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Abstract

The generation and detection of ultrafast time domain (TD) THz pulse trains is an
active area of research, with recent developments pushing sources to higher power and
greater bandwidth. This thesis presents research in two frontiers of the science and
technology of THz radiation; the generation of high power TD-THz pulses and the
dynamic THz spectroscopy of an emerging new material, epitaxial graphene. To increase
the SNR of conventional time domain (TD) THz sources, a novel method is proposed for
high average power, high repetition rate, TD-THz generation based on an ultrafast fiber
laser and optical rectification inside a GaP waveguide. A model for the THz generation
is developed by combining a finite-difference frequency-domain mode solver with the 1D
generation equation. The measured 150-uW average power and 3 THz bandwidth
represent nearly a two order of magnitude increase over conventional TD-THz systems,

and are in good agreement with the theoretical model.

Since the demonstration of the isolation of single atomic sheets of graphite, graphene
has received tremendous attention due to its unique mechanical and electrical properties.
These unique properties indicate graphene is a highly promising material for high-speed
(THz-bandwidth) electronic devices. This thesis presents TD-THz spectroscopy of
multilayer epitaxial graphene samples, with the goals of identifying the presence of a
possible bandgap opening at low energies and of measuring the hot carrier recovery
dynamics on picosecond timescales. The graphene transmission spectrum is shown to be
remarkably flat and is used to verify the absence of a bandgap at meV energies. Optical
pump — THz probe measurements of the temperature-dependent recovery dynamics show

a biexponential recovery with which is compared with theoretical predictions.

Lastly, THz detection of coherent controlled photocurrents is demonstrated for the
first time in epitaxial graphene. Optical coherent control provides a method for
contactless injection of ultrafast current bursts into semiconductor materials. The
associated radiated THz pulse is used to verify the unique polarization independence and
power scaling with theoretical predictions. The effect of background hot carriers on the
coherent generation process is explored and the dephasing of the coherent current
injection is observed for the first time.
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Chapter 1
Introduction

In 2008, eighteen major international airports in the United States supplemented their
security procedures with mm-wave imaging systems. These systems operate at 94 GHz
using arrays of emitters and detectors to create a full three dimensional image of the
subject [1, 2]. While the first generation devices caused an uproar among privacy groups,
the imagers represented a significant milestone for far infrared (far-IR) imaging
applications [3, 4]. Unfortunately, the system’s long wavelength and narrow bandwidth
limits the image resolution and prevents spectroscopic identification of materials. Ideally,
one would like to use broadband illumination at a shorter wavelength which would allow
a high resolution reconstruction with full far-IR spectroscopic information. Such a

system would greatly improve the ability to identify small concealed regions of interest.

Time domain terahertz (TD-THz) systems are able to meet both of these
requirements. Typical systems are able to generate and detect broadband pulses with
wavelengths between 100 um and 2,000 um and, using coherent detection techniques, are
able to achieve signal to noise ratios (SNR) in excess of 60 dB [5, 6]. Unfortunately, this
sensitivity is only achieved in a confocal geometry. In order to achieve a similar
sensitivity at 1 THz in a backscatter configurative, either the emitter density or the
emitter power would need to increase 1,000 fold from an average power of 1 pW to 1
mW [7]. Beyond imaging, a high power TD-THz system would benefit spectroscopy and
sensing applications by allowing for faster acquisition time at current SNRs, or greatly
improved SNR at current acquisition times. In particular, the improved SNR would

greatly benefit spectroscopic applications involving thin or weakly absorbing materials.

One particularly interesting area requiring high SNR THz spectroscopy is in the
characterization of single atomic layers of graphite. Graphite is a carbon allotrope where
the carbon atoms are arranged into a stack of flat 2D sheets with the atoms arranged into

a hexagonal honeycomb lattice within each sheet. Since the isolation of high quality
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individual sheets in 2004, single- and few-layer samples have received tremendous
attention due to their unique electrical and mechanical properties. The high carrier
mobility, excellent thermal conductivity [8], and long ballistic lifetime [9] in epitaxial
graphene offer interesting new opportunities for ballistic THz resonators, ballistic field
effect transistors, pn-junction diodes, and other high speed electronics [10, 11]. However,
the performance of many of these devices depends heavily on two factors. First, high
speed devices will require knowledge of carrier conductivity at THz frequencies. Second,
the performance of photosensors, FETs, and other devices is critically dependent on the
behavior of hot carriers and the subsequent cooling and recombination dynamics.
Measurement techniques, such as optical transmission and reflection, have the temporal
resolution necessary for measuring the carrier behavior on picoseconds timescales and
faster, however they are only able to measure changes in heavily doped layers or the
effect of very energetic carriers. On the other hand, TD-THz spectroscopy is extremely
well suited to measuring changes in the conductivity of thin films, and a high power TD-
THz spectroscopy system would provide an ideal tool for measuring the ultrafast carrier
dynamics in graphene. In addition to standard THz spectroscopy, this thesis explores a
method for optically generating ballistic photocurrents, which can provide further insight

into the dephasing and scattering rates in epitaxial graphene.
History of Optical Rectification and Time Domain THz Generation

The origin of optical rectification can be traced to the development of the laser, which
offered tremendous improvements in spatial and temporal coherence over contemporary
light sources, allowing focused intensities far surpassing anything before. Further
refinements and new techniques such as modelocking and chirped pulse amplification led
to ever shorter and more intense optical pulses, enabling the study of nonlinear physical
and chemical interactions on extremely short time scales. However even before these

developments, the field of nonlinear optics was already well established.

In 1961, Franken et al. observed the second optical harmonic of a ruby laser beam
incident on a quartz crystal [12]. The following year, the first optical rectification
experiment was performed by Bass et al. in a KDP crystal with a ruby laser [13]. As the

available laser pulse durations shrank, higher and higher frequencies were generated
2



through optical rectification. In 1971, Yang et al. generated several picoseconds
microwave pulses by focusing 2 ps pulses from a Nd:glass mode-locked laser into a
lithium niobate (LiNbOs3) crystal [14]. The crystal was phase-matched for optical
rectification, and using an FTIR setup, they reported peaks in the power spectrum for this
sample at 75, 195, and 315 GHz. In 1984, Auston and co-workers generated true THz
bandwidth pulses via Cherenkov waves in a lithium tantalate (LiTaO3) crystal which was

pumped with 100 fs pulses from a ring mode-locked dye laser [15].

During this time, the low average power and low photon energy prevented absolute
measurements of the THz pulse train. Improvements were quantified by measuring the
signal increase relative to older techniques [16, 17]. This method of measurement
emphasizes power-on-detector rather than the intrinsic power generation of a method.
While the detected power is arguably more useful, it is much more dependent on
experimental variables. Differences between experimental setups can range from the
unintentional, such as collection and focusing optics, to the deliberate, such as tailoring
the detector response to match a proposed generation scheme. However further
advancements in both the laser pump systems and the generation techniques improved the
THz power, and by the late 1980°s the power had increased to the point where it could be
measured absolutely using common incoherent detectors. During this time, the average
power had increased from nearly undetectable pW to pW levels [18] for high repetition
rate systems, and the pulse energy has increased from fJ to sub-pJ for low repetition rate
systems [19]. This enabled more quantitative comparison between generation schemes
using cryogenic bolometers for high average power and pyroelectric detectors for high

pulse energy systems.

Over the past 10 years, the THz power scaling has closely followed improvements to
the pump lasers. A conventional photoconductive emitter which is pumped by a
Ti:sapphire oscillator typically achieves an average power on the order of 1 pW [20].
Further average power scaling is significantly impeded by saturation effects at low
repetition rates, and thermal dissipation of the pump at higher repetition rates [21]. In

contrast, optical rectification of a femtosecond pulse train in a nonlinear crystal offers



much better THz power scalability [22-25]. To understand the direction of future power

scaling, it’s helpful to look at the basic power scaling relationship:
PTHZ x Nrr ZLZ dgff Ipzaump (11)

where de; is the nonlinear coefficient, z; is pump/THz interaction length with the crystal,

N, is the laser repetition rate, and lpump is the laser pulse intensity.

One approach for THz power scaling is to scale the pump laser to very low repetition
rates and very high pulse energies. In this scheme, the average pump power is held
constant, I, = 1/N,. , which leads to an overall inverse relationship with the system
repetition rate. This method has proven very successful at generating high average power
THz pulses, however the low repetition rate prevents the use of many common noise
reduction techniques [26]. In this thesis, | will focus on a technique that scales primarily
by using a high-power, high-repetition-rate, pump laser in conjunction with long crystals.
By focusing on a system with a high repetition rate, we maintain the ability to use mature
noise reduction techniques so that the system SNR scales with increasing power.

Graphene Fabrication Methods

One of the primary reasons for the tremendous attention focused on graphene is due to
the unique electronic properties of individual sheets. One of the most interesting aspects
of graphene is that at low energies, the charge carriers behave as massless, chiral, Dirac
fermions [27]. This dispersion relationship is formally equivalent to many of the
relationships in quantum electrodynamics (QED) with the exception that the carriers
move 300 times slower than the speed of light. This allows testing of the fundamental

theory [28] as well as new physical phenomena such as integer quantum Hall effect [29].

Perhaps the most interesting feature for future THz devices is represented in the
Klien paradox; whereby Dirac fermions are insensitive to external electrostatic potentials,
I.e. impurities, and long range scattering is suppressed. This leads to long range ballistic
travel similar to carbon nanotubes, with early samples reporting ballistic lengths in excess
of several microns with corresponding ballistic lifetimes in excess several picoseconds

[30]. Ballistic transport can be exploited to create field effect devices [31-33] and micron
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sized THz resonators [34, 35]. Furthermore, recent advances in anisotropic etching have
allowed the creation of graphene nano-ribbons with crystallographic edges [36], where
the conduction properties depend on the edge shape [37]. Although graphene
development is still in its infancy, the potential for new and exciting THz devices is

immense.
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Figure 1.1 shows the energy spectrum of graphene in units of eV and the inverse
lattice constant, 1/a. The right panel shows a magnified view around the Dirac point.

In the conventional tight binding model, the electron dispersion relationship is given
by:

E = i\/yoz(l + 4 cos?mkya + 4 cosmkya - cos nkx\/§a) (1.2)

with the nearest-neighbor hopping energy y, = 2.8 €V and the lattice separation a =
2.4 A, with positive sign for the conduction band and negative for the valence band, as
shown in Figure 1.1. The above equation leads to the conduction and valence band
touching at 6 points in K space, which are referred to as the Dirac points. At
wavenumbers in the vicinity of the of the Dirac points, the dispersion is linear and

simplifies to

E = tvp|k,| (1.3)



where Kk, is the wavevector relative to the Dirac point, and vg is the energy independent
Fermi velocity and is typically ~10® cm/s in high quality samples. When discussing the
linear dispersion of graphene, one implicitly assumes the momentum is measured relative
to the Dirac point, and for simplicity, the A subscript is dropped. With the tight binding
model, further relationships can be derived such as the density of states, electron heat
capacity, and conductivity. These relationships will be presented in further detail in
Chapter 3.

Despite the relatively recent isolation of high quality samples, graphene has been a
theoretical curiosity for nearly 70 years [27], and an unintended byproduct of daily
human activity for much longer. The production of small graphene flakes is as trivial as
drawing with a pencil; however, the challenge lies in isolating and identifying these

monolayer flakes among the larger population of debris.

There are several methods for fabricating graphene: exfoliate separation, chemically-
derived, chemical vapor deposition (CVD), and epitaxial growth. Perhaps best known as
the original and simplest methods for high quality fabrication, exfoliate graphene is a
simple method that involves the mechanical separation of individual graphene layers
from bulk graphite. In the original method [30], flakes from a synthetic highly ordered
pyrolytic graphite sample are mechanically rubbed against a Si wafer with a 300 nm SiO,
overcoat. The overcoat allows regions with few and monolayer thickness to be identified
visually thorough a microscope due to interference effects between the graphite layers
and the substrate. Suspected monolayer flakes can then be verified by unique Raman
spectra for monolayer and multilayer stacks. At present, the micromechanical method is

capable of producing high quality but irregular samples up to 100 um is diameter.

Prior to the success of mechanical separation, researchers met partial success using
chemical methods. One method used the intercalation of external molecules in between
the graphene layers [38]. For large molecules the layers become electrically separated
and behave as isolated layers in a larger 3D metamaterial.  Unfortunately, the
intercalation compounds sufficiently perturb the graphene to destroy most of the
interesting electrical properties. Subsequent removal of the intercalation compound

yields an interesting graphitic sludge, however the uncontrolled nature of the resulting
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compound has prevented significant interest. Alternatively, graphene can be visualized
as the limiting case of an infinitely large polycyclic aromatic hydrocarbon (PAH). To
this end, chemists have synthesized PAHs with 60, 78, 120 and 222 carbon atoms [39],
which resemble graphene “‘dots.” UV absorbance spectra from the smaller three show a
discrete PAH electronic structure, but the larger 222 atom PAH has Raman bands similar

to those in graphite.

An alternative to the problem of isolating pristine graphene sheets among massive
debris is to carefully grow sheets in a controlled environment free of contaminants.
Recently researchers have tried to adapt the mature chemical vapor deposition (CVD)
technique for nanotube growth to graphene [40-42]. In this method, few layers graphene
samples are grown via ambient pressure methane-based CVD on polycrystalline Ni films
on quartz substrates. Researchers have been able to demonstrate the growth of
continuous films across large substrates (~cm?). Subsequent etching of the Ni layer
allows transfer of the graphene films to nonspecific substrates. At the moment, CVD is a
promising method for graphene fabrication however samples show higher than expected

optical absorption [43].

The most promising method for high quality graphene fabrication is epitaxial growth
on single crystal silicon carbide. In this method, ultrapure SiC crystals are hydrogen
etched to remove surface impurities and the cleaned crystals are heated in a vacuum
furnace above 1300 °C. Under these conditions, Si atoms desorb from the surface which
allows the remaining carbon rich region to form graphene layers. Interestingly,
multilayer epitaxial graphene samples have a unique rotational stacking between the
layers that electronically decouples the layers.

Epitaxial Graphene

Epitaxial growth of carbon monolayers on catalytic surfaces was demonstrated as
early as 1974 [44]. Early processes were based on the catalytic decomposition of
hydrocarbons (typically methane) on metal surfaces (Ni, Ru, Ir) [45]. At high
temperatures, the hydrogen and oxygen atoms desorb from the surface and the remaining

carbon forms a graphene monolayer. Early samples showed electronic states different



from bulk graphite and intercalated graphite compounds. Pure metal substrates showed
significant charge transfer arising from the work function difference at the graphene-
metal interface. Other surfaces such as Ti-terminated TiC (111) [46] and SiC [47]
showed the band structure of the graphite monolayer was modified primarily through

orbital hybridization of the graphene monolayer and the catalytic substrate.

The interest in epitaxial graphene grew tremendously when high quality samples
with excellent electronic properties were demonstrated on SiC substrates [10] in early
2004. Upon heating of cleaved, cleaned, polished, and etched SiC substrates, Si atoms
desorb from the crystal lattice, and the carbon rich film assembles in to graphene sheets
with several micron sized grains [48]. The number of layers and layer quality can be
controlled by the heating time, temperature and crystal face. Graphene samples grown on
initially carbon terminated substrates produce thin stacks with few layers and low
mobility, while samples grown on Si terminated substrates produced thicker stacks with
higher mobility. On both sides, the very first graphene layer is tightly bonded to the SiC
substrate with a covalent bond length slightly larger than diamond (1.65 A vs. 1.54 A).
This buffer layer exhibits strong out of plane warping and unfavorable electrical
properties, but helps to shield higher layers. The next layer sits 3.1 A above the buffer
layer which is in good agreement with the weaker van der Waals bonding seen in bulk
graphite [49]. This layer which is highly doped with electrons from the SiC graphene
interface exhibits excellent electric properties and is commonly referred to as the “first’
graphene layer. Despite the existence of multiple graphene layers there is strong
evidence that epitaxial graphene grown on SiC substrates maintains the electronic

properties of isolated graphene sheets.

At first glance, one would expect thick graphene stacks grown on SiC substrates to
behave similar to thin film graphite samples grown via other methods. However
experimental evidence has shown that the layers remain electrically isolated, with each
layer maintaining the properties of an isolated graphene sheet. This fortunate
coincidence arises from a unique interaction between the graphene lattice and the atomic

spacing in the SiC substrate. In bulk graphite, the layers are arranged on top of one

another with each layer offset by v3ay x v3a,, where ag and a; are the unit vectors in



graphene plane. This thermodynamically preferable arrangement leads to ABABA...
stacking and is referred to as Bernal stacking. However in epitaxial graphene, the slightly
0.14% smaller SiC substrate leads to a new thermodynamically preferable stacking
arrangement with a 30° = 2.2° rotation ( R30/R2 ), relative to the SiC substrate. This
leads to a larger rotated 13x13 graphene cell that is commensurate with the underlying
SiC in addition to other graphene layers. The larger graphene “fault cell’ is shown in
Figure 1.2a, along with normal and high resolution STM images of C-face epitaxial

graphene samples.

Figure 1.2 shows the layer orientation of multilayer epitaxial graphene, including the
“fault cell” and rotational stacking. A diagram of the larger “fault pair’ unit cell
illustrates the rotation between adjacent layers (a). Normal (b) and high resolution (c)
STM images of C-face epitaxial graphene samples with the unit cell in black, and the
graphene unit vector a and b indicated by the dashed arrows. (from Hass et. al. [50])

In high quality films with the R30/R2 rotational stacking, the electronic properties
differ significantly from bulk graphite with Bernal stacking. In the rotational fault
stacking, only 2 out of 52 per unit cell have a high degree of interlayer symmetry which
leads to a much weaker electronic interlayer coupling. Ab initio calculations of the band
structure for three forms of graphene were performed by Hass et. al. and are shown in
Figure 1.3. Both the single layer graphene and the rotational fault bilayer show the linear
band structure associated with single sheet graphene, with subtle differences only

9



appearing at large energies. In contrast, the AB bilayer exhibits touching parabolic bands
and secondary bands appearing a few hundred meV above the primary bands in good

agreement with tight binding calculations [51].

One significant difference between epitaxial graphene stacks and isolated graphene
sheets is an extrinsic charge density originating from the SiC interface [52]. The large
work function difference between the SiC substrate and the graphene stack leads to a

significant charge transfer into the stack with a layer dependent charge density. Early

magnetoresistant measurements indicated a charge density of 3.8x10"electrons/cm? in
the first graphene layer above the buffer layer [53], while Landau level spectroscopy
measured a charge density of 1.5x10™ cm™ in the top lightly doped layers [54, 55].
Recently, the doping profile of the first several layers has been measured using mid-IR
pump-probe spectroscopy. These measurements show an exponential like doping profile
that asymptotically approaches the lightly doped density, with a 1.7 layer charge-density
screening length. Prior mid-IR pump-probe experiments have measured the Fermi level
of the bottom four layers at 365 meV, 220 meV, 140 meV, and 93 meV relative to the

Dirac point.

Figure 1.3 shows the calculated band structure for an isolated graphene sheet (red
dots), graphene bilayer with Bernal stacking (blue dashed lines) and a bilayer with
R30/R2 stacking (solid black lines). (from Hass et. al. [50])

Dissertation Outline

In chapter 2, I examine the challenges in scaling current TD-THz systems to high

repetition rate and high average power. | present a system based on optical rectification
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in a low-loss phase-matched crystal, gallium phosphide. In order to improve the spatial
overlap and interaction length between the diverging THz and the optical pump, a novel
air clad waveguide geometry is proposed where the high permittivity of the GaP crystal is
used to confine generated THz while allowing pseudo-free-space propagation of the
optical pump beam. Confinement of the THz modifies the propagation by introducing
several forms of dispersion: modal, waveguide, polarization. A theoretical model for the
THz generation is derived by combining the 1D generation equation with a numerical
FDFD simulator which calculates the modes and propagation constants for the GaP
waveguide. The theoretical model is confirmed by measuring the power generated in two
6 mm long GaP waveguide with rectangular cross sections using a high average power
fiber laser, and the generated waveforms and their spectra are shown to be in good
agreement with the model.

Chapter 3 focuses on exploring the direct and differential transmission of epitaxial
graphene samples in the THz region. Further background information on our graphene
samples is provided and a few basic models for the temperature dependent transmission
and reflection are provided. Experimentally, both the graphene transmission and
differential transmission are shown to be remarkably flat and are used to verify the
absence of a bandgap at meV energies. Measurements of the recovery dynamics and
nonlinear transmission threshold are presented along with a comparison to several

cooling models.

In chapter 4, we demonstrate coherent control of photocurrents in epitaxial graphene.
By interfering a fundamental (®) and second harmonic (2w) beam on the graphene
sample, photoexcited carriers are given a controllable net average momentum, giving rise
to a macroscopic current. The ultrafast coherent current radiates a THz pulse which is
then used to verify the theoretical power scaling and polarization relationship between the
®, 2m, and coherent current. An optical prepulse is introduced to investigate the effect
background hot carriers and estimates of the dephasing contribution are determined.

Final conclusions and future work are presented in Chapter 5. Following the chapter,
Appendices A-F provide a record of commonly used calibration and measurement

techniques used in the THz spectroscopy setup.
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Chapter 2
Broadband Terahertz Generation in GaP waveguides

Time-domain terahertz (TD-THz) methods using single- or few-cycle THz pulses have
found promising applications in spectroscopy, imaging, and sensing [56, 57]. The use of
broadband THz pulse trains in a TD-THz system enables time-gated coherent detection,
which offers sensitivity orders of magnitude higher than the incoherent detection of
narrowband THz [58]. However, the lack of high power broadband THz sources has
hampered the development of convenient and versatile TD-THz systems for many
applications. A high power THz source will improve both the signal-to-noise ratio (SNR)
and the dynamic range of imaging and sensing systems by providing the capability to
penetrate deeper into strongly scattering or absorbing materials. Furthermore, high
power THz sources promise to drastically reduce the data acquisition time at current

SNR, which opens up the possibility for real-time imaging of objects.

Present TD-THz emitters exploit either a current surge in a photoconductive antenna
or optical rectification in a nonlinear optical crystal. A conventional photoconductive
emitter which is pumped by a Ti:sapphire oscillator can only achieve an average power
on the order of 1 uW [20]. Further average power scaling is significantly impeded by
thermal effects due to the absorbed pump power [21]. In contrast, optical rectification of
a femtosecond pulse train in a nonlinear crystal offers much better THz power scalability
[22-25].

Both of the aforementioned THz generation methods are based on the conversion of
an ultrafast optical pulse into a THz pulse. For the past ten years, this has been
accomplished most readily using solid-state Ti:sapphire laser systems and tailoring THz
generation devices to the characteristics of these lasers [22-24]. In recent years, the rapid
advancement of ultrafast fiber lasers has motivated efforts to incorporate them into TD-
THz systems [25, 59-63]. Due to their advantages over solid-state lasers, such as high

wall-plug efficiency, diffraction-limited beam quality, compactness, robustness, and
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superior heat dissipation due to the large surface-to-volume ratio of a fiber, ultrafast fiber
amplifiers operate at much higher average power levels than can be implemented in the
Ti:sapphire system [64]. In this chapter | will describe a system that uses the inherent
power scaling of fiber lasers to achieve a high-power, high repetition rate, time domain

THz system with a 100 fold power increase over conventional systems
Electrooptic Detection

Before beginning with THz generation, we need to look at the arguably more
difficult task of coherent THz detection. One of the primary methods for measuring the
temporal shape of propagating THz fields is through free space electrooptic sampling
(FS-EOS). This method uses the linear electrooptic effect to rotate the polarization of an
ultrafast probe beam in proportion to the instantaneous THz field. Using a differential
intensity technique, the induced ellipticity in the probe beam and hence the instantaneous
THz field can be measured with high precision. By scanning the relative delay between

the THz and optical pulses, the complete THz waveform can be sequentially sampled.

The relationship between the THz field and the differential probe intensity can be
derived by beginning with the index ellipsoid equation. In crystals belonging to the 43m
point group, such as ZnTe and GaP, the equation for the index ellipsoid is given by:

x%2 +y%+ 22

2 + 21 (y2E, + xzE, + xyE,) = 1 (2.1)

Following the notation of Planken [65], it can be shown that a pair of coordinate
transforms can recast the index ellipsoid in a rotated coordinate system. For optical beam
propagating along the (110) crystal direction and polarized at an angle ¢ with respect to

the (001) axis, as shown in Figure 2.1, the THz induced birefringence is:

3
n
n," (a) # n+ — Epy,141[cos asin? @ + cos(a + 20)],

2
n? , (22)
n, (a) =n+ 7ETHZT41 [cos acos® 8 — cos(a + 20)]
260 = —arctan(2tana)
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where ny~ and n,- are the indices of refraction in the new coordinate system, and « is the
angle between the THz electric field and the crystal (001) axis. For ZnTe, the index of
refraction (n) and the linear electrooptic coefficient (rs;) are approximately 2.79 and
4 pm/V.

— (001) \ PBS
L~

(110) QWP

/

|~
ZnTe

Figure 2.1 Free space electrooptic sampling setup. An ultrafast optical pulse and
THz pulse copropagate through a ZnTe crystal. The induced ellipticity in the optical
pulse is measured using a quarter wave plate (QWP), a polarizing beam splitter (PBS),
and a pair of differential photodiodes (not shown).

As the optical probe beam copropagates with the THz beam inside the detection
crystal, the probe beam acquires an elliptical polarization due to the THz induced
birefringence. In a standard balanced electrooptic detection setup, the optical beam is
polarized at 45° to the THz induced birefringent axes. As the beam propagates, the
acquired ellipticity is measured by passing the probe beam through a quarter wave plate
and a polarizing beam splitter. The difference in the intensity between the horizontal and
vertical polarizations is detected using a pair of photodiodes and the differential intensity

IS given by,

Al(x) 2my\ . :
T~ (—) n°Ery, 741 L(cos a sin 2¢ + 2 sin a cos 2¢) (2.3)

: A

The electrooptic sensitivity is maximized when the THz is polarized along the (111) axis,
a =90°, and the optical beam is either co-polarized or orthogonal to the THz polarization,
¢ =0°, 90°.
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If the (100) crystal axis is known, the THz polarization state can be measured by a
90° rotation of the ZnTe crystal and probe beam. For example, with the probe beam
aligned to the (100) axis, the probe is only sensitive to the orthogonal component of the
THz field, ¢ = 0 .. Al < sina. By rotating the probe beam in step with the crystal, the

time dependent polarization, ETHZ (a,t), can be mapped out. This method works well for
strong signals, but the non-negligible birefringence inherent in commercial ZnTe crystals

can complicate the rotation procedure.
THz Generation via Optical Rectification

Like many nonlinear systems, it is difficult to fully and accurately model optical
rectification (OR) without simplifying assumptions. In general, simple and tractable
solutions exist if one neglects either spatial or temporal dispersion, or assumes a
simplified relationship between them. For example, in isotropic media with simple non-
dissipative, Lorentz-form dispersion relationship, one can calculate the effective
Cherenkov radiation modes. The radiated THz field can then be determined by spatially
convolving these modes with the optical pulse [66]. Alternatively, one can neglect
diffraction and begin with the one dimensional wave equation, which allows for more

realistic material dispersion.

For ZnTe, GaP, and other zincblende crystals, the same strong nonlinearities that
make these crystals attractive electrooptic materials also make them effective crystals for
optical rectification. For these crystals, the optimal generation occurs when the optical
beam is polarized along the (111) direction and propagates along the (110) axis. In this

geometry, the nonlinear polarization is copolarized with the optical beam and the
2
V3
800 nm, the nonlinear optical coefficients are dq4/€p = 70 pm/V and 60 pm/V,

effective nonlinear optical coefficient is d.sf = —=d;4. For GaP at 1.06 um and ZnTe at

respectively [67].
Modeling optical rectification begins with the one dimensional wave equation:

0%E(z,t) 0%E(z,t) 0E(z,t) 02
P S et Ly el A G OR 24)
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Here, E is the combined field from the optical and THz waves, E(z,t) = E,(z,t) +
Er(z,t). The material permeability, permittivity and conductivity are represented by p,
e, and o, respectively. For experimental conditions to date, the optical field is much
larger than the THz field so that the nonlinear polarization can be approximated as Py, =
2dfr |E, (2, 0)]°.

Applying the slowly varying envelope approximation to the optical beam, the time
domain field can be expressed as the product of an envelope function, e;(z,t), and a

carrier wave, exp(—iw,t) with the following Fourier transform relationships,

e (z,t) = _[EL (z, w) exp(ik(w + wy)z — iwt) dw (2.5)

ET(Z, t) = fET(Z, CUT) exp(ik(a)T)Z - l(l)Tt) da)T (26)

It is important to note that the wavevectors, k(w), in the above equations are the true
material- and frequency-dependent wavevectors. Substituting into equation 2.4, the one

dimensional equation describing the evolution of the THz field is,

ar
5, Bz o) = ——Er(z,0,) +
pdsr i @.7)
k(o) ) Eo@ @+ 0nE;(z 0) exp(idkyz) dw

Where the phase mismatch is given by, Aky = k(w + wg + wr) — k(w + wy) — k(wr),
and the THz power loss is given by ay. If the initial optical power is low enough that

other nonlinear processes can be ignored, the above equation integrates to

s h [ Ey(w + wp)Ei(w)(e@kr—eo)z _ g=arz/2)
Er(z,wr) =i % =
(wr) (T) — a, + idk;

dw  (2.8)

assuming pump spectrum is constant, E,(w) = E,(z = 0, w), and zero initial THz field,
Er(z=0,wr) = 0. For thin crystals or select media where the phase mismatch is
minimal and the THz absorption can be neglected, the above equation can be further

simplified to,
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ucdyrrwrz .
ET(Z,wt)=l#£)T) E, (0 + wp)E(0) do 2.9)

In the limiting case of materials with negligible THz dispersion, the index of refraction
dependence is constant and the above equation can be Fourier transformed to the
equation below.

,LlCdeffZ 0

Er(z,t) = — 2nr aleo(t)l2 (2.10)

In its simplest form, the one dimensional generation equation shows us that the THz
field is proportional to the derivative of the optical pulse envelope. This form only
applies to very thin crystals or rarified gasses where the phase mismatch and absorption

are negligible.

The advantage of using optical rectification is the inherent power scalability of the
approach. Since optical rectification is a non-resonant phenomenon, the bandwidth is not
constrained by material response or saturation. Likewise, many potential crystals have
minimal optical absorption and easy heat dissipation which allows for significant power
scaling through increases in the average power of the pump. However, increasing the
pump average power from a few watts to ten or one hundred watts requires transitioning
from Ti:sapphire lasers to Yb-doped fiber systems. As we switch to a 1 um laser system,
GaP has been theoretically demonstrated to be the optimal optical rectification crystal.
GaP offers many advantages over ZnTe, such as a broad velocity-matching bandwidth,
absence of two-photon absorption at the pump wavelength, and negligible nonlinear

refractive index effect [68].

It is well known that efficient THz generation via optical rectification can be
described as difference frequency generation within the optical pulse, which requires the
group velocity of the optical pump pulse to match the terahertz phase velocity. Figure
2.2a shows the frequency dependent refractive index profiles for ZnTe and GaP with the
Sellmeier coefficients taken from Palik, 1991 [69]. The much flatter index curve of GaP
compared to that of ZnTe indicates a broader velocity-matching bandwidth and a smaller
dispersion. This broader velocity-matching bandwidth allows the generation of single-

17



cycle THz pulses in GaP while ZnTe tends to emit multi-cycle THz pulses, as shown in
Figure 2.2b. The inset plot shows the amplitude spectrum for each pulse. The
unexpectedly larger bandwidth in ZnTe is due to a drastically shorter pump pulse. On the
other hand, the GaP system is currently limited by the pump pulse duration. As fiber
laser technology matures, one would expect the pump pulses available at 1.0 um to
improve and the GaP signal should increase accordingly. Meanwhile, the smaller
dispersion permits the distortionless propagation of THz pulses within the crystal, which
combined with the broad velocity-matching bandwidth implies potential THz power

scaling using a thicker crystal.

As we scale to thicker crystals, it is useful to examine the limits of the one
dimensional equation derived above (Eq 2.8). One of the primary limitations of the
equation is the assumption of diffractionless propagation. A simulation of this behavior
is shown in Figure 2.3. Assuming a Gaussian pump beam and diffractionless generation
in GaP, the average THz field as a function of radial distance and crystal length is shown
in green. For short crystals, the on-axis intensity grows quadratically as expected.
Eventually phase matching constricts the bandwidth and the average power peaks at
~lcm. Beyond this length, spectral loss outpaces any gain over the remaining
phase-matched bandwidth. Since the beam is diffractionless, the waist or 86% encircled

power remains constant with propagation.

Alternatively, one can accurately model the diffraction in a dispersive media using
Cherenkov waves [66]. A simulation based on Cherenkov waves is shown by the blue
curves in Figure 2.3. This simulation assumes identical experimental conditions with the
exception of material dispersion. In place of the true material dispersion, a simpler
Lorentz model was assumed that accurately modeled the material response below 2 THz.
With short crystals, the Cherenkov model agrees with the one dimensional simulation;
however beyond 1 mm the models diverge rapidly with the Cherenkov model converging
to the typical cone wavefront. Since the velocity mismatch in GaP is less than 2%, the
cone angle is extremely shallow, and the typical 1/r field dependence is not obvious. As
would be expected the models begin to diverge at the Rayleigh range for the spectral

peak wavelength.
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Figure 2.2 shows the index mismatch and waveforms for ZnTe and GaP. The top
panel shows the phase mismatch between the THz phase index (solid) and the optical
group index (dashed) for ZnTe at 800 nm and for GaP at 1.064 um, respectivly. b)
Typical waveforms from 1 mm ZnTe and GaP, pumped by 65 fs and 200 fs optical

pulses, respectively.
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Figure 2.3 compares the results from 1+2D calculation (green) and a true 3D
simulation based on Cherenkov waves (blue). The on-axis intensity is shown by the
solid lines. The 86% encircled power radius is shown by the dashed lines.

Optical Rectification in a Waveguide

Since optical rectification is a second order nonlinear optical process, it is expected that
further THz power scaling can be achieved by increasing the crystal length. However,
previous studies have shown that the optimal optical spot size should be roughly equal to
the peak THz wavelength inside the crystal [70]. In this regime, the THz only remains
collimated for a few wavelengths within the bulk crystal. As shown in Figure 2.4 any
THz generated near the entrance face of the crystal quickly diffracts which reduces
spatial overlap with subsequent generation and frustrates coherent buildup. Furthermore,
diffraction not only reduces the power scaling benefits of using a longer crystal by
preventing the coherent buildup of THz radiation, it also degrades the quality of the THz
beam at the exit face of the crystal by spatially chirping it. One solution for mitigating
the detrimental effects of diffraction is to reduce the crystal cross-section and thus
confine the radiated THz in a waveguide. It is important to note that only the THz
radiation is confined by the waveguide, and not the optical pump. The concept of using a

narrow waveguide to confine the THz during generation was first explored in narrowband
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generation via difference frequency generation [71]. Here, researchers showed that

transitioning to waveguide geometry improved efficiencies nearly an order of magnitude.

y

i

Optical 0 THz Beam O
pump

N\

Figure 2.4 Diagram of the terahertz generation inside a thick, bulk crystal.
Generation near the entrance face (first ellipse) quickly diffracts and is a negligible
contribution to the final emitted beam.

As shown in the previous section, efficient THz generation via optical rectification
requires the group velocity of the optical pulse to match the phase velocity of the THz

pulse. To quantify this velocity matching, a coherent length is introduced as

A
Lc _ THz

a ZlnTHz —n (2.12)

el

where Ay, NTHz, @and ng denote the free space THz wavelength, the refractive index for
the THz wave, and the group index for the optical pump pulse, respectively.
Phenomenologically, the coherence length is the crystal length at which point the
instantaneous THz generation is out of phase with the previous generation and the total
field begins to decrease. The requirement of velocity matching can be satisfied for
specific combinations of nonlinear crystals and laser systems. For example, ZnTe has
become the most popular optical rectification crystal for Ti:Sapphire lasers due to a much
longer coherent length at 0.8 um as compared to other crystals with similar nonlinearity.
For THz systems based on 1.0 um lasers, GaP becomes the optimal crystal for broadband
optical rectification. Figure 2.2b shows the frequency dependent refractive index of bulk
GaP and ZnTe with the Sellmeier coefficients taken from Palik 1991 [69]. For reference,
the optical group index for GaP at 1.064 um and ZnTe at 0.8 um is shown by the dashed
lines. Owing to the higher optical phonon resonance (11 THz for GaP versus 5.3 THz for
ZnTe [72]), GaP has a much flatter index curve, which indicates a broad velocity-
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matching bandwidth with less dispersion. The broader velocity-matching bandwidth
allows efficient generation of broadband THz pulses; meanwhile, the smaller dispersion
allows those pulses to propagate through a longer GaP crystal with less distortion. It is
these two distinct properties that make it possible to implement broadband THz emitters

using GaP waveguides.

One approach to modeling the dielectric waveguide is based on a finite difference
frequency domain (FDFD) method [73]. This method solves a discrete form of
Maxwell’s equations using an eigenvalue approach, and allows one to calculate the
propagating modes and their dispersion in a waveguide with a given cross-section.
Figure 2.5 shows the results from the FDFD calculation for a square 1 mm? GaP
waveguide. As expected the waveguide modifies the effective refractive index curve by
introducing several new sources of dispersion. For example, within a single mode the
index curve shows signs of waveguide dispersion. At high frequencies, the large
permittivity difference between the GaP rod and the surrounding air effective confines
the THz entirely with the GaP waveguide and the effective refractive index closely tracks
the bulk index (Figure 2.5a). However, as we shift to lower frequencies, the THz field
begins to penetrate into the surrounding air and the effective refractive index drops in
comparison to the bulk refractive index (solid black line), eventually crossing the optical
group index at 1.064 um (dashed horizontal black line). The waveguide dispersion
reduces the phase mismatch near and above the crossing point and should manifest as a
slight increase in the THz generation in that range. This gain, however, is offset by the
steepness of the dispersion curve below the crossing point, which leads to strong

oscillations in the THz spectrum at low frequencies.

In addition to the waveguide dispersion, THz propagation in the GaP rod will also
suffer modal- and polarization-dispersion. As will be discussed later, the waveguides are
fabricated by dicing thin slabs of single crystal GaP, into long rectangular waveguides.
This method of fabrication tends to produce highly multimode waveguides as shown in
Figure 2.5b. Depending on the pumping conditions, the modal dispersion can be
exploited to produce high power spatially chirped beams, or lower power near-ideal

Gaussian THz beams. As the optical pump pulse propagates down the waveguide, the
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non-linear polarization source will couple to the different modes. Since each mode has a
different dispersion curve, each mode will generate a unique THz pulse with different
temporal and spatial distributions. The total THz field at the exit face of the waveguide is

the coherent sum from each mode,

N
Eivras (X, v,z =L, t) = z Ci Ai(x,y) ET(z =Ltn= ni,eff) (2.12)

i=0
Here, C; is the coupling coefficient to the normalized modal distribution, 4;(x,y).
Up to this point the vector nature of the electric field has been ignored. However when
summing the orthogonal modes, it important to maintain the vector nature of the electric
field. E.,, Iis the vector sum of the polarized mode, E;. Since the waveguide modes
are orthogonal, the THz generation in each mode can be calculated by using equation 2.8
with the waveguide dispersion replacing the bulk material dispersion. The frequency
dependent coupling coefficient to each mode can be estimated by integrating the overlap
between the source and mode distributions. Assuming the optical pump has a Gaussian
profile with a waist wy, the coupling coefficient at 1.0 THz is shown in Figure 2.5¢c. By
properly choosing the pump diameter, it is possible to generate nearly single mode
operation. For waveguides larger than 200 um, the target pump waist is 49% of the
waveguide width. Under such conditions, over 95% THz power falls into the
fundamental mode. While equation 2.12 will predict the spatially dependent THz field, it
is often more helpful to calculate the average power contained within the THz pulse. If
E.,: o1 describes a single THz pulse, then the average power in the THz pulse train is

given by,

Etorar (x,y, O
Pavg = TNaser jf | tOtalz(* ny )l dlx @ﬂy dt (213)

Where 1,5, 1S the repetition rate of the laser and 7 is the impedance of free space. If the
coupling coefficients in equation 2.12 are computed between normalized distributions,
[[ A(x,y)*> dA = 1, one can use the orthogonality of the waveguide modes to simplify

the above equation. Assuming a normalized pump with a Gaussian cross section, 1(x, y),

23



and a coupling coefficient, C; = [[ I(x,y) - A(x,y) dA, the average power is the

incoherent sum of the power in each mode,

N

wo)? |E; 71z |2 (2.14)

Pavg = 2m <_) Taser ZCL' f'—dt
\/E i=0 277

For some applications such as spectroscopy and sensing, a significant increase in the
total THz bandwidth and power is preferable to spatially pure beam. In these instances, it
is possible to exploit the multimode capabilities of the waveguide to generate more power
than the single fundamental mode can provide. As one reduces the optical beam diameter
below the single mode radius, the coupling to higher order modes increases dramatically,
as show in Figure 2.6. Starting with equation 2.12, the spatially dependent THz field was
calculated at the exit face of a 6 mm long GaP crystal with a 1x1 mm cross section. The
THz was then Fourier transformed and the magnitude was plotted in the upper panels of
Figure 2.6. The optical beam polarization and crystal orientation were chosen to generate
a horizontally polarized non-linear source. Although the waveguide is square, the EX,THZ
modes are not symmetric due to the high contrast boundary conditions at the GaP / air
interface. The optical beam cross section was assumed to propagate unmodified through
the crystal despite clipping in the larger beams. Beginning with the 800 um beam, the
generated THz is near single mode at low frequencies. Higher frequencies on the other
hand will preferentially generate in the higher order modes due to the smaller phase

mismatch.

As we reduce the pump cross section, the coupling into higher order modes is
enhanced and we see multimode behavior even at low frequencies despite a very strong
phase mismatch. Theoretically the coupling to higher order modes in a large waveguide
will allow near 100% source-to-mode efficiency for even very small pump cross sections.
Assuming the total optical power is held constant, the increase in intensity leads to a
1/wg THz power dependence as shown in the bottom left panel in Figure 2.6. This
scaling continues until the optical spot shrinks below 4, /2n, which is the smallest
feature a given mode may have. As an additional benefit, the higher order modes
generate higher frequencies leading to a broadening of the overall THz bandwidth as

shown in the bottom right panel.
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Figure 2.5 shows a sample of the calculated modes for a 1000 um x 1000 um GaP
waveguide in air. The FDFD calculation yields the effective refractive indices (a)
and field cross-sections (b) for the fundamental and higher order modes. A few
example cross sections show the THz field distribution at 1.0 THz, relative to the GaP
crystal (dashed lines). As pump pulse propagates down the waveguide, the source
will couple to the different modes with an efficiency shown in part (c).
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Figure 2.6 shows the magnitude of the generated spectrum across a 1x1x6 mm GaP
cross section (dashed square). As the pump waist (dashed circle) shrinks, higher
order modes are excited which coherently interfere at the exit of the crystal. The
simulation assumed a 230fs Gaussian pulse centered at 1.03 um, with the crystal
oriented to generate a horizontal nonlinear polarization. The bottom left panel shows
the conversion efficiency, PTHZ/POZPt and the right panel shows the normalized
spectrum at the three pump conditions shown.
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In addition to selective pumping, the generated THz spectrum can be tailored by
controlling the waveguide cross section. Figure 2.7 illustrates the effective index of the
fundamental modes versus THz frequency for square GaP waveguides with different
cross-sections. For comparison, the optical group index at 1.035 um is also shown in the
same figure. As we shrink the waveguide cross-section, the effective index curve tends
to bend and intersect with the optical group index curve at a higher THz frequency. For
example, the intersection frequency shifts from 0.25 THz to 1.5 THz as the waveguide
width changes from 2000 um down to 250 um. Since perfect velocity matching is
achieved at the intersection point, the generated THz spectrum will be peaked around this

point, as suggested by equation 2.8.
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Figure 2.7 The dependence of THz indices on frequency. The solid black curve
denotes the refractive index of bulk GaP. Four curves represent the calculated
effective indices of the fundamental mode for GaP waveguides with different cross-
sections. The dashed curve represents the group index of GaP at 1.035 um.

One might speculate that the THz power would continue to scale with the waveguide
length. Unfortunately as the GaP reaches a certain length, the material loss approaches
the rate of generation, and the power scaling plateaus. Another drawback of using long
waveguides is that dispersion narrows the generated THz spectrum and thus stretches the
TD-THz pulse. An optimal length for a waveguide emitter should be chosen in order to
achieve the best overall performance in terms of power scaling, THz pulse time duration,
and THz spectrum width. With regards to a GaP waveguide, it can be shown that this
optimal length falls between 5 mm to 1 cm depending on its cross-section.
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Setup and Experimental Results
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Figure 2.8 shows the experimental setup for THz wave generation and detection.
The fiber laser is either the homebuilt parabolic pulse system or a commercial Clark
MXR Impulse

Initial measurements of the GaP waveguide concept were performed on a homebuilt
fiber laser system based on parabolic pulse amplification [74]. In this configuration, the
pulse train from a fs-oscillator is non-linearly amplified by a Yb-doped fiber amplifier
and then the linear chirp developed during amplification is removed by a compressor. In
our setup, the seed to the fiber amplifier is a passively mode-locked Nd:glass oscillator
(High-Q UC-100fs) with an average power of 120 mW and a repetition rate of 72 MHz.
The optical pulse has duration 110 fs and its spectrum is centered at 1.064 um. The fiber
amplifier consists of a 6.5 m polarization maintaining fiber with a 30 um Yb-doped core
and a 400 um hexagonal-shaped inner cladding. A 1.2-meter photonic bandgap fiber
(PBGF) is employed to recompress the stretched, amplified pulse. The details for a
similar parabolic fiber amplifier are described by Chang et al [25]. The entire fiber laser

system is labeled “Fiber Laser” in the setup shown in Figure 2.8

During the parabolic pulse amplification, the pulse spectrum broadens and the
amplified pulse may be compressed even shorter than the initial duration given a
complete compensation of the pulse chirp. However due to the dispersion mismatch
between the fiber amplifier and the PBGF compressor, the pulses in our current setup are
only compressed to ~200 fs with an average power of 6 W. We prepared two 6-mm-long

(110) oriented GaP rectangular waveguides with cross-sections of 1000 um x 700 um
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and 600 um x 400 um. The waveguide emitters were mounted onto a gold mirror with
their shorter edges touching the gold surface. In the experiments, the 6 W, ~200 fs
compressed pulses were focused into the waveguide with ~200 um beam diameter. At
the exit face of the crystal, the diffracting THz and collimated optical beam were
collected by a 3” paraboloid, and a high density polyethylene slab was used to separate
the collinear beams. Coherent detection of the THz pulses was achieved using a
photoconductive based receiver fabricated by Picometrix, which is optically gated with a
few mW picked off early on.

Figure 2.9 shows the measured THz waveforms from the GaP waveguide emitters,
normalized to the peak field of the larger waveguide. The Fourier transformed spectra of
the two traces are shown in the lower plot, again normalized to the peak spectral intensity
of the larger waveguide. As a reference, the calculated dispersion for the fundamental
mode for each waveguide is shown in the inset. In the time domain, both waveforms
exhibit multi-cycle oscillations with the larger waveguide clearly showing dispersion
induced broadening. While the THz pulse from the smaller waveguide also experiences
dispersion, its oscillations are primarily due to a reduction in the low frequency content.
As can be seen from the inset, the narrow waveguide’s steep dispersion at low
frequencies will lead to rapid oscillations in the phase matching function and poor
generation efficiency. Fortunately, the loss in low frequency is compensated by a
significant increase at higher frequencies. Clearly the peaks of the two spectra coincide
with the perfect velocity-matching frequencies where the corresponding phase matching
functions are maximized, respectively. It is worth noting that the coherent length of a
bulk GaP is enhanced as the pump wavelength shifts towards 1.000 um [69]. Thus it is
more convincing to compare the power scaling potential of a GaP waveguide emitter and
its bulk counterpart at pump wavelength less than 1.064 um, the operating wavelength of
current parabolic fiber amplifier.
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Figure 2.9. Measured THz temporal waveforms from two GaP waveguide emitters,
under identical pumping. The Fourier transform calculated spectra are normalized to
maximum spectral intensity (1000 um @0.6 THz). The waveguide crosssections are
1000 x 700 pm and 600 x 400 pm.

For this purpose, we employed a commercially available Yb-doped fiber amplifier
system (Clark-MXR Impulse) to pump the 1000 um x 700 um waveguide. This laser
system was able to deliver up to 10 W, ~230 fs pulses centered at 1.035 um with a
repetition rate of 25 MHz. Two changes were made to the setup shown in Figure 2.8.
First, the higher power optical beam began to melt the HDPE filter, so an alumina
hyperhemisphere was placed at the exit face of the waveguide to help scatter the optical

beam over a larger angle. With the hyperhemisphere, the optical beam fills the
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paraboloid and the on-axis intensity is several orders of magnitude lower at the HDPE
filter. Second, a liquid-helium-cooled silicon bolometer from IRLabs replaced the
photoconductive receiver. Bolometers are typically used to measure long wavelength
average power in the pW to uW range. Nonlinearity in the bolometer’s response was
avoided by placing metalized pellicle filters in the collimated beam between the
paraboloids to keep the incident average power below 1uW. The pellicle transmission
was calibrated over the expected frequency range using a separate TD-THz system, and
normalized out in subsequent measurements. The waveguide power measurements are
presented in Figure 2.10. For comparison, the power measurements from a 1 mm bulk
GaP crystal are also shown. At an optical power of 10 W, we were able to generate
broadband THz pulses with an average power of 150 uW from the larger waveguide and
120 pW from the narrower waveguide. This represents a 12-15x improvement over the

thinner 1mm crystal.
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Figure 2.10 shows the THz power dependence on pump pulse energy. The two
waveguides exhibit quadratic power scaling for pulse energies below % uJ.
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Figure 2.11shows the spatial chirp induced by an offset pump beam.

Previous simulations assumed multimode behavior, however experimentally
verifying this can be challenging. In the previous measurements, special care was taken
to ensure the optical beam was collinear and centered on the GaP waveguide. However,
by offsetting a large diameter beam, one would expect to excite a superposition of the ‘00’
and ‘10’ modes. Figure 2.11 show the spatial chirp induced by an offset pump beam. A
large 300 pm waist pump beam was offset by 150 um in the larger 1000 um x 700 pm
waveguide. The detector was then horizontally scanned across the reimaged THz beam.
Although the paraboloids should create a 1:1 imaging system, the THz extends well
beyond the waveguide width in the image plane. This is due the limited numerical
aperture of the imaging system as well as aberrations induced by the alumina

hyperhemisphere [75] and the parabolic mirrors [76].

From simulations, the fundamental mode and the 10 mode generate similar spectra
with the fundamental mode preferring lower frequencies. From the experimental
conditions, the coupling and phase-matching should balance around 0.5 THz. Spatially
the fundamental mode is horizontally and vertically symmetric, while the 10 mode has a
sign about the vertical axis. Comparing the centered pump to the offset pump in Figure
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2.11, we can see that the offset pump generates a spatially chirped beam, with the left

side generating significantly less signal at 0.5THz.
Conclusion

In principle, the strong index contrast between the crystal and surrounding air combined
with the relatively wide core creates a highly multimode waveguide. Fortunately by
manipulating the spot size of the optical beam in the waveguide, one can optimize the
THz excitation cross section to match the fundamental mode profile, and at optimal
excitation the fundamental mode can carry more than 95% of total emitted THz power.
Unfortunately, single mode excitation is unadvisable for waveguides wider than 600 pm,
since the optical beam diameter must scale with the increasing waveguide width. Unless
the pulse energy can be increased to maintain peak intensity, the THz conversion

efficiency and power will drop with larger waveguides.

For a rectangular waveguide, the fundamental mode has two different spatial profiles
corresponding to horizontal and vertical polarizations respectively. These two orthogonal
modes propagate at slightly different speeds leading to modal dispersion. Although this
detrimental effect is minimal for 6 mm long waveguides, a GaP emitter with square or
circular cross-section is preferred in order to achieve a degeneracy of these two
orthogonal modes.

In conclusion, we have demonstrated that GaP waveguides are capable of emitting
broadband THz pulses, and we have investigated their power scalability. With a 6 mm
emitter, a record average power of 150 uW is obtained by pumping it with a high power
Yb-doped fiber laser system. We also demonstrated that the dispersion can be tailored by
changing the waveguide cross-section, which opens the possibility of building compact
broadband THz sources centered at a select frequency by engineering the dispersion of
waveguide emitters. In fact, additional design flexibility can be achieved by

encapsulating a GaP waveguide with other materials (dielectric or metal).
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Chapter 3
THz Dynamics in Epitaxial Graphene

Numerous studies have probed bulk graphite’s behavior in the THz region, from recent
work such as the demonstration of ultrafast coherent photocurrents [77], to early
spectroscopic measurements [78], and even to the study of centuries old paintings and
murals [79]. However the recent isolation of single atomic layers of graphite should
provide new opportunities for interesting physics. Of the several common graphene
fabrication or isolation methods outlined in Chapter 1, only epitaxial growth is a
controlled process that can produce large samples with excellent electronic properties and
compatibility with standard lithography techniques. In particular, the high carrier
mobility, excellent thermal conductivity [8], and long ballistic lifetime [9] in epitaxial
graphene offer interesting new opportunities for ballistic THz resonators, field effect
transistors, pn-junction diodes, and other high speed electronics [10, 11]. The
performance of many of these devices depends heavily on the behavior of hot carriers and
the subsequent cooling and recombination dynamics. Further development will require a
significant understanding of the mechanisms responsible for the carrier recovery. THz
differential spectroscopy, which is well suited to measure ultrafast thin film conductivity
changes, is an ideal tool for measuring the recovery dynamics of hot photoexcited carriers
in epitaxial graphene.

Theory of Hot Photoexcited Carrier in Graphene

The theory of graphene conduction at THz frequencies has been theoretically studied in a
few limiting cases but not under the full experimental conditions. Several papers have
been published with different models for graphene’s conductivity at DC [29, 30] and at
optical frequencies [80]. Further work has extended the range of these models by
adapting the DC models to microwave frequencies [34] and the optical formulas to
infrared frequencies [81]. A large number of competing theories claim to accurately

model our experimental conditions, however many diverge at low frequency or high
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temperature. In this section | will present a subset of the published models for the

thermoconductivity and carrier cooling dynamics in graphene.

Thermoconductivity of a Single Graphene Layer

1 11 11 v

Figure 3.1 shows different models for the band structure of ‘undoped’ graphene near
the Dirac point. The first model (i) assumes intrinsically doped graphene with
equivalent electron and hole densities. The second model (ii) allows for extrinsic
doping up to a Fermi level, p. Substrate or multi-layer interactions can potentially
open a bandgap at small energies (iii). While photoexcitation can lead to non-
equilibrium populations in the valence and conduction bands with quasi Fermi levels,
ery and epc.

Theoretical models for the conductivity show a dependence on both interband and
intraband transitions. However in the THz range, the response is expected to depend
primarily on the intraband conductivity in the large number of undoped layers [34, 81].
An early model for the thermoconductivity of graphene was presented by Gusynin et al.
[34, 82-85]. Assuming a frequency dependent scatting rate, /(w), the thermoconductivity

for a graphene monolayer is

e? [ q f(w) — f(w)

o(Q,T) = p w Q
02 +4T%(w) (W+ w)?+4T%(w)
X (o] + |o D(w? + w ?), W =w+Q

where the Fermi function is defined as, f(w) = 1/(1 + exp((hw — u)/k,T)) with a
Fermi level, p. Additionally, Gusynin also proposed a model for a finite bandgap where
the quasiparticle energy spectrum is given by, E(k) = \/m wheae A is the
half-gap opening in the graphene bandstructure. In this instance, the thermo-conductivity

due to massive Dirac quasiparticles acquires the form:
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where 0, is the unit step function and cuts off the interband contribution below 2 or 2A.
The above function only applies for temperatures well below the gap or Fermi energy. In

a later work, the full temperature dependence is derived [85].

A second model for the thermoconductivity of graphene was proposed by Falkovsky
et. al. [81]. In this work, the graphene reflectivity is calculated as a function of frequency,
temperature, and carrier density, while accounting for both interband and intraband
transitions.  Following the notation of Falkovsky, the interband and intraband

contributions to the conductivity can be expressed as:

Outer = 37 [G(w/z)—— j 6o~

2 27
Cintra = ln [2 cosh (ZT)]

where the function G(w) is the integral of the difference of two Fermi-Dirac Distributions,

G(oo/Z) l

E
—de (3.3)

f0°° fo(=€) — fo(e). In the limiting cases of high or low temperature the difference

asymptotically approaches a hyperbolic tangent and unit step function, respectively. A
more numerically stable form of the difference is expressed as,

( tanh(e/2T) ULT

B sinh(e/T) " ) 34
G(e) =1 cosh(u/T) + cosh(e/T) otherwise (3.4)

\ Heaviside(e — u) u>T

A third model has been used to describe the measured transmission from visible to
THz. Choi [86] derived a simplified expression for the optical conductivity based on the

model by Stauber [87]. In the earlier work, Stauber computed the optical conductivity of
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graphene beyond the usual Dirac-cone approximation to include the effect of next-
nearest-neighbor hopping and nonlinearities in the bandstructure. Following the notation

of Choi, the real part of the conductivity can be expressed as:

8k, T Ep } Ep
R(o) = 0 ﬂl;l In (e 2kpT + e 2ka> 1
w3t + P (3.5)
N 1 [t h (hw + ZEF) (ha) + 2EF>]
2| g, T AN "k, T

Recovery of Hot Photoexcited Carriers

Recently, the behavior of hot carriers and the identification of the dominant cooling
mechanism in epitaxial graphene has received considerable attention. Both degenerate
pump/probe at 800 nm [88] and nondegenerate experiments at mid-IR wavelengths [89]
have attempted to illuminate the dominant mechanisms and rates associated with carrier
recombination and cooling. From a theoretical standpoint, the proposed models fall into

two groups.

The first group of models approaches graphene from the view of a semimetal, by
describing the hot carrier population in terms of a single hot thermal distribution [89].
An initial ultrafast optical pulse excites carriers high above the Dirac point leading to a
non-thermal distribution as shown in Figure 3.2 (i). Within a few picoseconds, carrier-
carrier scattering rapidly thermalizes both electrons and holes into a single hot
distribution with identical Fermi energies and temperatures (ii). The distribution cooling
is then dominated by optical phonon emission at high temperatures (Tcarrier > 180 K) and
acoustic phonon emission at low temperatures [90], eventually recovering the initial pre-
excitation distribution (iii). In the few highly doped layers at the bottom of the stack, the
carrier cooling is described by a simple exponential recovery; however in lightly doped
top layers, the recovery is described by a pair of coupled rate equations. Following the

notation of Bistritzer,

o (krdk
9= [ S F a- 36)
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The first equation described conservation of charge, i.e. d,n = 0, while the second

describes the rate of energy transfer between the carrier distribution and the acoustic

phonon bath. By limiting the heat transfer to acoustic phonons only, the second equation

is only valid for carrier temperatures, Te, and lattice temperatures, T, below 180K. The

screen deformation potential, D, is typical between 10 eV and 50 eV.
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Figure 3.2 shows the band structure and carrier distribution after optical excitation.
The pump photon (red, greatly reduced) excites carriers (i) which rapidly thermalize
establishing a new hot thermal distribution (ii). The hot distribution slowly cools (iii)
until the original distribution is recovered. During the distribution’s evolution, probe
photons can interact through interband transition (b) or through intraband

transitions (a) via a scattering event.

The second group of models approaches graphene from the view of a semiconductor,

by describing the distribution of electrons and holes separately. Following the same

excitation, electrons and holes separately thermalize within the conduction and valence

bands leading to quasi-Fermi levels. These two populations can then recombine via

Auger processes [91] or phonon scattering [92], quickly recovering the initial pre-

excitation distribution. Similar to the first model, the dynamics are described by a series

of coupled rate equations.
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In addition to the above models which assume thermal distributions, recent work
using density matrix theory has modeled the initial non-thermal distribution immediately
following excitation [93, 94]. Microscopic calculations indicate that electron-phonon
coupling leads to an initially ultrafast energy dissipation and non-thermal carrier and
phonon distributions. Within 50 fs, half of the excitation energy is lost to recombination
and phonon emission and within 500 fs, 90% of the energy is lost. As the distribution
cools, the reduced density of states and partial filling of the phonon modes leads to
drastic reduction in the cooling rate with a recovery lifetime greater than one picosecond.

Multilayer Transmission with Transfer Matrices

In order to translate between the thermoconductivity of graphene and the THz
transmission measurements, a model for the THz transmission of a thin conducting film
is needed. The transfer matrix approach is a simple method for calculating the
transmission through a multilayered structure. This approach works well for structures
where the incoming and outgoing fields of an optical element can be expressed as a linear
combination of the fields on the other side of the element. Mathematically, the fields for
a single layer are related through a 2x2 matrix and the total field through the stack is
simply the matrix product for each layer. Beginning with a single graphene layer at

normal incidence, the boundary conditions for the transverse electric fields is:
E +Ef =E"+E~ (3.8)

Where E;"and E;” are in incident forward and reflected waves, and E"and E~ are the

transmitted and backward propagating waves. Similarly, the continuity equation for the
magnetic field gives the following relation,

Hi+ H =— n; + n; —=o(E} +E) (3.9)
i j

where n; = +/u;/€; is the impedance and o is the conductivity. The transfer matrix for a

single graphene layer, M;, is then,
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which agrees with the results from the Dyadic Green function method [95]. The total
field transmission through the graphene stack can be expressed as the product of the

individual matrices, M.,y = [1Y;M;. The amplitude transmission through and

reflection from the stack can be expressed as

A B
Mtotal:[c D]
B 1
t=—=—
B (3.11)
_Ei__C
"TE A

For THz spectroscopy of thick graphene stacks, the response is dominated by the
large number of undoped layers. In the limit of thick stacks, the total conductivity is the
sum of the undoped layers [96] and the above equations simplify to:

2
t=
1+ Ngjc + NT]()G

(3.12)

where 1 is the impedance of free space and o is the conductivity of a single layer. The
transmission of graphene is commonly normalized to the bare substrate transmission [86,
88, 97, 98], which yields:

1+ Ng;c
1+ Ng;c + NT]()O'
1

tgraphene /tSiC =
(3.13)

" 1+ Nnpo/(1 + ngi)
where the approximation is valid for few layer samples.

Equation 3.11 can be evaluated for typical values of the graphene conductivity [11,
80, 81, 99]. Figure 3.3 shows amplitude transmission and reflection coefficients for a 63

layer or a 13 layer sample, assuming a uniform purely real or purely imaginary
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conductivity. Unlike the dynamic conductivity at optical frequencies, at THz frequencies,
the conductivity is expected to be dominated by intraband transitions which contribute a
strong imaginary component to the total conductivity. However theoretical models are
incomplete at the experimental conditions where the chemical potential, the carrier
temperature, and the probe wavelength are all comparable, u = hw = kzT ~ few meV.
Numerical evaluation of the conductivity equations in Ref [81], is effectively imaginary
although the magnitude diverges at low probe wavelengths and does not replicate the

spectral shape observed.
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Figure 3.3 shows the amplitude transmission and reflection coefficients for a 63 (solid
lines) and 13 (dashed lines) layer graphene stack, assuming either a purely real
conductivity (light color) or a purely imaginary conductivity (dark color). The
amplitude reflection coefficient is shown in green, and the amplitude transmission
coefficient is shown in blue.

Differential THz Transmission Setup

Ideally, the graphene transmission would be measured using the high power system
developed in the previous chapter. However it was unavailable at the time of this
experiment, so a new setup was built around a Ti:sapphire regen and a photoconductive
emitter. The THz transmission is measured using the time domain spectrometry setup
shown in Figure 3.4. Ultrafast 60-fs pulses from a Ti:sapphire amplifier (RegA) centered
at 800 nm are used to trigger a large area photoconductive emitter. The generated THz is

collected with a 6 90° gold paraboloid that was chosen to match the divergence angle of
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the emitter (see Appendix C). The collimated THz is refocused with a 3” paraboloid
concentrating the THz field. As with any broadband beam, the limited numerical
aperture of the imaging optics creates a highly frequency-dependent focal spot. For
detailed measurements of the probe spot, refer to Appendix B.
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Figure 3.4 shows the THz differential transmission setup.

A high reflectivity pellicle is used to combine the optical and THz beams with a 97%
optical power reflectivity and an 85% THz amplitude transmission. The focal spots are
overlapped on the sample with a 2.0 mm and 0.8 mm spot size for the optical pump and
the RMS THz probe, respectively. The slight angle between the beams is sufficiently
small to prevent temporal walkoff across the relatively large probe spot. A 10 cm lens is
used to create a pseudo-collimated optical pump after the focusing paraboloid.

The spherical lens / backwards-paraboloidal-mirror telescope introduces significant
aberrations on the pump beam, although the short propagation distance and nature of the
THz probe mitigate most of these problems. The aberrations manifest as a temporal
smearing and non-uniform pumping via wavefront and cross-section distortion,
respectively. The wavefront distortion primarily introduces a non-uniform arrival time
across the pump beam. Numerical simulations using Zemax suggest the wavefront error

is on the order of 3-4 A at 800 nm or 10 fs, which is much smaller than the temporal
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resolution of the THz probe system. On the other hand the coma shifts the Gaussian
cross-section into a teardrop shape. Fortunately the THz probe spot fits well within the
central lobe of the optical pump, minimizing the effect. One final difficulty arises from
the surface quality of the paraboloid. Residual machining groves cause a high spatial
frequency modulation across the spot as seen in upper left panel of Figure B.1 and Figure
B.2.

The sample is mounted inside a liquid helium cryostat positioned at the THz beam
waist. A high density polyethylene filter and beam block are used to separate the
transmitted THz and residual pump light. The transmitted THz pulse is detected using
electrooptic sampling in a 1.0 mm ZnTe crystal. The effective bandwidth of the sampling
system is limited to 2 THz by phasematching in the ZnTe crystal and absorption in the
cryostat’s fused silica windows. To increase the signal to noise ratio, the TeraSED pump
or the optical prepulse beam are mechanically chopped at 1.2 kHz and detected using a
lockin amplifier (see Appendix D for the chopping frequency selection). The sample
alignment is maintained during temperature adjustments by monitoring the transmission

through a 100 um pinhole mounted to the sample holder.

One of the early difficulties we encountered was sample heating at high average
power from the optical pump beam. The beam-splitting and delay optics not shown in
Figure 3.2, allowed a limited ability to adjust the relative power of each beam. The
ultrahigh repetition rate RegA system generates >4 puJ pulses, from which 1 pJ is used to
pump the THz emitter, 40 nJ are used in the ZnTe EO crystal and up to 2.2 pJ are used to
pump the sample. When compared to conventional optical pump/probe techniques, the
extremely large THz probe diameter requires a similarly large pump diameter,
significantly reducing the peak pump fluence to more conventional levels (~10 pJ/cm?).
For room temperature experiments, the regenerative amplifier repetition rate was set to
250 kHz, which allowed a peak transmission SNR in excess of 10%. At this repetition rate,
the heat load in the darkest graphene sample (#7J8) is 200 mW which exceed the
cryostat’s removal capacity. For cryogenic experiments below 100 K, the system

repetition rate was dropped to 50 kHz, which reduced the heat load to manageable levels.
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Figure 3.5 shows the induced change in the transmitted THz at maximum modulation
(full pump at 4K) in the left panel. The right panel shows the normalized spectrum
of the pump-on and the differential signals relative to the pump off spectrum. The
noise floor of the system (1/pump-off spectrum) is shown by the gray dashed line.

An example time domain THz trace is shown in the left panel of Figure 3.5. The
black curve shows the transmitted waveform through the 63 layer sample (#7J8) at
cryogenic temperatures and for a 1 second acquisition with no signal averaging. Using
lockin techniques, the attenuated signal can be either measured directly by chopping the
emitter or indirectly by chopping the optical pump and measuring the differential signal.
While the direct measurement produces a more intuitive result, the 2% pulse to pulse
stability limits the SNR associated with this approach. By measuring the differential
signal, the noise floor is reduced by over an order of magnitude enabling the detection of
very weak signals. The differential spectrum is computed by first calculating the spectra

of each time domain trace via FFT after proper windowing (see below).

Compared to conventional ultrafast pump probe measurements, the nature of the
THz probe pulse can complicate the measurement process. For example, etalon effects
from optical elements are much more pronounced when measuring the field of an
electromagnetic wave rather than the intensity. At each interface of the SiC substrate, the
optical pulse experiences a 22% intensity reflection, while the THz pulse experiences a
50% amplitude reflection. This leads to a round trip optical echo with only 5% of the
peak intensity of the main pulse, but the THz echo will contain 25% of the peak

amplitude. Each optical element will create echoes following the main pulse,
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characterized by the round trip time inside the optical element. Experimentally, there are
echoes at 6.8 ps, 15ps, 21 ps, and 24 ps, originating from the SiC substrate, the
photoconductive emitter, the ZnTe detection crystal, and the cryostat windows,
respectively.  Spectrally, these echoes create strong Fabry-Pérot oscillations in the
transmitted spectrum. Fortunately, these oscillations can be minimized by properly
windowing the data before Fourier transforming. Unless otherwise specified, a 14 ps
Tukey window (o = 0.8) was applied before calculating any displayed spectra. The
normalized differential spectrum is then computed by taking the ratio of FFTs between

the direct transmission (‘pump off”) and the differential signal.

In addition to monitoring the differential transmission spectra, it is often useful to
measure the instantaneous differential transmission. Typically this would involve
deconvolving the transmitted waveform with the incident pulse to recover the impulse
response of the system. Fortunately, since the differential transmission is effectively
dispersionless and the temporal waveform remains similar at all delays, quantifying the
instantaneous graphene response only requires measuring the relative change in the peak
of the transmitted THz waveform (rather than requiring spectral deconvolution), thereby
reducing the real-time bandwidth requirements of the setup. Figure 3.6 shows the change
in the peak transmitted THz (tsample = 0). The upper panel shows the differential THz
waveform normalized to the peak transmitted waveform (not shown) for different optical
pulse delays. It’s worth noting that the optical pulse delay is measured relative to the
peak THz field, with positive delays indicating earlier arrivals. For example, in the top
‘+10 ps’ trace, the optical pulse arrives at sampling delay -10 ps, or before the probe
pulse. At early times, when the THz probe arrives before the optical pump, the
differential signal is zero. As the pump delay is scanned forward, the differential signal
turns on with the arrival of the optical pulse. The relative change in the peak THz signal
is shown in the lower panel. As expected, before the arrival of the optical pulse, the
differential signal is essentially zero, and quickly rises when the optical pulse and THz
peak coincide. This is followed by an exponential-like recovery as the hot photoexcited
carriers cool until a second impulse at 7 ps, which corresponds to the round trip time for
the optical pulse within the SiC substrate. Experimentally we see secondary excitations
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at 7 ps, 24 ps, and 200 ps, with the first two corresponding to secondary optical pump

pulses from the SiC substrate and the cryostat window.
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Figure 3.6 shows the normalized differential THz transmission at different pump
delays on the #8B2 sample at room temperature in the upper panel. The lower panel
shows only the change in the peak THz field (tsampies = 0) as a function of the pump
delay.
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Graphene Transmission

Before measuring the THz recovery dynamics, it’s helpful to examine the direct graphene
transmission spectrum. For this data, the optical pump beam was blocked and a room
temperature reference THz waveform was taken along with the transmitted THz
waveform through the 63 layer sample and a blank SiC substrate as shown in the upper

panel of Figure 3.7. The transmission spectrum in the lower panel was computed in the

previously discussed manner.
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Figure 3.7 shows the transmission through the 63 layer #7J8 sample. The upper
panel shows the transmitted time domain waveforms for the graphene sample and a
separate blank SiC substrate. Fits to the two samples are shown by the thick dashed
lines with the arrows indicating the 7.6 ps roundtrip THz echo. The lower panel
shows the THz transmission spectrum for the two samples.
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Measuring the graphene transmission was complicated by significant etalon effects in the
SiC substrate. The bare SiC transmission shows deep oscillations at 130 GHz spacing,
consistent with the 7.6 ps roundtrip echo in the SiC as indicated by the arrow in Figure
3.7. In order to separate the effect of the SiC substrate from the graphene transmission,
the data was fit with a Fabry-Pérot transmission function. For an etalon at angle &; with
amplitude reflection and transmission coefficients, r and t, at each interface the amplitude

transmission is

inkgL

_ tte P
tFP(kO) - 1— TreiZkULﬁ

B = \/n2 — 1 + cos?(6;)

(3.14)

where L is the etalon thickness, kq is the free space wavevector at a frequency f, and n is
the frequency dependent index of refraction. The above equation differs from the
traditional Fabry-Pérot transmission formula in that the total phase accumulated by
reflection within the etalon is used instead of only the phase difference between

subsequent round trips.

The SiC and graphene transmission spectrum were fit simultaneously in the time
domain with five free parameters: the substrate index of refraction n, the substrate
thickness for each sample Lyare and Lgraphene, and the graphene transmission Agraphene. The
Fabry-Pérot amplitude transmission and reflection coefficients for each sample were
calculated from the Fresnel reflection at a dielectric interface, except that the graphene
etalon contained the equivalent of an additional single-pass reflection and transmission
term, t2 = tyrap nene * thresnet @NA 72 = Tyrap hene * Téresner - T optimal fit required a
3.01 index of refraction, a 377.9 um thick bare substrate, a 378.5 um thick graphene
substrate, and a 0.47 and -0.45 amplitude transmission and reflection coefficient,
respectively. The time domain fits are shown as thick dashed lines under each data trace
and the fitting residues are shown above the traces. The fits show excellent agreement
with the data traces, and are very close to the expected average reflection and

transmission coefficients 0.49 and -0.49, respectively.
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A potentially more robust method for measuring the graphene transmission was used
by Choi et al. [86]. Rather than measuring the direct THz transmission, the graphene
transmission is measured relative to a bare SiC substrate. The advantage arises from
using a single spatially modulated graphitized/bare sample. By translating the
graphitized section into and out of the THz beam and using a lockin amplifier tuned to
the modulation frequency, the graphene transmission relative to the bare SiC substrate
can be measured with a high degree of accuracy. For comparison, the normalized
graphene transmission for the 63 layer sample (#7J8) is shown in Figure 3.8. Unlike the
previous work, the samples available for this work are much smaller; 3mm x 4 mm vs. 5
mm x 12 mm. The small sample size in conjunction with the large THz probe diameter
prevented us from using a single partially graphitized substrate. Instead, separate
transmission curves for bare and graphitized samples were measured and then

numerically divided.
Identifying a Bandgap Using THz Transmission

One of the primary unanswered questions about epitaxial graphene is whether a bandgap
exists in the undoped layers. Does the linear dispersion shown in Figure 3.2 extend to the
Dirac point, or is there a potential bandgap opening with a separation on the order of a
few meV? Ab initio density function calculations show a substrate-induced band gap in
single layer graphene on hexagonal boron nitride [100]. Similar calculations on few layer
SiC epitaxial graphene show that any defects that break the symmetry between the A and
B sublattices can also give rise to a bandgap [101]. Experimentally ARPES
measurements on few layer epitaxial graphene showed a substrate induced bandgap
opening that rapidly closes with a few layers. For single to triple layer epitaxial graphene,
the bandgap decreases from 260 meV, to 140 meV, to 66 meV [102, 103]. For thick

samples the bandgap is expected to be 8 meV or less.

Using the method outlined in the previous section, a comparison between the
normalized direct graphene transmission and a theoretical model is also shown in Figure
3.8. The theoretical transmission is computed using the thermoconductivity model by
Gusynin (simplified form Eq 3.2, full form [82]) and the conductivity dependent

transmission (Eq. 3.13). At low temperature, the data is best fit by assuming a small
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bandgap opening, Anargap ~ 2 MmeV, and a slight 10% increase in the total conductivity.
However, the qualitative agreement disappears at room temperature. The disagreement is
likely explained by an experimental error in measuring two different samples. As
discussed in Appendix B, at frequencies below 300 GHz, the probe spotsize approaches
the sample diameter. Any misalignment of the sample will manifest as a change in the
amplitude transmission at low frequencies. In contrast, a negligible bandgap is predicted
(<1 meV) if the fitting is limited to the flat spectral response above 500 GHz, where the
probe spot size is sufficiently small. In order to overcome the experimental difficulties
associated with direct transmission measurements, optical pump — THz probe techniques

were used to measure the differential spectra of a single sample.
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Figure 3.8 show the amplitude transmission of #7J8 (63 layers), normalized to the
bare SiC substrate at low and near-room temperature. Fabry-Pérot oscillations from
the SiC substrate have been numerically removed (Eq 3.14). The dashed line shows
the predicted transmission from the thermoconductivity model by Guysnin (simplified
form Eq 3.2)

To address the limitations of the direct measurements, the differential THz
transmission was measured between 200 GHz and 2 THz ( 0.8 meV to 8.25 meV) from
10K to 300K ( kgT = 0.8 meV to 25 meV) and with optical pumping between 0.1 pJ/cm?
and 30 pJ/cm®  The interband contribution to the differential signal is expected to be

negligible at probe energies below the bandgap and the intraband contribution, which is
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spectrally flat, is weaker at cold temperatures. These effects combine to produce a step in
the transmission function which should be more pronounced at lower lattice temperatures

and higher carrier temperatures (stronger pumping).

The differential transmission of the 63 layer sample (#7J8 ) is shown in Figure 3.9.
Each of the six panels shows the differential transmission at a fixed substrate (lattice)
temperature and at different optical pump delays: 0, 10, 30, 60, 120, and 500 ps. At room
temperature, the differential spectrum is flat although the lower signal magnitude and
relatively hot initial carrier distribution could mask the appearance of a bandgap. As we
move to colder lattice temperatures, the differential spectrum remains uniform even at
cryogenic temperatures. At 40 K, the average magnitude at O ps has increased by 8 fold
to 20%, indicating a strong modulation of the carrier density and temperature, however
the differential spectrum still remains flat. The anomalous spike at 1.8 THz corresponds
to a strong water vapor absorption line and is attributed to a temporary increase in the

humidity when the 40K reference transmission trace was taken.
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Figure 3.9 shows the differential spectrum of the 63 layer sample (#7J8) with a
100 mW optical pump.

At 10 K, there appears to be a reduction in the differential signal at low photon
energies as one would expect for a bandgap. Unfortunately this is likely due to
experimental error. First, the slope is much too shallow, which would indicate a lattice

temperature much warmer (~100 K). Second, the same effect can be achieved by
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uncorrected thermal expansion (or contraction) of the cryostat cold finger. As discussed
in Appendix B, the probe spotsize at low frequencies easily exceeds the sample aperture
(2 mm diameter). If the sample alignment drifts between the reference trace and the
differential scans, the most pronounced effect is a change in the low frequency
transmission. Using the same thermoconductivity model as before, but calculating the
differential transmission the upper limit of the bandgap can be estimated. Despite the
anomalous readings at 10 K, the data places a 0.7 meV upper limit on the potential

bandgap size.
THz Transmission Recovery Dynamics

Measurements of the ultrafast recovery of photogenerated carriers in epitaxial graphene
can potentially reveal important information about the interband and intraband carrier
relaxation dynamics. Measurements with degenerate [88] and non-degenerate [89]
probes in the near- and mid-infrared have revealed interesting dynamics associated with
the interband conductivity recovery in the doped and undoped layers. Furthermore,
recent work by George [98] on 6H-SIC epitaxial graphene samples showed disorder
enhanced recovery rates at very low probe energies. Additional measurements by Choi et.
al. [86] similarly showed an accelerated recovery rate which was also attributed to sample
disorder.  In this section, we expand on the previous optical pump / THz probe
experiments by extending to higher pump intensities, measuring the recovery temperature

dependence, and correcting methodology problems in the original work.

In the work by George et. al., 6H-SiC graphene samples were pumped by low energy
pulses from a Ti:sapphire oscillator running at 81 MHz. For experimental simplicity, the
researchers elected to use a non-normal incidence pump at 15° angle to the sample, with a
sub-400 um pump spot in the sample plane. The peak observed differential transmission
signal was 0.9% with a 37 layer sample, and the dynamics showed a rapid recovery.
From an experimental standpoint, the high repetition rate of the system forced
non-optimal compromises in the experimental design. First, the low pulse energy
requires tight focusing in order to achieve moderate pump fluences. Under these
focusing conditions, the probe spot would be comparable to the pump spot at frequencies

above 2 THz; however for a majority of the probe bandwidth, the pump spot is several
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times smaller than the probe, leading to a nonuniform excitation across the probe spot.
Second, the small 15° pump beam angle of incidence is acceptable for shorter wavelength
probes where the probe diameter is <50 um; however with larger spots, there is a
noticeable arrival time difference between the left and right edges of the pulse. At 15°,
the temporal walkoff between the right and left edges of the beam is greater than 300 fs,
significantly exceeding the claimed 50 fs temporal resolution of the system [97]. Lastly,
part of the nonlinear pump power dependence may be explained by the high heat load on
the sample. For the thicker 37 layer sample, the peak pump power was 1300 mW of
which the sample absorbed over 750 mW. With such a high heat load concentrated in

such a small spot, it’s likely that the substrate and lattice temperature varied significantly

with the pump power.
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Figure 3.10 shows the effect of high average pump power on sample heating. The
left panel shows the normalized differential transmission at several average pump
power levels (in mW) at 80 K. The right panel shows the peak differential signal (left
axis) and decay rate (right axis) for each curve in the left panel.

To measure the effect of sample heating in our experiment, the peak differential
transmission through the 63 layer sample was measured at 80 K using liquid nitrogen

(LN2). The liquid nitrogen flow rate was double over typical levels and a shield was
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placed around the cryostat exhaust to deflect the stream away from the surrounding optics.
The cryostat thermocouple was removed from the cold finger and thermally fixed to the
sample holder using low temperature vacuum grease. Due to the high LN, flow, the
sample holder temperature was stable at 77K for all pump levels. Figure 3.10 shows the
normalized differential transmission through the 63 layer sample at increasing pump
powers. As expected, after excitation there is a rapid reduction in the THz transmission,
followed by an exponential-like recovery. The peak reduction (at tpmp = 0 ), and
recovery rate for the first 40 ps is shown in the right panel. Beginning with low pump
power, we see a linear increase in the differential transmission with increasing pump
power, while the recovery dynamics show a similar recovery lifetime. Interestingly,
above 1 mW average power (~1nJ/mm?) we still see a linear scaling with pump
intensity, but the recovery dynamics begin to slow down. However as we approach and
exceed 10 mW we see a rapid reduction in the differential signal and the recovery
lifetime. As later data will show, this is consistent with an elevated lattice and substrate
temperature, despite the high LN, flow rate and the stable temperature of the sample
holder. To reduce the effects of high pump average power in our experiment, the system

repetition rate was reduced to 50 kHz and the maximum heat load was limited to 3 mW.

Figure 3.11 shows the THz transmission recovery dynamics of sample #7J8. As
before, following the initial rapid reduction, the transmission recovers at a rate that is
dependent on the pump power and substrate temperature. At high pump fluence, the
secondary excitation at 6.5 ps is more apparent. A similar secondary excitation at the
same time delay is observed in optical pump — mid-IR probe experiments and is
attributed to Fabry-Perot pump reflections inside the SiC substrate [104]. At room
temperature, the differential signal fully recovers within 20 ps, which agrees well with
early prior experiments by Choi and George. However as we cool to colder lattice
temperatures and excite to higher initial carrier temperatures, the recovery stalls and a
second slow recovery process appears. At the highest incident power ~15 mW, the pump
fluence is approximately twice the fluence used by George et al. and Choi et. al.; however
the peak room temperature differential signal is an order of magnitude higher (15 Xx).
This large discrepancy is likely due to a combination of sample quality in the work by

Choi et al. and experimental limitations in the work by George et. al.
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Figure 3.11 shows the THz transmission recovery dynamics of sample #7J8 (63
layers), at different substrate temperatures and pump power.

Prior experiments by Choi and George showed room temperature recovery dynamics
that are well represented by a single exponential lifetime. Figure 3.12 shows the least
squares fit to the differential signal using a single exponential, stretched exponential and
biexponential fit. At room temperature, the recovery is well characterized by a single
exponential recovery, in agreement with prior results. However at colder lattice
temperatures, the long recovery tail requires a biexponential to fit the data accurately. At
20 K, the normalized RMS residual errors for a single, stretched, and biexponential are: 1,

0.5, and 0.04, respectively.
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Figure 3.12 shows phenomenological fits to the THz transmission recovery dynamics
at 14 mW average pump. All three fits agree with the dynamics near time zero (left
panel), however only the biexponential agrees at long delays and cold substrate
temperatures (right panel)

As the prior work has identified, accurately reproducing the graphene recovery using
theoretical models is difficult due to inhomogeneity within a single sample and even
larger variations between samples. However we would expect appropriate models to be
able to replicate the observed trends in the data. For comparison, the biexponential fitting
parameters for a subset of measured conditions are shown in Figure 3.13. Beginning at
room temperature, the peak differential reduction increases with decreasing lattice
temperature and increasing initial carrier temperature, with a peak differential signal
exceeding 30%. While our samples showed significantly stronger differential
transmission, the room temperature recovery rates are in general agreement with previous
work; Choi: 2.5 ps, George: 3.0 ps. Interestingly, as the initial lattice temperature is
reduced, the recovery process slows significantly, and below 200 K a second much

slower process appears.

Two competing theoretical models for the recovery of hot photoexcited carriers have
received significant attention. Ideally the predicted recovery based on either the carrier
recombination or phonon cooling could be matched to the observed recovery. However

attempts at numerically evaluating both models produced highly non-exponential
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recoveries. The Auger recombination model predicts an initial fast recovery with
lifetimes between 1 and 30 ps for carrier concentrations above 10'° cm?. On the other
hand, the acoustic phonon emission model predicts a two part recovery, although with
much longer lifetimes. Following an initial ‘fast’ power-law recovery with lifetimes as
short as 50 ps, the recovery shifts to an exponential decay with a lifetime exceeding
several nanoseconds. Comparing these predictions with the recovery lifetimes observed
in Figure 3.13, it is apparent that each model different aspect of the data. Near time zero,
the rapid recovery is consistent with Auger recombination, in agreement with previous
work [98]. However at colder temperatures and long delays, the recovery is more
consistent with energy loss due to phonon emission. Additionally, the appearance of the
slower recovery component occurs very close to the predicted onset of acoustic phonon
cooling (180 K), although this is likely due to the particular SNR of the system and the

strength of the slow recovery at room temperature.
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Figure 3.13 shows the biexponential fit parameters to differential transmission of the
63 layer sample (#7J8, Figure 3.11). The left panel shows the amplitude of the fast
(triangle) and slow (circle) components. The right panel shows the associated
recovery lifetimes. Above 200 K, the amplitude of the slow component is less than
5% of the fast component and quickly sinks below the SNR of the experiment.
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Figure 3.14 show a comparison between the measured susceptibility and results from
microscopic simulations. The real and imaginary part of the susceptibility is shown
in the top panel. The real and imaginary parts of the computed susceptibility are
shown in the lower panel, broken down by carrier-carrier interaction.

In addition to the above models which assume thermal distributions, calculations based
on density matrix theory are able to incorporate many body effects and non-thermal

distributions. Figure 3.14 shows a comparison between the measured

_¢ AE(f)
nLf E(f)

experimental conditions by Hanno et. al. [94]. As before, the strong Fabry-Perot

susceptibility y(f) = —i , and a microscopic calculation based on the

oscillations in the measured spectra were numerically removed leaving small residual
oscillations in the measured spectra with ~70 GHz spacing. Comparing the results to the
simulated susceptibility, both the imaginary and real parts of the susceptibility show a

strong qualitative agreement.
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Low Threshold Nonlinear THz (linearity check)

In the past two years, recent advances in the generation of broadband single cycle THz
pulses have created focused field strengths exceeding 100 kV/cm [26]. These newly
accessible fields have allowed researchers to probe cascaded generation and other
nonlinear processes, that had only been theoretically modeled before [105]. Even in
crystals with exceptionally large nonlinear coefficients like LiNbO3 the changes on the
pulse shape induced by harmonic generation and self phase modulation are barely
perceptible. Interestingly, the predicted nonlinearity in graphene is orders of magnitude
larger than conventional optical rectification crystals.

Theoretical modeling by Mikhailov [106] using a self consistent electromagnetic
field for propagation and quasi-classical kinetic model for graphene’s response, predicts a
significantly lower threshold for nonlinear effects. At room temperature the threshold for
harmonic generation in the undoped layers is only 200 VV/cm. The threshold scales with
the square root of the electron density, so the threshold should remain low for all but the
bottom few layers which require a few kV/cm for harmonic generation. However, the
quasi-classical approach essentially ignores interband contribution to the dynamic
conductivity, which is only valid when hQ «< max {u, T}, where Q is the central

frequency of the radiation and p is the chemical potential of the graphene layer.

As shown in previous sections, the transmission spectrum of graphene is remarkably
gray and featureless. However as a check for nonlinearity, we monitored the peak
graphene transmission and differential signal as a function of the incident field strength.
In order to increase the incident field strength, the laser repetition rate was dropped to 50
kHz and the photoconductive emitter bias was increased from 10V to 20 V. Since
broadband neutral density THz filters are generally unavailable [107], and changing the
electrical bias changes the THz spectrum [108], the incident field strength was adjusted
by controlling the optical pump to the THz emitter. At each pump level, the transmission
was measured with and without the 63 layer sample (#7J8), and the results are shown in
the left panel of Figure 3.15. The absolute field strength in the left panel was calibrated
by measuring the average THz power and beam diameter using the liquid helium
bolometer and an iris. The indicated peak field represents a worst case scenario, by
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assuming a top hat distribution with a radius larger than the real distribution. If one uses
the real distribution as measured in Appendix B, the peak on-axis field at focus is
300 V/cm instead of the indicated 160 V/cm.
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Figure 3.15 shows the linearity of the transmitted THz from #7J8 at 290 K. The peak
transmitted amplitude as a function of the THz emitter pump is shown in the left
panel. The right panel shows the ratio of the direct and room temperature differential
signal

The nonlinear dependence on the optical pump energy can be factored out by taking
the ratio between the direct or differential transmission and the reference transmission, as
shown in the right panel. Disappointingly, both the direct and differential graphene
transmission is highly linear even as we approach the threshold for nonlinearity. There
are several possible reasons we didn’t see the expected nonlinearity. First, multiple
nonlinear process could cancel in a way that maintains the peak field. Second, the
bolometer could be off and we could be grossly over-estimating the average power and
consequently the peak field. However this would imply that the power measurements
from the GaP waveguide generation were also exaggerated, which is unlikely since they
agreed well with theory and the measured power was in agreement with other

measurements based on pyroelectric energy meters [26]. Lastly, the most likely
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explanation is that the experimental conditions violate an implicit assumption in the

calculations by Mikhailov.
Sample Dependence

The samples used in this thesis are all epitaxially grown on 4H-SiC substrates.
During the course of experiments, we received four different samples, beginning with the
first arrival: #7J8 (63 layers), #1133 (35 layers), #8B2 (9 layers), and #1104 (13 layers).
The first sample was received nearly a year before the other three and the vast majority of
experimental data is taken with this sample. Due to the large time gaps between samples,
the sample variation arises not only from natural variations in fabrication, but from an
evolution of the fabrication methodology itself. Continual refinements to the fabrication
process including better characterization of the initial SiC substrates, improved vacuum
furnace control and a much better understanding of the optimal growth conditions, which
led to the fabrication of samples with vastly different behavior. Oddly, of the samples,
#7J8 was the most homogeneous and repeatable despite its earlier fabrication. Perhaps
the improved performance is due to the thickness since the defect density tends to
decrease with increasing thickness [101], or perhaps this sample was uncharacteristically

good.
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Figure 3.16 shows the recovery dynamics for the 35 layer sample (#1133).
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As the sample thickness decreases, fitting the recovery dynamics becomes more difficult.
The weaker signal and stronger Fabry-Perot echoes reduce the accuracy in the fitting,
especially for the slow recovery process. The recovery dynamics and fit parameters for
sample #1133 (35 layers) are shown in Figure 3.16 and Figure 3.17, respectively.
Comparing the recovery parameters to the thicker 63 layer sample, it’s apparent that in
addition to the weaker signal, the recovery process is ~4x faster. There are a number of
possible reasons for the accelerated recovery. First, the ratio of undoped to doped layers
is lower. Both the Auger recombination model and the acoustic phonon emission model
predict faster recovery in the highly doped layers, and in thinner stacks the doped layers
can contribute significantly to the THz response. Second, the quality of the thinner
samples is lower. In situ measurements during fabrication indicate possible flaws in the
hydrogen etch stage prior to graphitization. Prior work had shown that defects accelerate
the recovery process [86, 98]. Extending the analysis to the thinner 13 and 9 layer
samples shows the same trend of shrinking signals and faster recoveries. With further
work and more samples, distinguishing between the true graphene response and

individual sample variations should become more apparent.
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Figure 3.17 shows the biexponential fit parameters to differential transmission of
sample # 1133 (30 layer). The left panel shows the amplitude of the fast (triangle)
and slow (circle) components. The right panel shows the associated recovery
lifetimes. Above 200 K, the amplitude of the slow component is less than 5% of the
fast component and quickly sinks below the SNR of the experiment

Conclusion

For the first time, temperature dependence of the THz dynamic conductivity in high
quality epitaxial graphene samples has been measured. Using the TD-THz differential
spectroscopy system several important new properties have been identified. First, both
direct and differential transmission measurements have reduced the upper limit for a
potential bandgap opening from 10 meV to below 1 meV. Second, we have identified a
new slow recovery process for the relaxation of hot carriers. The measured room
temperature recovery dynamics are in general agreement with previous measurements
and are well modeled by a single exponential recovery with lifetimes consistent with
Auger recombination. However, at cryogenic temperatures and long delays, the observed
slower recovery is more consistent with energy loss due to phonon emission. Lastly, we

have begun to investigate the nonlinear transmission of graphene.
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Chapter 4
THz Emission from Coherently Controlled Photocurrents
in Epitaxial Graphene

In a conventional semiconductor when a carrier is photoexcited to the conduction band,
the average carrier direction is uniformly distributed. As entire populations of carriers
are excited, the individual momentums cancel and the net momentum of the population is
zero. Optical coherent control is the process of controlling the net momentum of
photoexcited carriers through interference of one- and two-photon absorption processes.
By controlling the phase between these excitation pathways, the direction and magnitude

of the net momentum can be controlled, giving rise to a measureable macroscopic current.

Historically, optical coherent control was demonstrated as early as 1964 in discrete
energy level systems, [109-115] and was eventually exploited in molecules with intention
of manipulating chemical reactions [116-122]. Later optical control of discrete to
continuum transitions was demonstrated in quantum wells [123] and extended to
continuum-to-continuum transitions in bulk GaAs [124, 125]. Optical coherent control in
indirect bandgap semiconductor like silicon has also been demonstrated experimentally
recently using a THz detection technique [126].

Although coherently controlled photocurrents have been demonstrated in a variety of
materials, ballistic photocurrents in epitaxial graphene have a number of compelling
advantages. First, due to the symmetry of the graphene lattice, the direction of the
injected current can be fully controlled by adjusting the polarization of the fundamental
(o) and second harmonic (2w) fields [127]. Second, quantitative studies of the
magnitude and dynamics can serve as a confirmation of mid-IR pump-probe
measurement of hot photoexcited carrier scattering properties. Third, the method

provides the means for ballistic current injection without electrical contacts.
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Theory of Coherent Photocurrents in Graphene

Optical coherent photocurrents can be understood in terms of interference between two
excitation pathways. Electrons are excited by single- or two-photon transitions to states
of different parity. These symmetric and antisymmetric wave-functions can in turn
interfere constructively in one spatial direction and destructively in the other direction

depending on the relative phase between the processes.

Calculation of the coherent current in graphene using the tight-binding approach has
been done separately by Rioux et al. [128] and E. J. Mele et al. [127]. The bandstructure
of graphene, can be described by the effective Hamiltonian

0 hk_) @)

Hegs = v (hk+ 0
where the wavevector is defined as k, = k, + ik, . This model leads to linear energy

bands E (k) = +vphk, where v; is the energy-independent Fermi velocity and is typically

on the order of 10° m/s.

In the tight-binding model, it is possible to calculate the optical absorption tensor, &,

which is related to the imaginary part of the susceptibility by Im[ y(w) | = gﬁ(w)-

Beginning with the matrix elements above and applying Fermi’s golden rule, the single

photon absorption is given by iy = & (w)|E,, |?, where &;is defined as

9sgve’

ah (Qhw)™! (4.2)

§Qw) =

The spin and valley degeneracies, gs and gy, are both equal to 2 for graphene. Similarly,
The two photon absorption tensor is given by,

& (w) = g59,8he*vE(2hw)™>. (4.3)

While the single photon absorption rate is polarization independent, the two-photon
absorption depends on the ellipticity of the incident light. Assuming a general elliptical

polarization, E,, = %Ex (a? + 5/e"A¢), the two photon absorption rate is given by,
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hZ = 52 (w)le |4(1 + Sin(A¢ellipticity )) (4-4)

Interestingly, stronger ellipticity increases the two photon absorption and, in the limit of
circular polarization (A¢ellipticity = i%) the absorption is two times greater than the

absorption of linearly polarized light. The interference between one and two photon

processes gives rise to the coherently controlled current. The coherent current generation

rate, J, is given by,

j = 2|E2E;, | n;(w) (sinAg) [é,,, cos 28 + &, sin 26,

45
nm(w) = i gsgre*vi(2hw)3 (49

where n;(w) is the corresponding tensor component, A¢ = 2¢,, — ¢,,, IS the relative
phase between the fundamental and second harmonic beams, 6 is the angle between
beam polarizations, and é, and &, denote unit vectors relative to the second harmonic
polarization. Unlike other materials, the symmetry of graphene allows for significant
cross polarized interference. As can be seen from equation 4.5, both parallel and
orthogonal polarized pump beams generate identical coherent currents, while the
orthogonal coherent current is maximized when the beams are polarized at 45° with each

other.
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Figure 4.1 shows the band diagram of the bottom heavily doped (left) and upper
‘undoped’ layers (right) of epitaxial graphene near the Dirac point. Photons at the
fundamental and second harmonic frequency are shown by dark red and light blue
arrows, respectively. The asymmetric electron populations at +k are indicated by
shaded ovals with solid ovals indicating ‘good’ electron populations and hatched
ovals indicating ‘bad’ electron populations. The dashed line shows the shared Fermi
level of doped and undoped graphene layers.

One area of interest is the qualitative difference between photocurrents in the lower
doped layers and upper undoped layers. In doped layers, carriers will be excited via the
two higher energy processes: 11,, and j;, while in intrinsic graphene layers, carriers will
be excited via all three processes: 1, 11, and j,. Carriers excited through either one-
photon or two-photon absorption alone will contribute to a stagnant background carrier
density that will reduce the average excited carrier velocity. These ‘bad’ electron
populations which negatively impact the coherent control signal are shown as hatched
ovals in Figure 4.1, while the good populations are shown with solid ovals. We can

define the average, or swarm velocity of an entire population as,

LI.: 3_1711(0)) j (46)
en  x§Qw) +x71&(w)

VUswarm (0)) =

where x = |E,,, |/|E,|%, and jis a unit vector in the direction of the coherent velocity
(Eq. 4.5).

The above analysis assumes a monochromatic steady-state operation; however the
intensities required for efficient two-photon processes are generally only achievable in

pulsed systems. Since the detection system is highly dependent on the dynamics of the
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coherent current pulse, a qualitative treatment of the dynamics can be very helpful.
Intuitively, one would expect the leading edge of the current pulse to rise with the optical
pulses and decay at a rate governed by the intrinsic properties of the medium. For
graphene, several processes affect the decay rate. On sub-picosecond time scales, carrier-
scattering and phonon processes dominate, while on longer time scales, space-charge

effects potentially become important.

Measurements of the carrier-carrier scattering rate have been performed in both
exfoliated [129] and epitaxial graphene [88]. In both systems, the measured scattering
lifetime is below 100 fs at carrier densities of 10*° cm™ and above. Fortunately, elastic
e-e and h-h scattering does not change the net momentum of the swarm and hence the
coherent current. On the other hand, the phonon scattering lifetime is expected to exceed
several ps. For phonon scattering, the linear dispersion of graphene is advantageous over
conventional semiconductors; only phonon scattering events where carriers undergo a
large change in direction will affect the coherent current. Inelastic scattering with
long-length scale disorder will be suppressed in graphene due to the conservation of
pseudospin freedom. As suggested by Auston and Kaiser [130], the photocurrent lifetime
may be much longer than any of the previous scattering times because only certain

collision events will cause the swarm momentum to decay.

In addition to phonon and impurity scattering, the coherent current is expected to
decay through the evolution of space-charge fields. Although we typically focus on
electrons as the exclusive charge carriers, the band symmetry of graphene indicates that
holes should generate an identical population counterpropagating with the electrons. As
the oppositely charged carriers separate, an electric field is created that resists this motion.
The effect should increase at higher excitation levels as larger populations participate. In
a low resistivity material like graphene, the effect should manifest as a suboptimal power

scaling and a power dependent THz waveform.

Several methods have been proposed for detecting the coherent current. In high
resistivity materials, such as low temperature grown GaAs (LT-GaAs), the space-charge
phenomena can be exploited to measure the coherent current. By focusing the optical

beams between two closely spaced electrodes, opposite charge will accumulate at the
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electrodes, leading to a measurable potential difference [131]. However the large
minimum conductivity of graphene prevents macroscopic charge buildup. An alternative
method for low resistivity materials was used by Cote et al. [132]; rather than integrating
the total charge transfer, one can look for radiation from the rising and falling edges of
the current pulse. For ultrafast optical pulses, the current magnitude tracks the optical
pulse envelope. The rapid rise in the current generates an electromagnetic pulse at THz
frequencies. Recently, this technique has been applied to thin graphite films, and the
resulting photocurrent was much weaker than conventional semiconductors [77], which

lead the authors to speculate about the feasibility in few layer graphene.
Experimental Setup

One of the primary difficulties for generating coherent photocurrents is maintaining a
stable phase relationship between the fundamental and second harmonic pulses. For
pulsed laser sources, the relative phase, A®, needs to remain constant across the full
duration of the pulse pair. Furthermore, increasing SNR through signal averaging or
lockin techniques requires a stable A® from one pulse pair to the next. The first criterion
is achieved by frequency doubling a fundamental pulse in a phase-matched crystal. Any
dispersion on a fundamental pulse will be replicated in the second harmonic pulse,
ensuring a negligible relative phase between the fundamental, E,, and second harmonic,
E.., pulses. The second criteria can be met by using all-reflective optics and requiring
the beams to remain collinear so that any path length fluctuations are equally experienced
by both beams. Additionally, the relative phase must be maintained uniformly across the
beam cross-section, which requires all optics between frequency doubling crystal and the

sample have a surface error below A/10.

The samples consist of a multilayer epitaxial graphene film produced on the C-
terminated face of single-crystal 4H-SiC by thermal desorption of Si. Four different
samples with different thickness are used in this experiment: #8B2 (9 layers), #1104 (13
layers), #1133 (35 layers) and #7J8 (63 layers). Of the samples, #7J8 was the most
homogeneous and repeatable and all data was taken on sample #7J8 unless otherwise
specified. Details of the growth process and sample characterization can be found in ref

[10]. Unlike exfoliate graphene, the layers in epitaxial graphene maintain a specific
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rotation relative to one another. This rotation is believed to decouple the layers, so the
electronic structure is similar to single-layer graphene. The bottom few layers are heavily
doped and the doping density decreases to zero at the top of the stack. Prior mid-IR
pump-probe experiments have measured the Fermi level of the bottom four layers at 365
meV, 220 meV, 140 meV, and 93 meV relative to the Dirac point.

el

doubling CaF,
crystal |
mid IR ( o d
F=1" F=2"

ZnTe PBS

Differential
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—
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Figure 4.2 shows the experimental setup for generating and detecting coherent
photocurrents

For our experiment, a commercial 250-kHz Ti:sapphire oscillator/amplifier operating
at 800 nm is used to pump an optical parametric amplifier (OPA) followed by a
differential frequency generator (DFG) to generate 200 fs pulses with an average power
between 2-4 mW and centered at either 3.2 um or 4.8 um (o beam). The horizontally
polarized fundamental beam, (labeled mid-IR in Figure 4.2) is doubled in an AgGeS; or
ZGP crystal to a vertically polarized 1.6 um or 2.4 um second harmonic beam with a
10% conversion efficiency. The two collinear beams are passed through a 1.5 mm CaF,
plate. Tilting the plate allows adjustment of the relative phase through chromatic
dispersion in the window. The beam is reflected back at a slight downward angle and
makes a double pass through the same CaF, window. The accumulated phase through a
double pass of the CaF, window at a tilt angle, 6;, and thickness L, is derived in Appendix

F and can be expressed as:
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Adpr = 2% (201 — §3)

4wl 4.7)
= (T)<\/n%—1+c0529i—\/n%—1+c0529i>

where n; and n, are the phase indices of refraction at the fundamental and second

harmonic frequency, respectively.

Asymmetric Fresnel reflection coefficients between the orthogonally polarized
beams and mechanical vignetting by the window mount limit the maximum CaF, window
tilt to 50°. The cross-polarized beams are overlapped on the sample with a 30 um
diameter (FWHM) spotsize, producing peak focus intensities for the 3.2 pm and 1.6 pm
beams of 2.26 GW/cm? and 0.32 GW/cm?, respectively, after losses from intermediate
optics. Optionally, the graphene carrier density and temperature can be elevated with a
100 fs prepulse centered at 800 nm. This pulse arrives at a 46° incident angle which
illuminates an elliptical 80 um x 120 um spot concentric with the mid-IR beams. The
electron cooling rates and temperature were calibrated in collaboration with Dong Sun

using mid-IR pump/probe data [89].

72



120 T T T T T T T T T T 18
——  graphene - 1000 ym ZnTe Det.
—_— graphene - 150 um ZnTe Det.
wemeseeess 150um ZnTe - 1000 um ZnTe Det.

1110 Cross correlation signal [ 12

100 15

80

60

T
1
w

THz Amplitude at ZnTe (mV /cm?)

40

20

Lockin Amplitude (V)

B
o
T

Magnitude

&
o
T

2 3 4 5 7112
Frequency (THz)

&

o
T
o
—

-2 -1 0 1 2 3 4 5 6 7 8
Delay (ps)

Figure 4.3 shows a comparison of the measured EO signals. The graphene signals are
from the 63 layer sample (#7J8). The inset shows the spectrum of the measured
signals.

Measurements of the photocurrent at room temperature are performed by measuring
the emitted THz radiation. Generated THz passes through the SiC substrate and is
reimaged onto a ZnTe crystal with a pair of 0.55 NA gold paraboloids. A 3 mm thick
high density polyethylene (HDPE) slab was placed between the paraboloids to separate
the collimated THz and any unabsorbed mid-IR by scattering the residual pump light.
The focused THz is detected electrooptically as outlined on page 13. To increase the
signal to noise ratio, the mid-IR beam was mechanically chopped at 1174 Hz and the THz
waveform was slow scanned with a 300 ms lockin time constant. The chopping
frequency was determined by scanning the frequency over the full mechanical chopper
range (100 — 2000 Hz) and recording the effective SNR(fehop). Two ZnTe crystals were
available for detection; a thinner 150 um and a thicker 1 mm crystal, which were able to
measure up to 4 THz and 2 THz, respectively. As can be seen from Figure 4.3, the
coherent control signal exceeds the bandwidth of the thicker ZnTe crystal; however the

increase in SNR at lower frequencies justifies the loss of bandwidth. Unless otherwise
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specified, the ZnTe crystal and optical sampling pulses are oriented to detect vertically

polarized THz.

The conversion from lockin magnitude to absolute field is based on power
measurements of the TeraSED using the liquid helium bolometer (Chapter 2), and the
pinhole spot measurement technique outlined in Appendix B. The conversion factor is
approximately 150 V/cm? per lockin volt for a 200 W probe beam at 250 kHz. For
small changes in the probe beam power ( £ 20% ), the conversion factor is inversely
proportional to the probe power. Probe powers outside this range require recalibration
due to nonlinearity in the photodiode small-signal gain.

Interestingly, ZnTe appears well suited to optical rectification at mid-IR wavelengths.
During the initial experiments, a large cross-correlation signal was detected between the
unscattered pump beam at either 3.2 um or 4.8 um and the 800 nm sampling beam in the
ZnTe detection crystal. This cross-correlation signal significantly aids spatial and
temporal alignment of the detection system, as well as providing a detectable signal for
optimizing the balanced detector. Due to dispersion in the SiC substrate, the signal

arrives 1-2 ps before the THz and is shown at 1/10 scale in Figure 4.3. The signal has

been temporally offset to correct for the path length change induced by the removal of the
HDPE filter. For reference, the peak cross-correlation and coherent control signals are 30

dB and 70 dB smaller than the TeraSED waveform used in chapter 3.

The cross correlation signal is attributed to optical rectification inside the detection
crystal. The signal showed a sinusoidal dependence on the polarization angle of the
mid-IR and degenerate experiments at 800 nm show a similarly large coherent spike
[133]. To test this theory, the graphene sample was replaced by the thinner 150 um ZnTe
crystal, and the radiated waveform is shown by the dashed curve in Figure 4.3. The
150 um ZnTe crystal generated a comparable THz pulse with a peak field 40% smaller
than the coherent control pulse from the 63-layer sample, despite 7,500 fold difference in
thicknesses. Assuming a similar effective nonlinear coefficient, dexr, and phase mismatch
between pump pulses centered at 800 nm and 4.8 um, the magnitude of the optical

rectification signal is within an order of magnitude of the expected strength based on the
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mid-IR intensity, which implies a ~10 mV/cm peak field in the detection plane.
Although the absolute magnitude of the THz signal is weak by TD-THz standards, the
relative strength of the coherent signal is remarkable.

Coherent Photocurrents

The radiated THz pulse as a function of the phase between the 3.2 um and the
1.6 um beams is shown in the large central panel of Figure 4.4. Vertical and horizontal
traces show the THz amplitude at constant delay (t = 0 ps) and phase (A® = 5.2m),
respectively. The time and phase axes have been corrected for temporal nonlinearity with
respect to the CaF tilt angle according to equation 4.7. For display purposes, the zero-tilt
phase has been subtracted from the A® axis (Acbdisplayed = Ady — Acboo). For this data
only, the 1.5 mm CaF, window was replaced with a thicker 5.0 mm window. The thicker
window allows for a greater change in the relative phase, although it increases the

temporal walkoff of the pulses and reduces the peak THz signal by 40%.

The obvious sign reversal of the THz field with a m change in the relative phase is a
clear sign of a coherently controlled source. Furthermore, the agreement between the
sinusoidal data in the top panel and the predicted oscillations based on equations 4.7 and
4.5 is astounding. The dispersion data for CaF, was taken from Corning [134] and
interpolated where necessary. Otherwise, the only adjustment during fitting was an
increase of the CaF, thickness from 5.000 mm to 5.090 mm, which is within the
tolerances specified by the manufacturer. The slight reduction in signal at large phase
differences is attributed to the increase in the CaF, Fresnel reflection loss at a 40° tilt
angle. Temporally, the generated THz is nearly single cycle with slight oscillations after
the main pulse. The shape of the THz pulse was highly variable from day to day, with
the early experiments showing a unipolar signal as in Figure 4.3, while later experiments
showed a more bipolar waveform as in Figure 4.4. Normally this would be attributed to
misalignment of the focal distances in the imaging paraboloids. In a typical THz
spectroscopy setup (Figure 3.4), the highly converging THz beam undergoes a phase shift
as it passes through focus with different waveforms at focus and away. However, in
order to meet the stringent requirements for efficient coherent control, all four parabolas
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were aligned using a HeNe that was collinear with the mid-IR beam. The wavefront
flatness and focal position in the sample and detection planes were verified by passing the
HeNe through a 20 um pinhole, where the depth of focus was less than £50 um. The
longer wavelength of the THz ensures that the ZnTe detection crystal is well centered

within the Rayleigh range of the THz beam (2z, = 1.5 mm).

1.5

Figure 4.4 shows a phase-delay intensity plot of the coherently controlled THz signal
at 3.2 um- 1.6 um pumping. The THz amplitude at constant delay and phase is
shown in the top and right panels, respectively.

The variations in the waveform shape are more intriguing at 4.8um / 2.4um. Figure
4.5 shows a similar phase scan experiment, although at a much higher phase resolution.
In the 3.2 um scan, the time-domain shape of the pulse remains constant. This universal
waveform is sinusoidally modulated as a function of ®, with uniform peaks and zeros.
However, at 4.8 um there is no universal waveform. The phase scan shows periodicity
and sign reversal, however the THz amplitude is a complex non-separable function of
delay and phase. Furthermore, the peak THz magnitude shows a measureable reduction
with increasing phase, unlike the nearly uniform modulation at 3.2 um. There are several
possible factors for this unusual behavior. First, the optical pulse at 4.8 um may be
strongly chirped. This would reduce the coherence length between the ® and 2® pulses
and lead to a nonuniform, time-dependent, phase difference for anything other than zero

phase. Second, the optical pulses may be generating elliptically polarized THz. Recent
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measurements of THz generation via high energy two-color filamentation in air also
show similar phase-time behavior [135], which the authors attributed to elliptical
generation. As will be shown later, the major axis of the THz polarization is at 30° to the
detector axis. The projection of out-of-phase orthogonal components onto the linearly
polarized detector could potentially explain the observed data. Third, the ‘smeared’
phase-time plot is characteristic of exciton effects in GaAs [136]. The zero effective
mass of charge carriers prevents the formation of traditional excitons, however Coulomb
interactions under coherent control conditions are not well studied and require further

investigation.

Figure 4.5 shows a high resolution phase scan at 4.8 um with the 1.5 mm CaF,
window. The phase and time axes are reversed from Figure 4.4. The three constant
phase traces show the maximum and minimum THz-energy time-traces.

Polarization Dependence

Measurements of the photocurrent polarization dependence can provide a simple
confirmation of the linear bandstructure. Unlike other semiconductors such as Si or
GaAs, the photocurrent should be independent of the graphene crystal axis with strong
generation for both co- and cross-polarized beams [124, 126]. For linearly polarized
optical beams, the coherent current is linearly polarized with a sinusoid dependence on

the relative angle between the ® and 2w beams (eq. 4.5). For a horizontally polarized
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fundamental beam and a vertically polarized second harmonic, one would expect a

vertically polarized coherent current and THz pulse.

For strong THz signals, the simplest method for measuring the full polarization state
of the THz pulse is to rotate the ZnTe detection crystal. For (110) ZnTe, the crystal is
only sensitive to the component of the THz field perpendicular to the (001) axis, as
described in equation Error! Reference source not found.. This, however, requires a
erfectly isotropic crystal and commercially available ZnTe crystals tend to have a small
but non-negligible birefringence. Early attempts to measure the coherent signal
polarization using this method failed, due to the unusually large birefringence in our
ZnTe detection crystals. Rotating our detection crystal unbalances the differential
photodiode signal, complicating quantitative comparisons between the orthogonal

components of the THz polarization.
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Figure 4.6 shows the magnitude of the transmitted THz through a polarizer. The best
fit curve is for a linearly polarized THz pulse at 33° from the predicted vertical
polarization.

To estimate the THz polarization state, we placed a wire-grid polarizer after the
HDPE filter in the collimated THz beam between the paraboloid mirrors. A HeNe laser
was diffracted off the wire grid, and the polarizer transmission angle was measured

relative to the experimental horizontal plane. The polarizer was rotated and a waveform
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trace was taken at each rotation. Using simple Jones calculus, one can calculate the
transmission of an arbitrary linear polarization through a rotated polarizer and detected by
a polarization-sensitive detector. Assuming the starting polarization is at an angle «
relative to the horizontal, and the polarizer transmission-axis is at an angle 6, the detected

polarization is proportional to:
Egetecteq = €0s(0) sin(8) cos(a) + sin?(0) sin(a) (4.8)

Figure 4.6 shows the peak THz signal as the polarizer is rotated. In order to increase the
signal-to-noise, principle component analysis was used to compute the ‘average’ THz
waveform, and the amplitude shown in the figure is the projection of each vector
(waveform) onto the normalized PCA basis (average waveform). The numerical best fit
using the above equation is shown by the green dashed curve in Figure 4.6. The best fit
polarization is a linearly polarized THz beam at 57° from horizontal and a slight 2°

misalignment to the ZnTe’s vertical orientation.

There are several possible factors that can explain the rather large 33° difference
between the predicted vertical polarization and the best fit model. First, the polarization
of the fundamental beam from the DFG may not be horizontal. Later measurements of
the DFG spot size (see Appendix F) confirmed a design flaw in DFG layout. The final
collimating parabola was oriented backwards, which introduced significant coma and
spherical aberration. In the original flawed configuration, the mid-IR beam was at a non-
45° angle of incidence, which can cause polarization rotation when combined with other
misalignments. Second, the fundamental beam may not be aligned to a birefringent axis
within the frequency doubling crystal, which would lead to an elliptically polarized ®
beam. The crystal was tweaked for maximum coherent control signal, not maximum
conversion. In the experiment, the maximum coherent signal occurred at a small but
measureable rotation from the optimal position for second harmonic conversion (~6°).
Third, it is possible that the commercial ZnTe crystal was miscut. The vendor specified
two axes, (110) and (001), to within 2°, but we are unequipped to verify this. Lastly, it is
possible that the theory for the orientation of the graphene coherent current is incorrect.
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Figure 4.7 shows a rotation of the doubling crystal and a half waveplate.

An additional theoretical prediction is that the coherent current is independent of the
graphene orientation. To test this theory, a half wave plate was placed before the
doubling crystal and the two were rotated in a 1:2 ratio. At each rotation, a THz trace
was taken and the raw data is shown in the left panel of Figure 4.7. The first principle
component of the data set was computed and is indicated by a thick dashed line in the left
panel. The normalized projection of each trace onto this component is shown in the right
panel. As expected the THz trace varies sinusoidally with the waveplate rotation, which
is exclusively due to the linear polarization sensitivity of the electrooptic detection
system. The excellent agreement suggests that graphene is isotropic and the coherent
current is independent of the sample axes. Unfortunately, the unique rotational stacking
in epitaxial graphene creates a broad distribution of crystal axes in thick multilayer
samples. It’s likely that any crystal orientation dependence averages out for the 63 layer

sample in Figure 4.7.
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Figure 4.8 shows the dependence of the peak THz signal (triangles, left axis) and
second harmonic power (circles, right axis) on the fundamental 3.2 pum power.

The coherent current magnitude is expected to vary linearly with the second harmonic
field and quadratically with the fundamental field as described in equation 4.5. To verify
the theoretical power relationship, ideally one would attenuate the ® and 2w beams
separately and establish the interdependent power relationship accordingly. However, the
lack of neutral density filters at mid-IR wavelengths and the collinear experimental
geometry prevents independent adjustment of the ® and 2® power. The experiment is
further complicated by the lack of commercial attenuators with A/10 surface flatness.
Although relative changes in the coherent signal amplitude are unaffected by wavefront
error, the initial reduction following insertion of the attenuator will further reduce the
poor SNR.

To address these limitations, a variable attenuator was used to reduce the pump
power to the OPA, which in turn reduced the fundamental power from the DFG and the
second harmonic from the doubling crystal. At each reduction, the fundamental power,
second harmonic power, and peak THz signal were measured and the data is plotted in
Figure 4.8. As expected, the peak THz amplitude dependence is very close to the

theoretical Ery, o Joc o« (E,)*°.
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Hot Carriers

To study the effect of background carriers, an 800 nm prepulse was used to inject hot
carriers before the /2w pulses, as shown in Figure 4.2 The prepulse delay and power are
continuously tunable with a delay resolution of 70 fs and a maximum power of 26 mW.
The hot carrier temperature and density are measured by removing the HDPE filter and
sending the residual mid-IR light into a monochromator and using the prepulse in an
800 nm pump / mid-IR probe configuration. The mid-IR differential transmission was

then calibrated against previous measurements [104].

Similar to the methodology in Chapter 3, two acquisition methods were used to
measure changes in radiated THz field. First, either the direct or the differential THz
waveform can be measured. For large changes, the direct THz waveform can be
measured; however for small changes, measuring the differential change, by moving the
mechanical chopper to the prepulse beam, yields a better SNR. This method is useful
when the shape of the radiated THz wave needs to be monitored. The other acquisition
method is to fix the sampling beam delay at the peak of the THz wave and measure the
instantaneous change in the peak field. Since we don’t need to scan out the THz
waveform, the total acquisition time with this method is much shorter, making the data

less susceptible to long term noise such as laser drift.

Figure 4.9 shows the radiated THz waveform at several prepulse power levels and
delays. In this experiment, the prepulse delay is set manually, and the THz waveform is
quickly scanned at maximum prepulse power. A variable attenuator is then used to
attenuate the power to 15 levels, of which a subset is shown in Figure 4.9. After the 15
scans, the process is repeated at a new delay. This data illustrates some of the challenges
facing longer acquisitions. Over a 2-hour experiment, we measured the unperturbed
coherent signal four times (‘no pump’ @ delay = 0, %, 1, or 2 ps). ldeally this waveform
should be identical in all four plots, however, later measurements show a clearly
increasing ringing after the main pulse. The evolution of the pulse shape and the
appearance of ringing could easily be misidentified as an onset of space-charge effects if

they happened to coincide with a reasonable source.
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Figure 4.9. shows the effect of an optical prepulse on the THz waverform. Each
subplot shows the radiated waveform for a fixed prepulse delay and select power
levels. The prepulse delay is inverted with respect to the sampling pulse time axis, i.e.
the ‘1 ps’ 800 nm pulse arrives att = -1 ps.

One might hypothesize that the increased conductivity associated with additional hot
carriers would enhance any space charge effects if present. This would change the
temporal behavior of the coherent photocurrent by increasing the decay rate, potentially
leading to an underdamped response and current oscillations. However as Figure 4.9
shows, the THz signal decreases with increasing delay or increasing power but maintains
a similar shape. The strong reduction, but similar pulse shape, suggests that any
space-charge effects are minor as compared to other processes that affect the magnitude
only, such as dephasing, Pauli blocking, or reabsorption of the generated THz by

hot-carrier-increased conductivity.

To estimate the contributions from the different attenuation mechanisms, we
monitored changes in the peak THz signal at two locations on sample #7J8 as a function
of the prepulse delay as shown in Figure 4.10. The first position was taken at the same
location as the data from Figure 4.9, while position 2 shows the maximum modulation

depth we observed due to sample inhomogeneity. The data was fit with a biexponential
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recovery that was lowpass filtered to account for the limited bandwidth of the ZnTe
detection system. For comparison, the room temperature optically induced differential
THz transmission from Chapter 3, is plotted by a slower green curve. In the green curve,
the THz echo at 6.8 ps has been numerically removed for clarity.
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Figure 4.10 shows the effect of an 800nm optical pre-pulse on the peak THz signal.

The biexponential fit parameters at each position show a comparable contribution
from a fast < 0.5 ps recovery (EO detection limited) and a longer 3-5 ps recovery. The
magnitude and recovery time for the slower decay matches very well with THz
reabsorption dynamics, assuming one extrapolates the lower fluence pumping from
Chapter 3 to the tighter focusing geometry used here. Neglecting the obvious saturation
trend, and extrapolating the THz-reabsorption intensity-dependence out 25x, the
maximum reduction due to reabsorption is 20%. The contribution from Pauli blocking
can be estimated using standard mid-IR pump / probe techniques outlined elsewhere
[104]. In-situ measurements performed by Dong Sun characterized a 12% reduction
attributable to Pauli blocking of the final state by hot carriers [104]. Since the total
reduction attributable to space charge (<1%), THz reabsorption (20%) and Pauli blocking
(12%) is much less than the observed attenuation (75%), dephasing of the coherent
generation process must be the dominant mechanism. Identification of the decoherence

process requires further study, but the mechanism must replicate several empirical traits.
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Figure 4.10 shows that the decoherence process is fast, occurring on timescales shorter

than 300 fs, and is more pronounced at elevated electron temperatures.
Sample Dependence

The dependence of the coherent photocurrent on an individual graphene layer’s Fermi
level and doping is theoretically unexplored. The theoretical background established at
the beginning of this chapter assumes a perfectly undoped layer with the Fermi level at
the Dirac point. To address this, we repeated the measurements on several samples with
different layer thicknesses: #8B2 (9 layers), #1104 (13 layers), #1133 (35 layers) and
different wavelength combinations, 2.4um / 4.8 um. Since the original 1.6 ym /3.2 pm
pump transition is right above the Fermi level of the most heavily doped layer, we expect

the scattering of any injected electron to be significantly suppressed.

A simple model for estimating layer dependence begins with the assumption that the
radiated THz field is the sum of N independent layers. As the number of layers increases,
any generation in the top layers will have to pass through additional layers before
transmitting through the substrate. Similarly, the optical pump beams will suffer
attenuation in the top layers, reducing THz generation in the bottom layers. If the layers
are numbered 1 to N, beginning with the highly doped bottom layer, the generation at
layer k, can be expressed as E, =1, (THzloss)(optical loss). Assuming both the
optical beams and the THz field suffer the same universal absorption [99, 137], the total

forward and backward propagating fields can be expressed as:

N N
— k-1 3(N—-k) _—_ 3N—-2k-1
ETHZ, forward — an (x) (x) ( ) = anx (4-9)
k=1 THzloss  Optical Loss k=1
N N
— N—k 3(N—-k) _ 4N -4k
ETHZ, backward — an (x) (x) ( ) = anx 4.10
k=1 THzloss  Optical Loss k=1 ( )

1
x=(1-23%)2

Here, x is the wavelength independent amplitude transmission and n, is the generation
efficiency of layer k, relative to an undoped layer. If we assume the highly doped bottom

layers are more efficient due to the lack of *bad’ electrons or suppressed scattering,
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ny > 1. Conversely, if the scattering or dephasing is stronger in the bottom layers,

T]l<1.

20}

Enhancement vs. Single Undoped Layer

1 20 40 60 80 100
Total Number of Layers

Figure 4.11 Signal scaling with graphene stack thickness. The peak THz field
measured at several positions on each sample is shown by the filled markers. The
enhancement of the forward propagating THz is shown by the dark blue and dashed
lines. For comparison the enhancement curve for the backward propagating THz
signal shown in light gray.

Figure 4.11 shows the measured THz amplitude at multiple positions on different

samples. The absolute magnitude of the data was scaled to match with the model at 63

layers. For the model, either a uniform layer response was used, n; =1, or an

-1 . .
), where Ngcreen 1S the measured Fermi

screen

exponential decay was used n = 1 + exp (—

level screening length [89]. Strangely, although the model follows the general trend of
the data, the thin graphene samples suggest decreased generation in the bottom layers.
We expected that the reduction of bad carriers in the doped layer would result in a
significant enhancement of the coherent signal from the bottom layers. Unfortunately,
the large spatial variability of the samples and the similarity between the 3.2 um and
4.8 um pumping makes a determination of the layer scaling difficult. One interesting
note is the potential for increased signal in reflection geometry. Typically, one avoids
measuring the backward propagating THz since the setup is more complicated to build,
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difficult to align, and yields weaker signals [138]. However, in thick graphene stacks, the

potential for increased signal may outweigh the difficulties in experimental design.
Conclusion

In conclusion, we have generated coherently controlled electrical currents in epitaxial
graphene using mid-IR pulses. A theoretical description based on the tight binding model
in an undoped layer was presented and the dependence of the coherent current on
experimental parameters was measured. We were able to measure 14 oscillations of the
coherent current verifying the A® dependence. Measurements of the power dependence
and polarization state generally agree with the theoretical model, although the small
discrepancy in between the measured and predicted polarization state merits further
study. We also used an ultrafast prepulse to demonstrate the increased dephasing
associated with hot carriers. Lastly, a simple model for the layer dependence was
presented in rough agreement with the data, although the model indicated decreased
generation in the highly doped layer in contrast to expectations. These results are
encouraging for all-optical generation of electrical currents in epitaxial graphene and may

bring new understanding to optoelectronic functionalities in graphene.
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Chapter 5
Conclusion

The work in this thesis began with two apparently independent aims. The first goal
was to increase the signal-to-noise of a typical time domain THz system by drastically
increasing the source power. Concurrently we were also trying to measure the THz
dynamics of a truly novel material, epitaxial graphene. However, progress on the second
aim was severely limited due to the weak interaction of a single atomic layer and the
large pulse-to-pulse variations in a typical TD-THz system (both are ~2%). Early on, I
hoped to merge these aims and a third aim, the optical generation of ballistic THz current
pulses, into a combined method for measuring the THz dynamics of carriers in epitaxial
graphene.

In Chapter 2, | described the development of a high power TD-THz system. The
goal of this system was to drastically increase the source power, allowing us to use
established noise reduction techniques, such as lockin amplifiers, to more accurately
measure the transmission of the sample under study. To this end, | achieved an order of
magnitude improvement in the average power of a THz pulse train vs. a conventional
photoconductive / Ti:sapphire system. The designed system combines a low-loss phase-
matched crystal with high power fiber laser to produce a high repetition rate, high
average power TD-THz source. In order to improve the spatial overlap and interaction
length between the diverging THz and the optical pump, a novel air clad waveguide
geometry is proposed where the high permittivity of the GaP crystal is used to confine
generated THz while allowing pseudo-free-space propagation of the optical pump beam.
Confinement of the THz modifies the propagation by introducing several forms of
dispersion: modal, waveguide, and polarization. A theoretical model for the THz
generation is presented by combining the 1D generation equation with a numerical FDFD
simulator which calculates the modes and propagation constants for the GaP waveguide.

The theoretical model is confirmed by measuring the power generated in two 6 mm long
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GaP waveguide with rectangular cross sections using a high average power fiber laser,
and the generated waveforms and their spectra are shown to be in good agreement with

the model.

An alternative to boosting the source power, one can simply generate the THz
transients in situ and measure resulting radiated THz pulse. As the coherent-control /
optical-prepulse experiment showed, it’s possible to measure the scattering and
dephasing effects without an incident THz pulse. In the coherent control scheme,
photoexcited carriers are given a net average momentum in a controlled direction, giving
rise to a macroscopic current. The ultrafast coherent current radiates a THz pulse. In
chapter 4, | described the initial results from coherent generation of photocurrents in
epitaxial graphene. The power scaling and polarization dependence on the fundamental
and second harmonic beams were shown to be in agreement with theoretical predictions.
Additionally, the coherent photocurrents are shown to be dependent on the temporal and
spatial shape of the optical pump pulse. This creates the possibility of generating THz
current pulses with spot sizes and bandwidth far beyond conventional free space

photoconductive emitters.

Originally, we intended to use the two THz generation systems to answer two open
questions about epitaxial graphene. First, does the linear dispersion of isolated graphene
extend to the Dirac point in epitaxial samples, or is there a small bandgap opening?
Previous experiments established a 10 meV upper limit for the bandgap size. Using a
conventional THz spectroscopy system, we were able to reduce this limit by an order of
magnitude, establishing a new 0.7 meV upper limit for the bandgap size. The second
open question focused on the behavior of hot carriers in epitaxial graphene. From a
device perspective, the operation and efficiency of many devices is critically dependent
on parameters such as the recombination and cooling lifetimes. Measurements of the
temperature-dependent recovery dynamics show that carriers in a room temperature
lattice recover at rates consistent with Auger recombination. However at colder
temperatures, following a partial recombination consistent with Auger recombination, the
recovery slows significantly and we observe rates more consistent with a single

population of carriers cooling via phonon emission. Measurements of the carrier cooling

89



dynamics and the nonlinearity threshold are encouraging for the further development of

optoelectronic functionalities in graphene.
High Power Generation Summary

During the work for this thesis, the area of high power time domain THz saw a
dramatic increase in both the generation efficiency and total power. This was achieved
by either scaling to low pump repetition rates and high pulse energies, or maintaining the
repetition rate but scaling to high average power either directly or through a resonant
cavity. As a starting point, we measured the power generation from common generation

schemes directly with the liquid helium bolometer.

e 1.2 yW at 76 MHz from a narrow gap photoconductive emitter at 10 V p-p bias.

e 5.2 uW at 250 kHz from a large area interdigitated photoconductive emitter at 10
V p-p bias.

e 1.4 puW at 250 kHz from a 1 mm ZnTe crystal.

Occasionally, much higher numbers have been reported in the literature. These methods
use multistep indirect methods and are inherently less reliable. At the beginning of this

work, the major achievements in time domain THz generation were:

e 40 pW at 72 MHz from a large gap photoconductive emitter (2mm gap, 800 V
p-p bias). The power was indirectly inferred from the photodiode signal strength

observed in a standard EO detection scheme [139].
Concurrent with our work, the following advancements were made in 2006 and 2007.

e 240 pW using the pulse-front-tilt method inside LINbO3 using a 1 kHz
Ti:sapphire regen [26].

e 1000 pW generation inside doubly resonant OPO using quasi-phasematched
GaAs [140]. With a phase stabilized cavity, the circulating pump power was
~120 W at 50 MHz. The QPM-GaAs source produced narrowband (100 GHz)

THz packets that were measured interferometrically.
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Compared with the prior art and the above developments, the GaP waveguide source has

several significant accomplishments

e 150 pW at 80 MHz generation inside the larger 1000 x 700 pm waveguide using
a simple collinear geometry and a 10 W pump.

e The ability to tune the THz spectrum by controlling the waveguide dimensions.

e Simple theoretical model based on a standard FDFD mode solver and the 1D

generation equation.
Graphene THz Spectroscopy Summary

Due to the recent isolation of single layer graphene and the establishment of alternative
growth techniques, very little material characterization of epitaxial graphene was
published prior to the beginning of my work. Unfortunately, two papers on the room
temperature graphene THz transmission and recovery dynamics were published prior to
the completion of the work in Chapter 3 [86, 98], limiting the potential impact. However
the work in this thesis makes several significant contributions to the field of epitaxial

graphene.

e The upper limit for a potential bandgap opening in our epitaxial graphene samples
was reduced from 10 meV to below 1 meV

e The room temperature recovery of hot carriers is well modeled by a single
exponential with lifetime consistent with Auger recombination (4 ps — 30 ps)

e Below 200K a second recovery process is observed with lifetimes between 50 and
500 ps, which is consistent with a single carrier distribution cooling via acoustic

phonon emission.
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Coherent Photocurrents Summary

Although optical coherent control is a mature and well established field, the
demonstration of coherent photocurrents in epitaxial graphene offers several potential
insights and contributions to the field. Prior to our work, the most relevant work was
performed by van Driel’s group on the thin graphite films and carbon nanotubes [77].

Our major contributions are:

e Verification of the theoretical polarization and power scaling relationships.

e Measurement of the effect of a background carrier density
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Appendix A
Calibration of the Rapid Delay Stage

The Clark MXR ODL-150 rapid delay line is capable of scanning a large 150 ps window
at a fast 10Hz rate, while still maintaining a high degree of linearity. As an indicator of
the delay, the control electronics generate an analog voltage with an approximated
20 ps/ V conversion factor. However since nonlinearities exist in both the stage control
electronics and the digitizing electronics on the computer, it is important to know the

magnitude of these nonlinearities.

To measure the true delay stage position, a Michelson interferometer was built using
a simple HeNe laser. The interferometer transmission was measured using an amplified
photodiode and the computer’s National Instruments data acquisition board in parallel
with 50Q terminator. Simultaneously, the ODL-150 position voltage was measured by
the computer with megaohm input impedance. The ODL-150 was scanned at 0.2 Hz over
the full 160 ps window. This caused the interferometer fringes to oscillate at a maximum
41 kHz, well below the computer’s 500 kHz sample rate. The scan was repeated 10 times
and each fringe reading was converted to a delay using a simple mean-crossing algorithm,
resulting in a stair-step pattern with a 2 fs step size. The ODL-150 proved to be very
linear with any deviations below + 60 fs. The uncorrected error from perfect linearity as
a function of the delay voltage is shown in the upper panel of Figure A.1 and Figure A.2
As indicated, the repeatability between each scan is a few time the resolution of the
system. To ensure the uncorrected error is below + 20 fs, the CM809 and CM1106 stages

require fourth and fifth order correction terms, respectively.

N

Delay (ps) = Z a;, * ( Voltage in volts )* (A1)
k=1
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Figure A.1 shows the uncorrected delay error for stage CM 809. The error includes

the limited precision (at 4 significant digits) in the lower left of each panel. Each line
indicates a separate measurement, separated by 10 seconds.
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Figure A.2 shows the uncorrected delay error for stage CM 1168.
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Appendix B
Measurements of THz Probe Spotsize

As with any pump-probe setup, it is important to measure the pump and probe spots and
ensure their overlap on the sample. In a conventional setup with all optical beams, this is
typically done with a camera if one is available at the relevant wavelengths.
Alternatively, one can use a knife edge to measure the 10% and 90% power transmission
in the sample plane.

Figure B.1 shows the results from a method similar to the traditional knife edge. A
pinhole was placed in the sample plane and scanned across the optical and probe beams.
At each point, the transmitted optical power and THz waveform was recorded. The raw
un-deconvolved transmission for the optical and RMS THz through a small 200 um
(Figure B.1) and a large 950 um pinhole (Figure B.2) is shown in the top center and right
panels. The left panel shows an image taken with a small lenless CCD array. The
obvious structure in the optical beam comes from diamond turning grooves in the gold

paraboloid.

Attempts at numerical deconvolution via FFT produced unreliable results, so the raw
data is shown instead. The right of each subfigure, the full width half maximum
(FWHM) and the full beam waist (2w,) are shown. Since these are measurements of the
convolved data, they represent an upper bound on the true spot size. The time domain
THz data was then Fourier transformed and beam cross section at different frequencies

was plotted in the lower 9 panels.

The smaller pinhole is subwavelength at frequencies below 0.5 THz. One interesting
manifestation of this is shown in the 0.4 THz image. At particular frequencies, it’s
possible for a subwavelength aperture to convert a linearly polarized beam into a radially
polarized beam, although with very poor efficiency. The mode shown in the 0.4 THz

96



panel is the product of a radially polarized beam and a linearly polarized detector, i.e. the

‘01’ mode.
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Figure B.1 shows the convolution of the detectable THz spot in the sample plane with

the smaller 200 um pinhole.

which creates a radially polarized far field diffraction pattern.
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Figure B.2 shows the convolution of the detectable THz spot in the sample plane with
the large 950 pm pinhole.
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Appendix C
TeraSED Divergence Angle

The TeraSED divergence angle was measured using a THz imaging setup courtesy of
Malakeh Musheinish. The detection side of this system consists of a pair of parabolic
mirrors which images a free space point onto a ZnTe crystal for standard electrooptic
detection. One parabolic mirror is on a translation stage that is aligned with the
collimated beam between the paraboloids. This allows the image point of her paraboloids
to be horizontally scanned across an object. The TeraSED was placed on a second
translation stage perpendicular to the paraboloid scan axis. By scanning both stages, the
diverging THz wavefront was mapped out. The figure below shows the peak-to-peak
THz as a function of propagation and lateral distance. Each cell in the intensity plot
underneath the divergence curves is the RMS THz amplitude at that point. The RMS

TeraSED beam waist diverges at a +12° angle.
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Figure C.1 shows the TeraSED divergence.
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Appendix D
Noise Floor in THz differential Transmission Setup

Similar with nearly all lockin based experiments, the choice of chopping frequency can
dramatically affect the noise floor of the system. When new students are introduced to
phase sensitive detection techniques, they are generally advised to chop at the highest
possible frequency. While this is true for ideal 1/f noise, it may not be appropriate for the

real noise spectrum encountered in situ.

Ideally, the experimental noise spectrum would be measured by setting the sampling
and prepulse delays to coincide with the THz probe peak and look at small fluctuations in
the peak dt signal as a function of the chopping frequency. Initially this was attempted,
but small fluctuations in the path length on hour time scales proved to be a bigger source
of noise than any chopping-frequency dependent noise spike encountered in the lab.
Therefore, the prepulse was delayed until after the arrival of the THz probe. From the
perspective of the signal, this is equivalent to turning off the prepulse beam, however it

leaves the possibility of detecting scattered pump light, a strong potential noise source.

To measure the noise spectrum the chopping frequency was scanned in 25Hz steps
from 50Hz to the chopper limit, 3700Hz. At each frequency step, 10 seconds of data was
taken after an appropriate settling period and a 10 ms lockin time constant. The noise is
then Fourier transformed and the frequency-frequency spectrogram is shown in the top
panel of Figure D.1. An ideal monochromatic noise source, will appear as a DC signal
when its frequency coincides with the chopping frequency. As the chopping frequency is
shifted slightly lower or higher, the offset shifts the noise higher in the demodulated
spectrum, giving rise to a sharp “V’ appearance in the spectrogram (for example 1.3 kHz).

As the noise spike bandwidth increases, the V shape becomes less distinct (1.8 kHz).

From the spectrogram, we can numerically calculate the effective noise floor at

reduced lockin bandwidths. In the lower panel, the noise floor for an ideal 0.1 sand 1s
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time constant is shown. As indicated, there is a large low noise region between 1000 Hz
and 1300 Hz. While the noise is slightly lower in other regions, the close proximity to
strong noise spikes means that any small drift in the chopping frequency can result in
drastic changes to the system noise.

— 100 T T T T T T T
T 60
E 80 . 50
g sof | — 4
o il
o) ¥ : 30
L 40F 1 g
= : = £ 20
3
= 10
@
D 2 - = r —
500 1000 1500 2000 2500 3000 3500
100 T T T T T T T
80 [
=
<
5 60 - | 10 Hz
o —1Hz
e
& 407 "
2 \
= 20+ {\\ [\n I\ {\ \
:’{W MMJ\I 1 - 1 L

0 500 1000 1500 2000 2500 3000 3500
Chopping Frequency [Hz]

Figure D.1 Noise Floor of the optical pump, THz probe system.
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Appendix E
Effect of Purge Box Enclosure

Often, when comparing different time domain THz generation schemes, one is tempted to
examine the trailing edge of the THz pulse to look for signs of excessive ringing.
Sometimes the ringing originates from dispersion and phonon resonances within the
optical crystal, such as in ZnTe shown in Figure 2.2. Other times the ringing can
originate from other fundamental physical processes, such as the potential space charge
effects in graphene (Figure 4.5). However if the experimental setup contains long
(>10 cm) free space paths in atmosphere, the ringing more likely originates from the

more mundane reason, water vapor absorption.

As mentioned in Chapter 3, one of the initial THz experiments on graphene was to
hunt for a bandgap opening. Phenomenologically, we were looking for a nonuniformity
in the graphene transmission spectrum, or the appearance of ringing after the main pulse.
Due to the weak interaction of few layer graphene samples (N ~3 to 5) measurements of
the transmission spectrum required significant signal averaging. Over the course of an
evening, ringing would appear and fade from data traces, without any correlation to
experimental parameters. Eventually the ringing was isolated as humidity fluctuations

and absorption at water vapor lines.

To minimize the effects of humidity fluctuations, a dry nitrogen purge box was built
around the setup, and the effects of a reduction in the relative humidity at 70F, as shown
in Figure E.1. As can be seen in the expanded view, the ringing is drastically reduced by
removing moisture from the air. Spectrally, the complicated time domain ringing is the

interference between a few discrete absorption lines.
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Figure E.1 shows the effect of a humidity enclosure on the THz waveform.
room temperature relative humidity was measured using a portable RH83 Hygrometer

on loan from John Whitaker.
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Appendix F
CaF: Phase Delay

In this section we derive the phase delay due to a tilted CaF, window. As shown in
Figure F.1, the following relationships are defined as

Y

Figure F.1 shows a diagram for calculating the phase delay due to a tilted window

9, = sin~! (ﬂ)
t n

AB = L/cos(6,) (F.1)
AD = AB - cos(0; — 6,)
BC=L—-AD

With these definitions, the change in path length, AP. L., and the change in phase, A®,
due to the CaF, window can be defined as:

AP.L.=n-AB+BC — L
=1 (\/n2 — 1 + cos?(6;) — cos Hi)
)
AD(w, 0,) = (?) (AP.L.)

(F.2)

The round trip coherent control phase is then,

Adpy =2 % (291 — D)
4wl
= (T) <\/nf — 1+ cos?6; — \/n% — 1 + cos? HL-) (F.3)

where ® is the fundamental frequency, and n; and n, are the phase index at the
fundamental and second harmonic frequencies.
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Appendix G
Measurement of the DFG Pump Size

In the coherent control experiment, the large polarization angle error (33°) and the
unusual time-phase results at 4.8 um inspired us to measure the beam profile beyond a
simple knife edge experiment. Using a method similar to the THz spot measurement in
Appendix B, a 100 um pinhole was fixed to the front of the cooled MCT detector and
the entire unit was scanned across the beam profile with a 150 um step size. The profile
was measured 10 cm from the exit port of the DFG and the original cross section is
shown in the left panel of Figure G.1. The measured profile shows signs of significant
coma, which is indicative of a misaligned paraboloidal reflector. We attempted to
measure the spot farther from the DFG; however the spatial wings of the beam quickly
extended past the range of our detection window. After removing the original mount and
reversing the orientation of the collimating paraboloid, most of the aberrations

disappeared, as shown in the right panel.

Original Orientation Correct Orientation

- ™
Vertical (mm)
o = N

1
'y
[
'y

Vertical (mm)
(=]

()
S

-2 0 2 4 -4 -2 0 2 4
Horizontal (mm) Horizontal (mm)

A

Figure G.1 shows the DFG beam cross section at 6.1 um. The left panel shows the
beam profile used during the coherent control experiments and the right panel shows
the profile after reversing the collimation parabola. The contour lines show the half
max and 1/e diameters.
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