vHz stems from the high pulse energy of the multi-THz pulses and
from the low background noise of 12nV/ VvHz in the balanced detection, which is close
to the fundamental shot-noise limit of the gate photon flux (10nV/v/Hz). By Fourier
transformation of the measured waveform, the absolute phase (Fig. 2.6¢c, red curve) and
amplitude spectrum (black curve) can directly be extracted. The spectrum is centered at a
frequency of 36 THz and is Gaussian shaped, while its phase features minimal dispersion, a
consequence of the bandwidth-limited pulse duration in the time domain. In the example
waveform in Fig. 2.6b, the carrier envelope phase offset between the oscillating electric
field and the intensity envelope is ®cg ~ 37/2. The temporal resolution of EOS is given
by the bandwidth of the nonlinear detector crystal and is ultimately limited by the gate

pulse duration.

The gate pulses are custom-tailored from the output pulses from Amplifier III (frep =

40 MHz, Epuse = 9nJ). Again nonlinear pulse propagation inside a custom-tailored
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7.8-cm long NLF prechirp-fiber followed by 6 mm of HNLF is used. The dispersive part
(Epuise = 0.81J, Agate = 13001nm) of the generated supercontinuum is re-compressed to a
pulse duration below 10 fs using a prism compressor [Sel09, Kral0], setting the ultimate
temporal resolution achievable by EOS in our setup to 10fs. An interferometric, nonlin-
ear autocorrelation trace is shown in Fig. 2.7a, verifying the gate pulse duration, and the

corresponding gate-pulse spectrum is shown in Fig. 2.7b.

2.3 Two-time terahertz spectroscopy

Measuring the dielectric response of systems driven to a non-equilibrium state by femtosec-
ond photoexcitation is a key challenge in ultrafast science. Commonly, pump-probe exper-
iments are employed, where a pump pulse prepares an excited state which is subsequently
sampled by an ultrafast probe pulse. By tuning the relative arrival time (¢p,,) between the
pulses, the relaxation of the sample into the equilibrium state is monitored. Typically,
conventional low-bandwidth photodiodes are used to measure the pump-induced change
of the probe pulse. Due to their limited bandwidth, these photodetectors integrate over
the intensity envelope of the probe pulse, which sets an intrinsic limit to the highest
achievable temporal resolution. For systems evolving on timescales comparable to the
probe-pulse duration a rigorous determination of the sample response is thus no longer
attainable. In contrast, the combination of EOS with conventional pump-probe studies
can be used to go beyond intensity-resolved measurements by performing two-time THz
spectroscopy. This way the evolution of the complex-valued dielectric function following

photoexcitation can be studied on sub-cycle timescales [Hub01, Ném05, Porl4b, Eis14].

2.3.1 Sub-cycle time resolution in ultrafast pump-probe studies

An equilibrium system that is perturbed by an electromagnetic waveform features a time-
dependent polarization response P(t). The polarization response is determined by the
convolution of the electric probe field E(¢') with the dielectric function e(t — ¢’) of the

sample
P(t) = eo/t E(t") (e(t —t)—1)dt". (2.14)

Due to causality, the polarization response at a given time t therefore has to be calculated
by integrating over all times prior to the time of observation. This situation is depicted
in Fig. 2.8a for a delta-function-like probe pulse (red). At time ¢’ the probe pulse excites
a polarization response in the sample (gray dashed curve) that is subsequently measured
by EOS using a delta-function-like gate pulse (green) at time ¢. If the probe field E(t') is

known exactly, it is sufficient to measure the polarization response P(t) to calculate the
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2.3 Two-time terahertz spectroscopy

complex-valued dielectric function e(t—t"), without the need for Kramers-Kronig relations
[Jep10, Ulb11]. Applying the convolution theorem the dielectric function in Fourier space

can directly be extracted as follows
P(w) =€ (e(w) — 1) BE(w) . (2.15)

The situation becomes more complicated when the dielectric function of the system itself
becomes time-dependent due to photoexcitation. The dielectric response of the photoex-
cited sample then not only depends on the external electric probe field E(t’), but also
on its internal relaxation dynamics, which is shown in Fig. 2.8b. In addition to the
probe pulse at time ¢/, a pump pulse (blue) at time ¢” is introduced. Hence, the one-
time-dependent polarization response P(t) has to be extended to also account for the
pump-induced changes of the dielectric response while the polarization evolves. For a
thorough analysis a two-time dielectric function e(t — ¢/, ¢ — t”) is therefore used, which

results in a polarization response P(t,t")

P(t,t") = e /t E@) (e(t—t,t—¢")—1)dt' . (2.16)
—o0

In contrast to the equilibrium case (Equation 2.14), it is not possible to retrieve the dielec-
tric function from Equation 2.16 by deconvolution in Fourier space since both arguments
of e(t —t',t — ") explicitly depend on the time ¢. However, by measuring each point of
the polarization response at the same pump-gate delay time ¢,, = t — ", this problem
can be solved [Kin99, Ném02]. Hence, an effective waveform of the polarization response
is measured, where each point of the transient corresponds to a fixed age after photoexci-
tation. Experimentally, this is achieved by keeping the delay time between the pump and
the electro-optic gate pulses fixed while scanning the multi-THz probe transient in time

(see Section 2.3.2). The polarization response then reduces to

P(t,t — tpy) = o /t E() (et — ', tpg) — 1) dt’ . (2.17)

Applying the convolution theorem, the time-dependent dielectric function at a particular
pump-gate delay time €(w,tpgs) can be extracted. Note that the EOS delay time tgog =
t — ¢’ and pump-gate delay time ¢, are independent of each other. Hence, the highest
achievable temporal resolution is two-time THz spectroscopy is ultimately given by the
gate pulse duration [Kin99, Hub01].
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2.3.2 Ultrafast spectroscopy

Two-time THz
a, A delta-function-like probe

Figure 2.8 | spec-
troscopy.
pulse (red) at time t' induces a polarization
response (gray dashed curve) in an unexcited
dielectric medium. The polarization response
is subsequently measured by EOS with
the help of a delta-function-like gate pulse
(green) at time t. By recording the complete
polarization response P(t) and the electric
field of the probe pulse E(t) by EOS, the
full complex-valued dielectric function of the
sample can be recovered. b, Non-equilibrium
response of a dielectric medium excited by
a delta-function-like pump pulse (blue) at
time ¢ which is probed by the probe pulse
at time t'. The induced polarization response
P(t,t — tpg) at the pump-gate delay time
tpg = t — t” is recorded by EOS using the
gate pulse at time t.

The pump pulses required to trigger femtosecond dynamics are generated by Amplifier IV

(frep = 40MHz, Epuse = 91J), which is seeded by a small fraction of the output pulse
train of Amplifier IIT (see Fig. 2.1). Importantly, the seed pulses are picked off by a beam
sampler after passing the EOS delay stage tgog. This way the time delay of the pump and

gate pulses are intrinsically synchronized with respect to the multi-THz pulses, which is

an essential prerequisite for two-time THz spectroscopy. An additional delay stage after

Amplifier IV is used to adjust the relative delay between the pump and gate pulses (¢p,)

or the pump and multi-THz probe pulses (tpp,), respectively. Thus, the setup can operate

in two modes:
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2.3 Two-time terahertz spectroscopy

Intensity resolved pump-probe spectroscopy: Pump-probe measurements are performed
by scanning the relative pump-probe delay time ¢,, while the multi-THz probe pulse
intensity is recorded using an intensity-resolved MCT photodiode. The highest
achievable temporal resolution is limited by the probe pulse duration to > 60 fs. The
zero delay time is defined by the temporal overlap of the maxima of the intensity en-
velopes from the multi-THz probe pulse and the pump pulse and can approximately
be found by performing pump-probe scans on semiconductors at high excitation
fluencies. This way an ultrafast sample response is triggered by the injection of an
electron-hole plasma [Hub01]. Here, the zero delay time corresponds to half of the
rise time of the pump-induced change of the measured signal. In addition, spectral
information of the probe pulses as a function of t,, can be retrieved by Fourier

transform infrared spectroscopy (FTIR), which is detailed in Section 2.4.2.

Two-time THz spectroscopy: The pump-gate delay time t,, is set constant while per-
forming EOS (tgog). This way an effective waveform is recorded in which each point
on the EOS time axis is measured at the same age after photoexcitation. By vary-
ing the pump-gate delay a full two-time multi-THz spectroscopy map is recorded,
in which the pump-induced dynamics can be resolved with sub-cycle temporal reso-
lution. The highest achievable temporal resolution is ultimately defined by the gate
pulse duration (10fs in the experiments shown here). Here, the zero time delay is
defined by adjusting the gate pulse to the center of the multi-THz waveform and by

finding the zero time delay using intensity resolved pump-probe measurements.

Two-time THz spectroscopy enables the direct measurement of the absolute phase and
amplitude spectrum with sub-cycle temporal resolution as a function of pump-gate delay
time. Thus, the time-dependent, complex-valued dielectric function of the sample can be
extracted over a broad frequency range, only limited by the bandwidth of the detection
process. Although spectral information can also be inferred using FTIR, only the relative
phase of the probe pulses with respect to a reference pulses can be extracted with a
time-resolution limited to the probe pulse duration, at best. Since FTIR is based on a
linear cross-correlation, it solely detects frequency components that are also apparent in a
reference waveform. In contrast to FTIR, EOS enables detection over a broad frequency
range [Schl4].

Ultrafast excitation pulses in the near-infrared

Near-infrared pump pulses are custom-tailored by nonlinear pulse propagation in a 9-cm
long NLF fiber. Solitonic pulse compression reduces the pulse length to below 22 fs, as is

inferred from the nonlinear autocorrelation trace in Fig. 2.9a. The solitonic pulse propa-
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Figure 2.9 | Ultrashort pump pulses. a, Interferometric, nonlinear autocorrelation trace
of the near-infrared pump pulses after nonlinear pulse propagation in a NLF. Solitonic pulse
compression leads to a reduction of the pulse duration to 22 fs with a maximum pulse energy of
Epuise = 5.5nJ. b, Measured spectrum of the pump pulses. Due to self-phase modulation the
spectrum is significantly broadened with a mean photon energy of Epnoton = 0.78€V. ¢, Two
measured spectra (black curves) of the frequency doubled pump pulses, which are generated in a
periodically-poled lithium niobate crystal at a poling period (PP) of 18.5 pm and 20.9 pm. The
accessible spectral range as a function of PP is indicated by the gray shaded area. The mean
photon energy can be tuned in the range of 1.5 — 1.6eV. d, Pulse energy (black curve) and pulse

duration (red curve) of the frequency-doubled pump pulses as a function of PP.

gation is also apparent in the photon intensity distribution, which displays a significantly
broadened spectrum at both the high and low wavelength regions (see Fig. 2.9b). The
pulses exiting the fiber feature a maximum pulse energy of Eyse = 5.5nJ and a mean

photon energy of Eppoton = 0.78 €V.

Femtosecond excitation pulses in the visible

To increase the flexibility of the setup and to access a broader range of ultrafast processes
in solids, the near-infrared excitation pulses are optionally frequency doubled in a 300-pm
thick periodically-poled lithium niobate (PPLN) crystal. The PPLN allows for conversion
efficiencies > 20 % by quasi-phase-matching [Fei85, Arb97]. The orientation of the ()
nonlinearity is periodically reversed to compensate for the effects of phase-velocity mis-

match in the crystal. The generated second harmonic spectra are depicted in Fig. 2.9¢ as
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2.4 Scattering-type near-field microscopy

a function of the poling period (PP). By changing the PP the phase-matching condition
can be adjusted to tune the mean photon energy in the range of 1.5 to 1.6eV. The dura-
tion of the visible excitation pulses ranges between 48 and 96 fs (red curve) with a pulse

energy of 0.6 to 1.0nJ (black curve), as can be seen in Fig. 2.9d.

2.4 Scattering-type near-field microscopy

Merging two-time THz spectroscopy with nanometer spatial resolution will open exciting
new possibilities for studying the ultrafast dynamics of low-energy elementary excita-
tions at the surface of single nanoparticles [Stil0, Jacl2], nanodomains [Qaz07, Liul3]
and single-layer materials [Feil2, Chel2, Feil3, Dail4, Woel5, Docl4]|. Currently, the
spatial resolution of far-field THz spectroscopy is intrinsically limited to the scale of the
probing wavelength by diffraction (3 pm — 3mm) [Abb73]. Averaging over different sizes,
orientations and densities of nanoparticles thus makes it impossible to gain a complete
understanding of the impact of the nanostructures on the physical properties. To ex-
tract some nanoscale information, effective medium theories are employed to model the
far-field response of such compound-systems [Jep06, Par07, Ulb11]. However, the funda-
mental diffraction limit only applies to far-field studies. Hence, accessing the optical near
field overcomes this limitation and allows for a dramatically increased spatial resolution
[Syn28]. With the invention of scattering-type near-field scanning optical microscopy (s-
NSOM) [Zen94, Ino94, Kaw95, Nov98| sub-wavelength imaging became readily available
and is used in this work to extend two-time multi-THz spectroscopy to the nanoscale, far

beyond the fundamental diffraction limit.

The s-NSOM microscope used throughout the experiment employs sharp silicon tips with
platinum-iridium coating® as near-field probes. The use of such scattering-type probes
has a significant advantage: Scattering from metal tips is intrinsically broadband with a
spatial resolution only determined by the radius of curvature of the tip [Tau03a, Kei04].
The s-NSOM itself includes an atomic force microscope operating in tapping mode. The
metal tip is attached to a cantilever that oscillates above the sample surface with a defined
tapping amplitude (TA) and a tapping frequency (;, that is slightly below the resonance
frequency of the cantilever. To control the average distance between the tip and the sample
a feedback loop is used which exploits the strong influence of the tip-sample interaction on
the resonance frequency of the cantilever. For small tip-sample distances, Pauli blocking
as well as Coulomb repulsion lead to an increase of the cantilever’s resonance frequency,

reducing the free space tapping amplitude TAfrce space t0 the experimental TA, while the

" NeaSNOM - 2nd generation, NeaSpec, 82152 Martinsried, Germany
8 Arrow™ NCPT, NanoWorld, 2002 Neuchatel, Switzerland
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Figure 2.10 | The near-field microscope.
Multi-THz probe pulses (red waveform) are
sent into the s-NSOM, where they enter a
Michelson-type interferometer, which splits
the probe pulses in two arms using a silicon
beam splitter (BS). The reflected part is fo-
cused onto the metal tip of an atomic force mi-
croscope (AFM), which oscillates with a tap-
ping frequency €, above the sample. The
scattered radiation is recorded by EOS or with
a MCT photodiode. Lock-in detection of the

measured signals at higher harmonics of Qy;p

Probe :
FTIR (tFTIR) "

allows for background-free detection. The sec-

ond arm of the interferometer can optionally

(mcT

EOS ] be used to perform nano Fourier transform in-

L J frared spectroscopy (nano-FTIR) by scanning
the relative delay tprir between the interfer-

ometer arms. Sample excitation is achieved
by focusing the pump pulses (blue pulse) onto
the sample below the tip.

tip is approached. The change in TA is measured by a laser that is deflected off the back
of the cantilever and is used to define a setpoint (TA/TAfce space = 80 %) to control the

average tip-sample distance.

Optical implementation of the near-field microscope

The incorporation of the AFM into the optical setup to perform ultrafast near-field mi-
croscopy is displayed in Fig. 2.10. The multi-THz probe pulses (red waveform) are sent
into the microscope, where they enter a Michelson-type interferometer that employs a
silicon wafer as beam splitter. The reflected part is focused onto the AFM tip using a
parabolic mirror with a numerical aperture of 0.56, leading to a diffraction-limited multi-
THz spot size of approximately 10 pm. The scattered near-field radiation off the AFM
tip is collected using the same parabolic mirror. After passing the silicon beam splitter,
the scattered multi-THz pulses are detected either using the MCT photodiode (intensity
resolved) or by performing EOS (field resolved). In the case of EOS, the pulses reflected
off the interferometer arm (FTIR) serve as unmodulated reference pulses, which are simul-
taneously recorded with the scattered waveforms and are used to keep track of the slowly
varying ®cp of the multi-THz radiation (see Section 2.2.1 and Appendix A). In addition,

the interferometer and the MCT photodiode can be used to perform nano Fourier trans-
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2.4 Scattering-type near-field microscopy

form infrared spectroscopy (nano-FTIR) of the scattered pulses by scanning the relative
delay time tprr. This is described in detail in Section 2.4.2. In order to perform ultrafast
pump-probe studies the near-infrared or visible pump pulses (blue pulse) are focused onto

the sample below the tip to a focal spot size of approximately 10 pm.

Background suppression by lock-in detection

One major challenge in s-NSOM is to eliminate unwanted background radiation from
the cantilever or the sample surface, which commonly dominates the detected signals.
The scattered near-field radiation originates from a mode volume of only < (100nm)3,
being by nature orders of magnitude lower in intensity than the diffuse reflected radiation.
However, the near-field interaction itself provides the essential ingredient to successfully
suppress the background radiation in the detection. A theoretical consideration of the
near-field interaction can be seen in Fig. 2.11a. A metal tip, oscillating with a defined
tapping amplitude (TA) at a tapping frequency S, is placed close to a sample surface.
When the electric field of a light pulse is focused onto the tip with a polarization parallel
to the tip shaft, it induces a point dipole within the tip apex. By assuming, that the tip
shaft does not strongly contribute to the observed near-field signal, the polarizability of
the tip can be approximated by the polarizability of a sphere with a radius of curvature
given by the tip apex [Kno00]. The tip dipole induces a surface charge distribution in
the sample with a field that can be described by an image dipole. This image dipole
in turn influences the electric field at the tip, leading to a coupling between the two
dipoles, indicated by the red field lines in Fig. 2.11a. Hence, the presence of the sample
significantly alters the near field at the tip and information about the optical properties
of the sample are encoded in the light scattered off the tip. For a more detailed derivation

of the applied model see Section 3.2.

The scattering efficiency of the coupled dipoles strongly depends on the distance between
the tip and the sample. This can be seen in Fig. 2.11b, which features an exponential
decay of the scattered intensity with increasing tip-sample distance. For a separation
length of a few tip radii the scattered intensity becomes constant and originates from
the uncoupled tip dipole. By operating the tip in tapping mode the tip-sample distance
is periodically modulated and thereby the scattered near-field intensity, as indicated by
the blue dashed curve in Fig. 2.11b. Due to the nonlinear dependence of the scattered
radiation on the tip-sample distance, the harmonic motion of the tip translates into an
anharmonic scattering response in time, as shown by the blue curve in the inset. In
Fourier space the anharmonic response generates non-zero frequency sidebands at the

harmonics n of the tip-tapping frequency (n - Qp, with n = 1,2,3,...), which can be
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Figure 2.11 | Background suppression by lock-in detection. a, Illustration of the tip-
sample interaction in s-NSOM. A metal tip, oscillating with a frequency (i, and a tapping
amplitude (TA), is brought close to a sample surface. The electric field of an incoming light
pulse, polarized parallel to the tip shaft, induces a point dipole in the tip. Due to surface charge
redistribution an image dipole forms in the sample, modifying the electric field at the tip dipole.
This effect leads to a coupling between the dipoles, indicated by the red field lines, that effectively
describes the near-field interaction. b, Scattered intensity of the coupled dipoles as a function
of tip-sample distance (black curve). With increasing distance the intensity decays exponentially
towards a constant background, originating from scattering off the uncoupled tip. By operating
the tip in tapping mode the scattered intensity is periodically modulated, as indicated by the blue
dashed curve. The harmonic motion of the tip directly translates into an anharmonic modulation
of the scattered intensity in time (inset, blue curve). Lock-in detection of the scattered radiation at
higher harmonics of Qy, efficiently reduces all background contributions in the detection scheme.
c, Scattered intensity as a function of tip-sample distance measured on a gold sample at various
harmonics of the tapping frequency using the near-field microscope. The signals are recorded with
the help of a MCT photodiode and processed by lock-in detection. The first harmonic O1 (1-Qy;p,
black curve) and the second harmonic O2 (green curve) are still affected by unwanted background
radiation from the tip shaft and cantilever. O3 (red curve) and O4 (yellow curve) both feature
a clear indication of a pure near-field signal: an exponential decay of the measured signal within
approximately 30 nm tip-sample distance. In this measurements the tapping amplitude is set to
TA = 130 nm.
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filtered using a lock-in approach [Lab00, Kno00]. The achievable background suppression
can directly be seen in the experimentally obtained retraction curves measured with the
near-field microscope. Here, the scattered near-field intensity is recorded using the MCT
photodiode. Fig. 2.11c shows the scattered intensity of various harmonics as a function of
the average tip-sample distance. The retraction scan measured at the first demodulation
order (O1 = 1 - Qp, black curve) does not feature a clear dependence of the scattered
signal on the relative distance. Importantly, O1 does not vanish for distances larger than
100 nm, indicating that diffuse scattering off the tip cantilever, which is also modulated at
Qyip, still dominates the measured response. With increasing harmonic order (02 — O4),
the near-field contribution becomes clearly visible, leading to an exponential decay of the
measured signals with increasing tip-sample distance. Yet, for large tapping amplitudes
and small average distances between the tip and the sample, the mechanical motion
of the tip itself can become anharmonic. This leads to an additional background for
lower demodulation orders, as can be seen in the retraction scan of O2 (green curve).
By increasing the demodulation order the anharmonic background can successfully be
reduced, resulting in a pure near-field signal in O3 (red curve) and O4 (yellow curve).
Hence, the scattered intensity drops exponentially within 30-nm distance between the tip

and the sample.

2.4.1 Field-resolved detection with sub-cycle temporal resolution

In the few-THz region (0.1 — 3 THz), THz spectroscopy has successfully been employed
to detect the scattered radiation of near-field probes with 55 pm spatial resolution in
a-NSOM [Hun98] and > 150 nm spatial resolution in s-NSOM [Che03, Che04, Zha07,
Rib08, Moo12]. While achieving a spatial resolution well below the diffraction limit, none
of these studies, however, has probed photoinduced dynamics. Conversely, intensity-
resolved detection in the mid-infrared using MCT photodiodes has been employed to
investigate the electron dynamics of photoexcited graphene sheets [Wagl4a] and bulk
semiconductors [Wagl4b| in the near field of metal tips. Due to the intensity detection,
the observed temporal resolution of > 200 fs is thereby intrinsically limited to the probe
pulse duration, at best. However, the temporal resolution can be dramatically increased

by directly observing the pump-induced change of the oscillating electric near field.

In this work two-time multi-THz spectroscopy is for the first time extended to the nanoscale
by measuring the scattered radiation off the near-field tip by EOS. This technological
achievement builds the basis to study ultrafast phenomena at the surface of solid-state
system with both high spatial and sub-cycle temporal resolution [Eisl4] (see Chapter 3
and 4).
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Figure 2.12 | Field-resolved detection of
the oscillating electric near field. a,
Reference waveform (black curve) reflected
off the FTIR delay line measured at a lock-
1 —~f—— T3 in frequency of fmom = 20MHz and near-

Reference 03

- field waveform scattered off a gold sample
M/\W/\A/W (red curve, x1000 magnification factor), mea-
x1000] sured at the third order sideband from,03 =
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A typical waveform retrieved over a gold sample can be seen in Fig. 2.12a (red curve,
x 1000 magnification factor). Here, the pulses reflected off the FTIR delay line serve
as reference pulses (black curve). Ultrasensitive lock-in detection is an indispensable
prerequisite to measure these scattered waveforms electro-optically, since the near-field
signal recorded at the third order harmonic of (), corresponds on average to less than
1000 photons per pulse. Here, the reference waveform is measured at a lock-in frequency
of from = 20 MHz and the third-order near-field signal is recorded at the third sideband
feom,03 = 20 MHz + 3 - Qy;,. The advantage of field-resolved detection and two-time THz
spectroscopy in comparison to intensity-resolved detection schemes can directly be seen by
comparing the scattered field transient to the reference waveform. While the latter is close
to bandwidth limited, exhibiting a Gaussian field envelope, the pulses scattered off the
near-field tip feature trailing oscillations, stretching the pulse in time. Since the sample
response of a metal in the mid-infrared wavelength region can be assumed to be spectrally
flat, these oscillations result from antenna resonances of the tip itself. In intensity-resolved
pump-probe measurements the temporal resolution is directly proportional to the intensity
envelope of the multi-THz pulses. Hence, the dependence of the scattered probe-pulse
duration on the exact shape of the tip can result in a significant, tip-dependent reduction

of the temporal resolution. This drawback can become even more pronounced when
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narrow-band resonances within the sample itself additionally elongate the probe pulses in
time. Two-time THz spectroscopy resolves this shortcoming using field-resolved detection,

which is limited in its temporal resolution only by the duration of the gate pulses (10 fs).

Field-resolved detection provides access to both the absolute phase and amplitude spec-
trum of the scattered radiation via Fourier transformation, as depicted in Fig. 2.12b.
Hence, the local complex-valued dielectric function of a sample can be retrieved from
the scattered signals with nanometer spatial resolution and 10fs temporal resolution.
The scattered spectrum (red shaded area, x1000 magnification factor) with a center fre-
quency of 35 THz is distorted due to the tip resonance as can be seen by comparison to the
Gaussian shaped reference spectrum (black shaded area) that features a center frequency
of 36.6 THz with a bandwidth of 10 THz. In particular, the frequency components above
33 THz seem to scatter less efficiently. However, the absolute phase (red curve) follows
closely along the flat phase of the reference pulse (black curve), varying by less than
over the entire spectral range from 25 to 45 THz. The carrier envelope phase offset of
approximately Orad can also be observed in the relative position of the electric field to

the field envelope in the time-domain images in Fig. 2.12a.

2.4.2 Nano Fourier transform infrared spectroscopy

An alternative approach to obtain spectral information is phase-resolved Fourier transform
infrared spectroscopy (FTIR) [Gen75], which is based on a Michelson-type interferometer.
In conventional phase-resolved FTIR, the incoming radiation is divided into a signal and
a reference arm. The pulses are reflected off two end mirrors and are again overlapped
and detected using a MCT photodiode. By scanning the relative delay time between the

signal and the reference arm the following linear cross-correlation pattern is recorded

I(w, trrir) = |Esig(w) + Eret(w, trrr) 2

— | Bug(@)]? + | Bret (@) + | Bug (@) - | Bret(@)] - cos(é + wiprmm) - (2.18)

| Esig(w)[* and |Eyet(w)|? correspond to the laser intensity in the signal and the refer-
ence arms, respectively, and give rise to a constant background on the photodiode. The
interference term on the right, however, causes a modulation of the background which
directly depends on the frequency w of the laser radiation, the field amplitudes |Egg (w)[?
and |Eref(W)|2, and the relative delay time tprr. Hence, Fourier transformation of the
recorded interference pattern directly results in a convoluted frequency spectrum that is
proportional to |Egig(w)| - [Eref(w)| and to the relative phase ¢ between the interferome-

ter arms [Bir87]. Since FTIR is based on linear cross-correlation, this technique can be
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Figure 2.13 | Nano Fourier transform

infrared spectroscopy. a, Linear cross-

correlation of multi-THz pulses scattered off
a gold sample. The interferogram is measured
at the third demodulation order as a function

of the relative delay time tprigr between the
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directly extended to broadband laser sources. Here, the interference pattern is obtained

by integrating over all frequency components

I(tFTIR) = /OOO dw ( |Esig(w)|2 + |Eref(w)|2
+ | Esig(w)| + | Eref(w)| - cos(¢ + thTIR)) : (2.19)

By replacing the end mirror of the signal arm with the s-NSOM tip (see Fig. 2.10),
spectral information from the near field can be retrieved by performing nano-FTIR [Hut11,
Gov13, Amel3, Wesl4]. In addition, the combination of nano-FTIR with pump-probe
spectroscopy enables the observation of the spectral evolution of the scattered near field
with a temporal resolution given by the probe-pulse duration [Waglda, Wagl4b, Eisl4].

The corresponding intensity detected at the nth demodulation order reads

L(tprir) = /0  dw (IB(@)I? + | Bn(@)] [ Bres ()] - cos(¢n + whemm) ) - (2.20)

Since lock-in detection is involved, the extraction of the scattered electric field F,, is more

challenging and will be discussed in detail in Section 3.2.

A typical interference pattern of multi-THz pulses scattered off a gold sample and mea-
sured at the third demodulation order is depicted in Fig. 2.13a. The interferogram fea-
tures an average intensity offset of 0.2 that corresponds to the scattered intensity | E3(w)|?.

Due to the bandwidth Av of the multi-THz pulses, the coherence time is accordingly re-
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2.4 Scattering-type near-field microscopy

duced to Teon x 1/Av. Hence, interference is only expected in an interval of [—Teon/2,
Teon/2] around the temporal overlap between the reference pulse and the scattered signal
(trrir=0). There, a modulation of the baseline with an oscillation frequency of 32 THz is
visible. Interestingly, the peak intensity of the interferogram is a factor of 5 higher than
the baseline. This effect is regarded as heterodyne amplification [Kei04], whereby the elec-
tric field from the reference arm enhances the measured intensity I3 via the interference
term |E3(w)]| - |Eret(w)|. The calculated spectrum can be seen in Fig. 2.13b (gray shaded
area) with a center frequency of 32 THz and a bandwidth of 6 THz. In this experiment
the highest spectral resolution of 0.2 THz is determined by the maximum delay time of
the FTIR stage. The relative phase (red curve) between the reference and the scattered

signal features a constant offset of m with only minimal dispersion.

Although, nano-FTIR is a well established method it is only capable of measuring the
linear sample response. Interference, by definition, appears if both interfering arms possess
the required frequency components. In contrast to EOS, nano-FTIR is therefore not
capable to spectrally resolve nonlinear processes that introduce new frequency components
outside the initial probe spectrum, for instance due to field-enhancement at the tip apex
[Hut13, Wim14].
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Chapter

Local carrier dynamics at the surface of a

single indium arsenide nanowire

The development of semiconductor devices has laid the foundation for a plethora of tech-
nological achievements, ranging from computer chips to light emitting diodes. The desire
to increase their operation speed and reduce their physical dimensions has spurred enor-
mous development of nanometer-scale fabrication methods and novel materials. Nanoscale
systems like quantum dots [Jac12, Cocl3], single layer materials [Nov04, Chel4, Docl14]
and nanowires [Yan09, Joy13, Sax13, May13] have the potential to provide new building
blocks for next-generation electronic and optoelectronic devices [Ulb11, Geil3]. For small
particles, quantization effects, surface states and defects start to become increasingly im-
portant, altering the general physical properties known from bulk studies. However, the
performance of novel nanostructure-based devices relies on a detailed knowledge of lo-
cal femtosecond carrier dynamics and surface charge distributions, which calls for new

characterization methods with unprecedented temporal and spatial resolutions.

For the first time ultrafast multi-THz spectroscopy in combination with scattering-type

near-field scanning optical microscopy is used to investigate the local carrier dynamics

at the surface of indium arsenide (InAs). This semiconductor serves as a model system

to investigate the capabilities of our novel microscope. It features a direct band gap of

Egap = 0.35¢V, a high mobility of > 3000 cm?/Vs at room temperature and an effective

electron mass of m* = 0.023 -mgy. Owing to the comparably small effective mass, the
Nee?

resulting plasma frequency wy, = e can be tuned readily within the multi-THz

wavelength region by changing the carrier density N.. Hence, ultrafast photoexcitation
of free carriers is expected to strongly influence the optical properties of the sample. In

addition to its technologically relevant properties, a vast sample catalog can be produced
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Chapter 3 Local carrier dynamics at the surface of a single indium arsenide nanowire

from InAs that allows to tune the sample dimension from bulk crystals to nanowires down

to single quantum dots.

Starting with bulk InAs measurements (Section 3.1), this chapter introduces the rele-
vant physical quantities observable by ultrafast nano-spectroscopy. A detailed theoretical
description of the scattered near field (Section 3.2) provides the means to extract the
complex-valued dielectric function and the carrier density of the photoexcited bulk crystal
as a function of pump-probe delay time (Section 3.3). Finally, by performing two-time
multi-THz nano-spectroscopy on a single InAs nanowire (Section 3.4), the full potential
of the microscope is used to directly visualize the ultrafast build-up of a surface depletion
layer (Section 3.5). Our novel technique provides detailed insights into surface effects,
recombination dynamics and the role of carrier doping while also setting the stage for

future sub-cycle near-field experiments in a wide range of nanosystems.

3.1 Ultrafast nano-spectroscopy of bulk indium arsenide

Ultrafast nano-spectroscopy of bulk indium arsenide is performed on a single crystalline
(100) InAs sample with an intrinsic background doping of Niy = 3 - 106 ecm=3. Impor-
tantly, the sample does not feature any spatial inhomogeneities, enabling the analysis of
the sample response upon photoexcitation in a well defined environment. A schematic of
the pump-probe geometry can be seen in Fig. 3.1a. The 22-fs near-infrared pump pulses
(black), which are perpendicularly polarized with respect to the tip shaft, are focused onto
the InAs sample below the AFM tip to a spot size of 10 pm. Upon photoexcitation, free
carriers with an excess energy of approximately 0.4eV are injected into the conduction
band. Multi-THz pulses (red, polarized parallel to the tip shaft) with a center frequency
of 33 THz are then scattered off the AFM tip to probe the sample response at a defined
pump-probe delay time ¢, after photoexcitation. The scattered near-field intensity I3
as a function of ¢y, can be seen in Fig. 3.1b, where I3 is normalized to the unpumped
value (gray dashed line). The tapping amplitude of the tip is set to 130 nm and the near-

2. Starting at negative delay times (t,, = —1.5ps),

infrared pump fluence is 1.1mJ/cm
the scattered intensity decreases, reaching a minimum at ¢,, = —250fs, at which point /3
is reduced to a value of 0.4. Within the next 400 fs the scattered intensity increases to a
maximum value of approximately 2.2, which is followed by a decay towards a minimum
value of 0.15 at t,p, = 6.3 ps. In the next 100 ps, I3 slowly recovers to the unpumped value.
The initial decrease of the scattered signal is assigned to a 730-fs long pedestal pulse su-

perimposed on the 22-fs pump pulse emerging from the NLF fiber!. Thus, the carrier

! The 730-fs long pulse can also be seen in the nonlinear autocorrelation in Fig. 2.9a, leading to the
pronounced pedestal in the interference trace.
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3.1 Ultrafast nano-spectroscopy of bulk indium arsenide

Figure 3.1 | Pump-probe near-field mi-
croscopy. a, lllustration of pump-probe
near-field microscopy on bulk InAs. Near-
infrared pump pulses (black, polarized per-
R pendicular to the tip) with a pulse duration of

Multi-THz 22 fs are focused to a spot size of 10 pm onto

Puﬁ the sample below the tip. Hence, the electrons
Indium in the InAs crystal are promoted from the va-
arsenide lence into the conduction band. The multi-

THz pulses (red, polarized parallel to the tip)
t,, (ps) subsequently probe the effects of carrier injec-

tion as a function of pump-probe delay time

tpp- b, Scattered intensity I3 as a function
of tpp measured on bulk (100) InAs. I3 is

normalized to the unpumped value, which is

o - N
I, (a.u.)

indicated by the gray dashed line. The in-
set is a zoom-in on the pump-probe trace

Intensity |, (a.u.)

at early times after photoinjection. The red

0 20 40 60
Pump-probe delay time t,, (ps)

dots correspond to the integrated intensities
extracted from the nano-FTIR measurements
shown in Fig. 3.3a. The tip-tapping amplitude

is 130 nm and the pump fluence is 1.1 mJ /cm?.

concentration in the conduction band increases prior to the full time-overlap between the
22-fs pump and the multi-THz probe pulses. In contrast, the sharp increase (tp, ~ 0fs)

stems from the 22-fs short part of the pump pulse.

From the pump-probe trace it is directly visible that the near-field signal strongly de-
pends on the photoinjected carrier density. However, the direct relationship between
carrier density and scattered intensity is non-trivial. Therefore, nano-FTIR is employed
to investigate the impact of the photoexcited carriers on the spectrum of the scattered ra-
diation. A reference amplitude spectrum I3 measured on the unexcited bulk InAs sample
can be seen in Fig. 3.2 (gray shaded area) with a frequency maximum at 32.5 THz and a
relative phase (A®s3, red curve) between the scattered and the reference pulses, featuring
minimal dispersion. Upon photoexcitation (tp, = 50fs, see Fig. 3.3a), the scattering re-
sponse of the low-frequency components is significantly enhanced, leading to a red-shifted
center frequency of 31 THz accompanied by an increase of the peak intensity by a factor
of 1.8 with respect to the reference spectrum. For ¢,, > 50fs, the enhancement starts to
decrease and a local minimum forms (resonance position 1) at the high-frequency edge
of the spectrum which shifts to lower frequencies with increasing ¢, (blue dots). Inter-

estingly, the spectral response is thereby only enhanced for frequency components below
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1T T T T2~ Figure 3.2 | Spectrum scattered off bulk

indium arsenide. Amplitude spectrum I3

Amplitude [, (a.u.)

(gray shaded area) and relative phase A®dj

(red curve) measured on an unexcited bulk

Phase A®, (rad

0 AT 0 (100) InAs wafer with an intrinsic carrier den-
25 30 35 40 sity of Nipe = 3-10'%cm™3. The tip-tapping
Frequency (THz) amplitude is 130 nm.

the resonance position. At ¢, = 6 ps, the resonance position is centered at approximately
30 THz, leading to the lowest intensity I3 of the integrated spectrum. As the resonance
position shifts towards lower frequencies, I3 recovers its unpumped shape (tpp > 12ps).
The integrated square of the measured spectra is proportional to the scattered intensity
and quantitatively correlates with the pump-probe trace, as can be seen by the red dots
superimposed on I3(tpp) in Fig. 3.1b. Hence, the position of the resonance frequency with
respect to the multi-THz spectrum determines whether the integrated scattered intensity

I3(tpp) is enhanced or reduced compared to the unpumped value.

The effects of carrier injection can also be seen in the relative phase A®3 extracted from
the nano-FTIR measurements (Fig. 3.3b). At the position of the resonance frequency vy
in Fig. 3.3a, A®3 changes by 2 to 3rad over a frequency interval of approximately 4 THz.
With evolving t,, the resonance width in the amplitude spectrum reduces and the slope
of the phase-change significantly steepens, which could be a first indication for a carrier-
cooling process of the hot electrons in the conduction band. The cooling process reduces
the electron-electron and electron-phonon scattering rate, leading to a lower damping and

thereby a smaller linewidth of possible electron resonances in the system:.

In Fig. 3.3c, the resonance positions v, extracted from Fig. 3.3a, are shown as a function
of tpp on a semi-logarithmic scale. Starting at a frequency of 36 THz (¢, = 550fs), the
resonance position decays to a frequency of 27 THz at t,, = 12ps. In addition, a clear
change of the exponential decay is visible at t,, ~ 3 ps, pointing towards different decay

dynamics of the photoexcited electrons.

These first pump-probe experiments performed on bulk InAs already highlight the po-
tential of our novel microscope to observe ultrafast dynamics in the mid-infrared with
a spatial resolution far better than the diffraction limit. However, to extract physical
quantities and to understand the origin of the resonance position and its dynamics, a

theoretical description of the sample response is pivotal.
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Figure 3.3 | Pump-probe nano Fourier transform infrared spectroscopy on bulk indium
arsenide. a, Scattered amplitude spectrum I3 as a function of pump-probe delay time tpp. Upon
photoexcitation (t,, = 50fs) a significant increase of the peak intensity is observed. For t,, >
550 fs a local minimum forms (resonance position 1) at the high-frequency edge of the spectrum,
subsequently red-shifting through I3 within 12 ps (blue dots). b, Relative phase extracted from
the nano-FTIR measurements. The resonance position vy in a is accompanied by a change of
A®3 on the order of 2 to 3rad. ¢, Resonance position v as a function of pump-probe delay time
top, Plotted on a semi-logarithmic scale. A bi-exponential decay is observed, as indicated by the
change of the slope at t,, ~ 3ps. All measurements are performed with a tip-tapping amplitude
of 130 nm and a pump fluence of 1.1 mJ/cm?.

3.2 Theory of scattering-type near-field microscopy

The theoretical derivation of the near-field interaction in scattering-type near-field scan-
ning optical microscopy is an important prerequisite to understand the dependence of
the scattered radiation on the dielectric properties of the sample. Several analytical ap-
proaches have been considered to quantitatively simulate the scattered near-field response.
The calculations mainly differ in their modeling of the shape of the AFM tip. In the
straightforward, point-dipole model, which is often sufficient, the AFM tip is represented
as a sphere with a radius given by the tip radius of curvature [Zen95, Kno99, Kno00,
Ras03, Kei04]. However, this model does not always provide a quantitative description
of the observed near-field contrasts. Hence, it has been extended to the finite-dipole
model, which incorporates the finite size of the tip shaft and its influence on the near-field
interaction through additional fit parameters [Cvi07, Aiz08, Gov13].
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Chapter 3 Local carrier dynamics at the surface of a single indium arsenide nanowire

In this work, both theoretical approaches have been used to simulate the observed carrier
dynamics in the photoexcited InAs samples and the two models have produced similar
results. The following theoretical derivation will therefore focus on the point-dipole model
since an excellent agreement between theory and experiment is achieved using only the

dielectric function of the sample as a free parameter.

3.2.1 The point-dipole model

The underlying theoretical considerations of the quasi-static point-dipole model are de-
picted in Fig. 3.4. Here, the AFM tip is simplified to a sphere [Kno00], which allows for
an analytical solution of the model describing the near-field interaction. By applying an
external electric field Ej,, the charges on the surface of the tip redistribute, leading to an

effective polarization of the sphere

Ptip = @0 * Ein (3.1)
where the polarizability is given by
o = 4mega’ - foip — 1 . (3.2)
€tip 42

Here, ¢ is the permittivity of free space and a &~ 10—20 nm is the radius of curvature of the
AFM tip. Importantly, g depends on the dielectric function of the tip material €p,. Since
metallic tips (metal coating thickness approximately 20 nm) are employed throughout the
experiments, €, is approximated by the Drude model based on the mid-infrared literature
values of gold [Rak98].

The AFM tip is placed above a dielectric sample surface that spans the infinite half volume
below the tip. The distance from the tip dipole to the sample surface r is thereby given
by the sum of the minimum tip-sample distance z and the tip radius of curvature a. The
electric field of the tip dipole

Pti
Etip (T> = 27T€[)p7°3 (33)

induces surface charges in the sample, whose field can effectively be described by an
image dipole located at a distance of 2r below the tip dipole in the dielectric medium.

The polarization of the image dipole is given by

DPimage = B Ptip (3.4)
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3.2 Theory of scattering-type near-field microscopy

Figure 3.4 | The point-dipole model.
Within the point-dipole model the metallic
AFM tip is simplified to a sphere. The sphere

Tip dipole R is positioned over a sample surface with a di-
A electric function €gample at a distance r = a+z,

E‘"T """"""""""" N given by the minimum tip-sample distance z
S I,— and the radius of the sphere a. By apply-

¢z ing an external electric field FEy,, the sphere

2r

is polarized, leading to the formation of a tip
dipole. The electric field of the tip dipole in-

/// +
/ ___________ v duces surface charges in the sample, which can
/ be described by an image dipole located at a

distance of 2r below the tip dipole. The cou-
% p dip

2 Image dipole

pling between the dipoles results in a new ef-
fective polarization of the tip-sample system,

describing the near-field interaction.
with the electrostatic reflection coefficient

_ €sample — 1 ‘ (35)
€sample T 1

The reflection coefficient 3 depends on the dielectric function of the sample €gample and
originates from the continuity conditions of the electric field across the air-sample inter-

face. The electric field of the image dipole can be written as

Fimage(r) = gﬂ“;:i‘; . (3.6)

In the quasi-static limit, the field from the image dipole acts back on the tip dipole such
that the total field affecting the tip is a combination of the external driving field and
the field from the image dipole. This assumption is tenable as long as retardation effects
between the dipoles can be neglected. With an optical path length between the dipoles
of only a few 100nm, the retardation times are on the few femtosecond timescale. In
the mid-infrared wavelength region, the quasi-static approach can therefore be applied
since the retardation times are much shorter than the oscillation period of the multi-THz

radiation.
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The polarization of the tip can then be written as follows, where the total field at the tip
consists of the input field Ej, and the field from the image dipole Eipage(27)

Dtip = Q0 - (Ein + Eimage(2r)>

_ ] B - pi
— g (E + i 2;)3> . (3.7)

Solving Equation 3.7 for p, yields a new expression for the quasi-static polarization of

the tip dipole

Qo
DPtip = 70[05

 16meor3

= Oleff * Ein s (3.8)

: Ein

with the effective polarizability aeg of the coupled tip-sample system

Q@
Qeff = op

 16meor3

The effective polarizability is used to model the near-field interaction via the coupling

term 1 — 5r3, which depends on the dielectric function of the sample via the reflection

(e}
1671'(;)
coefficient 5(€sample)- In addition, the coupling term nonlinearly depends on the distance r
between the tip and the sample. Note that for large distances r, the effective polarizability

reduces to the uncoupled case and aeg ~ ag.

Since the external electromagnetic driving field E(t) = Ej, -e(?™ is time-dependent, also
the induced polarization of the tip pyip, oscillates, leading to the emission of electromagnetic
radiation, which carries information about the optical properties of the sample into the
far field. As long as the polarization response is linear with the applied electric field, the
scattered radiation can be calculated for each frequency individually and is written in the

frequency domain as [Ras03, Kei04]

Eiip(v) x acg(v) - Em(v) . (3.10)

ap(v), B(v) and with that aeg(v) are in general complex-valued functions that depend on

the light frequency v via the dielectric values of the tip ep(v) and the sample €gample (V).

For a complete description of the scattered radiation, the indirect illumination of the
light reflected off the sample surface has to be considered as well [Ras03, Ren05, Cvi07].
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3.2 Theory of scattering-type near-field microscopy

Figure 3.5 | Surface reflection. The ef-

fective tip-sample dipole is polarized by an
AFM tip incoming external driving field (red curves)
that is composed of two contributions: The
first contribution couples directly to the tip-
sample system, while the second contribution
is reflected at the air-sample interface (Fres-
nel coefficient r,(v)) before illuminating the
tip. The same effect also arises upon re-
radiation (blue curves). Some of the scat-
tered light is reflected off the sample surface
75 (V) - et (V) - Ein(v), while most of the scat-
tered radiation directly couples to the far field

via e (V) Ein(v). Since r,(v) depends on the
light frequency v via €gample(V), it has to be

incorporated into the theoretical description.

This situation is depicted in Fig. 3.5. The electric field of the incoming radiation (red
curves) is composed of two contributions, both polarized parallel to the plane of incidence:
The first contribution, Ein(u), directly couples to the tip-sample dipole from the far-field.
The second contribution, ,(v) - Ein(v), is reflected off the sample surface, leading to a
reduction of the field strength by the Fresnel coefficient r,(v) before the light impinges
on the tip. The same effect arises upon re-radiation (blue curves). Here, some of the
scattered light is reflected off the sample surface leading to a reduced field strength of the

radiation by 7,(v) - ceg(v) - Ein(v). In the far field, this radiation is superimposed with

the directly scattered electric field g (1) - Ein(v). Hence, the total scattered radiation is?

Breasv) o< (1475(0)) - aei(v) - Bun(0) (3.11)

For light polarized parallel to the plane of incidence, the Fresnel reflection coefficient 7, (v)

2 In early implementations of the point-dipole model the total scattered radiation was described by a
superposition of both tip and image dipole fields [Kno00, Ras03, Kei04]

Facar(v) = (1 + ,8(1/)) et (v) - Em(v) .

However, the reflection coefficient 5(v) diverges for dielectric values €sampie(v) & —1. The consequence
would be a violation of energy conservation since the image dipole would radiate more strongly than
the tip dipole. In addition, the indirect illumination of the tip by reflection off the sample surface is
not considered [Ras03, Ren05]. The early point-dipole model has therefore been reconsidered and the
1+ B(v) term has been replaced by (1 + 7,(v))? [Cvi0T].
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of the air-sample interface is given by

€sample (V) - cos(6;) — cos(6y)
rp(v) = : (3.12)
€sample (V) - €0s(6;) + cos(6y)

Here, 6; = 60° is the input angle of the radiation with respect to the surface normal of

the sample. The angle of transmission can be calculated using Snell’s law

1
0; = arcsin | ———= -sin(6;) | . (3.13)
( ) )

€sample

In conclusion, the scattered signals depend on the complex-valued dielectric function
of the tip ep(v), the sample €gample() and the radius of curvature a via the effective
polarizability ceg and 7, (v), as well as on the input angle §; via ,(v). Since all parameters
except for €gample are constant during measurements, an observed optical contrast can

solely be attributed to a change of the optical properties of the sample.

3.2.2 Tapping mode operation and lock-in detection

As seen in Section 2.4 the AFM tip of the microscope is operated in tapping mode. Hence,
the strong nonlinear dependence of the effective polarizability aeg(v) on the distance r
can be exploited to efficiently suppress background radiation by lock-in detection. This
is done by detecting the scattered radiation at higher harmonics n (n € N) of the tip-
tapping frequency yi,. To reasonably describe the signals measured with a lock-in, the
concept of tapping mode operation has to be implemented in the theory by introducing
a time-dependent distance r(t) that simulates the oscillation of the tip above the sample

surface. Thus, the effective polarization in Equation 3.9 is modified to

_ a(v)
Qe (v, 1) = . 0B (3.14)
167eo(r(t))3
with
r(t) = a+ z(t)
=a+TA- (1 + cos(Qtipt)) + 20 - (3.15)

The distance r(t) is composed of the tip radius of curvature a, the harmonic oscillation of

the tip with a tapping frequency €, and a tapping amplitude TA, and a minimum offset
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3.2 Theory of scattering-type near-field microscopy

zp of the lower inflection point of the oscillation. In the experiment zq is on the order of
0.5 to 2nm, whereby in the theory zy only influences the total scattering efficiency by a

constant scaling factor and is therefore approximated to be zero.

For further analysis it is convenient to write the complex-valued effective polarization

aeff (v, t) in the polar representation
e (v, 1) = s(v, 1) - W) (3.16)

where
s(v,t) = |ae (v, t)] and (v, t) = £ (e (v, 1)) . (3.17)
The anharmonic response of aeg (v, t) as a function of tip-tapping time ¢ can be expanded

in a Fourier series with respect to i,

[e.e]

aeﬁ-(y’ t) — Z an(y) . eithipt
n=0
s(v,t) - efwit) — Z sp(v) - gn(¥) . ginSuipt (3.18)
n=0

where the corresponding Fourier coefficients for n > 1 are numerically calculated using

. Q4 2 [ Qi . ,
(V) = sn(v) - € 0) = 22 /0 P @t (v, t') - ot (3.19)

The total, scattered electric field Escat(u) at the frequency v can now be written as a sum

over all harmonics of the tip-tapping frequency

[e.e]

Bra) o (14 7)) - an) - "%t By ()
n=0
= (1 + Tp(V))2 . i sn(V) - it (V) | oinfhiipt | Em(l/) , (3.20)
n=0

leading to the following general expression for the scattered electric field E™ (v) measured

scat
with the lock-in at n - Qg

) = O (14 75(0)) - anv) - Bun(v)

=0 (147p(0) - 5a(0) - 0) . By(v) (3.21)

With Equation 3.21 the electric field measured in the experiment by EOS at the third
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harmonic of {);, can be modeled. The detected reference spectrum from the FTIR delay

line (see Section 2.4.1) is here used as input field Ej,(v)

Ba0) = C- (14 1,() - as(v) - Bualv)
=C-(1+ rp(u>)2 Cs3(v) - e B (v) (3.22)

Meanwhile, r,(v), as(v), s3(v) and 03(r) are completely determined by the complex-
valued dielectric functions e, () and esample(v). The constant scaling factor C' is used to
match the magnitude of the simulated amplitude spectrum to the experimental data and is
determined in time-resolved studies from the spectrum scattered off the unexcited sample.
Since EOS provides direct access to the oscillating electric field of the scattered radiation,
both the amplitude and absolute phase of the electric near field at the third demodulation
order are detected. Hence, a direct comparison between the simulation and the experiment
is possible and the complex-valued dielectric function €sample(¥) can be modeled. Yet, it
has to be mentioned that the elongated shape of the tip can lead to a frequency-dependent
modification of the tip polarizability ag(v), similar to an antenna resonance. Hence, the
scattering efficiency is a tip-dependent function, influencing the bandwidth and phase
of the scattered radiation. This can be seen for instance by comparing the reference
waveform to the scattered waveform in Fig. 2.12. However, the influence of the tip shape
on the scattered spectra can be eliminated in time-resolved measurements by extracting
an effective input field from a measurement performed at a negative pump-gate delay time
tref, which incorporates the tip response. The scattered field E™ (v, tpg) at positive delay

scat

times is consequently calculated by

[(1 + Tp(]/))2 Sn(V) - eien(y)}

1+ 7“p(V))2 sn(v) - eifn)]

~ t ~
Bl (v, tpg) = P Egat (Vs trer) - (3.23)

ref

However, for the electro-optic measurements of the scattered near field presented in this
work, the best agreement between theory and experiment has been achieved by directly

using the reference field from the FTIR delay line as input field.

3.2.3 Intensity-based detection of the scattered radiation

In contrast to field-resolved studies, conventional intensity-resolved detection using the
MCT photodiode measures the absolute square of the scattered electric field. In addition,
the photodiode integrates over all frequency components v in the probe-pulse spectrum.

Thus, the total scattered intensity is calculated by taking the integral over all contributing
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frequency components of | Egeat (1/)|?
o ! T / n /
Toeat = /0 A Fras (V) - B (V) (3.24)

Using Equation 3.20, Iy st is expanded in a Fourier series to relate to the signals measured

by lock-in detection

Tscat o /Ooo dv/' (1 + T‘p(l//)>2<1 + r;(u’))2 | Ewn(V)?

o
: Z Sk(l//) k() | Tk Quipt
k=0
- y / .
SZ(VI) . 67191(1/) . o~ W hipt (3'25)
=0

The indices k and [ (k,! € N) describe the harmonic order of the Fourier expansion of
the two scattered field components with respect to the tapping frequency Q. This

expression can be simplified by rearranging the exponential functions such that

Tgcat o /Ooo dv/' (1 + TP(V/)>2(1 + T;(V’))Q | Em(V))?

oo o0
) Z Z sp(V) s (1) - el Oc(V)=0:(v")) | i(k—1)Quipt (3.26)
k=01=0
The oscillatory function e!k~Divt -~ describing the oscillation of the tip at a frequency

(k — 1)Q4ip, now depends on the two indices k and I. For the scattered intensity to be
measured by lock-in detection at the nth harmonic of {2, the oscillatory function has to

fulfill the following condition
l(k=D)Quipt — inQuipt ,2withn=%k—1. (3.27)

This condition cancels the summation over the k-index by requiring ¥ = n + [. Hence,

the scattered intensity IZ,; at the nth harmonic can in general be written as follows

2 =
| Ein (V)2

o
n.=D. /0 dv' |1+ 7p()

Y snia()s(v) - st (3.28)
=0

using D as constant scaling factor. Importantly, the intensity IZ.,, depends not solely

on the nth harmonic of the effective polarizability, but rather on a convolution of all
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harmonics. For instance, at the 3rd harmonic Equation 3.28 reads

2

S8} ~
Fa =D [ 14,0 1B

' [33(V/)80(V/) . gl(03(¥) =00 (")

+ 84(1//)81(V/) . ei(94(ul)—01(u')) 4. } ) (3.29)

The influence of the different harmonic orders on the observed near-field signal can usu-
ally be ignored in time-integrated (steady-state) measurements. Since so(v) is much larger
than the amplitudes at higher orders, all terms in the series beyond the first one are neg-
ligible. In addition, so(v) acts similar to the far-field reflection coefficient and is relatively
insensitive to the tip position. Changes to the scattered intensity I2.,, observed by scan-
ning the sample on the nanoscale can therefore be directly attributed to s3(v). However,
when performing pump-probe measurements, this situation has to be reconsidered. Upon
photoexcitation the optical properties of an extended region of the sample can be altered,

which in turn significantly changes so(v) and thus directly influences I2.,. In contrast to

scat*
field-resolved measurements, where no convolution between different harmonics is present,
this circumstance can not be avoided and should be considered in the interpretation of

the sample contrast.

3.2.4 Spectral information using nano-FTIR

The MCT photodiode that measures the scattered intensity is also used to perform stan-
dard FTIR spectroscopy [Hutll, Wagl4b]. Here, the scattered radiation is overlapped in
time and space with a reference multi-THz pulse on the MCT detector, as described in
Section 2.4.2. The delay of the reference pulse tprig is scanned relative to the scattered
probe pulse and the resulting intensity interferogram is recorded. The reference wave-
form is, to a good approximation, identical to the waveform incident on the near-field tip.

Hence, Eref(l/) can be written as

Eref(ya tFTIR) = Ejn(l/) . e_iQWVtFTIR

= |Ein(v)] - e"9n() . gmi2mirTin (3.30)

where | Ei, ()| is the amplitude and ¢y, (1) the phase of the input waveform. The additional
phase ¢prir = —27vtprr introduced by the FTIR delay line depends on the frequency

v and the relative delay tppr. For convenience the scattered electric field is also written
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3.2 Theory of scattering-type near-field microscopy

in the polar representation
Escat(y) = |Escat(7/)| : ewscat(y) . (3.31)

The total, scattered intensity Iscat, total(trTiR) measured by the photodiode at a given

delay tpTr can now be calculated by integrating over all contributing frequency compo-

nents
m ~ ~
Iscat, total (tFTIR) = /0 AV | Escat (V') + Eret (V' teTir)|? (3.32)
or equivalently
Iscat, total (tFTIR) / !Escat (V)? + | Eret (V, trrir) |2
E Cat( )E:ef(ylatFTIR) + E:cat(’//) ~ref(V/a tFTIR)} . (3-33)

By inserting the polar representation of the reference field (Equation 3.30) and the scat-
tered field (Equation 3.31), the equation can be simplified to

Iscat, total (tFTIR) :/o dv [!Escat(vl)\Q + | Eret (V/, trir) |2
+2- |Escat(V/)HE~in(V/)| COS(¢scat(V/) — ¢in(Vl) + QWV/tFTIR)} . (334)

The second term |Eief(v, tprir)|? in Equation 3.34 corresponds to the intensity of the
multi-THz radiation in the reference arm. Since its intensity is not modulated at p,
this term does not contribute to the signal measured with the lock-in and can therefore
be neglected. In contrast, the first term |Eseat(1)|? corresponds to the intensity of the
scattered radiation and leads to a constant offset of the recorded interferogram at the nth
demodulation order (see Fig. 2.13). The third term gives rise to a frequency-dependent
modulation of the scattered intensity as a function of tppr that contains spectral infor-
mation about the scattered near-field radiation. In the following discussion only the last

term is therefore considered, which is given by

Lcat(trrm) = 2 /0 ' | Bueas )| Bun ()]

. COS(qbscat(V/) — qbin(u/) + QWVtFTIR) . (335)
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To extract the scattered spectrum at the frequency vy, the Fourier transform of the

detected interferogram Igcat(tprr) is calculated

Tt (v0) =2 / dtprin /0 ' | Bt (V)| B (V)]
- c08(Pscat (V') — din (V') + 27V tpTIR) - e~ 2mVOlFTIR
- / dtprim / ' | Bueas()| Em (V)]
—00 0
. |:ei(¢SCat(V/)_¢in(yl))ei27r(V/_VO)tFTIR
+ e_i(¢scat(y/)_¢in(V/))ei27r(_V/_V0)tFTIR:| , (336)

where the relation cos(z) = %(eiw —e ™) is used. The expression can be further simplified

with the help of the integral representation of the Dirac delta distribution
oo .
/ dt 270 — 9716(v — 1) (3.37)
—00
which results in

Toens(v0) = 2 / ' | Baat ()| Eim ()]
0
[eiOrenl =m0/ — ) 4 e =000 5/ )]
(3.38)

The frequency integration cancels the delta distributions and leads to an evaluation of

I(vp) at positive and negative frequencies vy and —vy, respectively

Iscat(VO) = 27 - [| ~scat(V0)HE~lin(V0)’ 'ei(¢scat(V0)—¢in(l/o))

HBrcat (—v0)|| Bin(—10)] - e~ el - (3.39)

In Fourier space the field components at positive and negative frequencies are related
such that E(v) = E*(—v). Hence the amplitude is symmetric (|E(v)| = |E(—v)|) and the
phase is antisymmetric (¢(v) = —¢(—v)) with respect to the origin of the frequency axis.

Equation 3.39 can therefore be rewritten as

Iscat(VO) = 47 - ‘ENIscat(VO)HEin(VOM . ei(%ca“(”O)—@n(Vo))

= 47 - Escat(10) Ef, (10) - (3.40)
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3.2 Theory of scattering-type near-field microscopy

Now, the expression for the scattered electric field derived in Equation 3.20 can be inserted

2 X , . ~
Iscat(y) = F. (]_ + TP(V)) . Z Sn(l/) . eZGn(V) . e’mQtipt X |Ein(V)|2 ) (341)
n=0

Here, the variable vy has been redefined as v and a constant scaling factor F' has been

introduced which contains all scalar prefactors. The scattered intensity I7..(v) calcu-

scat
lated from the interferogram I(tprir), which is measured with the lock-in at the nth

demodulation order, is in general given by
n 2 00 (V) | I 2
k() = F- (1475(0)) - sa() -0 | Bu ()2 . (3.42)

It is important to note, that the phase of the scattered intensity fgf:at(u) only describes
the relative phase between the reference and the scattered radiation, which is induced by
the scattering process. The phase information of the input radiation is lost due to the
intensity-based detection scheme (|Ei,(v)|?). In contrast to EOS, nano-FTIR is therefore
only capable of detecting the scattered amplitude spectrum with a relative phase. Equa-
tion 3.42 also reveals that the spectrally resolved intensities measured by nano-FTIR at
the nth demodulation order are not convoluted by different harmonics of the scattered
polarizability, contrary to the scattered intensities detected directly using the MCT pho-
todiode (see Equation 3.28). Thus, nano-FTIR can be used as a reliable way to extract
spectral information from the scattered near-field radiation. The direct simulation of
e 2

oot is currently not obtainable with the ex-

(v) is, however, challenging since |Ej,(v)
perimental setup. In time-resolved measurements, this uncertainty can be eliminated by
‘2

extracting |Ein(u) from the spectrum recorded at a negative pump-probe delay time ¢,¢f.

.. (v, tpp) at positive delay times is then calculated in the following way

[(1 + rp(;/))2 sn(v) - ez‘en(,,)]

Kl + rp(y))Q sn(v) 'eign(l/)j|

~ t ~
Tgat (Vs tpp) = P Lt (Vy tref) - (3.43)

tref
The theoretical understanding of the origin of the scattered electric field and the scattered
intensity, builds the foundation to extract quantitative information out of the observed

dynamics in the near-field experiments. It has to be stressed that the only fitting pa-

rameter used to model the sample response in this work is the sample dielectric function

€sample-
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3.2.5 The impact of the sample dielectric function

The interpretation of an observed material contrast is a key challenge in near-field mi-
croscopy and requires a good understanding of the influence of the dielectric function of
the sample €sample 0N the scattering process. To investigate this dependence, the complex-
valued scattering efficiency As(esample) - ¢i®3(esample) s defined at the third demodulation
order using Equation 3.21 to

E3

. 2
sc;tered = A3(€sample) : eZ(bS(esamplC) =C- (1 + rp(esample)) - a3 (Etipa 6sample) s (3-44)
i

which contains the full scattering information of the tip-sample system. In the following
calculations, the dielectric function of the tip? is set constant to €tip = —3386 + 11457.
The amplitude and phase of the scattering efficiency evaluated as a function of the real
part €real = Re(€sample) Of the sample dielectric function can be seen in Fig. 3.6a and b,
respectively. Here, the imaginary part €imag = Im(€sample) of the dielectric function is
used as a constant parameter, with values of €. = 1,5,10 and lime,,,,—o0 €imag- The
amplitude A3 (€sample) is normalized to Az(€sample = 0+ i lime,,,,, 00 €imag)- FOT €imag = 1
and €ea1 < —100, the amplitude of the scattering efficiency As(esample) = 1 (not shown).
With increasing €., (black curve in Fig. 3.6a) the amplitude slightly decreases before
dropping rapidly at €ea = —2.5 towards a minimum value of As(esample) ~ 0.06 at
€éreal = 0.8. This drop is followed by a recovery of Asz(esample) towards 1 for €ear — 0.
The strong change of A3(€sample) near the zero-crossing of €;cq is attributed to a near-
field resonance of the coupled tip-sample system [Kei04], which is also visible in the
corresponding phase (black curve in Fig. 3.6b). Approaching the zero-crossing of €, from
the negative side the phase increases, reaching a peak value of ¢3 ~ mrad at €., = —0.9.
This is followed by a fast reduction towards ¢3 = Orad. The width of the near-field
resonance in the amplitude and phase of the scattering efficiency directly depends on
the value of €imag (see Fig. 3.6a and b). With increasing €imag the near-field resonance
broadens and the minimum position of Asz(€sample) shifts towards larger values of €cal,
as indicated by the gray dashed line in Fig. 3.6a. In contrast, the peak in the phase
of the scattering efficiency moves towards smaller values of €,cq as a function of €jyag
(gray dashed line in Fig. 3.6b). For €jmag — 00 (yellow curve) the scattering efficiency is
independent of a1, resulting in a constant amplitude of Ag(esample) = 1 and a constant
phase of ¢3 = Orad.

In Fig. 3.6c and d, the full dependence of A3(esample) on the complex-valued dielectric
function egample is depicted. Asz(€sample) changes most prominently for values in the prox-

imity of the zero-crossing of €.ca1 and for €mag < 50. From this graph a prediction of the

3 Dielectric value of gold at a driving frequency v = 30 THz, calculated with the Drude formalism [Rak98].
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Figure 3.6 | Dependence of the scattering efficiency on the sample dielectric function.
a, Amplitude Asz(€sample) Of the scattering efficiency as a function of the real part ey of the
complex sample dielectric function €gampie. The imaginary part of esample is used as a constant
parameter €imag = 1 (black curve), 5 (green curve), 10 (red curve) and limg,,,, oo €imag (yellow
curve). The gray dashed line indicates the minimum position of Az(€sample) as a function of €yeal
and €imag b, Corresponding phase ¢3 of the scattering efficiency. The gray dashed line indicates
the maximum of ¢3 as a function of €car and €imag ¢, Dependence of the amplitude Asz(€sample) On
the complex-valued dielectric function €sample. As(€sample) is significantly modified for dielectric
values in the proximity of the zero-crossing of €.ca1 and for €mag < 50. d, Magnified view of the
region close to the zero-crossing of €.0,. The white dashed lines indicate the minimum position of

A3 (esamplc) .

image contrast for different materials can be made: Materials, which offer a large negative
value of €e,1 in the multi-THz frequency region (e.g. metals), are expected to exhibit an
intrinsically strong scattering efficiency. In contrast, materials with a positive real part of
the dielectric function, e.g. semiconductors, will feature a lower scattering response. This

is especially true for materials with —1 < €;ea1 < 10 and €mag < 10.

The strong contrast between metallic and semiconducting behavior has already been ex-
ploited to investigate the thermally driven phase transition in vanadium dioxide using
s-NSOM [Qaz07] and to image regions of high carrier density in nanowires [Stil0]. Note
that for semiconductors the scattering efficiency can also be significantly influenced by
the presence of phonons [Ren05, Dail4], plasmons [Chel2, Feil2, Wagl4b] or excitons
[Jac12], which modify the dielectric function of the sample.
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3.3 Modeling the near-field response of bulk indium arsenide

Indium arsenide is a well-known material whose optical properties have been extensively
studied in far-field measurements. The calculated band structure [Sai08] along the I' — L
and I' — X direction can be seen in Fig. 3.7a. It features a direct band gap with Fgap =
0.35eV at the I'-point. The effective masses of the electrons or holes are given by the
curvature of their respective bands (1/m*) oc 9?E/0k? at k = 0 (indicated by the red
dashed curves), which results in m} = 0.023 - mg for the electrons in the conduction band
and my, = 0.41 - mg for the heavy holes in the valence band. Here, my is the mass of a
free electron (9.11 - 1073' kg). In our experiments, electrons from the valence bands are
promoted into the lowest conduction band by means of photon absorption. For a mean
photon energy of Epphoton = 0.78 €V, the electrons originate predominately from the heavy-
hole band because its density of states is much larger than that of the light-hole band®.
The process of carrier excitation and recombination in InAs is illustrated in Fig. 3.7b,
whereby an intrinsic electron doping of Njy is assumed. Upon photoexcitation (tp, = 0fs
or tpe = 0fs), electrons with an excess energy of approximately 0.4eV are injected into
the conduction band by the ultrafast, 22-fs near-infrared pump pulses. Consequently, the
total electron density is the sum of the intrinsic and the pump-induced carriers, defined
by Ne = Nint + Npump- With evolving pump-probe delay time, the hot electron gas
thermalizes via electron-electron and electron-phonon scattering and the electron and

hole populations decay through the following mechanisms:

Radiative recombination: Electrons and holes decay via direct band-to-band recombina-
tion at the I'-point. The energy released in the annihilation process is emitted as a

photon. Recombination times for bulk InAs are typically larger than 1 ns [Vod92].

Shockley—Read—Hall recombination: Here, the decay of the carrier population is caused
by defects and impurities in the crystal, which can form trapped states within the
band gap. The electrons relax non-radiatively in a two-step process via the defect
states into the valence band and recombine with the existing holes, dissipating their
energy to the lattice. The recombination times strongly depend on the density of

trapped states.

4 The density of states of a bulk crystal is proportional to the effective mass of the carriers and is defined
as follows:
272 h3
With the effective mass of the light holes of myj;, = 0.026 - mg, the relative density of states between the
heavy and the light holes is

D(E) =

Dun(E) (mhh>3/2 ~ 60
D (E) ’

min
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Figure 3.7 | Optical properties of indium arsenide. a, Calculated band structure of InAs
along the I' — L and the I' — X directions [Sai08], featuring a direct band gap with Eg,, = 0.35¢€V.
The curvatures of the heavy-hole and the conduction bands at the I'-point are indicated by the red
dashed curves. From the curvature of the bands the effective mass of the electrons m} = 0.023-my
and the heavy holes my;, = 0.41 - my can be deduced with respect to the free electron mass
mg. b, Hlustration of the carrier injection and recombination process. Upon photoexcitation
(tpp = Ofs or tp, = Ofs) carriers are promoted into the conduction band by the ultrafast near-
infrared pump pulse. Hence, the total carrier concentration V. is composed of the intrinsic N, and
the pump-induced carrier density Npump. With evolving pump-probe delay time the hot electron
gas thermalizes via electron-electron and electron-phonon scattering, followed by recombination,
which leads to a decay of the carrier density towards the intrinsic electron concentration Ni. c,
Dielectric functions of InAs calculated with the Drude model with a scattering rate v = 14 THz
for carrier densities of N, = 5107 cm ™3 (black curves) and N. = 5- 108 cm =3 (yellow curves).
The solid and the dashed curves correspond to Re(e(w)) and Im(e(w)), respectively.

Surface recombination: Similar to the Shockley-Read-Hall recombination, carriers can
also decay non-radiatively at the semiconductor surface via surface states created by
dangling bonds and impurities. Reported values for InAs surfaces yield carrier decay
times on the order of 30 to 1000 ps [Kan00, Joy13, Wagl4b], strongly depending on

the density of the surface states.

Auger recombination: Auger recombination is a non-radiative three particle process in
which an electron and a hole recombine, transferring their energy to another electron.
The excited electron subsequently dissipates the excess energy to the lattice via
electron-phonon scattering. Since three particles are involved, Auger recombination
is only relevant to the decay dynamics at high carrier densities. In InAs the Auger
recombination coefficient is A = 1.1-10726 cm®/s [Vod92], yielding a recombination
time of 7 = 1/(A - N2) ~ 4ps for carrier densities of N. =510 cm~3.
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3.3.1 The Drude model

In analogy to the description of carriers in metals, the optical properties of the electrons
and holes in a semiconductor can be described by the Drude model. In contrast to metals,
even strongly doped semiconductors have carrier densities well below 10?° cm™3. Hence,

the characteristic plasma frequency is located in the far to mid-infrared wavelength region.

The Drude model is a classical approach for describing the response of carriers in metals to
external fields. The charged particles are modeled as a gas of free carriers with zero average
momentum [Dre02]. By applying a time-dependent electric driving field with a frequency
w = 2mv, the carriers are forced into an oscillatory motion, which is characterized by the

conductivity o(w)
B N.e?r 1
omr 1 —dwr

o(w) (3.45)

with N. being the carrier density and e and m* the charge and the effective mass of the
carriers, respectively. The Drude scattering time 7 is associated with the average carrier
scattering time. In the case of a semiconductor, the dielectric function can be derived
from the conductivity by the following relation

io(w) . (3.46)

(W) = €00 + p—

Here, €, is a constant, material-specific offset of the dielectric function which is modified
by the presents of the free-carrier conductivity o(w). Using the definition of the Drude

conductivity o(w), €(w) can be rewritten as [Yu05]

2

_ P
w? + i’yw) ’ (347)

€(w) = €co (1

where the screened plasma frequency is defined as

| Nee?
— === 3.48
“p Mm*€p€os ( )

and the carrier scattering rate = is given by the inverse of the Drude relaxation time

(y = 1/7).
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The real and imaginary part of e(w) are

2

Re(e(w)) = €oo(1 - aﬂ‘ipyz) (3.49)
w?
Im(e(w)) = EOO%WQ nyZ . (3.50)

Importantly, Re(e(w)) features a zero-crossing at the frequency v,ero

Vzero = erro/27T =/ WI;Q) - ’72/277 s (351)

which can be approximated to be vgero & wyp /27 for values of wy, > ~. Hence, for oscillation
frequencies of the electric field below the plasma frequency (v < wp/27), Re(e(w)) becomes
negative and the semiconductor behaves like a metal, screening the external driving field
inside the material. In contrast, for frequencies v > wp,/27 the material is partially

transparent.

The derived dielectric function of InAs calculated by Equation 3.47 can be seen in Fig. 3.7c,
using the high frequency permittivity of InAs of €5, = 12.3 [Mad04] as input parameter.
The effective mass m* is given by the reduced mass of the electron-hole plasma p =
(1/mf +1/mf,) "L, with m? and m},, being the effective masses of the electrons and the
heavy holes, respectively. Due to the relatively high effective mass of the heavy holes, u
can be approximated by the effective mass of the electrons in the conduction band u ~
m% = 0.023 - mgy. The scattering rate is set to v = 14 THz, which corresponds to a carrier
scattering time of 7 &~ 70 fs. The real part (solid curve) and imaginary part (dashed curve)
of the calculated dielectric function are shown for electron densities of N, = 5-10'7 cm =3
(black curve) and N, = 5 - 1018 ecm™3 (yellow curve). With increasing carrier density
the zero-crossing of Re(e(w)) blue-shifts from tero ~ 12THz at N, = 5- 10" ecm ™3 to

Vgero &~ 38 THz at N, = 5 - 10'® cm 3.

The fingerprint of the plasma frequency

The Drude model is now used to study the influence of the photoexcited InAs sample
on the scattered electric field as a function of frequency v (see Equation 3.21). As has
already been seen in Section 3.2.5, the zero-crossing of the real part of the sample dielec-
tric function should have a significant impact on the scattered amplitude and phase, due
to the appearance of the near-field resonance. This is simulated by approximating the
broadband multi-THz probe pulses with a Gaussian-shaped spectrum \Ein] with a center
frequency of 30 THz (FWHM bandwidth of 10 THz) and a constant phase ¢;, = Orad. In
the first graph in Fig. 3.8a (1), the calculated amplitude (gray shaded area) and phase
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Figure 3.8 | Scattering response of indium arsenide. a, Theoretical simulation of the
amplitude Fj (gray shaded area) and phase ¢3 (red curve) scattered off an InAs sample. A
Gaussian-shaped spectrum with a center frequency of 30 THz and a FWHM bandwidth of 10 THz
is used as an input spectrum. The calculations are performed with a carrier density of N, =
510 cm ™3 for the first image (1), N. = 2-10¥ cm ™3 for (2), N. = 3 - 10® cm =3 for (3) and
Ne = 4-10%cm ™3 for (4). The position of the corresponding plasma frequency of the electrons
in the conduction band is indicated in each plot by the gray dashed line. b, Carrier density as
a function of plasma frequency for InAs. The blue dots correspond to the values of the carrier
densities in a. ¢, Spectrally integrated intensity I35 as a function of plasma frequency. The blue dots
indicate the scattered intensity corresponding to the scattered spectra in a. For all calculations,

the Drude scattering rate is set constant to v = 14 THz.

(red curve) of the electric field scattered off an InAs sample measured at the third de-
modulation order are shown, assuming an electron density of N. = 5 - 10'®cm™3. The
corresponding plasma frequency is wp,/2m ~ 4 THz, which barely influences the scattered
spectrum in the mid-infrared. This situation changes with increasing carrier density. At
Ne =2-10¥cem ™3 (Fig. 3.8a (2)), an overall reduction of the scattered amplitude for all
frequency components is observed. Additionally, a clear dip in the amplitude spectrum
appears at v = 24.1 THz, which is close to the plasma frequency (gray dashed line) that
is positioned at wp/27m = 23.8 THz. The dip is attributed to the near-field resonance,
which is also apparent in the phase of the scattered spectrum. Approaching the plasma
frequency, the phase increases to a maximum value of ¢ = 2.7rad at v = 23 THz, fol-

3 and

lowed by a decrease towards ¢ = Orad. For carrier densities of N, = 3 -10"® cm™
N. = 4-10"® cm™3, the dip and the phase change shift to higher frequencies, as can be
seen in Fig. 3.8a (3) and (4), respectively. The scattering efficiency is visibly enhanced

for frequencies v < wy/2m, leading to a significant increase of the entire scattered spec-
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trum for plasma frequencies exceeding the maximum frequency component of the input
pulse-spectrum. All spectra are calculated with a Drude scattering rate of v = 14 THz.
The scattering rate mainly influences the width of the resonance, leading to a broadening
with increasing 7. In addition, the enhancement of the scattered amplitude below wy, /27
is reduced for larger Drude scattering rates. This effect is also visible in Fig. 3.6a as a
function of imaginary part of the sample dielectric function. In Fig. 3.8b, the carrier den-
sity as a function of plasma frequency is shown, with the carrier densities corresponding

to the images in Fig. 3.8a indicated by blue dots.

To investigate the effects of carrier injection on the spectrally integrated scattered inten-
sity, I3 is calculated (see Equation 3.29) as a function of the plasma frequency wy, using the
same input spectrum as in Fig. 3.8a. The results can be seen in Fig. 3.8c, where the scat-
tered intensity I3 is normalized to the value at w, = 0. As the plasma frequency shifts into
the bandwidth of the input spectrum, the integrated scattered intensity drops, reaching
a minimum of 0.2 at wy,/2m = 27 THz, which is close to the center frequency of the input
spectrum. As the plasma frequency traverses the spectrum towards higher frequencies,
the scattered intensity increases such that it exceeds a value of 3.8 at w,/27 > 40 THz.
The plasma frequency yielding the minimum scattered intensity is phenomenologically
linked to the center frequency of the input spectrum. Hence, the spectrally integrated
pump-probe dynamics can vary distinctly for different probing spectra: For probe pulses
with center frequencies above the maximum pump-induced plasma frequency of the sam-
ple, the scattered intensity dynamics feature only a transient attenuation. In contrast,
for probe pulses with center frequencies well below the maximum pump-induced plasma
frequency, an enhancement of I3 is observed, followed by an attenuation as the plasma

frequency decays through the probe-pulse spectrum to its equilibrium value.

Comparing the simulated scattered intensity to the measured pump-probe dynamics on
bulk InAs (Fig. 3.1b), the observed enhancement and attenuation of Iz for t,, > 150fs
can now be understood to be the results of the plasma frequency shifting through the

spectrum due to the decay of the carrier density.

3.3.2 Modeling of the experimental results of bulk indium arsenide

To corroborate the assumption that there is a transient plasma frequency within the
bandwidth of the multi-THz probe pulses, the scattered amplitudes and phases of I3 mea-
sured on InAs as a function of pump-probe delay time are directly simulated by the point
dipole model (see Equation 3.43) using a sample dielectric function given by the Drude
model. The scattered amplitude and phase at negative pump-probe delay times (depicted

in Fig. 3.2) are used as input parameters for the simulation, as described in Section 3.2.
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Figure 3.9 | Modeling the pump-probe dynamics of bulk indium arsenide. a, Scattered
amplitude spectrum I3 measured as a function of pump-probe delay time tpp by nano-FTIR. b,
Amplitude progression simulated using the point-dipole model and a sample dielectric function
defined by the Drude model. Only the carrier density N, and the scattering rate v of the sample
are used as fit parameters. The blue dots indicate the local minimum vy which is related to the
plasma frequency that shifts through the probe pulse spectrum with evolving ¢,,. c, Relative
phase measured by pump-probe FTIR spectroscopy. d, Phases simulated using the point-dipole
model and the same parameters as in the corresponding amplitude spectra in b. The experimental

spectra are measured with a tip-tapping amplitude of 130 nm and a pump fluence of 1.1 mJ/cm?.

In Fig. 3.9a and b, the experimentally measured and theoretically calculated amplitude
spectra 1:3(1/) are shown as a function of pump-probe delay time t,,, respectively. The
strength of the scattered amplitude as well as the position of the observed resonance
are nicely reproduced by the model for all pump-probe delay times. The corresponding
relative phases of the experiment are shown in Fig. 3.9c, as are the calculated relative
phases extracted from the point-dipole model (Fig. 3.9d), using the same parameters as in
the corresponding amplitude spectra in Fig. 3.9b. Remarkably, the excellent agreement
between experiment and theory is achieved using only the carrier density N. and the
Drude scattering rate v as fitting parameters. From the theoretical calculations, the dip
in the amplitude spectrum can now be related to the position of the plasma frequency of
the carriers in the sample, which is directly proportional to the square root of the local
carrier density. Following photoexcitation, the carrier population decays and the plasma

frequency shifts to lower frequencies as t,, evolves.
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Figure 3.10 | Carrier dynamics at the
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g = 32F 3 delay time ¢, (blue dots), extracted from the
2 IS scattered amplitude spectra I3 in Fig. 3.9a.
@ g 28 - - The decay is plotted on a semi-logarithmic
T I T TR R B scale and is fit by a bi-exponential decay (red
b - S S curve) of the resonance position with a fast
Ew’g 4 _ _ decay time of 71 = 2.6 ps, followed by a slower
8§2 decay time of 75 = 60ps. b, Carrier den-
.E = 3 £ 7, =32ps 3 sity V. as a function of t,, extracted from
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0 3 6 9 12 tion, the scattering rate of the hot electron

Pump-probe delay time t , (ps) gas relaxes within 7 = 2.6 ps.

To investigate the decay dynamics of the carriers, the time-dependent resonance position
(blue dots in Fig. 3.9a) is extracted from the experimental data and plotted on a semi-
logarithmic scale as a function of ¢, (see Fig. 3.10a). A bi-exponential decay is observed

and the dynamics can be fitted by
vo(tpp) = 4.7 THz - e 7top/26P8 | 99 7 THy . ¢ ~tor/00PS L 3THy . (3.52)

Here, the constant offset of 3 THz corresponds to the plasma frequency of the intrinsic
carrier concentration of 3-10'® cm ™3, which was supplied by the manufacturer. The decay
of the plasma frequency is governed by an initial fast response with a decay constant of
71 = 2.6 £ 0.8 ps and a slower response with a decay time of 79 = 60 £ 11 ps. The same
behavior is also observed in the decay of the carrier density, which is extracted from

point-dipole model (Fig. 3.10b). Here, the bi-exponential fit results in
Ne(tpp) = 8.5-10 T em ™3 . e~tor/15P5 £ 3.8 1018 cm =3 . ¢ 7te/32P5 £ 3,100 ecm =3 | (3.53)

featuring a fast carrier decay time of m; = 1.5 + 0.2ps and a slower decay time of
79 = 32 + 1.7ps. Hence, within the uncertainties, the decay times of the carrier den-
sity correspond to half the decay times of the plasma frequency. This is expected from

the definition of the plasma frequency wy o< /N, (see Equation 3.48), which relates the
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decay times corresponding to the resonance position 7, and the carrier density 7y, by
e~ t/mvo ==t/ (27Nc) .

The fast decay of the carrier density (71 = 1.5ps) is attributed to electron trapping into
surface states. For t,, > 1.5ps, the trapped states saturate [Jep0l, Vanl4], leading to
a slow-down of the carrier dynamics and hence an increase of the decay time to 7o =
32ps. In this regime, the reduction of the carrier density is mainly determined by non-
radiative surface recombination or Shockley-Read-Hall recombination. However, since
near-field microscopy is most sensitive to the surface of the investigated material, surface
recombination is most likely the relevant decay channel [Wagl4b]. In addition to the
carrier density, the Drude scattering rate can also be extracted from the model. Upon
photoexcitation, a hot electron gas is generated, leading to an increase of the Drude
scattering rate to v = 34 THz. With evolving ¢, the electrons cool via electron-phonon
interactions, reducing the scattering rate to v = 12 THz, as can be seen in Fig. 3.10c. The

decay of « is approximated by an exponential fit
Y(tpp) = 22.5 THz - e tp/26P L 19 THy | (3.54)

resulting in a decay time of 2.6+0.3 ps, which is comparable to values reported in literature
[Wag14b].

3.4 Field-resolved observation of local electron dynamics within

a single indium arsenide nanowire

The comprehensive understanding of the pump-probe dynamics observed on bulk InAs
can now be used to investigate the local carrier dynamics within single InAs nanowires
on the sub-cycle timescale. Nanowires based on III-V semiconductors are regarded as
future building blocks in electronics and optoelectronics and already operate as efficient
terahertz sources [Selll], active elements in field effect transistors [Vit12] and nanoscale,
near-infrared laser [Sax13, May13]. The ongoing development of such nanowire-based
devices requires a deep understanding of their femtosecond carrier dynamics and surface
charge distributions on the nanoscale.

The InAs nanowires®

investigated here were grown bottom-up on InAs (111)B substrates
by chemical beam epitaxy using gold particles as a growth catalyst. The extrinsic carrier
density is N. ~ 210" cm ™2 and results from strong selenium background doping. After

growth, the nanowires were transferred to a diamond substrate, which features no phonon

5 The InAs nanowires have been provided by the group of Miriam S. Vitiello, NEST, CNR-Istituto
Nanoscienze and Scuola Normale Superiore, 56127 Pisa, Italy.
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Figure 3.11 | Near-field imaging of a single indium arsenide nanowire. a, Topography of
the InAs nanowire placed on a diamond substrate, measured by the AFM. b, Scattered multi-THz
near-field intensity I3 as a function of position. A clear contrast between the InAs nanowire and
the diamond substrate is observed. The gray dashed line indicates the x-position of the line-scan
shown in ¢ and d. ¢, Topography of the line-scan over the InAs nanowire with a maximum height
of approximately 120nm. d, Corresponding scattered intensity (black dots) with a smoothed guide
to the eye superimposed (red curve). Black arrows indicate the position of the 10-nm wide edge

at the onset of the nanowire. All measurements are performed at a tapping amplitude of 130 nm.

or electron resonances in the mid-infrared that could complicate the interpretation of
the scattered near-field response. In particular, the large band-gap of diamond (5.5€V)
compared to the pump-photon energy (Ephoton = 0.78€V) prevents carrier injection into
the substrate. An AFM scan of the particular nanowire investigated here is shown in
Fig. 3.11a. The hexagonally-shaped nanowire has a length of approximately 2 pm with a
maximum height of 140 nm. While the topography is measured, the scattered multi-THz
near-field intensity I3 of the unpumped nanowire is simultaneously recorded as a function
of position, which can be seen in Fig. 3.11b. Here, a clear contrast between the nanowire
and the diamond substrate is observed, which results from a larger multi-THz scattering
efficiency on the diamond substrate than on the InAs nanowire. This high contrast can
be exploited to quantify the spatial resolution of our microscope by performing a line
scan across the center of the nanowire. The measured topography and the corresponding
near-field intensity I3 are depicted in Fig. 3.11c and d, respectively. The exact x-position
of the line scan is indicated as gray dashed line in Fig. 3.11b. At the edge of the nanowire
(y = 160nm), I3 features a sharp decrease, highlighted by the black arrows, from which

a spatial resolution of 10 nm is deduced.

In addition to the spatially-resolved steady-state response of I3 on the nanowire, shown

in Fig. 3.11b, intensity-resolved pump-probe microscopy is employed to record near-field
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Figure 3.12 | Ultrafast movie. Near-
field images of the InAs nanowire at different
pump-probe delay times. Upon photoexcita-
tion (tpp = 501s), free carriers are excited into
the conduction band leading to a significant
increase of the scattered intensity I3 along the
central axis of the nanowire. The enhanced
scattering is short-lived: At ¢,, = 150fs the
near-field image of the nanowire has already

dimmed significantly, pointing towards carrier

y (um)

decay times below 100fs. All measurements

are performed with a tip-tapping amplitude

of 130 nm and a pump fluence of 1.0 mJ/cm?.

images as a function of the relative arrival time (¢pp) between the near-infrared pump and
multi-THz probe pulses at the sample (see Fig. 3.12). Following ultrafast photoinjection
of free carriers by the 22-fs near-infrared pump pulses, the scattering efficiency from the
central axis of the nanowire is strongly enhanced (¢,, = 50fs). However, in contrast to
the case of bulk InAs measurements, this increased scattering is short-lived: At ¢,, =
150 fs the nanowire has already dimmed significantly, indicating the existence of electron
dynamics with decay times below 100fs. The observed inhomogeneities of the pump-
induced near-field signals at the nanowire surface are representative of local differences in
the dielectric function, highlighting the fundamental new insights into the carrier dynamics

of nanostructures that can be gained by time-resolved near-field microscopy.

To investigate the full evolution of the scattered intensity I3 as a function of ¢, pump-
probe traces are recorded at specific positions on the nanowire, which are identified in
Fig. 3.11a. As already inferred from the near-field images in Fig. 3.12, the dynamics
strongly dependent on the exact position of the tip (Fig. 3.13). In the center of the
nanowire (Position 1), I3(tpp) is characterized by a large peak at t,, = 50fs with a
resolution-limited rise time of approximately 60 fs. The peak is followed by a decay with
two distinct time constants. The first decay occurs over approximately 100 fs, which is
close to the time resolution of the pump-probe intensity measurements of > 60 fs, given by
the probe pulse duration. The ultrafast decay is then followed by a slower decay time on
the order of a few ps. In contrast to the center position, the extremities of the nanowire
feature a substantially reduced peak height (Positions 2 and 3). However, the initial sub-
100-fs decay is visible at all positions on the nanowire. To exclude any influence of the
substrate on the observed dynamics, a pump-probe trace I3(t,p) is recorded on diamond

(Reference position), featuring no pump-induced response.
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The similarities between the observed pump-probe dynamics on the InAs nanowire and
the InAs bulk crystal suggests that the pump-induced carrier density in the nanowire
leads to a shift of the plasma frequency up to the high-frequency edge of the multi-
THz probe pulse spectrum (peak). Decay of the free carrier population subsequently
reduces the plasma frequency, and with it the scattered intensity I3. The initial decay of
I3(tpp) within less than 100 fs is of particular interest, since it is much faster than typical
carrier recombination times in semiconductors (see Section 3.3) and is not observed in the
measurements performed on bulk InAs. To extract quantitative information regarding
the carrier densities and their dynamics, two-time THz spectroscopy (see Section 2.3) is
performed to resolve the carrier decay with the ultimate, sub-cycle temporal resolution

(10fs in our experiment).

3.4.1 Two-time THz spectroscopy with nanometer spatial resolution

To perform two-time THz spectroscopy, the tip is placed on the center of the unpumped
nanowire (Position 1 in Fig. 3.11a) and the scattered multi-THz radiation is detected
by electro-optic sampling at the third order sideband frowm,03 = 20 MHz + 3 - () (see
Section 2.4.1). Fig. 3.14a shows the scattered electric near field E3 (red curve, x5000
magnification factor) together with a reference waveform (black curve), measured by EOS
at a lock-in frequency of 20 MHz. It has to be emphasized that the near-field signals at

the third demodulation order measured on the InAs nanowire correspond to less than 50
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Figure 3.14 | Field-resolved detection of
the radiation scattered off the center of
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photons per multi-THz pulse. These waveforms are only detectable due to the excellent
stability of the experimental setup and the low noise background of the differential lock-
in detection at the Nyquist-frequency of the laser system. The absolute phases and the
amplitude spectra of the reference (black) and the scattered waveforms (red) calculated
by Fourier transformation are plotted in Fig. 3.14b. Here, an antenna-like tip response
reduces the scattering efficiency for frequencies larger than 31 THz. As a consequence,
the bandwidth of the scattered radiation is reduced compared to the Gaussian-shaped
input spectrum, consequently stretching the scattered pulses in time, as can be seen in
Fig. 3.14a. The absolute phase of the scattered radiation, however, follows the flat phase

of the reference pulses closely.

Using two-time terahertz spectroscopy, it is now possible to ascertain the temporal evo-
lution of the local dielectric function upon photoexcitation over timescales shorter than
a single oscillation cycle of the multi-THz probe pulses. An effective waveform scattered
off the photoexcited nanowire is recorded by scanning the terahertz-gate delay tgog while
keeping the pump-gate delay t,, fixed (see Section 2.3). The waveform scattered at neg-
ative pump-gate delay times (t,; = —5ps) can be seen in Fig. 3.15a. The visible trailing
oscillations in the near-field transient for tgog > 50fs, are completely suppressed upon
carrier injection (tp,s = 0fs), as can be seen by the black curve in Fig. 3.15b. With
evolving s the trailing oscillations reappear and their oscillation period increases from
approximately 30fs at t,, = 350fs to 32fs at t,; = 750fs. These trailing oscillations

are a characteristic fingerprint of a resonance within the multi-THz frequency spectrum:
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Figure 3.15 | Dynamics of the oscillating electric near field. a, Effective multi-THz
waveform measured by EOS at the center of the nanowire (Position 1 in Fig. 3.11a) at negative
pump-gate delay time t,, = —5ps. b, Upon photoexcitation at ¢,, = 0fs, the trailing oscillations
of the scattered electric field are significantly altered for terahertz-gate delays tgos > 50fs. The
change of the trailing oscillations hints towards the existence of a transient resonance within
the multi-THz probe spectrum. The free induction decay of these resonances can be isolated
by calculating the differential electric field Es(t,s) — E3(—5ps) (red curves). ¢, Two-time THz
spectroscopy map of the scattered electric near field at the center of the nanowire. Black dashed
lines are guides to the eye, indicating the shift of the trailing oscillations to later times with

increasing t,g. For all data the pump fluence is 1.1mJ/ cm? and the tapping amplitude is 130 nm.

The first few oscillation cycles of the multi-THz probe field start to drive an existing
resonance by coupling to its dipole moment. The excited, oscillating dipoles subsequently
decay while emitting coherent radiation at precisely their eigenfrequency. This free induc-
tion decay can be isolated from the measured waveforms by calculating the differential
electric field E3(tps) — E3(—5ps), shown by the red curves in Fig. 3.15b. The full evo-
lution of the scattered electric field as a function of ¢, is compiled in a two-time THz
spectroscopy map in Fig. 3.15¢, which is recorded with a temporal resolution of 10 fs and
a spatial resolution of 10nm. Here, the trailing oscillations feature a clear shift to later
times accompanied by a slow down of the oscillation period, as indicated by the black

dashed lines.
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3.4.2 Femtosecond carrier dynamics at the surface of a single indium
arsenide nanowire

Field-resolved detection of the scattered terahertz waveforms provides access to both
the absolute phase and amplitude in the frequency domain by Fourier transformation.
Hence, the scattered amplitude spectra E3 are extracted from the measured waveforms in
Fig. 3.15¢, and are depicted in Fig. 3.16a as a function of ¢,,. The observed resonance in
the time domain manifests itself as a dip in E3 at the resonance position vy (blue dots).
This resonance is accompanied by a change in the phase at vy, as seen in Fig. 3.16c¢.
With evolving t,s the resonance shifts to lower frequencies, traversing the bandwidth of
F5 within a picosecond. The parameters of the experiment (tapping amplitude, pump
fluence and spectral bandwidth of the multi-THz pulses) are identical to those used for
pump-probe nano-FTIR performed on the InAs bulk crystal (see Section 3.3). As a
consequence, the observed resonance position vy is attributed to the plasma frequency
wp of the photoexcited carriers in the InAs nanowire. This assumption of a bulk-like
plasma resonance is further corroborated by the following observations: (i) no effects
of the pump-induced dynamics on the nanowire size are observed; (ii) metallic tips are
known to strongly couple to the local dielectric properties of the sample, being largely
insensitive to size-dependent resonances. The scattered spectra are simulated using the
point-dipole model and a nanowire dielectric function defined by the Drude model and
the results of the simulations can be seen in Fig. 3.16b and d. Using only the carrier
density N, and the Drude scattering rate v as free fitting parameters, the time evolution

of both the amplitude and the absolute phase is reproduced®.

To quantify the decay times of the observed dynamics, the resonance position v is ex-
tracted from the measured spectra and is plotted in Fig. 3.17a on a semi-logarithmic scale
as a function of ¢,,. The 1y dynamics are similar to those measured on bulk InAs, but on

much faster timescales. The data is well-described by a bi-exponential decay
U (tpg) = 52 THz - e “tre/40% | 98 6 THy . ¢ t0e/35P% | 75 THy, . (3.55)

Here, the offset frequency of 7.5 THz corresponds to the plasma frequency of the extrinsic
carrier concentration of 2 - 107 cm™3, due to the selenium background doping of the
nanowire. The first decay time of the resonance position is 71 = 40 4+ 10fs. This is
followed by a slower decay (12 = 3.5 + 0.3 ps) that is comparable to the fast decay time

measured on bulk InAs (see Fig. 3.10a). From the simulations, the carrier dynamics can

6 Alternatively, the same behavior can be characterized by nano-FTIR, with a reduced time resolution
(see Appendix B).
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Figure 3.16 | Sub-cycle spectral dynamics. a, Amplitude spectra E5 of the multi-THz
waveforms shown in Fig. 3.15¢c, as a function of pump-gate delay time ¢,,. The resonance position
g is indicated by the blue dots. b, Simulated amplitude spectra using the point-dipole model and
a nanowire dielectric function given by the Drude model. The simulations only depend on two
parameters: The carrier density N. and the Drude scattering rate . ¢, Absolute phases ®3 of
scattered waveforms measured by EOS. A phase shift of approximately 2.5rad is observed at the
resonance position. d, Calculated phases extracted from the point-dipole model using the same
parameters as in the corresponding amplitude spectra in b. For the experimental data, the pump
fluence is 1.1 mJ/cm? and the tapping amplitude is 130 nm.

also be extracted (see Fig. 3.17b), and are consistent with a bi-exponential curve
Ne(tpg) = 1.4-10Y em ™ . e 7te/205 4 4 5. 108 cm ™3 . e7oe/L7P8 1 2. 10T ecm™ . (3.56)

The decay time 71 = 20fs is defined to be half the initial decay time of the resonance
position as expected from the relation between the carrier density and the plasma fre-
quency (vp ~ wp x /N¢). The carrier densities weighting the exponentials and the second
decay time are taken as free fitting parameters. The slower decay (12 = 1.7 + 0.2 ps) is
comparable to the initial dynamics observed on bulk InAs and is therefore assigned to
electron trapping into surface states. In contrast to bulk InAs, no saturation of the trap-
ping dynamics is observed. This may be attributed to an increase of the surface state
density due to stacking faults of the nanowire crystal structure during growth, the large
concentration of selenium doping ions and the enhanced influence of the surface due to the

high surface-to-volume ratio of the nanowires [Joy13]. The larger density of defect states
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Figure 3.17 | Carrier dynamics on a sin-
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might also be responsible for the observed carrier cooling dynamics shown in Fig. 3.17c.

The decay of the Drude scattering rate can be fitted by
Y(tpg) = 61 THz - ¢~te/385 4 14 THy . (3.57)

After photoexcitation, a highly energetic electron gas is present, featuring a Drude scat-
tering rate of v = 45THz (at t,, = 50fs). Within 7 = 88 + 22fs, v decays to 14 THz,

which agrees with reported scattering rates for electrons in InAs nanowires [Joy13].

Still, the origin of the initial ultrafast dynamics of the carrier density remains unclear.
Typical recombination times of carriers in semiconductors are on the picosecond timescale,
which renders such decay channels unlikely. Even typical carrier cooling times are on
the order of picoseconds, making the 88-fs decay of the scattering rate v anomalously
fast. To reveal the physical driving mechanism, responsible for the ultrafast carrier de-
cay (< 40fs) following photoexcitation, a new technique is developed, which is called

femtosecond tomography.
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3.5 Depletion layer formation at the surface of the indium

arsenide nanowire

The confinement of the near field at the tip apex not only defines the spatial resolution of
the s-NSOM on the sample surface, but also applies to the evanescent field extending from
the near-field tip into the sample. Interestingly, the magnitude of the tapping amplitude
in combination with lock-in detection at higher harmonics of the tapping frequency, deter-
mines the probing-depth sensitivity of the recorded signal, and thus the size of the probing
volume. These findings” have already been exploited to perform steady-state near-field
tomography, where gold structures covered with multiple 10 nm of transparent material
[Tau05, Krul2, Engl3] or InAs quantum dots embedded in a thin host membrane [Jac12],

have been visualized.

The probing-depth sensitivity can be quantified by recording retraction scans as a func-
tion of tapping amplitude. Here, the distance between the tip and the sample is gradu-
ally increased while the scattered intensity I3 is simultaneously recorded. The decay of
the normalized scattered intensity I3 upon retraction from a gold sample is depicted in
Fig. 3.18a. For a tapping amplitude of TA = 50nm (black curve), Is drops exponen-
tially with tip-sample distance, resulting in a 1/e decay length of approximately 15nm.
At a larger tapping amplitude (TA = 150nm, red curve), the decay length increases to
approximately 25nm, indicating an increased sensitivity of the near-field signal to larger
tip-sample distances. The full evolution of the decay length is shown in Fig. 3.18b (black
dots), and features a linear increase (red dashed line) as a function of tapping ampli-
tude. Similar to the free-space decay length, the penetration depth into the sample can
be tuned with the tapping amplitude, and can be approximated by the free-space de-
cay length divided by the refractive index of the sample. For InAs, this results in a
probing depth ranging from 3 to 9nm. However, it should be clarified, that the signals
measured at larger probing depths are convoluted with the sample response originating
from a shallower probing volume, making it difficult to quantify the absolute penetration
depth. Nevertheless, by varying the tapping amplitude the relative probing depth can be
changed by a factor of three.

To investigate the impact of the tapping amplitude on the observed dynamics, the pump-
induced change of I3 is investigated at Position 1 of the nanowire (see Fig. 3.11a) as
a function of pump-probe delay time t,, and tapping amplitude TA. All pump-probe

traces are normalized to the baseline at a delay time of approximately —1 ps to compen-

7 Note that steady-state near-field tomography can also be performed using a constant tapping amplitude
and by recording the scattered intensity at different harmonic orders [Gov14]. For higher demodulation
orders, the scattered signals originate from a more localized volume at the surface of the sample.

75



Chapter 3 Local carrier dynamics at the surface of a single indium arsenide nanowire

Figure 3.18 | Free-space decay of Is. a,
Normalized retraction scans of the scattered
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sate for changes of the scattered intensity with tapping amplitude. As can be seen in
Fig. 3.19a for TA = 50nm (black curve), the scattered intensity I3 increases within 60 fs
(at tpp = Ofs, limited by the probe-pulse duration), followed by a decay with approxi-
mately the same time constant. While the fast initial decay can be seen for all tapping
amplitudes, the strength of the subsequent dynamics for ¢, > 150fs is strongly modified
with increasing TA. This is most prominent for the pump-probe trace recorded with a
tapping amplitude of TA = 130 nm (yellow curve). Interestingly, the scattered intensities
of the pump-induced dynamics coincide at ¢,, = 50fs, indicating a homogeneous carrier
distribution with depth directly after photoexcitation. However, the subsequent dynamics
point towards distinctly different behavior of the electron population decay for large (deep

probing) and small tapping amplitudes (shallow probing).

The observed difference in the dynamics for ¢,, > 150fs is of particular interest since a
notable difference in the scattered amplitude spectrum should be observable as a func-
tion of TA. To this end nano-FTIR is employed to extract the position of the resonance
frequency vy as a function of tapping amplitude at a constant pump-probe delay time of
tpp = 300fs (black dashed line in Fig. 3.19a), which is shown in Fig. 3.19b. For tapping
amplitudes TA > 90 nm, the resonance positions (black dots) are located at approximately
32 to 33 THz. In contrast, at smaller tapping amplitudes, the resonance position signifi-
cantly decreases from 31.5 THz at TA = 70nm to 29.6 THz at TA = 40 nm suggesting the

presence of a surface layer with reduced carrier density.
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This hypothesis is corroborated by Fig. 3.20a, wherein the scattered spectra I3 for low
(TA = 50 nm, red curve) and high tapping amplitudes (TA = 130nm, black curve) are
depicted for two distinct pump-probe delay times. At t,, = 50fs, both spectra display
a similar shape and feature a clear resonance within their spectrum. For TA = 50nm
and TA = 130nm the resonance positions are located at approximately 34.6 THz (red
dashed line) and 34.3 THz (black dashed line), respectively. This situation changes for
tpp = 250fs; here, the resonance position measured at TA = 50nm (red dashed line)
is shifted to a lower frequency (31.3 THz) relative to the measurements performed at
larger tapping amplitudes (black dashed line, 32.7THz). For a comprehensive picture,
the full temporal evolution of vy as a function of TA is shown in Fig. 3.20b. Following
photoexcitation the resonance positions for both high (TA = 130 nm, black dots) and low
tapping amplitudes (TA = 50 nm, red dots) agree within uncertainty. However, after only
a few 10fs, a separation of the resonance positions is observed, resulting in a constant
reduction of 1y and hence the carrier density at the surface of the nanowire. Subsequent
carrier trapping into surface states for t,, > 200fs, reduces the resonance position for
high and low tapping amplitudes with a decay time of approximately 3.7 £+ 0.4 ps (gray
dashed lines).
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Figure 3.20 | Depletion layer formation at the surface of the indium arsenide nanowire.
a, Scattered amplitude spectra I3 for a tapping amplitude of TA = 130nm (black curve) and
TA = 50nm (red curve), measured by nano-FTIR at a pump-probe delay time of t,, = 50fs (top)
and t,, = 2501fs (bottom). The resonance positions vy for high and low tapping amplitudes are
indicated by the black and red dashed lines, respectively. b, Full evolution of vy as a function
of t,, recorded with a tapping amplitude of TA = 50nm (red dots) and TA = 130nm (black
dots). The gray dashed lines correspond to the exponential decays of the resonance positions at
tpp > 200fs with a decay time of 3.7ps. Following photoexcitation (¢,, = 501fs) the resonance
positions for high and low tapping amplitudes coincide. However, within a few 10fs a separation
of the resonance position occurs. For t,, > 200fs, this effect leads to a constant reduction of
the vy at the surface (low TA) compared to larger probing depths (high TA). ¢, Illustration of
the depletion layer formation. At ¢y, = 50fs or t,, = 50fs the photoexcited carrier density is
homogeneously distributed within the nanowire. With evolving t,, (tpg), built-in fields lead to the
acceleration of carriers away from the surface, resulting in an effectively reduced carrier density in

the near-field probing volume. For all measurements the pump fluence is 0.75 mJ/cm?.
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3.5 Depletion layer formation at the surface of the indium arsenide nanowire

The dynamics of vy as a function of tapping amplitude (Fig. 3.20b) confirm that the fast
initial decay (40 fs) of the resonance position measured by EOS (see Fig. 3.17) corresponds
to the formation time of a surface depletion layer [Dek93], which is illustrated in Fig. 3.20c.
Upon photoexcitation (tp, = 50fs or t,; = 50fs), a homogeneous carrier distribution is
created within the nanowire. Subsequent acceleration by a built-in surface field reduces
the carrier density at the surface, such that the built-in field is compensated by the charged
carrier redistribution. In the near-field measurements, this effect can be directly observed
by an effective reduction of the plasma frequency, as the carriers are accelerated out of
the near-field probing volume. After 40 fs the depletion layer is fully formed, leading to a
10 % difference in average carrier density between the probing volumes for low and high

tapping amplitudes as inferred from the difference in 1y observed in Fig. 3.20b.

The observation of a surface depletion layer in InAs is rather surprising since donor-type
surface states lead to a pinning of the Fermi level within the conduction band above the
bulk Fermi energy. As a consequence, an electron accumulation layer is formed at the
surface [Nog91, Can98, Pip06, Hall2, Joy13]. However, for degenerate doping, as is the
case for the investigated nanowires, the bulk Fermi energy can exceed the pinned Fermi
level at the surface. Hence, the band bending can be inverted, resulting in the formation of
a surface depletion layer [Pip06]. Additional measurements of the surface depletion layer

formation at the end of the nanowire (Position 3, Fig. 3.11a) are shown in Appendix C.

Estimation of the formation time of a surface depletion layer

The measured separation of the resonance position in Fig. 3.20b can be employed to esti-
mate the strength of the built-in surface field and thus the formation time of the depletion
layer in a straightforward calculation. At a pump-probe delay time of ¢,, = 250fs, the
carrier densities for low and high tapping amplitude are calculated using Equation 3.48

to be 3.45-10® cm ™3 (31.3 THz) and 3.76 - 10'® cm™3 (32.7 THz), respectively. The field

3

generated by the difference in carrier density AN, = 3.15 - 107 cm ™3 is assumed to com-

pensate the built-in surface field Ey. Thus, Fq can be approximated by a simple capacitor,

whose field is given by
Ey=—2—, (3.58)

€0€oc0

with the surface charge density of a capacitor o = AN.ed which depends on the charge
separation distance d. The probing depth of the near-field signals can be estimated by
the free-space decay length shown in Fig. 3.18b divided by the refractive index of InAs
V€sx = 3.51. The calculated difference in probing depth of 3.2nm between the high and
low tapping amplitude serves here as an estimate for the charge separation distance d.

Hence, the built-in surface field is calculated to be Eq ~ 15kV /cm, which is the same as
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Chapter 3 Local carrier dynamics at the surface of a single indium arsenide nanowire

the order of magnitude for built-in surface fields reported in literature [Zha92, Dek93].

The formation time of the depletion layer can be estimated in the ballistic limit by con-
sidering the acceleration of a charged particle with an effective mass m* in the surface

field E4q. The transition time across the distance d is then calculated to be

[2d [2dm*
t= 4= = . 3.59
a eFEq ( )

By inserting the estimated electric field from Equation 3.58, the transition time can be

[2m*€p€co N

whereby the dependence of the transition time on the charge separation distance d cancels.

rewritten

In this straightforward model, the formation time for a surface depletion layer in InAs
solely depends on the difference in the carrier density, which can directly be extracted from
the experimental measurements. The calculated formation time of 25 fs agrees remarkably
well with the experimentally observed < 40fs dynamics on the InAs nanowire measured
by EOS (see Fig. 3.17).
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3.6 Observation of femtosecond carrier dynamics on nanometer

scales

In conclusion, the novel microscope is successfully employed to study the pump-induced
carrier dynamics at the surface of bulk indium arsenide and single indium arsenide
nanowires with spatial resolution of 10nm (A\/1000). Using intensity-resolved detection
and nano-FTIR of the scattered near field with a temporal resolution > 60 fs, the dom-
inant carrier decay channels in the investigated bulk InAs samples have been identified
most likely to be surface state trapping (2ps) and surface state recombination (30 ps).
Furthermore, ultrafast imaging of the nanowire as a function of pump-probe delay time,
locally-resolved pump-probe measurements, field-resolved detection and two-time multi-
THz spectroscopy with 10 fs temporal resolution have been demonstrated within a single
InAs nanowire, on a sub-nanoparticle scale. In addition, with the development of fem-
tosecond tomography, the ultrafast build-up (< 40fs) of a depletion layer at the surface
of our highly doped InAs nanowires has been observed. Theoretical simulations of the
near-field measurements with the help of an extended point-dipole model strongly corrob-
orates the interpretation of the experimental data. A summary of the novel microscope,
its capabilities and the experiments performed on InAs is published in Nature Photonics
[Eis14].
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Chapter

Ultratast dynamics in strongly correlated

materials

The motion of electrons in solids is determined by the long-range Coulomb interaction,
where the correlation between all charged particles has to be considered. Therefore, it is
surprising that the basic properties of condensed matter systems can often be understood
in the limit of non-interacting electrons, where a single electron is assumed to move in an
effective mean-field generated by all the charges in the system. However, the approxima-
tion of non-interacting electrons is insufficient to describe the unusual behavior emerging
in many materials, e.g. transition-metal oxides. Fascinating effects like superconductivity
[Onnll, Pasl0], charge density waves [Grii88, Porl4a| and insulator-to-metal transitions
[Mor59, Kiib07, Cocl2] are just a few examples. The properties in such materials are
dictated by electron-electron, electron-phonon and magnetic correlations [Basl1, Mor12],
culminating in incredibly complex situations. Interestingly, these correlations can result
in competing ground states, where slight changes in temperature, pressure or doping can

induce a phase transition and significantly alter the macroscopic properties.

Vanadium dioxide (VO3) has emerged as a model system for strongly correlated materials
[Mor59], in particular, because it features a first-order insulator-to-metal phase transition
[Ber69] at a temperature of 7, = 341 K. The change to the electronic behavior is ac-
companied by a rearrangement of the crystal lattice from a monoclinic phase at T < T¢,
where the vanadium atoms are dimerized and tilted with respect to the cr-axis, to a rutile
phase at T > T , as seen in Fig. 4.1a and b, respectively (vanadium atoms: red, oxygen
atoms: blue). The dissociation of the vanadium dimers leads to a halving of the crystal’s
unit cell (black dashed box) along the rutile crystal axis cg. In this configuration, the

vanadium atoms are arranged in a body-centered tetragonal lattice, where each vana-
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dium atom is surrounded by an octahedron of oxygen atoms. The electronic properties
can be described in a phenomenological band scheme [Goo71, Eye02] based on the hy-
bridization of the oxygen 2p and vanadium 3d-orbitals, leading to 7 and o-like bands (see
Fig. 4.1a and b). The larger overlap between the 2p and 3d-orbitals forming the o-band
(not shown) increases their bonding-antibonding splitting to well below and above the
Fermi energy and are therefore not considered here. In addition to the m-bands which
are shown in Fig. 4.1b, the overlap of the vanadium 3d-orbitals along the cg direction
of the rutile lattice establishes a conduction channel commonly labeled as the d|-band.
In the rutile (metallic) phase, the Fermi energy (gray dashed line) is located within the
antibonding 7* and the dj-bands. The transition into the monoclinic phase at lower
temperatures (Fig. 4.1a) introduces a splitting of the dj-band of approximately 2.5eV
[Koe06]. Furthermore, the displacement of the dimerized vanadium atoms increases the
overlap of the 2p and 3d-orbitals which enhances their coupling strength and shifts the
7*-band to higher energies [Shi90]. The splitting of the d|-band and the energy shift of
the m*-band lead to the formation of a band gap with a transition energy from the d| to
the 7*-band of 0.7 eV [GooT71], rendering monoclinic VO2 an insulator. Despite the simple
phenomenological picture of the band structure shown in Fig. 4.1, a theoretical calculation
of the electron dispersion remains challenging [Wen94, Eye02]. First realistic results have
been reported based on a cluster dynamical mean-field theory [Bie05], incorporating both

electron-electron and electron-phonon correlations.

Although the optical properties of VOo are intensively studied, the physical origin of
the observed phase transition remains controversial. Due to the concurrent change of
the crystal structure and the electronic properties, two possible scenarios are debated:
(i) The insulator-to-metal transition could be predominantly induced by electron-phonon
correlations described by a Peierls instability [Goo71, Wen94]; (ii) strong electron-electron
interactions could lead to a localization of the electrons by Coulomb repulsion, an effect
attributed to a Mott transition [Zyl75]. A recent theoretical study, however, has under-
lined the importance of both electron-electron and electron-phonon correlations on the
phase transition [Bie05, Kiib07].

Ultrafast optical excitation of the electrons in the dj-orbitals provides an alternative
route to switch VOgq from the insulating to the metallic state [Bec94, Cav01]. The pump-
induced dynamics promise valuable insights into the temporal hierarchy of electronic and
lattice contributions. If electron-electron correlations are responsible for the formation of
the insulating phase, ultrafast carrier injection should lead to an instantaneous collapse
of the band gap following photoexcitation. On the contrary, if the phase transition is
invoked by a deformation of the crystal lattice, the metallic state is expected to appear

temporally retarded. The observation of a subpicosecond formation time of the metallic
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phase points towards a non-thermal behavior [Cav01, Kiib07, Hil07, Nak08, Pas11, Coc12].
However, the extracted transition time is believed to be ultimately limited to 80 fs [Cav04],
corresponding to half the oscillation period of the 5 — 6 THz phonons, which map the
monoclinic onto the rutile lattice structure. This bottleneck in transition time has been
attributed to the essential role of the crystal structure on the insulator-to-metal transition
[Kib07, Pasl1, Veel3].

Recent time-resolved photoelectron spectroscopy measurements of VO, however, are in
contrast to the conclusions derived from the observed bottleneck in the switching dynam-
ics. Tracing the energy of photo-emitted electrons as a function of pump-probe delay time
has revealed a population of electron states at the Fermi energy immediately following
photoexcitation [Wegl4]. The instantaneous collapse of the band gap supports the idea
of an electronically driven insulator-to-metal phase transition. In addition, recent optical
pump-probe experiments performed on various single-crystalline VOs nanoparticles fea-
tured phase transition times ranging from 40 to 200fs [Call5]. The varying timescales
are attributed to defects, dopants and strain, influencing the local behavior of the phase
transition. These findings bring the conclusions obtained from far-field measurements
on nano-granular VO into questions and indicate the necessity to investigate the fem-
tosecond dynamics of the phase transition on the nanometer scale where local effects can

directly be identified and considered in the experimental analysis.
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Scattering-type near-field scanning optical microscopy provides the means to investigate
the surface of VOo with a spatial resolution on the 10-nm scale. Such measurements have
demonstrated that the metallic state forms in nanometer-sized domains and subsequently
grows while the sample is heated across the phase transition [Qaz07, Fre09, Qaz11]. Ad-
ditionally, strain and defects have been shown to strongly influence the local phase tran-
sition within VOq single crystals [Jonl0, Call5] and films [Liul3, Liul4]. However, no
time-resolved experiments have been reported investigating the femtosecond transition dy-
namics inside a single nanodomain. Such measurements could directly resolve the intrinsic
material response without averaging over regions with different defect, dopant and strain
densities and might identify the fundamental driving forces of the insulator-to-metal phase
transition in VO,. In this chapter, preliminary results of steady-state (Section 4.1) and
ultrafast near-field microscopy (Section 4.2) performed on a single VO3 nanowire are
presented. These measurements mark the first detailed analysis of pump-induced carrier
dynamics in VO on the nanoscale and provide insight into the influence of the substrate

on the local insulator-to-metal phase transition.

4.1 Thermally-driven phase transition

The VO, nanowires!

investigated here are grown on a sapphire substrate and can be
seen in the optical microscope image shown in Fig. 4.2a. During growth, the nanowires
predominantly follow the hexagonal lattice structure of the substrate, leading to an or-
dered formation of nanowires on the surface. Interestingly, after a certain length several
nanowires feature a distinct change in their growth direction, forming V-shaped structures
with a characteristic angle of approximately 120°, close to the angle of 122.6° between
the ay and cy-axis of the monoclinic crystal (see Fig. 4.1a). An AFM scan of a single
nanowire is shown in Fig. 4.2b. The nanowire has a length of approximately 7 pm and
a width of 500 nm with defects located between x = 1.5 and 3.5pm. In contrast, no
defects are observed between x = 3.5 and 7 pm and the nanowire is assumed to be single
crystalline within this region. This can also be seen in the near-field intensity I3 at a
sample temperature of T' = 294 K (see Fig. 4.2¢). In this case a continuous-wave quantum
cascade laser (QCL) operating at a wavelength of 8.43 ym is used to illuminate the AFM
tip. While the scattered near-field intensity is homogeneous along the single-crystal region

of the nanowire, there is a modulation of I3 at the defect sites.

An increase of the sample temperature to approximately 353K (Fig. 4.2d) thermally

drives the insulator-to-metal transition. A periodic modulation of I3 is observed along

! The VO3 nanowires have been provided by the group of Richard Haglund, Physics and Astronomy
Department of the Vanderbilt University, TN 37240 Nashville, USA.
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Figure 4.2 | Vanadium dioxide nanowires. a, Optical microscope image of the VO3 nanowires
on a sapphire substrate. The nanowires predominantly orient themselves during growth along the
hexagonal crystal structure of the substrate. b, AFM image of a single nanowire with a length of
approximately 7 pm and a width of approximately 500 nm. The smooth surface between x = 3.5
and 7pm indicates that this region is single-crystalline VO, in contrast to the region between
x = 1.5 and 3.5 pum, which has defects. c, Scattered intensity I3 as a function of position on
the nanowire corresponding to the AFM scan shown in b. Here, a continuous-wave quantum
cascade laser (QCL) operating at a wavelength of 8.43 pm is used to illuminate the AFM tip. The
sample temperature is set to T' = 294 K. d, Near-field image of the nanowire heated across the
phase transition to a temperature of 7'~ 353 K. An alternating pattern of insulating and metallic
domains is observed. e, Averaged line-scan of the near-field intensity along the nanowire axis at a
temperature of T' = 294K (black curve) and T ~ 353K (red curve). The line scans are extracted
from the corresponding near-field images shown in ¢ and d at y ~ 1 nm, averaged over an interval
of Ay ~ 200 nm. The modulation period in the single-crystalline segment is approximately 770 nm.
The gray shaded area corresponds to the height profile of the nanowire which is extracted from the
atomic force microscope image in b at y &~ 1 pm. The atomic force microscope and the near-field
measurements are performed with a tapping amplitude of 130 nm.

87



Chapter 4 Ultrafast dynamics in strongly correlated materials

the nanowire axis, which can be explained as an alternating pattern of metallic and
insulating domains. As expected from the point dipole model (see Section 3.2), the
scattering efficiency off the metallic state is significantly increased when compared to
the insulating state [Qaz07]. This is also seen prominently in the line-scans along the
nanowire axis extracted from the near-field images at T = 294 K (black curve) and T ~
353K (red curve), shown in Fig. 4.2e. Note that the scattered intensity recorded on
the insulating nanowire (black curve) does not feature any spatial inhomogeneity on the
single crystal, which could be correlated to the appearance of the metallic domains. Such
a periodic formation of metallic domains has already been observed along the cr-direction
of VO3 placed on various substrates (SiO2, TiOg or polycarbonate substrate) and has been
interpreted to be the result of strain from the lattice mismatch between the sample and
the substrate [Wu06, Cao09, Jon10, Liul3|. It has been postulated that to minimize the
strain energy, a structural transition from the monoclinic into the rutile crystal structure
occurs in certain domains, which is accompanied by a reduction of the cg-axis by 1%
[Liul3]. While in the defect-rich section, the metallic domains occur correlated to the
positions of the defects, the single-crystal region features a periodic pattern of domains
with a modulation period of approximately 770 nm, indicating a uniform coupling of the

nanowire to the substrate across the entire single crystal.

Optical photoexcitation of the d-electrons can alternatively be used to drive the insulator-
to-metal phase transition and has already been employed in quasi-equilibrium near-field
microscopy to investigate strained VOsg films [Liul3]. Due to the high repetition rate of
the laser system employed in this work, the photoinduced phase transition is not able to
recover to the insulating state between subsequent pump pulses. Hence, by reaching a
distinct threshold of photoexcitation, the phase transition is triggered and the metallic
state persists until the pump pulses are switched off. However, it is yet unclear whether
the optically and the thermally driven phase transitions on the VOs nanowire will result
in the same near-field pattern. This is investigated by focusing the visible pump pulses
(A =~ 800 nm) on the sample below the tip while probing the near field with the continuous-
wave radiation from the QCL scattered off the tip. Due to the limited range of the pump
fluence achievable from the frequency-doubled erbium-doped fiber laser system, the sample
is heated to a temperature of T ~ 338 K to reduce the threshold for photo-switching
[Cocl2]. Near-field images as a function of pump fluence ® are shown in Fig. 4.3a. At
® = 0.3mJ/cm?, the scattered intensity is homogeneous with no indications of a phase
transition. This situation changes at ® = 0.5 mJ/cm?, where two metallic domains form,

one near the right end and one near a defect. By further increasing the pump fluence,

2 Note, that by using continuous-wave lasers as probe light, no time-resolved measurements can be per-
formed and only the steady-state response is resolved.
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Figure 4.3 | Phase transition by optical excitation. a, Near-field images of the VOq
nanowire, photoexcited by the visible pump pulses (Apump ~ 780nm) with a fluence varying
between 0.3 and 1.5mJ/cm? (pump power between 7.4 and 31.6 mW). The sample response is
probed with the continuous-wave QCL. With increasing fluence, single domains switch into the
metallic state, resulting in the same pattern as observed in the thermally driven phase transition,
seen in Fig. 4.2d. b, Line scans measured along the nanowire axis as a function of pump fluence.
All measurements are performed with a tapping amplitude of 130nm and a sample temperature
of 338 K.

more domains start to appear, leading ultimately to the same pattern as observed in
the thermally driven phase transition in Fig. 4.2d. The position of the domains on the
nanowire are constant once formed, as can be seen in the extracted line scans along the

nanowire axis, shown in Fig. 4.3b.

4.2 Femtosecond carrier dynamics within a single vanadium

dioxide nanowire

To investigate the character of the insulating state below the photo-switching threshold,
ultrafast pump-probe measurements are performed in the center of different metallic and
insulating regions. The nanowire is excited with a pump fluence of 1.7mJ/cm? and
the conductivity of the pump-induced carriers is subsequently probed by ultrabroadband
multi-THz pulses. To avoid the transition of the nanowire into the metallic state in time-
resolved measurements, the threshold for photo-switching is increased by reducing the
sample temperature to T' = 294 K. Very first results of the electron dynamics in the VO
nanowire can be seen in Fig. 4.4, where Position 1 and 3 correspond to domains that

develop a metallic character at elevated temperature (white circled areas) and Position 2
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Figure 4.4 | Femtosecond dynamics within a single vanadium dioxide nanowire. Steady-
state near-field image of the VOy nanowire (top) at a temperature of T = 294 K. The white circled
areas highlight positions that switch to the metallic state at elevated temperatures. Position 1
and 3 indicate the first two metallic domains on the right while Position 2 corresponds to the
insulating region in-between. Pump-probe traces (bottom) recorded at the positions indicated in
near-field image (top). The pump-induced change (Apump ~ 780nm) of the scattered near field
I5 (black dots) is probed by an ultrabroadband multi-THz waveform as a function of pump-probe
delay time t,,. The red curves correspond to a smoothed average of the decay of the pump-probe
trace. In all pump-probe measurements the tapping amplitude is 130 nm and the pump fluence is
1.7mJ/cm?.

to an insulting domain (see Fig. 4.4, top). Upon photoexcitation, Position 1 features an
increase of the scattered intensity Is with a rise time of approximately 250 fs, resulting in
a maximum pump-induced change of I3 compared to the unpumped value of 8 %, as can
be seen in Fig. 4.4. The same dynamics are also observable at Position 3, featuring in
comparison an increased peak height of 11 %, which is indicated by the gray dashed line.
At Position 2, however, the maximum pump-induced change of I3 is significantly reduced
to approximately 5%. In contrast to the homogeneously scattered intensity observed in
quasi-equilibrium measurements on the insulating single-crystal nanowire (Fig. 4.2c¢ and
Fig. 4.3a at 0.3mJ/cm?), the significant difference in peak height of the ultrafast pump-
probe traces as a function of position can now be used to predict which parts of the
nanowire switch to the metallic state at elevated temperatures. Even more, by comparing
the pump-probe traces to the results obtained on indium arsenide, the change of the

scattered intensity as a function of pump-probe delay time can qualitatively be correlated
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4.2 Femtosecond carrier dynamics within a single vanadium dioxide nanowire

with an increase of the conductivity in the sample. The subsequent decay of the carrier
population then leads to a relaxation of the pump-induced response on a timescale of
a few picoseconds. A more quantitative extraction of the carrier density and the decay
time from the pump-probe traces is currently explored based on the point-dipole model,

derived in Section 3.2.

The difference in the peak height observed in the pump-probe scans is rather surprising,
as the pump fluence and hence the density of photoinjected carriers should be close to
identical at all three positions. In addition, the single-crystalline VOq renders a depen-
dence of the scattered intensity on surface artifacts unlikely. Most probably, the difference
in the observed peak height is therefore correlated to the local conductivity of the sample,
which is modified within certain regions of the nanowire due to strain induced by the
substrate. This complements the observation of the fluence dependence of the optically
driven phase transition at elevated temperatures shown in Fig. 4.3a. Since Position 3
exhibits the highest conductivity, the phase-transition threshold is already achieved at a
moderate pump fluence of 0.5 mJ/cm? (11.7mW). The reduced conductivity at Position 1
seems to be correlated with an increased threshold for photo-switching and a higher pump
fluence (0.8 mJ/cm?, 16.6 mW) is needed to drive the phase transition. Finally, due to
the lowered conductivity at Position 2, no phase transition is observed within the range

of the pump fluence available in the experiment.

These preliminary results of the dynamics of the photoinduced carrier density in VO3 in
combination with the spatially-resolved fluence dependence in the optically-induced phase
transition underline the novel insights obtained by combining high spatial and temporal
resolution. Going beyond quasi-equilibrium measurements, the ultrafast response as a
function of position can now be used to predict the switching behavior of the insulator-to-
metal transition. Finally, the extraction of the conductivity from the pump-probe traces
could be a measure of the localization of the electrons and how they are influenced by strain
and defects on the nanoscale. A more detailed experimental and theoretical analysis of the
VO4 nanowire and its ultrafast response upon photoexcitation of free carriers is subject

to current research and will soon help to quantitatively discuss the observed dynamics.
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Chapter

Summary and outlook

This thesis has introduced a novel microscope which combines the outstanding properties
of ultrafast multi-THz spectroscopy and scattering-type scanning near-field optical mi-
croscopy to observe the femtosecond dynamics of low-energy elementary excitations, e.g.
phonons, plasmons and excitons, at the surface of solid-state systems. Ultrabroadband
phase-locked mid-infrared light pulses are focused onto a nanometer-sized metal tip of the
atomic force microscope. When approached to a sample surface, the tip acts as a local
optical probe, confining the light pulses at its apex. Detection of the scattered radiation
reveals information about the optical properties of the sample with a spatial resolution
of 10 nm, ultimately limited by the tip radius of curvature. Electro-optic sampling, one
of the most notable techniques of THz spectroscopy, is employed to detect the scattered
oscillating electric near field directly in the time domain with a temporal resolution of
10fs. Together with pump-probe experiments this technique enables the observation of
the dynamics of low-energy elementary excitations on sub-cycle timescales, faster than
a single oscillation cycle of the multi-THz probe pulses. The combination of ultrafast
multi-THz spectroscopy and near-field microscopy culminates in a unique microscope
that achieves an unprecedented combined temporal (10fs) and spatial (10 nm) resolution

in the mid-infrared wavelength region [Eis14].

The novel microscope is based on the combination of two technology platforms: (i) An
ultrastable and ultracompact erbium-doped fiber laser system that is entirely custom
tailored for preeminent performance; (ii) a near-field microscope based on non-dispersive
optics, which guarantees the utmost temporal resolution by avoiding temporal broadening
of the femtosecond light pulses. The laser system provides few-cycle multi-THz pulses
with center frequencies in the range of 27 to 52 THz with pulse energies of up to 28 pJ.

These waveforms are sent into the near-field microscope, where they are focused onto the
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Chapter 5 Summary and outlook

atomic force microscope tip to probe the local sample response. The scattered radiation,
originating from a volume of approximately (10nm)3, is detected by either a photodiode
or by electro-optic sampling, which traces the oscillating electric field stroboscopically
with 10-fs gate pulses. In addition, to investigate non-equilibrium dynamics, ultrashort
pump pulses in the near infrared (pulse duration 22fs) or in the visible (pulse duration
48—65 fs) are used to photoexcite the sample below the tip. The combination of multi-THz
nano-spectroscopy with pump-probe measurements enables two-time THz spectroscopy
on the nanoscale, which makes it possible to trace the evolution of the sample following
ultrafast excitation on a sub-cycle timescale (10fs) while simultaneously maintaining a
spatial resolution of 10nm. The fundamental advantage of field-resolved detection of the
scattered terahertz waveforms originates from the direct access to both the absolute phase
and amplitude in the frequency domain via Fourier transformation. Hence, the temporal
evolution of the local, complex-valued dielectric function of the sample can be retrieved.
Alternatively, spectrally-resolved measurements can also be performed by nano Fourier
transform infrared spectroscopy. However, this measurement scheme is based on intensity-
resolved detection and is thus limited to a temporal resolution given by the duration of
the multi-THz probe pulses at best (> 60 fs).

In a proof of principle experiment, the pump-induced carrier dynamics in bulk indium
arsenide have been investigated. Here, the photoinjection of electrons by the 22-fs near-
infrared pump pulse shifts the screened plasma frequency of the free carriers in indium
arsenide into the spectral range of the probe pulses, leading to the formation of a pro-
nounced resonance. Tracing the plasma resonance as a function of pump-probe delay
time directly reveals the carrier recombination dynamics, which have been identified as
trapping of electrons into surface states on a sub-2-ps timescale and subsequent surface

state recombination with a decay time of 32 ps.

Following these introductory experiments, time-resolved near-field microscopy in the multi-
THz frequency range is extended to nanoscale objects, yielding for the first time a de-
tailed insight into the carrier dynamics of InAs nanowires on the sub-nanoparticle scale.
By mapping the scattered intensity as a function of position and pump-probe delay time
an ultrafast movie of the carrier distribution following photoexcitation is recorded. To
resolve the carrier dynamics within the nanowire on a sub-cycle timescale, two-time THz
spectroscopy is performed, tracing the oscillating electric near field scattered off the sam-
ple surface as a function of pump-probe delay time. Similar to bulk indium arsenide, a
resonance is observed within the spectrum of the multi-THz probe pulses, which is linked
to the plasma frequency of the carriers in the nanowire. However, the decay dynamics

are distinctly different: Upon photoexcitation the initial carrier density decays within less
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than 40fs. This ultrafast decay is followed by trapping of electrons into surface states
with a time constant of approximately 2 ps, similar to the decay time observed in the
bulk material. To unravel the origin of this ultrafast decay (< 40fs), a new technique has
been developed in the course of this thesis which is called femtosecond tomography. The
near-field confinement at the tip apex extends not only laterally but also vertically from
the tip into the sample. Interestingly, adjusting the tapping amplitude can thereby be
used to tune the probing volume, enabling the observation of depth-dependent dynamics.
By performing femtosecond tomography, the initial decay has been found to depend on
the probing depth and has been attributed to the formation of a depletion layer at the

surface of the indium arsenide nanowire within less than 40 fs [Eis14].

A theoretical description of the detected signals scattered off the atomic force microscope
tip has been achieved in the framework of the point-dipole model, which has been refined
to be applicable to the experiments performed. The simulations solely depend on the
dielectric function of the sample, which is modeled in the case of indium arsenide with
the Drude formalism describing free carriers in semiconductors. Using only the carrier
density and the Drude scattering rate as free fitting parameters, an excellent agreement
has been achieved between simulation and experiment. The dependence of the near-field
interaction on the dielectric function of the sample is now understood in detail and can be
used to predict the image contrast and the influence of photoexcitation on the scattering

response in a wide class of materials.

Furthermore, this thesis shows first ultrafast pump-probe measurements performed on
the strongly correlated material vanadium dioxide using the ultrafast near-field micro-
scope. A thorough understanding of the emerging many-body phenomena in such sys-
tems is often hindered by the tremendous complexity of the interplay of electron-electron,
electron-phonon and magnetic correlations. In this context, vanadium dioxide is one of
the most intensely studied model systems, featuring a first order insulator-to-metal tran-
sition which can be driven optically or thermally. Due to the concurrent change of the
electronic properties and the lattice structure during the phase transition, the origin of the
insulator-to-metal transition has been the center of controversy. This thesis introduces
first time-resolved near-field experiments, which have been performed on a single vana-
dium dioxide nanowire attached to a sapphire substrate. By heating the sample across the
phase transition temperature, a periodic pattern of insulating and metallic domains forms
along the nanowire axis, which has been attributed to surface strain induced by a lattice
mismatch between the vanadium dioxide nanowire and the substrate. To investigate the
influence of the strain on the conductivity of the electrons, visible-pump multi-THz probe

experiments have been performed at certain positions along the nanowire while the sam-
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Figure 5.1 | Carrier dynamics in single layer materials. a, Optical microscopy image of
an exfoliated graphene sample on a silicon dioxide (SiO2) substrate. An area consisting of single
layer graphene is indicated by the white dashed curve. b, Relative pump-induced change of the
scattered intensity normalized to the unpumped value (Al5/I5). Upon photoexcitation with the
60-fs visible pump pulses (Apump ~ 777 nm), the scattering response of single layer (red curve, x4
magnification factor) and multi-layer graphene (black curve) is significantly enhanced. ¢, Optical
microscopy image of an exfoliated tungsten diselenide sample on a gold substrate. The single layer
region is indicated by the white dashed curve. b, Relative pump-induced change of the scattered
intensity normalized to the unpumped value (AI5/I5). Upon photoexcitation with the 60-fs visible
pump pulses (Apump =~ 7771nm), both the single layer (red curve, x15 magnification factor) and
the multi-layer of tungsten diselenide (black curve) feature an increased scattering response. In

all measurements the pump fluence is 0.6 mJ/cm? and the tapping amplitude is 130 nm.

ple temperature was below the phase transition temperature. Surprisingly, domains that
switch to the metallic state at elevated temperatures exhibit a photoconductivity which is
approximately a factor of two higher than domains which remain in the insulating phase.
These preliminary results point towards a strong influence of the local strain on the elec-
trons inside the strongly correlated material even in the insulating state and are currently

being investigated in greater detail.

Future directions of the novel ultrafast near-field microscope include the investigation of
single layer materials like transition metal dichalcogenides [Hual2, Chel4, Docl4], boron
nitride [Dail4, Dail5], graphene [Gei07] and single layer heterostructures [Nov12, Geil3,

Xial4, Woel5]. These materials are regarded as novel building-blocks for upcoming elec-
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tronic and optoelectronic devices and are the subject of intense research. The indirect
observation of propagating surface plasmons on single layer graphene using steady-state
near-field microscopy [Feill, Chel2, Feil2, Feil3, Ger14] has especially underlined the po-
tential of graphene as an interface between optics and electronics [Bon10, Kopl1, Gril2].
The key properties of these plasmons include high field confinement, exceptionally low
damping and high tunability of their amplitude and wavelength using electrostatic gat-
ing. Field-resolved detection of the radiation scattered off a graphene sheet would enable
the direct observation of the transient electric field of the propagating surface plasmons
in space and time, providing insight into the plasmon dispersion, local defects and loss
channels. In addition, by pump-induced heating of the electron gas, the high sensitivity
of the surface plasmons on the conductivity of the carriers in the graphene sheet can be
exploited to tune the plasmonic response on ultrafast timescales [Wagl4a|. First pump-
probe measurements performed on single-layer and multi-layer graphene! and tungsten
diselenide? using our novel microscope are shown in Fig. 5.1a,b and Fig. 5.1c,d, respec-
tively. These measurements are the starting point for novel ultrafast single-layer-based
experiments investigating the dynamics of propagating surface plasmons on graphene or
the spatio-temporal dependence of tightly-bound excitons in transition metal dichalco-

genides [Chel4] in unprecedented spatial and temporal detail.

The combination of ultrafast multi-terahertz spectroscopy with scattering-type near-field
scanning optical microscopy, demonstrated here, paves the way towards a completely
new class of nanoscale experiments with a three-dimensional spatial resolution far below
the diffraction limit. Femtosecond dynamics of low-energy elementary excitations can
in principle now be traced on a sub-cycle timescale in virtually any system suitable for

time-resolved spectroscopy in the multi-terahertz range.

! The graphene samples have been provided by the group of Jonathan Eroms and Dieter Weiss, Depart-
ment of Physics, University of Regensburg, 93040 Regensburg, Germany.

2 The tungsten diselenide samples have been provided by the group of Tobias Korn and Christian Schiiller,
Department of Physics, University of Regensburg, 93040 Regensburg, Germany.
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Appendix

Data evaluation and drift correction

As already highlighted in Section 2.2.1, the multi-THz pulses generated by difference
frequency mixing between the pulses from Amplifiers I and II are intrinsically carrier
envelope phase (CEP) stable. However, fluctuations in the timing between the pulse

trains can lead to a drift of the absolute carrier envelope phase ®¢cg in time as seen by
Pcp =27 - frus - tDFG - (A1)

Here, tppg is the relative delay between the pulses from Amplifiers I and IT and fry, the
frequency of the generated multi-THz radiation. The expected change in the CEP can be
estimated by a straightforward calculation. By using the thermal expansion coefficient of
the optical table (steal, expansion coefficient o = 13- 107%1/K) and by approximating
the independent beam path of the pulses from Amplifiers I and II by L = 1m, the relative
change in the optical path length between the two pulse trainsis AL = a-AT-L = 1.3pm
at a temperature change of only AT = 0.1 K. This corresponds to a change in the relative
timing tppg ~ 4fs. By assuming a center frequency of frp, = 30 THz the CEP changes
by approximately 7 /4.

The drift of the CEP sets an upper limit to the measurement time of a complete multi-
THz waveform and thus the lock-in integration time, making it impossible to directly
measure the waveforms scattered off the AFM tip with a decent signal-to-noise ratio. In
addition, the timing jitter between the multi-THz waveform and the gate pulses further
complicates the problem. However, instead of measuring only a single waveform with a
high lock-in integration time, which is subjected to thermal drift, many transients can be
recorded with a low lock-in integration time on a timescale where thermal drifts can still
be neglected. Subsequent correction of the thermally induced drifts followed by averaging

of the corrected waveforms can then be employed to increase the signal-to-noise ratio.
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Figure A.1 | Drift corrections. a, Two-dimensional map of 100 multi-THz waveforms reflected
off the reference arm of the Michaelson-type interferometer in the near-field microscope and de-
tected at a lock-in frequency of 20 MHz (Reference). Simultaneously recorded waveforms scattered
off the atomic force microscope tip of the near-field microscope, detected at a lock-in frequency
of 20MHz + 3 - Q;p (scattered waveform). b, Averaged scattered waveform calculated from the
two-dimensional map of the scattered waveforms in a. c, Reference and scattered waveforms after
correction of the timing jitter between the multi-THz pulses and the gate pulses. d, Averaged
scattered waveform calculated from the two-dimensional map in c. e Reference and scattered
waveform after correction of the CEP drift. Now a oscillating pattern of the scattered signal
can clearly be recognized. f, The averaged scattered waveform of the corrected signals shown in
e features an increase of the peak electric field by more than a factor of 4 as compared to the

uncorrected averaged waveform in b.
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The intense multi-THz pulses reflected off the reference arm of the build-in Michaelson
interferometer (see Section 2.4) serve here as reference and are recorded simultaneously
to the scattered waveforms. Fig. A.la displays a two-dimensional map of 100 multi-THz
waveforms measured at a lock-in frequency of 20 MHz (Reference) and a lock-in frequency
of 20 MHz + 3 - Qjp, (scattered waveform). Both maps feature a severe drift of the CEP
in time. The averaged waveform calculated from the scattered waveforms can be seen in
Fig. A.1b.

To correct for the timing jitter between the multi-THz pulses and the gate pulses, the field
envelope of each multi-THz reference waveform is fitted by a Gaussian envelope and shifted
in time to a defined zero-point. Importantly, this shift is also applied to the corresponding
scattered waveform. The result can be seen in Fig. A.lc with the averaged scattered
waveform in Fig. A.1d. Finally, the CEP of each reference waveform is determined and
subtracted from both the reference and the corresponding scattered waveform (Fig. A.le).
The averaged, drift-corrected scattered waveform (Fig. A.1f) features an increase of the

peak electric field of more than 4 as compared to the uncorrected averaged waveform.

Important remark: The technique of correcting the drift of the CEP of the scattered
waveform with the help of a simultaneously recorded reference transient is only applicable
in the case of linear optics, where the exact value of the CEP does not change the physical
outcome of the experiment. As soon as nonlinear effects determine the near-field response
of the sample a different approach has to be used to increase the signal-to-noise ratio. A
possible alternative to correcting the CEP could be the sorting and binning of the scattered
waveforms by their CEP value. The CEP value can here be determined with the help
of the reference waveform. Subsequent averaging would also result in an increase of the
signal-to-noise ratio. Ultimately, the drift of the CEP could be avoided by using optical
rectification to generate the multi-THz waveforms. Unfortunately this approach could
not be pursuit in this work, since the multi-THz power generated by optical rectification

with the employed laser system did not suffice to perform near-field microscopy.
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Appendix

Nano Fourier transform infrared

spectroscopy on the InAs nanowire

As an alternative to two-time THz spectroscopy (see Section 3.4), the carrier dynamics
within the InAs nanowire can also be investigated by nano-FTIR. Since this technique is
based on intensity-resolved detection of the scattered light pulses, the highest temporal
resolution is, however, intrinsically limited to the duration of the multi-THz probe pulses
at best (> 60fs). The amplitude I3 and relative phase A®3 of the scattered multi-THz
pulse measured by nano-FTIR in the center of the nanowire (Position 1 in Fig. 3.11a)
as function pump-probe delay time ¢, are shown in Fig. B.2a and c, respectively. Upon
photoexcitation the plasma resonance forms at the high frequency edge of the scattered
spectrum, subsequently red-shifting through the frequency bandwidth (blue curve) with
evolving pump-probe delay time. At the frequency of the resonance position, a distinct
change in the relative phase of approximately 1.5 rad is observed. The scattered amplitude
spectra and the relative phases are simulated using the point-dipole model (see Section 3.2)
with a dielectric function given by the Drude model and are shown in Fig. B.2b and d,
respectively. Using only the carrier density N, and the Drude scattering rate v as free

fitting parameters, the experimental data is reproduced.

The resonance position 1y as a function of pump-probe delay time extracted from the scat-
tered spectra are shown in Fig. B.2a. As already seen in the field-resolved measurements

shown in Fig. 3.16, the carrier density decays, featuring two distinct time constants
v (tpp) = 11 THz - e~'op/50% | 98 6 THy - e ~op/5P5 1 7.5 THz . (B.1)

The offset frequency of 7.5 THz corresponds to the plasma frequency of the extrinsic carrier
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Figure B.1 | Nano Fourier transform infrared spectroscopy on a single indium arsenide
nanowire. a, Amplitude spectra I5 of the scattered multi-THz probe pulses measured by nano-
FTIR, as a function of pump-probe delay time t,,. The resonance position vy is indicated by the
blue dots. b, Simulated amplitude spectra using the point-dipole model and a nanowire dielectric
function given by the Drude model. The simulations only depend on two parameters: The carrier
density N. and the Drude scattering rate . ¢, Relative phases A®3 of the scattered pulses
measured by nano-FTIR. A phase shift of approximately 1.5rad is observed at the resonance
position. d, Calculated phases extracted from the point-dipole model using the same parameters
as in the corresponding amplitude spectra in b. For the experimental data, the pump fluence is
1.1mJ/cm? and the tapping amplitude is 130 nm.

concentration of 2 - 10'71/cm?. The fast initial decay has a time constant of 50 & 40 fs
(resolution limited) followed by a slower decay with a decay time of 5.0 & 0.6ps. The
dynamics of the carrier density N, calculated by the simulations are shown in Fig. B.2b,

being consistent with a bi-exponential curve
Ne(tpp) = 7.3-1017 1/cm3 - e ~toe/255 1 43,1018 1 /em® - e 7t/29P5 191017 1 /em® . (B.2)

The decay time 71 = 25fs is defined to be half the initial decay time of the resonance
position as expected from the relation between the carrier density and the plasma fre-
quency (v ~ wp  v/Ng). The carrier densities weighting the exponentials and the second
decay time are taken as free fitting parameters. The slower decay (12 = 2.9 + 0.2 ps) is
comparable to the initial dynamics observed on bulk InAs and is therefore assigned to

electron trapping into surface states.
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Figure B.2
single indium arsenide nanowire mea-

| Carrier dynamics on a

sured by nano Fourier transform in-
frared spectroscopy. a, Resonance position
vy as a function of pump-probe delay time ¢,
extracted from the scattered amplitude spec-
tra in Fig. B.la. A bi-exponential decay of
the resonance position on a semi-logarithmic
scale is observed, featuring a fast decay time of
71 = 50fs, followed by a slower decay time of
79 = 5ps. b, Carrier density N, as a func-
tion of t,, extracted from the point-dipole
model. Similar to a, a bi-exponential decay
is retrieved. The fast decay time is defined
to 71 = 25 fs followed by carrier trapping into
surface states with a decay time of 7, = 2.9 ps.
¢, Drude scattering rate v extracted from the
point-dipole model. The scattering rate of the
hot electron gas decays within 7 = 130fs to
14 THz.

The decay of the Drude scattering rate can be fitted by

Y(tpp) = 25 THz - e~ tee/1305 | 14 THy .

(B.3)

Following photoexcitation, a highly energetic electron gas is present, featuring a Drude
scattering rate of v = 30 THz (at t,, = 501fs). Within 7 = 130+ 22fs, v decays to 14 THz,

which agrees with reported scattering rates for electrons in InAs nanowires
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Appendix

Depletion layer formation at the nanowire

end

Femtosecond tomography is employed to investigate the formation of the surface depletion
layer at Position 3, which is indicated in Fig. 3.11a. In Fig. C.1a the scattered intensity
I3 as a function of pump-probe delay time ¢}, is shown for tapping amplitudes of 55nm
(red curve) and 135nm (black curve). The pump-probe dynamics are normalized to
the unpumped baseline at negative delay times to account for changes to the scattered
intensity with varying tapping amplitude. Upon photoexcitation I3 is enhanced by a factor
of approximately 1.8 at t,, ~ 30fs. With evolving t,,, the decay of both pump-probe
traces is dominated by a sub-100-fs decay indicating the formation of a surface depletion
layer even for larger tapping amplitudes. This can be seen even more prominently by
extracting the dynamics of the resonance position 1y, as can be seen in Fig. C.1b. At
tpp = D0fs the resonance positions coincide for low (red dots) and high (black dots)
tapping amplitudes, which agrees with the tomographic observations at Position 1 (see
Fig. 3.20b). In contrast to the measurements performed at Position 1, the resonance
position shows a fast decay for both low (55nm) and high (135nm) tapping amplitudes.
Hence, even for larger probing depths, the electrons are accelerated out of the near-field

probing volume which may be attributed to a thicker depletion layer.
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Appendix C Depletion layer formation at the nanowire end
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Figure C.1 | Femtosecond tomography
at the nanowire end. a, Pump-probe dy-
namics of the scattered intensity I3 for tap-
ping amplitudes of 55nm (red curve) and
135nm (black curve). Scans are normal-
ized to the unpumped baseline to account for
changes to the scattering efficiency with tap-
ping amplitude. b, Resonance position 1y
plotted on a semi-logarithmic graph. v is ex-
tracted from the amplitude spectra measured
by nano-FTIR as a function of time after pho-
toexcitation for a tapping amplitude of 135 nm
(black dots) and 55nm (red dots). The car-
rier dynamics in both cases feature a fast ini-
tial decay indicating a significant reduction of
the carrier density due to the formation of a
surface depletion layer, even for larger prob-
ing depths. For all measurements the pump
fluence is 0.75 mJ/cm?.



Appendix

Build-up of the near-field laboratory

The novel microscope introduced in this work was set up in a specially designed laboratory
at the University of Regensburg. The main focus in designing a suitable environment
for ultrafast near-field microscopy has been on long-term stability and low vibrational
background. The near-field laboratory is therefore situated on the base plate of the
physics department, which reduces acoustic vibrations to a minimum, while in addition
providing a stable thermal environment. To minimize fluctuations in temperature and
humidity, an air conditioning system is employed. The laser system as well as the near-
field microscope are mounted on an optical table to isolate the experimental setup from

the remaining vibrations from the laboratory floor.

With the installation of the optical table in May 2011, first tests of the laser system have
been performed. Within the next months the multi-arm erbium-doped fiber-laser has
been custom tailored to generate multi-THz radiation and first waveforms were detected
by electro-optic sampling in December 2011 (see Fig. D.la). With the microscope in
place (January 2012), the optical setup has been completely rearranged to incorporate
the microscope and to reduce the spatial footprint of the whole experimental setup. This
way the influence of thermal drift and mechanical vibrations on the experiment have
been minimized. First near-field waveforms scattered of the atomic force microscope tip
were detected field-resolved by electro-optic sampling in March 2013. Fig. D.1b-d shows
the current experimental setup which is used to perform ultrafast multi-terahertz nano-

spectroscopy with a spatial resolution of 10 nm and a temporal resolution of 10 fs.
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Appendix D Build-up of the near-field laboratory

Mai 2015

Figure D.1 | The near-field laboratory. a, First generation and detection of phase-stable
multi-THz waveforms in the near-field laboratory at the University of Regensburg in December
2011. b, Current state (May 2015) of the experimental setup used to perform ultrafast multi-
THz near-field microscopy. Note the extremely small footprint of the entire experimental system,
incorporating the near-field microscope (1) and the four-arm erbium-doped fiber laser system (2,
blue boxes). ¢, Close-up view of the near-field microscope (1), the difference frequency generation
stage for multi-THz generation (3) and the detection of the scattered waveforms by electro-optic
sampling (4). d, Close-up view of the multi-arm erbium-doped fiber laser system (2, blue boxes)
and the optical setup for custom tailoring the pump and signal pulses for efficient multi-THz

generation (5) by difference frequency mixing.
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Appendix

Publications

Publications in peer-reviewed journals

e D. Ehberger, J. Hammer, M. Eisele, M. Kriiger, J. Noe, A. Hogele, and P. Hom-
melhoff, Highly coherent electron beam from a laser-triggered tungsten meedle tip,
Physical Review Letters 114, 227601 (2015).

e M. Eisele, T. L. Cocker, M. A. Huber, M. Plankl, L. Viti, D. Ercolani, L. Sorba, M.
S. Vitiello, and R. Huber, Ultrafast multi-terahertz nano-spectroscopy with sub-cycle
temporal resolution, Nature Photonics 8, 841 (2014).

e O. Schubert, M. Eisele, V. Crozatier, N. Forget, D. Kaplan, and R. Huber, Rapid-
scan acousto-optical delay line with 34 kHz scan rate and 15 as precision, Optics
Letters 38, 2907 (2013).

o M. Eisele, M. Kriiger, M. Schenk, A. Ziegler, and P. Hommelhoff, Note: Production

of sharp gold tips with high surface quality, Review of Scientific Instruments 82,
026101 (2011).
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Appendix E Publications

Contributions at international conferences

e M. Eisele, T. L. Cocker, M. A. Huber, M. Plankl, L. Viti, D. Ercolani, L. Sorba, M.
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S. Vitiello, and R. Huber
Field-resolved multi-terahertz nano-spectroscopy (invited talk)

Nanotechnology Congress & Expo, Frankfurt, Germany, 11th August 2015.

T. L. Cocker, M. Eisele, M. A. Huber, M. Plankl, L. Viti, D. Ercolani, L.. Sorba, M.
S. Vitiello, and R. Huber

Ultrafast field-resolved multi-THz spectroscopy on the sub-nanoparticle scale (invited
talk)

SPIE Optics and Photonics 2015, San Diego, USA, 9th August 2015.

T. L. Cocker, M. Eisele, M. A. Huber, M. Plankl, L. Viti, D. Ercolani, L. Sorba, M.
S. Vitiello, and R. Huber

Ultrafast infrared nanoscopy with sub-cycle temporal resolution (invited talk)
M&M 2015 (Microscopy and Microanalysis), Portland, USA, 2nd August 2015.

M. Eisele, T. L. Cocker, M. A. Huber, M. Plankl, L. Viti, D. Ercolani, L. Sorba, M.
S. Vitiello, and R. Huber

Field-resolved multi-terahertz nano-spectroscopy (invited talk)

Optical Polarisation Conversion in the Near Field, Exeter, UK, 25th June 2015.

M. A. Huber, M. Eisele, T. L. Cocker, M. Plankl, L. Viti, D. Ercolani, L. Sorba, M.
S. Vitiello, and R. Huber

Ultrafast field-resolved multi-terahertz nano-spectroscopy (contributed talk)
CLEO/Europe 2015 (Conference on Lasers and Electro-Optics/Europe), Munich,
Germany, 21th June 2015.

T. L. Cocker, M. Eisele, M. A. Huber, M. Plankl, L. Viti, D. Ercolani, L.. Sorba, M.
S. Vitiello, and R. Huber

Pump-probe multi-terahertz nano-spectroscopy with sub-cycle temporal resolution
(invited talk)

OTST 2015 (Optical Terahertz Science and Technology), San Diego, USA, 8th
March 2015.

M. Eisele, T. L. Cocker, M. A. Huber, M. Plankl, L. Viti, D. Ercolani, L. Sorba, M.
S. Vitiello, and R. Huber

Field-resolved multi- THz nano-spectroscopy with sub-cycle temporal resolution (con-
tributed talk)

NanoMeta 2015 (Nanophotonics and Metamaterials), Seefeld, Austria, 5th January
2015.



e M. Eisele, T. L. Cocker, O. Schubert, M. Hohenleutner, F. Langer, S. Baierl, M.
Porer, U. Leierseder, M. A. Huber, C. Péllmann, T. Maag, C. Lange, and R. Huber
New frontiers of sub-cycle THz optics: the fast, the strong and the small (invited
talk)

TeraNano V 2014 (Terahertz Nanoscience), Martinique, France, 1st December 2014.

o M. Eisele, T. L. Cocker, M. A. Huber, L. Viti, L. Sorba, M. S. Vitiello, and R.
Huber
Ultrafast multi-terahertz nanoscopy with sub-cycle temporal resolution (contributed
talk)
CLEO 2014 (Conference on Lasers and Electro-Optics), San Jose, USA, 8th June
2014.

o T. L. Cocker, M. Eisele, M. A. Huber, L. Viti, D. Ercolani, L. Sorba, M. Plankl, M.
S. Vitiello, and R. Huber
Ultrafast terahertz microscopy with sub-cycle temporal resolution (contributed talk)
TST 2014 (Terahertz Science and Technology), Camogli, Italy, 11th May 2014.
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