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Abstract

Abstract

Ultrafast spectroscopy is a very useful technique to study the electronic and
vibrational properties of many solid-state systems. In this dissertation, ultrafast
optical-pump optical-probe (OPOP) and terahertz time-domain spectroscopy (THz-TDS)
have been used to study low dimensional nanomaterials and bulk oxides which are often
used substrates for nanomaterials, thin films and functional materials.

The photoexcited electrons in bilayer graphene (BLG) exhibit two relaxation
processes — the fast relaxation time is less than 200 fs while the slow one is around a
few ps. After the BLG has been intercalated with FeCls, the sample became hole-doped.
Also, there are many horizontal bands in the electronic band structure. The presence of
these additional bands has caused three effects in the pump-probe results: (a) pump probe
signal changes sign; (b) the signal rise time is much longer than that of BLG; (c) the fast
relaxation process disappears leaving only the slow one.

The conductivity spectrum of Bernal BLG depends on the impurity concentration,
chemical potential, temperature and bias voltage, but is nonetheless almost Drude-like at
the lowest frequencies. In twisted BLG, van-Hove singularities develop near the Fermi
energy, which results in an enhanced density of states (DOS). Strongly coupled stacking
order BLG is investigated by THz-TDS at different temperatures. In the frequency
dependence of the real conductivity, superposed on top of a Drude-like response, we
observed a strong and narrow peak centered at ~2.7 THz. The overall Drude shape was
analyzed using a disorder dependent model, while the conductivity peak at 2.7 THz was

attributed to an enhanced DOS at that energy, which is caused by the presence of



Abstract

low-energy van-Hove singularities arising from a commensurate twisting of the top
graphene layer relative to the bottom layer.

The accurate substrate complex refractive index is a precondition for the THz study
for the materials grown on the substrate. Z-cut quartz (CrysTec GmbH) is a very good
transparent substrate for THz radiation, as it has a temperature-independent and almost
frequency-independent refractive index n=2.10+0.002i. The refractive index n(w) of
LaAIO; (LAO, CrysTec GmbH) is temperature-dependent and increases monotonically
with frequency. The values of k(w) are very small, and no obvious absorption peaks
appeared frequency range 0.2—3 THz. After the LAO has been annealed, n(w) shows
sudden changes at certain frequencies where the absorption peaks appear in k(w). Also,
the crystal orientation can affect the complex refractive index.

SnO; nanowires are investigated by THz-TDS as a function of temperature. Results
show that SnO, nanowires are not only transparent in the visible range, but also in the
terahertz range 0.5 THz to 2.4 THz. The carrier density increases and scattering time
decreases with increasing temperature. The reduction in carrier mobility compared with
bulk material indicates the presence of carrier backscattering and localization in the

nanowires.
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Chapter 1 Introduction

Chapter 1. Introduction

In the introduction, | present the motivation of my thesis. The organization and contents

of this thesis are given at the end of this chapter.

1.1 Motivation

Many of recent technologies, whether in InfoTech (IT), Communications
Technology or Micro Electronics, utilize the fast response of microelectronic devices.
There has been great interest in exploring the limitation of microelectronics by the
investigation of fundamental fast processes that occur on a picosecond (ps) or even
femtosecond (fs) time scale [1]. These fundamental processes include carrier—carrier
scattering, carrier-phonon scattering, electron-spin scattering, charge transfer, carrier
diffusion, intervalley and intravalley scattering, etc. Higher speed and smaller size are
two desirable features in the semiconductor microelectronics device industry. Transistors,
which form the backbone of modern technology, have effective lengths of a few tens of
nanometers (nm), with electron transport timescales of the order of ps or faster. This
means fabricating smaller devices that allow for a faster device response which, together
with functionality and lower cost, are the goals of the semiconductor industry. The
development of such high speed devices, especially in semiconductors, requires a clear
understanding of the dynamics of the different degrees of freedom in the material, such
as electrons and holes (carriers), phonons, spins, etc, as well as the coupling among these
degrees of freedom, all on an ultrashort time scale. Also, the carrier relaxation rates in

many materials are governed by the phonon-phonon interaction, which determines how
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Chapter 1 Introduction

fast the nonequilibrium phonons relax during carrier equilibration.

Ultrafast spectroscopy is a very useful technique to study the electronic and
vibrational properties of many solid-state systems [2]. The power of ultrafast
spectroscopy is that it has the ability to detect and distinguish the competing degrees of
freedom at the fundamental timescales, such as atomic and electronic motion [3]. The
basic requirement of any ultrafast spectroscopic equipment is that it can deliver ultrashort
pulses with desired wavelengths [4]. In the early days, it was a challenge to produce
short-enough (10s of fs) laser pulses, and detect them with high-enough temporal
resolution. Short pulses are needed to probe fast processes in a material. By the early
1980s, with the advent of Ti:sapphire lasers, sub-picosecond laser pulses can be routinely
and reliably produced. However, measurements of such ultrashort timescales were still a
problem, due to the response time of electronic instruments being orders of magnitude
slower than the pulse duration. Nowadays, precise optical and electrical techniques have
been developed, so that in pump-probe experiments, the experiment resolution is limited
only by the laser pulse itself. Today’s Ti:sapphire mode-locked lasers reliably produces
1.5 eV (~800 nm) pulses of sub-100 fs pulse duration, with pulse energies spanning over
six orders of magnitude, ranging from a few nJ (at 80 MHz repetition rate in a laser
oscillator) to over 1 mJ (at 1 kHz repetition rate in a regenerative amplified laser). [5].
Frequency-conversion technology allows the generation of laser pulses spanning the
x-ray, near-ultraviolet (UV), visible, near- (NIR) and mid-infrared (MIR), all the way to
the far-infrared (FIR) or terahertz (THz) regions [6]. This wide range of available
wavelengths allows researchers to study ultrafast processes as a function of many

parameters, such as wavelength (i.e. photon energy), laser fluence (i.e. photoinduced
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carrier density) and temperature (i.e. phonon temperature) in nanomaterials and other

strongly-correlated electron systems.

1.2 Outline of the thesis

The purpose of this thesis is to investigate the carrier dynamics in nanomaterials by

means of optical-pump optical-probe (OPOP), as well as terahertz time-domain

spectroscopy (THz-TDS). The contents of this thesis are organized as follows:

In chapter 2, the experimental techniques OPOP and THz-TDS are introduced, and
their experimental setups, basic principles, data analysis and the theoretical fitting
models are explained.

In chapter 3, the dielectric properties of LaAlO3; (LAO) substrate are investigated by
THz-TDS as a function of temperature. Both annealing effect and crystal orientation
can have great impact on its dielectric properties.

In chapter 4, the carrier dynamics of bilayer graphene (BLG) and BLG intercalated
with FeCl; are studied by optical pump-probe. By comparing the relaxation
processes of photoexcited electrons, we found that FeCl; intercalation can greatly
modify the electronic band structure and electron relaxation behavior.

In chapter 5, far-infrared dielectric response of BLG is studied by THz-TDS. On top
of a Drude-like response, a peak at 2.7 THz was observed in the real part of the
optical conductivity. We relate this peak to the van-Hove singularity introduced by a
small rotation between the stacked graphene layers.

In chapter 6, the complex conductivity of SnO, nanowires is measured at different

temperatures. Effective medium approximation combined with the Drude-Smith
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model allows us to extract the carrier density N, and scattering time z. The
temperature evolution of these parameters is discussed.

Finally, the conclusions of this thesis are presented in chapter 7, with future work

suggested.
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Chapter 2 Experimental techniques

Chapter 2. Experimental techniques

In this chapter, | introduce the experimental methods used in my study, and their basic
principles. Various theoretical models are presented for describing the dielectric

response of metals and semiconductors.

2.1 Optical pump - optical probe (OPOP)

In the optical pump — probe technique as shown in Figure 2.1, an ultrashort pulse is
split, by means of a beamsplitter, into two pulses — the pump and the probe. Using the
delay stage, the pump and probe pulses arrive at the sample position at different times,
which in our setup, can be made as close as 10 fs, and as far as 1 nanosecond (ns). Using
lenses and XYZ positioners, the two ultrashort pulses can be made to spatially overlap on
the sample. Typically, the intensity of the probe beam is much weaker than the pump, and
the probe diameter is considerably smaller than pump, so the probe can measure a region
with uniform photogenerated carrier density. The intense pump pulse excites the sample
and causes a rise in the electronic temperature. The hot electrons then relax by
transferring energy to phonons and spins, and a weaker probe pulse monitors the change
in the electronic temperature (via the relaxation of the hot electrons) with time delay (At)
between the pump and probe pulses. The pump and probe pulses can have the same
wavelength (degenerate pump-probe) or different wavelength (non-degenerate
pump-probe), both of which probe different dynamical processes/transitions in the
sample. The data measured is usually presented in the form of photoinduced change in

reflectivity (or normalized differential reflection AR/R) or photoinduced change in
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transmissivity (or differential transmission AT /T ), given by

AR _Re-R,. AT T T, (2.1)
R R, T T, '

respectively, where R (T;) is the probe reflection (transmission) after pump excitation
and R, (T,) is the probe reflection (transmission) before pump excitation. Lock-in
detection is used to enhance the experimental resolution to 10°. The acoustic-optical
modulator (AOM) is used to modulate the pump beam and connected to the lock-in
amplifier. The pump-probe signal is detected by an avalanche photodetector (APD) with
the assistance of lock-in amplifier, as shown in Figure 2.1(a). The actual experimental
setup in our lab is shown in Figure 2.1(b). The time-averaged intensities of the probe
beam are monitored before and after pump excitation and the differential reflection

(AR/R) can be measured and recorded in the computer.

—> Lock-in Amplifier
Beamsplitter
/
Probe 7
Delay
AOM
B
Beam block
N Sample

Figure 2.1 A typical pump — probe experiment setup.
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The temporal width of the pulses can be determined by measuring the
cross-correlation of the pump and probe pulses at the sample position [1]. Group velocity
dispersion (GVD) of the pulses when going through the optics results in the temporal
spreading of the pulse. Ultrashort pulses will be broadened as the shorter wavelength
components travel slower than the longer wavelength components. A pair of prisms can
be arranged to produce net negative dispersion, that compensates the positive dispersion
going through the optics [2, 3]. In high-power laser amplifier systems, diffraction
gratings are often used to produce dispersive effects but with high power loss. Recently,
chirped mirrors have been used as an alternative to prisms and gratings. These dielectric
mirrors have multiple coatings, so that different wavelengths have different penetration
lengths, and achieving a net negative dispersion [4, 5].

A pulse compressor used to compensate this positive group velocity of dispersion is
shown in Figure 2.2. The prism compressor typically contains 4 arranged prisms or 2
arranged prisms and a fold mirror. The apex angle of each prism is made to be equal to
the Brewster angle for the center frequency, and the prisms are properly arranged so that
the beam enters and exits each prism under Brewster angle. This ensures that the
reflection losses are minimized for the P-polarized laser beams. The prism compressor
shortens the pulse duration by giving different wavelength components different time
delays [3]. The shorter wavelength components will lag behind when travelling in the
optics. So, by manipulating the position of the prism, we can direct the longer
wavelength components to go through more glass and balance the positive chirping by

optics [2].
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MirTor

Figure 2.2 Geometry of a prism compressor.

The pump—probe signal is proportional to the integral over the carrier joint density
of states at the probe photon energy, which enables the technique to disentangle the
electron and hole dynamics. Contrast this to time — resolved photoluminescence (TRPL),
whose signal is proportional to the product of electron and hole distributions and thus
cannot disentangle of electron and hole dynamics [6]. For example, ultrafast pump—probe
technique has been used to study the electron and hole dynamics in germanium
nanowires by choosing different probe photon energies [7].

The simplest pump-probe implementation, as described earlier, is to split the
ultrashort pulse from a Ti:sapphire oscillator into pump and probe beams. The
combination of a high repetition-rate oscillator (80 MHz), fast modulation of the pump
beam (~100 kHz — 1 MHz), and a sensitive avalanche photodiode, enable the setup to
detect very small signals (~uV), very fast processes (~10 fs), using very small pump
fluence (~0.1 w/cm2) [8]. For some physical systems, however, high excitation intensity

and tunable wavelength for the pump and probe beams are needed. Amplified Ti:sapphire
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laser systems are used (whether regenerative or multi-pass) to generate high-fluence (uJ
— mJ) pulses with repetition rate of ~1-300 kHz. These high energy pulses undergo
nonlinear optical processes such as optical parametric amplification (OPA) to achieve the
generation of pulse wavelengths over a broad frequency range, from ultra violet (UV) to

mid-infrared (MIR).

2.1.1 Temporal evolution of carrier dynamics

o

(Ey) |

Photoexcitation Fermi-Dirac distribution  Optical phonon emission

Figure 2.3 Schematic diagrams illustrate the carrier relaxation processes in a
semiconductor after ultrashort pulse excitation. (a) Electrons and holes are created by the
photoexcitation. (b) Non-equilibrium carrier thermalized into Fermi-Dirac distribution
through carrier-carrier scattering. (c) Hot carrier loss their energy by emitting optical

phonons.

The carrier dynamics can be described by the changes in the complex dielectric

function ( g +ieg, ) of the investigating material. In many ultrafast pump-probe

10
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experiments on metals, the photoinduced change in reflectivity R or transmissivity T
were expressed in terms of the photoinduced change of the real (Ag;) and imaginary
( Aeg, ) parts of the dielectric  function, via the  expression

aIn(Y) A&, (1) +MA52 (t), where Y can be R or T [9].
o, ¢,

AY
¥ =
In order to clearly interpret the results of ultrafast optical experiments, the temporal
evolution of the photoexcited carriers after pump excitation should be fully understood.
As comprehensive discussions of carrier dynamics are provided in many references, here
| only give a general picture of the relaxation of photoexcited carriers [10]. Before the
pump beam excitation, free electrons and holes obey Fermi-Dirac statistics, while
phonons obey Bose-Einstein statistics. Photoexcitation with photon energy exceeding the
band gap creates free electrons in the conduction band, and holes in the valence band.
these carriers have narrow distributions in momentum space since the photon momentum
is small compared to Brillion zone. (Figure 2.3(a)). At such short times after
photoexcitation (~10 fs), the electron and hole distributions are not Fermi-Dirac like.
After a few hundred femtoseconds, electron-electron and hole-hole scattering thermalize
the electrons and holes, causing them to obey Fermi-Dirac statistics, resulting in the
electronic temperature being higher than the lattice temperature. In semiconductors, sine
electrons and holes have (frequently) very different effective masses, the dynamics and
distributions of electrons and holes need to be considered separately (Figure 2.3(b)).
Similar to metals, the electrons and holes thermalize with each other and reach a
common temperature within 1-2 ps. Thereafter, the hot carriers (electrons and holes)

relax (i.e. lose their excess energy) to the lattice (phonons) through various scattering

mechanisms, typically optical phonon emission (Figure 2.3(c)). The number of
11
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nonequilibrium optical phonons thus increases. These hot optical phonons lose their
energy to other lattice modes (both optical and acoustic) through (usually anharmonic)
phonon-phonon interaction, on a time scale of a few picoseconds. After these processes,
all degrees of freedom (typically carriers and lattice) eventually reach thermal

equilibrium with one another.

2.1.2 State filling effect and pump induced absorption

The carrier dynamics of the sample can be studied by measuring the pump-induced
change in reflectivity AR/R or transmissivity AT/T of the weak probe beam. Here, we use
ATIT to explain the state filling effect and pump induced absorption [1, 11]. As shown in
the Figure 2.4, after the pump excitation, the ground state (GS) population of electrons is
reduced, while the excited states (ES) are occupied. The occupation of states by
photoexcited electrons causes fewer probe photons to be absorbed, hence the
transmission of the probe beam increases. The differential reflectivity AT/T is
proportional to the pump fluence F, with the relationship AT /T oc —AaxF , Where Aa
is the change in sample absorbance. Hence, in the state filling scenario, we can get a
positive AT/T signal. In some materials which have an abundance of electronic states, the
photoexcited electrons can be excited to higher energy states after absorbing the
subsequent probe photons, leading to a decrease in the transmission. This increase in

absorption caused by the pump excitation will give a negative AT/T signal.
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Figure 2.4 Schematic graphs for state filling (a) and pump-induced absorption (b).

2.2 Terahertz time-domain spectroscopy (THz-TDS)

In contrast to other spectroscopic techniques such as Fourier Transform Infrared
Spectroscopy (FTIR), THz-TDS spectroscopy has the advantage of directly measuring
the complex electric field E(w), and not simply its amplitude. Both the amplitude and
phase of the different spectral components of the THz electric field can be obtained [12].
The refractive index n(w) and extinction coefficient k(@) of the sample can be
extracted. Thus the complex-valued permittivity (or equivalently, optical conductivity) of
the sample can be obtained without the need for Kramers-Kronig analysis [13]. The
majority of the results reported in the literature that use conventional far-IR sources and
detectors present only the absorption coefficient which is related to the power absorption
in the sample, however, the refractive index is determined by the phase delay of the
electromagnetic wave. In this respect, THz-TDS spectroscopy provides a powerful

method of determining the material optical properties such as complex refractive index,

13
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conductivity and permittivity.

THz pulses are ideal for probing semiconductors because typical carrier scattering
rates of 10'? to 10" s! lie in the THz regime. In different units, one THz can be
expressed as:

1THz =300 um = 4.1 meV = 33.3 cmt=47K=1 ps.

One THz corresponds to a photon energy of 4.1 meV (33.3 cm™). The small energies are
much less than the semiconductor band gaps which are of the order of an electron volt. In
strongly-correlated electron systems and nanomaterials, many basic excitations occur at
the lower energies (in the THz range). For example, in transition-metal oxides, the
excitation gaps arise from the charge pairing into superconducting condensates and other
correlated states [14]. In nanomaterials, band structure quantization can cause infrared
and THz transitions such as the intersubband absorption in quantum wells [15, 16]. Also,
formation of excitons in turn can lead to low-energy excitations which are similar to
inter-level transitions in atoms [17]. This motivates the use of THz wave as a useful tool
to study the light-matter interactions in nanomaterials and correlated-electron materials
[18]. Device-wise, high speed devices that operate in the THz frequencies [16,18] were
developed, such as laser diodes [19], high electron mobility transistors [20], and quantum
cascade lasers [21].

Many of the technological difficulties for THz generation and detection have been
overcome by using ultrafast optical techniques [18]. The combination of ultrafast optical
and electronic techniques has allowed researchers to generate and detect sub-picosecond
THz pulses. There are many ways to generate and detect THz radiation using ultrafast

optical pulses, but the ones most often used by researchers can be classified in two

14
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categories: resonant (photoconductivity) and non-resonant (electro-optic techniques) [18].
Photoconductive THz generation occurs when optical excitation induces conductivity
changes in a semiconductor. This is a resonant interaction and the photons are absorbed
through interband transitions. Non-resonant techniques, on the other hand, rely on
nonlinear optical techniques for difference frequency generation, nonlinear frequency

mixing or optical rectification [22].
2.2.1 Generation and detection of THz electromagnetic waves

Two major mechanisms for THz wave generation and detection will be introduced. One
is the photoconductive method using semiconductor antenna, the other is optical

rectification method by electro-optic effect.
2.2.1.1 Photoconductive generation and detection of THz pulses

The basic processes of photoconductive THz wave generation are shown in Figure
2.5. Two parallel metal lines are deposited on a semiconductor substrate, which exhibits a
high resistivity and high mobility [23]. The two metallic lines are biased by a DC voltage
on the order of 10° V/m, as shown in Figure 2.5(a). An ultrashort optical pulse with
photon energy larger than the semiconductor bandgap excites the semiconductor, creating
electrically neutral plasma near the semiconductor surface with a penetration depth of
1/« (Figure 2.5(b)). Since the absorption coefficients of semiconductor is large
(a=10*-10°cm™) for photons with energies larger than the bandgap, the electron-hole
pairs are immediately accelerated by the electric field, with the negative electrons
accelerate towards the positively biased line while the holes are moving to the negative

line, as shown in Figure 2.5(c).
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!_\ f_\

v ERERD 9 CE

Figure 2.5 Processes of photoconductive THz generation. (a) Two biased metal lines

deposited on the semiconductor. (b) Ultrashort pulse excite the substrate. (c) Charge
carriers are accelerated by DC field. (d) THz pulses are radiated by the transient current.
(e) Polarization is generated by the separating carriers. (f) Return to the initial state.

Figure taken from Ref. [23].

As the carriers are accelerating in the electric filed, a transient current is developed.

Following the Maxwell’s equations:
16
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a THz field is generated by the transient current in Figure 2.5(d). The photo-generated
electron and hole carriers travel in opposite directions, and creates a polarization in the
semiconductor material, as shown in Figure 2.5(¢). Then after a much longer time scale,
the carriers recombine and return to the initial unexcited state (Figure 2.5 (f)).

The photoconductive detection of THz pulses using an antenna is shown in Figure
2.6(d). Unlike THz generation, the antenna is not biased, so the electron-hole plasma
created by optical pulse will not accelerate in any particular direction, but can cause rapid
change in conductivity. The arrival of the optical pulse makes the antenna gap change
from insulating to conducting, and the short recombination time of the carriers in the
semiconductor makes the gap return to the insulating state on picosecond time scale. The
time-averaged current with subpicoamp resolution flowing through the gap will be
detected. The current is 1(t)=V (t)/R(t), where V(t)=E,, (t)xh is the antenna bias
provided by the THz pulse. In Figure 2.6(a), the optical pulse arrives at the antenna
before the THz pulse, t <0, so there is no biased pulse, and the current is zero as shown
in Figure 2.6(e) point ta. The time axis is controlled by the delay between optical pulse
that generates THz pulse and the pulse that gates the THz antenna. When the positive
THz peak arrives at the antenna at the same time instant that the gate pulse arrives,
E.., >0, as shown in Figure 2.6(b) point tg, the current now flows in the same direction
with E,,,. The measured current is proportional to the THz electric field. As the gate

pulse is further delayed, the negative peak of the THz field goes through the antenna with
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the gate pulse as shown in Figure 2.6(c). Here a negative current flows through the
antenna and is just opposite to that in Figure 2.6(b). Hence a time-resolved trace of the
THz pulse can be obtained by changing the time delay between the optical gate pulse and

the THz generating pulse.

4 <

— Erre, L]
'ﬂmh'llﬂ' - "ﬂmu‘i’ﬂ""'

Time (ps)
(d) (e)

Figure 2.6 Illustration of photoconductive THz detection. The THz antenna of graph (d)
is shown in cross section in graphs (a—c). The THz pulse (graph e) is mapped out by
delaying arrival of the optical pulse to coincide with the THz pulse as shown in (b) and

(c). Figure taken from Ref. [18].
2.2.1.2 Electro-optic generation and detection of THz pulses

THz pulses can also be generated and detected using a nonresonant, nonlinear
optical effect without absorbed photons creating mobile charge carriers, as in the
photoconductive method. In optical rectification, THz pulse generation depends on the
interaction of the optical field with the second order nonlinear optical susceptibility y*

of certain materials. Hence, THz generation by optical rectification occurs throughout the
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volume of the nonlinear materials, and is different from the photoconductive method,
where the THz radiation is produced only near the surface due to the absorption depth of
the optical pulse in the material. High bandwidth THz pulses can be generated by using
ultrashort optical pulse — however, to obtain very high THz frequencies, we must use
very thin electro-optic (EO) crystal, but at the expense of THz amplitude (since the THz

pulse amplitude is proportional to the crystal thickness) [23].

EQ Crystal Ye X, tal (

1 il DY ™

e AL

Polarizer Erpy, mep E, web S0 oSSO0 U,

(a)

Figure 2.7 THz pulse detection by electro-optic effect. Three relative time delays

between the THz and optical pulse are illustrated. Figure taken from Ref. [23].
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The detection of the THz pulse uses the Pockel’s effect, where the change of
refractive index is proportional to the applied electric field [24]. As shown in Figure 2.7,
the THz pulse and the optical (gate) pulse are aligned so they are propagating along the
same direction. The optical pulse is linearly polarized by placing a polarizer before the
EO crystal. The EO crystal is oriented so that the electric field in the y direction will
induce birefringence. This electric-field-induced birefringence will cause a polarization
rotation of the optical pulse, with the rotation angle proportional to THz electric field
amplitude. After the EO crystal, the optical (gate) pulse enters a quarter wave plate, then

a Wollaston prism, before entering a balanced photodetector.

Gate delay <

| KHz, 50 fs @800 nm \BSI
>\ > Y

P

Photodiodes
) (to Lock-in)

Sy ()ptical Pump Delay

>

Pellicle BS

ZnTe Emitter

Chopper

B THz Beam

* ZnTe Detector (Imm)

/

Sample in cryostat

Figure 2.8 The schematic graph of THz-TDS system. Figure taken from Ref. [9].
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If the THz and optical pulses are not overlapping in the EO crystal, the THz pulse
lags the optical pulse as shown in Figure 2.7(a), and there is no induced birefringence.
The polarization of the THz electric field does not change when going through the EO
crystal. The linear polarized beam becomes circular polarized after passing through the
quarter wave plate. Then, the Wollaston prism (compensator) separates the x and y
polarizations of the incoming beam, and sends them to the balanced photodetector which
gives a signal proportional to the difference between optical intensities of the x and y
polarized components, Iy and ly. Since there is no birefringence in Figure 2.7(a), circular
polarized beam gives equal optical intensity Iy = Iy, so the signal is zero.

By changing the delay between the THz and optical (gate) pulses, they are now
made to overlap in the —y direction of the THz pulse as shown in Figure 2.7(b). The
electric field of the THz pulse induces a birefringence in the EO crystal and causes a
change in the polarization of the optical pulse. After the quarter wave plate, the now
elliptically polarized optical pulse results in the two orthogonal polarized beams having
slightly different intensities, and this intensity difference is detected by the balanced
photodetector. The phase change of the optical pulse is given by A¢=wAnd/c, where
w, dand c are angular frequency, EO crystal thickness and the speed of light,

respectively. The change of refractive index is proportional to the electric field:

1 . - .
An :Ern3E, where r is the Pockel’s coefficient. So the relation between phase change

and electric field is expressed as: A¢:%rn3Ea)d /c. Since typical values of r are very

small, the induced phase change A¢@ <<z, Hence, polarization change is linearly

proportional to the applied THz field, A® < E;y,. Figure 2.7(c) shows the case of
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optical pulse overlapping with the THz pulse in the +y direction. The polarization
rotation is now in the opposite direction and results in an opposite signal compared with
the case of Figure 2.7(b). Hence, by changing the relative delay of the optical (gate) and
THz pulses, the entire THz pulse can be traced in the time domain [23]. The schematic of
the time-domain THz spectroscopy and optical-pump THz-probe setup is illustrated in
Figure 2.8. To perform THz-TDS measurements, we only need to block the optical pump
beam (the red arrow). The EO crystal used for both THz generation and detection is

ZnTe.

2.2.2 Bulk sample and thin film sample on substrate

To study the spectroscopic information of a material, we need a reference material
with a well-known complex refractive index in the frequency region under investigation.
For bulk materials, we can use vacuum (A =1) as as reference. However, to study thin
films on a substrate, we need to know the complex refractive index of the substrate. In an
experiment, the electric field of the THz pulses passing through the sample E(t), then
the reference E, (t) , are recorded by moving the sample holder up and down as shown in
Figure 2.9(a). After the main pulse, a small etalon pulse appears due to the multiple
reflections between the front and back surface of the sample. We can truncate the etalon
in the time domain signal since the main pulse and etalon are well separated (Figure
2.9(b)). Fast Fourier transform (FFT) allows us to obtain the frequency spectra

information (amplitude and phase) of the sample and reference (Figure 2.9(c)).
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Figure 2.9 (a) THz-TDS sample holder figure. (b) Time domain signal of the THz pulse
transmit through 1 mm z-cut quartz and air. (¢) Amplitude and phase spectra after FFT of

time-domain data in (b).

Without invoking Kramers-Kronig relations, the frequency-dependent complex

refractive index (@) can be obtained by solving the equation numerically [25, 26]:
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_E(0)  4i(w)

TO)=E (o)~ @)

expliod (fi(w)—-1)/c], (Sample-vacuum) (2.4)

whereT (@), (@), d are complex transmittance, sample complex refractive index and

sample thickness, respectively. After the extraction of fi(@) from Eq. (2.4), the complex

dielectric function can be obtained from the relation &() = (n(w) + ik (w))?.
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Figure 2.10 The refractive index (a) and extinction coefficient (b) of z-cut quartz at

various temperatures.

The n and k of z-cut quartz, a commonly used substrate for THz measurements, at

different temperatures are shown in Figure 2.10. The average value of refractive index n
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is ~ 2.10 and almost frequency-independent over the whole frequency range (0.2 THz—2
THz). The frequency-independent extinction coefficient k is very small (~0.002) showing
that z-cut quartz is transparent to THz radiation. The absorption coefficient a(w) is
related to K(w) by: a(w)=2wk(w)/c. The temperature- and frequency-independent
properties of n and k have made z-cut quartz as an ideal choice of substrate for THz
characterizations.

For thick samples, the main pulse and etalon pulse can be well separated in the
time-domain, like in the z-cut quartz in Figure 2.9(b). If the etalon pulse is not removed,
then it will cause oscillations in the amplitude of FFT (Figure 2.11) and some oscillations

in the following calculation of n and k, as shown in Figure 2.12.
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Figure 2.11 Comparison of the FFT amplitude with and without etalon in the time

domain signal.
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Figure 2.12 Comparison of the extracted n and k with and without etalon in the

time-domain signal.

In the case of a thin film sample grown on a substrate, with the reference of a bare
substrate, one must take into account (1) multiple reflections in the sample, (2) the
difference in the thicknesses of the substrates used for the sample and reference, AL, and
(3) complex refractive index of the substrate. Equation (2.4) should be modified to
include the Fabry—Pé&ot term ( FP(®) ) and AL term to be:

_E(w)  2A(L+A)

T(@)= E (o) (L+A)*(A+A)

expliod (fi(w) —1) / c] * FP(w) *exp[ioAL(1-1i,) /]

(Sample-substrate)  (2.5)

where 1, is the substrate complex refractive index, and Fabry-Pé&ot term FP(w)

which takes into account multiple reflections within the sample can be expressed as:

FP(w) zi{(ﬁ__lj[ﬁ_ﬁsJexp[Ziwﬁd /c]} , (2.6)

om0 (\N+1){ A+N

S

where p indicates the number of multiple reflections. For no multiple reflection, p =0, so
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FP(w) =1. For nanometer thin films, we assume infinite multiple reflections inside the

film,so p — oo, and

FP(0) =— 1 2.7)
1-(?‘ j[?‘r}jexp[ziwﬁd/c]
A+1){ A+A,

2.2.3 Difference in thicknesses between the sample and reference substrate thickness,

AL

In measuring a thin film sample grown on substrate, since the THz pulse suffers a
much smaller phase delay through the thin film than through the much thicker substrate,
an accurate determination of the thickness difference between the sample and reference
substrate AL is crucial for the accurate extraction of the optical constants of the thin film
[27]. Before growing the thin film sample, we need to characterize the sample and
reference substrates by THz-TDS: from their phase difference we can accurately

calculate the A L by using the formula [25]:
(@) =n, ———Ag 2.8)
° WAL '

where n(w)and n,are refractive index of substrate and vacuum respectively; o is the
frequency and A¢ is phase difference between the two substrates.

The substrate thickness difference AL should then be taken into account in the
extraction of the optical parameters, and putting Eg. (2.7) into Eq. (2.5), the transmission

coefficient T(w) now becomes:

3 E, (@) _ 2A(A; +1)exp[ied (M—1) / c]exp[ioAL(1- ) / ]

f(w)—é— P
(@) (L+A)(A+nA,)+ (A—1)(A, —)exp[2iwdi/ c]

(2.9)

If the sample substrate is thicker than the reference substrate, then AL <0, and vice versa.

Equation (2.9) is our final working equation for the case of thin film grown on a
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substrate.

2.2.4 Effective medium approximation

In some nanostructured materials, the sample is a composite of pure
nanowires/nanoparticles and the surrounding matrix, such as air. One has to disentangle
the contribution of the matrix from the composite before obtaining the frequency-
dependent dielectric properties of the pure material. This is frequently accomplished by
using the effective medium approximation (EMA) [28-30]. By approximately taking into
account the electromagnetic interactions between the pure material and host matrix, EMA
can be used to calculate the dielectric function of a composite material, given the (1)
dielectric function and (2) volume fraction, of each of the individual components.
Conversely, it can also be used to calculate the dielectric function of one component
when the other component and the composite dielectric function are known. A few types
of EMASs have been used in literature, namely the Maxwell-Garnett (MG) model, the
Bruggeman (BR) model, and the simple effective medium model [30].

In the MG model [31], the nanowires are well separated by the host material. Thus,
the interactions between the nanowires are ignored. The MG effective dielectric function

can be obtained by the relation

Cot S _ ¢ En b (MG)  (2.10)
Egq + 28, &, +2¢8,

where &

€

<, & and g are the dielectric constants of the material-host composite, the

host medium, and the pure material, respectively, and f is the filling factor defined by the
volume ratio of pure materials to the composites. If there are two materials embedded in

the host medium (matrix), with dielectric constants ¢,, and &,,, and filling factors f;

m2 !
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and f,, respectively, then

Ex — & — —
o Tho_f Em b g S mE)  (2.11)
Eg +28, En + 268, Enp T 28,

For the BR approximation [32], interactions are considered between
nanowires/nanoparticles. Therefore, the BR model is more applicable in the case of large
volume fraction of the nanowires/nanoparticles. In the BR model, the inclusion and host
materials are treated equally and self-consistently. The effective dielectric function for a

two-phase system can be expressed as:

f(ﬂ}a— f)[ﬂ}o (BR)  (2.12)

&+ Keyg &, + Key
Here, “K is a geometric factor. K is 1 for an array of cylinders with its axis collinear with
the incident radiation and 2 for spherical nanoparticles” [33]. In the case of
nanomaterial-air composite, rearranging Eq. (2.12) to solve for the dielectric function of

nanomaterial, ¢, with equal to unity for air &, =1, gives

£, = geff[f(l+ ngff)_'_(l_ f)K(gef'f _1)] (BR) (213)
fl+Key)+1-F)1-sy)

Then the refractive index and extinction coefficient can obtained respectively from the

dielectric function £=¢ +ig,, & is the complex dielectric function, ¢ and ¢, are

the real and imaginary parts of the £ .

1 c 1/2
n= (E (&7 +&°)"? +Elj (2.14)

1 c 1/2
and k= (E (&7 +&°)"? _Elj (2.15)

The simple EMA is often used to describe the dielectric function of a composite of

two components [34]. The formula can be expressed:

£y =fe +(1-f)s, (Simple EMA)  (2.16)
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Different EMA models were used for different materials [34]. For example, the simple
EMT was found to work with ZnO nanostructures [29], while the BR model works well

for tubular and prism-like structures.
2.2.5 Dielectric fitting models

After the experimental dielectric functions ¢, of the pure nanowires/nanoparticles
have been obtained from Eq. (2.13), we can then choose appropriate dielectric models to
fit the experimental data and extract the optical parameters. In the THz regime, the
dielectric function &(w) consists of contributions from three sources: (1)
high-frequency dielectric constant, (2) conduction (free) carriers, and (3) lattice
vibrations (phonons). The interaction of THz radiation field with the material determines
which model we should use. For metals (and some semiconductors), where free electrons
(carriers) dominate the optical response, we neglect the contribution from phonons and

adopt the Drude model [29]:

2

. @
é(w)=¢,——5= (2.17)
@’ +iyw

The first term ¢_ is the high-frequency dielectric constant which is a collection of

absorbing modes with frequency beyond the maximum investigation frequency «, and

2 o
can be expressed as &, =1+—I Mda) where &, () =2nk is the imaginary part of
T% @

the dielectric function. The second term of Eq. (2.17) describes the response of the

2

N
unbound (free) charge carriers. From the plasma frequency o, = r(;* and the
€o

scattering rate y, we can obtain the carrier density N and the effective mass m*. ¢, is the

free-space permittivity constant (= 8.854 x<10™*? F/m). The mobility can be obtained from
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y via the relation u=e/(m’y).

On the other hand, if lattice vibrations play a dominant role, via phonons absorbing
electromagnetic energy, then the dielectric function &(w) has a term arising from the
lattice vibrations, and the contribution from free electrons can be neglected. Then the

dielectric function can be expressed by the Lorentz model [29]:

2
-

A
w)=¢,+) —— 5
;o —o" —Il'o

(2.18)

It describes a collection of Lorentz oscillators, where Aj ,w;,[;are the oscillator

strength, oscillator resonance frequency and oscillator damping constant (spectral width)
of the j™ oscillator, respectively.
In the Drude-Lorentz model [35, 36], the frequency-dependent dielectric function

can be described by summing over various oscillators and a residual Drude contribution:

a)2 2
= i

Ew)y=¢,————+ _
(@)=e. o’ +iyw Zj:a)jz—a) —il’,0

Aja)j
2

(2.19)

2.2.6 Conductivity fitting model

For some conductive materials, it is more appropriate to consider the conductivity
spectrum &(w) rather than the dielectric function £(®). From the complex refractive
index, we can obtain the complex optical conductivity 6(w) = o, (®) +ic,(w) by using
the relationship: o, (w) = 2nkws,; o,(w) = (e, —n*+k*)we,. The optical conductivity

of metals and some conductive semiconductors is described in the Drude model by
6(w)=——— (Drude) (2.20)

N, e, m and z stand for the carrier density, electric charge, effective mass and

relaxation time, respectively. The Drude model works well with free electrons in a metal,
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where scattering events are completely elastic. The real part of conductivity o, (@)
decreases with increasing frequency and has its maximum value at zero frequency, while
the imaginary part of conductivity o, (®)is positive with a maximum at the frequency of
carrier scattering rate. However, in some nanomaterials and poor metals [30, 37, 38], the
conductivity deviates from the Drude model with (1) a non-zero frequency maximum in
real conductivity and (2) a negative imaginary conductivity.

The negative imaginary conductivity is often attributed to the backward scattering
of electrons off defects, grain boundaries, interfaces and surfaces [30]. This backward
scattering can be modeled by including an additional term to the Drude model, via a
“persistence-of-velocity parameter” c;. Such a model, called the Drude-Smith model [37],

is given by

6(0) = ':'fjfi ; r:) {1+ (1—?507)} (Drude-Smith) ~ (2.21)
The parameter c; takes into account the fact that, after the first collision, some fraction of
the carrier’s initial velocity is retained. For the Drude case ¢; = 0, while for complete
carrier backscattering c¢; = -1. The calculation of imaginary part conductivity

o,(w) = (e, —n*+k*)wse, depends on the value of & , which varies for different

investigation frequencies and temperatures. So, the best way is to treate, as a fitting

parameter. In practice, we initially sete, =1to calculate o,(w), then we simultaneously

fit o,(w)ando,(w) to the expression:

-
&(w):Ner/m {1+ C,

—iwe, (e, -1), Drude-Smith) (2.22
(1-ior) (1—ia>r)} olen =2, ) @z)
then use the fitted value of ¢ to calculate o,(w). The Drude-Smith model has been

used to fit the conductivity data of a variety of poor metals such as Algz5CuUzssFers

32



Chapter 2 Experimental techniques

quasicrystals [37], and ZnO semiconductor nanomaterials [30]. However, the
Drude-Smith model explains the conductivity deviation from the Drude model under the
assumption that the carriers retain part of their momentum only at the first scattering
event, which has no clear physical basis [39]. The plasmon model offers an extension to
the Drude model and gives a similar conductivity spectrum to the Drude-Smith model. In
the plasmon model, the motion of carriers is controlled by a restoring force and an
external electromagnetic wave. The external THz wave acts as an oscillating electric field
that displaces the electron and holes in different directions causing the charges to
accumulate at the surfaces. This charge redistribution leads to a restoring force
(electrostatic in origin) that drives the carriers back to their original position, resulting in a
damped harmonic oscillation [39-42]. The conductivity of the Plasmon model can be
expressed as:

Nze? /m’
—iwr(l- & | %)

6(w) = 1 (Plasmon) (2.23)

The o,(w) is maximum and o,(w) crosses over the frequency axis at plasmon
resonance frequency o, . A larger restoring force will shift the @, to higher frequency, as
a)ooc\/ﬁ :

In terms of conductivity, the Lorentz model is expressed as:

2
RN

G(w)=>) (Lorentz)  (2.24)

; i(a)gj—a)z)+7a)
The j =1,2,3..., indicates the number of oscillators, and the Drude-Lorentz model can be

expressed:

2 2
G0 | Z @ E,®

— > (Drude-Lorentz) (2.25)
y—io Tl —o)+yw

6(w) =

As in the Drude-Smith model, in practice, we initially set ¢, =1, then obtain the fitted
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value of &_. So the Lorentz model Eq. 2.23 and Drude-Lorentz model Eq. 2.24 become:

2
O E,®

6(w) = Z

— > —iwe,(e, -1)  (Lorentz) (2.26)
7 (a5, — o)+ yo

2
NG
&(o)=—"1+> P

y—lo 5 i(ng — %)+ yow

—iwe,(e,—1) (Drude-Lorentz) (2.27)

2.3 Conclusion

Two experimental techniques, ultrafast optical pump-optical probe and terahertz
time-domain spectroscopy, are introduced in this chapter — their basic principles and
experimental setups. Data analysis and various theoretical dielectric models are also

described.
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Chapter 3. Effect of annealing on the temperature-dependent

dielectric properties of LaAlO; at terahertz frequencies

In this chapter, temperature-dependent dielectric properties of lanthanum aluminate
(LAO) are studied by terahertz time-domain spectroscopy. Both annealing and crystal
orientation have great impact on the dielectric properties of LAO. This study provides
important information for the investigation of functional thin films grown on the LAO

substrate.

3.1 Introduction

Lanthanum aluminate (LaAlOs;, LAO) is a rhombohedrally-distorted perovskite
commonly used as a substrate for high-temperature superconductors and functional thin
films [1]. A cubic-to-rhombohedral transition in LAO occurs at T.~850 K, that is caused
by the rotation or tilt of the oxygen octahedra (AlOg) along the (111) cubic unit cell
direction [2]. In order to understand the structural and optical properties of LAO, many
experimental and theoretical studies have been performed, for example, neutron
diffraction, Raman and infrared spectra, and microwave absorption [3-7].
Room-temperature absorption spectra were also studied at terahertz (THz) frequencies
which contain information of large molecule and intermolecular vibrations [8, 9].

In addition, LAO is one of the most commonly used substrates in the growth of
complex functional thin films such as high-temperature superconductors, multiferroics
and manganites. In such strongly correlated electron systems, due to the presence of

many competing degrees of freedom (e.g. orbital, lattice, electronic, spin), and the
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absence of a dominant energy scale, low-energy dynamics, particularly at THz (or
far-infrared) frequencies, frequently reveal the interplay among these different degrees of
freedom [10]. In THz studies, a reliable extraction of the temperature-dependent complex
conductivity (or equivalently, refractive index) of the thin film depends critically on the
complex refractive index of the underlying LAO substrate, at every temperature.
Moreover, since thin-film growth invariably involves annealing, the effects of annealing
on the optical properties of LAO must also be taken into account. Furthermore, it is well
known that domains are present in LAO substrates, but their effect on the optical
properties of LAO is not known. As far as we know, no systematic temperature or
annealing-dependent studies have been carried out on LAO at THz frequencies. Our
work fills this gap in knowledge, enabling future researchers to use the
temperature-dependent refractive index of LAO to characterize their thin films more
accurately. In this chapter, we report the temperature-dependent (10 K — 300 K)
dielectric response of LAO by terahertz time-domain spectroscopy (THz-TDS) from 0.2
THz — 3 THz. After annealing, strong absorption peaks appear in k(@), with peak

positions shifting to higher frequencies with increasing temperature.

3.2 Experiment and data analysis

Our investigated samples are single crystals of (100) LAO: a 10<10=1 mm?® piece
from CrysTec GmbH (Berlin, Germany), and a 10x10>x0.5 mm® piece from SWI
(Hsinchu, Taiwan). Since both samples give the similar results, we only show data from
the CrysTec sample. The dielectric response of LAO was measured by a commercial

THz-TDS system (TeraView Spectra 3000). From THz-TDS, we can directly obtain
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Figure 3.1 (a) Time-domain terahertz signal from sample LAO (without annealing) and
air reference at 10 K. (b) Amplitude and phase spectra in the frequency domain from the

FFT of (a).

The time-domain electric fields of a THz pulse transmitted through the LAO sample

(E,(t)), as well as through air reference (E, (t)) are shown in Figure 3.1(a). The THz
wave form was attenuated and delayed after passing through LAO sample. Fast Fourier
transform (FFT) yields the amplitude and phase at different spectra components of the

THz electromagnetic wave, as shown in Figure 3.1(b). W.ithout invoking

Kramers-Kronig relations, the complex refractive index f(®) can be obtained by
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numerically solving the equation [17]:

_E(0)  4i(w)

TO=E (o)~ Wiy

explied (N(w)-1)/ ], (2.4)

where T(®),A(w), d, c are complex transmittance, LAO complex refractive index,

sample thickness and speed of light (in vacuum), respectively.

3.3 Results and discussion

The annealing effect can cause absorption peaks in the extinction coefficient k(@) and
sudden change in the refractive index N(w) at certain frequencies. The absorption peak
positions are temperature-dependent. Also, different LAO crystal orientations have

different dielectric properties.

3.3.1 LAO as grown and after annealing process in 0 °orientation

The refractive index Nn(w) and extinction coefficient k(w) of LAO (without
annealing) at different temperatures are shown in Figure 3.2(a) and 3.2(b). n(w) is
temperature-dependent and increases monotonically with frequency. The values of k()
are very small, and no obvious absorption peaks appeared in our experimental frequency
range. The extracted N(w)and k(@) are consistent with other reports [4, 18] at 300 K.
Next, the LAO was annealed under the condition of 1000°C in vacuum for 3 hours. This
annealing temperature makes sure the LAO had experienced the cubic-to-rhombohedral
transition phase transition at T,~850 K. As the sample is cooled back down below T, it
went back to the rhombohedral phase. Then, as THz-TDS data were taken at the same
orientation as before, the extracted N(®) now exhibits jumps at certain frequencies

(Figure 3.2(c)), where it suddenly drops, then recovers slowly with frequency. Also,
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several absorption peaks appear in K(@) (Figure 3.2(d)). These absorption peaks are

temperature-dependent — shifting to higher frequency with increasing temperature.
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Figure 3.2 Extracted refractive index n and extinction coefficient k of LAO before and
after annealing treatment at different temperatures. Before annealing (a), (b) and after

annealing (c), (d).

We attribute the appearance of absorption peaks in k(w) after annealing to a
relocation of oxygen vacancies in the LAO crystal. Before annealing, below 730 K, the
immobile oxygen vacancies form clusters and effectively pin the domain walls [3].
During the annealing of LAO at 1000°C, the self-diffusion coefficient of these oxygen

vacancies increase significantly at high temperature [8]. As the oxygen vacancies diffuse
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and relocate throughout the crystal, the effect of pinning will be reduced, resulting in the

domain walls becoming more mobile, until they disappear.

3.3.1.1 Spectral weight transfer

The real part of optical conductivity o,(w) can be obtained from the relationship
o,(w) =2n(w)k(w)we,. Figure 3.3 shows the spectrum of o,(w) before and after
annealing, at different temperatures. Before annealing, in the "as-is" sample, o, (®)
increases slightly with frequency, and does not show any sharp features. Upon annealing,
however, temperature-dependent peaks develop in o,(w) . According to the f-sum rule
for o,(w) [19], the spectral weight, defined as the area under the conductivity spectrum
j:al(a))da;, is proportional to the ratio of the electronic density to the electronic mass

2 w )?
7Ne . This f-sum rule can be expressed rigorously as IO al(a))da):%z(i/l;) for

2m ] i

any kind of excitation in the solid. Here q; and M, are the effective charge and mass
of the j™ excitation, respectively. For phonon excitations, for example, g may not be
equal to e, and more importantly M is much larger than m due to the heavy ionic mass
[20]. Comparing the o, (w) before and after annealing in Figure 3.3, we noticed that,
after annealing, o, () exhibits peaks only at some particular frequencies, and is almost
zero away from these frequencies. This indicates the spectral weight is redistributed and
transferred towards these frequencies after annealing. Annealing above the transition
temperature T, will usually relax the thermal strains and redistribute the oxygen defects,
causing twin walls to appear elsewhere and in different orientations when the crystal is

again cooled to below T.[18].
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Figure 3.3 Real part conductivity of LAO before and after annealing at various

temperatures.

3.3.1.2 Drude-Lorentz model fitting and discussion

In order to probe the origin of these temperature-dependent absorption peaks, we
compute the complex dielectric function of annealed LAO from n(w)and k(w) by the
relations: ¢, (w) = n(w)* —k(w)®> and &, (@) = 2n(w)k(w). The real and imaginary parts
of dielectric function are simultaneously fitted with the Drude-Lorentz model [21, 22]. In
this model, frequency-dependent dielectric function can be described by summing over

various oscillators and a residual Drude contribution:

2

) 2
é(w)=¢,——5——+ - A“f’k. : (2.19)
o'+l To -0 -11'o

The first term ¢ is the high-frequency dielectric constant ¢, =4.82[6, 23]; the second

term is the Drude term, which describes the response of the unbound (free) charge
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carriers; o, and [';are the plasma frequency and scattering rate of free electrons,
respectively. The last term describes a collection of Lorentz oscillators, where A ,o,,
', are the oscillator strength, oscillator resonance frequency and oscillator damping

constant (spectral width) of the k™ oscillator, respectively.
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Figure 3.4 (a) Real and imaginary parts of dielectric function of LAO and the
Drude-Lorentz model fitting. (b) Oscillator frequencies evolve with temperature, red

lines are linear fitting for @, and quadratic fitting for w,, w;and o, .

To obtain a good fit, we used four Lorentz oscillators. Figure 3.4(a) shows the real
and imaginary parts of £(w), and the corresponding Drude-Lorentz model fitting, where,
for the sake of clarity, only the 10 K data and fitting are presented. Generally, THz

absorption is attributed to the interactions of THz field with the fundamental lattice
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vibrations in the crystal. The optical modes of Brillouin zone center associated with the
first-order dipole moment give rise to intrinsic absorption due to lattice vibrations.
Among the four resonances, the strongest absorption peak e, is located at ~6 THz with a
temperature-independent peak position. This strong (A;~18) 6 THz peak corresponds to
the main infrared (IR) triplet mode at 167 cm™ in the undistorted perovskite, which
transforms into the 168 cm™ A,y IR singlet and 179 cm™ E, IR doublet upon undergoing
rhombohedral distortion [6]. The other three resonances (@,~ 1.0 THz, w,~ 2.5 THz, », ~
3.5 THz at 300 K) are much weaker than ,, with temperature-dependent peak positions
— shifting to higher frequency with increasing temperature, as shown in Figure 3.4(b).
It has been confirmed experimentally and theoretically that Raman modes in LAO [5, 6]
appear at ~1 THz and ~3.7 THz. The observation of the 1 THz (@,) and 3.5 THz (w,)
modes in our data showed that, upon annealing, these Raman modes have acquired IR
character as well. This is not surprising, as lattice distortion induced at high temperatures
(~500 °C) may have caused an asymmetry in the lattice structure that results in the
appearance of absorption peaks at these previously Raman-active frequencies [8]. Our
temperature-dependent w, has not been reported before — it possibly originates from
multiple phonon processes [14].

We now discuss the phonon stiffening with increasing temperature. Normally, the

frequency change of lattice modes is related to the rate of change in volume V of the

crystal via %:_]/AV_V, where » is an average Grineisen constant [24]. In most

materials, 7 >0, so phonons soften upon thermal expansion, which is attributed to the
presence anharmonic components in interatomic potentials. This deviation from

harmonicity causes scattering between the phonon. However, in vanadium metal, the
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phonons stiffen with increasing temperature [24]. This was attributed to coupling
between phonons and the electron bandstructure. For LAO crystal, the AlOg structural
unit (AlOg) can rotate as a rigid unit, thus breaking the symmetry of a structure of packed
octahedra. Also, the corner oxygen atoms of AlOg are not shared by other octahedra, thus
having more freedom to be involved in the reorientations [25]. These features may be
responsible for the phonon stiffening with increasing temperature in the annealed LAO
crystal. The low energy vibrational modes in ZrW,0g and HfMo0,0g, with similar local
structure as LAO, also show a stiffening with increasing temperature. To fully elucidate
the phonon frequencies stiffening with increasing temperature, additional theoretical

calculations are required [26].

3.3.2 LAO as grown and after annealing process in 90 “orientation
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We also measured the transmission spectra after rotating sample by 90<in the plane

parallel to LAO (100) surface. The transmission spectra before rotation (0 and after

rotation (90 are shown in Figure 3.5. In the 0< orientation, annealing causes the

appearance of several absorption peaks in the transmission spectra (Figure 3.5(a)), and

these peaks can also be seen in Figure 3.2(d). Subsequent annealing treatment does not

change the spectra.
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However, in the 90°orientation, we observed differences after the first and second
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annealing (Figure 3.5(b)). Surprisingly, the transmittance amplitude after the second
annealing is slightly higher than the first. These differences were also reflected in the
complex refractive index as shown in Figure 3.6. The refractive index behaviors between
the two annealing treatments are not exactly the same like the 0<orientation. Based on
our experimental results, we attribute the annealing effects on optical properties to the
redistribution of LAO domains. We suggest that, for optical measurement of thin films
grown on LAO substrate (eg. THz-TDS), the reference substrate should undergo the
same annealing conditions as the sample growing process. Also, the orientation,
temperature and frequency dependent of complex refractive index should be taken into

account when extracting the sample’s optical parameters.

3.4 Conclusion

Temperature-dependent THz dielectric response of as-is and annealed LAO have
been studied using THz-TDS from 0.2 THz — 3 THz. Annealing greatly affects its
optical properties. The appearance of the absorption peaks in k(@) upon annealing is
attributed to the diffusion and relocation of oxygen vacancies — these disordered oxygen
vacancies reduce the pinning effects on the domain walls in the LAO crystal. The change
of o,(w) from featureless, to peaks occurring at certain frequencies, is attributed to
spectral weight transfer. Most of this work has been published in AIP Advances 2,

012120 (2012).
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Chapter 4. Carrier dynamics of graphene probed by optical

pump-probe technique

In this chapter, we will discuss the ultrafast pump-probe results of bilayer graphene and
FeCls-intercalated bilayer graphene. Electronic band structures of these two materials
are calculated by density functional theory. We find that FeCls-intercalation can
introduce additional bands in the electronic band structure and result in differences in

the pump-probe data.

4.1 Introduction

Graphene was believed to be unstable and presumed not to exist in the free state,
until free-standing graphene was unexpectedly found [1]. Graphene is a basic building
block for all other graphitic materials, such as fullerenes (0D), nanotubes (1D) or
graphite (3D), as shown in Figure 4.1 [2]. Graphene is a two-dimensional plane of carbon
atoms arranged on a honeycomb structure, and has a linear energy dispersion of the
conduction and valence bands intersecting at the Dirac point. The linear energy
dispersion gives rise to the massless relativistic behavior of quasiparticles. It has attracted
intense research interest due to the interesting physics and potential applications. For
example, the extremely high carrier mobility (10* cm?Vvs™) [3] at room temperature of
graphene is ten times higher than that in silicon. Also, the charge carrier density can be
easily controlled by applying a gate voltage. These advantages, which are superior to
those of conventional semiconductors, may enable graphene to be a key component of

future-generation electronics [4, 5].
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Figure 4.1 Graphene is a basic 2D building block for all other carbon materials. It can be
wrapped up into 0D buckyballs, rolled into 1D nanotubes or stacked into 3D graphite.

Figure taken from Ref. [2].

Bilayer graphene (BLG) is composed of two single layer graphene (SLG), with
usually an AB-stacking order, plus a coupling between the two layers. Reference [6] has
described the BLG stacking order: “In the most common (Bernal) stacking, adjacent
layers are shifted by one atomic spacing, so that B atoms of layer 2 (B2) sit directly on
top of A atoms of layer 1 (Al) and B1 and A2 atoms are in the centre of the hexagons of
the opposing layer”. Figure 4.2 shows the structure of BLG with unit vectors &, d&,and

the relevant hopping parameters in the system. In the presence of interlayer coupling, the
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linear energy dispersion near the K point in SLG is converted to a parabolic one for the
BLG with an effective mass of ~ 0.03m. [7-9]. The band gap between valence and
conduction bands can be tuned by applying an electric field perpendicular to the sample.
The difference between SLG (linear dispersion) and BLG (quadratic dispersion) has
prompted work to explore and contrast various dielectric properties in the two systems
[6]. The tunability of the bandgap via an electric field makes BLG a promising material

for future nanoelectronic and nanophotonic devices [10].

® A
e B

Figure 4.2 Structure of bilayer graphene and hopping parameters nearest neighbour
in-plane coupling energy (y,), nearest neighbor inter-plane coupling energy (),
next-nearest neighbor in-plane coupling energy (7,;) and next-to-next nearest neighbor

in-plane coupling energy ( ,; ). Figure taken from Ref. [7].
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Similar to the SLG, small scale high-quality BLG can be achieved experimentally
by mechanical exfoliation of graphite onto SiO, substrates. To obtain large-scale BLG,
epitaxial growth on SiC substrate and CVD (chemical vapor deposition) methods are
often used. However, the quality is not as good as the mechanical exfoliated sample, and

decoupling of the graphene layer is often observed [11-13].
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Figure 4.3 Value of r,as a function of pump fluence, the red triangles are another

position with few graphene layers on the sample. Figure taken from Ref. [18].

The first measurements of ultrafast carrier dynamics in epitaxial graphene reveal
two distinct time scales, which was attributed to the relaxation of nonequilibrium
photoexcited quasiparticles [14]. Time-resolved terahertz spectroscopy on graphite [15],

revealed a strong coupling between electrons and the lattice (~500 fs), and subsequent
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cooling of hot phonons (~7 ps). All optical pump-probe spectroscopy of freestanding thin
graphite films revealed a fast intraband carrier equilibration (~20-30 fs), and a
subsequent relaxation of the hot carriers (via emission of optical phonons) with a
timescale of ~200 fs [16, 17].

There have been many subsequent reports on the ultrafast dynamics of charge
carriers in graphene, using optical pump-probe [18, 19] and THz techniques [20, 21].
Most of these experiments found a fast relaxation process (several hundred fs) followed
by a slower relaxation process (a few ps). The fast relaxation process is assigned to the
coupling between the electrons and optical phonons in graphene [22, 23], while the slow
relaxation process assignment is more complicated. In the literature, the slow component
has been attributed to minority carrier recombination [21], coupling between electrons
and acoustic phonons [24] and hot phonon effect [18]. In a fluence-dependent study, the
slow relaxation time reaches a limiting value at high pump intensities, then the slow
relaxation time is assigned to the decay of the optical phonons [18]. The slow relaxation
time initially increases with pump fluence, and levels off at a certain pump fluence, as
shown in Figure 4.3. The limiting value of the slow relaxation time at high pump
intensity reflects the relaxation time for the optical phonon modes [18].

The electronic properties of graphene, via a change in its structure, can be tuned by
intercalation (e.g. nitrogen or boron [25,26]), surface adsorption of metal atoms or
molecules, or using different substrates [27]. Such ability to control the properties of
graphene can pave the way for novel photonics and electronics [28]. Ultrafast
measurements and theoretical calculations have been applied to study the optical and

electrical properties of graphite and graphene in recent years [14-20, 22, 24, 29]. The
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dynamics of electrons and holes after photoexcitation in graphene occurs on an ultrashort
time scale (a few ps).

Although many ultrafast studies have been done on graphite, graphene and
multilayer graphene, ultrafast pump-probe measurement of FeCls-intercalated bilayer
graphene (FeCls-G, FeCl; layer sandwiched by two graphene layers) has not been
reported yet. Chemical doping resulting from adsorption or intercalation may well
become an important aspect of future graphene research. For example, an induced
potential difference between surface and interior layers by adsorption or intercalation
with Br, and 1, vapors can open a band gap [26]. Also, graphite intercalated with FeCls
can cause the material to be hole-doped [30, 31]. Superconductivity was discovered when
graphite was intercalated with alkali metals [32] and rare earth materials [33]. Thus, the
understanding of electron dynamics in graphene intercalated with different materials will
be important for future graphene-based device applications.

In this chapter, we studied the ultrafast degenerate pump-probe measurement of the
FeCl3-G and BLG deposited on the SiO,/Si substrate from 10 K to room temperature.
Comparing the results with BLG which has a fast rise time (~100 fs) and two subsequent
relaxation processes, FeCls—G exhibits a slower rise time (~0.2 — 0.8 ps) and only one
subsequent relaxation process. Both the rise and relaxation times are
temperature-dependent and decrease with increasing lattice temperature from 10 K to
300 K. This chapter is outlined as follows:

(a). Sample preparation and Raman characterization.
(b). Pump-probe results of FeCl;—G and BLG samples.

(c). Electronic band structure calculation and discussions.
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(d). Pump fluence effect on the relaxation times of FeCl;—G and BLG samples.

4.2 Sample preparation and Raman characterization

The bilayer graphene sheets were fabricated on polycrystalline Cu foils by low
pressure CVD process [34] using a mixture of methane and hydrogen. The number of
graphene layers was confirmed by contrast spectra [35, 36]. Reference [37] describes the
sample preparation process (the FeCls-FLGIC is the same as FeCls—G in this thesis):
“The two-zone vapor transport method was used for fabricating FeCls-FLGIC. The
reaction took place inside a vessel constructed from a glass tube. The graphene samples
and anhydrous FeCl; powder (approximately 0.03 g) were separated by around 6 cm. The
tube was pumped to 1072 torr and sealed. In our experiment, the two-zone method was
processed using a single furnace instead of the traditional two-furnace technique. The
temperature distribution in the furnace was measured by a thermocouple before the
experiment. The reaction vessel was placed in an appropriate position in the furnace to
achieve the desired two-zone temperatures (360<C for graphene samples and 310<C for
anhydrous FeCls powder). The heating rate was set at 10<C min ™, and the vessel was
kept for 10 h at the set temperature. Finally the furnace was cooled at a rate of 10C
min* to room temperature.” (The BLG and FeCls intercalated BLG samples were grown
by Dr. Luo Zhigiang and Zhan Da in Prof. Shen Zexiang’s group).

Reference [37] describes the Raman spectroscopy measurement:” Raman spectra
were recorded by a WITEC CRM200 system with a spectral resolution of 1 cm™. The
excitation laser was 532 nm (2.33 eV) and the laser power at sample was kept below 0.5

mW to avoid laser heating effect. A 100 = objective lens with a numerical aperture of
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0.95 was used.” Figure 4.4 shows the Raman spectra of BLG and FeCl;-G at room
temperature. The CVD-based BLG normally does not show AB stacking order, but is
misoriented. Such misoriented BLG presents a single Lorentzian 2D peak [38] with a

FWHM (full wave half maximum) ~ 43 cm™.

L
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[ntensity (A. U.)
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Raman Shift (cm'l)

Figure 4.4 Raman spectra of CVD-based BLG (red) and FeCl;—G (black).[Raman

spectra was taken by Dr. Luo Zhigiang].

The number of layers of such misoriented graphene can be measured by contrast
spectra [35, 36], and it is found that the BLG covered more than 80% of the whole
graphene region (the remainder 20% is mainly dominated by single layer and trilayer

graphene). After the intercalation process, it is estimated that more than 60% area of the
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graphene regions has been successfully intercalated by FeCl; according to the strong blue
shift of the G peak position (~1612 cm™) of these area. This is because of the electrons
transfered from each graphene layer to intercalated FeCls give rise to the strong hole
doping effect of each graphene layer [30, 31]. The other regions of BLG only show a tiny
blue shift of the G peak position (~1590 cm™) compared to the intercalated region, and
this tiny blue shift effect of G peak is caused by the normal doping effect after vacuum
annealing [39]. The much sharper G peak of FeCl;—G compared with pristine BLG is due
to the nonadiabatic removal of the Kohn anomaly [40-42]. In addition to the change of G
peak feature, it is found that the FeCl;—G shows an even sharper single Lorentzian 2D
peak (FWHM is about 35 cm™) compared with the precursor misoriented BLG. This
indicates that the interaction between graphene layers is very small because of the

intercalation of FeCls.

4.3 Pump-probe results of FeCl;—G and BLG samples

Our degenerate pump-probe setup [43] uses a Ti:sapphire mode-locked laser with 80
MHz pulse repetition rate, generating 800 nm, 40 fs pulses. The pump beam was focused
to a spot size of 60 um on the sample surface to generate photoexcited carriers, while the
weaker 25 um-diameter probe beam was used to measure the change in the reflectivity
(AR/R) as a function of the probe delay time relative to the pump. The intensity ratio of
the pump pulse (0.075 nJ/pulse) and probe pulse is ~30, and polarization between the
pump (P polarized) and probe (S polarized) is orthogonal to minimize detection of
scattered pump. The pump beam was modulated at a frequency of 1 MHz using an

acoustic-optical modulator (AOM), and the photoinduced change in the reflected probe
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intensity at different delay times between the pump and probe pulses was measured with

a lock-in amplifier.
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Figure 4.5 (a) Differential reflectivity AR/R versus pump-probe delay of BLG at
different temperatures. Black line is a two-exponential fitting to the 290 K data. (b) z,,

and (c) z,,,,, evolve with temperature.

The differential reflectivity AR/R of the BLG sample at different temperatures
are presented in Figure 4.5(a). The sign of AR /R is negative with a rising time of the
order of the pulse width and the recovery of AR/ R exhibits two distinct time scales: a

fast decay time 7, and a slower one z,,. Our data are fitted using a bi-exponentially

decaying function, AR/ R = A, exp(-t/zyy)+ Ay, €XP(-t/ 7). The time scales of
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T.q (<160 fs) and 7, (1.5 — 3.4 ps) are consistent with those of other reports [15-17,

slow

19, 20]. The processes of the relaxation can be explained by using optical phonon
emission and optical phonon-acoustic phonon coupling.

The pump pulse creates non-equilibrium free electrons and holes in the conduction
and valence bands, respectively. Carrier-carrier scattering thermalize the carriers into a
Fermi-Dirac distribution with a temperature higher than the lattice temperature [44]. This
initial thermalization occurs on a timescale of 20 — 30 fs [16] and is beyond our
experimental resolution. After thermalization, coupling between hot electrons and optical
phonons cools the electrons on a timescale z,, observed in Figure 4.5(b). This is
consistent with the timescale in graphite, when most of the photoexcited electron energy
is transferred to the optical phonons during the first 200 fs [16]. The rough
temperature-independence of the electron-phonon relaxation time 7 is consistent with
the data seen in metals such as Ag and Au [45]. Subsequently, the optical phonons
transfer their energies to acoustic phonons via optical-acoustic phonon coupling, which

accounts for the slow process (7

slow

~few ps) shown in Figure 4.5(c). Eventually, the
photoexcited electrons reach thermal equilibrium with the lattice.

Figure 4.6(a) shows AR/ R versus pump-probe time delay in the FeCl;—G sample
at different temperatures. The rise time of the signal in FeCl;—G (0.2 — 0.8 ps) is much
longer than that in BLG (~100 fs) and deceases with increasing lattice temperature, as
shown in the inset of Figure 4.6(a). The fast relaxation component found in the BLG
sample disappears, leaving only the slower one in FeCl;—G. The relaxation process can

be fitted using a single-exponential decay function: AR/R = A, exp(-t/z,,). Figure

low

4.6(b) shows that the relaxation time 7,

slow

decreases with increasing lattice temperature,
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similar to BLG. However, the values of ¢

slow

in FeCl;—G are larger than in BLG. The

difference in pump-probe data of BLG and FeCls;—G originates from the difference in the

electronic band structures.
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Figure 4.6 (a) Differential reflectivity AR/ R versus pump-probe delay of FeCl;—G at
different temperatures. Black line is a one-exponential fitting to the 250 K data. Inset:

region expanded near the peak position. (b) Temperature dependence of the single

relaxation time . Arrows show the peaks of the signals.

slow

4.4 Electronic band structure calculation and discussions

Reference [37] describes the electronic band structure calculation method: “A

supercell with lattice constants a = 12.12 A and ¢ = 9.370 A was constructed, where the
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layered FeCls with 2 > 2 periods was taken as commensurate with the graphene of 5 x5
unit cells, as shown in Figure 2. The DFT calculations based on the generalized gradient
approximation (PBE-GGA)! were performed using the plane-wave basis VASP code.™*!
The projector augmented wave (PAW) method is employed to describe the electron—ion
interactions. A kinetic energy cutoff of 400 eV and k-points sampling with 0.05 A™
separation in the Brillouin zone were used. The structure was optimized by a conjugate
gradient algorithm with a force convergence criterion of 0.01 eV A ™. Figure 4.7 shows
the calculated electronic band structure of FeCls—G (black line) and BLG (blue line). Note
the presence of numerous horizontal bands in the FeCl;—G sample which originate from
the d orbitals of iron. The Dirac point of the FeCls—G is now located at ~+1 eV,
demonstrating that FeCl; intercalated layer causes the material to become hole-doped.
The presence of a FeCl3 layer sandwiched between two graphene layers can accept
electrons from the top and bottom graphene layers, causing the graphene layers to
become hole-doped, and modify the electronic transport properties in graphene.
Moreover, the FeCls intercalated layer introduces additional electronic states in the
energy band structure which result in three effects in the pump probe results. First, these
additional electronic states facilitate photoexcited electron transition between lower and
higher energy levels with the assistance of optical phonons. Optical phonons can be
emitted and reabsorbed by the carriers in the higher energy states, thus slowing down the
energy relaxation of the photoexcited electrons, as shown in Figure 4.5(c) and Figure
4.6(b), that is, 7

(FeCly) >, (BLG) . Second, optical phonon emission and

slow low

reabsorption causes the number of photoexcited electrons to be built up slowly, resulting
in a longer rise time, and causes the disappearance of the initial fast relaxation process
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observed in BLG. This scenario is consistent with the case of sulfate-covered gold
nanoparticles [46]. There the sulfate adsorbates act as a transient energy reservoir which
results in the back and forth inelastic scattering of nonequilibrium electrons, causing a
retardation of the internal thermalization time compared to bulk gold. Third, the opposite
signs of the signals from the two samples is due to state-filling effects (in BLG) and
induced probe absorption (in FeCl;—G) dominating the absorption of the probe pulse. In
the linear absorption range, probe differential reflectivity AR/R is proportional to
pump fluence F, the relationship can be expressed as: AR/R o« CxAaxF , where C
is a parameter depends on the interaction of probe with the excited sample, Ao is
sample absorbance change. In the FeCl;-G sample, electrons below the Fermi level in
the valence band are excited to the horizontal bands located at energy ~1.5 eV higher by
the pump photons. These photoexcited electrons in the horizontal bands can then be
excited to higher energy states by absorbing the incoming probe photons (induced probe
absorption), and therefore resulting in a larger probe absorption. Compare this to BLG,
where the absorption of pump photons by the valence band electrons to the graphene
conduction band decreases the density of empty states in the conduction band, thus
resulting in a smaller probe absorption [47]. Our results show that, though the band
structure of pure carbon graphene is dominated by the Dirac description, chemical
modification (adsorption, substitution and intercalation) of graphene can modify the band

structure and affect the carrier dynamics.
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Figure 4.7 Calculated band structure of the FeCls—G (black) and BLG (blue). The

horizontal bands originate from d orbitals of iron and the Dirac point is located at ~+1 eV

after FeClsintercalation. [Band structure calculated by Dr. Fan Xiaofeng]

4.5 Pump fluence effect on the relaxation times of FeCl;—G and BLG

samples

We also examined the influence of photoexcited carrier density on the relaxation
time of both BLG and FeCl;—G samples at room temperature, by varying the pump
power. The amplitude, which is related to the photogenerated carrier density, increases
linearly with pump power for both samples, as shown in Figures 4.8(a), 4.8(b) and 4.8(c),

showing that we are not saturating the optical transitions in our experiments. Thez, of

BLG in Figure 4.8(d) increases with pump fluence at low fluence, and is attributed to the
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coupling between electrons and optical phonons — the number of optical phonons
created by hot electron relaxation is proportional to the pump fluence, and these optical
phonons can be reabsorbed by the electrons, slowing the rate of hot electron cooling.

This behavior of 7., versus pump fluence also agrees with theoretical calculations at

low photoexcited electron density [29].
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Figure 4.8 Pump fluence dependence of the amplitude () |Atast, (0)|Asiow| in BLG and (c)

Asiow In FeCl3—G. (d) The value of r_ increases with the pump fluence. The behaviors
of 7, Wwith pump fluence in BLG and FeCls—G are presented in (e), (f), respectively.

The red solid lines are linear fits, and the dash dot lines are guide to the eyes.

The behavior of =

slow

in both samples are very similar, as seen in Figures 4.8(e)

and 4.8(f). The value of 7,

slow

increases at low fluence and become fluence-independent

beyond a fluence of 3.8 p/cm?. With increasing pump fluence, hot electron relaxation
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creates a larger number of optical phonons. These optical phonons can couple energy
back into the electron distribution by being reabsorbed, thereby slowing the rate of

electron cooling. This accounts for the increase in z, . with increasing pump fluence.

slow
At high pump fluences, hot electrons and optical phonon modes reach a
quasi-equilibrium. Here the decay of the electron energy is controlled by the relaxation of
optical phonons which occurs through coupling to low-energy acoustic phonon modes.
Therefore, the decay of optical phonons serves as a bottleneck for the electron energy

relaxation and the limiting value of ¢, at high pump fluence reflects the relaxation

slow

time for the lifetime of optical phonon modes [18]. Hence .

slow

levels off at high pump

fluence.

4.6 Conclusion

In this chapter, we have investigated the ultrafast carrier dynamics in BLG and
FeCl3—G grown on SiO,/Si substrates from 10 K to room temperature. A fast relaxation
process followed by a slower one is found in the BLG sample. However, in FeCl;-G
sample, different carrier dynamics are observed: an opposite sign of AR/R, a slower
rise time, and a single (instead of double) exponential relaxation. We attribute these
differences in dynamics to the down-shifting of the Fermi level in FeCls-G, as well as the
formation of numerous horizontal bands arising from the d-orbitals of Fe. Our work
shows that intercalation can dramatically change the electronic structure of graphene and
its associated carrier dynamics. Most of this work has been published in Applied Physics

Letters 97, 141910 (2010).
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Chapter 5. Terahertz Time-Domain spectroscopy studies of

bilayer graphene

This chapter is focused on conductivity experiments of bilayer graphene using terahertz
time-domain spectroscopy. A rotation between two graphene layers can induce van-Hove
singularities which can be reflected in the real part of optical conductivity. The overall
Drude shape was analyzed using a disorder-dependent model, while the conductivity

peak at ~ 2.7 THz was attributed to van-Hove singularity.

5.1 Introduction

In bilayer graphene (BLG), electrons can then hop between these two A sites with a
hopping energy t.. In the undoped case, though both SLG and BLG are gapless
semi-metals, carriers in SLG exhibit linear dispersion, while those in BLG show
quadratic dispersion. An energy gap in SLG opens up due to finite geometry effects, but
its control has proven to be unreliable [1]. On the other hand, the electronic gap in BLG
can be reliably opened and controlled by an applied electric field, shown theoretically
and demonstrated experimentally [2-5], and promises interesting applications. Both SLG
and BLG however, are sensitive to disorder. Hence, to realize graphene-based
optoelectronic devices, an understanding of the temperature and disorder effects in the
transport and spectroscopic properties of BLG is needed. Temperature and
disorder-dependent conductivity of BLG have been derived theoretically [1, 6].
Experimentally, spectroscopies (from terahertz (THz) to visible) and ultrafast dynamics

of various flavors of graphene have been reported, such as SLG, few and many-layer
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graphene, and graphite [7-11]. For example, Fourier-transform infrared spectroscopy
(FTIR) on large-area MLG grown by chemical vapor deposition (CVD) revealed a
Drude-like frequency dependence of the spectral density from THz to mid-infrared at
different carrier concentrations [12]. In addition, graphene plasmons, which lie in the
THz range, are strongly coupled to the interband electronic transitions and decay by
exciting interband electron-hole pairs [13]. Hence knowledge of graphene’s
electromagnetic response, as a function of disorder, in the THz frequency range is critical
for applications such as graphene-based THz oscillators [14].

BLG grown by CVD also has a great tendency to twist. A typical 10 mm x 10 mm
piece of CVD-BLG has been shown to be a collection of crystallites of twisted BLG with
a distribution of different twisting angles [15, 16]. Twisting occurs when there is rotation
between the top and bottom layers of BLG (see Figure 5.1). When there is rotation
through a (twisting) angle & about an A (B") site in BLG, only a discrete set of
commensurate angles is allowed [17]:

3i2+3i+1/2

cos(@) = 3i2+3i+1

(5.1)

where i = 0, 1, 2, .... Such rotation between graphene layers have been observed as a
Moirépattern on graphite surfaces [18], and recently in BLG [15]. Such twisting causes
van Hove singularities (VHS) to develop near the Fermi energy, with the van Hove
singularities energy scale being a strong function of 6, resulting in an enhanced density
of states at those energies [17]. Such enhancement in the density of states should show up
in the conductivity spectrum. For example, for large twisting angles of 7.5< 13.7<and
54.6< anomalies in the real conductivity c1(m) were seen in the visible region using

contrast spectroscopy [19]. However, they have not been demonstrated in the THz regime.
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An accurate characterization of electrical and optical conductivities at THz frequencies
of BLG, as a function of temperature, disorder and twisting, is thus needed, but has not

been reported.

Ae
Be O
A\

Figure 5.1 Atomic arrangement of atoms in BLG, for twisting angle § =21.8< A (4") and
B (B’) are the sublattices of the first (second) layer. The black hexagon depicts the unit

cell of the twisted BLG.

For certain angles of rotation, the energies of these VHS can be very close to the
Fermi energy, of the order of milli-electronvolts (meV), which lie in the THz regime [17].
THz pulses with meV energy can thus probe such low-energy VHS. In this Chapter, we
present THz time-domain spectroscopy (THz-TDS) studies of twisted BLG at different

temperatures (10 K — 300 K), to study its frequency-dependent far-infrared conductivity.
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On top of a Drude-like response, we see peaks in the real conductivity. The overall Drude
shape was analyzed using a disorder-dependent model, while the conductivity peak at 2.7
THz was attributed to an enhanced density of states at that energy, which is caused by the
presence of low-energy VHS arising from a commensurate twisting of the graphene

layers relative to each other.

5.2 Experimental section

The samples studied here are large-scale BLG grown by CVD and deposited on
z-cut quartz. Both contrast and absorption spectroscopies confirmed the sample to be a
BLG film [20]. Our experimental set-up performs an average over the entire area of the
sample. Nevertheless, our data were able to discern the feature arising from 6 -3 =
1.161< on top of a broad background produced by the disorder in the sample, as will be
discussed later in this Chapter.

The transmission THz spectra of the BLG were measured using a conventional
THz-TDS system (TeraView Spectra 3000) with a Janis ST-100-FTIR cryostat. THz-TDS
has proven to be a very useful noncontact technique to study the optical conductivity of
materials in the far-infrared range without the need for Kramers-Kronig analysis [21, 22].
The THz wave was generated and detected by photoconductive antennas fabricated on
low-temperature-grown GaAs films. The aperture diameter is 7 mm, enabling accurate
measurements of the low-frequency spectral components of the THz wave. For each
sample or reference run, 900 THz traces were taken over 180 seconds. The sample holder
was moved from the sample to the reference position (and vice versa) by means of a

vertical motorized stage with 2.5 um resolution. The time-domain electric fields of a THz
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pulse transmitted through Sample 1 (Es(t) — BLG deposited on 1-mm thick z-cut

quartz substrate from CrysTec, Germany), as well as through the reference (E, (t), bare

z-cut quartz substrate) are shown in the inset of Figure 5.2(a).
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Figure 5.2 (a) Terahertz time-domain signal from sample and reference at 10 K. The

dashed line indicates the point where we truncated the data before Fourier Transform. (b)

Amplitude spectra in frequency domain from FFT of the main pulse in (a).

5.3 Data analysis

Before BLG deposition, the substrates for sample and reference were carefully

characterized by THz-TDS — from their phase difference we obtained the thickness

difference AL of the two substrates, which will be taken into account in our subsequent

analysis. An accurate determination of AL is crucial to an accurate extraction of the
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optical constants of thin film and nanomaterials [23]. After the main pulse, a weaker
pulse (etalon) appears due to the first internal reflection in the z-cut quartz substrate.
Since the main pulse and etalon pulse are well separated in the time domain, we truncate
the time-domain data at the dotted line position as shown in the Figure 5.2(a).
Subsequent data analysis was performed only on the main pulse without loss of validity.
Fast Fourier Transform (FFT) was then performed to obtain the amplitude and phase as a

function of frequency. The FFT amplitude spectrum of the main pulse is shown in Figure

5.2(b).
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Figure 5.3 Amplitude of complex transmission coefficient (or transmittance), at 10 K
and 300 K. The solid line indicates the transmission amplitude when both sample and

reference are vacuum.
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The absorption of the THz pulse by the BLG is obvious, even though the sample is
of atomic-scale thickness. Figure 5.3 shows the amplitude of the experimental
transmission coefficient (or transmittance) T (w), defined as the ratio between complex
spectral field of the sample E, (»)and reference E, (»). For both samples ‘f(a))‘ is
almost frequency-independent at about 95%. In the same figure is "I:(a))‘ when both
sample and reference are vacuum — in this case ‘f(w)‘ deviates only 0.5% away from
unity in the frequency range 0.3 — 3.0 THz, which will be the frequency window of our
analysis.

Theoretically, T(w)can be written as [24]:

3 E. () _ 2n(Ay,, +1)expliod (M—1) / c]exp[ioAL(1-1 )/ c]

T~(co)—E = — —
(@) (L+A)(A+ A, )+ (A—1) (A, —n)exp[2iodi/c]

(29

sub

where i and f, arethe complex refractive indices of BLG and z-cut quartz substrate,
respectively, d (= 1 nm) is the thickness of the BLG [25], AL is the thickness difference
between sample and reference substrates, and c is the speed of light in vacuum. The
complex refractive index f,, of z-cut quartz was first measured with vacuum as
reference at different temperatures. The result shows that z-cut quartz is a very good THz
transparent material with a temperature-independent, and almost frequency-independent,
refractive index, in our frequency and temperature range — we took its slight frequency
dependence into account when calculating the optical constants of BLG. The complex
refractive index A(w)=n(w)+ik(w) was then extracted from Eq. (2.9) by numerical
iteration, which was then used to calculate the complex optical conductivity
6(w) = o,(w) +io,(®) , where o,(w)=2nkws, and o,(®)= (g, —n° +k g, , &,
being the free space permittivity, and high frequency dielectric constant ¢, =8 for

graphene [11]. However, the values of o,(w) are very sensitive to the value of AL,
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due to the very small thickness of BLG compared to AL (~um). Hence we only discuss
the real conductivity o, in our subsequent analysis. Note that, for a very thin metallic

film on an insulating substrate, the following assumptions can be used: n>n_, >1 and

sub
diw/c<<1,and Eq. (2.9) becomes the commonly-used thin-film expression [26]

1+n .
T(w) = sub exp[imAL(1-A.,)/c 5.2
(o) Trh. 1 Z.0(@)d pliwAL(1-A,)/c] (5.2)

where Z; is the free space impedance. The values of o, obtained from Eq. (5.2) are

identical to those from Eg. (2.9).

5.4 Theoretical modeling and discussion

The Drude shaped conductivity of BLG is analyzed by an impurity scattering model,
from which the chemical potential x, impurity concentration n; and inter-layer coupling
energy t. can be obtained. The origin of the 2.7-THz peak in real conductivity is

discussed.

5.4.1 Chemical potential and charged impurity concentration of BLG by Raman

spectroscopy

The BLG sample is also studied by the Raman spectroscopy. The G mode and 2D
mode peaks were obtained by using the Lorentzian fitting. Standard undoped bilayer
graphene G mode is located at 1580 cm™ and 2D mode is 2688 cm™. The Raman
measurement can be used to distinguish electron or hole doping by monitoring the G and
2D peak positions [27]. In our sample, the averaged D peak position is around 1581.7 &
0.5 cm™ and 2D mode position is 2689.842.4 cm™. From the G peak position shift
compared with the standard undoped bilayer graphene,
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w; —1580 cm™ = (42 cm™/eV) x|1| [28], we can estimate the chemical potential of our
BLG sample to be (-0.040+0.012) eV [28, 29]. The charged impurity concentration is
less than 10%° cm™ referring to the Raman result of monolayer graphene. Since one
1 B,

2

hexagonal cell has two lattice sites and its area is A:6><E><—a , Where a is the

carbon-carbon bond length a = 0.142 nm. The number of lattice sites on 1 cm? area is

N = 2x% cm?, So the impurity concentration is calculated < 10**/N = 0.0026 per BLG.

5.4.2 Impurity scattering model

The impurity scattering model was developed by Nilsson et al. to study the effects
of disorder (defects) on the electronic properties in BLG and multilayer graphene [1]. It
is a model that computes the frequency-dependent conductivity of Bernal-stacked BLG
as a function of chemical potential 4, impurity concentration n;, inter-layer coupling t,
and temperature. It starts by considering the Hamiltonian of the bilayer graphene under
the tight binding model. By using the T-matrix and Coherent-Potential Approximation to
consider unitary scattering introduced by vacancies, one derives the self-energy of BLG.
With the Hamiltonian and self-energy, the Green’s function matrix can be calculated.
Finally, using the Kubo formula, the conductivity can be obtained from integrals of the

Green’s function elements. The self-energies can be obtained from the t-matrix by :

n;
AT il () 53)
L (5.4)

* TR +inpl (o)

where n; is the impurity density in the system and the p°’sand F°’s are given by
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i) =-2mG, = % oaf-t)
(@) =~ 1ImG _| |[l+®(|a)| L]+ L 1L~ 0(ol-1,)]
F = ~Re[GL.] =2 og(— A
w ‘a) —tL‘

a)—tL|
a)+tJ

= t
Fy =—Re[Gg]1=F, +=—=Io
B [ BB] A 2A2 g

Re[o(w)] = ie; [del- T (e+ “2 O e+ o)

x1?

From the contributions of the form <J J, > to the kernel which is

(5.5)

(5.6)

(5.7)

(5.8)

(5.9)

S0 = [ 02K {IMIG (¢, K) IM[E (e + o, K)] + 1[G (e, k) IM[g3, (& + o, K)]}

Similary, the cross term (J,,,J,,) has a contribution:

x1?

AZ
B =2[, dEK?) IM[g)P (5, k) IM[Q)E (& + @, k)]

(5.10)

(5.11)

Here, the superscript D (ND) stands for diagonal (nondiagonal) in the layer index, the

components of the g matrices are expressed as:

2D 2D,
k

ono R 4 R
Ias 2D ~ 2D

And D, (o, p)=[0+tt, —X,(0)][0—Zg(@)] -k’
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5.4.3 Impurity scattering model fitting
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Figure 5.4 Refractive index n(w) of BLG at different temperatures. Inset is the

extinction coefficient k(w).

Figure 5.4 shows the extracted refractive index n(w) and extinction coefficient
k(w) at 10 K and 300 K. Both n(w) and extinction coefficient k(w) decrease with
increasing frequency, consistent with the results of Wang et al.[30] obtained in the visible
range. Figure 5.5 (a) shows o1(®) at 10 K, 100 K and 300 K of Sample 1. Note the very
small difference between oi(w, 10 K) and o1(w, 100 K). Superposed on top of a
Drude-like response, is a strong and narrow peak centered at ~2.7 THz. We first analyze
the Drude-like background using a theoretical model developed by Nilsson et al. [1] for
unitary scatterers for Bernal BLG. It starts by considering a Hamiltonian of the BLG

under the tight binding model. Within the T-matrix approximation for unitary scattering,
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one derives the electron self-energy of BLG, which gives the Green’s function in the
presence of disorder via the Dyson equation. The conductivity is then calculated from
integrals of the Green’s function elements (encoded in the kernal E), as a function of
chemical potential p, impurity concentration n;, interlayer coupling (hopping) t. and

temperature, to be

&, (@) m%jd{— e (‘”“;))_”F (‘9)}5(5,%@) (5.16)

where ng is the Fermi distribution function. The pre-factor 8e%/(nh) is the approximate
minimal conductivity per BLG, whose exact value will depend on the actual distribution
of impurities among the inequivalent sites of the A and B sublattices [1]. In Figure 5.5(a),
the 10 K,100 K and 300 K data were simultaneously fitted with the model via Eq. (5.16),
shown by black (10 K), red (100 K) and blue (300 K) solid lines. The resulting fitting
parameters were u™ = —0.044 eV, n™ =0.00091, and t™= 0.049 eV. Note the small
difference between the 10 K and 100 K fits — where is consistent with the data. In fact,
the theoretical o1(w, 100 K) is smaller in magnitude than o1(®, 10 K), showing that a
spectral weight redistribution has taken place. We were initially surprised that the 100 K
conductivity should be so similar to the 10 K conductivity, with the 300 K conductivity
lying above both of them. These features, however, can be captured by the
impurity-scattering model, lending strong credence to the validity of the model in
explaining the THz data of Bernal BLG. In the above fittings, the fitted values of p and n;
are consistent with Raman data of the same sample on the same substrate, with charged
impurity concentration < 10™ cm™ (corresponding to < 0.0026 per BLG) and n =
(—0.042+0.012) eV, determined by the Raman peak positions of the G and 2D bands, and

the intensity ratio of the 2D and G peaks [29, 31, 32]. The unitary scatterer concentration
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of the sample is typically < 10, which was calculated using the ratio of the D and G

peak intensities [33].

Simultaneous fit to 10 K and 100 K data
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Figure 5.5 Real conductivity o,(w) of BLG of (a) Sample 1 and (b) Sample 2. Circles
are the experimental data. Solid lines are simultaneous fits of the unitary scattering model
to the 10 K (black), 100 K (red) and 300 K (blue) data. \Vertical axes on the right

expresses o,(w) in units of the minimum conductivity 8e*/(zh) as specified in

Nilsson’s model [1].

Figure 5.5(b) shows the frequency dependence of the real conductivity, 61(®), at 20
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K, 100 K and 300 K, of Sample 2. The simultaneous fits (solid lines) of the data to Eq.

(5.16) now yield fitting parameters p™ = —0.012 eV, n™ =0.00071,and tf=0.076 eV.
Once again the fitted p is consistent with Raman data, where p = (=0.012 £+ 0.008) eV,

and similar impurity concentration as Sample 1.

37‘ P I SR B R AR I S R B 3 | 1 |
. \ / @, \ / ®
1—: ‘\\\ / . 1 ‘\\ //-*-\\\ /

£ g Y 097 &g A AV

U 7 < 720
1 / \\\ -1 / o ‘.___m,// \\
: 2 / \
3 T '3 1 T T T

-2 1 0 1 2 -2 1 0 1 2
k k/k

Figure 5.6 Schematic dispersion of a (a) Bernal BLG and (b) twisted BLG. The shaded
region indicates the states that have been broadened by disorder in the sample, hence our
data for twisted BLG could be fitted with a theory developed for Bernal BLG, but with a

smaller value of t, .

Note that both fitted values of t/* are smaller than the value t.=0.27 eV for Bernal
BLG. In fact, for a single monodomain of twisted BLG, the interlayer hopping is angle
dependent, but for small angles it can be approximated as t’ = 0.4t. =~ 0.1 eV [34],
and t’ <0.1 eV for larger &’s (larger 6 implies a larger separation between the layers,
hence smaller interlayer hopping). Hence the value of t obtained (=50 - 70 meV)
could be an average of interlayer couplings from all possible twisting angles in the sample,

re-expressed in the form of perfect Bernal stacking. The fit to a theory based on an
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"effective™ Bernal BLG only works because disorder broadens all the features that can
distinguish Bernal from twisted BLG at low energies, namely, the presence of VHS in the
density of states of twisted BLGs [17] (see Figure 5.6). The difference in absolute values
of o1(w) between samples 1 and 2 is consistent with sample-to-sample variations observed

in other works on BLG [35].
5.4.4 Van-Hove singularities in twisted BLG

A close inspection of o1(w) reveals the presence of a peak that appears on top of the
background signal. In twisted BLG, van-Hove singularities develop near the Fermi
energy, which results in an enhanced density of states [17]. The energy scale of such
van-Hove singularities is a strong function of twisting angle 8, given by [15]

_ 8rhv,
vhs 3 a

[sin(0/2)|-2t] (5.17)

where v = 1.0 %106 m/s [36] is the Fermi velocity and a~2.46 A the lattice constant.
We observed a strong and sharp peak at ~2.64 THz, whose presence is reproducible from
sample to sample. Its position is consistent with the second non-zero E,ns, computed from
Eq. (5.17) to be 2.77 THz, and corresponds to #,g = 1.161°(from Eqg. (5.1)). Note that the
first non-zero Eyns of 0.89 THz, arising from 6,9 = 1.121< is not visible from Figure 5.5
Theoretical density of states calculations [34] show that, for 6,7 = 1.20< the van-Hove
peaks are still barely visible, whereas for #3,=1.08<the van-Hove singularities have
disappeared [34]. Also, since disorder builds up the density of states near the Dirac point,
the van-Hove singularities are broadened by being in the middle of a continuum of
disordered states. These factors may explain our inability to see any clear feature near 1

THz.
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5.5 THz-TDS study of monolayer graphene

From Boltzmann transport theories, conductivity of monolayer graphene has a Drude
form. The frequency dependent conductivity can be described by the Drude model using

the dynamical conductivity &(w)=(iD)/ (z(w+iT")) , where D is the Drude weight and
carrier scattering rate T"=1/7. The Drude weight D has the value D = (v.e*/#)(zn)"?

when electron-electron interactions are neglected, with v, being the Fermi velocity
(1.0x10° m/s) and n the carrier density [12, 28]. The Drude weight in the monolayer

graphene is quite different from classical materials where D =zne*/m".

12000 v Y p— p— v Y v Y

__ 10000
I=
O b
e}

b 8000k

6000 bttt -
0.0 0.5 1.0 1.5 2.0 2.5

Frequency (THz)

Figure 5.7 Conductivity of monolayer graphene (black square) and the Drude model

fitting (red solid line).
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We also have studied the conductivity of the monolayer graphene, as shown in
Figure 5.7. Drude model &(w)=(iD)/ (z(w+iT"))is used to fit the real part conductivity
of the monolayer graphene. Parameters like carrier density n and scattering time z are
obtained from the fitting results. In our monolayer graphene sample, the carrier density n
= 2.2 x10” cm? and =36 fs are consistent with the results of the infrared
spectroscopy study of graphene, where the n = 0.6 10" cm™? and ¢ =20 fs for epitaxial

graphene [28].

5.6 Conclusion

We studied the far-infrared dielectric response of bilayer graphene at different
temperatures by THz-TDS. On top of a Drude-like response, we see peaks in the real
conductivity. The overall Drude shape was analyzed using a disorder-dependent model,
while the conductivity peak 2.7 THz were attributed to an enhanced density of states at
those energies, which is caused by the presence of low-energy van-Hove singularities
arising from a commensurate twisting of the top graphene layer relative to the bottom
layer. The work presented in this chapter has been submitted to Physical Review Letters.
The fitting of BLG data using the impurity-scattering model was performed by Mr. Leaw

Jia Ning of Assistant Professor Cheong Siew Ann’s group.
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Chapter 6.Terahertz conductivity study of tin oxide nanowire

film

In this chapter, the complex conductivity of SnO, nanowires is investigated by the
Drude-Smith and plasmon model combined with the simple effective medium
approximation. The temperature-dependent parameters of carrier density and scattering
rate are extracted. Carrier mobility at 300 K is compared and discussed with bulk

material and nanoparticles.

6.1 Introduction

Semiconducting oxide nanowires have provoked great interest in recent years due to
their promising applications in photonic and optoelectronic devices [1]. Tin oxide (SnOy),
as a wide bandgap functional semiconductor, is of particular interest: Arising from its
nanometer dimension-induced unique optical and electrical properties, applications of
SnO, nanowires have been demonstrated in gas sensing, transparent conductors, field
effect transistors, solar cells, etc [2, 3]. As such, understanding the physical properties of
SnO; nanowires, like electrical conductivity, is very important for the above-mentioned
applications. Traditional Hall measurements are commonly employed for the
conductivity of thin films. However, it is a challenge for nanowire samples where ohmic

contacts are required.
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Figure 6.1 Native conductivity (points) and Drude-Smith model fitting (lines) of ZnO
films and nanowires. (a) As-grown films (squares, solid lines) and as-grown nanowires
(triangles, dashed lines). (b) Annealed films. Solid symbols are the real part of the

conductivity, and open symbols are the imaginary part. Figure taken from Ref. [4].

Terahertz time-domain spectroscopy (THz-TDS) is a useful technique for obtaining
the native (native means pure, without the host matrix) conductivity of nanomaterials in
the THz regime. Fitting the conductivity with appropriate models enables the electron

density and scattering time to be extracted. Baxter et al. [4] measured the conductivity of
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ZnO nanowires, nanoparticles and thin films using THz-TDS, and obtained the
frequency-dependent complex conductivity of ZnO nanomaterials, as shown in Figure
6.1. The Drude-Smith model (section 2.2.6) is used to fit the complex conductivity, and
the electron density, scattering time and persistence-of-velocity parameter c; are
presented in Table 6.1.

For bulk single crystal ZnO wafer, the mobility is found to be ~200 cm? V*s? by
Hall measurement at 300 K [5]. However, for ZnO nanomaterials, the mobility can vary
greatly depending on morphology, microstructure and growth conditions [6-8].
Nanomaterials have much larger surface to volume fraction and defects compared with
bulk materials. Thus electrons moving through such materials often back-scatter off such
defects. For a Drude conductor, the mobility can be calculated from the carrier density

and scattering time using the formula:

H=— (6.1)

However, nanomaterials that obey Drude-Smith conductivity behavior have mobility
given by (1+cp)u, which is much smaller than the bulk mobility. For example, the ZnO

nanowires have a mobility of 16 cm? V* s much smaller than that of bulk crystal [4].

N. T
(10 em™) (£5) ¢l
NANoOwIres 19 28 -0.92
film 6.1 35 —(.84
annealed film 0.25 39 0.7

Table 6.1 Parameters from the Drude-Smith fits of native conductivity (Ref. [4])
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THz-TDS as a noncontact method, is advantageous for measuring the native
conductivity and carrier density of semiconductor materials, such as ZnO nanowires,
nanostructured TiO,, doped Si and GaAs wafers [4, 9-14]. THz-TDS measures both the
amplitude and phase of the THz electric field, and extracts the extinction coefficient and
refractive index without the need for Kramers-Kronig transformation. Though many
materials have been studied by THz-TDS [15-28], a temperature-dependent THz-TDS
study of SnO, nanowires has not been reported yet. In this chapter, films of
randomly-aligned SnO, nanowires were investigated using THz-TDS in a wide
temperature range from 10 to 300 K. By fitting the complex conductivity to the
Drude-Smith model, the carrier density and scattering time are obtained, both of which

are found to be temperature dependent.

6.2 Sample preparation and THz-TDS experiment

The SnO, nanowires were synthesized on 1 mm z-cut quartz substrate by a
catalyst-assisted chemical vapor deposition (CVD) [29]. (The SnO, nanowires are grown
by Dr. Cheng Chuanwei and Mr. Luo Jingshan of Prof. Fan Hongjin’s group). The
morphology of SnO, nanowires was characterized by a JEOL JSM-6700F field emission
scanning electron microscope (FESEM). Structure characterization was performed by
X-ray powder diffraction (XRD) using a Bruker D8 Advanced Diffractometer and Cu Ka
radiation. THz-TDS measurements were performed using a conventional THz-TDS
system (TeraView Spectra 3000) with a Janis ST-100-FTIR cryostat. For each sample or
reference run, 900 THz traces were taken over a 3-minute interval. The THz wave was

generated and detected by photoconductive antennas  fabricated on
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low-temperature-grown GaAs films.
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Figure 6.2 SEM image (a) and XRD pattern (b) of as grown SnO, nanowires. Inset of (a)

is the cross-sectional view SEM image.

As shown in Figure 6.2(a), the as-grown SnO, nanowires were uniformly deposited

on the z-cut quartz, with average diameters around 100 nm and length of several
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micrometers (um). The thickness of SnO, nanowire film is determined to be ~15 um by
cross-sectional SEM image (Inset of Figure 6.2(a)). The further structural
characterization by XRD (Figure 6.2(b)) confirmed that SnO, nanowires have a
tetragonal rutile crystal structure.

THz-TDS measurements were performed using a THz-TDS system (TeraView
Spectra 3000) incorporated with a Janis ST-100-FTIR cryostat. The THz wave was
generated and detected by photoconductive  antennas  fabricated on
low-temperature-grown GaAs films. To study the spectroscopic information of a material,
we need a reference material with a well-known complex refractive index in the
frequency region under investigation. In our experiment, a bare z-cut quartz is used as
reference. The complex refractive index properties of the z-cut quartz are initially
investigated as a function of different temperatures. Our results show that z-cut quartz is
a very good transparent material in the terahertz range, with the complex refractive index
2.10+0.002i, which is temperature- and almost frequency independent.

For each sample (SnO;, nanowires on z-cut quartz) or reference (z-cut quartz) run,
900 THz traces were taken over a 3 minute interval. So the electric field of the THz
pulses passing through the sample E(t) and the reference E, (t) are recorded by moving
the sample holder up and down as shown in Figure 6.3(a). After the main pulse, a small
etalon pulse appears due to the multiple reflections between the front and back surface of
the substrate. We can truncate the etalon in the time domain signal since the main pulse
and etalon are well separated (Figure 6.3(b)). Although the optical thickness of SnO,
nanowirs is small compared with the bulk z-cut quartz, there still have some change to

the terahertz waveform — attenuate and delay of the terahertz pulse, as shown in the
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inset of Figure 6.3(b), the enlarged figure of terahertz pulse peak. The fast Fourier
transform (FFT) allow us to obtain the frequency spectra information (amplitude and

phase) of the sample and reference (Figure 6.3(c)).
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Figure 6.3 (a) THz-TDS sample holder figure. (b) Time domain signal of the THz pulse
transmit through sample and reference. Inset: enlarged figure of the terahertz pulse peak

(c) Amplitude and phase spectra after FFT from (a).

The frequency-dependent refractive index was then extracted by numerically
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solving the equation,

3 E, (@) _ 2n(Ay, +1)explied(fi—1)/ clexp[ioAL(1-n, )/ c]
T E(w)  (+A)(A+A, )+ (A-1)(f, —0)exp(iodfi/c]

T () (2.9)

sub

where A is the complex refractive index of the SnO,-air composite, iy, is the
complex refractive index of z-cut quartz substrate, d is sample thickness, AL is the
thickness difference between sample and reference substrates, and c is the speed of light
in vacuum. An accurate determination of AL is crucial to an accurate extraction of the
optical constants of thin film and nanomaterials [30]. — before growing the SnO,
nanowires on the sample substrate, the thickness of the two z-cut quartz substrates were

measured by a precision digital micrometer (resolution = 1 um).

6.3 Results and discussions

The dielectric properties of measured materials are a composite of SnO, nanowires
and vacuum. The dielectric properties of pure SnO, nanowires are analyzed by simple
effective medium approximation. Drude-Smith model and plasmon model are used to fit

the complex conductivity.

6.3.1 Dielectric properties of SnO, nanowires using simple EMA

The complex refractive index of the SnO, nanowires and vacuum composite is
shown in Figure 6.4(a). After extracting the refractive index, we can obtain the complex
dielectric function of the composite by using the relationship: £, =f.>, as shown in
Figure 6.4(b). Since the sample is a composite of pure SnO, nanowires and vacuum, We
have to use effective medium theories to extract the frequency-dependent complex

dielectric function of the pure nanowires from that of the composite [4, 17, 31].

95



Chapter 6 Terahertz conductivity study of tin oxide nanowire film

1.4 7 v T 7 7 v
Q0

O 320000090000 1
2 13},000 n.ooooo °°°°°°°°°°°¢66ﬁ]
= o
o . eff
S SnO_ nanowires + vacuum & WK
& 12 2 130K F
[
s | o 300K
x ¢ 094 "off
9 0.05F Q00043 J
o3 80 (o] ogg80OQQOOOOSSQOOOooooooOOQG
E o 6 OOOO o : 80 o Uuvuy
o) o0 Youuv
Sopp——————————

80000888800000000000000

08B0 " “OgHRBEB8"KS 008000000000000
< 0069" U°°°°°°°°°°°°°006600oOOOOOdgj
2 15} € o1 :
5 e o 10K
% T SnO, nanowires + vacuum > 130K T
£ Ll o 300K
o 02k -
s % ﬁ55°o§8§2 ‘
Q 01p 0. §° 8892220888889000000098824

| ogo 0000 VUQU‘UQUU\JUV )

00 [ o 2 o [ "
0.6 1.2 1.8 24

Frequency (THz)

Figure 6.4 Complex refractive index and dielectric function of the SnO, nanowires and

vacuum composite.

When deciding which EMA model to use, we make use of the fact that our SnO,
nanowires are entangled with each other, so the sample is more percolated than not. Also,
the volume fraction (0.077) is small, so we follow the method described in Han et al. [15,
32], where the simple effective theory was used for MgO nanocrystals (volume fraction
0.19) and ZnO tetrapod structures (volume fraction 0.017). We then extract the complex
dielectric function of pure SnO, nanowires with the simple effective medium theory [15],
Egq (@)= TE (w)+(L-T)& (w), where the filling factor f denotes the volume fraction of
the nanowires, and is experimentally measured to be f =0.077. £ (w) and &, (®)

are the dielectric functions of SnO, nanowire and host medium, respectively. Here

=1.0. The real and imaginary dielectric constants of the SnO, nanowire as
9%

gh (a)) = gvacuum
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a function of frequency at different temperatures are obtained as shown in Figure 6.5(a).
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Figure 6.5 Dielectric function (a) and complex refractive index (b) of pure SnO;

nanowires at different temperatures.

The refractive index and extinction coefficient can then calculated respectively from

the dielectric function ¢=¢ +ig,.

1 P 1/2
n= [5(812 +&,7)"? +31J (6.2)

1/2
and k:( (2 +&,2) - gzlJ (6.3)

Figure 6.5(b) shows the extracted extinction coefficient k(w) and refractive index
n(w) of the pure SnO, nanowires in the frequency range 0.5 THz — 2.4 THz and from

10 K— 300K. The n(w) slightly decreases with increasing frequency and increases with
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temperature. The extinction coefficient k(w)~0.2 is almost frequency-independent,
because the lowest IR active transverse optical (TO) phonon mode is ~140 cm™ (4.2

THz), well above the investigating frequency [33].
6.3.2 Complex conductivity fitting and discussion

The native conductivity &(®)=o0,(®)+io,(w) of SnO, nanowires can then be
determined from n(w) and k() by the relationships:

o, (®) =2nkwe,; (6.4)

o,(w) = (&, —n* +k*)ws,, (6.5)

where &, is the free space permittivity, and ¢, is the high-frequency dielectric constant.

A collection of absorbing modes with frequency beyond the maximum investigation

frequency , acts as the high-frequency dielectric constant, and can be expressed as

2 . N : .
gw:1+—J- Mda), where &,(@)=2nk is the imaginary part of the dielectric
T @

function. Hence optical investigations in different frequency ranges (such as infrared,
visible and ultraviolet) will have different corresponding &, . Moreover, ¢, does not just
depend on the maximum investigated frequency as the definition indicates, but also
depends on the temperature. Dielectric property studies show that the absorption modes
will stiffen or soften with increasing temperature [34] — such stiffening or softening
effects directly affect the frequency of the absorption modes and the value of &, . Hence,
in our analysis, at every temperature, ¢_ is one of the fitting parameters in the fit of
o,(w)and o,(w) to the Drude-Smith model.

Due to the larger surface-to-volume ratio and defect concentration than in bulk

single crystals, carrier localization and/or backscattering commonly occurs in nanowires,
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resulting in a negative o,(w). This negative o,(w) deviates from the Drude model,
which is often used to fit the conductivity of metals and semiconductors. Smith [35]
considered the backscattering of carriers and proposed a modification to the Drude model.
In the Drude-Smith model, an additional term appears in the complex conductivity to

become (same as Eq. (2.21))

-,y Ne‘z/m’ C,
@)= o {1+(l—ia)r)} | (6.6)

where the parameters have been explained below Eq. (2.21). For SnO,, m™ =0.31m, [36]
where mqg is the free electron mass. The Drude-Smith model has been used to fit the
conductivity data of a variety of materials, such as TiO, nanoparticle arrays and ZnO

nanomaterials [4, 37].
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Figure 6.6 Drude-Smith model fitting (red solid line) and plasmon model fitting (green

solid line) of native conductivity (solid and open circles) of SnO, nanowires at 300 K.
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At every temperature, we obtain fitting parameters N, 7, c¢; and &, by
self-consistently fitting o,(w) and o,(w) [given by Eq. (6.4) and Eqg. (6.5)] with the
Drude-Smith model [Eq. (6.6)]. The resulting o,(w)ando,(w), and the Drude-Smith
fits, are shown in Figure 6.6. From the fits, &_ varies from 9.4 to 10.8 between 10 K and
300 K. — these values are similar to the ¢, obtained from taking the value of n?just
beyond our frequency window (~2.4 THz), as was done for single-walled carbon
nanotubes [38] and ZnO nanoparticles [39]. From our fits, we find that the N and 7 are
temperature-dependent. The carrier density N increases from ~3.8x10* cm™ at 10 K to
~8.0>10'® cm™ at 300 K, as shown in Figure 6.7(a). Since the electron effective mass
(0.31mg) is much smaller than the hole effective mass (~1.0 mg) [36], the electrons
contribute more significantly to the photoconductivity and the extracted carrier density
can be treated as electron density. Our extracted carrier density has the same order of
magnitude as the result from a recent THz-TDS study of SnO, nanowires at room
temperature [40]. As carrier density increases with temperature, more carriers are
confined in the nanowires, which results in an increased carrier-carrier scattering rate.
Another, greater electron-phonon scattering rate is expected in the higher temperatures
[41]. These two reasons may explain a decreasing of the scattering time z from ~70 fs
at 10 K to ~50 fs at 300 K, as shown in Figure 6.7(b). The persistence of velocity
parameter, c;, approaches —1 in Figure 6.7(c), this phenomenon often appears in
disordered systems such as nanowires or nanoparticles, for example in ZnO nanowires

(¢, =-0.92) and dye-sensitized TiO, nanoparticles (c, =—-0.93) [4, 37].
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Figure 6.7 Carrier density (a), scattering time (b) and parameter c; (c) extracted from

Drude-Smith model as a function of temperature.

The Drude-Smith model explains the conductivity deviation under one assumption
that the carriers retain parts of their momentum only at the first scattering event, which
has no clear physical basis. Plasmon model (described in Section 2.2.6) [12-14,42] offers
an extension to the Drude model and has a very similar conductivity spectrum to the
Drude-Smith model. The conductivity of the Plasmon model can be expressed as:

_ Nee*/m’
1-ior(l- o} | &%)

6(w) (6.7)

The o,(w) is maximum and o,(w) crosses over the frequency axis at plasmon

resonance frequency e, . A larger restoring force will shift the @, to higher frequency,
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as w, oc /N . The plasmon model is also used to fit the 300K conductivity data, as
shown in Figure 6.6, it is almost identical to the Drude-Smith model fitting. Extracted
parameters of N, rand , as a function of temperatures are displayed in Figure 6.8.
Compared with these parameters from Drude-Smith model, N is similar and 7 has
smaller values. The plasmon resonant frequency increases with temperature, which
agrees with the plasmon model. From temperature-dependent carrier density N(T) , the

thermal activation energy (Ep) for the ionization of the shallow donors was determined to

_ED

) [43]. Different activation energies
2k, T

be (68+6) meV from the expression N oc exp(

of SnO; single crystal have been reported from 10 meV to 150 meV in different research
groups [33]. The activation energy in our sample is close with Chang’s result (~60 meV)

[44].
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Figure 6.8 Carrier density (a), scattering time (b) and plasmon resonance frequency (c)
extracted from plasmon model as a function of temperature.
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6.3.3 Carrier mobility of SnO, nanowires

The room temperature (300 K) carrier mobility calculated from Drude model
u=er/m'is ~287 cm?V*s™ . However, according to Drude-Smith model, the mobility
should be (1+ci)u. This gives an experimental carrier mobility of ~20 cm?Vs™ at the
THz frequency range, which is one order magnitude smaller than the mobility of bulk
Sn0O, (~250 cm?V's™t) [45]. This is not surprising, since mobility can vary widely
depending on morphology, microstructure and growth conditions [4]. A recent
optical-pump THz-probe study done on dye-sensitized thin films made of sintered pastes
of SnO, nanoparticles (10 nm wide, 20 nm long) [46], obtained a carrier mobility of ~1.0
cm?Vis?t at the THz range. Our value of room-temperature mobility is also consistent
with that from the THz-TDS study of SnO, nanowires (50 - 100 nm in diameter, 10 um

long, 1 ~72 cm?V*s™) [40].

6.4 Conclusion

In conclusion, SnO, nanowires have been investigated by temperature-dependent
THz-TDS from 0.5 THz to 2.4 THz. The complex refractive index and conductivity of
SnO; nanowires have been obtained using the simple effective medium theory. The real
and imaginary conductivity were simultaneously fitted to the Drude-Smith and plasmon
model. The extracted carrier density increases and scattering time decreases with
increasing temperature. The reduction in carrier mobility compared to the bulk material
indicates the presence of carrier trapping and localization in these nanowires. The work
presented in this chapter has been published in Journal of Physics D: Applied Physics, 45,

465101 (2012).
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Chapter 7. Conclusions and future work

In conclusion, we investigated the carrier dynamics in two-dimensional graphene
and one-dimensional SnO, nanowires by means of ultrafast pump-probe technique and
THz-TDS. Also, bulk material z-cut quartz and LAO substrate are characterized by
THz-TDS, and the complex refractive index is obtained. These two materials are
commonly used substrates for nanomaterials, thin films and functional materials, and so
the accurate determination of their complex refractive index is essential for the THz

study for the materials grown on these substrates.

7.1 Z-cut quartz and LAO single crystal: THz-TDS

Z-cut quartz and LAO are commonly-used substrates for growing nanomaterials,
thin films and functional materials. It is very important to obtain accurate complex
refractive indices of these substrates, since sample parameters greatly depend on the
substrate complex refractive index. We want to know whether the substrate’s complex
refractive index is temperature and/or frequency dependent, and whether the annealing
treatment will affect its dielectric properties. We have measured z-cut quartz and LAO
single crystal with vacuum as reference, and obtained accurate values of their complex
refractive index.

Z-cut quartz (CrysTec GmbH) is a very good transparent substrate for THz wave, as
it has a temperature-independent and almost frequency-independent refractive index of n
= 2.10+0.002i.

The refractive index n(w) of LAO (CrysTec GmbH) is temperature-dependent and
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increases monotonically with frequency. The values of k(w) are very small, and no
obvious absorption peaks appeared in the frequency range 0.2 — 3 THz. After the LAO
is annealed, n(w) shows sudden changes at certain frequencies where absorption peaks
appear in k(w). Also, the crystal orientation can affect the complex refractive index.
Hence we suggest that, for optical measurements of thin films grown on LAO substrate
(eg. THz-TDS), the reference substrate should undergo the same annealing conditions as
the sample growing process. The orientation, temperature and frequency dependences of
the complex refractive index should be taken into account when extracting the sample’s

optical parameters.

7.2 BLG and FeCls-G: Optical pump-probe technique

The photoexcited carriers in BLG exhibit two relaxation processes, the fast
relaxation time less than 200 ps is attribute to coupling between hot electrons and optical
phonons. Optical phonon emission is the most effective way of hot electron relaxation.
The following relaxation is a few ps which is assigned to the decay of optical phonons.
This slow relaxation time levels off at high pump power and serves as a bottleneck for
the hot electrons relaxation. After the FeCl; intercalated in the BLG, the sample becomes
hole-doped, the Dirac point is now located at ~1 eV. Also, there are many horizontal
bands in the electronic band structure calculated by DFT (density functional theory).
These additional bands originate from the d orbitals of iron. The presence of these
additional bands cause three effects in our pump-probe results:

1. These additional electronic states facilitate photoexcited electron transition between

lower and higher energy levels with the assistance of optical phonons. Optical phonons
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can be emitted and reabsorbed by the carriers in the higher energy states, thus slowing
down the energy relaxation of the photoexcited electrons.

2. Optical phonon emission and reabsorption causes the number of photoexcited
electrons to be built up slowly, resulting in a longer rise time, and causes the
disappearance of the initial fast relaxation process observed in BLG.

3. The signal AR/R changes sign, from negative (BLG) to positive (FeCls-G). Opposite
signs of the signals from the two samples is due to state-filling effects (in BLG) and

induced probe absorption (in FeCI3—-G) dominating the absorption of the probe pulse.

7.3 Twisted BLG: THz-TDS study

The conductivity spectrum of Bernal BLG depends on the impurity concentration,
chemical potential, temperature and bias voltage, but is nonetheless almost Drude-like at
the lowest frequencies. In twisted BLG, van-Hove singularities develop near the Fermi
energy, which results in an enhanced density of states (DOS). Strongly coupled stacking
order BLG is investigated by THz-TDS at different temperatures. The complex refractive
index is obtained without the using the Kramers-Kronig relations, both n and k are found
to decrease with increasing frequency. In the frequency dependence of the real
conductivity, superposed on top of a Drude-like response, we observed a strong peak
centered at ~2.7 THz. The overall Drude shape was analyzed using a disorder dependent
model, while conductivity peak at 2.7 THz was attributed to an enhanced DOS at that
energy, that is caused by the presence of low energy van-Hove singularities arising from

a commensurate twisting of the top graphene layer relative to the bottom layer.
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7.4 SNnO, nanowires: THz-TDS

SnO; nanowires, as a wide band gap one-dimensional semiconductor, have triggered
great interest due to their potential application in optics and electronics. However, the
property in THz range is still absence, especially evolve with temperature. In chapter 6,
the SnO, nanowires are investigated by THz-TDS as a function of temperature. Our
results show that SnO, nanowires are not only transparent in visible range, but also in
terahertz range 0.5 THz to 2.4 THz. Simple effective medium approximation is used to
obtain the dielectric function of SnO, nanowires, and parameters are extracted by using
Drude-Smith model to fit the complex conductivity. The carrier density increases and
scattering time decreases with increasing temperature. The reduction in carrier mobility
compared with bulk material indicates the presence of carrier backscattering and

localization in the nanowires.

7.5 Future work

Elements that can effectively control and manipulate THz electromagnetic waves
are highly desired to develop future sophisticated THz systems. Graphene is a promising
material for the fabrication of the THz modulator, since the optical absorption comprises
two components — One originates from the carrier intraband transitions and dominates
in the THz range, while the other comes from interband transitions in the infrared and
visible range (as long as photon energy greater than twice the Fermi energy of graphene:
hv >2E.). In the THz range, the optical conductivity of graphene behaves like a
conductive thin film material follow the Drude model &(w)=6,(E.)/(1+@’c?).

6 (Eg) is the DC electrical conductivity which is strongly dependent on the Femi level.
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It is well known that the graphene Fermi level can be turned by an external electric field
[1, 2]. Hence, by applying an electric field, we can achieve an increased or decreased
graphene conductivity and THz transmission. According to some theoretical calculations,
the THz transmission for single-layer graphene can be achieved between ~0 and ~1 by
tuning the graphene Fermi level [3, 4]. When the Fermi level is located to be exactly at
the Dirac point, where the carrier density of states is a minimum, the THz transmission is
maximum. However, in actual electric gating experiments, the efficiency of the
transmission modulation is very low (less than 10%). There are two possible ways to
improve the modulation efficiency:

1). Graphene doping. CVD-grown graphene usually shows hole doping effect, where
the Fermi level is below the Dirac point. This p-doped effect causes the graphene Fermi
level to be not sensitive to the gating voltage. Doping graphene with some nanoparticles
or other dopants can make the Fermi level to be located approximately at the Dirac point,
and thus enhances the tunable range of the Fermi level, and consequently, the efficiency
of the device modulation.

2). Graphene on metamaterial. Split-ring resonator (SRR) based planar THz
metamaterials possess the ability to sense a thin dielectric layer. This sensing capability is
based on changes in the capacitance of the SRRs. When a thin film is added on a SRR, it
will change the capacitance of the SRR and shift the resonant frequency. This shift of the
resonant frequency can be utilized in a graphene THz modulator device. Since, in the
THz range, the graphene conductivity is strongly dependent on the Fermi level, and can
then be tuned by an external electric field, the dielectric constant can then be varied

continually, thus effectively controlling the capacitance of the SRRs. The shift of the
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resonant frequency of the SRRs can be used to realize the function of the THz modulator.
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