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Abstract

The advent of the terahertz scanning tunneling microscope (THz-STM) brings with
it a new method of observing and characterizing the ultrafast dynamics of materi-
als. The sub-nanometer spatial resolution of an ultra-high vacuum scanning tunnel-
ing microscope (UHV-STM) coupled with the sub-picosecond time resolution from a
terahertz (THz) pulse allows for ultrafast measurements of surface dynamics across
varying surface features down to the atomic scale. This thesis explores STM and
THz-STM of metal and superconductor surfaces.

High critical temperature superconductivity has been an area of interest since its
discovery. BisSroCaCuyOg is an excellent candidate to study the superconductive
process due to its high critical temperature of 95 K and ease of cleaving. STM and
scanning tunneling spectroscopy measurements on the high-temperature supercon-
ductor BisSraCaCuyOg are performed at 100 K and 55 K.

STM and STS measurements were also performed on the surface of flat Au(111).
Given gold’s versatility as a substrate for many STM measurements, it is important
to ensure that the STM system used in this study can replicate results that coincide
with many other studies done on the surface of gold. The characteristics of the
substrate such as flatness and cleanliness prior to deposition of other materials were
investigated. The herringbone surface reconstruction of Au(111) was imaged and the
topography was analysed with good agreement compared to other studies.

Finally, optical-pump/THz-STM-probe measurements are performed on a silver-
coated gold surface. These measurements, with tip-sample distances outside of the

typical tunneling regime of the THz-STM, use photo-excited electrons from an optical
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pump beam to tunnel between the sample and tip. A THz pulse is then focused onto
the junction between the sample and tip. The results show an interesting behaviour in
the regime where the pump beam is not focused on the junction but elsewhere on the
surface of the sample. These preliminary results may help gain a better understanding
of the photoemission-based THz waveform measurements, as well as demonstrate a

new use of the THz-STM for propagation dynamics of surface excitations.
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Chapter 1

Introduction

The excitement of observing the smallest of objects has been an area of interest for
scientists and the general public for centuries. Beginning with the use of polished
lenses for eye correction, the idea was extended into the first reported microscope
in the late seventeenth century [1]. Since then, microscopy has advanced far beyond
the use of light and lenses for imaging. The first transmission electron microscope
(TEM), created by Ernst Ruska and Max Knoll in 1931, used electrons and magnetic
fields instead of light and lenses for magnification [2]. Soon after in 1936, Erwin
Miiller demonstrated nanoscale images due to high electric fields and emission of
electrons from a sharp tip with his field electron emission microscope [3, 4]. Finally,
in 1951 with the creation of the field ion microscope, Miiller was able to attain atomic
resolution [4, 5].

Near-field nanoscopy began with the invention of scanning near field microscopy
(SNOM) in 1972 by E. A. Ash and G. Nicholls [6]. Using a probe, SNOM achieves
nanoscale resolution by measuring the intensity of the evanescent field caused by
an optical pulse. This bypassed the diffraction limit for the resolution of optical
microscopes given the resolution is dependent on the size of the probe and not the
wavelength of the optical beam. The idea of using a probe to help in the resolution
of nanoscale features on a surface continued with the introduction of the scanning

tunneling microscope (STM) in 1982 by Binnig and Roher [7, 8], which proved to be an



invaluable tool in surface science and for which they received the Nobel prize in physics
in 1986. The STM proved versatile in its ability to atomically resolve the surface of
conductive materials and to explore the energy dependence of the surface properties
by varying the bias (potential difference) at the junction. A particular example of
the new opportunities that the STM presented was when Binnig et. al. resolved the
reconstructed surface of Si(111) in real-space, helping to end many debates on the
nature of the reconstructed Si surface [9]. The STM has been adopted worldwide and
has been used to probe a variety of materials including metals [10-12], semiconductors
[13-15], superconductors [16-18], and even biological systems [19-21].

With the sub-nanometer scale spatial resolution of the STM established, researchers
began looking at ways to simultaneously resolve transient dynamics on material sur-
faces. Typically, an ultrafast laser pulse is used to excite carriers in a system. This
excitation is resolved over the duration of the incident pulse, allowing for a temporal
map of the excitation dynamics. The first proof-of-concept of optically illuminated
STM was performed by van de Walle et al., where they simultaneously illuminated
and scanned the surface of GaAs [22]. In order to achieve picosecond time resolution
with an STM, Weiss et al. used ultrafast pulses coupled to a photoconductive switch
which allowed for 2 ps time resolution and a 5 nm spatial resolution [23]. One of the
prevailing issues with these photoassisted measurements is the thermal expansion of
the tip due to the energy of the optical pulse [24].

Currently, different methods exist to work around this issue that use varying optical
frequencies which are summarized in Table 1.1. These different methods probe differ-
ent dynamics of the surface. Synchrotron enhanced x-ray STM (SX-STM) measures
the chemical contrast of a surface using nanofabricated tips [25, 26]. The fabricated
tips are created from an insulator wrapped with a conducting shell to offset electrons
being photoexcited and coupling to the tunneling current [25, 26]. Light-Modulated
scanning tunneling spectrscopy (LM-STS) uses a chopped, low-power near-UV beam

to avoid thermal effects to probe photogenerated surface carriers [27]. Single-molecule



absorption STM (SMA-STM) uses Kretschmann-Raether geometry with a laser in the
visible spectrum to avoid thermal expansion effects, and looks at carrier absorption
effects [28]. Shaken-pulse-pair-excited STM (SPPX-STM) uses four laser pulses to
modulate the delay time of a pump-probe beam, avoiding thermal modulation of the
tip of the STM and observing carrier decay much like a pump-probe experiment [29,
30].

The first picosecond resolution in an STM was reported by G. Nunes Jr. and
M. R. Freeman in 1993 using junction mixing [32], which uses two photoconductive
switched (GaAs) to modulate the voltage of the tip-sample junction on the picosecond
timescale, leading to a modulation in the tunneling current that demonstrated time
resolution of 10 ps with nm spatial resolution.

Terahertz STM (THz-STM) uses free-space THz pulses to couple to the STM tip.
The first THz-STM scan showed the nanoscale spatial resolution and sub-picosecond
surface dynamics of an InAs nanodot [35]. The tip-heating effects are negligible in
this system given the low-energy of the THz photon (4.14 meV at 1 THz). One of
the exciting prospects of THz-STM is that the STM system itself hardly needs to be
modified given the free-space THz pulse coupling to the STM tip. THz generation
is also simple given advancements in THz generation technology. Since its inception,
the THz-STM has been used to image the surface reconstruction of Si(111)-(7x7),
bypassing the surface screening effects of silicon and reporting a difference in the
THz induced tunnel conductance from normal STM [38], observe the effects of surface
edges and defects on the motion and lifetimes of photoexcited electrons [39], image and
model scans of metal surfaces across step edges and defects [40], and observe phase-
resolution of THz pulses coupled to the tip in order to demonstrate the possibility of
spintronic measurements on material surfaces [37].

The THz waveform measured from the current response in the STM junction due
to the THz electric field is still under investigation. Looking at the antenna response

of the STM tip with the current modulation from photoexcited carriers both in and



PG-STM

Phoconductively-Gated STM:

First picosecond time resolution using laser pulses and a photocon-
ductive switch. Requires specialized tips and transmission lines on
the sample. Limited due to capacitive coupling. [23, 31]

JM-STM

Junction-Mixing STM:

First picosecond time resolution with simultaneous nanometer res-
olution. Requires the creation of transmission lines on the sample.
[32-34]

SX-STM

Synchotron X-ray STM:

Uses X-rays to observe the chemical contrast of a sample. Requires
nanofabricated tips to avoid tip heating effects. [25, 26]

LM-STM

Laser-Modulated STM:

Uses low power chopped laser to illuminate the sample and measure
spatially resolved surface photovoltage. The measurement is highly
dependent on the bias voltage, especially at low biases. [27]

SMA-STM

Single-Molecule Absorption STM:

Uses a modulated laser to excite the sample to image optical absorp-
tion. Requires a Kretschmann light-coupling geometry, restricting
the types of substrates used in the technique. [28]

SPPX-STM

Shaken-Pulse-Pair-Excited STM:

Uses paired laser pulses with a modulated delay time to observe
carrier trapping. Careful consideration of the delay time is required
to avoid an artifact signal in the decay time measurements. [29, 30]

THz-STM

Terahertz STM:

Uses THz pulses coupled to the tip to modulate the tunnel current
in order to measure ultrafast dynamics of materials. The shape of
the near-field THz-waveform is still under investigation. [35-37]

Table 1.1: Summary of optical STM techniques with experimental considerations.

outside the tunneling regime can be attributed to many different causes such as tip

shape, tip and sample material, and field strength [36, 37, 41]. Modeling these THz

effects in the tunneling junction has been attempted using RLC circuit models, and

use a superposition of the incoming THz pulse with surface propagating waves and

scattered fields [37, 41-43].



This thesis will begin by presenting a theoretical introduction to STM including
models of the tunneling current and theory of scanning tunneling spectroscopy in
chapter 2. An overview of THz generation and detection as well as a basic overview
of THz pulse coupling to an STM tip and a review of recent THz-STM experiments
are presented in chapter 3. Chapter 4 will summarize the ultra-high vacuum STM
system used in the experiments presented in this thesis, including STM tip prepa-
ration. STM of the high-T¢ superconductor Bi-2212 is presented in chapter 5 with
some preliminary results of THz-STM on the surface at 100 K. The Au(111) surface
herringbone reconstruction is explored in chapter 6 given its prevalence as a substrate
for many STM experiments. Scanning tunneling spectroscopy done on the surface of
Au(111) is also performed and compared to previously reported results. Finally, chap-
ter 7 will discuss Ag(111) deposited on Au(111). The surface features are compared
to the typical structure of thin Ag(111). Photoemission assisted optical-pump-THz-
probe results were taken with interesting results from different optical pump positions

on the surface.



Chapter 2
Principles of STM

2.1 Electron Tunneling

The basic theory of operation of the scanning tunneling microscope (STM) is the
quantum tunneling of electrons. Classically, a particle cannot penetrate a barrier if
the energy of the particle is lower than the height of the barrier. However, quantum
mechanics shows that a particle also behaves as a wave. This wave-like behaviour
allows a particle with an energy lower than that of the potential barrier will have a
non-zero probability of tunneling through the barrier (Fig. 2.1). In the framework
of an STM system, a potential barrier exists in the vacuum (or air) gap between a
metallic tip and conducting sample, with electrons being the tunneling particles.

An intuitive picture of tunneling can be obtained from a one-dimensional model.
Taking an electron of energy F onset to a static one-dimensional potential barrier of
width z and energy U(z), and using the time-independent Schrédinger equation, a

solution can be found for the wave function of the electron at position x, ¥ (x) :

—R2 di(x)

o U@)(a) = Ev(), 21)

with m the mass of the electron. While within the barrier where U(z) # 0, the

solution v (x) is:

Y(z) = Ce™r, (2.2)
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Figure 2.1: One dimensional energy barrier with barrier height energy, Uy, and barrier
width, z, with an electron energy of E. Classically, the electron’s energy is insufficient
to surpass the barrier energy and will simply return along its path (grey arrow). A
quantum mechanical treatment gives a non-zero probability of electron transmission
through the barrier (green arrow).

with k = (v/2m/h)\/U(z) — E. For a constant barrier height U(z) = Up, one can
algebraically solve for the transmission coefficient of the incident electron. However,
for arbitrary U(z), the Wentzel-Kramers-Brillouin (WKB) method can be used to
approximate the solution. Looking at the wave function at the edge of the barrier

x = z and using the WKB approximation the solution becomes:

Y(r =2)=1¢(x =0)exp [ ——/U(x) — Edz|. (2.3)

0
The wave function of the electron at x = z is dependent on the initial conditions of
the electron at the start of the barrier, ¢¥)(z = 0). While the energy of the electron

E is less than the energy of the barrier, U(z), and the transmission factor 7" is the

square of the ratio of the wave functions before and after the tunneling event, then




If the barrier energy is constant over the tunneling distance with U(z) = Uy, then

the transmission factor simply becomes

T(E)=exp | — Ls_mmz . (2.5)
Of particular importance is the exponential relationship. The transmission coefficient
exponentially decays with an increasing the barrier length, meaning a small change
in the length allows for a large change in the transmission coefficient. For an STM,
the distance between the tip and the surface of a sample is the barrier length, z. The
higher the transmission coefficient, the more electrons will tunnel between the sample
and tip, and an increase in current is observed. Given the &~ 1 nm distance between
the sample and tip, a small change in the distance will lead to a readable change
in the current. This model also assumes a single point between the tip and sample.

Thus, the end of the STM tip has to be as atomically sharp to enable the change in

current to be localised to single atoms on the surface.

2.2 Simmons and Bardeen STM Models

Typically, the transmission coefficient of an electron tunneling between a tip and a
sample relies on more variables than just the energy of the electron and the potential
barrier height. The energy required to eject an electron from the surface of a material,
the work function (¢), plays an important role in the value of the potential barrier
height. Also, a voltage bias (V') introduced by the STM will shift the highest energy
level allowed by the material being biased. Assuming the tip is grounded and the
sample is biased, the bias voltage will decrease or increase the energy of states of
the sample based on a positive bias (electrons are ’injected’ into the sample surface
from the tip) or negative bias (electrons are 'pulled’ from the sample to the tip),
respectively (Fig. 2.2).

John G. Simmons arrived at a generalized formula for tunneling between two sim-



Figure 2.2: Diagram of the tunneling barrier of width z for a metal-vacuum-metal
junction. In the STM, the tip, ¢, and the sample, s, are separated by a vacuum or
air. The Fermi energy of the sample, Er is shifted due to a positive bias voltage, V.
The tip Fermi energy, EF, does not change from the bias. (Adapted from [44].)

ilar materials through an arbitrarily shaped potential barrier before the invention of
the STM [45, 46]. Using the WKB approximation solution from equation 2.5 and
replacing U(x) with an approximate form of the barrier height as ¢(z) + Er,, where
Ep; is the Fermi energy of the tip and ¢(z) is the energy between the maximum

energy of the potential barrier at position z and Ep;, the solution now becomes

T(e) = exp [— Lh?_m /OZ \/gb(m) + Epy —edz|, (2.6)

with € the energy of the tunneling electron with respect to the Fermi energy of the
sample, Ers. To perform the integral, the actual barrier height is replaced with an
average barrier height, defined as ¢ = % fOZ ¢(z)dz. This gives as an approximate

solution:

T(€) ~ exp [—a\/$+EEt —e], (2.7)

with a = 2v/2mfz/h the collection of constants, and 3 a correction factor arising

from the integration whose value is near unity. For non-zero temperatures, Simmons



defined the tunnel current using Fermi-Dirac distribution functions for each direction
of the flowing electron (be it f(F) flowing from tip-sample or f(E + eV') flowing

sample-tip) the potential barrier and the transmission coefficient:

_ me
Com2h3

I(e) /0 " Te)de x /0 TU(EB) = F(E + eV)dE, (2.8)

where FE,,.. is the maximum electron energy tunneling through the barrier. The
integral [°[f(E) — f(E + eV)]dE has three possible solutions dependant on the
electron energy e given f(F) — f(E + eV) denotes the range of possible tunneling

energies of the electron as shown in Fig. 2.3. First, if the electron energy is between

f(E)-f(E+eV)

0 €1 EF,t-EV 3] EF,t €3

Figure 2.3: Solution of the distribution of possible electron tunneling energies f(FE)—
f(E + €eV). The step function begins at Er; — eV and ends at Ep;, with a width
of eV. Shown are three possible electron tunneling energies that will separate the
integral of Eq. 2.8.

zero and the Fermi energy of the tip Er; minus the bias energy eV (e;), the total
energy given by the integral will be eV. If the electron energy lies between el and
Er; (e2) the total energy will simply be Ep; — e. Finally, if the electron energy lies
above Ep; (e3) then the integral is zero. Thus, the integral from equation 2.8 can be

split into two regions:
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me Epi—eV —
I(e) = 5373 (eV/O exp {—a\/Ep,t—i—gb—e] de
Er: —
TSR o 2

EFJ*(‘ZV

(2.9)

With the assumption that a/¢ + eV >> 1, and recognizing after the expansion of
the integrals that some terms are negligible, Simmons derived the final solution for

the tunnel current as:

I(e) = m [Eexp(—a\/é) — (¢4 eV)exp(—ar/ o + eV)] : (2.10)

The first term of the current equation is the current travelling from the tip to the
sample, while the second term is for the opposite direction. This net current is zero
with no bias V' given the electronic states of the sample and tip are at equilibrium,
an expected result for STM.

While the Simmons model assumes a constant density of states on both edges of
the potential barrier, Bardeen in 1960 (once more, before the advent of the STM)
developed a model for tunneling based on treating the two edges of the barrier as
separate; each with their own set of electron eigenstates of energies [47]. The Bardeen
model has been used to model tunnel currents in the STM since 1983 [48-51], and
continues to be a valid model today. Beginning with a one-dimensional barrier model,
the transition matrix element from an initial energy of the tip, £, ; and a final energy

state of the sample, F f, through a one dimensional rectangular potential barrier is

h2
" om

o5 (z, E) Oy(z, B)
ox ox

where z, is some height above the sample surface and S' is the tip-sample separation

M(E)

[wxx, B)

T=xg

surface. Using xs instead of the full barrier length z considers the two edges of
the potential barrier separately. Also, only elastic tunneling is considered, giving

E,;, = E,; = €. Considering the solutions of the electron wave form at the tip and

11



sample, Yy (x) = 14(0) exp —kz and ¥s(x) = 1s(2) exp k(x — 2), and inserting it into

Eq. 2.11 gives:

h2

M(E)—% _

2k (0)1)s f (2)e "= DS,
. (2.12)

M) = g 00204
2m 7 ’
where A is the area of contact between the tip and sample. Looking at the one-
dimensional rectangular approximation where U(x) = U, we know from Fermi’s
Golden Rule that the transmission probability P between an initial state ¢ and a final

state f is proportional to the transmission matrix element squared:

Pip = —|M["5(ef — ). (2.13)

Inserting equation 2.12 into Fermi’s golden rule, and acknowledging that the energy
dependence in the exponent will dominate the value of the probability factor (or
2? < e* for x > 0):

2v/2

T(e, z) o exp —Tm\/Uo—ez . (2.14)
This is comparable to both equation 2.5 and equation 2.7 for the transmission prob-
ability. If a trapezoidal well is considered rather than a rectangular well, and making
the assumption that the barrier distance, z, is sufficiently small (as is the case for
an STM system), the barrier height Uy — F can instead be replaced with an effective
barrier height dependent on the bias voltage and electron energy approximated by a
rectangular barrier:
¢t + ¢s eV

+ — — €, (2.15)

Gepp(dr, 05,V €) = 5 5

leading to a transmission coefficient now dependent on the bias, V', the energy of the

electron, €, and the tip-sample distance, z, as:

12



2V2
T(e,V,z) xexp | — Tm\/qﬁeffz : (2.16)

To determine the current that arises from the tunneling electron, an integral is formed
over both the density of states of the tip, p;, and of the sample, p, along with the

probability factor T'(e, V, z) over all possible electron energies:

dre [Fr
I(e,V,2) = W /E pile — (Epy — Erpg))ps(e)T (e, V, z)de. (2.17)
F\s

All of these models lead to the same result about the current-position relation-
ship: the current measured from a biased tunneling system related to the exponential
of the effective barrier height, the tip-sample distance, and the voltage bias. These
conclusions agree with the measurable signal when a current /distance change is mea-
sured. Thus, the STM can be run in both constant height mode where the current
is measured as a function of changes in the height, or constant current mode where
the height is measured as a function of a change in current. A feedback loop is used
to keep the current constant while taking a scan. Thus, if there is a change in the

current while scanning a surface, the feedback loop will cause a shift in the tip height.

2.3 Image Potential

Given the small distances between the tip and sample, it is important to consider the
effects of a charge approaching a conducting plane, also defined as an image charge.
In this case, a classical treatment can be achieved to explain the multiple image
potentials (from the tip and the surface). Simmons arrived at a solution to this using

a classical description [46]:

o= (i) [z 2 ()] 216)

where ¢; is the image potential, z is the tunnel length, and x is the distance of the

electron from the tip as it tunnels through the potential barrier. This equation can
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be approximated using a parabola, where

1.15¢*In(2)  a?
8rer  z(x—2z2)

¢i = (2.19)

This shows a reduction of the barrier height by this image charge. It also shows that
the trapezoidal barrier is rounded, the apparent barrier height is reduced, and the

current between the electrodes is increased due to this reduction of the barrier height.

2.4 Scanning Tunneling Spectroscopy

As shown in section 2.2, the tunneling current arising from a tip-vacuum-sample
system is dependent on the bias voltage, the apparent barrier heights (which contain
the workfunctions of the tip and sample), the tip-sample distance, and the density
of states of the tip and sample. These relationships open an interesting series of
measurements to determine the properties of the surface of a sample.

The relationship between the current, I, and barrier length, z, is apparent in most
of the STM models outlined in the previous section. Thus, it is possible to measure
the effective barrier height, ¢.sf, by looking at the current response of the tip with
respect of a change in the tip-sample distance. At low biases (V << ¢esf), the

equation of the transmission factor from equation 2.16 approximates to

Tocexp{—Q\/z_mZ\/qﬁt;@], (2.20)

meaning the tunneling current is now proportional to the transmission coefficient. The

work functions of metals are approximately the same, so the approximation leads to

a solution of the apparent barrier height, ABH, as follows

2 2
ABH = 8h— (d;ﬂ) , (2.21)
m y4

where d1n I /dz is the slope of the resulting current-distance measurement. Given the

relationship between the current and distance, these measurements are not without
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their difficulties. The stability of the tip with respect to the sample and any drift in
the tip positioning plays a strong role in accurate [-z measurements.

A second direct measurement is the relationship of the bias voltage V' to the tun-
neling current /. Beginning with a given tip height from a current setpoint and initial
voltage, the feedback loop is deactivated and the bias voltage is changed. The re-
sulting current response from the system is measured as a function of the change in
voltage bias. From equation 2.17, and from Fig. 2.2, taking the Fermi Energy of the
sample as the reference energy, the current from equation 2.22 becomes:

_ dme v

I = o/ pi(e —eV)ps(e)T'(e,V, z)de, (2.22)

where eV is also the difference between the Fermi energy of the tip and the Fermi
energy of the sample. The relationship between the current and the bias voltage is
contained in both the density of states of the tip and the sample (from the integral)
and also in the transmission coefficient. This means it is difficult to interpret an I-V
curve. However, some assumptions can be made in order to extract some information.
First, only the maximum value of the integral eV is taken into account given the
spectroscopy is probing the highest energy value of the surface of the sample (which

is fine as a first approximation):

4
dI = %pt(O)ps(eV)T(e, V, 2)de. (2.23)
Second, at the maximum value ¢ = el/, any change in the bias will change the

maximum electron energy, eAV = A¢, meaning:

4me?

dl =
h

p:(0)ps(eV)T(e,V, 2)dV. (2.24)

Finally, the density of states of the tip and the transmission coefficient are assumed
to be voltage independent; the tip is typically of a metal with a near-constant density

of states close to the Fermi energy, and the transmission factor can be approximated
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to be bias independent for biases much lower than the apparent barrier height. This

means equation 2.22 can be rewritten as

% ~ 4%ept,oT(Z)ps(eV)- (2.25)
Now, with the assumptions made, the density of states of the surface is proportional
to the derivative of the current with respect to the voltage bias. This is known as a
dI/dV or conductance curve. This derivative can simply be the numerical derivative
of acquired I-V data. However, the numerical method lends itself to error if the
number of points in an I-V scan is not chosen appropriately. A different method of
measuring the derivative of the I-V curve is modulating the bias while taking the scan
and using a lock-in amplifier to modulate the bias using a small AC voltage. In this
way, the derivative of the curve (i.e. conductance) can be measured simultaneously

with the I-V curve.
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Chapter 3

Principles of THz-STM

3.1 THz Pulse Generation

One of the methods to generate THz pulses is using a photoconductive emitter to-
gether with femtosecond laser pulses (Fig 3.1). This emitter is typically constructed
using a semiconductor with two electrical contacts made from a metal. With the use
of the femtosecond pulse at a photon energy large enough to surpass the semiconduc-
tor band gap, the surface of the semiconductor can be irradiated generating negative
(electrons) and positive (holes) charge carriers. A bias is applied across the metal
contacts on the semiconductor, accelerating the created electrons towards the positive
bias contact and the holes towards the negative bias contact. The acceleration of the
carriers generates a picosecond duration THz pulse. The amplitude of the THz pulse
is proportional to the acceleration of the carriers. This allows the control of the THz
electric field through the bias voltage: a larger bias leads to a larger acceleration of
carriers and thus a larger electric field. The bias is also modulated, lowering power
dissipation in and extending the lifetime of the antenna.

With a pulsed laser train, the recombination time of the electron-hole pairs is
important between pulses to allow the photoconductive process to be repeatable and
a THz pulse train to be achieved. An example of a laser pulse source is a Ti:Sapphire
femtosecond pulse generation with a centered wavelength of 800 nm and a repetition

rate of 250 kHz. This means that the semiconductor used in the photoconductive
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Figure 3.1: THz pulse generated using a GaAs photoconductive antenna and mea-
sured using electro-optic sampling. The corresponding Fourrier transform is shown
in the inset. The time axis has been shifted such that the peak of the THz pulse is
at 0 ps. The peak of the frequency spectrum is at 0.5 THz.

source must have a band gap energy less than 1.55 eV with carrier recombination
lifetimes of less than 4 us. A typical semiconductor candidate is GaAs due to its
band gap energy of 1.435 eV at room tempertature and carrier lifetimes of several

hundred picoseconds [52-54].

3.2 THz Detection via Electro-Optic Sampling

It is important to determine the electric field of the THz waveform incident onto the
STM tip. Given the THz induced voltage modulates the tunnel current based on
the non-linearity of the I-V curve of the tunnel junction (see section 3.3), it is then
important to also determine the strength of the THz field. One method of measuring
the electric field of an ultrafast pulse is called free-space electro-optic sampling (EOS),

which utilises the electro-optic effect.
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To begin, the electro-optic effect is a change of optical properties in a material
due to the introduction of an external electric field. There are two processes related
to the electro-optic effect: a linear relationship known as the Pockels Effect, and a
non-linear (quadratic) effect known as the Kerr effect. The polarization due to the

Pockels effect can be described as

Py(w+0) =26 > xi(w = w + 0)E;(w) B (0), (3.1)
jk
where P;(w) is the polarization, ¢, is the vacuum permittivity, XS,)C(w = w +0) is the
second order non-linear susceptibility tensor for an electric field with frequency w and
another electric field of frequency 0 (static electric field).

The Maxwell equation for a displacement field D through a medium with suscep-

tibility x and electric field E in three dimensions is given by

Dy| = |eyw € €| | Ey] > (3.2)
DZ ezx GZy 6ZZ EZ

assuming low field strengths and using the relation €, = 1+, where €, is the dielectric
permeability tensor and ¢;; are the elements of ¢,. The dielectric permeability tensor
is symmetric due to conservation of energy. Thus, €; = €;;, meaning there are six
independent elements to the tensor ¢,.

The energy density of a wave propagating through a medium, u, is given by u =

%E - D, so that

1 1 1 1
u=—o|(— |D2+|(— |D>+ | — | D?
2¢9 | \ N2, "Zy Y n?,
1 1 1
+2( = )DyD. +2( = | D,D. +2( = | D.D, |,
nyz N n:):y

2\ . . . D o Dy
where (1/nf;) = €o/e;;. Given 2ue is a constant, we can rewrite r = —Z=, y = -2,

(3.3)

D

andz:\/m

to get an ellipsoid of the form
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This equation describes the index ellipsoid of a material where x and y relate to
the face of the medium, and z the length of the medium, and is important in the
description of the optical properties of a material. If an electric field (like such from
a THz pulse) is introduced into the medium, the index ellipsoid will change; that is

1
2

the optical constants will be dependent on the incident electric field. If —

- (E) is now

expanded using a Taylor series about E = 0, and ignoring higher order terms, those

constants are now

(niz) = %(0) + Z rijeEr + O(E?), (3.5)

where 4, j,k = 1,2,3 where 1 = 2, 2 = y, and 3 = z; and r;j;, are the elements of a

tensor and are known as the linear electro-optic coefficients. The n12 (0) matrix has

ij

only non-zero terms along the diagonal, where if no field is applied to the crystal
those terms would correspond to the three principal refractive indexes. Given the
symmetry of the tensor, it is common to relabel the indices i, j, k to [, k, where [ is

defined in Table 3.1.

i/jil1 2 3
116 5
2 16 2 4
3|5 4 3

Table 3.1: Reduced indices table for compact notation. Example: if ¢,7 = 1,3 then
[ =5.

20



This allows the linear electro-optic tensor to be written as

1 T T3
To1 T22 Ta23
31 T32 T33
T41 T42 T43
Ts1 Ts2 Ts3

Te1r Te2 T63

A typical crystal for THz detection is ZnTe, a cubic 43m crystal with a linear

electro-optic tensor given by

0 0 O
0O 0 O
0 0 O
r= (3.7)
Ta1 0 0
0 T41 0
0 0 T41

This material has a single electrooptical coefficient ry; = 4.0x107?m/V and an ordi-
nary index of refraction n, = n, = n, = ny = 2.853 at A = 800 nm. If the incident

electric field is applied along the z-direction, the index ellipsoid becomes

.%'2 2 Z2
1= ) + y—2 + 3 —+ 2T41ETHzxy- (38)
Ny 0o "o

Replacing = = (X —Y)/v2,y = (X +Y)/v?2, and z = Z, the index ellipsoids major

and minor axes ny and ny, respectively, become

1
nx = no+ §n3T41ETH27
1 (3.9)
ny = ng — §n8T41ETHz-
These nx and ny values now denote the index of refraction for the material after the
introduction of the electric field as shown in Fig. 3.2. It can be inferred by these new
axes for the index ellipsoid that a second field travelling through the medium will

now acquire a phase difference due to the two indices being different values.
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Figure 3.2: Index ellipsoid absent of a weak electric field (black solid circle) and with
the introduction of an electric field (red dashed ellipse). The ellipsoid is exaggerated
for visual effect as the change in the effective index is small for the fields used in this
study.

Thus, if a static beam is introduced also directed in the z-direction (Fig. 3.3), the

optical retardation from this new ellipsoid will be

2nL
AD = (nX — ny)L,

A
1
27mgr41L (3.10)
= \ THz;

with L the propagation length of the beam through the crystal and A the wavelength
of the input beam. Using a system comprised of a quarter-waveplate and a polarizer,
it is possible to separate the x and y components of the output beam with a Wol-

laston prism into two separate balanced photodiodes. The resulting ratio of the two

I,—1I,

- Given the incident electric field
Yy x

measured values gives the phase change A® =
strength of the THz pulse changes with time, the resulting index ellipsoid’s axes will
change, meaning a change in the optical retardation. This means the electric field of
the THz proper can be calibrated over time, giving an EOS waveform as shown in

Fig. 3.1.
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The transmission factor of the ZnTe crystal is also important to consider while de-
termining the electric fields of the pulse. The crystal introduces reflection losses, and
at a refractive index of approximately 3.2 for low-THz frequencies, the transmission
factor of the crystal is 0.48. This gives as a final calculation for the THz electric field
in EOS to be:

27mgr41L I, —1I,
A0.48 I, + I’

Erp, = (3.11)

where [, and I, are the currents measured through the two balanced photodiodes.

[001]

Ern, _
< -—»[170]

EProbe //

[110]

Figure 3.3: Example of the orientation of a ZnTe crystal for free-space electro-optic
sampling. The THz electric field is onset to the crystal, causing a birefringence. The
electric field of the probe beam while travelling through the crystal after will have a
phase change from this birefringence.

3.3 THz Coupling to an STM tip

It has been shown that THz radiation can be coupled to a metallic tip which acts
like an antenna or waveguide for the radiation [55-57]. This effect is the basis of

THz-STM; as a terahertz pulse beam is shined on the STM tip, it is guided to the
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end of the tip and enhanced at the tunnel junction. Although the size of a 1 THz
wave is long at 0.3 mm, an STM tip causes the THz radiation to be confined and
enhanced down to the nanometer scale. This in turn allows a transient THz bias to
add to the DC bias from the STM system. Given the THz electric field changes over
time, then the voltage introduced from the THz electric field will also change over

time.

Figure 3.4: Schematic of a THz pulse incident on a tunnel junction. The THz pulse
coupled to the tip modulates the bias of the system (gold). Given the non-linearity
of the I-V curve, the current response from the modulated voltage will in turn be
modulated (red).

Given the non-linearity of the current-voltage response in the tunnel junction as
shown in equation 2.17, the onset of the time-varying bias voltage onto the junction
produces a time-varying rectified current response that has a net rectified current.
Since the actual sub-picosecond tunnel current induced by the THz is too quick
for the tunnel current amplifier, the rectified current response is instead measured.
This rectified current is measured as the number of rectified electrons per pulse, or

aQ _

Ittzag = 55 = e( frep)Ne, where f,., is the repetition rate of the laser pulse and N, is

the number of rectified electrons. The measured current is now a combination of the
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static DC current and the transient THz-induced current. The THz-induced current
response is also spatially localized given the I-V response only occurs at the STM
junction. Therefore, the THz-STM system is now capable of probing sub-picosecond
dynamics with nanometer precision on the surface of a sample.

It is also important to differentiate the DC current from the THz-induced current
in some instances. The STM has a feedback loop to change the height based on
measured currents. To avoid a convolution with the DC current measurement, the
THz pulse can be chopped at a frequency above the bandwidth of the STM feedback
loop. This allows the system to ignore the minute changes that arise from the onset
THz. Also, the chopping frequency is set below the pre-amplifier bandwidth of the
system, allowing for current measurements to be detected by a lock-in amplifier, thus
allowing the detection of THz currents in the system separate from the DC current

response.

3.4 THz-STM of Materials

THz-STM, although a relatively new technique, has already demonstrated many ap-
plications of observing surface dynamics of materials. Cocker et al. published the
first work of THz-STM in 2013 [35]. Using an STM system in ambient conditions,
they coupled a THz pulse to the tip of the STM without any changes to the ambient
STM system. From the non-linearity of the I-V response in the tunnel junction, they
were able to modulate the bias voltage and read a rectified current response. Auto-
correlation measurements on the surface of HOPG and on gold nanoislands showed
electron generation times as low as 350 fs, showing the sub-picosecond time reso-
lution of the system. They also presented THz-STM scans over the nanoislands at
different autocorrelation overlap times, demonstrating the simultaneous nanometer
spacial resolution and aforementioned temporal resolution of the system. Finally,
they performed optical-pump/THz-STM-probe experiments on InAs nanodots grown

on GaAs. The measurements showed a decay time from the transient THz-STM re-
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sponse of approximately 1 ps, which agreed with ultrafast studies of similar systems
[58].

Three years later, Cocker et al. used THz-STM to observe the motion of a single
pentacene molecule absorbed on NaCl after excitation from a THz pulse [59]. The
system was under ultra-high vacuum and low temperatures. By keeping the STM tip
height constant, a THz pulse pair was incident onto the sample where the first THz
pulse caused electrons to be excited from the highest occupied molecular orbital of
the pentacene molecule causing it to vibrate, while the second THz pulse probed the
changes in the tunnel current from the oscillations of the molecule. This established a
new method for using THz-STM to probe and image ultrafast movements of a single
molecule.

In 2017, Jelic et al. atomically resolved the surface of Si(111)-(7x7) with the THz-
STM where only the THz induced current contributed to the tunneling current (0
d.c. bias between the tip and sample), called THz-driven STM (TD-STM) [38]. This
experiment used the same UHV-STM system as described in this thesis with the THz
focused to the tip. They compared regular STM scans and TD-STM scans of the
Si(111)x(7x7) surface and saw that the TD-STM transient current was much larger
than the d.c. current, attributing this difference to band bending of the depletion
layer allowing transport between the bulk and the surface of the sample. This is
typically not seen in regular STM scans on Si(111)-(7x7), showing the possibility of
THz-STM to allow new conduction pathways betweem the bulk and surface.

In 2020, Luo et al. performed TD-STM on Cu(111) to demonstrate THz-STM and
TD-STM on a metal, and used a tunneling model with a 3D tip geometry to explain
the THz current response at step edges and defects [40]. The use of a metal allows
for a true approximation of the Bardeen model (see sec. 2.2) given metals have very
small variations in their density of states. Using a UHV-STM system with a sample
temperature of 100 K, their 3D model agreed well with the THz-STM measurements

performed on the surface, allowing for a better understanding of both the tip geometry
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effects and a method to quantify the THz-induced bias voltage.

Just this year (2021), Yoshida et al. published results on visualizing the ultrafast
motion of electrons over surface defects and step edges on Cgg monolayers [39]. With
the sub-nanometer resolution of the STM and the sub-picosecond time resolution of
THz, as well as an infrared pump laser pulse, they were able to time-resolve electron
motion about step edges and defects. The pump excited the carriers from the high-
est occupied molecular band into the lowest unoccupied molecular orbital while the
THz-induced current probed the change in electron population. They were able to
successfully demonstrate the movement of electrons after optical excitation with this
method, allowing for a visualization of the surface dynamics of the material.

While not a comprehensive list, the ability of THz-STM to observe different effects
on different materials allows for a new and exciting method of measuring, characteriz-
ing, and visualing surface dynamics of many materials. There are also advancements
towards using spintronic high broadband THz emitters for THz-STM, allowing for
higher bandwidth (1-30 THz) pulses to couple to the tip, with voltage transients up

to 2 V and 15 THz frequencies measured in the near-field [37].
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Chapter 4

UHV-STM System

4.1 Ultrahigh Vacuum Scanning Tunneling Micro-
scope

The UHV-STM system used in this work is a commercial system purchased from RHK
Technologies (RHK-UHV-SPM 3000). The system is comprised of three chambers
which can be separated via two internal gates that can be opened or closed from
outside the system. The entire system also sits on an active piezoelectric damping
system (STACIS 2100/3000, TMC) to minimize vibrations from outside the system
affecting data collection during an STM scan.

First, the load-lock chamber serves as the point of entry and exit of the UHV
system. A combination of a roughing pump and turbo pump are used to depressurize
the chamber until approximately 1x10~% torr. An inlet valve separates the pumps
from the system and allows for the pumps to be disabled during an STM scan. This
keeps the chamber under vacuum for ease of sample transfer if required. This is also
important to avoid the introduction of outside contaminants into the system. When
a new sample or tip is placed into the load-lock chamber, it is baked in-chamber at
approximately 130°C for 12 hours before being moved into the chamber in order to
remove any organic contaminants.

Next, the preparation chamber is used for in-vacuum sample deposition, cleaning,

and annealing. Gate 1 is used to isolate the load-lock chamber from the preparation
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chamber. The preparation chamber is kept at a pressure of < 1x107!° torr using ion
pumps. A transfer arm is used to move the sample between the load-lock chamber and
the STM chamber. The transfer arm has an electronic connection with a sample puck
(section 4.3). This connection allows the sample to be resistively heated for in-situ
annealing. Also present in the chamber is an argon ion gun. With the sample to be
cleaned at a desired grazing angle, a filament within the gun and an outside controller
sets the acceleration voltage. To the side of the main cavity of the chamber, a sub-
section is used for deposition of materials. This is useful for depositing onto substrates
without removing the sample from vacuum: the substrate can be characterized and
cleaned, then another material can be deposited in-situ.

Finally, the STM chamber is comprised of a sample elevator for storage and an
STM stage. Gate 2 isolates the STM chamber from the preparation chamber. The
elevator allows for storage of up to 6 samples or tips for later use in the system. Much
like having a deposition chamber, the elevator allows for tips and samples to be in
vacuum while not in use to avoid contamination or oxidation. The chamber also has
a copper stage for in-vacuum tip preparation, further explained in section 4.2. An
inlet allows for a connection with a cryostat to cool the sample on the STM stage for
low temperature scans.

The STM stage contains contacts much like the ones on the transfer arm of the
preparation chamber to heat the sample during scans (although this is not used in
this study). It also contains contacts such that a thermocouple could be included in
the sample holder configuration to monitor the sample temperature during cooling
and while performing scans. While performing scans, the sample stage is biased while
the tip and tip head is virtually grounded.

The STM scan head has three piezo legs capped with glass balls. These balls will
glide across the top of the sample holder as an approach is made. A head manipulator
is used to manually move the scan head vertically to approach or retract the scan

head from the STM stage. When the glass balls are in contact with the sample puck,
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Figure 4.1: Exterior of the UHV-STM system. a) The load-lock chamber and prepa-
ration chamber is separated by gate 1 controlled manually from the exterior. The
transfer arm control in the background allows for transport of a sample or tip from
the preparation chamber to the STM chamber and can be rotated for various sample
preparation methods in the chamber. The THz lens control allows for external align-
ment of the THz beam lens focused on the STM sample. The cryostat inlet allows
liquid nitrogen or helium to flow to the sample stage for low-temperature measure-
ments. b)The deposition chamber open to the preparation chamber allowing material
preparation in-situ. The preparation chamber is kept isolated from the STM cham-
ber using gate 2. The elevator and scan head controls allow manual vertical control
of the sample elevator and scan head outside the system. A wobble stick allows
manipulation of sample and tip holders in the system.
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Figure 4.2: Interior of the STM chamber of the UHV-STM system. The sample
elevator is in the background of the image. A tip transfer holder is placed on the tip
preparation stage located behind the sample stage. The THz lens allows for a close
focus of the THz beam onto the sample surface. The scan head has three scan head
legs positioned for tunneling of a sample. A tip in a tip holder is in the scan head.
The sample stage ensures the sample holder is fixed during scans and is biased for
STM operation.

a regular step motor is used for a coarse approach. The sample holder surface is
slanted so that as the motor turns the STM head the tip approaches the surface.
Piezo tubes in the three legs are used to precisely approach the tip within angstroms
of the sample surface. At the bottom of the scan head there is a scan tube that holds

the tip holder in place for STM operation.

4.2 STM Tip Preparation

Gold and tungsten STM tips were prepared using an electrochemical etching method
adapted from [60] for gold and [61] for tungsten. Figure 4.3 shows the setup of the
system. The system is on a pneumatic vibration isolation table that uses dry nitrogen

to limit vibrations during electrochemical etching.
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The gold and tungsten wires were purchased from Alfa Aesar, and had a 99.998%
and 99.95% purity, respectively. Both wires were 0.25 mm in diameter according to
the company label. Pre-preparation of the W wire was necessary due to the presence
of oxides forming at the wire surface. Thus, the wire was sanded with 180 grit
sandpaper before further tip preparation. Both wires were then prepared using the
same methods (with different chemical etching solutions).

The wire was cut into 1-1.5 cm lengths and placed into methanol. The wire was
sonicated in the methanol for 2 minutes to remove any possible surface contaminants.
A solution of 1:1 ratio of ethanol and hydrochloric acid was prepared for the Au tips
while a 2 M solution of sodium hydroxide was prepared for the W tips. The tips were

then placed in the tip preparation area as shown in Fig. 4.3 a). The solution is placed

Micrometer ges —— - ‘ Bias Contacts

Wire holder

Bias lines &

Pneumatic vibration

isolation table Metal ring

Figure 4.3: Photos of the tip preparation setup. a) A micrometer allows for fine
vertical positioning of the wire into the solution. Bias lines allow the wire and ring
to be biased. The tip preparation setup sits on a pneumatic isolation chamber to
minimize external vibrations. b) Bias contacts are soldered onto the wire holder
and metal ring. The wire holder is positively biased while a metal ring of the same
material as the wire being etched is negatively biased, allowing for a complete circuit
through the the required chemical medium.

under either a gold or tungsten ring to match the metal wire being etched (Fig 4.3
b)). The ring is then lowered such that it dips into the solution and then is raised to

create a meniscus of solution. The tip is lowered to the center of the loop such that
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only the tip is submerged. A DC power supply applies a bias between the tip and the
ring. As a result, a current flows from the tip to the ring. The solution acts as the
electrolyte where the ions will want to bond with the tip material (the CI for gold tips
and the oxygen from the OH for tungsten). Voltages used were 2.3 V for gold tips
and 4.5 V for tungsten tips. Since the tip completes the circuit, as the tip is being
etched the measured current decreases. Once the measured current is sufficiently low,
the voltage supply is turned off. The tip is then cleaned using de-ionized water and

mounted into the tip holder to be placed in the STM system.

a) b)

0.25 mm

Figure 4.4: Microscope images of a) gold and b) tungsten tips after tip preparation
using the electrochemical etching method.

The copper stage for tips in the STM chamber mentioned in section 4.1 allows for
in-vacuum STM treatment without the need to remove the tip from the vacuum envi-
ronment. There are two methods to reshaping the tip using this configuration. First,
electron bombardment is used to remove any oxides that may be present, especially
on tungsten tips [62]. A floating power supply applies a voltage and current across
a tungsten filament in the copper stage, generating a current. The tip is grounded
through the copper stage, and the current between the tip and the stage is mea-
sured during bombardment. Typically, the power supply settings used for electron
bombardment is -150 V with the current from the power supply increased until the

current between the sample and stage reaches 1-3 mA (typically 1.5-2 A of generated
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current). The electrons from the filament are thus bombarded onto the tip. The
electrons have enough energy to allow tungsten oxides to form on the tip apex and
be removed from the tip surface. This process is typically done within 30 seconds to
a minute. The kinetic energy of the electrons causes the tip to be heated, and the
small tip apex can melt creating a blunt tip.

Field emission is then used to reshape the tip. The configuration is nearly the same
as electron bombardment but the current generator is not used. The bias across the
filament is now positive such that electrons will travel from the tip to the filament.
As the voltage across the filament is increased, the number of electrons field emitted
from the tip to the sample also increases. The electrons from the tip travelling to
the filament do so via the tip apex, shaping the tip. Typically, voltages ranging
from 200-4000 V are used depending on the measured actual current. The measured
tip-stage current should be between 1-100 nA, and the applied voltage is changed to
accommodate those changes. As the tip sharpens due to electromigration, the field
enhancement at the tip increases and the current will increase. The tip is deemed
sharp once the actual current is stable over a long period of time. Heating effects are

possible, but minimal, and will not affect the tip shape at the apex.

4.3 Tip and Sample Holders

Tip and sample holders were specifically designed for use in the UHV STM system as
shown in Figure 4.5. The U-shape bases ensure proper connection with the sample fil-
aments to the transfer arm and STM stage and consistent tip and sample orientation.
Mounting a tip into the tip holder requires the tip to be sufficiently long (between 8
and 15 mm). The mechanism for keeping a tip into the tip holder is mechanical: the
long end of the tip must be bent in order for it to not slip out of the holder. Once
the tip is inserted into the tip holder, it is placed sharp-side down into a tip transfer
holder as seen in figure 4.5 a). A thick wire is used to lock the tip holder into the tip

transfer holder to avoid the tip holder falling into the system. The bottom of the tip
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Figure 4.5: a) Tip holder and tip transfer holder used to transport the tip in the UHV-
STM system. Tweezers are holding the tip holder where a wire has been inserted for
demonstration purposes. The tip transfer holder below the tip holder has a horizontal
wire used to lock the tip holder in place. The three protruding legs allow for precise
alignment with the STM scan head. b) A sample holder used in the UHV-STM
chamber is on the left configured for semiconductor samples while the filament on the
right replaces the protruding contacts in the sample holder for metal samples. Both
have electronic contacts through the side of the sample holder allowing contact with
the transfer arm and STM sample stage.

transfer holder is open, allowing for in-vacuum tip preparation as outlined in section
4.2. Three rods are present to allow for proper alignment with the STM scan head to
mount the STM tip. The scan head also uses mechanical force to keep the tip holder
from falling out during scans.

The sample holder comes in two variations, one for semiconductor samples and an-
other for metal samples as shown in Figure 4.5 b). The semiconductor sample puck
uses two metal films to make contact with a conductive base allowing the semiconduc-
tor to be directly biased with the STM system. This also allows for quick annealing or
flashing of the semiconductor in-situ. The films are connected via two contacts that
allow for a complete circuit configuration. Thus, the sample is heated through ther-
mal conduction from film-sample-film. The metal sample holder, by contrast, uses
a filament instead of direct contacts. This allows for electron bombardment heating
for the sample in vacuum instead of direct heating, much like the tip preparation

method. Both the semiconductor and metal sample pucks can be biased for an STM
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scan.

In both cases, the top of the sample puck has three slanted areas for the three
legs of the STM scan head. The position of the sample puck is constant scan-to-scan
due to the U-shaped base. As a tip is approached, each of the STM scan head legs
will arrive at the top of the ramps and will slowly glide down allowing for smooth
operation with no jolting of the tip. Screw clamps are used at the top of the sample
holder to ensure the sample within does not fall. The height of the sample and the
length of the tip are measured such that no contact is made from tip to sample when
the STM head lands, and sapphire disks are used to ensure the sample height is

sufficient and used as a buffer between the clamps and the sample.

4.4 Laser Setup

The laser pulses used in this work were generated using a combination of a tita-
nium:sapphire regenerative amplifier (Coherent RegA Model 9000), a titanium:sapphire
modelocked oscillator (Coherent Micra), and a diode-pumped laser (Coherent Verdi
V-18 for the BSCCO measurements of Chapter 5 and Lighthouse Photonics Inc.
Sprout-G for the Au and Ag measurements of Chapters 6 and 7, respectively). The
output beam of the system was centered at 800 nm with a repetition rate of 250 kHz
and compressed to a pulse duration of 212 fs, which will be roughly 71 fs at the THz
source due to group velocity dispersion. A typical average pulse power on output of
the compressor is 1.1 W.

Fig. 4.6 shows the schematic of the beam for the entire experiment. The exit
beam is split into two beams using a 80/20 beam splitter. First, the 80% beam
travels through a delay stage for time-resolution measurements, and will continue
on to be the THz generation beam. The other 20% of the beam is further split by
another 80/20 beam splitter. The new 80% (16% of the total output beam power)
is used as the pump beam. The new 20% (4% of the total beam power) is split by
another 80/20 beam splitter. The 80% (3.2% of the total beam power) is used as
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the sampling beam for electro-optic sampling (see section 3.2). Finally, the last 20%
(0.8% of the total beam power) is measured by a photodiode and is used as a trigger

for the THz voltage bias.
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Figure 4.6: Complete laser setup schematic for the UHV THz-STM system. The beam
is split into four different beams: the THz generation beam, pump beam, sampling
beam, and trigger beam. A flip mirror in the THz beam path (green line) allows
the THz beam to be onset to the electro-optic setup for THz pulse detection (green
dashed line).

The three other beams are then onset to the UHV-STM system (Fig. 4.7). The

pump beam passes through a half-wave plate (HWP), polarizer, HWP configura-
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tion. The first HWP is placed into a rotational stage so that the polarization of the
pump beam is controlled remotely. The polarizer only allows s-polarized light to pass
through the medium. Thus, the intensity of the pump beam will diminish at different
polarizations, allowing for remote control of the pump power. The second HWP is
also set into a rotation stage. This time, without a polarizer, the polarization of the
pump beam can be controlled remotely. The lens before the second HWP allows the
pump beam to be focused onto the tip-sample junction.
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Figure 4.7: Photo of outside the STM chamber with the optics in place. The green
line signifies the THz beam path. The dashed green line is the path for electro-optic
sampling.

The THz generation beam is focused onto the photoconductive THz source (Tera-
SED, Laser Quantum). The source is a GaAs type emitter with interdigitated elec-
trodes. The source is placed into a rotation stage to control the polarization of the

output THz pulse. A polymethylpentene lens (TPX lens, Menlo Systems) is used to
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collimate the THz beam. The beam is then onset to the STM system, where it is
focused by a TPX lens before passing through the UHV-STM window and onto the
tip-sample junction.

A flip mirror is used to divert the THz beam path to the electro-optical sampling
(EOS) configuration. The THz beam first passes through a small window of fused-
silica to emulate the UHV-STM window. Then, a TPX lens focuses the THz beam
onto a ZnTe crystal. The sampling beam is also onset to the ZnTe crystal for proper
EOS measurements. The probe beam is then passed through a quarter wave plate
(QWP) to create circularly polarized light, a Wollaston prism to separate the hor-
izontal and vertical components of the circular light, and each of those beams are
read by balanced photodiodes to calculate the THz electric field (see section 3.2, Eq.
3.11).

4.5 STM Operation

During STM operation, the sample stage and sample holder are biased while the tip is
virtually grounded through a current preamplifier (IVP-200, RHK). This preamplifier
converts the low signal from the tunnel current to a readable level for the control
electronics. The IVP-200 has a gain of 10® with a bandwidth of 50 kHz. The voltage
bias and current setpoint are controlled using the control panel (SPM 1000, RHK).
A feedback loop with a circuit gain of approximately 1 kHz coupled to the z piezo is
used to keep the current or height constant during a scan. Gain and time constant
controls allow tuning of the feedback loop gain. The current setpoint sets the current
for the feedback loop. Thus, a higher current setpoint will mean a smaller tip-sample
distance.

In a topography scan in constant current mode, as the tip scans across a sample
the change in height due to the surface features will in turn change the value of the
tunneling current. This current is measured through the feedback loop, which will

send a signal to the z piezo in order to adjust the height of the tip to return to the
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current setpoint value. The height change and the current is read into two channel
windows using a computer program specific to the RHK system.

The current measured from the STM junction is also split to a low-noise voltage
pre-amplifier (SR360, Stanford Research Systems) that uses a low-pass filter. During
THz-STM, there is both a d.c. component and THz induced component to the total
measured current by the feedback loop (see section 3.3). This low-pass filter allows
solely the d.c component of the current to be read given the high-frequency modula-
tion of THz generation explained later in this section. This d.c current is read into a
channel window by the computer software.

[-z spectroscopy uses the same configuration as a regular STM topography scan.
The tip begins stationary above the surface of the sample, and the initial height of
the tip is set via a current setpoint. The feedback loop is then disabled. Then, the
tip is retracted and the current is measured simultaneously. Given the feedback loop
is disabled, the tip will not return to its initial position, allowing the relative height
change of the tip to be measured with the tunneling current. I-V curves also have
the feedback loop disabled, the difference being voltage is changed rather than the
tip height.

Conductance measurements (dI/dV curves) are taken simultaneously using a lock-
in amplifier (SR830, Stanford Research Systems) by modulating the bias using a sine-
wave voltage. The frequency of the bias modulation is set above the bandwidth of the
feedback loop, allowing the height of the tip to not be affected by the bias modulation.
The phase of the lock-in amplifier is chosen such that capacitive components are
maximized, then changed by 90°. This allows the resistive component, the component
localized at the tip-sample junction, is the only measured component. Then, the
voltage amplitude is chosen such that the voltage effects are small yet noticeable,
generally matched to the voltage step-size of the I-V scan. The output value of the

lock-in amplifier is read through to a conductance channel in the STM software.
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4.6 THz-STM Operation

The THz generation bias for the photoconductive antenna is modulated using a square
wave from a function generator (BK4052, BK Precision) set to a frequency of 5.077
kHz. The frequency is set such that it is below the bandwidth of the IVP-200 pream-
plifier and above the bandwidth of the feedback loop. This allows for the changes
due to the THz induced current to affect the feedback loop to avoid tip crashes but
to mostly bypass the IVP-200 preamplifier. To measure the THz induced current, a
lock-in amplifier (SR830, Stanford Research Systems) set to the modulation frequency
of the THz bias reads the signal from the STM system and outputs the current value
to a THz-current channel in the STM software.

Taking THz-STM scans require a low d.c current setpoint to observe the changes
by the THz induced current while scanning. The THz electric field should also be
minimum to avoid any surface destruction. Thus, Ity, — Etpg, measurements are
taken to observe the amount of THz induced current, Ity,, with respect to the ampli-
tude of the onset electric field, Ery,. A power supply (9122A, BK Precision) is used
to change the bias voltage across the interdigitaged contacts of the photoconductive
antenna, allowing for control of Ery,, while the Iy, is measured from the lock-in
amplifier as outlined above. The feedback loop remains active during this scan to
ensure a constant tip-surface distance. With the Ity, — E1g, data, it is possible to
select a suitable THz electric field for THz-STM measurements.

A final aspect of the THz-STM system is the ability to perform optical pump-THz
probe measurements. The usual configuration has the peak of the THz and pump
pulses arriving simultaneously to the tip-sample junction. Using a delay stage in the
THz generation beam, it is possible to delay the arrival time of the THz pulse (Fig.
4.8). Given the value of Ery, also changes across the pulse, it is possible to then have
a time resolved measurement of the surface dynamics of the sample.

These measurements can be done while the tip and sample are within tunneling
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Figure 4.8: Schematic of an optical-pump/THz-probe measurement. The pump beam
is used to excite carriers the sample while the THz is used as a probe to measure
changes in the current caused by the excited carriers. a) The peak of the electric
field of the optical pump is onset to the tip-sample junction at the same time as the
peak of the THz electric field. b) The THz pulse is delayed such that the peak of the
optical pulse arrives before the peak of the THz pulse. This delay in the peak-to-peak
time allows for a time resolution measurement of the surface dynamics of the sample.

distance, much like an THz-STM scan. It is also possible to take measurements while
the tip is retracted far enough away to be outside the ability for electrons to tunnel
in normal STM mode. If the pump beam fluence is sufficiently high, photo-excitation
of the electrons from the sample causes a current between the sample and the tip.
This current can be read from the same channel as normal STM measurements. The
THz pulse focused on the area between the tip and sample still allows for the THz

induced current to be probed thanks to the delay stage.
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Chapter 5

STM and THz-STM of
BizSPzC&CU208+X

High critical temperature (T.) superconductivity is an ongoing area of study. The
ability to cool the superconductor with liquid nitrogen to reach the superconducting
T. opened the field for potential commercial uses of superconductors. Particularly,
bismuth strontium calcium copper oxide (BSCCO) is a family of cuprate supercon-
ductors with chemical formula Bi;SroCa,,—1CuyOg,i41«, Where n denotes the type of
BSCCO and x is the amount of oxygen (hole-doping) in the material. Cuprate su-
perconductors such as BSCCO contain copper oxide planes where superconductivity
is believed to take place, separated by layers of charge-reservoir metal oxides [63, 64].
The n=1 case (named Bi-2201) has a low T, of 7 K to 22 K based on oxide doping [65].
The n=3 case (Bi-2223) has a high T. of 110 K, but is the most difficult of the three
materials to synthesize [66]. By contrast, the n=2 case (Bi-2212) has a higher T of
95 K, leading it to be the more commonly studied material of the BSCCO family of
superconductors. For scanning tunneling microscopy and spectroscopy, Bi-2212 is a
good candidate to observe superconducting effects due to its high critical temperature
and ease of cleaving.

The first Bi-2212 material was reported by Maeda et al. in 1988 [67]. After this
discovery, many other studies were performed on the material, especially in the STM

field due to the preferred cleaving plane of Bi-2212 being between the two BiO layers,
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as shown in Fig. 5.1 [68]. This cleaving plane is due to the weak Van der walls force
between the BiO layers in the unit cell. Although it is possible to cleave into the
CuO layer below the BiO layer [68], the two layers can be distinguished by observing
the topography of the surface in question [69]. The BiO layer is also non-metallic
and has a band gap, meaning at probing biases within the BiO band gap the CuO,
layer at 4.5 A below the BiO layer is probed by the STM during spectroscopy (but
not during topography scans) [70-72]. Thus, an STM can probe the superconductive

CuOs, layer even if the cleaving plane reveals a surface BiO layer.

Figure 5.1: Unit cell of BiySraCaCuyOg s (Bi-2212) with lattice parameters a=b=0.38
nm, ¢=3.09 nm. Simplified unit cell created with VESTA [73] from crystallography
data collected from [74]. The arrows point to the cleaving planes between the BiO
layers.

According to Bardeen, Cooper, and Schrieffer (BCS) theory, an energy gap forms

around the Fermi energy in the superconducting state. The value of this gap is
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given by 2A(0) = 3.52kgT, for conventional, weakly-coupled superconductors with
2A(T') the superconducting gap energy and kp the Boltzmann constant. For stronger-
coupled superconductors, this ratio value can go as high as 4.6. Interestingly, if the
typical 3.52kgT, value is used on Bi-2212, the expected 2A value would be 8.4 meV.
The measured superconducting gap found for Bi-2212 is 2A=70-100 meV giving a
much higher ratio at approximately 8k,T. — 12k, T, [75].

The superconducting gap is dependent on the critical temperature, which in turn is
dependent on the material and the doping of the material (Fig. 5.2). The amount of
doping, z, coupled with the amount of CuOs layers will also affect the superconductive
gap [18]. This gap allows scanning tunneling spectroscopy (STS) of superconductors
to observe the superconducting gap and allows some experimental insight into its

behaviour. Conductance (dI/dV) spectroscopy measurements on semiconductors, s-
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Figure 5.2: Schematic of the phase diagram for BisSroCaCusOg i, where AR is the
antiferromagnetic phase, PG is the pseudogap phase, and SG is the superconducting
gap phase. The T, is the critical temperature line, while T* is the pseudogap temper-
ature line. The optimal critical temperature and critical doping values are denoted
on their respective axes. The size of the axes are not to scale.

wave superconductors, and d-wave superconductors all have a different behaviour
as schematically shown in Fig. 5.3. The s-wave conductance rapidly drops to zero

at A, while for the d-wave superconductor the descent is slower and pointed. Both
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superconductor conductance measurements show coherence peaks about the A super-
conducting gap energy below T.. These coherence peaks denote a maximum pairing

excitation, dependent on the amount of doping and sample temperature [76].
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Figure 5.3: Schematic showing the theoretical shape of the conductance data as a
function of energy (or tip bias) of a) a semiconductor with a band gap energy of E,
an s-wave superconductor with a superconducting gap energy of 2A and a d-wave
superconductor with a superconducting gap energy of 2A. The semiconducting and
superconducting gap energies for each schematic is centered around the zero energy
point. In b) and c), coherence peaks can be observed denoting the edges of the
superconducting gap (dashed lines).

For temperatures used above the critical temperature a pseudogap forms around
the Fermi energy of the system. This pseudogap is dependent on the doping and
the sample temperature, much like the superconducting gap. This gap is still visible
in the scanning tunneling spectroscopy given it is still smaller than the Bi-O gap at

approximately 100 meV and 300 meV, respectively [71, 75, 77].

5.1 Sample Preparation

The Bi-2212 samples used in the following experiments were purchased from 2D Semi-
conductors and had approximate dimensions of 5 x 5 mm. The Bi-2212 sample was
affixed to a thin aluminium disk using a silver UHV-safe epoxy (Epoxy Technology).
The epoxy and the aluminium disk allowed for an electrical connection between the
Bi-2212 sample and the bias lines of the sample puck. The Bi-2212 sample also re-
quired cleaving of the top-most bismuth layer. However, this cleave must be done in

a UHV environment in order to minimize the possibility of contaminants and oxides
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on the sample surface. To do this, one end of a thin copper wire was heated until a
small ball was formed large enough to cover the surface of the sample. The ball was
then flattened on the bottom to allow better surface contact with the sample. The
other end of the wire was shaped into a hook. After allowing the end of the wire to

cool, it was affixed to the sample surface using the silver epoxy, as shown in Fig. 5.4

a).

Figure 5.4: Bi-2212 sample mounted using a silver UHV-compatible epoxy, an alu-
minium base, and a copper wire. a) The basic setup with the copper wire 'balled’
at the bottom for a larger surface contact with the Bi-2212 sample and the top of
the wire bent for in-situ cleaving. b) The wire-sample setup from a) mounted on a
sample puck and in the STM chamber ready for cleaving.

The sample was heated in the load-lock chamber for 12 hours at 120 °C in order
to remove any possible organic contaminants on the surface or in the environs of the
sample and sample puck. Once cooled, the sample was moved to the sample holder of
the STM chamber as shown in Fig. 5.4 b). The sample and sample holder were then
cooled to 100 K using liquid nitrogen in order to cleave the sample. The wobblestick
of the STM was positioned such that the fork can make contact with the upper hook
of the copper wire. With a little force to push the copper wire, the surface of Bi-2212
was cleanly cleaved in-situ (Fig. 5.5). The sample was then left to warm to room

temperature for initial scans of the surface.
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Figure 5.5: In-situ images of a) before and b) after cleaving using a thin copper wire
and silver epoxy. The sample was cooled to 100 K prior to cleaving. A thin layer of
the BSCCO sample can be seen affixed to the copper wire post-cleaving.

5.2 Topography

Topography scans were taken of the Bi-2212 surface at room temperature with a gold
tip (Fig. 5.6). There are row-like zig-zag patterns across the surface that appear
periodically across the surface. There are also large dark areas in the rows. The
periodic rows are 2.3 + 0.3 nm in width, in agreement with the 2.6 + 0.15 nm value
from literature [78]. The zig-zag lines between the rows shown in Fig. 5.6 were first
believed to be caused by empty Bi sites on the surface [78]. However, the 'missing’ Bi
atoms are simply moved due to the sinusoidal behaviour of the rows. This behaviour
is due to the oxygen atoms being shared by both the Bi atoms on the surface layer
and the Cu layer below. Since the bond between Cu and O is stronger than the
Bi-O bond, the Bi atoms will move to a more energy-favourable position in order to
compensate for the stronger Cu-O bond. This causes strain from both compression
and extension of the bond length, meaning the Bi atoms will also move to compensate
for these changes in bond distance allowing for empty Bi sites [79].

Fig. 5.7 shows a closer, 5 nm x 5 nm image of the BiO surface of Bi-2212 taken
at room temperature with a gold STM tip with scanning parameters of 1 V bias
and current setpoint of 0.12 nA. The image shows bright spots periodic across the

surface. These bright spots correspond to Bi sites on the surface, indicative of the
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Figure 5.6: Topography images of BSCCO-2212. Images were taken using a gold tip
at room temperature in UHV conditions with a bias voltage of 1 V and a current
setpoint of 0.12 nA. a) is a 50 nm x 50 nm image showing the superstructure of the
BiO layer, while b) is a 25 nm x 25 nm image of the same area. The slight bend at
the top of each image is caused by a drift in the piezoelectronics of the scan head at
the start of the scan.

cleaving plane of Bi-2212. The low-resolution of the Bi sites is due to the image being
performed at room temperature, likely due to lattice vibrations. The Bi atoms are
still expected to have a sinusoidal pattern that will be difficult to map with the unit
cell alone. The spacing between the clear bright spots was measured to be 4.2 4+ 0.2

A which is consistent with a previous measurement of 4.1 + 0.3 A [78].
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Figure 5.7: 5 nm x 5 nm image of the BiO layer of BSCCO-2212. The topography
scan was taken at room temperature under UHV conditons with a gold tip, a bias
voltage of 1 V, and a current setpoint of 0.51 nA. The Bi-O plane of the unit cell
with a-b-directionality is placed on the left of the image for reference, while a to-scale
plane is placed on the image as a guide to the eye for atomic resolution. The b-axis
is parallel to the dark rows [78, 79].

5.3 Spectroscopy

I-V and dI/dV curves were taken simultaneously on the surface of BSCCO with
a tungsten STM tip. The dI/dV (conductance) curves were taken using the bias-
modulation method. Conductance measurements of Bi-2212 were performed at 100
K using liquid nitrogen (Fig. 5.8 a)) and at 55 K cooled by liquid helium (Fig.
5.8 b)). Features in the 100 K cooled data are not obvious. In contrast, the Cu-O
semiconducting gap is more pronounced in the 55 K measurement. The expected Bi-
O gap is not visible in either measurement. The two measurements were performed on
different days. The step size of the 55 K measurement was decreased in order to resolve
the features. The BiO gap and Cu-O pseudo gap are expected to be approximately
300 meV and 100 meV, respectively [71, 75, 77]. The value of the Cu-O pseudo gap
matches the value expected from literature. However, the expected pseudogap and

BiO gap values in the 100 K conductance measurement are not visible, likely due to
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Figure 5.8: a) I-V (black solid) and dI/dV (blue dashed) curves taken at a bias voltage
of 1 V a current setpoint of 40 pA with a voltage range of -0.25 to 0.25 V at 100 K
sample temperature. b) Comparison between dI/dV curves taken at 100 K (from a))
and taken at 55 K. The blue dashed lines in both figures correspond to the BiO gap
and Cu-O pseudogap of 300 meV and 100 meV, respectively. The black horizontal
line represents the zero of the 100 K data, while the zero of the 55 K data corresponds
to the bottom of the graph.
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noise in the measurement. This noise can arise primarily due to thermal drift from
cooling the sample. Given the feedback loop is off, any heat transfer between the
sample and the tip will cause the sample to expand or retract, and thus the cause
the tip-sample distance to change between measurements. [-V measurements with
a smaller voltage step size may also resolve the missing features in both the 100 K
and 55 K measurements. It is also important to note that the dI/dV conductance
curves were not normalized using the I-V curve as is conventional, as this introduced
undesirable numerical anomalies around Vpe=0 V. Instead, it was simply normalized
to unity.

Expected is a sharper increase about the pseudogap gap lines in the spectra given
the temperature of the sample. The 55 K measurements are indeed sharper than
the scan at 100 K. It has been shown at higher sample temperatures the gap peaks
starts to soften, indicative of a loss of the superconducting state [80]. The Bi-O
gap expected is not visible, likely due to the noise from the conductance scan. Fur-
ther experimentation with different current setpoints (tip heights) as well as different
scanning parameters could achieve better resolution of the two gaps.

The I-z curve in Fig. 5.9 shows four measurements taken using a tungsten STM
tip. The apparent barrier heights were calculated using equation 2.21. We see that
although the data was taken using the same 0.1 V bias voltage and 100 pA current
setpoint, the values for the apparent barrier height vary from 0.95 eV to 1.74 eV,
leading to an average value of 1.4 4+ 0.4 eV. This average does not agree with the
value found by Sugimoto et. al. of 5.3 + 0.4 eV [81]. This could be due to the
stability of the tip with respect to the sample surface, causing the distance-current
response to also be unstable. It is also possible the tip was not close enough to the
sample during the initial stages of the acquisition. Using a higher current setpoint
and a lower bias voltage would allow the tip to begin closer to the sample. Finally, the
sample used in this work was purchased long before the results of this study, leading

to the possibility of degassing of the doping oxygen from the sample over time in the
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Figure 5.9: I-z curves of the BiO surface of BSCCO-2212 at 100 K with a W tip. The
tip height was kept constant prior to measurements with a bias of 0.1 V and a current
setpoint of 0.1 nA for each measurement. The apparent barrier heights (ABH) of each
slope were calculated using Eq. 2.21.

UHV system.

5.4 THz-STM of the Bi-2212 Surface

THz-STM was performed on the BSCCO surface at 100 K using liquid nitrogen and
with a tungsten STM tip. Fig. 5.10 shows the measured THz-induced current as a
function of the electric field at the peak of the THz pulse in the tunneling regime.
The height of the tip was kept fixed by turning off the feedback loop at a setpoint
of 100 pA and bias voltage of 0.4 V. The I-E curve provides a measure of the THz
electric field required for a THz current response from the sample. The electric field
is increased until a sharp signal is observed. This allows for a choice of low electric
fields to avoid possible damage to the sample surface. In this case, the onset of the
I-E curve begins at 200 V/cm THz field.

Fig. 5.11 shows preliminary results of a THz-STM scan using the 200 V/cm THz
peak electric field determined by the I-E curve in Fig. 5.10 in a 20 x 20 nm window.
The scan speed was calculated such that the lock-in time constant was synced with the

number of pixels per line to achieve the three images simultaneously. The topography
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Figure 5.10: THz-STM Iy, — Etpzpeax curve on the BSCCO surface. The curve was
taken at 100 K with a W STM tip. The DC current was constant with a current
setpoint of 100 pA and a tunnel bias of 0.4 V.

image shows the zig-zag pattern of the BSCCO surface. However, the DC current
channel shows a shadow of the topography image. Since the feedback loop was set to
constant current mode, it is expected that the DC current channel remain constant
over the scan. A reason for this stems from the gain and time-constant settings
on the feedback loop. As the tip approaches a feature such as a step edge, the
DC current measured by the STM head will increase, signalling a change in height to
compensate for the DC current setpoint. At a low gain, the feedback loop takes longer
to adjust, and thus a shadow of the topography appears on the DC current channel.
Although this DC bias shadow should not appear in the THz current channel given
the THz current is measured via lock-in detection, the frequency from the change in
the feedback loop could be enough to cause a false-signal in the THz current channel

that is larger than the small THz currents expected.

5.5 THz-Induced Surface Damage

Damaging the surface of a sample of interest could prove useful in sample experiments,

specifically composite materials with large unit cells. It is possible to cleave the surface
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Figure 5.11: THz-STM of the BSCCO surface showing a) Topography channel, b)
DC current channel, and ¢) THz induced current channel. Scanning parameters are
0.4 V bias, 100 pA setpoint, and a peak THz electric field value of 200 V/cm. The
center of the image is smeared likely to a change in the tip surface during scanning.

of a sample with high electric fields due to high current densities. Fig. 5.12 a) shows
the Bi-2212 sample prior to high THz fields, while Fig. 5.12 b) shows the damaging
effects caused by a static STM tip with a THz electric field peak of 600 V/cm.

The surface changes from the typical superstructure expected for the BiO layer of
BSCCO to a surface filled with defects. Unfortunately, a smaller window scan was
not possible due to bad resolution of the image likely caused by tip deformities from
the damage caused on the surface. This damage could prove useful to observing the
planes under the BiO surface. As stated previously, the typical cleave plane is that
of the BiO layer. Meanwhile, the superconductivity arises in the CuO layer found
beneath the surface of the BiO layer in the unit cell. High THz fields coupled to

the STM tip could expose the lower Cu-O layer and would allow a direct surface
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Figure 5.12: Determining surface damages to Bi-2212 caused by high THz electric
fields. a) The surface before is clean with the superstructure visible. b) The surface
has nanometer sized holes caused by the THz electric field coupled to an STM tip
while tunneling.

measurement of that layer. This would also allow a comparison study using a step
edge between the two layers of the crystal and the ability to possibly observe and

simultaneously compare the dynamics of the two layers [82].
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Chapter 6
STM of Au(111)

Gold is a transition metal from the group 11 family of the periodic table. Gold is
also a noble metal with a naturally occurring face-centered cubic structure (FCC)
in bulk with a lattice constant of 4.08 A [83, 84]. One of the first reported STM
measurements of Au(111) deposited on Mica were performed by Hallmark et. al. in
1987 [85]. Since then, it has been used as a substrate for multiple STM experiments
due to its stability in air and vacuum, its closed-packed structure, and that it is easy
to prepare a flat surface for deposition [86]. Gold is also an interesting STM subject
due to its surface reconstruction, one of the only FCC metals to exhibit such a surface

effect [87].

6.1 Au Deposition and Preparation

Gold was deposited on a thin Mica substrate in a vacuum deposition chamber using
an evaporation technique. Mica grade V1 (Ted Pella, Inc.) was used as the deposition
substrate. The gold was evaporated under a vacuum of 2x107° torr and at a rate of 0.2
nm/s until an approximate thickness of 50 nm was deposited. Then, before mounting
the sample into a sample puck, the surface was flame annealed using a hand torch for
one minute to smooth the surface. The sample was then placed unto a sample puck
and put into the load-lock chamber of the STM system where it was baked for 12

hours at 120 °C to remove any organic materials that may be present on the sample
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Figure 6.1: a) Before and b) after two rounds of Ar bombardment and annealing.
The effects of the annealing cycles show a cleaner surface with a better resolution of
the surface features. The two images were performed on different areas of the same
gold surface. The scale bar on the right corresponds to the relative surface height in

b).

or the sample puck.

In-vacuum preparation was also completed in the preparation chamber of the UHV-
STM system. The sample was first argon bombarded at a 30° angle of incidence
onto the sample for 30 minutes. Then the argon was evacuated and the sample was
annealed at 400°C for 40 minutes. After a 20 minute cooling period, the sample
underwent nine more cycles of Ar bombardment and annealing. An example of the
gold surface before and after annealing is shown in Fig. 6.1. It is difficult to scan the
same region after the sample is removed for annealing, thus the surface topography is
different. However, the surface is cleaner and more compatible with higher resolution

scans.

6.2 Surface Reconstruction of Au(111)

Topography scans were performed on the gold surface using a gold STM-tip at 100
K as shown in Fig. 6.2. Both images show the herringbone type reconstruction
surface indicative of Au(111). This herringbone reconstruction is attributed to a
stacking fault of the topmost gold layer induced by surface elastic strain [88]. This
surface strain causes a second structure, hexagonal-closed-packed (HCP), to appear
in between two domain walls. These domain walls are the bright, parallel lines seen
across the gold surface, and denote the transition between the FCC stacking and the

HCP stacking. Given the energetically favourable stacking of FCC in bulk gold, the
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Figure 6.2: a) 200x200 nm and b) 100x100 nm topography images of Au(111) at
100 K using an Au tip. Scans were performed using a voltage bias of 1 V and a
setpoint of 0.4 nA. The herringbone structure of the reconstructed surface of the gold
is indicative of a clean Au(111) surface.

FCC region of the surface is larger than the HCP region. Two different forces cause
the bending of the domain walls. There is a long-range stress on the surface that
favours a contraction, while a more local stress favours a uniaxial contraction [87].

Fig. 6.3 shows a single line topography scan across the herringbone structure in
Fig. 6.2. The length of each pair of peaks, the domain-HCP-domain region, was
measured to be 5.8 + 0.2 nm, corresponding well with a previously measured value of
6.3 nm from [88]. The height of the peaks from the corresponding valleys was found
to be 0.14 & 0.03 A aligning well with previous experimental values of 0.15 & 0.04 A
from [89] and 0.20 4 0.05 A from [88]. The individual peak-to-peak distances for the
domain walls, the HCP region, have a measured distance of 2.2 4+ 0.2 nm while the
length of the larger valleys, the FCP regions, correspond to a distance of 3.6 £ 0.2
nm. Previously recorded values of the HCP region and FCC region are 2.7 to 2.9 nm
from [88] and 2.2 nm and 4.4 nm from [89], respectively. Also, DFT calculations
performed by Hanke et al. have lengths of 2.8 nm for the HCP region and 3.8 nm for
the FCC region [90].

Of note in the images are what seem to be surface anomalies appearing as bright
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Figure 6.3: a) A cropped image from Fig. 6.3 b). The black line in the image is a line
scan across the surface. b) The resulting topography scan with the peaks denoted by
dashed grey lines. The HCP and FCC regions of the herringbone reconstruction are
shown, with the peaks being the domain walls between the two regions.

spots in the topography scans. These spots are likely due to surface contaminants
on the gold or extra gold atoms at the surface that cannot ’fit’ into the surface
reconstruction space. The kinks in the herringbone structure have been known as
nucleation sites due to the inhomogeneity of the FCC-HCP lattice sites [91]. This
can be explored further with sub-monolayer deposition on the herringbone surface.
Another interesting feature of the herringbone reconstruction of the Au(111) sur-
face is the tensile reconstruction around new surface defects. Fig. 6.4 shows STM
images before and after the STM tip came into contact with the gold surface. Before,

the surface topography has the typical structure. Once the tip came into contact
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Figure 6.4: Effects of new surface defects on the herringbone structure of Au(111). a)
Au(111) topography scan prior to the introduction of a surface defect. b) The same
area as a) after the tip made contact twice to the surface. ¢) A smaller region scan
of the defect area. The herringbone pattern changes around the introduction of the
new surface defects.

with the surface, new sample defects (holes) were introduced. The herringbone pat-
tern then deviated from its original path and adapted to these new defects. It would
appear that the segment where the herringbone structure meets the defect ends and
buckles, and the segments surrounding the defect alter their path. This is due to
the defect creating some stress relief on the surface. Scans over a longer period of
time would show these holes either changing position relative to their surroundings
or disappearing entirely due to the diffusion of the Au atoms [92]. Effects at a farther
distance could also be expected, such as newer kinks in the structure, but this was

not observed in this study.

6.3 Surface Spectroscopy on the Au(111) Surface

Spectroscopy on the gold surface was performed using a tungsten tip at 100 K. Fig.
6.5 a) shows the I-V and dI/dV (conductance) curves taken from -0.5 to 0.5 V bias
with the tip height set from a voltage bias of 0.4 V and current setpoint of 50 pA
prior to the feedback loop being deactivated. The conductance curves were taken
using the bias modulation method outlined in section 2.4.

Previous experiments on the conductance of gold were performed by Davis et. al
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[93]. In their experiment, they observe the same energy shift towards the positive
voltage. However, they also observed a peak at -350 mV. This peak is due to a
Shockley state of the surface of the gold, and is expected to extend across a large
area. Also, this feature is amplified close to a step-edge or a defect [94]. It is possible
that this feature appears through the noise floor of the conductance curve. Taking
curves with a more localized bias range about the suspected region would likely show

this Shockley state on the surface.
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Figure 6.5: Scanning tunneling spectroscopy performed on the gold surface. Spec-
troscopies were performed at 100 K using a tungsten tip. a) -V curve (black, solid
line) and corresponding dI/dV curve (blue, dashed line). Initial tip heights were de-
termined using 1 V bias and 50 pA setpoint. b) I-z curves of the gold surface. The
initial tip height was set by a bias voltage of 0.4 V and a current setpoint of 50 pA.
The black dots correspond to the experimental data while the red line corresponds
to the model from equation 2.21. The calculated apparent barrier height is 3.2 + 0.2
eV.

Fig. 6.5 b) shows the I-z curve taken at the surface of the gold sample using a
tungsten tip. The data is plotted on a semilog axis to match the model from Eq.
2.21. The noise floor from the pre-amplifier is visible as the tip distance increases.
This noise floor matches the manufacturer specifications for the pre-amplifier. The
data on the noise floor were not used in the calculation of the apparent barrier height.
A low bias voltage of 0.4 V was used for the measurement with a current setpoint
of 50 pA. The data shown is an average of 5 curves taken at the same position on
the sample. The apparent barrier height was found to be 3.2 4+ 0.2 eV. Although the

workfunction for gold is approximately 5.1 eV, the apparent barrier height may be
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different due to reasons outlined in section 2.4. Nevertheless, the reported value in
this work corresponds poorly with a previously reported value of 2.5 eV [88].

The apparent barrier height is dependent on the tunneling parameters, as well as
the tip material. A barrier height of 1.85 eV was reported using a tungsten tip with
tunneling parameters of 50 mV and 0.46 nA [95]. For a gold tip, a barrier height of 1.9
+ 0.2 was found using 0.5 V and 50 pA [96]. An attempt was made to determine the
apparent barrier height with gold STM tips. However, the results were inconclusive.
It would be prudent to do a similar study based on the tip-sample distance with
different STM tips.

It has also been reported that the value of the apparent barrier height will lower
by a value of 0.3 eV based on the location of the tip due to the herringbone structure
[95]. They attributed this change to electric dipoles that arise on the dislocations.
By modulating the tip during a scan and reading the output change in tip height
through a lock-in amplifier, they were able to map the apparent barrier heights over
the scanned surface. The ability to determine the apparent barrier heights in such
a fashion would give good insight into the behaviour of the surface at areas such as
step-edges and surface defects.

It is also possible to compare ABHs from different metals given their close work
functions. Yang et al. reported the ABH of copper using a tungsten tip with similar
[-z parameters of 0.5 V bias and 50 pA current setpoint using the same system as
this study [40]. In their study, the ABH of copper was reported to be 4.2 eV. Given
the work function of gold is 5.1 eV and the work function of copper is 4.7 eV, and
both measurements used a tungsten tip, a difference between the ABH values are on
the order of half the difference of the work functions is to be expected. The difference

comparing this study to Luo is 1 eV, outside the expected value of 0.2 eV.
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Chapter 7

THz-STM of Ag-coated Au(111)

Much like gold, silver is a transition metal from the group 11 family in the periodic
table. Also similarly, the bulk silver crystal lattice is face-center cubic (FCC). One
of the main differences between silver and gold is the surface of silver does not re-
construct, allowing it to be a suitable substrate for materials without extra chemical

preparation to achieve an atomically flat layer [87].

7.1 Sample Preparation

Silver was deposited in the preparation chamber of the STM using an evaporation
technique similar to that of section 6.1. The substrate used was the gold substrate
observed in Chapter 6 due to the clean, flat surface indicated by the herringbone
structure. The deposition was done at a pressure of < 1x10~® torr at a deposition
rate of 0.1 A/ second until roughly 3 nm of material was deposited. The silver was
then annealed at 250°C for 15 minutes using the transfer arm and filament heating

technique.

7.2 Topography

Topography scans were performed on the silver surface at 100 K using a tungsten tip
with scanning parameters of 1 V bias and 0.35 nA current setpoint. Fig. 7.1 a) shows

a 200x200 nm window, where the silver has deposited as mounds of varying height as
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opposed to a flat surface. Fig. 7.1 b) shows a 100 x 100 nm scan window using the
same scanning parameters of a step edge. It appears that the herringbone structure
of the gold sample from chapter 6 has been replaced with mounds and valleys with

no visible herringbone reconstruction on the surface.

a)

Figure 7.1: a) 200x200 nm and b) 100x100 nm topography scans of approximately 3
nm of silver deposited on Au(111) from Chapter 6. Scans were taken at 100 K using
a W-tip with a bias of 1 V and a current setpoint of 0.35 nA.

A closer 5 x 5 nm window was scanned as shown in Fig. 7.2 using 1 V bias and
0.35 nA scanning parameters. There appears to be 'fuzzy’, periodic objects across the
scan window with some directionality. Although difficult to discern, an estimation
was made on the diameter of the objects. The diameter of the objects are 2.7 4+ 0.4
A, agreeing with the metal diameter of silver at 2.88 A.

The nearest neighbour distance between the atoms in the image is 0.24 + 0.06 nm.
Assuming a lattice constant of 0.408 nm for the FCC lattice of silver [97], the nearest
neighbour distance expected is 0.29 nm for the (111) surface. The experimental
results are within error of the theoretical value. However, the error is large due to the
quality of the image. Changing the scanning parameters of the gain of the feedback
loop could aid in the resolution of these features. Also, The diameter of gold and
silver are approximately the same, meaning that the size of the atoms is not sufficient

to determine the type of metal at the surface [98]. That said, given the long range
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topography of the surface and the lack of a visible herringbone structure it safe to

say that the surface under investigation is indeed silver.

Figure 7.2: 5 x 5 nm topography scan of the Ag(111) surface deposited on Au(111)
with scanning parameters of 1 V bias and 0.35 nA current setpoint. Streaks in the
image are due to tip changes while scanning.

7.3 Dependence of the Apparent Barrier Height
with Bias Voltage and Current Setpoint

The current setpoint of the STM system will set the tip-sample distance, and from
Eq. 2.21 the apparent barrier height (ABH) is affected by the bias voltage. Given the
equation assumes a very low bias, an assumption can be made that at higher biases
the value of the ABH will lower due to the contribution of the voltage bias.

Fig. 7.3 a) shows the ABH of the silver surface at different biases using a constant
current setpoint of 50 pA. The ABH value for tends to increase until a bias voltage
of 0.6 V, then decreases. A jump in the value occurs at 3 V bias, then the ABH
value decreases once more. Fig. 7.3 b) shows the ABH on the silver surface over
changing current setpoints with a constant voltage bias of 1 V. The trend is linear

about 4 eV. For each measurement, five I-z curves were averaged and the ABH was
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Figure 7.3: Apparent barrier height measurements of the silver surface using a tung-
sten tip and calculated using Eq. 2.21. a) The apparent barrier heights measured
with a constant setpoint of 50 pA over different biases. b) The apparent barrier
heights measured with a constant voltage bias of 1 V over different current setpoints.

calculated from that averaged slope. This was done three times per setpoint and
voltage. The three values of the ABHs were averaged, and the error bars signify the
range of the three values measured. The error bars for the small voltage biases are
large, signifying a range of values for the ABH. The measurements for the constant
setpoint were more consistent save for the values at 300 pA and 400 pA.

Fojtik et. al. observed the same downward trend for the ABH for a bias range of
1 to 2.5 V attributing the increase of the distance between the Fermi level of the tip
to that of the sample, tilting the barrier such that the average height of the barrier
is smaller (see chapter 2 for more information) [99]. However, the actual values of
the ABH between their experiment and those of this study are different. This is
likely due to the setpoint used here of 50 pA while the setpoint in the mentioned
experiment is 3 nA. The jump of the value of the apparent barrier height at 3 V
could be attributed to a change in the tip shape due to a possible tip-surface crash.
From Luo et.al. it is expected that for a metal-metal tunneling process the apparent
barrier height continuously decreases at increasing biases due to the increase of the
tunneling probability for biases close to the workfunction of the sample [40]. Also
expected would be a decreasing barrier height as the tip approaches the sample due

to the image potential (see section 2.3). This downward trend does appear in the
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ABH values from 0.6 V bias to 0 V bias.

The apparent barrier height value of 4.0 £+ 0.5 eV from Fig. 7.3 b) agrees well with
3.8 eV from previous experiments [100]. Interestingly, the average barrier height does
not quite coincide with the value of the apparent barrier height at 1 V for a setpoint
of 50 pA from Fig. 7.3 a). This could be due to the mentioned tip changes discussed
above since the [-z curve and apparent barrier height values are also dependent on the
tip shape. If the surface of the tip significantly changes between the measurements
such as a bend due to contact with the sample surface, the measured tunneling current
may also differ. Other factors include piezo drift from the system and thermal drifts
from STM tip operation. Also, a rapid scanning time between individual scans could
also affect the ability of the tip to return to the same initial relative distance than
previous scans. Having a longer wait time between measurements and ensuring the

temperature

7.4 Optical-Pump/THz-STM-Probe of Ag Deposited
on Au(111)

An aspect of the THz-STM is the ability to do optical-pump/THz-STM-probe mea-
surements on the surface of a material. While the THz pulse is coupled to the tip of
the STM system, a separate optical femtosecond pulse can be used to photoexcite car-
riers on the sample surface. This increases the number of carriers available to tunnel,
increasing the current between the sample and tip, and can be measured the same
way as a typical STM scan. This can be done in the tunneling regime where the tip is
in tunneling range of the sample surface. It is important that the pump power is small
so that the feedback loop does not raise the tip out of the tunneling regime due to the
increased current from excited carriers. Fig. 7.4 a) shows the electro-optically sam-
pled (EOS) waveform as per section 3.2. The negative polarization of the THz pulse
is denoted by the absolute maximum of the electric field in the negative. Fig. 7.4 b)

shows the optical-pump/THz-STM-probe waveform measurements with a tungsten
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tip in the tunneling regime on the silver surface at increasing negative THz electric
fields. The tip bias was set to -0.8 V to maximize the THz current based on the I-V
curve taken at the junction, and the current setpoint was set to 20 pA. This setpoint
allows for a safe tip-sample distance during the scans. The pump pulse was centered
at 800 nm with a fluence set to 33 nJ. A line was drawn at the 0 ps time delay for
comparison with the positive peak of the electro-optically sampled waveform. Each

waveform is obtained through averaging five measurements.
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Figure 7.4: Optical-pump/THz-STM-probe measurements taken on the Ag surface
using a tungsten tip at 100 K. a) The electro-optically sampled waveform with neg-
ative polarization. b) The optical-pump/THz-STM-probe results at varying THz
electric fields at the peak. The two grey lines denote the average positive current
peak position set to zero time delay to align with the EOS pulse.

The waveforms have a relatively similar shape to the electro-optically sampled
waveform. The onset of the positive peak begins at -0.7 ps for all waveforms. The
peak appears to center at about 0 ps, then decreases until 0.7 ps, much later than the

EOS waveform. This broadening of the peak is due to a convolution of the optical and
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THz waveforms in the tip-sample junction. These changes from the EOS waveform
demonstrate a different dynamics arising from the excitation of the surface. However,
it is difficult to determine the exact phenomena.

Possible explanations could be the antenna coupling of the THz to the tip, the
shape of the tip, photoexcited carriers, or hot electron effects. Also, the tip could
be outside the tunneling regime due to the current from the pump. In future work,
to determine if the tip is within the tunneling regime, an I-z curve can be taken.
If the current significantly changes while the tip is retracted, then the tip is in the
tunneling regime. If the current does not change with changing tip height, the tip
is outside the tunneling regime. A signal in the tunneling regime would allow for

optical-pump/THz-STM-probe scans.

7.5 Optical-Pump/THz-Probe with Photoemitted
Carriers and Different Pump Beam Placements

Optical-pump/THz-probe experiments were also performed on both the silver de-
posited on gold and a new gold sample prepared using the same methods as outlined
in chapter 6. The measurements done for these experiments were performed with the
tip retracted approximately 100 nm away from the sample surface. This ensures no
tunneling is occurring between the tip and sample under normal operating conditions.
For the following results, all experiments were performed with a THz electric field of
-600 V/cm at a sample temperature of 100 K with a tungsten STM tip. The pump
beam wavelength was centered at 800 nm with a 136 nJ pump fluence for the gold
measurements and the silver measurements used a pump fluence of 112 nJ. Three
waveforms were sampled and averaged for all data in this experiment.

Fig. 7.5 a) shows a schematic of the p-polarized pump beam locations during
the experiments. The positions, tip size, THz pulse size, and positions relative to
the tip are not to scale. The pump beam was moved in a line across the sample at

approximately 0.2 - 0.4 mm intervals, with the tunneling junction centered across the
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line. At each position, the pump beam was verified to not be incident onto the tip
via reflections off the surface. The angle of incidence of the pump and THz beams
are 40° and 35° with respect to the sample surface, respectively. The spot size of the
pump beam is 0.2 mm in diameter.

Fig. 7.5 b) and ¢) are the THz-induced current at the tip-sample junction of the
STM with pump beam illumination for the gold and silver samples, respectively. The
zero lines are denoted by dashed lines to indicate the peak of the THz waveform.
The peak current value from the silver sample is five times larger than that from the
gold sample, indicating a stronger response from the surface. However, the form of
each waveform are very similar to each other, with the reflection due to the tip at
the same 14.5 ps mark. Given the THz electric fields at the peak were negative, a
negative current at the peak could be expected for both samples. However, it appears
that the strongest current value is positive.

Fig. 7.5 d) and e) are the THz-induced current for different pump positions. The
dashed vertical line in the figures denote the 0 ps time delay relative to the 0 ps
position of the tunneling waveforms from b) and ¢) for gold and silver, respectively.
The current waveform at position 3 was normalized to unity given it had the largest
current response, and the waveforms of the other positions were normalized to the
position 3 maximum. This was done separately for the silver and gold samples.
Although not indicated on the figures, the values for the current in the gold sample
are still five times less than the currents for the silver sample. The waveforms of the
two farthest pump beam configurations on the gold sample are either too small to see
through the noise floor or the signal is not strong enough to allow the THz waveform
to be sampled at the junction. This is not the case for the silver sample, where small
bumps in the waveform can be seen outside of the noise floor of the system. The
first positive peak for each position in both experiments appear to shift relative to
the 0 ps reference point from the photoemission waveform. Waveforms probed from

pump beam positions 1 and 2 have a positive time delay relative to the peak at the
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Figure 7.5: Photoemission-assisted measurements of the gold and silver surfaces at
100 K using a tungsten STM tip retracted 100 nm away from the sample surface
using a p-polarized 800 nm laser pulse. a) A schematic of the locations of the pump
beams relative to the tip-sample junction are numbered, while the THz pulse is al-
ways focused onto the tip-sample junction. b), ¢) Photoemission-assisted waveforms
taken with the pump beam at the tip-sample junction of the gold and silver samples,
respectively. d), e) THz waveforms probed at the tip-sample junction at different
pump beam positions of gold and silver, respectively. The dashed lines indicate the
zero time delay of the peak of the tunneling waveform. All currents were normalized
with the same value, thus the amplitudes of the currents are relative. f), g) I-V curves
taken with the THz focused onto the tip-sample junction with different pump beam
positions of gold and silver, respectively.
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tip-sample junction. Waveforms probed from pump beam position 3 and 4 have a
negative time delay with respect to the waveform at the tip-sample junction. This
is also seen with the reflection at 14.5 ps of the tip-sample waveform, although it is
difficult to ascertain in many of the gold results and in the farther pump positions in
the silver results. Finally, the general appearance of the waveforms change based on
the location of the pump-beam. None of the waveforms appear to match in shape to
the waveform from the tip-sample junction. It does appear in the silver sample that
the peaks in the waveform from pump position 2 are getting repressed the further
away the pump moves from the junction. The same observation is made with pump
position 3 to pump position 4.

Although the current amplitudes from the silver sample are larger than that of the
gold sample, the shape of the waveforms remain consistent with the pump position.
The time delay of the positive peaks are also consistent with the pump position
between samples. This is a good indication that the pump placement plays a role on
the probed THz current. The time difference between the positive peak of the THz
current while the pump is incident to the tip-sample junction and elsewhere may give
some insight into the photoemission-assisted measurements. With a more precise
method of measuring the distance from the tip to the pump beam, a speed may be
calculated and compared to various phenomena such as surface plasmon polaritons.
However, some of the probed peaks have a negative time difference when making this
comparison. It would be expected that the farther distance travelled away from the
tip, the longer time it would take to travel. This would give a positive time difference
for every position. This might be explained by the tip being angled onto the sample,
the sample itself not being flat in the STM system, and the onset beam length may
also change based on changing the position from the onset mirror.

Fig. 7.5 f) and g) are the current-voltage responses of the system at varying
pump positions relative to the tip-sample junction for the gold and silver sample,

respectively. The I-V curve of the pump pulse in the tip-sample junction is also
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shown. For each of the I-V curves, the THz pulse was incident onto the tunnel
junction. The difference in the maximum currents at -10 V bias is more than ten
times higher for the silver sample than the gold sample. The I-V curves for the pump
beam at the furthest positions from the tip-sample junction for the gold sample trends
to 0 nA at 0 V bias while the farthest pump positions do not cross the 0 nA line,
instead trending towards 0 nA at high positive biases. The slopes of the I-V curves for
similar and opposing pump distances relative to the tip-sample junction in the silver
sample are consistent, while the slopes in the gold sample are mismatched. The I-V
curves for the gold and silver samples in the tunnel junction have a similar current at
the positive voltage bias. However, the shape of each is different. The stronger current
response in the negative bias regime can be attributed to an influx of photoexcited
electrons from the sample to the tip. As the sample bias moves towards the positive
bias regime, the number of electrons flowing from the sample to the tip is reduced
until there is no current flow. The positive current response in the tunneling regime
for both the silver and gold samples show a flow of electrons from the tip to sample.
This is attributed to the pump beam affecting carriers on the tungsten tip. The trend
of the I-V curves in the negative bias regime coincides with the distance of the pump
to the tip-sample junction, meaning the number of electrons from the sample to the
tip diminishes the farther away the surface is pumped.

A final investigation on the sample surface is the polarity of the pump beam inci-
dent onto the surface at the same relative positions as outlined above. Fig. 7.6 shows
the I-V curves similar to Fig. 7.5 f) and g) with an s-polarized pump beam instead of
a p-polarized pump beam. The I-V curves follow the same trends for both p-polarized
and s-polarized light albeit with a diminished current response for negative biases for
s-polarized light. In both the silver and gold cases, it appears that current response
from the s-polarized pump positioned under the tip is stronger in the positive bias
regime, signalling s-polarized light couples to the tip better than p-polarized light.

The results also show there is a pump polarity dependence for photoexcitation of
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the surface carriers unto the tip and could signify multiple processes involved in the

photoemission-assisted measurements on the surface.
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Figure 7.6: I-V curves of a) gold and b) silver samples taken with the same pump
positions as outlined in Fig. 7.5 with an s-polarized 800 nm laser beam.

Experimental improvements can be made to further investigate the phenomena of
the surface. Observing silver deposited on mica instead of on a gold substrate could
prove useful for further comparisons. The pump beam spot size should also be con-
sidered given the approximate beam displacement on the sample surface. A smaller
beam spot size would allow a more focused area to be illuminated and the beam edges
to be properly moved away from the tip-sample junction to avoid any effects from
the edges of the beam. A more mechanical method of moving the pump beam would
assist in more accurate comparisons between samples. Finally, etching some reference
lines onto the sample surface as a reference distance in order to calibrate the distance
measurements from pump to the junction would assist in measuring the velocity of

the carriers from the different tip distances to the tip.
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Chapter 8

Conclusions

The work in this thesis used scanning tunneling microscopy, scanning tunneling spec-
troscopy, and THz-STM with the goal of observing the surfaces of superconductors
and metals, measuring their THz dynamics, and examining the intriguing behaviour
from photoemission-assisted measurements on metals. The first THz-STM scan of
the surface of Bi-2212 is also presented, demonstrating the capability of THz-STM to
possibly probe the superconducting dynamics of Bi-2212. The photoemission-assisted
measurements may be an indication of a new way of measuring photon-induced sur-
face dynamics of metals.

The topography and spectroscopy of Bi-2212 was observed using a UHV-STM sys-
tem. The topography scans and atomic bond lengths were compared with literature,
and coincided with previously published results. Conductance measurements ap-
peared to match predicted results for the semiconducting and superconducting gaps
of Bi-2212. However, the apparent barrier height measured did not match previous
values, likely due to surface contaminants and an outgassing of the oxygen layer due
to prolonged use in the UHV-STM system. Also, an attempt was made to perform a
THz-STM scan on the surface. Although the THz-STM scan of the surface of Bi-2212
yielded no discernable results in the image, the non-zero THz current response from
the onset of the THz electric field (I-E curve) is the first time THz-STM currents

have been observed on a superconducting surface and allows hope for future experi-
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mentation using THz-STM on the Bi-2212 sample. It would be interesting to further
cleave the BiO layer to access the CuO; layer, to look at the contrast between the
two layers in the THz-STM regime. Finally, it would be useful to take more I-V and
[-z curves on the surface to have a better idea of the apparent barrier height, with
and without the THz current.

STM topography and spectroscopy were also performed on a gold surface deposited
onto mica. The herringbone reconstruction of the gold is visible, and the widths of
the structures compared well to literature values. The change in the herringbone
structure was also observed around surface defects. From the spectroscopy data,
an apparent barrier height was measured and compared to previous results with a
tungsten tip. Future experiments will include conductance measurements about the
energy of the Shockley state of the surface. Conductance surface scans could also
be completed about the surface, especially about surface defects and step edges, to
characterize electron transport through the system. Further measurements of the
apparent barrier height with respect to current biases with THz modulation could
also give some insight into the tip height relationship.

Finally, silver deposited on a flat gold surface was also investigated. Atomic res-
olution was achieved on the silver sample, with good agreement with the expected
diameter and lattice spacing. A study of the apparent barrier height with respect to
changing voltage biases and current biases was also performed. The resulting trend
of the voltage dependence agreed with literature values for a small range of volt-
ages, but the values did not agree with other results on higher voltage biases. The
barrier heights with varying current setpoints remained at a consistent value of 4
eV, matching previous literature values. A smaller tip-sample distance prior to the
measurements could allow for a more consistent measurement.

Optical-pump/THz-STM-probe experiments were performed in both the tunneling
regime for the silver sample and with the tip retracted outside the tunneling regime

for silver and gold samples. The optical-pump/THz-probe results show the surface
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response to the incoming THz waveform with respect to the surface. While the
onset of the waveform matches well with the shape of the electro-optically sampled
waveform, the pulse is widened and suppressed. The results from the optical pump-
THz probe measurements where the tip is retracted away from the tunneling regime
are interesting, and not yet well understood. Studying silver with no gold substrate,
reducing the spot-size of the optical pump beam, and looking at different metal-on-

metal configurations may give some insight into this observed behaviour.
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