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ABSTRACT

This thesis summarizes my work on using ultrafast laser pulses to study Terahertz (THz)
electrodynamics of photonic and electronic nanostructures and microstructures. Ultrafast time-
resolved (optical, NIR, MIR, THz) pump-probe spectroscopy setup has been successfully built,
which enables me to perform a series of relevant experiments. Firstly, a novel high efficiency and
compact THz wave emitter based on split-ring-resonators has been developed and characterized.
The emitter can be pumped at any wavelength by tailoring the magnetic resonance and could
generate gapless THz waves covering the entire THz band. Secondly, two kinds of new photonic
structures for THz wave manipulation have been successfully designed and characterized. One
is based on the 1D and 2D photo-imprinted diffractive elements. The other is based on the
photoexcited double-split-ring-resonator metamaterials. Both structures are flexible and can
modulate THz waves with large tunability. Thirdly, the dark excitons in semiconducting single-
walled carbon nanotubes are studied by optical pump and THz probe spectroscopy, which
provides the first insights into the THz responses of nonequilibrium excitonic correlations and
dynamics from the dark ground states in carbon nanotubes. Next, several on-going projects are
briefly presented such as the study of ultrafast THz dynamics of Dirac fermions in topological
insulator BisSez with Mid-infrared excitation. Finally, the thesis ends with a summary of the

completed experiments and an outlook of the future plan.



CHAPTER 1. INTRODUCTION

Terahertz (THz) spectral band, loosely defined from 0.1 THz to 15 THz (1 THz = 4.1 meV
= 300 pm = 33 cm~! = 48 K), is one of the least explored spectral ranges due to the lack of
efficient and compact THz wave emitters and detectors for a long time. For the past years, a
few approaches have been developed to generate and detect THz radiation, such as quantum-
cascade lasers, photoconductive antennas, optical rectification, free electron lasers, electro-
optic sampling, bolometers, and pyroelectric detectors, etc. Some of them require cryogenic
temperatures to operate (quantum-cascade lasers, bolometers) and some are very bulky (free
electron lasers). The most popular table-top generation and detection techniques include optical
rectification, photoconductive antennas, and electro-optic sampling. However, compared with
other spectral bands from radio waves to y-rays, THz generation and detection efficiencies by
these techniques are much weaker.

On the other hand, a lot of very interesting science is only accessible by THz frequencies,
such as the rotational energy transitions of molecules, vibrational motion of organic com-
pounds, lattice vibrations in solids, intraband transitions in semiconductors, and energy gaps
in superconductors, etc. Furthermore, THz radiation has a lot of practical applications, such as
communications, security screening, drug detection, non-invasive evaluation, imaging, medical
analysis, real-time air pollution monitoring, etc. Therefore, developing more efficient and com-
pact THz wave emitters and detectors is a pressing problem to be solved by the community. It
would enable the deeper exploration of THz science and technology.

Meanwhile, in order to make use of THz waves more efficiently, they need to be very well
controlled, such as by waveguides and modulators. However, controlling THz waves has proven
to be more difficult than other spectral bands. A major recent progress that scientists have

made is to use artificial materials containing conductive structures such as metamaterials and



other photonic structures to control THz waves. However, the functionality of such devices is
still limited with little tunability. Therefore, designing more flexible and tunable THz wave
modulators is one of the pressing problems to be solved by the community.

Moreover, the interaction of THz waves with condensed matter is a highly active area of
research. The THz band is filled with numerous spectral features associated with fundamental
physical phenomena, such as lattice vibrations, intraband transitions, and phase transitions
in semiconductors and superconductors, which are still poorly understood. Some of the out-
standing problems to be studied are, e.g., the phase transition in many particle e-h systems
and THz electrodynamics of nonlinear optics in photonic structures such as metamaterials and
plasmonics.

In order to solve the above mentioned pressing problems in our community, I have success-
fully built ultrafast time-resolved (optical-, NIR-, MIR~, THz-) pump-probe setup to conduct
a series of relevant experiments. Specifically, my topics of research can be divided into 2 areas:
first, the study of photonic nanostructures and microstructures, such as split-ring-resonator
metamaterials and plasmonics as THz wave modulators; second, the study of complex elec-
tronic nanostructures, such as semiconducting single-walled carbon nanotubes, graphene, and
topological insulators BisSes in order to understand low energy electrodynamics of complex
materials. More specifically, I have participated in:

(1) the development of a novel high efficiency and compact broadband split-ring-resonator-
based THz emitter. Unlike the conventional THz emitters, such as ZnTe/GaSe/GaP /InP/GaAs
/LiNbOg, the new emitter overcomes 2 severe limitations that exist in almost all conventional
emitters, i.e., the strong absorbing phonon gap and subtle phase-matching requirement. Ad-
ditionally, the new emitter has second-order nonlinear susceptibility three-orders of magnitude
higher than the conventional emitters and it can be pumped at any wavelength by tailoring the
magnetic dipole resonance and potentially generate gapless continuous THz wave covering the
entire THz band.

(2) the design and characterization of new photo-imprinted photonic structures as THz
wave modulators. Unlike conventional photonic devices which are fabricated physically with

fixed structures, we just use one laser beam to modulate another. There is no real device.



This is realized by projecting an optical image from a photomask onto a GaAs substrate. The
resulting high-contrast pattern of photoexcited carriers creates diffractive elements to modulate
THz waves with reconfigurable functionality.

(3) the study of strongly photoexcited graphene monolayer by using femtosecond laser pulses
and found femtosecond population inversion and stimulated emission of dense Dirac Fermions
in graphene. This finding demonstrates that graphene is a good potential laser gain medium
to emit broadband laser light.

(4) the study of dark exciton physics in semiconducting single-walled carbon nanotubes by
using optical pump and THz probe spectroscopy. This study provides the first insights into the
chirality-specific THz responses of nonequilibrium excitonic correlations and dynamics from
the dark ground states in carbon nanotubes. This technique may also evolve into a benchmark
approach for quantitative exciton management in single-walled carbon nanotube-based device
development.

In this thesis, THz spectroscopy is the main experimental scheme to study the photonic
and electronic nanostructures and microstructures. Most of the study presented in this thesis
is based on this technique. Specifically, the thesis is organized as follows:

In Chapter 2, an introduction to the ultrafast laser sources in our lab is presented, such as
Ti:sapphire oscillator, Ti:sapphire amplifier, and optical parametric amplifier. Their working
mechanisms and some useful parameters are also provided. Next, ultrafast time-resolved pump-
probe technique and THz spectroscopy setup are described. Especially the THz generation and
detection techniques that we are using are discussed in detail. Finally, the chapter ends with
an explanation of THz data analysis.

In Chapter 3, a novel high efficiency and compact THz wave emitter is demonstrated. The
emitter is composed of a single layer of 40 nm thick gold film of split-ring-resonator (SRR)
metamaterials on a 1 mm suprasil substrate. This chapter starts with a general introduction to
metamaterials and the current situation of THz generation and detection techniques that also
points out our motivations for doing this project. The details of the SRR emitter fabrication
is provided. Next, the detailed experiment setup and characterizations of the SRR emitter

by various measurements (wavelength-dependent, power-dependent, polarization-dependent,



etc.) are described. The second-order nonlinear susceptibility of the emitter is also calculated.
Lastly, theoretical explanation of the THz emission mechanism is presented.

In Chapter 4, two kinds of photonic structures for THz wave manipulation are presented.
One is the 1D and 2D photo-imprinted diffractive gratings and the other is photoexcited double-
SRRs metamaterials. The chapter starts with 1D and 2D photo-imprinted photonic structures.
The experimental setup, photonic structure geometries and dimensions are presented in detail.
Next, THz modulation results as a function of the structure lattice constant, duty cycle, and
pump fluence are described. Simulation is also performed in order to fully understand and
explain the mechanism of the observed results. Afterwards, the chapter moves on to the second
structure: the photoexcited double-SRRs metamaterials. This section is organized similarly as
the first one.

In Chapter 5, the THz electrodynamics of the dark excitons in chirality-specific semicon-
ducting Single-Walled Carbon Nanotubes are studied. This chapter starts with an introduction
to the physical and electronic structures of carbon nanotubes. The dark exciton energy dis-
persion of semiconducting carbon nanotubes is also described. Next, the sample preparation
procedures and basic characterization results are provide. The experimental setup and how we
understand and analyze THz results are discussed in detail, for example, the THz responses of
dark excitons after resonant and off-resonant photoexcitations with different fluence and differ-
ent lattice temperature. Finally, I summarize the project and also propose future experiments.

In Chapter 6, several on-going projects performed with the optical- or MIR-pump and THz-
probe spectroscopy experiments are briefly presented. All of the projects aim to study the low
energy electrodynamics of complex materials, which is poorly understood currently. The first
on-going project is to study the ultrafast THz electrodynamics of Dirac fermions and bulk
states in topological insulator BioSes with MIR excitation. The motivation of this project is to
understand the coupling mechanism and charge transport dynamics of two spatially separated
insulating and conducting states in BisSes at different lattice temperatures and excitation
wavelengths. The other two on-going projects are the study of temperature-dependent THz
responses of BaMnsAsy and the wavelength- and polarization-dependent THz responses of

valleytronic material of MoS, monolayer and bilayer. Since the projects are not complete yet,



all results and interpretations presented in this chapter represent our best understanding of the
results so far.
Finally, in Chapter 7, a short summary of what I have done and what is planned to be done

in the near future concludes this thesis.



CHAPTER 2. ULTRAFAST THZ SPECTROSCOPY TECHNIQUES

In this chapter, the ultrafast laser sources used in our lab, such as Ti:sapphire oscillator,
Ti:sapphire amplifier, and optical parametric amplifier are presented. Their working mecha-
nisms and some useful laser parameters are also provided. Next, ultrafast time-resolved pump-
probe technique and THz spectroscopy setup are described. Especially the THz generation and
detection techniques that we are using in our lab are discussed in detail. Finally, this chapter
ends with THz data analysis showing how to extract ultrafast time-resolved parameters such as
refractive indices, conductivities, dielectric functions, absorption coefficients, and others from

photoexcited materials.

2.1 Ultrafast Laser Sources

2.1.1 Ti:sapphire oscillator

The mode-locked Titanium-doped sapphire (Ti:sapphire) oscillator is Tsunami from Spectra-
Physics. It uses Ti:sapphire rod as the gain medium. The Ti** ions replace a small percentage
of AI** ions and is responsible for the lasing action. The material has absorption from 400 nm
to 600 nm, centered at ~500 nm. It also provides very broad band fluorescence from 650 nm
to 1080 nm, as shown in Fig. 2.1.

A folded cavity is utilized in the laser to save space, although it makes pumping a bit more
complex. The schematic of the oscillator configuration is shown in Fig. 2.2. The Ti:sapphire
rod of the oscillator is pumped by a 10 W continuous wave (cw) green laser beam with central
wavelength 532 nm, which is from the frequency doubling (by a non-critically phase-matched
temperature-tuned lithium triborate (LBO) crystal) of 1064 nm emission from neodymium-

doped yttrium vanadate (Nd:YVO,) material pumped by a fiber-coupled bar (FCbar) module.



The Ti:sapphire rod surfaces are Brewster-angle-cut to ensure optimal transmission. In addi-
tion, cavity losses are minimized to have all the surfaces of input and output windows, prisms,

and acousto-optic modulators accurately aligned or cut at the Brewster angles as indicated in

the figure.
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Figure 2.1 Normalized absorption and emission spectra of a Ti:sapphire rod. The figure is
taken from 7T'sunami user manual.

Although laser light is quite pure and collimated, for cw operation, the laser output still
comprises various randomly-phased mode frequencies. Such cw laser has relatively small peak
power and field as shown in Fig. 2.3(a). In order to produce pulsed laser light with extremely
large peak power and short time duration, all the longitudinal modes must be locked in phase
so that they interfere constructively at some point in the cavity and destructively elsewhere in
order to create a single circulating pulse, as shown in Fig. 2.3(b). In the mode-locked state,
the constructive interference leads to a train of laser pulses with very large peak power and

short duration. The pulse separation is T = 2L /¢, where L is the length of the cavity and ¢ the
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Figure 2.2 Schematic of the femtosecond mode-locked Ti:sapphire oscillator. M: cavity mirror,
P: pump mirror, Pr: prism. The figure is taken from Tsunami user manual.

speed of light, meaning the time between the pulses is the time it takes for the pulse to make
a complete round trip in the cavity and the pulse repetition rate is 7 = 1/T = ¢/2L. For a
typical oscillator with a cavity length ~2 m, the pulse separation is T=13.3 nm, and repetition
rate 7= 75 MHz.

The mode-locking can be achieved by either passive mode-locking or active mode-locking.
A commonly used device for passive mode-locking is a saturable absorber. The saturable
absorber has intensity dependent transmission, which increases with laser intensity. When the
light intensity is low, the saturable absorber will absorb all the light hitting on it; while when
the light intensity is sufficiently high, the saturable absorber will be saturated and transmit the
rest light. When placed in the cavity, for random phase state shown in Fig. 2.3(a), the peak
intensity is small and cannot transmit the saturable absorber, therefore it prevents feedback
of such states in the cavity. On the other hand, for the state with all modes in phase, it has
sufficiently large peak intensity and will have very high transmittance through the saturable
absorber. Therefore, such a mode-locked state is highly favorable and supported in the cavity.
The output from such laser cavity with a saturable absorber is thus a pulsed laser. Except

the saturable absorber, Kerr-lens is another device for passive mode-locking. A commonly
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Figure 2.3 Schematic of temporal interference (not drawn to scale) of several electric field
oscillations with various mode frequencies for (a) random phase state and (b)
mode-locked state. The bottom field (yellow) is the sum of the various modes
above it.

used active mode-locking device is the acousto-optic modulator (AOM). The AOM is made of
high quality optical materials such as quartz. It is driven externally by, e.g., a radio-frequency
transducer, which creates periodic sound waves in the AOM to modulate the material refractive
index periodically. It therefore works as a diffractive grating to scatter incoming light to other
directions. This prevents feedback of light in the cavity. If the modulator is turned off (to
allow feedback) for an instant, the modes that can transmit the AOM at this instant must be
in phase, because the modes out of phase will not be able to transmit, for when they arrive,
the modulator is already turned on again (to prevent feedback). If the modulator is turned
on and off at the frequency precisely matched to the pulse repetition rate ¢/2L, then a single
mode-locked pulse of light will survive in the cavity. The output from such a laser cavity with
an AOM is thus a pulsed laser. Except the AOM, other active mode-locking devices include
Pockels cell, shutter, chopper, etc. As shown in Fig. 2.2, AOM is utilized in the oscillator as
an active mode-locking element, which is externally driven by the Model 3955 module.

The wavelength and bandwidth selection of the oscillator output is realized by a prism

sequence and an adjustable tuning slit shown in Fig. 2.2. The prism pairs disperse the light
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wavelength spatially and a movable slit with adjustable width is located in the dispersed beam
to select output wavelength and bandwidth. The prism pairs are also used to produce a net
negative intracavity group velocity dispersion (GVD) to compensate the positive GVD intro-
duced by the Ti:sapphire material and other optical materials in the cavity. The compressed
pulse duration as short as 35-150 fs can be achieved depending on the cavity configurations.

The optional Model 3930 Lok-to-Clock Electronics module shown in Fig. 2.2 can be added
to precisely compensate the cavity length change due to external environment variations in
order for the laser to operate with lower timing jitter.

The output from our oscillator has 800 nm central wavelength with 60 nm bandwidth, 1 W

average power, 13 nJ pulse energy, and 76 MHz repetition rate.

2.1.2 Ti:sapphire regenerative amplifier

Compared with cw laser beam, the pulsed laser output from an oscillator has much larger
peak power and shorter duration, and it can be employed to study time-resolved dynamics.
However, many scientific applications concerning nonlinear phenomena require even higher
peak powers, so in order to induce strong nonlinear phenomena and study strongly photoexcited
dynamics of materials, pulses from an oscillator need to be further amplified, by a Ti:sapphire
regenerative amplifier in our case, which can amplify the pulse energy from nJ to mJ, by ~10°
times!.

Due to extremely high peak power of amplified pulses, in order to get rid of optical damage of
optical components induced by the amplified pulses, chirped pulse amplification is employed.
The basic idea is shown in Fig. 2.4. The oscillator pulse duration is firstly stretched by a
stretcher, composed of a pair of diffraction gratings, from tens of femtosecond (fs) to hundreds
of picosecond (ps) and the peak power of the pulse is greatly reduced. Then the stretched
pulse is amplified in the Ti:sapphire rod of the amplifier. After amplification, a compressor,
composed of another pair of gratings, compresses the pulse to the initial pulse duration and
the peak power is greatly increased.

The Ti:sapphire rod in the amplifier is pumped by Q-switched 527 nm green light with 1

kHz repetition rate, which is from the frequency doubling (by a non-critically phase-matched



11

Oscillatorﬂ —_— —J LAmpIified

Stretcher Amplifier Compressor

pulse pulse

Figure 2.4 Schematic of the chirped pulse amplification. The oscillator pulse is firstly broad-
ened by a stretcher to reduce the peak power, then amplified by an amplifier, and
finally compressed back to the original pulse width by a compressor.

temperature-tuned LBO crystal) of 1053 nm radiation from neodymium-doped yttrium lithium
fluoride (Nd:YLF) rod. One seed pulse per 1 ms is selected from the oscillator pulses for
amplification in the cavity. Therefore, the pulse repetition rate is decreased from 76 MHz of
the oscillator beam to 1 kHz of the amplifier beam. The injection of the seed pulse and ejection
of the amplified pulse are accomplished by 2 electronically controlled Pockels cells by changing
the polarization of the pulse. A trapped seed pulse will make ~10 round trips in the cavity
in order to fully use the gain in the Ti:sapphire rod, each time the pulse passing through the
rod being amplified by a factor of 3-4. In our case, the output of the amplifier beam has 4 mJ
pulse energy, 800 nm central wavelength with 40 nm bandwidth, 35 fs pulse duration (for the
past a few years, the amplifier has been serviced many times. Sometimes, we ended with a bit
larger pulse duration, e.g. 40-45 fs; If that is the case, we will indicate clearly; otherwise the

pulse duration is 35 fs), and 1 kHz repetition rate.

2.1.3 Optical parametric amplifier

The output wavelengths of both oscillator and amplifier are centered at ~800 nm with ~40-
60 nm bandwidth. Its application in many scientific researches which require more broadband
and tunable light sources is very limited. This is fulfilled by the use of an optical parametric
amplifier (OPA), which provides much broader bandwidth and tunability ranging from 500 nm

to 20 pm.
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The OPA is pumped by our 1 kHz Ti:sapphire amplifier centered at 800 nm. The optical
parametric generation is a second-order nonlinear process in which a photon of a powerful
pump pulse with frequency wy, is converted into two photons with lower frequencies ws and wj,
denoting signal and idler respectively, with the requirement w,=ws+w; as shown in Fig. 2.5

(left panel).

Nonlinear Nonlinear Nonlinear
crystal crystal crystal
w; W, W,

W — w; E— w;

- w; w; —— w, ——
—

optical parametric difference frequency sum frequency

generation w;=w,+w; generation wy-w,=W; generation wq+w,=w;

Figure 2.5 Illustration of several nonlinear processes. left: optical parametric generation;
middle: difference frequency generation; right: sum frequency generation.

The pump wavelength is 800 nm. The signal and idler wavelengths can be tuned by changing
phase-matching condition and temporal overlap of the pump pulse and a seed pulse as shown in
Fig. 2.6. The seed pulse, very weak radiation of a white-light continuum (WLC), is generated
by focusing a small portion of the amplifier beam into a sapphire crystal. The WLC, with
super continuous bandwidth ~400 nm—1.6 pm, serves as the seed pulse and is present in the
nonlinear crystal [bismuth triborate (BiBO)| simultaneously with the pump pulse that creates
population inversion. The seed pulse, which induces stimulated emission in the crystal, is
therefore amplified along the crystal length as it copropagates with the pump pulse. The signal
pulse wy essentially originates from the amplified seed pulse wgeed (Ws=Wseed). Also amplified
in the process is the idler pulse (w;) when a pump photon is split into two.

The WLC has a pulse duration of ~2 ps and is dispersive temporally, so by changing the
temporal delay of the 35 fs pump pulse and the 2 ps WLC pulse, the pump pulse can be chosen
to overlap with a particular frequency of the WLC pulse wgeeq, and by properly tuning the

phase-matching condition, wseeq is amplified with optimal efficiency.
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Figure 2.6 Schematic showing the temporal overlap of 800 nm pump pulse w}, and the seed
pulse wgeeq from the white light continuum. wy, is converted into ws and w; in the
parametric generation.

The tuning range of the signal wavelength in our OPA is about 1.1-1.9 ym and the idler
wavelength is about 1.4-2.9 ym. The output power is a few mW, which is not sufficiently high
for many scientific applications. Therefore, a second parametric amplification stage is employed
to further amplify the signal and idler pulses. The second amplification mechanism is the same
as the first stage as discussed above. Briefly, a pump pulse from the amplifier with much higher
power and the signal pulse amplified in the first stage copropagate in the second BiBO crystal
for amplification. The further amplified signal and idler pulses have a total power of ~800
mW. The output beam is a combination of many wavelengths, such as pump beam residue,
signal, idler, SHG of them, etc. The pump beam can be blocked by using a longpass filter. The
polarization of the idler pulse is the same as that of the pump beam, while the signal pulse has
perpendicular polarization, therefore, the signal and idler pulses can be separated by using a
polarizer or dichroic mirror.

The signal and idler pulses from the second stage can be employed for second harmonic
generation (SHG) and sum frequency generation (SFG) in a f-barium-borate (BBO) crystal
to produce wavelength covering the visible range, or for difference frequency generation (DFG)

in a GaSe crystal to produce wavelength covering the Mid-Infrared (MIR) range, as shown in
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Fig. 2.5. Therefore the OPA can produce broadband tunable wavelength from 500 nm to 20

pm, which suffices for many scientific studies.

2.2 Ultrafast Time-resolved Pump-probe Technique

Ultrafast laser pulses have sub-ps time duration. It can be used to study ultrafast phenom-
ena which happen in sub-ps time scale, because the temporal resolution measured by such a
pulse is essentially only limited by its time duration. Furthermore, because the energy is con-
centrated in such a ultrashort time period, the peak intensity is extremely high. For example,
the output from our 35 fs amplifier pulse could reach a peak intensity of ~100 GW. Such a big
peak intensity can create many interesting nonlinear phenomena and extremely strong optical
excitation in materials.

In order to probe photoexcited transient dynamics, the time-resolved pump-probe technique
is used. The basic idea is shown in Fig. 2.7. A laser beam is split into two. One part (pump
beam, red lines) passes through a delay stage, which is used to adjust the time delay relative
to the other beam, and then illuminates the sample for photoexcitation. The other (probe
beam, green lines) is sent into the sample to measure the photoexcited transient transmission
or reflection (as shown in the dashed box) or polarization change. The temporal pump-probe
delay At of the 2 beams is adjusted by changing the optical path length by moving the delay
stage. From the transmission and/or reflection and/or polarization measurements, we can study
ultrafast phenomena happening in the sample. For example, the refractive index, conductivity,
dielectric function, absorption coefficient, and others can be extracted from such measurements.

Note Fig. 2.7 just illustrates a basic idea of the technique. In actual experiments, the pump
and probe beams are not necessarily split directly from the same pulse. It could be that one
or both beams are from OPA or WLC or THz, or one beam from the oscillator and one beam
from the amplifier, depending on the lab requirements. For THz spectroscopy measurement,
the probe beam are THz pulses. The time-domain THz fields cannot be measured directly by
a photodetector, instead, it is measured by electro-optic sampling of 800 nm sampling beam in

a ZnTe crystal. The technique will be discussed in detail in next section.
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Figure 2.7 The basic scheme of the time-resolved pump-probe experiment. The pump beam
excites the sample and the subsequent probe beam measures the transient trans-
mission or reflection (shown in dashed box) or polarization change from the sample.
The temporal pump-probe delay At of the 2 beams is adjusted by the delay stage.

2.3 Ultrafast Terahertz Spectroscopy Experiment

2.3.1 Terahertz spectroscopy setup

Our ultrafast THz spectrometer is driven by the 1 kHz Ti:sapphire regenerative amplifier
with 35 fs pulse duration and 800 nm central wavelength. One part of the output (2.7 W) is used
to excite the sample directly or to pump the OPA to generate other wavelength ranging from
500 nm to 20 pum for excitation. Another part (200 mW) is used to generate THz field transients
via optical rectification in a 1 mm thick (110) ZnTe crystal (in some other experiments, we
also use other crystals like GaSe or 0.2 mm thick ZnTe to generate and detect THz). Another
small part of the output (a few mW) is used to detect the phase-locked THz transients in
time-domain via electro-optic sampling in a second 1 mm thick (110) oriented ZnTe crystal.

A schematic of the setup is shown in Fig. 2.8(a). A photo of the real setup in the purge box
is shown in Fig. 2.8(b). The generation beam (red lines), after passing through a delay stage,
illuminates the ZnTe emitter to generate THz radiation. A Teflon filter is then used to block the
800 nm generation beam and transmit THz beam. A 4-inch 90° off-axis parabolic mirror focuses
the THz beam at the sample position with ~2.5 mm focus diameter. A pump beam (dark red
line), after passing by a delay stage and a ~3 mm hole in the parabolic mirror, illuminates

the sample for photoexcitation. A second 4-inch 90° off-axis parabolic mirror collimates the
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Figure 2.8 (a) Schematic of the THz time-domain spectrometer. (b) A photo of the real
spectrometer in our lab. Only the parts in the purge box are shown.

THz beam, which is focused again by the third same type parabolic mirror onto the ZnTe
detector. The sampling beam (pink lines) is softly focused by a 750 mm lens onto the ZnTe
detector at the same position as the THz beam for electro-optic sampling. The second Teflon
filter is used to block the back-reflection of the sampling beam from the ZnTe detector from
hitting the sample from backside (it is also used to block the transmitted pump beam through
the sample). The transmitted sampling beam is then sent into a polarization bridge composed
of a quarter-wave plate, a Wollaston prism, and a balanced detector to detect the intensity

difference of the vertical and horizontal polarizations. The output from the balance detector
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is sent to an lock-in amplifier for signal amplification and noise rejection. A computer is used
to collect and save the data from the lock-in amplifier. Two optical choppers are employed
to assist data acquisition. One is used in the generation beam, while the other is used in the
pump beam. For the static THz measurement (there is no pump yet), the chopper modulates
the generation beam at 500 Hz and triggers the lock-in amplifier at the same frequency. The
output from the lock-in amplifier measures the absolute static THz fields Ery,(¢). And for
photoexcited measurement, the chopper in pump beam modulates the pump pulses at 500 Hz
and triggers the lock-in amplifier at 500 Hz. The output from the lock-in amplifier measures
the pump-induced THz field change AFEry,(t, A7) at pump-probe delay Ar. The absolute
THz field with photoexcitation can be obtained by Efy,(t, A7) = Evw,(t) + AETHL (T, AT).
Interesting physical parameters can be extracted after knowing Ery,(t) and Ely, (¢, AT) as to
be discussed later.

The sample is mounted behind a 2.5 mm diameter copper aperture. Another clear aperture
with the same diameter is also mounted as a reference. The sample and reference sit on a 3D
stage for precise position tuning (not shown in the photo). The sample and reference can also

be mounted into a vacuum cryostat for low temperature experiment.

2.3.2 Terahertz generation and detection techniques

Compared with other frequency bands from radio waves to ~-rays, THz band is one of
the least explored spectral ranges due to the lack of efficient and compact THz wave emitters
and detectors for a long time. For the past years, a few approaches have been developed to
generate and detect THz radiations either coherently or incoherently (although they are either
weak or bulky or cannot operate at normal conditions), such as quantum-cascade lasers (QCLs)
(1), photoconductive antennas (PCAs) (2), optical rectification (OR) (3), free electron lasers
(FELs) (4), bolometers, pyroelectric detectors, etc. Some of them require low temperature to
operate (QCLs, bolometers) and some are very bulky (FELs). The most popular table-top THz
generation and detection techniques, although relatively low efficiency, are the OR and PCAs
for generation and electro-optic sampling for detection. The techniques we use are the OR and

electro-optic sampling, respectively.
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The most popular nonlinear crystal for OR is the ZnTe. The structure of ZnTe is noncen-
trosymmetric and has no inversion symmetry, because Zn has a lower electronegativity than
Te. Therefore, electrons are not evenly distributed between Zn and Te (5). When driven by
an external electric field oscillation, the electrons experience asymmetric potential energy and
have nonlinear motion. If the driving field is F(t) = Egexp(—aot?)exp(—iwot), the polarization

of the electrons in ZnTe crystal induced by the driving field is
P(t) = aE(t) + XY E(t)E*(t) + higher orders. (2.1)

The first term of linear polarization is Ppinear(t) = «FE(t), and the second-order nonlinear
term is Pyp,(t) = xP E(t)E*(t). (The higher orders have much smaller efficiencies and will
not contribute considerably in the case, so they can be neglected.) The second-order nonlinear
efficiency ¥ is much smaller than the linear efficiency «, so when E (t) is small, the linear
effect dominates the nonlinear effect. But when E(t) is very large, the nonlinear contribution
cannot be neglected.

Assuming electrons oscillate around their mother atoms with the revised harmonic oscillator
model including nonlinear response, the asymmetric potential energy of electrons is given as
U(z) = 3koz? + tka3, where kg = mwd. The polarization can be expressed as in Fig. 2.9.
The total polarization P(t) (red) is composed of 2 components: linear polarization Ppinear(t)
(dashed green, oscillating with the same frequency as the driving frequency wyp), and nonlinear
polarization Pyr,(t) (dashed blue). The linear polarization is nothing interesting. It will radiate
electromagnetic waves at the same frequency as the driving field (wp) with delayed phase. The
nonlinear polarization can be further divided into 2 components as shown in the bottom panel.
One (solid blue) is linear oscillation but with twice driving frequency (2wp). This component
is the source of the SHG; the other (dashed blue) is a constant rectified polarization from
OR, the amplitude of which is proportional to Py, (t) = X(Q)Egexp(—2agt2), i.e., the rectified
second-order nonlinear polarization follows the driving field envelop. For a typical 35 fs laser
pulses, the pulse envelop has bandwidth ~12.6 THz, calculated from the transform-limited

relation Av - 7,=0.44, where Awv is the bandwidth and 7, is pulse duration. Therefore, the

electromagnetic radiation from OR of a fs laser pulse is in THz range!
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Figure 2.9 Top panel: an external driving electric field with frequency wy. Middle panel:
polarization of electrons in a noncentrosymmetric medium driven by the external
field. The total polarization (red) is composed of a linear component (dashed
green) and a nonlinear component (dashed blue). Bottom panel: the nonlinear
component (dashed blue) can be further divided into a linear component but with
twice the driving frequency: 2wg (solid blue) and a constant component (dashed
blue).

The ZnTe crystal structure is shown in Fig. 2.10(a). In order to generate most efficient THz
from ZnTe, the optical pulse polarization need to be parallel to the chemical bonds between
Zn and Te. This requires ZnTe crystal to be (110) cut and the angle between the optical pulse
and the ZnTe [001] axis 6 to be 55° as shown in Fig. 2.10(b). The generated THz intensity as
a function 6 is shown in Fig. 2.10(c). The angle between the optical pulse polarization and the
generated THz pulse polarization as a function of € is shown in Fig. 2.10(d). Clearly, §=55°
yields maximum THz radiation and the THz polarization is antiparallel to the optical pulse.
When 6=0 or 180°, there is minimum THz generation. When 6=90°, THz intensity is about

80% of the maximum generation and the THz polarization is perpendicular to the optical pulse.
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From 6=0 to 55°, the THz polarization changes from perpendicular to antiparallel gradually.

This feature can be used to tune the generated THz polarization.
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Figure 2.10 (a) The ZnTe crystal structure. (b) An optical pulse illuminates the (110) cut
ZnTe. The angle between the polarization of the pulse and the [001] axis is 6.
(c) The generated THz intensity as a function of 6. (d) The angle between the
optical pulse polarization and generated THz pulse polarization as a function of
6. The figures (a)(c)(d) are taken from Ref (5).

For THz detection by electro-optic sampling, it measures coherently the THz electric field in
time-domain. Therefore, unlike incoherent detection from a bolometer or pyroelectric detector,
the electro-optic sampling can measure both the THz field amplitude and phase. The THz
pulse duration usually is a few ps, but the sampling beam pulse duration, which determines
the temporal resolution, needs to be as short as possible. Depending on the desired detection
bandwidth, it needs to be shorter than 7, = 0.44/Awv. The electro-optic sampling technique is
illustrated in Fig. 2.11. The electro-optic detection mechanism employs the Pockels effect in

ZnTe. When there is no THz field in presence, the sampling pulse does not change polarization
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after going through ZnTe. Afterwards, the polarization is changed from linear to circular by
a quarter-wave plate. Next, a Wollaston prism separates vertical and horizontal polarizations,
which are equal in the case. Therefore the signal measured by the balance detector is Iggna =
I; — I,=0. On the other hand, when THz field is present and copropagates with the sampling
beam in the ZnTe crystal, the sampling beam polarization changes a little after going through
the ZnTe crystal, due to the THz field induced birefringence in the ZnTe which is linearly
proportional to the THz field strength. Therefore, the sampling polarization is elliptical (close
to circular) after the quarter-wave plate. The signal measured by the balance detector in this
case is not equal: Iggnal = It — Io = IAp, where I is the intensity of the sampling beam and
A is the phase retardation of the 2 perpendicular polarizations of the sampling beam after

traveling through the ZnTe crystal. Ay can be calculated as (6)
Ap = (ny — ng)wL/c = wLnry Ety,/c, (2.2)

where n, is the refractive index of the sampling beam in ZnTe, r4; the electro-optic coeffi-
cient (=4 pm/V for ZnTe), L the thickness of the ZnTe crystal. Clearly, the signal measured

by the balance detector Iggnal is linearly proportional to the THz field strength Ery,.

Wollaston
ZnTe prism Balance

THz pulse A
W detector
A “
I

Sampling pulse

4

Sampling polarization I, = %1(1 + Ag)

ST o L
- 1 1 o<

Figure 2.11 Schematic showing the electro-optic sampling technique.

I
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The detection polarization relations between the sampling beam, THz, and ZnTe are more
complex. The detail of the study is presented in (7). Here I will just summarize the conclusion
in Fig. 2.12. The ZnTe crystal is still (110) cut. The relations of THz polarization Eryy,,
THz wavevector kry,, the sampling beam polarization E,, sampling beam wavevector kp, and
their angles relative to ZnTe [001] axis are shown in Fig. 2.12(a). The measured THz electric
field amplitude as a function of angles are shown in Fig. 2.12(b). Clearly, both perpendicular
and parallel polarizations between the THz and sampling beams can yield maximum THz
detection efficiency. For example, when THz and sampling beams are parallel, THz field being

perpendicular to [001] axis gives the maximum efficiency.
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Figure 2.12 (a) The angles of THz beam Erp, and sampling beam E;, relative to the ZnTe
[001] axis. Both THz and sampling beams are perpendicular to the (110) cut
ZnTe surface. (b) measured THz electric field amplitude as a function of the
angles. The figure is taken from (7).

2.3.3 Terahertz data analysis

The typical time-domain THz fields from the ZnTe emitter and detector are shown in Fig.
2.13(a). The green line is the THz time-domain field [Fycf(t)] transmitted through a 2.5 mm
diameter copper clear aperture. The blue line is the THz field [Erp,(t)] transmitted through

a 0.51 mm thick GaAs wafer which is mounted behind the other 2.5 mm copper aperture.
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The red line is the pump-induced THz field change [AE,¢f(t)] through photoexcited GaAs after
some pump-probe delay time A7 which can be precisely controlled by the delay stage. The
THz field transmitted through the static GaAs wafer (blue) has smaller amplitude and ~4.5
ps time delay relative to that through the clear aperture (green). This can be understood as
the partial reflection of the THz field on the air-GaAs surfaces and the extra time it takes for
THz to travel in GaAs with refractive index (ngaas ~3.6) larger than that in air (n,,=1). The
corresponding THz spectra transmitted through clear aperture, static, and photoexcited GaAs
are shown in Fig. 2.13(b), which shows clearly the finite spectrum ranging from 0.5-2.5 THz,

which is a typical range for 1 mm thick ZnTe crystals.
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Figure 2.13 (a) The THz time-domain fields transmitted through a 2.5 mm copper clear aper-
ture (Eyef(t), green) and a GaAs wafer mounted behind another 2.5 mm copper
aperture (ETp,(t), blue), and its pump-induced field change (AFETn,(t), red).
(b) The corresponding THz spectra transmitted through clear aperture (Eef(w),
green), static GaAs (Etp,(w), blue), and photoexcited GaAs (Ey,(w), red).

By comparing the THz spectra through reference (a clear aperture), static, and excited sam-
ple, we can extract a lot of useful information of the sample. Specifically, we determine temporal
evolution of the THz conductivity in the photoexcited sample. The phase-sensitive nature of
the time-domain THz spectroscopy technique can directly yield both real and imaginary parts
of the conductivity and dielectric function on equal footing without the use of Kramers-Kronig

relations. Quantitatively, through the fast Fourier transformation and Fresnel equation, the
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complex-valued static transmission is calculated as T'(w) = E1,(w)/Eref(w), from where the
complex-valued static refractive index n(w), dielectric function £(w) = n?(w), and conductivity
o(w) = w[l — €(w)]epi are obtained. Next, from photoexcited THz measurement, the transient
transmission after pump-probe delay A7 is obtained: T (w) = [Etas(w)+AE1H, (w)]/ Eref(w) =
Errp, (W) / Eref(w), which yields the transient conductivity change AF(w) = & (w) — &(w) and
dielectric function change A&(w) = & (w) — &(w), where the primed parameters are for photoex-
cited cases. Other parameters such as wave vector k = fw /¢ = k1 + ika, absorption coefficient
a = 2ky, and penetration depth 6 = 1/a could also be obtained. From these results we can learn
important physics happening, such as carrier formation, relaxation, transportation, carrier and
phase transitions, etc.

For samples with very low THz transmission, reflected THz fields in time-domain are mea-
sured instead of transmitted fields. In such a case, the reference will be a gold mirror instead
of a clear aperture for transmission. By using the fast Fourier transformation and Fresnel

equation, the above mentioned parameters can be similarly calculated.
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CHAPTER 3. TERAHERTZ WAVE GENERATION FROM
SPLIT-RING-RESONANTOR METAMATERIALS

In this chapter, we demonstrate efficient THz emission up to 4 THz from optical rectification
in a single layer of 40 nm thick gold film of split-ring-resonator (SRR) metamaterials, based
on resonant photoexcitation of the magnetic-dipole resonance centered at 1500 nm wavelength
using 140 fs laser pulse. The strong THz emission intensity from the SRR emitter is on the
same order as optimal ZnTe crystals that are thousands times thicker, revealing a gigantic
resonant second-order sheet nonlinear susceptibility of SRRs ~ 10716 m?/V, which is three
orders of magnitude higher than the typical surface and sheet values of bulk crystals and thin
films. The THz bandwidth from the SRR emitter is only limited by the pump pulse duration.
Our approach could generate broadband gapless THz waves covering the entire THz band by
using shorter pump pulse.

Specifically, this chapter starts with an introduction to the metamaterials and the current
situations of THz generation and detection techniques, which also point out our motivation
for this project. Secondly, the SRR emitter fabrication information is provided. Next I will
present in detail the experiment setup and the characterizations of the SRR emitter by various
measurements (e.g., power-dependent, wavelength-dependent, polarization-dependent, etc.).
The second-order nonlinear susceptibility of the emitter is also calculated. Then, theoretical
explanation of the THz emission mechanism is discussed. Finally, this chapter ends with a brief
summary of current project and an outlook for future direction.

This chapter is largely based on the paper that is published in Nature Communications 5,

3055 (2014).
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3.1 Introduction

3.1.1 Metamaterials

Metamaterials are artificially structured materials with exotic properties that do not exist
in natural materials (8). Some of their unique properties include the negative refractive index
(9) and diffraction-free superlens (8). Additionally, they can be used as photonic elements
to control light waves. The potential applications include light source, electromagnetic wave
modulation, remote sensing, communications, ultrasonic sensors, antennas, cloaking devices,
etc.

Usually metamaterials are made from a group of periodically arranged unit cells on sub-
strates. The unit cell itself is made from conventional materials such as metals . The unit cell
size is normally smaller than the light wavelengths it is designed to work with. The metamate-
rials properties are not mainly determined by the materials they are made from, but from the
unit cell geometry, shape, size and orientation, etc. One typical unit cell structure of metama-
terials is the split-ring-resonator (SRR) as shown in Fig. 3.1. The SRR unit cell can be made
from metals such as gold, silver, copper, etc. The substrate materials can be insulators (glass)
or semiconductors (GaAs, Si). The unit cell lattice constant, depending on the applications,

usually ranges from hundreds of nm to mm.

(a) (b)

Figure 3.1 (a) Schematic of the SRR unit cell. (b) The SRR array on a substrate. The SRR
unit cell materials can be metals such as gold, silver, copper, etc. The substrate
materials can be insulators (glass) or semiconductors (GaAs, Si).
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Except the simplest SRR structure, some other more complex structures include fishnet,

chiral, cubic, spheric, and 3D structures (10).

3.1.2 Motivations

The THz spectral regime, ranging from about 0.1 to 15 THz, is one of the least explored
yet most technologically transformative spectral regions. One current challenge is to develop
efficient and compact THz emitters/detectors with a broadband and gapless spectrum that
can be tailored for various pump photon energies. However, the challenge merges different
disciplines of fundamental science and technology, ranging from ultrafast nonlinear optics,
condensed matter and materials physics to optoelectronics and microwave photonics. The
emerging THz technologies, such as quantum-cascade lasers (1; 11; 12), ultrafast photoconduc-
tive switches (2), have enabled various THz spectroscopy/imaging/sensing developments and
have offered perspectives, amongst others, for pushing the GHz switching speed limit of todays
logic/memory /wireless communication devices into the THz regime (2; 13).

In regard to broadband THz sources, a major recent progress (3) is based on nonlinear opti-
cal rectification in inorganic crystals such as ZnTe/GaP/GaAs/GaSe/DAST/LiNbO3, pumped
by femtosecond laser pulses combined with field-resolved detection via electro-optic sampling
using similar crystals. However, issues in these crystals are: strongly absorbing longitudinal
optical phonon bands that lead to a gap in the THz spectrum in the Reststrahlen region; sub-
tle quasi-phase-matching conditions that require locking phase velocity of the THz emission to
group velocity of the optical pump, which restricts the accessible pump photon energies to a
fixed and narrow range in order to increase the coherent length.

Recently, there have been efforts on thin THz emitter/detector crystals of 10-30 pm thick-
ness (3; 14) to increase the THz emission bandwidth by leveraging above-mentioned restrictions
and to enable integration with current micro-/opto-electronics technology. However, the rela-
tively small nonlinear susceptibilities of inorganic emitters limit the THz emission intensity.

Some other nonlinear media have also been explored although they mostly suffer from
either poor stability or limited bandwidth, e.g., the ambient air-plasma generation normally

with large shot-by-shot fluctuations (15; 16), and electrically-biased photoconductive antenna
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that not only requires extra voltage driving source but also has limited bandwidth (17), e.g.,
some substrate materials such as GaAs still have strong TO and LO phonon resonances at 8.1
and 8.8 THz, which limits the THz radiation in this range (5). The same narrow THz emission
bandwidth has also been seen from the fs-laser-accelerated photoelectrons in nano-plasmonic
structures (18; 19).

Meanwhile, nonlinear metamaterials have been actively pursued (9; 20; 21; 22; 23; 24; 25; 26;
27) and recently the development of metamaterials composed of SRRs has enabled researchers
to tailor resonant optical nonlinearities from the THz to the infrared and visible regions (8; 10).
In this regard, investigating single nm thickness metamaterials exhibiting artificial optical mag-
netism i.e., sustaining circulating ring currents at optical frequencies can meet the urgent de-
mand for new nonlinear materials for optical rectification free from both quasi-phase-matching
limitation and spurious THz phonon absorption. This is mainly due to the coexistence of reso-
nant nonlinearity (28; 29; 30) from magnetic dipoles and local electric-field enhancement in the
narrow gaps of the SRRs, which together allows efficient and broadband THz radiation from
emitters of significantly reduced thickness. In addition, tailoring the magnetic resonances of the
metamaterial emitters allows for matching to essentially any desired pump photon energy. For
example, this allows for integrating THz optoelectronics with high-speed telecommunications

as the 1.3-1.5 ym range is not ideal for the above inorganic crystals.

3.2 Sample Preparation and Characterization

The SRR sample has been fabricated using electron-beam lithography and high-vacuum
evaporation of gold, followed by a lift-off procedure. The sample is composed of a single layer
of 40 nm thin gold film of SRRs with a square lattice constant of 382 nm on a 1 mm thick
suprasil substrate coated with a 5 nm thick ITO layer that serves to prevent distortion due
to local charge accumulation during the electron-beam lithography. As shown in Fig. 3.2(a),
the big yellow SRR on the left illustrates the geometrical parameters used for the numerical
calculations. Three small yellow SRRs are overlaid in the middle of SRR array micrograph
on the right in order to compare the designed SRR geometry with the actual fabricated SRR

dimension.
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The SRR exhibits two resonances as shown in Fig. 3.2(b). The electric-dipole resonance

(red curve) is centered at 800 nm and the magnetic-dipole resonance (black curve) is centered

at 1500 nm. They are measured with the polarization of the incident light either perpendicular

(electric) or parallel (magnetic) to the gap of the SRRs respectively.

Figure 3.2
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(a) The design dimension of the SRR (left) and electron micrograph of the ac-
tual SRR array (right) with three designed yellow SRRs overlaid in the middle to
compare the designed and actual dimensions. (b) The linear optical transmission
showing electric (red curve) and magnetic (black curve) dipole resonances of the
SRRs. It is also plotted in the inset of Fig. 3.4 for easy reference.

3.3 Experimental Setup

Figure 3.3 schematically illustrates the experimental setup and shows key elements. A

Ti:sapphire amplifier is used to drive the whole setup with central wavelength 800 nm, pulse

duration 35 fs and repetition rate 1 kHz. The main portion of the output from the amplifier is

used to pump an optical parametric amplifier (OPA) to produce tunable near-infrared (NIR)

radiation from 1100 to 2600 nm of about 140 fs pulse duration. The NIR radiation from the
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OPA is used as a generation beam to pump the SRR emitter. The FWHM of the NIR beam
size is ~4 mm. Therefore, 1 pJ pulse energy corresponds to the fluence of 8 pJ/cm? and a
peak intensity of 5.7x107 W/cm?. The generated THz pulses are focused onto a ZnTe or GaSe
crystal by a parabolic mirror for electro-optic sampling by a small portion of the amplifier
output. A wire grid polarizer is used to measure the polarization of the generated THz pulses
(note the wire grid polarizer is used only for the determination of the polarization and not used

for all the other experiments). The THz section of the setup is purged with dry Ny gas.

. Ti:Sapphire amplifier
A=800nm, t=35f1s, forp=1kHz

\ Sampling beam ﬂ \
*—I Time delay T

THz waves!

Generation

Infrared OPA

k 7=1100— 2600 nm [

T=140fs

SRR Wire grid polarizer
emitter

ZnTe or GaSe
detector 2\/4

WP
Y L
Balance Ii—jl
detector

Figure 3.3 Schematics of THz generation and detection setup. PM: parabolic mirror, WP:
Wollaston prism.
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3.4 Experimental Results

3.4.1 Terahertz emission from pumping electric- and magnetic-dipole resonances

Typical time-domain THz traces, ET,, during the 4-ps interval and for a pump fluence
of 200 pJ/cm?, are shown in Fig. 3.4 for two pump wavelengths: this clearly demonstrates
THz generation is exclusively from pumping at the SRR magnetic-dipole resonance with 1500
nm (black dots), while there is negligible THz signal from pumping at the electric-dipole res-
onance with 800 nm (red line) and pumping the bare substrate with 1500 nm (green line).
The two resonances are excited with the linear polarization of the incident pump light either
perpendicular (electric) or parallel (magnetic) to the gap of SRRs. In addition, we characterize
the polarization state of the emitted THz pulses to be perpendicular to the gap of the SRRs,

consistent with the second-order nonlinearity.

E dipole M dipole

80 10
0.5

Resonant pumping

200 pd/em’ .
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Figure 3.4 Measured THz time-domain signals by pumping the SRR electric-dipole resonance
(red line) at 800 nm, magnetic-dipole resonance (black dots) at 1500 nm and pure
substrate (green line) at 1500 nm, respectively. The inset is reproduced from Fig.
3.2(b) showing electric (red curve) and magnetic (black curve) dipole resonances
of the SRRs.
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3.4.2 Pump wavelength dependence of THz generation

To further investigate the nature of the THz emission, a 2D false-color plot and the time-
domain THz traces in Fig. 3.5 show the detailed excitation-wavelength dependence. Resonant
photoexcitation of the magnetic-dipole resonance near 1500 nm leads to significant enhancement
of the THz emission, as shown in Fig. 3.5(a). The corresponding time-domain trace for the on-
resonance pumping is plotted in Fig. 3.5(c). The conversion efficiency quickly decreases under
off-resonance pumping, which is shown by the reduction of the THz emission for excitation
both below and above the magnetic-dipole resonance, at 2180 nm [Fig. 3.5(b)] and 1376 nm
wavelengths [Fig. 3.5(d)], respectively. The peak-to-peak amplitudes of THz emission AEry,
(red diamonds) closely follow the absorption around the magnetic-dipole resonance, as seen
by comparison with the 1-7" curve [blue, left side panel, Fig. 3.5(a)], where T is the linear
optical transmission of the sample. All of these observations corroborate the resonant THz
generation from nonlinear currents induced by the electrically coupled fundamental magnetic

SRR resonance.

3.4.3 Polarization dependence of THz generation

Figure 3.6 shows the control of the amplitude and phase of THz emission by varying relative
polarization by rotating the SRR emitter. As shown in the inset of Fig. 3.6(b), we define the
polarization angle to be 0 degree when the polarization of the pump beam is parallel to the gap
of the SRR and 90 degrees for the orthogonal polarization. Fig. 3.6(a) plots 7 traces by varying
the SRR emitter from 0 to 180 degree under 1500 nm pumping (traces are offset for clarity). It
clearly shows that the THz emission amplitude oscillates starting from a maximum at 0 degree,
crosses zero at 90 degrees and returns back to a maximum at 180 degrees with a 7 phase shift
from the origin. The complete polarization dependence of the emission amplitude is shown as
a polar graph in Fig. 3.6(b) where the peak-to-peak amplitude of THz signal is plotted as a
function of the rotation angle. The amplitude is best fitted with a cos®(#) function, where a
cos?(#) dependence is from the polarization between the pump beam and the gap of the SRR,

and the other cos(f) originates from the detection ZnTe crystal. In short, the ZnTe detector
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Figure 3.5 Pump wavelength dependence of THz generation from the SRR emitter. (a) A
2D false-color plot of the THz temporal traces for sweeping the pump wavelength
across the magnetic-dipole resonance from 1180 to 2400 nm. The left-hand-side
panel summarizes peak-to-peak amplitudes of THz emission (red diamonds) as a
function of pump wavelength, together with the 1-T curve (blue solid line). T
is the measured transmission around the SRR’s magnetic-dipole resonance. The
three colored curves (green, red, magenta) indicate the cut positions of three time—
domain traces shown in (b-d) corresponding to 2180 nm, 1540 nm and 1376 nm,
respectively.

is aligned such that it measures vertically (horizontally) polarized THz pulses at maximum

(minimum) efficiency and the efficiency follows a cos(#) function (7).

3.4.4 Comparison of SRRs with other emitters

Figure 3.7 compares the peak-to-peak amplitude of THz electric field A Fyy, versus pump
energy for the SRR emitter (blue squares) with two ZnTe emitters with thicknesses of 1 mm (red
diamonds) and 0.2 mm (magenta dots), respectively. The THz signals for the three emitters
are measured at the same pump energy and using the same ZnTe detector crystal of 1 mm

thickness. For the ZnTe emitters pumped at 1500 nm, the coherence length L. for the THz
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Figure 3.6 (a) The THz signals measured at several angles between the polarization of 1500
nm pump beam and the gaps of SRRs. The traces are offset for clarity. (b) The
polar graph of the peak-to-peak amplitudes of THz signals as a function of the
SRR emitter rotation angle. The inset defines the angles between the polarization
of the 1500 nm pump beam (black arrows) and the SRRs.

emission is ~ 0.2 mm (5). Increasing the crystal thickness beyond this value actually decreases
the emission intensity, as seen for the 1 mm ZnTe case. This effect is expected from the quasi-
phase-matching in the ZnTe emitter crystal: after propagating L., the superposition of the
emitted THz pulses from different sheets will have destructive interference in the ZnTe. Most
intriguingly, Fig. 3.7 reveals a remarkably efficient THz generation from the 40 nm thick SRRs
with emission intensity on the same order as the optimal ZnTe emitters of 5000 times thicker:
the SRRs generate THz radiation approximately 1/5 of the maximum from the 0.2 mm ZnTe.
The emitted THz electric field scales linearly with the pump energy, which corroborates the
optical rectification process. Our phase-resolved THz measurements from the SRR and ZnTe
emitters allow us to unambiguously determine the second-order nonlinear susceptibility of the
40 nm thick single layer SRR emitter to be 0.8x10®m?V~! (detail of the calculation will be
presented in section 3.5), which has not been possible from previous nonlinear measurements

such as the second-harmonic generation (28; 29).
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Figure 3.7 The peak-to-peak amplitude of THz signal versus pump energy measured with
three different THz emitters: 0.2 mm ZnTe (magenta dots), 1 mm ZnTe (red
diamonds) and SRR (blue squares) and the same detector of 1 mm ZnTe. The
straight lines are from linear fitting.

3.4.5 Terahertz bandwidth from SRR emitter

Figure 3.8 plots normalized temporal traces of THz electric fields and corresponding spectral
amplitudes from the SRR emitter. The THz detection crystals are 1 mm ZnTe (red), 0.2 mm
ZnTe (blue) and 0.1 mm GaSe detector (green). This demonstrates the THz bandwidth of
the SRR emitter up to 4 THz that is limited mostly by the excitation pulse duration of ~
140 fs (spectral width ~ 13 meV or 3.2 THz) and by the Reststrahlen region of the inorganic
nonlinear detector crystals (centered ~ 5-6 THz). Our approach can potentially even generate
much higher THz bandwidth by shortening the pump pulses because the SRR emitter does
not suffer from the intrinsic limitation of the Reststrahlen region in almost all inorganic THz

emitters/sensors.
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Figure 3.8 The normalized time-domain THz fields and corresponding spectral amplitudes
generated from the same SRR emitter and measured by three different detectors:
1 mm ZnTe detector (red, a-b); 0.2 mm ZnTe (blue, c-d); and 0.1 mm GaSe (green,
e-f).

3.5 Calculation of the Second-order Nonlinear Susceptibility of the SRR
Emitter

We describe in this section the procedure to extract the second-order nonlinear susceptibility
of the SRR emitter. We start with the wave equation in a nonlinear medium propagating in
z-axis as (5):

OPEr(zt) 13 8°Br(zt) 1 PP (2t) @ PIE(z,8)
072 c? ot? T goc? ot? 2 ot?

(3.1)

where Ep(z,t) is the generated THz field, n the refractive index of THz pulses in the
nonlinear medium, gg the free space permittivity, ¢ the speed of light, Pg)(z,t) the second-
order polarization of the nonlinear medium due to the optical pump beam E,(z,t), and x?
the second-order nonlinear susceptibility of the nonlinear medium. As shown in Fig. 3.9, we
define a Gaussian optical pump pulse propagating in a nonlinear medium, and at z = 2’ the
optical pulse field amplitude can be expressed as Ey(z,t) = Ege—alt=="/ ”0)2, where a=2In2/ Tg

and 7, is the optical pulse duration, which is 140 fs in our case, and v, is the group velocity
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Figure 3.9 A Gaussian optical pulse at z=z' propagates along z-axis in a nonlinear medium
with thickness L.

of the optical pump pulse in the medium. THz radiation generated from an infinitesimal thin

layer of the nonlinear medium at z = 2’ can be expressed as Er(2/,t) = AxY® (1 — 4az?)e~20%"

_ 42 L2
where © =t o e

, A is a constant, L the thickness of the medium, and vt the phase
velocity of THz pulses in the medium. Consequently, the THz field generated from a single

sheet of SRRs can be obtained as
SRR 4\ _ (2) A42Y,—2at?
E3™7(t) = Axgpr(1 — 4at®)e . (3.2)

In a thick nonlinear medium, the THz field generated can be obtained by taking the inte-

gration of the sheet result over the thickness. For a 0.2 mm thick ZnTe crystal, we have:

InTe L=0.2mm , , L=0.2mm @) o\ oan® 1 1
Ef"e(t) = ; Er(z',t)dz" = ; Axy (1 —4ax™)e dz
Ay t—1.89ps
= CXZ“TQ/ (1-— 4ax2)e_2a‘”2dx. (3.3)
nT —No Jt—2.10ps

In the calculation, the group refractive index of optical pump beam at 1500 nm is n, =
Ngr(1500nm)=2.82 [ref (31)]. The central frequency of the THz spectrum ~ 2 THz is used to
determine the refractive index of THz in ZnTe, i.e., ny = np(2 THz). Because we found that our
calculation is very sensitive to the indices which depend on each own crystal specifications, so
in order to get as accurate calculation as possible, we measured it experimentally by comparing

the time-domain THz transmission through free space and the 0.2 mm ZnTe crystal, from where
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the refractive index is obtained. The results are shown in Fig. 3.10, which indicates that nt =

3.15 at 2 THz.
a b
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Figure 3.10 (a) THz time-domain signals transmitted through free space (purple) and the 0.2
mm ZnTe crystal (red). (b) The measured refractive index of the ZnTe crystal as
a function of frequency

Knowing the measured peak-to-peak amplitudes AE%RR ~ 0.2 x AE%nTe and X(Z?Te =
2ry1 = 8 x 10712 m/V, where ry; = 4 x 10712 m/V (32; 33) is the electro-optic coefficient of

ZnTe, we can extract X(SQR from calculated THz electric fields by comparing Equs. 3.2 and 3.3.

The result is shown in Fig. 3.11, where Xé2p)3 = 0.8 x 10716 m2/V reproduces the experimental
peak-to-peak ratio. Therefore, we reveal a gigantic resonant sheet nonlinear susceptibility of
SRRs, which is three orders of magnitude higher than the typical surface and sheet values.
For example, the typical surface values are in the range of ~ 10722 m?/V—-10"2! m?/V for
fused silica and BK7 glass, ~ 10712 m2/V for liquid crystals, inorganic and organic thin films
(34; 35; 36).

Note the above calculations do not take into account the detector response function since

THz waves from both SRRs and ZnTe are measured by the same detector.

3.6 Theory to the Terahertz Generation From Split-Ring-Resonators

The observed THz emission from the SRR emitter is due to optical rectification (OR) by

the second-order nonlinear electric response arising from the electrons in the metal that makes
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Figure 3.11 Theoretical calculation of the second-order nonlinear susceptibility of the SRR
emitter. THz fields generated from the SRR emitter (red) and the 0.2 mm ZnTe
emitter (purple) are plotted. The nonlinear second-order susceptibility of the
SRR emitter is extracted by comparing the peak-to-peak amplitudes of SRR and
Zn'Te emitters.

up the SRR. As shown in previous literature, the electron gas in the metal can be described by
a hydrodynamic model (28; 29; 30) known as Maxwell-Vlassov theory, which goes beyond the
usual linear Drude model for the metallic response and contains second-order nonlinearities as
described by:

2

1
0= "B —1j— S (BAivE +j x B) + —(j - grad)j + —gradp (3.4)
m m ne m
1 h
p(n) = 5(3#)2/3%715/3 (3.5)

The first two terms comprise the linear response as described by the conventional Drude
model, the following terms are the nonlinear response of the electrons and represent Lorentz
force, convective acceleration and Fermi pressure, respectively. All the nonlinear terms are
second-order in the Maxwell fields, giving rise to a non-zero second-order electric polarizability
@, which is responsible for the second harmonic generation as well as for the THz generation

via OR considered here.
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As was shown in Ref. (30), the main nonlinear contributions are coming from the EdivE and
(j-grad)j terms, which do not contribute in the bulk but do contribute on surfaces. Qualitatively,
both terms behave like jp, current times accumulated density on the surface: As a consequence
the nonlinear current is parallel or antiparallel to the linear current induced by the external
excitation in regions of increasing or decreasing surface charge, respectively. This behavior is
illustrated in Fig. 3.12: in the case of a simple straight nanorod (left panel), the radiation
caused by the nonlinear current contribution (red arrows) in the two regions of surface charge
accumulation (i.e. both ends of the nanorod) is out of phase, interferes destructively, and is
not observed in the far field. Similarly, the symmetry of the current distribution at the electric
dipole resonance of the SRR (middle panel) leads to nonlinear polarization that is parallel to
the linear currents at the top ends of the SRR where (positive) charge is accumulating and
anti-parallel at the bottom where (positive) charge is depleting. Hence, again, no radiation
due to the nonlinear current contributions is observed in the far field. If, however, we excite
the resonant mode that has a continuous current (without nodes) around the SRR ring (right
panel), i.e. from the tip of one arm to the tip of the other, the nonlinear current in both
arm are now parallel, their radiated fields interfere constructively and are observed in the far
field. This mode is the magnetic resonance of the SRR, to which we couple electrically by
the incident optical pulse (i.e. via the bi-anisotropic electric dipole moment across the gap),
such that the resonance can be excited for normal incidence to the SRR plane. It should be
noted that, although the mechanism also holds for second harmonic generation reported before
(28; 29), the current phase-resolved THz results allow us to solve completely different pressing
challenges in THz opto-electronics and gain new insights in nonlinear optics of metamaterials,
i.e., quantitatively reveal the second-order susceptibility of the SRRs and phase reversal of THz
emission, which have not been obtained in prior SHG experiment.

In first approximation we can describe the temporal optical input signal as a linearly chirped
Gaussian pulse,

G(t) _ ei(\I/t2+Qt+¢)hUO (t) + eﬂ(\l}t%ﬂtw)hzo (t) (3.6)

w2
& he(w) = (20v271) " te 202 and ¥, Q, ¢, 00 € R, and o¢ > 0, and
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Figure 3.12 Distributions of the linear current (blue arrows) and nonlinear polarization (red
arrows) for a linear cut-wire (left panel), the electric resonance (middle panel),
and electrically excited magnetic resonance (right panel) of the SRR. The + and
- indicate charge accumulation. Only the magnetic resonance of the SRR (right
panel) exhibits an appreciable THz emission via difference frequency generation
(DFG) due to the broken symmetry.

The linear chirp o = 2W¥ /0 is just a redefinition o = 0y/1 — i and can be obtained from
the difference in spectral width of the measured power spectrum of the pump pulse (o ~ 27 x 9
THz) and the temporal width of the pump pulse derived from a cross-correlation measurement
(00 =~ 27x 2 THz). Q is the center frequency of the pump pulse and ¢ a phase shift between

carrier and envelope.
G(t) = O n (1) + eI p* (1) & G(w) = €Che(w — Q) + e PR (—w — Q) (3.7)

where 0 = g1 — i, 0 = 20—%’, with the second-order nonlinear response being proportional
0
to

GO (t) = 202 () + e CUT2Ip2 (1) 4 7 CUF2) 2 (1)) (3.8)
1 7 —21 *
G (w) = 5 {2h\/§ao(w) +é? ‘z’hﬁa(w —2Q) +e? ¢h\/§0(—w - 29)} . (3.9)

The OR is the first term in the spectrum above; the other two summands represent the
SHG, which is removed from the signal by the Teflon filter in the THz signal path and by the
detector crystals acting as an effective low-pass filter. Note that the chirp drops out and the

OR signal only depends on the temporal envelope of the pump pulse.
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We can write the radiated THz field in terms of a x(?) polarizability of the SRR sample
shown as:

EU) (W) ~ ¥ (—iw)?)G? (w) & EL) (1) ~ D32 5, (1). (3.10)

rad

The time derivative in the radiated fields suppresses zero-frequency components such that

the THz spectrum has a peak at finite frequency,

E(nl)(w) ~ X(2)w26_Q & Egzld)(t) ~ X(Q)ag(l — 208t2)e_a(2>t2. (3.11)

rad

The THz spectrum peaks at w = 20y and has a bandwidth Awpwam ~ 2.310.

Strictly, the radiated nonlinear fields are given by the currents in the SRR, which are pro-
portional to the reflection amplitude of the electric sheet given by the SRR metasurface. So
in the formulas above we have G(w) ~ R(w)G™ (w). From the linear transmittance measure-
ments of the SRR we get R(w) =~ Zo.(w)/[2 + Zoe(w)] with Zoe(w) ~ —iaw/(B% — w? — iyw)
where o =384, [ ~ 27wx199 THz, and v ~ 27 x15.4 THz. Thus, since the SRR resonance is
very wide compared to the bandwidth of the optical pump pulse envelope (0y ~ 2mx2 THz)
the effect of R(w) on the THz pulse shape is negligible: In our experiments, the achievable THz
bandwidth is limited by the duration of the optical pump pulse, not the SRR response.

A second, more severe problem is that the bandwidth and, in particular, the upper cut-off
frequency (low-pass, between 2 and 3 THz depending on the used crystal) of the detectors is
much smaller than the expected THz signal. As a consequence, the spectrum of the observed
THz signal in our experiments is not limited by the OR but essentially given by the bandwidth

of the detectors. The so predicted THz waveform agrees well with the experimental observation.

3.7 Summary and Outlook

In summary, we show that a single nm-scale layer of SRRs merges nonlinear metamaterials
and THz science/technology, representing a new platform for exploring artificial-magnetism-
induced nonlinear THz generation. This leads to broadband THz emission from deep-sub-
wavelength-scale meta-atoms.

One of the future objectives is to design and fabricate 3D SRR emitters in order to greatly

improve the THz emission intensity. Although our SRR emitter has much larger second-order
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nonlinear efficiency than conventional nonlinear media, it is only nanometer thick, which cannot
fully compete with the conventional nonlinear crystals of thousands times thicker at this stage
regarding the total THz emission intensity. Our study opens fascinating opportunities for
scaling up of the THz emission power via engineering 3D-like nonlinear metamaterials emitter

and/or unit cells with even larger nonlinearities.
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CHAPTER 4. TERAHERTZ WAVE MANIPULATION FROM
PHOTO-IMPRINTED PHOTONIC STRUCTURES AND
METAMATERIALS

In this chapter, we demonstrate ultrafast THz wave manipulations with 2 kinds of pho-
tonic structures: (i) the 1D and 2D photo-imprinted diffractive gratings and (ii) photoexcited
double-SRRs metamaterials. For the first structure, the photo-imprinted diffractive elements
are realized by projecting the optical image of a photomask onto a GaAs substrate using a
fs laser source. The resulting high-contrast pattern of illuminated and dark regions creates
diffractive elements to modulate THz waves with reconfigurable functionality. For the second
structure, the fs laser excited double-SRRs modulate THz resonances and at relatively high
fluence, photoexcited diffractive gratings emerge and dominate electric resonance, revealing a
reversible and nonmonotonic modulation effect as a function of pump fluence.

Specifically, this chapter starts with the study of 1D and 2D photo-imprinted photonic
structures. The experimental setup, photonic structure geometries and dimensions are pre-
sented in detail, as well as the THz modulation results as a function of the structure lattice
constant, duty cycle, and pump fluence. Simulation is also performed in order to fully under-
stand and explain the mechanism of the observed results. Next, this chapter moves on to the
study of double-SRRs metamaterials. The sample information is given. The fluence-dependent
and carrier-concentration-dependent resonance tunability are studied in detail. Simulation is
finally performed to explain the experimental results.

This chapter is largely based on the published paper Applied Physics Letters 103, 043101

(2013) and Physical Review B 86, 125110 (2012).
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4.1 1D and 2D Photo-imprinted Diffraction Gratings for Terahertz Wave

Manipulation

4.1.1 Introduction

The THz spectral range has long been an inaccessible region in between the successful
realms of electronics and photonics, because of the lack of efficient and compact sources and
detectors for THz radiation. In the past few decades, however, the development of technologies
like quantum-cascade lasers (1; 11; 12), THz wave generation through nonlinear crystals (37)
and THz time-domain spectroscopy (38; 39) has enabled the exploration of THz science and
the rapid rise of THz imaging and spectroscopy for, amongst others, biomedical and security
applications (2; 13). However, controlling THz radiation has proven to be more difficult, al-
though recent breakthroughs in waveguiding (40) and manipulating (41; 42; 43; 44; 45; 46) THz
waves have been reported. A major driving force behind these breakthroughs is the progress
that scientists have made in artificial materials containing conductive structures, for example,
frequency-selective surfaces (47), metamaterials (9; 10; 48) and photonic crystals (49; 50; 51).
By carefully tailoring the response of these artificial materials, it is possible to create THz de-
vices like filters (41; 42),absorbers (43; 44),and polarizers (45; 46). It is even possible to achieve
tunability by incorporating semiconductors with electrical biasing into the artificial materials
(20; 21; 52) or the ability to switch between two different states (22; 53; 54; 55), but these
devices have essentially a specific functionality determined at the time of their design.

In this section, we demonstrate a reconfigurable THz wave modulator, realized by creating
a photonic structure by projecting the optical image of a metal mask onto a thin GaAs sub-
strate using a femtosecond pulsed laser. We show that the resulting high-contrast pattern of
photoexcited carriers can create diffractive elements, which can be tuned between a wide class
of functionalities, such as beam shaping, beam steering, and wavefront correction, potentially

providing a route to THz modulations with reconfigurable functionality.



46

4.1.2 Experimental setup and results

The scheme of the approach, which is based on diffraction gratings, is shown in Fig. 4.1. A
800 nm femtosecond pulsed laser beam illuminates a metal mask and the image of the mask is
projected with a lens onto a 1 mm thick GaAs substrate. This creates a pattern of illuminated
and dark regions on the substrate as shown in the inset of Fig. 4.1. Where illuminated, the
pump beam creates carriers in the substrate by photoexcitation and the result is a photo-
imprinted conductive pattern of free carriers inside the GaAs substrate, which we can use to
manipulate THz waves. Being made from a copper film that is essentially impenetrable to the
pump beam, the metal mask enables us in principle to create high-contrast light patterns on

the GaAs substrate only limited by diffraction of the optical pump beam.

Image projected 800 nm
on the GaAs

substrate

Pellicle
Substrate

-

THz Detector

Imaging
lens

Mask

Figure 4.1 The experimental setup showing the key elements for reconfigurable diffractive
gratings for THz wave manipulation. Optically projecting an image from a pho-
tomask onto a GaAs substrate creates a grating in carrier concentration in the
surface of the GaAs.

We subsequently show experimentally that the resulting photo-imprinted patterns can be

used as diffractive elements for THz waves operating in transmission, which is highly desirable
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for many applications. THz pulses, generated by optical rectification of the femtosecond laser
pulses in a 1 mm thick ZnTe crystal, are focused on the GaAs sample and the transmitted THz
waves are detected by electro-optic sampling in a second 1 mm thick ZnTe crystal. The THz
pulse duration is approximately 2 ps, which is much smaller than the life time of photoexcited
carriers in GaAs (~1 ns) and the diffusion length of the photocarriers (in 1 ns the carriers
diffuse over a distance less than 2 pm) is much smaller than the diffractive element structure
sizes, so the photo-imprinted grating can be considered essentially static for a single THz pulse.
We start with a copper mask creating a photo-imprinted linear grating with lattice constant
of 60 pm and a duty cycle of D=50% (i.e. 50% of the area is illuminated, 50% is dark). From
the THz transmission spectra for a set of different pump fluences, shown in Fig. 4.2(a), we
observe a pronounced spectral feature with strongly reduced transmission at about f=1.39
THz when the THz electric field is polarized perpendicular to the grating lines (TE). For
the other polarization (TM), no sharp spectral feature is observed. We also observe higher
background transmission levels for low pump fluence (i.e., few photocarriers are created) and
low background transmission for higher pump fluence.

The two most plausible mechanisms possibly behind the spectral feature are either (i)
coupling to the first diffraction order in GaAs or (ii) a quasi-static electric dipole resonance in
the cut-wire elements created by the neighboring stripes of the grating. In order to distinguish
between both mechanisms, we have fabricated a set of masks with varying lattice constant
(duty cycle is fixed at D=50%) and a set with varying duty cycle (lattice constant is fixed at
a=60 pm).

The transmission spectra for the set with varying lattice constant, displayed in Fig. 4.3(a),
show a redshift of the spectra for increasing lattice constant. The spectral positions are inversely
proportional to the lattice constants as shown in the inset of Fig. 4.3(a) and consistent with
the cut-off frequency of the first diffraction order in GaAs, f = ¢/ngaasa, with ngaas=3.56
for GaAs at 1 THz. The transmission spectra for the set with varying duty cycle, displayed
in Fig. 4.3(b), show there is no shift in spectral position when the distance between the wires
is changed. This observation rules out the electric dipole resonance, which has a resonance

frequency that strongly depends on the capacitance between the cut wires (56). The redshift
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Figure 4.2 THz transmission spectra of the photo-imprinted linear grating. (a) Experimental
transmission spectra of a grating with lattice constant a=60 pm and duty cycle
D=50% for several pump fluences. The inset shows the projected image of the
metal mask at the position of the sample measured with a CCD camera. (b)
Simulation results from a simplified model of a diffraction grating with lattice
constant a=60 pm) consisting of PEC wires for different duty cycles D.

of the spectral minimum when the grating period is increased points to application of our
structure for reconfigurable THz filters.

Further evidence that our photo-imprinted gratings are purely diffraction-based and do
not suffer from additional complications like quasi-static resonances or surface modes comes
from simulation results involving a simple linear grating of perfectly conducting wires on a
GaAs substrate [Fig. 4.2(b)]. The resulting transmission spectra agree qualitatively with the
experimental spectra [Fig. 4.2(a)], both in the spectral position of the dip and the overall shape
of the transmission spectra. No surface modes or quasi-static resonances are seen in the electric
field distribution obtained from the simulations. In addition, comparison of the experimental
results of Fig. 4.2(a) and the simple model in Fig. 4.2(b) tells us that different pump fluence
values result in diffraction gratings with different diffraction efficiency; i.e., the pump fluence

provides us with a straightforward control over the properties of the diffractive element.
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Figure 4.3 (a) Experimental transmission spectra for masks with varying lattice constant (Flu-
ence is 96 pJ/cm?; duty cycle is D=50%). The inset shows that the transmission
dip frequencies are inversely proportional to the lattice constant (consistent with
diffraction). The black line is the cut-off frequency of the first diffraction order in
GaAs, f = ¢/ngaasa. (b) Experimental transmission spectra for masks with vary-
ing duty cycle (96 uJ/cm?; a=60 ym). The spectral position of the dips does not
depend on the duty cycle (consistent with diffraction; inconsistent with a cut-wire
resonance).

Not only can we create photo-imprinted linear gratings, but we can also generate two-
dimensional diffractive elements on the GaAs substrate. One example is shown in the inset of
Fig. 4.4 (a square lattice pattern with islands of photocarriers). The resulting transmission
spectra plotted in Fig. 4.4 again show a clear minimum at the diffraction edge associated with
coupling of energy into the first diffraction order. In fact we can create arbitrary patterns
and these experiments therefore open the door to designing diffractive elements with well-
established techniques from Fourier optics, which allow determining the required amplitude
gratings for fairly general functions including beam shaping (Fresnel lenses, spatial filtering,
wavefront correction) and beam steering, fan-outs, etc.

Finally, we performed realistic computer simulations of the experimental setup (the linear

grating) that take into account the lossy nature of the photoexcited carriers. We now model
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Figure 4.4 THz transmission spectra of a 2D photo-imprinted diffractive element. Inset: pro-
jected image of the metal mask at the position of the sample measured by a CCD
camera.

the photoexcited free carriers as a conductive sheet with a frequency-dependent conductivity
determined from measurements of illuminated GaAs substrates without any mask in place.
Fig. 4.5 plots the transmission spectra from these realistic simulations for several values of the
carrier density. They are in excellent agreement with the experiments shown in Fig. 4.2(a). We
accounted for the finite contrast ratio in the image of the mask. For high fluences, this results
in the creation of some photocarriers in the dark regions and, thus, in diffraction gratings with
finite contrast. As a consequence, we get smaller dip amplitude than in the idealized simulation
of Fig. 4.2(b). In addition, the background transmission now depends characteristically on the
carrier density (pump fluence) and the transmission dip is slightly blue-shifted for higher carrier
density, as observed in the experiment. The inset of Fig. 4.5 plots the electric field inside the

GaAs substrate. We observe the typical checkerboard pattern created by the interference of
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the transmitted and diffracted beams. We do not find any resonant fields in the structure,
thus avoiding the dissipative loss that that would be produced by surface waves and resonant
metamaterials (57). The simulations described in this paragraph will also be crucial in the

design of the more intricate diffractive elements mentioned above.
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Figure 4.5 Transmission spectra from computer simulations of the photo-imprinted carrier
grating taking into account the lossy nature of the photoexcited carriers. The con-
ductivity values are specified at 1 THz. The inset plots the electric field component
perpendicular to the grating at f=1.6 THz.

4.1.3 Summary and outlook

In summary, we demonstrated 1D and 2D photo-imprinted photonic structures to ma-
nipulate THz waves. The demonstrated photo-imprinted diffractive elements can be made
reconfigurable by replacing the fixed metal mask employed here by a device with spatially

controlled transmission for the optical pump beam. One possibility is a liquid-crystal spatial
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light modulator as recently utilized by Okada and Tanaka (54) for tunable THz devices, but
liquid crystals tend to have limited contrast, degrading the quality of the diffraction gratings as
shown above. In order to retain the excellent contrast ratios provided by the basically impen-
etrable copper mask, we could replace the mask by a digital micromirror device (DMD) (58),
a technology that is now widely used in digital-light-processing (DLP) projection equipment.
The reconfiguration rate that can be achieved in this way will be limited by the DMD mirror
switching time of about 20 us. The previous grating must also be erased, of course, but with a
typical recombination time of the photocarriers of 1 ns this will not be a limiting factor. This
allows for a reconfiguration rate of 50 kHz, sufficient for both sensing and imaging applications

relying on THz science.

4.2 Reversible Terahertz Wave Modulation in Strongly Photoexcited

Metamaterials

In this section, we present the other kind of THz wave manipulation scheme, through the

photoexcited double-SRRs metamaterials.

4.2.1 Introduction

Recently there has been significant interest in understanding ultrafast THz responses of
nonlinear metamaterials, for example, metallic SRRs patterned on substrates exhibiting sub-
stantial nonlinearities (59). The resulting components and schemes allow for constructing con-
trollable active THz devices with dynamical tunability of amplitude and phase, which fills the
demanding THz technology gap. Prior experiments using time-domain THz spectroscopy have
demonstrated dynamic tuning of both magnetic (20; 21; 22; 52; 60; 61) and electric (62) dipole
resonances of SRRs on semiconductors or superconductors. More complex structures of cou-
pled resonators on GaAs substrates have been proposed and experimentally studied, revealing
frequency-agile THz modulation, for example, a resonance shift with increasing photoexcitation
(22; 52). However, thus far all ultrafast studies of THz materials have been concentrated on
the relatively low photoexcitation, where a reduction or quenching of the resonant absorptions

is observed (20; 22; 63). Two outstanding issues are still poorly understood: First, there lack
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insights on how high density photoexcited carriers modify the dynamic responses of metama-
terials; second, the decay pathway of photoexcited metamaterials after femtosecond excitation
is not explicitly studied, and, particularly, the temporal evolution of the transient states have
only been understood as a density-independent relaxation back to the equilibrium.

In this section, we demonstrate an ultrafast reversible modulation of resonant THz absorp-
tion in strongly photoexcited metamaterials by optical pump and THz probe spectroscopy. This
process directly manifests itself via a remarkable reemergence of the originally quenched THz
resonance above a crossover density N. ~ 4.7 x 1016/cm? after femtosecond photoexcitation.
Increasing the excitation from below to above the transition density, we identify two distinctly
different relaxation pathways of the THz resonance with opposite dynamics. A model calcula-
tion of transient spectra incorporating the first-order diffraction mode from the photoinduced
transient grating reproduces the salient features, which is further corroborated by their depen-
dence on the unit cell lattice constant. The revealed scheme represents a relatively simple and
generic approach to achieve nonlinear and frequency-agile functions in THz devices without

particularly complex structures.

4.2.2 Experimental setup and results

The samples used are double SRRs on GaAs, illustrated in Fig. 4.6, which are patterned 6
pm copper rings on high resistivity GaAs of 630 pum thick. We mainly focus on two SRR samples
with unit cell lattice constant of 50 and 45 pm, and the outer dimension of an individual SRR is
36 pm. Our optical pump and THz probe spectroscopy setup is driven by a 1 kHz Ti:sapphire
regenerative amplifier with 40 fs pulse duration at 800 nm. One part of the output is used
to excite the sample, while the other part is used to generate and detect THz pulses. Phase-
locked THz field transients are used as a probe, generated via optical rectification and detected
by electro-optic sampling in 1 mm ZnTe crystals. Copper apertures of 2.5 mm are placed
in front of the sample and a GaAs reference to ensure a uniform illumination and faithful
comparison. The THz field transmission coefficient T'(w) is obtained by the ratio between two
Fourier transformed spectra from the transmitted THz probe pulses through the SRRs and bare

CaAs. We derive the complex transmission coefficient T*(w) = |T'(w)| €*“), where |T'(w)|and
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¢(w) are the amplitude and the phase, respectively, by the ratio for the Fourier transformed
signals. Transient THz signals are recorded at various time delays with respect to the pump

pulse to obtain time-dependent T'(w, A7). The whole setup is purged with dry-No gas.

Figure 4.6 Schematic of the SRR unit cell of one of the samples with lattice constant 50 pm
and the polarization of the normally incident THz radiation. a = 50 um, b = 36
pm,d =3 pm, g = 2 ym, and w = 6 pm.

The static transmission spectra are shown in Fig. 4.7(a) (black dotted line) with a THz
probe normally incident on the sample plane. The F field of the THz probe is as shown in Fig.
4.6. There are two main THz resonances detected in this configuration at w; ~1.6 and wy ~
0.5 THz, which originate from resonant electric processes consistent with prior measurements
(20; 62). The w; can be understood as the electric dipole resonance of the metallic bars of the
SRRs, and the wy is the magnetic dipole resonance induced by the circulating electric currents
generated by the incident F field.

The two THz resonances exhibit distinctly different pump fluence dependence, as shown in
the transient THz transmission spectra at A7 =20 ps [Fig. 4.7(a)] for two pump fluences: 19
pJ/em? (dashed cyan) and 56 pJ/cm? (solid red). The 20 ps pump probe delay is chosen to
ensure a measure of quasi-steady state considering the transient carrier lifetime in GaAs on the
order of 1 ns. The 19 uJ/cm? trace exhibits largely quenched resonances for both w; and wo
after photoexcitation. However, the 56 uJ/cm? trace clearly shows substantial recovery of the

resonant THz absorption around w;, while the ws resonance remains quenched. This salient
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Figure 4.7 (a) Transient transmission spectra T(w) taken under two excitation fluences, 19
(dashed cyan line) and 57 puJ/cm2 (solid red line), respectively. Static transmission
spectra without pump is plotted together (black dotted line). (b) The nonmono-
tonic pump fluence dependence (indicated by the gray arrow) of the resonant ab-
sorption ~1.63 THz for low (dashed lines) and high (solid lines) photoexcitation.
Spectra in both panels are taken at fixed pump probe delay of 20 ps.

feature is further corroborated in the detailed pump fluence dependence shown in Fig. 4.7(b).
In the low excitation regime from 1.2 to 19 pJ/cm?, there is a clear weakening in the transi-
tion strength and broadening in the linewidth for the w; resonance, with an almost complete
quenching at pump fluence of 19 uJ/cm?. Here, the transmission is ~45% higher and the peak
energy has a blue shift of ~60 GHz. In strong contrast, further increasing photoexcitation from
56 to 112 pJ/cm? results in a progressively pronounced resonance. The spectra clearly show a
red shift of the resonance energy, ~20 GHz for the highest pump fluence used, a partial recovery
of the transition strength and linewidth narrowing. This remarkable non-monotonic behavior

and re-emerging resonance near the w; manifest a reversible and frequency-agile modulation of
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the resonant THz absorption by photoexcitation. This behavior has been seen experimentally
observed for the first time. We explain below that for very high pump fluence, the first-order
diffraction will surpass the electric resonance behavior in the THz responses of photoexcited
metamaterials. In Fig. 4.7(b), the dips in the transmission above 56 uJ/cm? are due to the
first-order diffraction peaks discussed below.

The weak and strong photoexcitations lead to significantly different relaxation pathways
back to the equilibrium, as shown in the time evolution of T'(w) spectra following photoexcita-
tion in Fig. 4.8. For pump fluence at 4 uJ/cm?, the THz absorption at wy resonance exhibits
an initial photoinduced reduction, immediately followed by a relaxation back to the original
value on a ns time scale. Interestingly, opposite to those at the low excitation, the 70 pJ/cm?
dynamics clearly show a further reduction of the THz resonance ~1.6 THz following the initial
decrease. We emphasize two key aspects of this observation: (i) at the large time delay of
A7 =800 ps, the THz resonance ~1.6 THz is almost completely quenched for the 70 uJ/cm?
excitation, although a clear recovery of the resonance has been seen for the 4 ;J/cm? case; and
(ii) the pump-fluence-dependent relaxation dynamics of the resonance indicates another way
to achieve nonlinear and reversible THz modulation by tuning the time delay.

Ultrafast photoexcitation strongly alters the electronic states in the GaAs substrate by in-
jecting non-equilibrium transient carriers by using ultrafast laser pulses with a pulse duration
of 40 fs. Subsequent carrier-carrier /carrier-phonon collisions lead to decoherence and then to
a quasi-thermal, hot transient carrier distribution within 1 ps. This hot carrier distribution
further cools by emitting phonons and eventually relaxes to the equilibrium by carrier recom-
bination on the order of 1 ns. In the weak excitation regime below 19 pJ/cm?, the injected
carriers make the GaAs substrate conductive. This leads to the reduction of the resonant
absorption near w; and even complete quenching of the resonances (20). Thus, the observed
crossover from the photoinduced quenching to re-emergence of the THz resonance clearly in-
dicates a new collective excitation setting at the high excitation regime not accessible in the
previous measurements.

To gain quantitative insights into the transition density N. for the excitation-induced

crossover behavior, we experimentally study the evolution of the transient carrier density un-
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Figure 4.8 Time evolution of transmission spectra, plotted as -T'(w), in the photoexcited meta-
material of 50 zm lattice constant for (a) 4 J/cm? and (b) 70 uJ/cm?, respectively.
These clearly show the opposite relaxation pathways for the weak and strong ex-
citation regimes.

der two different strategies: (i) tune the pump fluence with a constant time delay A7, and
(ii) play with the time delay A7 by applying a fixed high pump power. The phase-sensitive
nature of the time-domain THz field measurement can directly yield both real and imaginary
parts of the optical conductivity in the photoexcited GaAs substrate on equal footing without
any model assumptions. This provides a direct determination of the transient carrier density,
based on an analysis using the Drude model (64). Referring to the set of measurements in
Figs. 4.7 and 4.8, we show the fluence-dependent carrier concentration at A7 = 20 ps in the
inset of Fig. 4.9, and the transition occurs at density N, = 4.7 x 1016 /cm?, which corresponds
to pump fluence 19 uJ/ cm?. On the other hand, Fig. 4.9 plots the temporal evolution of the
transient carrier concentration excited by 70 pJ/cm?, which shows an exponential decay with
a peak density ~ 10'7/ecm?. By correlating the temporal profile to the fluence dependence of

the carrier density, we define a crossover point at time delay of A7, ~1.73 ns (black square)
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Figure 4.9 The extracted transient carrier concentration as a function of time delay. The left
and right gray areas illustrate a crossover from the high to low excitation regime
with a crossover density N, (black square). The inset plots the extracted transient
carrier concentration as a function of pump fluence at AT =20 ps, marked together
with N, corresponding to the density excited by 19 pJ/cm?.

corresponding to the transition. This naturally divides the transient electronic density of pho-
toexcited metamaterials into two regimes with opposite time and excitation dependence, as
illustrated in the shaded areas of Fig. 4.9. Here, we mention the transition is not related to
the high-reflective/antireflective regime discussed in Ref. (65). Transient spectra at various
time delays, as shown in Fig. 4.10 show a reversal of the THz transmission change once the
system is driven across the boundary, corroborating well with our conclusion, e.g., the THz
transmission recovers its strength at A7 =2.2 ns after initial quenching at time delays before

1.73 ns.

4.2.3 Simulations and discussions

Next, we analyze the transient THz response of photoexcited metamaterials by full-wave
numerical simulations. First, we take into account photoinduced dynamic response of the

GaAs substrate. In our simulations, for simplicity we only consider a 1-pum-thick homoge-
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Figure 4.10 The transient transmission spectra T'(w) at various time delays following 70
pJ /em? photoexcitation.

neously photo-modulated layer described by the well-established Drude model beneath the
copper SRRs, but neglect the un-modulated regions hidden by SRRs in the optical path. (We
have checked and determined it has little influence on the results.) The settings in the simula-
tions describe the experiments, in which the two ports are settled in a vacuum at the two sides
of the SRR sample, as the source and receiver ports, shown in Fig. 4.11. A time filter has been
used to gate out the echo signals from the multi-reflection, the same as the time windowing in
the experiments. The frequency-dependent complex conductivity of the Drude model for the
photoexcited layer is 0 = aowg / (v —iw). Here, g¢ is the permittivity of a vacuum, = represents
the collision frequency, and wy, = 1/ Ne? / (eom*) the plasma frequency. The free electron charge
e is 1.6 x 10719 C and the effective carrier mass in GaAs, m* = 0.067mg. We modulate the
carrier density N in our simulations. Thus, the photoexcited layers has the dielectric func-
tion, e(w) = &5 + i0/(gow), where g5 (=12.7) is the dielectric constant of the undoped GaAs
substrate. In our simulations, we keep v = 1.8 THz for all the cases as in Ref. (62).

Figure 4.12(a) shows the simulated transmission spectra for various carrier densities N. The
simulation clearly shows the crossover from a reduction to an enhancement of the resonant
THz absorption ~1.6 THz as the excitation from low to high density regimes. This agrees well
with the photoinduced reversible modulation demonstrated in the experiments. Specifically,
in the low density below 4.0 x 10'6/cm?, the THz resonance peak in the transmission curve

exhibits clearly weakened transition strength, a blue-shift and spectral broadening. Increasing
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Figure 4.11 Schematic of the simulation configuration.

the carrier density above 4.0 x 10'®/cm3, the resonant THz peak progressively reemerges, e.g.,
a clear transmission dip seen for the case N = 8.1 x 10'7/cm3. From the simulations, we
can attribute the reemergence of the resonant THz absorption at high density to the effect of
first-order diffractive waves from photoinduced transient grating. Due to the periodic structure
of the SRRs, the first-order diffractive wave is determined to propagate in the substrate at
high excitation, which strongly influences the fundamental absorption mode. This leads to a
new THz transmission dip at f; = ¢/(na) above a transition density ~ 4.0 x 1016/cm?. Here,
¢ is light speed in a vacuum, n the refractive index of GaAs, and a the lattice constant of
the structure. The SRR structure with the dipole resonance close to f; allows achieving a
reversal of resonant THz absorption with increasing photoexcitation, due to a crossover in the
absorption from the dipole mode to the diffraction mode.

In the photoexcited states, the resonance ~1.6 THz will be influenced by both electrical
dipole resonance and the first-order diffraction, due to photoinduced grating. Both show strong
excitation fluence dependence, whose interplay leads to the observed reappearance of the THz
resonance. Regarding the contribution from the first-order diffraction, it indeed exists regardless
of the excitation fluence. However, the efficiency of the diffraction should strongly depend on

the excitation fluence because the index contrast is a strong and nonlinear function of the
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(a): The simulated THz transmission spectra for various carrier densities N. The
photoinduced THz resonances in the strong excitation regime for two different
lattice constants 45 and 50 pum: (b) experiment and (c) simulation.

photo-injected carrier density. In the low fluence regime, the first-order diffraction is relative
inefficient and produces smaller scattering intensity than from the photoinduced softening of
electrical dipole resonance. Consequently, the net effect is the decrease of the amplitude of
the THz resonance. However, the opposite behavior appears at high photoexcitation. Here,
the electrical dipole resonance is strongly quenched and the response is dominated by first-
order diffraction contributions. The diffraction peak becomes more pronounced at high pump
fluence. Thus, referring to the cross-over point in Fig. 4.9, we can attribute this to a transition
between two regimes, where the first (low fluence) is dominated by electrical dipole absorption
in metamaterials, and the second (high fluence) by first-order diffraction. Additionally, if we

have a careful look at the simulation results for the unpumped case in Fig. 4.12(a), we may
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find a feature of a tiny kink at the frequency corresponding to the first-order diffraction. Such
a feature finally becomes a dip under high fluence.

To corroborate our model, we compare the re-emerged THz resonances from the experiment
[Fig. 4.12(b)] to those from the simulation [Fig. 4.12(c)] for two different lattice constants,
50 and 45 pm, respectively. The simulations are performed on the structures with the same
double-SRR array for the case with the density N = 8.1 x 107 /cm3. It is clearly visible that
the simulated transmission dip to higher frequency by decreasing the lattice constant and the
dip positions tightly link to the frequency of the first-order diffraction mode for each case.
An extremely good agreement between the simulation and the experiment is found for the
transmission-dip position and its shift, which underpins the effect of the high-order diffraction

mode in the strongly excited metamaterials.

4.2.4 Summary and outlook

In summary, we have demonstrated ultrafast photoinduced reversible modulation of reso-
nant THz absorption in strongly photoexcited metamaterials. Increasing the excitation from
below to above the threshold density N. we observe a crossover from a complete quenching
to a reemergence of the THz resonance. Our analysis and theoretical simulations, based on
the first-order propagation from the photoinduced transient grating, explain the density- and
lattice-constant-dependent frequency shifts. Our results clearly identify the importance of pho-
toinduced optical modes in metamaterials, besides the electronic resonances, which should be
carefully considered in designing future multifunctioning photonic-electronic devices using the
artificial periodical structures. The easy implementation of the revealed scheme represents

another approach to achieve nonlinear and frequency-agile functions in THz devices.
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CHAPTER 5. ULTRAFAST TERAHERTZ PROBES OF
INTERACTING DARK EXCITONS IN CHIRALITY-SPECIFIC
SEMICONDUCTING SINGLE-WALLED CARBON NANOTUBES

In this chapter, we demonstrate ultrafast THz electrodynamics of lowest-lying dark excitons
in optically excited (6,5) semiconducting carbon nanotubes. THz photons directly probe the
intra-excitonic transition 1s(g)—1s(u) between the lowest-lying dark and bright exciton states
with an energy gap ~6 meV under different lab conditions, e.g., lattice temperature, excitation
wavelength, and fluence. The experimentally observed THz responses are reproduced by an
analytical model which enables quantitative analysis of transient densities of dark excitons and
free e-h plasma, oscillator strength, transition energy renormalization and relaxation dynamics.
Non-equilibrium, yet stable, quasi-1D quantum states with dark excitonic correlations rapidly
emerge even with increasing off-resonance photoexcitation and experience a unique crossover
from dominantly dark exciton states to complex phase-space filling of both dark and bright
pair states, different from dense 2D /3D excitons influenced by the thermalization, cooling and
ionization to free carriers.

Specifically, this chapter starts with an introduction to the physical and electronic structures
of carbon nanotubes. The dark exciton energy dispersion of semiconducting carbon nanotubes
is also described. Next, the sample preparation procedures and basic characterizations are pro-
vided. The experimental setup and how we understand and analyze THz results are discussed
in detail. This chapter ends with a summary and outlook.

This chapter is largely based on the published paper Physical Review Letters 114, 107402
(2015).
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5.1 Motivations

Quasi-one-dimensional (quasi-1D) excitons in single-walled carbon nanotubes (SWNTSs),
with large binding energies of hundreds of meV, naturally arise from strong quantum confine-
ment and reduced screening of electron-hole (e-h) pairs (66; 67). Their internal structure is
characterized, in a 1D hydrogen-atom-like description, by a center-of-mass momentum K and
by internal quantum numbers (designated here as 1s, 2s, 2p...). These strong excitonic behav-
iors manifest themselves in extensive static or ultrafast optical interband absorption or emission
spectra in individually separated SWNTs, which are stable even in the presence of unbound
e-h carriers from residual tube aggregation and/or metallic tubes (68; 69; 70; 71). However,
unlike the hydrogen atom, the correlated e-h pairs in SWNTs evolve in a “modified vacuum”
with exotic, chiral symmetry arising from the underlying graphene lattice that gives twofold
degeneracy at K and K’ points. Coulomb interaction splits such “doubling” into odd (u) and
even (g¢) symmetry states entailing a series of bright and optically forbidden, dark exciton pairs,
including the lowest 1s(g) and 1s(u) (72; 73). Thus far, the dark ground state 1s(g), hidden
from both single- and two-photon optical interband transitions, is still largely unexplored.

While magneto-optics and light scattering measurements established the existence of dark
excitons in SWNTs (74; 75; 76), the search for possible dipole-allowed, lowest transitions
1s(g)—1s(u) remains open. Particularly, as these linear probes do not depend critically on
quasi-particle/exciton interaction and the associated fast dynamics, they provide little insight
into interacting states that are characterized by the co-existence of both the dark & bright ex-
citons and their complex interplay with e-h plasma. Exactly these aspects govern the radiative
lifetime and photoluminescence (PL) efficiency, key for SWNT-based optoelectronic applica-
tions (77; 78). The lack of quantitative probes and scarce ultrafast measurements for dark
states seriously limit their thorough understandings and perspectives of exploring related novel
quantum phenomena, e.g., the excitonic Bose condensate (79) and other exotic ground states.

Selective optical pump and THz probe technique represents a versatile spectroscopy tool
that is extremely relevant for quantitative study of dark excitons. THz pulses directly couple

the 1s(g)—1s(u) transitions, which represents a direct consequence and measure of excitonic
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pair correlations and resulting dark states in SWNTs. Being independent of momentum K,
THz pulses measure genuine dark exciton population across entire K space, while the available
interband optical probes (PL, absorption), due to symmetry and momentum conservation, only
detect a subset of excitons near K=0. Additionally, the capability of resonant and off-resonant
excitations by tuning the pump photon energy enables, among others, the study of excitons in
single chirality tube and of exciton-plasma interaction. These critical aspects for dark exciton

studies are absent in prior experiments of SWNTs.

5.2 Introduction to Dark Excitons in Semiconducting Carbon Nanotubes

5.2.1 The physical structure of carbon nanotubes

Carbon nanotubes are hollow cylinders rolled-up from graphene sheets. There are different
types of nanotubes depending on the roll-up vector, called chiral vector, along which direction
the graphene sheets are rolled-up. The magnitude of the chiral vector also characterizes the
nanotube circumference. As shown in Fig. 5.1, the carbon atom lattice basis vectors are defined
as a; and ay. The indexed chirality (n,m) defines the roll-up chiral vector na;+mag and also
determines the electronic properties of nanotubes, e.g., their band gaps.

The zigzag axis is along a; vector and the armchair axis is in between a; and ay vectors,
i.e., along a; + ay direction, as shown in cyan lines in the Figure. If m=0, the chiral vector
is along zigzag axis aj, therefore such nanotubes are called zigzag nanotubes. For example,
the (5,0) nanotubes in light purple color in the Figure. If n=m, the chiral vector is along the
armchair axis, therefore such nanotubes are called armchair nanotubes. For example, the (3,3)
nanotubes in light green color. If the chiral vector is neither along the zigzag nor the armchair
axes, the nanotubes are called chiral nanotubes. For example, the (4,3) nanotubes in magenta

color. The angle between the zigzag axis and chiral vector is defined as the chiral angle «.

5.2.2 The electronic structure of carbon nanotubes

The electronic band structure of carbon nanotubes can be obtained from that of a 2D

graphene sheet, which is formed by sp? hybridization of atomic orbitals in carbon atoms. In
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Figure 5.1 Physical structures of carbon nanotubes. A nanotube is obtained by rolling-up
the graphene sheet along the chiral vector and matching the two ends of the chiral
vector naj+mags together to form a cylinder. Therefore, the magnitude of the chiral
vector also defines the circumference of the nanotube. Thus obtained nanotube is
said to have chirality (n,m). Note the nanotubes shown in the 3 shaded areas are
only schematic and not drawn to scale.

graphene, one 2s and two 2p orbitals (e.g. 2p, and 2p,) of a carbon atom are hybridized and
form covalent bond, called o-bond, with corresponding orbitals of another adjacent carbon
atom (see Ref (80) for details). Another 2p orbital (e.g. 2p,) of the carbon atom forms another
type of relatively weaker bond, called w-bond, with the other carbon atom. Therefore, there
are three o-bonds and one m-bond in sp? hybridization. The electrons from 7-bond having
weaker binding energy are valence electrons. They are responsible for carrier transport and
other electronic and solid state properties. The tight binding model is used for the calculation

of the electronic band structures of m-bond electrons in graphene.
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As shown in Fig. 5.2, graphene has periodic honeycomb lattice structure with carbon atom
separation ag=1.42 A. The unit cells of graphene have translational symmetry in the direction
of the unit vectors a; and as. The wave function of the lattice ¥ thus has to satisfy the Bloch’s

theorem (80)
TV = ekaiy  (i=1,2), (5.1)

where T is a translational operator along the direction of the unit vectors a; (i=1, 2), and k is

0‘
X (:’e

X /"x

the wave vector.

(@) (b)

M

Figure 5.2 (a) Definition of the graphene lattice unit vectors a; and ag and unit cell shown in
the shaded area in real space. There are 2 carbon atoms C; and Cs in each unit
cell. (b) Definition of the reciprocal lattice vectors b; and bs and unit cell in k
space. The first Brillouin zone is shown as the shaded area. I' is the center of the
hexagon, K and K’ the corners, and M the center of the edge.

One possible solution which satisfies Equ. 5.1 is based on the j-th atomic orbital in the

unit cell. The tight binding Bloch function is written as (80)

N
q)j(kv I‘) = \;ﬁ Zeik‘R@j(r - R) (.7 = 17 27 -"an)7 (52)
R

where R is the position of the atom, N the number of unit cells, ¢; the atomic wavefunction
in the state j, n the number of Bloch wavefunctions. For each k, there are n Bloch functions.

Using boundary condition for M = N'/2 unit vectors in each a; axis for a 2D graphene

q)j(k, r+ Ma;) = (I)j(k, r) (i=1,2), (5.3)
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we obtain the wave number k = 2qn/Ma;, where ¢ is an integer ranging from 0 to M-1. And

the eigenfunctions ¥;(k,r) can be written as a linear combination of Bloch functions
n
U(k,r) = > Ciy(k)®y (k) (5.4)
i'=1

where Cj;/(k) are constants to be calculated by minimizing the j-th eigenvalue Ej;(k), i.e.,

0F;(k)/0C;;;=0, which can be written as

Z %,,.,,(k)c*.,c-w
O L L7 B
7 - \IJ\I’ - n * ’
(]05) Z ISj/j//(k)ij/ij”
g =

(5.5)

where
Hyryr () = (@[ HID ) Sjopr(K) = (@] 0) (5.6)
They are called transfer integral matrices and overlap integral matrices respectively.
Rewriting Equ. 5.5 can yield [H — E;(k)S]C; = 0. The physically meaningful solution (the

other solution C;=0 is not physically meaningful) to this equation is given by
det[H — E;(k)S] = 0. (5.7)

Equation 5.7 is called the secular equation. Solving the secular equation yields the eigen-
values for F;(k). There are n eigenvalues for a given k because j=1, 2, ..., n.

For 2D graphene, as shown in Fig. 5.2, the unit vectors are written as

a] = (70,, *), ag = (7&, —*), (58)

where a = \/§a0 = 3 x 1.42A = 2.46A, and ag is the carbon-carbon bond length. The
corresponding reciprocal lattice vectors are

2 2l) by — ( 27 2£
ﬁa’ a ) 2 \/gav a

as shown in Fig. 5.2(b). There are two Bloch functions constructed from the two inequivalent

by = ( ) (5.9)

carbon atoms at C; and Cb sites in the unit cell. In this case, the (2x2) transfer integral and
overlap integral matrices H and S are obtained by substituting Equ. 5.2 into Equ. 5.6, which

yields the

I tf(k) Cs— 1 sf(k) (5.10)

tfr(k) ez sf*(k) 1
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where €3, is the orbital energy of 2p level, ¢ is the transfer integral which is negative in the case,
and f(k) = eth=a/V3 4 2e=ikea/2V3¢0g(k, a/2) [Ref (80)]. Substituting Equ. 5.10 in to Equ. 5.7,

we obtain the eigenvalue given by

eapt /1 + dcos (Bt joos( ) + deos? ()

Ej(ka, ky) = (5.11)

1+ 3\/1 + 4cos(%)cos(’%a) + 40032(%)
The energy dispersion relation F(k) is thus obtained and plotted in Fig. 5.3. The magnified
energy structure near one of the corners of the first Brillouin zone K is shown on the right.

The circular cone-shaped bands are called Dirac cones. The 2 Dirac cones meet at the Dirac

point. Therefore, graphene is a zero-gap semiconductor and sometimes considered semimetal.

Figure 5.3 The electronic band structue of 2D graphene sheet in the fist Brillouin zone. The
figure is taken from Ref (81).

For a 2D graphene sheet with size much larger than wavelength, the wave vector k is
considered to be continuous. However, when a carbon nanotube is rolled-up from a graphene
sheet, the wave vector associated with the direction of the chiral vector is quantized due to the
confined length along this direction, but the wave vector associated with the direction of the
tube axis is unaffected. Therefore, the nanotube energy bands consist of a set of 1D energy
bands which are cross sections of those for 2D graphene as shown in Fig. 5.4. If the allowed
wave vector k (Fig. 5.4, solid lines, left panel) goes through one of the Dirac points, the energy
band has zero bandgap. Such nanotubes are metallic tubes (the top panel). On the other hand,

if the allowed wave vector k£ does not go through any of the Dirac points, the energy band has
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Figure 5.4 The carbon nanotube energy bands derived from a 2D graphene sheet. If the
allowed wave vector k (solid lines, left panel) goes through one of the Dirac points,
the energy band has zero bandgap. Such nanotubes are metallic tubes (the top
panel). On the other hand, if the allowed wave vector k does not go through
any of the Dirac points, the energy band has finite bandgap. Such nanotubes are
semiconducting tubes (the bottom panel). The allowed k values are determined
by the chiral vector. The figure is taken from Ref (82).

finite bandgap. Such nanotubes are semiconducting tubes (the bottom panel). The allowed &
values are determined by the chiral vector. If 2n+m, or equivalently n-m, is a multiple of 3,
the nanotubes are metallic; otherwise, they are semiconducting. For example, all the armchair
nanotubes are metallic, since n=m, so that 2n+m=3n=3m, which is always a multiple of 3.

The zigzag nanotubes (n,0) are only metallic when n is a multiple of 3.
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5.2.3 Exciton electronic states in semiconducting carbon nanotubes

In the first Brillouin zone of semiconducting carbon nanotubes, there are 2 equivalent valleys
near K and K’ as shown in Fig. 5.5(a). When we build one exciton, we take one electron from
the conduction band and one hole from the valence band. There are 4 possibilities to do so.
For example, the 2 cross-valley transitions as indicated by the 2 dashed line arrows are not
allowed, because they require momentum change, but photon has very small momentum, so
these 2 transitions cannot couple to a photon. We call these 2 exciton states dark excitons.
The corresponding exciton electronic states are shown in Fig. 5.5(b) as indicated by the 2
lowest dashed levels on the sides with pair momentum K much larger than 0. For the 2 direct
transitions as indicated by the 2 solid line arrows, the Coulomb mixing leads to an even parity
(g) state and an odd parity state (u). By selection rules, 1s(g) state is still dark, but the other
one 1s(u) (solid line) is bright, which means the 1s(u) state is allowed to couple to a photon.
So there are 4 exciton states, 1 of which is bright, 3 are dark. If we take spin into account,
the 2 particle mixing of electron and hole pairs leads to the spin singlet-triplet splitting. By
selection rules, the 1 spin singlet state is bright and the 3 spin triplet states are dark. If we
combine them together, we find most excitons (15 out of 16) are dark. This largely limits the

fluorescence-based and optoelectronic-device applications of semiconducting carbon nanotubes.

5.3 The Optical Pump and Terahertz Probe Experiment

5.3.1 Sample preparation and characterization

We study Co-Mo-catalyst grown SWNTs of mainly (6,5) and (7,5) chiralities embedded
in a freestanding 50 pm sodium dodecylbenzenesulfonate (SDBS) film through drying a D2O
solution of SDBS-dispersed SWNTs (83). The SDBS ensures both wide transparency of the
polymer matrix in THz range and also serves as a surfactant to effectively reduce SWNT
bundles. The absorption spectrum in Fig. 5.6 exhibits the distinct Fy; and Fao quantized
interband absorption peaks of dominant (6,5) and (7,5) chiralities, overlapping Ej; ~1.24 eV
for both chiralities and well-separated Fas ~2.17 ¢V (572 nm) for (6,5) and ~1.90 eV (652 nm)

for (7,5) tubes, respectively (84).
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Figure 5.5 (a) The lowest electronic levels of semiconducting carbon nanotubes in the first
Brillouin zone. (b) The simplified excitonic energy levels of (a) due to Coulomb
mixing of electron and hole pairs. Only a few representative states are shown. The
dark exciton states are indicated by dashed lines. The bright exciton states are
indicated by solid lines.

Each chirality is associated with substantially prolonged relaxation times and significantly
enhanced photobleaching, as shown in the differential transmission spectra (Fig. 5.7) AT/T
after 1.55 eV photoexcitation as a function of probe photon energy and time delay. These ob-
servations are consistent with the extensive interband studies of high-quality chirality-enriched
SWNT samples at visible and near-infrared spectral regions, which are explained by the joint ef-

fects of resonantly-enhanced radiative lifetime and exciton-exciton annihilation (EEA) (68; 69).

5.3.2 Experimental setup

The optical pump THz probe spectroscopy setup is driven by a 1 kHz Ti:sapphire regenera-
tive amplifier with 40 fs pulse duration and 800 nm (1.55 eV) center wavelength. The schematic
of the setup is shown in Fig. 5.8. One part of the output is used to either off-resonantly excite
the sample or pump the OPA, which resonantly excites the Fas transition of the (6,5) tubes at
2.17 eV. The other part is used to generate and detect phase-locked THz field transients, used
as a probe for 1s(g) — 1s(u) transition (see Fig. 5.9), via optical rectification and electro-optic

sampling in 1 mm thick (110) ZnTe crystals. 2 delay stages are used in the pump and genera-
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Figure 5.6 The absorption of the 50 ym thick SWNTs/SDBS film showing clearly the dom-
inant (6,5)(7,5) nanotube Ej; and Fs bands. The red arrows indicate 2 photon
energies used to excite the sample, either resonant excitation of (6,5) Fa9 transition
at 2.17 eV or off-resonant excitation at 1.55 eV which is away from any exciton

resonance peak.

tion beams to control the temporal delays of pump-THz and THz-sampling beams respectively.
The sample is mounted into a vacuum cryostat to cool it down to 5 K. A copper aperture
of 2.5 mm diameter is placed in front of the sample to ensure a uniform pump illumination.
Another copper aperture with the same size is used as a reference to measure the THz free
propagation. 2 Teflon filters are used to transmit THz pulses and block optical beam residues.
The THz section of the setup is purged with dry Ny gas in order to remove the absorption of

THz radiation by water vapor.

5.3.3 Experimental results and data analysis

To probe the response of the excitonic ground states shown in Fig. 5.9, the THz fields
in time-domain are measured. Through the fast Fourier transformation and Fresnel equation,
the spectral transmissions consisting of the spectral amplitudes and phase information are

extracted respectively, from which the frequency dependent complex-valued dielectric function
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Figure 5.7 The temporally- and spectrally-resolved differential transmission AT /T after 1.55
eV photoexcitation of the SWNTs sample at T=300 K showing clearly the excita-
tion of mainly (6,5) and (7,5) chiralities.

for unexcited sample £(w) and its pump induced transient change after pump-probe delay At
is obtained as A&(w, AT) = Eoxcited (W, AT) - E(w) (85; 86). The corresponding conductivity can
be calculated by o(w) = i[l — &(w)|wep. The simultaneously obtained ultrafast conductivity
and dielectric function quantitatively measure the dynamic evolution of both the excitons and
e-h plasma.

Effective medium approximation is applied in order to obtain the nanotube dielectric func-
tion VT (w) from the experimentally measured effective dielectric function £(w). The space

filling ratio, defined as FR, of the sample is calculated by measuring the intensity transmittance
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Figure 5.8 The schematic of the optical pump THz probe experimental setup. BS: beam
splitter, WP: Wollaston prism. The THz section of the setup is purged with dry
N5 gas as shown in the dashed box.

T of the 572 nm (2.17 eV) light through the 50 pm thick sample via the relation T'=exp(-nda).
Details of the method can be found in Ref (87; 88). Our calculated FR following the method is
~0.88%. Therefore a simple relation £(w) ~ FR-ENT(w) is obtained for F'R much smaller than
1 (82; 88; 89).

Representative ultrafast THz responses Aoy T (w) and AeNT(w) are shown in Fig 5.10 (red
dots) at A7=0.5 ps and T=5 K, after 1.55 eV pumping with photon density 3.9x10** cm~2 (96
pJ /em?). A strong photo-induced absorption appears in Ao} T (w) within the time resolution
with a broad, resonant spectral shape centered at ~6 meV and a dispersive zero crossing
occurs in AelT(w) at slightly lower photon energy. These two features are characteristic of a

well-defined driven THz oscillator while the shift between their spectral positions and the non-
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Figure 5.9 Schematic of two-particle e-h pair dispersion, illustrating the lowest-lying
1s(g) — 1s(u) intraexcitonic transitions (red arrows) resonantly probed by THz
pulses.

vanishing conductivity, albeit small, at the lowest probe energy ~2 meV indicate additional
low-frequency spectral weight, in the form of a coexisting unbound e-h plasma as discussed
later. We emphasize three key facts to assign this resonance mainly from the 1s(g)—1s(u)
transition of (6,5) tubes. First, resonant photoexcitation of the (6,5) interband FEso excitonic
transitions at 2.17 eV, shown in Fig. 5.11(b), leads to significant enhancement of the transient
THz resonance ~6 meV, e.g., roughly three times as large as the 1.55 eV off-resonant excitation
[Fig. 5.11(a)], for the same excitation photon density n=1.4x10'* cm~2 per pulse. This clearly
shows the excitonic origins of the THz resonance in (6,5) tubes. Second, raising the initial
lattice temperature to 7=300 K [Fig. 5.11(c)] diminishes the resonance as compared to T=5 K
[Fig. 5.11(b)], for the same resonant excitation. Third, the resonance occurs in the transparent
region of the unexcited sample and is close to the 1s(g)—1s(u) transition energy of (6,5) tubes
indirectly extrapolated in high field magneto-optical studies (74; 75).

For a quantitative analysis, a theoretical model is used to reproduce the experimentally

determined complex THz dielectric functions. The model consists of two components: the THz
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Figure 5.10 Photoinduced THz spectrum changes of (a) Ao}T and (b) AelT (red dots),
measured at pump-probe delay A7=0.5 ps after 1.55 eV pumping with fluence
96 pJ/cm? (3.9 x 10 photons/cm?) at T=5 K. The black line is the fit using
the analytical model Equ. 5.12, which is the sum of the 1s(g) — 1s(u) excitonic
(dashed green line) and unbound e-h responses (dash-dotted blue line). Inset of
(a): the corresponding transmitted THz time-domain fields through reference (a

clear aperture) E(t) (gray), unexcited sample Erp,(t) (blue), and its pump-in-
duced change AETp,(t) (red).

dielectric function of the intra-excitonic transitions 5;8_)u(w) plus a Drude term of unbound e-h

plasma ep (w):
Fls w2

NT, \ _ .1 _ gsu b
e (W) = g%, (W) Feen(W) = [0 + i) = iwf] At (5.12)

For the first component (Fig. 5.10, dashed green), F, glim denotes effective transition strength

1s

. . . 18 _ . .
of the intra-excitonic wy®,, resonance as F;%, = f; Ls (Aw )g .4, Where f is the oscillator

strength and wg = ne?/egm. The Awg term, thereby, measures the population difference An

between the lowest dark and bright pair states (Fig. 5.9), i.e., Anx = nés —nls. The second,

Drude component (Fig. 5.10, dash-dotted blue) is added with wg proportional to the density

of unbound e-h density n.,. €9 and e, are the vacuum and background permittivity, and
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Figure 5.11 Comparison of photoinduced THz conductivity changes AcYT(w) at A7=0.5 ps
and under an excitation density of 1.4x10'*/cm? with (a) off-resonant excitation
at 1.55 eV and T=5 K, (b) resonant excitation at 2.17 eV and T=5 K, and (c)
resonant excitation at 2.17 eV and 7'=300 K.

e and m are the electron charge and the effective exciton (or electron) mass obtained from

(90). Such composite THz response model (Fig. 5.10, solid black lines) provides an excellent

1s

905y and

agreement with the low temperature experiment (Fig. 5.10, red dots) by varying the w

Fls

52, carrier density ne,, and the exciton (carrier) broadening I' (). The best fit are strongly

restrained by the requirement of simultaneously satisfying both dielectric responses AUII\IT (w)
and Aell\IT(w), over a broad spectral range, and by the distinctly different spectral shapes of

the excitonic oscillator and Drude carriers.

5.3.3.1 Dark exciton formation and relaxation dynamics

Fig. 5.12 presents in detail of ultrafast THz spectra Ao} T (w) and Ae)T (w) for various time

delays AT after the resonant Epy photoexcitation at 2.17 eV. Pump fluence is 48 pJ ecm™2 and

1s

9oy Tesonance that retains its shape as

T=5 K. The transient spectra are characterized by the w
the amplitude decays with time. The resonance peaks indicated by the vertical dashed cyan line
exhibit no noticeable shift. This shows clearly the dark excitons are formed within sub-ps time

scale and very stable. The results can be fitted very well by the model described above (red

lines). However, to further determine the exciton density Anx = (F,%,,/f;%.,)-(eom/e?), the
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oscillator strength f is needed for the 1s(g)—1s(u) transition which has never been determined
before. This can be directly obtained via fluence dependence. Fig. 5.12(b) plots the ratio

R = F)

05 -(eom/e®)/(nph — nen) as a function of fluence down to 3 uJ cm™2, where npy is

the actual absorbed photon density after taking into account the reflection and transmission

of the pump beam in the optical path. This ratio, with sufficiently weak photoexcitation, will

1s

755 Since most photo-generated FEgg excitons will populate in the dark ground

converge to
state 1s(¢g) during the THz pulse and Anx = np, — nep. This condition is ensured due to
fast inter-subband FEaa-to-FE1; relaxation ~40 fs (91), low transient excitonic temperature and
strongly limited exciton-exciton annihilation (EEA) in dilute exciton gas (92). Indeed, the ratio
shown in Fig. 5.12(b) exhibits strong pump power dependence and, with decreasing fluence
below ~ 10 pJ cm™2, converges to a constant fgliu ~ 0.79. Increasing pump fluence to 10s of
pJ cm~2 leads to a significant drop of the ratio, which can be attributed to efficient EEA that
lowers the photon-exciton conversion efficiency.

The obtained density Anx and its relaxation dynamics (black dots) are well described by
a bimolecular decay shown in Fig. 5.12(c). Although it exhibits a highly non-exponential
profile over ps time scales, a reciprocal plot of 1/Anx(t), instead, yields a simple straight
line, i.e., 1/Anx(t) ~ St (bottom panel, black dots), which is the hallmark of the bimolecular
decay given by %Anx(t) = —(1/2)BAn%(t) with decay rate of sheet density 3=2.3x107*

1 (68). The 1/n;(t) decay (red dots), on the contrary, show large variation from the

cm? ps
bimolecular behavior, which further underscores the excitonic origin of the Anx(t) response.
Furthermore, the strong similarity between the Anx(t) decay and firmly established exciton
kinetics in SWNTs also indicates that most excitons populate in the 1s(g) ground state and
Anx(t)= n;S, under current experimental conditions, i.e., n;s > nls. Here Anx thus quantita-

tively follows the 1s(g) exciton density, revealing particularly that the resonant photoexcitation

generates nés ~90% of the total density, much larger than n., (Fig. 5.12(c), top panel).
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Figure 5.12 (a) Photoinduced THz spectrum changes Ao (w) and Ae¥T(w) (black dots) at
several pump-probe delays after resonant (6,5) E99 excitation at 2.17 eV and T=5
K. Shown together are the fitting (red lines) and peak positions indicated by the
dashed cyan line. (b) The ratio R = Fgliu -(eom/€?)/(npn — nen) as a function
of pump fluence. (c) The temporal decay of exciton (Anx) and unbound plasma
e-h (nep) densities as a function of time delay (top panel) and the reciprocal of
Anx and ne, density decay together with fitting (bottom panel). The traces in
the bottom panel are vertically offset for clarity.

5.3.3.2 Dark exciton and free e-h plasma interaction and their density depen-

dent renormalization

Increasing off-resonant excitation reveals the complex many-particle state. Fig 5.13 shows
Aot (w) and AelT(w) for several pump fluences after 1.55 eV photoexcitation at T=>5 K.
The spectra at A7=0.5 ps clearly exhibit the w;S_m resonance, despite 100s of meV detuning
away from the excitonic resonance, which dominates e-h plasma especially at low pumping.

The sub-ps formation even with off-resonant excitation appears to be much more efficient than

2D/3D excitons that are strongly influenced by the co-existing unbound e-h plasma with 100s
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of ps cooling time under the off-resonant pumping (93). The composite THz model (black
lines) again consistently reproduces very well the experimental results, which are divided into
individual components in the same manner as Fig. 5.10, i.e., the intraexcitonic 1s(g)—1s(u)
(dashed green lines) and unbound e-h carriers (dash-dotted blue lines).

Note that the model described above starts to deviate from the experimental spectra at
high temperature or large exciton density, e.g., the negative Aall\IT(w) in the 300 K case in
Fig. 5.11(c) and high pumping above 512 pJ/cm? in Fig. 5.13(a). This can be fully resolved
by an additional contribution from a photo-bleaching of the absorption band centered at ~4
THz (dashed pink lines), which were extensively described in the prior study (94) and will only
be discussed briefly here: several prior studies in SWNTs have established an absorption band
centered at ~4 THz in SWNTs, which appears to be a “universal” feature in static THz spectra
of SWNTs (88; 95). It is expected that the bleaching of this 4 THz oscillator only contributes
significantly to the low energy transient spectra at high temperature or high pumping in our
case. While it appears to be negligible in the low pumping case shown in Fig. 5.10. The origin
of this transition is still somewhat unclear (88). This feature was first assigned to a pseudogap
or electronic interband transitions between small gap nanotubes (95). Later, phonon (96) and
plasmon resonance (97) were suggested as possible causes. It is out of scope of our study
although our ultrafast low energy spectra and fittings indirectly confirmed again its existence.

Additionally, two salient features are visible with increasing pump fluence:

(i) The first feature is that the w!®

425, Tesonance in Aol (w) shifts to lower frequency [Fig.

5.13(b)], illustrated by two vertical dashed lines in Fig. 5.13(a), ~20% change from 15 to 814 puJ
cm 2. We attribute this to the critical role of plasma-exciton interaction in the renormalization
of the excitonic levels, considering the unbound e-h density significantly increases in the off-

2

resonance pumping, e.g., n;, can reach ~2.5x103cm =2, comparable to exciton density, shown

in Fig. 5.13(c). Note that the w}®

9oy Shift is not seen in the system of a predominant exciton

population, shown in Fig. 5.12 for the resonant pumping, which has larger exciton density
but one order of magnitude smaller n.,. This helps reconcile some seemingly contradictory
results regarding the exciton stability in the literature, e.g., photoluminescence spectra of dense

excitons have shown no shift up to complete absorption saturation (69; 92), while ultra-violet
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pumping results in some slight excitonic shifts (71) that can be confirmed here to free carrier

generation.
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Figure 5.13 (a) Photoinduced THz spectrum changes Ao T (w) and Ae)T(w) (red dots) at
several pump fluences after 1.55 eV excitation, A7=0.5 ps, and T=5 K. The fit-
ting (black lines) is divided into individual components (see text) and the vertical
dashed lines indicate the shift of the 1s(g)—1s(u) peak positions. (b) The reso-
nance peak as a function of unbound e-h density. (c) Fluence dependence of the
unbound e-h density (nep, red dots) and exciton density (Anx, black dots), which
is divided into two regimes at Ic ~130 pJ cm~2 (dashed arrow).

(ii) The second feature is that the exciton density Anx exhibits a distinct non-monotonic
variation with increasing excitation fluence [Fig. 5.13(c)], which peaks at Ic ~130 pJ cm™2

followed by a significant decrease with further increasing fluence (the same non-monotonic

1s

4oy Tesonance is also observed with resonant Ego excitation, which

fluence dependence of the w
can be similarly understood). However, most interestingly, the intra-excitonic resonance w;:u
exhibits little shift or broadening at I [<5%, dashed arrow in Fig. 5.13(b)], indicating that

there is no obvious exciton ionization to unbound e-h plasma. This is consistent with the
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fact that the photoexcited exciton density is far below the expected Mott density in SWNTs
(92). This appears to be fundamentally different from dense 2D and 3D excitons where the
strong decrease of excitonic signals occurs only upon the ionization of excitons manifested by
a significant shift, broadening, and ultimately the disappearance of the THz resonances. The
quasi-1D many-body state in SWNTs reveal, instead, the evolution from a predominant dark
exciton population in the 1s(g) to phase space filling of both the lowest dark and bright exciton
pair states. Such crossover at I¢ is illustrated by two shaded colors in Fig. 5.13(c): below I¢,
photoexcited excitons primarily populate in the lowest lying dark state 1s(g) that leads to a
rapid rise of Anyx with increasing pump fluence; above I¢, photoexcited excitons have larger

probability to populate the 1s(u) state rather than the 1s(g) ground state, due to electronic

1s

9oy TESOnAnNce

heating of the many-body systems, which is responsible for the reduction of the w
via Pauli blocking of the transition. The 1s(g)/1s(u) exciton pairs, being protected by the
symmetry and 1D correlation, is stable against high density ionization. They are well-isolated

from higher lying np exciton levels (n>2) and continuum (>200 meV) (66; 67; 70).

5.4 Discussion

5.4.1 Excitons vs. phonons

In this section, we clearly exclude the existence of the photoinduced infrared-active phonon
mode as an alternative interpretation of our observed resonance centered at ~ 6 meV instead
of the dark excitons.

First, the phonon scenario would require observing at least one of the following two features:
either there is any phonon resonance already in the static conductivity spectrum or periodical
oscillations superimposed in the photoinduced temporal scan traces. However, both these
features are absent in our raw data. A good example of phonon modes in static conductivity
spectra is Ref (98) in which the transition metal oxide VO2 was studied. In Fig. 1(a) of Ref
(98), VOg shows three obvious phonon peaks in the insulating phase (blue circles) at 50, 62, and
74 meV. VOg at higher temperatures becomes a metal accompanied by a peculiar structural

phase transition and much smaller phonon resonant amplitudes that are clearly inappropriate
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to compare with the SWNT physics in our paper. Authors in the paper interpret “pump-
induced THz conductivity [in some regions]...solely from electronic [origins]...” instead of a
phonon mode, because the authors further stated “...since spectral region E [>85 meV] is
free of phonon resonances” in the equilibrium conductivity as shown in Figs. 1(a) and 2(a) of
the paper for the 295 K case. On the contrary, the static conductivity spectra of SWNTs in
our work shows no resonant spectra in the static state at either 5 K or room temperature, as
shown in Fig. 5.14(a). Another example is Ref. (99) in which photoexcited Bi samples show
strong phonon oscillations in the transient reflectivity as shown in Fig. 1 of Ref (99). Similarly,
VO3 also shows phonon oscillations in the temporal scan, as shown in Fig. 3(a) of Ref (98).
On the contrary, our raw time scan trace [Fig. 5.14(b)] does not show any phonon oscillation
feature. In fact, our observation is similar to Fig. 3(b) of Ref (98), where the signal is assigned

to electronic origins instead of phonons by the authors.
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Figure 5.14 (a) Static THz conductivity spectra of SWNTs at T=>5 K and room temperature.

—~~

b) 800 nm photoinduced transient transmission THz field change of SWNTs at
T=5 K.

Second, there are several additional features in our observation that are very difficult, if
not impossible, to be consistently explained by phonons, e.g., the non-monotonic pump fluence
dependence in our resonance signals [Fig. 5.13(c)] strongly contrast with the monotonic increase
before saturation that one would expect with phonons, e.g., Ref (99); the bi-molecule decay
profile observed in our study [Fig. 5.12(c)] is the hallmark of exciton-exciton annihilation

in SWNTs, which is distinctly different from the density decay of e-h plasma and clearly
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underscores the excitonic origin of the THz resonant response; the excitonic enhancement seen
in our signals from the interband resonant pumping [Fig. 5.11] is inconsistent with the phonon
scenario because the off-resonant excitation should heat up the system more and lead to more
pronounced phonons.

Finally, our observed resonant position matches well to the energy of intraexcitonic tran-
sition 1s(g)—1s(u) reported by static magneto-optical studies, both theoretically and experi-
mentally as shown in our study. To the best of our knowledge, we are not aware of any SWNT

phonon modes that can explain our observed spectra.

5.4.2 Non-equilibrium excitonic correlations vs. thermalization

In this section, we further discuss the consistency of our observed fast formation of the
15(g)—1s(u) transition within 100s fs and the slow thermalization between 1s(g) and 1s(u)
states on the order of tens-to-hundreds of ps as seen by time-resolved PL studies (100). Partic-
ularly, we would like to concisely clarify that our results are fully consistent with the existing
PL literature in SWNTs. Most importantly, ultrafast intraexcitonic 1s(g)—1s(u) transitions
reported here represents both a direct consequence and measure of e-h pair correlations and re-
sulting dark ground states at their initial highly non-equilibrium and non-thermal timescales.
However, time-resolved or static PLL measurements are only sensitive to the existence of bright
excitons and only detect a subset that are thermalized near the zone center K=0 because of the
small angular momentum of the emitting photons. Our THz technique, being independent of
ground state symmetry and momentum conservation restrictions, allows for studying ultrafast
formation of dark excitons and non-equilibrium pair correlation across the entire K space which
is extremely difficult, if not impossible, to be obtained from PL measurements. Specifically:

(i) Dark exciton formation: our THz data reveals a new ultrashort sub-ps formation time,
which is much faster than the 100s ps thermalization times seen in the PL measurements. This
is fully consistent with the literature and can be easily understood as follows. As revealed
extensively in 2D semiconductor quantum wells (101), exciton formation has two very different
time scales: an ultrafast formation within 1 ps by electronic correlation even with off-resonance

excitation and a slower one of 100s of ps from thermalization and cooling of unbound transient
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carriers into to the lowest excitonic ground state. The PL is extremely limited to measure-
ments of the fast formation of the initial non-equilibrium correlated states from dark excitons as
discussed above and mostly detects the bright excitons and their slow thermalization to the ex-
citonic ground states. These two timescales characterize two processes with completely different
formation mechanisms: non-thermal electronic pair correlation at fs vs. thermalization/cooling
at ps timescales.

(ii) Low temperature PL in SWNTs and their poor quantum efficiency (QE): The PL
emission in SWNT's appears due to the long thermalization process. Our THz data shows that
the initial fast, sub-ps formation process from the electronic pair correlation leads to substantial
larger population of the dark 1s(g) excitons compared to bright 1s(u) excitons under low pump
fluence. The slowly thermalized, small bright exciton population gives rise to some detectable
PL at all temperatures but with very poor QE, well established in many PL literature of
only ~ 107* — 1073 (102; 103). Our picture here should not be confused with the simple
scenario of the thermalized exciton states. Using the existing low temperature time-averaged
PL measurement (104), one can easily estimate the population ratio between 1s(u) and 1s(g)
~ 0.06 — 0.08 depending on conditions, i.e., substantial larger population of dark excitons that
strongly consolidate the validity of our results. One should also note that PL measurements
mostly over-estimate this ratio since it depends on the time-averaged decay near the zone center,
while our THz intra-excitonic probe measures genuine non-equilibrium excitonic population
cross all of the K space at initial times. We believe that the strongly enhanced electronic
correlation and reduced screening in 1D SWNTs regulate exciton formation at the lowest 1s(g)
state, which dominate any other mechanisms such as carrier cooling for either resonant or off-
resonant pumping especially at low pumping, e.g., below the cross-over fluence I identified in
our paper. This shines novel insights into exciton physics and non-equilibrium pair correlation

in SWNTs beyond the existing literature.

5.5 Summary and Outlook

In summary, we provide the first insights into the chirality-specific THz response of ground

state dark e-h pair correlation and dynamics in SWNTs. The ultrafast dark exciton physics
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and probes revealed, being independent of ground state symmetry and momentum conserva-
tion restrictions, motivate further studies to identify exactly how strongly-enhanced electronic
correlation and reduced screening regulate the 1D exciton formation. This may evolve into a
benchmark approach for quantitative exciton management in SWNT-based device development,
and motivates for fundamental quantum phase discovery of excitons (79) and other strongly
correlated excitations (105; 106).

One of the future interesting experiments is to study the time-resolved transient exciton
scattering rate change which determines the intraexcitonic transition bandwidth. It is known
that after photoexcitation excitons are formed quickly due to strong electronic correlation.
The non-equilibrium and non-thermal excitons will populate primarily 1s(g) state for all pos-
sible momentum K. Therefore THz probe can measure a broadband intraexcitonic transition
1s(g)—1s(u) centered at ~6 meV. The 1s(g) and 1s(u) energy gap is momentum K dependent
due to different band structures of the 2 states. After hot excitons at large momentum K cool
down to the bottom with very small K and EEA decreases exciton population, the intraex-
citonic transition will lead to a narrower bandwidth due to the reduction of exciton density
and the fact that more and more excitons gather at the bottom with similar momentum K.
However, some of our preliminary experimental results show the opposite trend, i.e., the band-
width gets broader. This observation may imply that the more exciton there are, the more
they intend to gather in K space. This may finally leads to the Bose-Einstein condensate of
dark excitons in SWNTs if the exciton density is large enough and the trend keeps to be valid.
In order to create much more excitons, we certainly need much higher pump fluence, which is
currently not available, but this is one of our recent plans to achieve higher pump fluence in

order to confirm this phenomena.
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CHAPTER 6. ON-GOING PROJECTS

In this chapter, I briefly summarize several on-going projects performed by the NIR- or
MIR-~pump and THz-probe spectroscopy experiments. We would like to study low energy
electrodynamics of complex materials, which is poorly understood so far. The first on-going
project is to understand the coupling mechanism and carrier transport dynamics of two spatially
separated insulating bulk and conducting surface states in the topological insulator BisSes
at different lab conditions, e.g., different lattice temperature and different photoexcitation
wavelength. This project is well-going so far and a significant progress has been made. The next
two on-going projects are to study temperature-dependent THz responses of BaMnsAs, and
wavelength /polarization-dependent THz responses of valleytronic material of MoSs monolayer
and bilayer. These projects are not complete yet, all results and interpretations presented in
this chapter represent our best understanding of the results so far.

Specifically, this chapter starts with an introduction to topological insulators and then
moves on to the sample preparation and characterization. Next, preliminary experimental re-
sults are presented and discussed. Finally, this chapter ends with a brief introduction and some

experimental observations of THz probes of BaMnyAsy and MoSs at different lab conditions.

6.1 Ultrafast Terahertz Electrodynamics of Dirac Fermions in Topological

Insulator Bi;Se; with Mid-infrared Excitation

In this section, I present ultrafast THz spectroscopy study of topological insulator BisSes
after Mid-infrared (MIR) excitation. Excitation wavelength and lattice temperature dependent

measurements reveal distinct THz response dynamics and surface-bulk coupling mechanism.
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6.1.1 Introduction

Topological insulators (TIs) represent a new state of quantum matter, which attract a lot
of recent attentions. One unique property is that they have an insulating bulk state with a few
100s meV bandgap in its interior and a Dirac-cone-like conducting state on its surface which
is protected by time-reversal symmetry (107). One key current issue is to understand the low
energy electrodynamics and charge transfer mechanism between the conducting Dirac state
and the spatially separated insulating bulk state. The schematic of the energy dispersion of a
typical TT is shown in Fig. 6.1. The surface state (yellow) has Dirac conic structure with zero

bandgap and the bulk bands (violet), like doped semiconductors, have a few hundreds meV

energy gap. The dashed line indicates the position of the Fermi level.

E(k)

390 meV

Lo
~v

Figure 6.1 Schematic of the energy dispersions of a typical TI. The energy scale bars indicate
the energy levels of one of the BisSes TI samples that we have studied and presented
in this section.

Our ultrafast MIR pump and THz probe spectroscopy study reveals different responses of
THz time-domain fields and conductivities with above- and below-bandgap photoexcitation
and different lattice temperatures at T=5 K and T=300 K respectively. It allows to revealing

the different bulk-surface coupling mechanism at different temperatures. The demonstrated
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approach provides a versatile and powerful spectroscopic tool to investigate the intrinsic Dirac

fermion physics in 3D T1Is.

6.1.2 The sample preparation and characterization

We study molecular beam epitaxy (MBE) grown topological insulators. We have studied
several different TT samples such as BisSes and BisTeg with a series of thickness on different
substrates. The ones we mostly study are 40 quintuple layers (QLs) of BizSes on a 0.5 mm
thick sapphire substrate, and 140 QLs of BisSes on a 0.5 mm thick GaAs substrate. The results
presented in this chapter mainly focuses on the first sample (40 QLs BiaSes/sapphire), which
is shown to have a direct bandgap of ~330 meV (108) (cyan line as shown in Fig. 6.1). In
addition, Fourier transform infrared spectroscopy (FTIR) measurement indicates this sample
has a bandgap from the top of valence band to the Fermi level of ~390 meV (red line).

A static THz measurement of the BisSes/sapphire sample is shown in Fig. 6.2. The
static conductivity o;(w) and dielectric function e;(w) are extracted by using the fast Fourier
transformation and Fresnel equation as discussed in section 2.3.3. The oj(w) shows a clear
Drude feature plus an optical phonon mode centered ~1.9 THz. The results are consistent

with previous static THz measurement of BizSes (109; 110).

6.1.3 Experimental setup and results

The experimental setup is essentially the same as that used for SWNTs experiments as
discussed in Fig. 5.8 of Section 5.3.2. In this experiment, the MIR beam is generated from the
OPA through the DFG of both signal and idler beams from a GaSe crystal.

THz time-domain fields transmitted through the pure sapphire substrate E,¢(t), the BiaSes/
sapphire sample Erp,(t) and its pump-induced change AEr,(t, AT) at various pump-probe
delays At are recorded. Similarly, through the fast Fourier transformation and Fresnel equa-
tion, the photoinduced THz conductivity changes Acq(w, A7) and dielectric function changes
Aeq(w, AT) at various pump-probe delays A7 are obtained simultaneously. The bandgap of
the sample from the valence band to the Fermi level is 390 meV as revealed by the FTIR

measurement and is also confirmed by our wavelength-dependent pump-probe temporal scans
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Figure 6.2 Static THz fields transmitted through a sapphire substrate (red, left panel) and
40 QLs BigSes/sapphire sample (blue, left panel). On the right panel are the
extracted static conductivity o1(w) and dielectric function £1(w) of the sample.

which show clearly two distinctly different relaxation dynamics with above- and below-bandgap
photoexcitations. Specifically, with above- and below-bandgap photoexcitation at 3.15 ym (394
meV) and 4.5 pum (276 meV) respectively, we see distinctly different THz response dynamics.
Fig. 6.3 shows the temporal scans of photoinduced THz transmission changes AFErp,(AT)
after 3.15 pum (upper panel) and 4.5 pm (bottom panel) excitation at several fluences. With
above-bandgap excitation, AFry, (A7) has an initial rapid sub-ps rising and then changes to
a fast drop in transmission with a time scale of ~1 ps. The peak amplitudes of AFEpy,(AT)
increase with pump fluence. But the signal size decays quickly and after ~15 ps the sizes for
all fluences merge together indicating the saturation of the THz slow responses. Two different
relaxation components after photoexcitation are observed: (i) the fast component which is flu-
ence dependent and decays within several ps and (ii) the slow component which is independent
of the initial excitation fluence and decays in a time scale of several 100 ps. On the other hand,
with below-bandgap excitation, the THz responses have similarly a rapid rising within sub-ps.
It follows by a slow drop and decay. Only scans with fluence greater than 10 ;J/cm? merge
together after ~10 ps. The scans with less fluence do not merge together after a couple of

100 ps when they decay to equilibrium state, which is totally different from the above-bandgap
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Figure 6.3 Temporal scans of transmitted THz field changes after 3.15 um (top panel) and
4.5 um (bottom panel) photoexcitation at several fluences. One of the 3.15 um
pump-probe scans from the top panel (1.6 xJ/cm?, cyan line) is also plotted in the
bottom to compare the signal of above- and below-bandgap excitations.

excitation. One of the above-bandgap excitation scan (1.6 uJ/cm?, cyan line) is also plotted
in the bottom panel in order to compare it with the signal of below-bandgap excitation. It
shows that the amplitude of the above-bandgap excitation at 1.6 uJ/cm? is larger than all
below-bandgap excitations with fluence up to 19 pJ/cm?. Interestingly, its decay merges with
that of the below-bandgap excitation with relatively high fluence (larger than 10 pJ/cm?) after
~10 ps. This reveals the fact that the relaxation dynamics of the slow component from below-
bandgap excitation with high fluence has the same mechanism as that of the above-bandgap
excitation, which is interpreted from the two photon absorption (TPA). For below-bandgap
excitation with fluence greater than 10 pxJ/cm?, the TPA is efficient which can compete with
the above-bandgap excitation with low fluence. Thus, AEr,(AT) from below-bandgap exci-

tation with fluence greater than 10 pJ/cm? reaches saturation and they merge together after
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~15 ps. Further increasing the fluence only increases the amplitude of the fast component like

the above-bandgap excitation case.
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Figure 6.4 Photoinduced THz time-domain field change AErp,(t, A7) at (a) T=300 K and (b)
T=5 K after 5 um excitation with various pump-probe delays. The corresponding
photoinduced conductivity change Ao (w, A7) at (¢) 7=300 K and (d) T=5 K.

Next, we compare temperature-dependent THz responses. The THz time-domain field
changes AFEry,(t, A7) after below-bandgap excitation at 5 um (248 meV) at various pump-
probe delays A7 and at T=300 K and 5 K are plotted in Figs. 6.4(a)(b) respectively as a
2D false-color plot. It shows the phase of the THz field change AFErm,(t, A7) at T=300 K
does not have a noticeable shift while that at T=5 K has a significant shift at the early ~20
ps as indicated by the dashed vertical line. This shift leads to the THz transmission change
from negative at 300 K to positive at 5 K at some spectral range, which is confirmed by the
conductivity change Aoy(w, A7) as pure positive for 7=300 K indicating the dissipative re-
sponse only. On the contrary, Ao (w, AT) at T=5 K has photoinduced bleaching, i.e., negative

conductivity, at low THz photon energy (2-3.5 meV) within the first ~7 ps pump-probe delay
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indicating photoinduced transmission increase for THz photon below 3.5 meV, and it changes
to a pure positive Drude response after ~20 ps. The temperature-dependent THz responses
can be understood as effective phonon-assisted surface-bulk coupling at higher temperature
(300 K), where the bulk insulating states with much larger carriers suppress surface states and
dominate the THz response. However, at 5 K the surface-bulk coupling is ineffective due to the
suppression of phonons at low temperature (111), leading to the THz response of both surface
and bulk states. The negative conductivity is a signature of photoexcited Dirac cone states
which is from the photoinduced increase of the scattering rate of Dirac Fermions (110).

Next, we will work more closely on the theoretical modeling of the THz spectra to extract,
e.g., the scattering rates of the surface and bulk states respectively by using 2 Drude model.
From the scattering rate changes, we are able to have deeper understanding of the carrier

coupling between the surface and bulk states.

6.2 Other On-going Projects

In this section, I will briefly introduce the progress of some other on-going projects, e.g.,
the study of temperature-dependent THz responses of BaMngoAsy, from 5 K to 300 K and
wavelength- and polarization-dependent THz responses of valleytronic material of MoSs mono-
layer and bilayer.

The BaMngAss displays coupled antiferromagnetic and structural transitions (112). The
static THz transmission of BaMnoAss shows strongly temperature dependence. We observed
that at low temperature 5-140 K, the THz transmission does not change with temperature.
While when temperature increases from 140 K to 300 K, the THz transmission increases in a
super linear trend. And the static THz conductivity measurement shows that the sample has
clearly a Drude component plus a Lorentz oscillator centered at ~2.3 THz. This feature shows
weak temperature dependence. The high frequency side of the oscillator is a bit out of our 1
mm ZnTe probe range. In order to have broader bandwidth, GaSe or thinner ZnTe may need
to be used. The photoexcited THz response of the sample is a bit weak, we could not have
some clear conclusion yet. One thing we could do in future is to increase the THz bandwidth

to observe the complete oscillator feature.
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The transition metal MoS, has attracted great attention recently because of its unique
electronic and optical properties. The monolayer MoS, is also a promising material for val-
leytronics. By using left- and right-circularly polarized light, we can selectively excite different
excitonic states. In our optical pump and THz probe experiment, we use left-circularly po-
larized light at 660 nm to excite the MoSs bilayer and find it has very small transient THz
conductivity at low frequency, which means the product after photoexcitation is insulating,
very likely to be from excitons. But the sample is very thin which results in very weak pho-
toinduced signal, this makes data analysis hard. One thing we could do in future is to compare

the THz response from bilayer and monolayer samples.
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CHAPTER 7. SUMMARY

To summarize, ultrafast time-resolved pump-probe spectroscopy is employed to study ul-
trafast THz electrodynamics of photonic and electronic nanostructures. Ultrafast THz pulses
are the ideal spectroscopic tool to investigate many outstanding scientific phenomena, such as
carrier interaction, cooling, transition, and transport, etc. A lot of recent progresses in ultra-
fast spectroscopy, medical/security imaging, device fabrication, failure analysis, components
analysis, quality control, and others greatly reply on the development of THz technology.

One of my projects is to expand the THz spectroscopy technique toolbox, such as the devel-
opment of the novel, high efficiency, and compact THz wave emitter. It is a big progress for the
exploration of artificial-magnetism-induced nonlinear THz emission. This emitter has advan-
tages that the conventional emitters cannot compete. For example, it can be pumped at any
wavelength by tailoring the magnetic dipole resonance, but no current solid state THz emitters
have this merit and they are limited by the delicate phase-match requirement. Moreover, the
SRR emitter can potentially generate THz waves covering the entire THz band by shortening
the pump pulse duration, because the SRR emitter does not suffer from the intrinsic limitation
of the Reststrahlen region. To the best of our knowledge, all solid state THz emitters have
phonon absorptions in THz band. On the other hand, even though our SRR emitter has much
larger second-order nonlinear efficiency than conventional nonlinear media, it is only nanometer
thick, which cannot fully compete with the conventional nonlinear crystals of thousands times
thicker at this stage regarding the total THz emission intensity. It can be one of the future
objectives to design and fabricate even higher efficiency THz emitter, and 3D SRR emitters in
order to greatly improve the THz emission intensity.

Controlling THz waves effectively is another very important area for the application of

THz technology. In our study, 1D and 2D photo-imprinted photonic structures are designed to
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manipulate THz waves. According to observation, the THz wave modulation is from the first-
order diffraction of the photo-imprinted diffractive elements. This can be used as THz wave
filter and THz grating. We have also designed some structures for resonance manipulation, but
are unable to observe THz resonance yet, e.g., from the circulating current of the SRRs. One
of the major limitations for us to observe resonance is from the resolution and contrast ratio
of the illuminated and dark regions of the GaAs. As measured by our camera, the contrast
ratio is only around 100. The dark region is not really completely dark due to diffraction. The
current numerical aperture is ~0.1. We certainly need to improve our numerical aperture in
order to achieve higher image quality closer to diffraction limit. But this is limited by some
other facts, such as the configuration of the THz setup. It requires the modification of the
current THz setup a lot.

THz spectroscopy technique is also employed to study low energy THz electrodynamics of
dark excitons in semiconducting carbon nanotube. Carbon nanotubes have very good physical
and optical properties and bright potential applications in many areas. However, most photo-
generated carriers in semiconducting carbon nanotubes are dark excitons. They do not couple
to a photon directly and limit free carriers to form current. This greatly limits the fluorescence-
and optoelectronic-based applications of carbon nanotubes. Our THz study reveal the forma-
tion of lowest-lying dark excitons in semiconducting carbon nanotubes within 1 ps time scale
regardless of the excitation wavelength due to strong 1D confinement and electronic correlation
of electrons and holes. Resonant excitation leads to 90% of the products being dark excitons
and one order of magnitude smaller free carriers. By tuning excitation wavelength away from
excitonic transitions, free carriers with population comparable with that of dark excitons can
be generated. Under such a condition, dark excitons are still very stable, but the intraexcitonic
transition gap is renormalized due to the interaction of excitons and free carriers. In other
words, the 1s(g)—1s(u) transition frequency shifts to smaller value with the increasing of free
carrier population. Another interesting feature observed is that the photogenerated excitons
will evolve from a predominant dark exciton population in 1s(g) at low excitation fluence to
phase-space filling of both the dark [1s(g)] and bright [1s(u)] exciton states. Simply put, the

photogenerated excitons will primarily populate at the lowest dark exciton states with low ex-
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citation fluence, but they will have greater probability to populate at the upper bright exciton
states at strong excitation fluence. One of the future interesting THz spectroscopy experiments
on SWNTs is to study the time-resolved transient exciton scattering rate change which deter-
mines the intraexcitonic transition bandwidth. We have already observed some trend of the
exciton collective effects. If this can be confirmed, by using much higher excitation fluence, it

may indicate the realization of the Bose-Einstein condensate of excitons in SWNTs.
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