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ABSTRACT

Antimony telluride (Sb,Tes) is an important material with a wide range of applications in
thermoelectrics, data storage devices and topological insulator research. Our work on
femtosecond laser studies of Sbh,Tes films has significance for insights into femtosecond laser
interaction with Sb,Te; above the damage threshold, as well as providing a new pathway for
novel fabrication of highly-ordered nanostructured Sh,Tes. These new developments are made
possible by careful control of the laser scanning conditions, opening the way to future nanoscale

studies and materials applications.

The pump-probe scheme for the time-resolved studies employed a novel asynchronous
optical sampling (ASOPS) technique, which has distinctive advantages over the traditional
mechanical-delay scheme including superior stability of beam alignment during scans, faster data
acquisition rates, and the ability to monitor a much wider range of dynamics up to ten
nanoseconds. With ASOPS, it is shown that a sequence of connected processes can be studied in
Sh,Te; films, from coherent optical phonons and acoustic echoes at picosecond timescale,
through thermal transport at nanosecond timescale. In particular, the coherent phonons were used,
for the first time, to monitor the element segregation in Sh,Te; films under high-fluence pump
laser irradiation conditions. These results are important for the ultrafast spectroscopy research
community: they highlight the need for careful interpretation of coherent phonon spectra in
tellurides, which are susceptible to fs laser damage.

Femtosecond laser irradiation of Sh,Te; above ~6 mJ/cm? was also found to produce
highly-ordered nanotracks with a periodicity an order of magnitude below the laser wavelength.
A variety of characterization techniques identified these nanotracks as single crystalline Sb,Tes
nanowires separated by polycrystalline phases including a large amount of the insulating Sb,0s.
Laser irradiation in different gas environments revealed the sensitivity of the Sb,Te; surface

morphology to the surrounding gas species, especially O, highlighting the critical role of the
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ambient environment interactions with Sb,Tes for nanostructure formation in the thin films.
These results provide valuable experimental input for the future analysis of the generation
mechanism of these nanostructures. Additionally, the results open up new opportunities for

fabrication of in-plane Sh,Te; nanowires for planar applications.
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Chapter 1

Introduction

Since their first successful operation in 1960, lasers have seen an extensive range of
applications in almost every part of modern society, due to their superior spatial and temporal
coherence compared to other light sources. While the original continuous wave (cw) operation
continued to advance with a larger variety of active media and a wider range of applications, the
development of the pulsed operation of lasers in the 1980s has opened up completely new and
rich research regimes that have proved to be extremely useful. Capable of being focused to a spot
size of microns with all the energy of a pulse compressed to as low as a few femtoseconds,
pulsed lasers have shown their ability to detect ultrafast dynamics in materials with time
resolutions comparable to their pulse widths and to efficiently modify a great selection of
materials with extreme precision. These new capabilities of pulses lasers, otherwise difficult to
achieve with traditional detectors, or tools for material removal, have placed pulsed lasers in a

unique and critical position in both research and industrial applications.

Ultrafast pulsed laser spectroscopy is one of the most popular research applications. Here,
pump-probe measurements utilizing ultrafast laser beams have enabled temporal resolution
limited in theory only by the laser pulse duration. In this technique, a strong pump laser beam
strikes the sample and initiates an ultrafast process. This process may start with the electron
redistribution among energy levels due to the absorption of the photon energy, and then proceed
through a variety of dynamic processes following the relaxation of the excited electrons, such as
the excitations of optical and acoustic phonons and a lattice temperature rise. These dynamics
change the optical properties of the materials such as reflectivity or transmittance, which are
monitored by a weak probe laser beam. An ultrafast probe beam is usually used for capturing
dynamics on the time scale of femtoseconds (fs) or picoseconds (ps). In this configuration, the

arrival of the probe at the sample is delayed with respect to the pump excitation. By sending out



a train of pump and probe pulses and controlling the delay of the probe pulse relative to each
pump pulse, sample property changes as a function of time, and thus the ultrafast dynamics, can
be obtained. Characteristics of these dynamics contain vital information about the sample. For
example, coherent phonon frequency connects to the molecular composition, while its relaxation
time can be related to the crystalline quality of the sample. The laser pump-probe technique used
in this dissertation work mainly concerns the coherent phonon excitation for phase identification,
acoustic strain propagation for film thickness estimation, and heat transport for thermal
diffusivity measurements. Relevant theories and experimental techniques will be discussed in
detail in Chapter 2.

While material interactions with weak pulsed lasers have provided a nondestructive way to
gain insights into materials properties, interactions with a strong laser above a characteristic
threshold may introduce temporary or permanent modifications in the materials. For cw lasers,
the materials are altered mostly through the melting process from the temperature increase.
Pulsed laser interactions, on the other hand, include a richer variety of processes due to the high
concentration of photon energy deposited within an extremely short time. For semiconductors, a
sudden excitation of a large concentration of electrons into the conduction band may drastically
weaken the bonds in the lattice, and cause the so-called non-thermal melting, where the lattice
loses its ordering on a time scale of fs, considerably before the lattice temperature is significantly
raised to near the melting threshold [1.1, 1.2]. One manifestation of this process is phonon
softening in the laser pump-probe experiments, where the coherent phonon frequency down-
shifts as the pump laser power is increased and the bonds in the molecules weaken as a result
[1.3]. Similar bond-softening following high-intensity laser excitations has also been detected

with time-resolved X-ray diffraction studies [1.4].

In addition to material changes on an ultrafast time scale that may or may not be reversible,
lasers can also cause permanent modifications on longer time scales. A temperature rise from
prolonged laser irradiation can lead to phase segregation, evaporation or sublimation of the
segregated elements. This is especially evident in the technologically important chalcogenides,
whose relatively low thermal conductivity speeds up the temperature increase and subsequent
structural changes. For example, tellurides have been known to exhibit segregation in laser

Raman studies, where additional Raman peaks corresponding to tellurium appear after irradiation
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by the cw laser [1.5, 1.6]. While such an effect is less of an issue for pulsed lasers, those with
high repetition rates can be of great concern for materials with low thermal conductivities. In this
case, the heat generated from the previous pulse is not able to dissipate completely in the
material before the next pulse arrives. As a result, the residual heat builds up quickly, and the
material may lose its structural integrity through thermal processes or a combination of thermal
and ultrafast processes. However, while the ultrafast spectroscopy community has shown an
increasing interest in the chalcogenide compounds [1.7, 1.8], few have investigated the possible
modification effects from pulsed lasers with high repetition rates. Chapter 3 of this dissertation
aimed to address the necessity of careful interpretation of data from the pump-probe experiments

of chalcogenide compounds, by demonstrating tellurium segregation in Sb,Tesz as an example.

Although optical measurements involving lasers may bring about damage concerns, the
ability of lasers to modify or even remove materials have been utilized in areas such as cutting,
surface patterning [1.9], and pulsed laser deposition [1.10]. In particular, lasers have proved
handy in micro-processing materials that are challenging for mechanical cutting or chemical
etching [1.11, 1.12]. One interesting phenomenon observed in laser processing of solid materials
is the appearance of periodic ripple-like structures near the laser damage threshold of the
material. First demonstrated in 1965 on a series of semiconductors with a ruby laser [1.13], these
ripples have fascinated researchers in terms of their formation mechanisms, the resulting material
modifications on the macro and micro-scales, and potential applications. Among the ripples
induced by a large variety of lasers, the ones induced by ultrafast lasers have been particularly
interesting [1.14-1.17]. With their periodicity many times below the irradiation laser wavelength,
these deep sub-wavelength ripples are formed via a complex mechanism still not well understood.
It may involve an interplay of nonlinear processes depending on the specific material irradiated
[1.14-1.17]. Chapter 4 of this dissertation is concerned with the formation of these deep sub-
wavelength ripples on Sb,Tes thin films after irradiation by femtosecond lasers. Our work in this
chapter shows the ability of the femtosecond laser to not only tune the surface morphologies of
nanostructures on Sh,Tes, but also to create modulations of crystal structures and chemical
compositions on the nanoscale. The investigation of ultrafast laser-induced nanostructures,

through a variety of microscopic techniques, provides insights into the possible processes



involved in their formation in Sb,Tes, and offers avenues for possible applications of these

nanostructures in a variety of technology fields.

This dissertation focuses on one particular material: Sb,Tes. With unique applications in
the fields of thermoelectrics [1.18, 1.19], phase-change materials [1.20, 1.21], and more recently,
topological insulators [1.22], Sb,Te; has been attracting considerable attention from researchers
for several decades. Sb,Tes has a rhombohedral crystal structure, with two Sb ions and three Te
ions per unit cell. However, like other V-VI compounds such as Bi,;Tez and Bi,Ses, Sh,Tez can
be viewed in a more symmetric representation in terms of a hexagonal supercell (Figure 1-1). In
this representation, the c-axis of the supercell is along the same direction as the principal
symmetry axis of the rhombohedral cell. The supercell consists of three quintuple layers along
the c-axis separated by the weak van der Waals bonds. Therefore, like any other layered
materials with van der Waals gaps, it is very easy to peel off layers from Sbh,Tes. Each quintuple
layer consists of five layers of alternating Sb and Te hexagonal planes. Within the quintuple
layers, the bonds between neighboring layer is strongly covalent. Sh,Tes is usually populated
with intrinsic defects, which lowers its Fermi level well into the valence band and thus makes an
undoped Sh,Tes naturally p-type [1.18]. The Sh,Tes thin film samples in this dissertation were
grown with their surface in the c-plane by the MBE method in Prof. Uher's lab, aligned with the
[0001] direction of the Al,O3 substrate.

Single crystal Sh,Tes is regarded as one of the best bulk thermoelectric materials for room-
temperature applications. With a reasonable Seebeck coefficient around 90 uV/K and a low
thermal conductivity of 1.6 W/mK along the c-axis, the thermoelectric conversion efficiency of
Sh,Tes is among the highest in the bulk single crystal materials at room temperature [1.18]. If
Sh,Tes is alloyed with Bi,Tes to form the BiSbTe alloy, both n-type and p-type thermoelectric
materials can be produced with twice the figure of merit as that of Sb,Tes alone. To date, BiSbTe
alloy is still being widely used in room-temperature thermoelectric devices, such as small-scale

power generators and coolers.
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Figure 1-1. The crystal structure of Sh,Tes. The basis vectors for the hexagonal
representation (a, az, ¢), and for the rhombohedral representation (1, t,, t3), are displayed in the
left and right illustrations, respectively. c =30.4 A, a; =a, =4.25A, andt; =t, =t = 10.4 A.
The brown dashed box highlights one quintuple layer.

Additionally, Sb,Te; displays reversible phase change properties upon heating or laser
irradiation [1.23]. In this process, the material becomes amorphous when heated above its
melting point and then cooled rapidly, and re-crystallizes as the temperature is kept above its
crystallization temperature and below its melting temperature for a short time. Between these
two states, both the laser reflectivity and electric conductivity of the material differ greatly. This
unique property has enabled applications such as rewritable CDs and DVDs as stable memory
storage devices. Similar to its thermoelectric application, Sb,Tes can be combined with GeTe to
form the pseudo-binary material Ge,Sh,Tes with optimal phase change properties and fast time

response [1.21].

More recently, Sb,Tes has been shown to be a strong candidate for topological insulators,
which exhibit insulator-like properties within the bulk, and metal-like properties on the surface

[1.22]. This difference in the electronic properties of the surface and the bulk raises intriguing
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prospects for fundamental and applied studies in Sb,Te; and other potential candidates for

topological insulator systems.

The main goal of my dissertation is to obtain a better understanding of the laser interaction
with the technologically and scientifically important material Sb,Tes. This is achieved in two
series of experiments: 1. Detection of the phase decomposition and segregation induced by the
femtosecond lasers; 2. Investigation of the highly-ordered nanostructures formed by the

irradiation of the femtosecond lasers. My dissertation is arranged as follows:

Chapter 2 introduces the laser pump-probe techniques employed in the experimental work.
It starts with a description of the Asynchronous Optical Sampling (ASOPS) laser system used in
the pump-probe experiments, and moves on to the theories and experimental detection

techniques of coherent optical phonons, acoustic strains, and thermal transport.

Chapter 3 discusses the detection of phase modifications to the Sh,Tes thin films induced
by the pump laser in the pump-probe experiments. Complementary measurements from coherent
optical phonon spectroscopy with femtosecond lasers and micro-Raman spectroscopy with a cw

laser were performed to confirm the changes to the original Sb,Te; phase.

Chapter 4 presents the femtosecond laser's ability to induce well-controlled periodic
nanostructure on Sh,Tes thin films. Multiple characterization techniques were employed to
understand the dependence of the nanostructure morphologies on the irradiation parameters and
to reveal the modification to the crystal structure and composition of the original film.

Preliminary measurements on the ordered nanostructures were also presented.

Chapter 5 concludes the dissertation and suggests potential directions for further studies of

ultrafast laser interactions with Sbh,Te; and other chalcogenide compounds.
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Chapter 2

Laser Pump-Probe Techniques

This chapter concerns the various pump-probe techniques employed in the dissertation to
investigate the material dynamics using femtosecond lasers. The ability to probe over a wide
range of time scales is made possible by the novel configuration of asynchronous optical
sampling (ASOPS), a type of laser pump-probe setup that creates time delay via the slight
repetition rate difference between the pump and the probe pulse trains. The first section (2.1) of
this chapter will describe the working mechanism of ASOPS and the specific ASOPS system

used in the time-resolved measurements in the dissertation.

The remaining sections (2.2-2.4) of this chapter will discuss the three types of dynamics
studied using the ASOPS system. Section 2.2 talks about the optical phonons excited by ultrafast
laser pulses in transparent and opaque materials. These THz vibrations are commonly seen in
pump-probe experiments on Raman-active materials in the first few picoseconds following the
pump excitation. Section 2.2 reviews the theories related to the coherent optical phonons. The
experimental details and results on the specific sample of interest, Sb,Tes, will be left to Chapter
3, which explores laser-induced phase segregation with the help of optical phonons in Sbh,Tes.
Section 2.3 discusses the acoustic strains excited by ultrafast lasers. These strains usually present
themselves as echoes of GHz oscillations in the thin film settings, with the spacing between
neighboring echoes related to the speed of sound and the thickness of the film. This provides a
convenient way for estimation of sample thickness in the studies of Sb,Tes thin films. Both the
related theory and the experimental results in Sb,Tes thin films will be discussed in this section.
Section 2.4 reviews the transient thermoreflectance technique. This includes probing the ultrafast
carrier dynamics in the first few hundreds of femtoseconds, as well as the slow thermal transport
dynamics on the nanosecond time scale. All of these dynamics mentioned above will show up in

a mixed fashion in the time-resolved data of the pump-probe experiments. Separating and
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understanding the different excitations and time scales is crucial to the ultrafast studies of Sh,Te;

in this dissertation. This task is helped enormously by the ASOPS technique.

2.1 Asynchronous Optical Sampling

The laser pump-probe experiments in this dissertation employ a specific technique:
asynchronous optical sampling (ASOPS). First demonstrated in the 1980s [2.1], ASOPS started
to gain popularity in the most recent decade with the development of the more stable
femtosecond lasers [2.2, 2.3]. ASOPS differs from the traditional pump-probe setup in its
approach to control the time delay between the pump and the probe beams. For the traditional
setup, the pump and the probe are usually derived from a single mode-locked laser beam via a
beam-splitter. The relative time delay between the two beams is achieved by directing one of
them, usually the probe, to a retro-reflector on a mechanical delay line and varying the extra
distance the probe has to travel relative to the pump. However, the biggest inherent drawback of
this conventional method is the beam alignment instability as the retro-reflector is moving along
the delay line. This can pose a serious issue when studies of slower dynamics are desired. To
create a delay time of 10 ns, for example, it requires a delay line of 1.5 meters long, making it
virtually impossible to maintain beam alignment over the course of a complete scan. In addition,

its scan rate is limited by the movement of the retro-reflector.

ASOPS, on the other hand, is able to overcome the above disadvantages by creating the
time delay via a slight fixed difference in the repetition rates (Af) of two fs lasers phase-locked
together. If the repetition rates of the two lasers are f; and f,, and Af < f; and f,, the time delay
between each pair of pump and probe pulses will increase as multiples of Af/f,f, =~ Af /f? (see
Figure 2-1). The ASOPS approach involves no moving parts and thus eliminates the instability
problem inherent in the delay line method. The maximum time delay of the scan is 1/f, and
slow dynamics can be easily studied with lower-repetition-rate ASOPS systems (e.g., 10 ns for
our 100 MHz lasers). The time resolution of ASOPS is Af /(fB), where B is the detector
bandwidth [2.3]. In practice, the lower limit of Af is determined by the pulse widths and the
temporal jitter of the pulses. The amount of time it takes for one scan is 1/Af. Therefore, while a

small Af may increase the time resolution, it also slows down the data acquisition process.
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Depending on the kind of dynamics one wishes to study, different choices of Af are desirable.
As an example, for a typical Af of 1 kHz, the time resolution is 100 fs, and it takes 1 ms to

complete one scan.

Pump
Probe

@ ; : ¢
Signal

Figure 2-1. Schematic of the working principle of ASOPS

The ASOPS system used in the experiments was co-developed by Menlo Systems GmbH
and the Clarke research group. Dr. Stoica from Clarke's group, in particular, has contributed
greatly to the design and setup of the laser system for the pump-probe measurements [2.4]. The
system consists of a pair of fiber lasers, each driven by a passively mode-locked fiber ring laser
with erbium as the active medium. Each laser generates a train of pulses with a central
wavelength of 1560 nm, a repetition rate of around 100 MHz and a FWHM of about 150 fs. One
laser (the slave laser) is phase-locked to the other laser (the master laser) to synchronize the two
repetition rates. The repetition rate difference between the two lasers is generated by shifting the
10th harmonic of the slave laser's repetition rate by an amount that is 10 times the desired
repetition rate difference, while keeping the master laser's repetition rate unchanged. The

repetition rate difference is maintained via a feedback loop and piezo motors [2.5].
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The 1560 nm beam generated by the slave laser is sent to the second harmonic
generation(SHG) module. Inside the module, the beam goes through a periodically poled lithium
niobate (PPLN) crystal and frequency-doubled to 780 nm. The PPLN crystal's temperature is
maintained at around 145°C by an oven to minimize the photorefractive effect. The beam coming
out of the PPLN crystal goes through a dichroic mirror and separates into a 780 nm beam and a

1560 nm beam, emerging from port 1 and port 2 of the SHG module correspondingly [2.4].

The location of the time zero reference for the pump-probe experiments is established
through an external triggering system. Eight percent of the beam from the master laser and the
1560 nm beam from port 2 of the SHG module are collected and focused by a parabolic mirror
onto a BBO crystal. When the pulses from each beam overlap in time, the sum-frequency
generated (SFG) beam (780 nm) out of the BBO crystal will be detected by a Si photodetector
sensitive to wavelengths 320 nm-1000 nm, and triggered as the time zero. Note that while the 8%
of the pump beam is not strong enough to produce detectable second harmonics, the 1560 nm
beam from the slave laser may produce second harmonics that interferes with the sum-frequency
beam. Therefore, the trigger level needs to be carefully placed above the second harmonic level
from the slave laser, and below the sum-frequency level. Additionally, the orientations of the
parabolic mirror, the BBO crystal and the Si photodetector need to be fine-tuned to ensure that
the sum-frequency signal received by the detector is maximized and much greater than the

second harmonic signal.

For the pump-probe experiments in this dissertation work, the 1560 nm beam from the
master laser acts as the pump beam, while the 780 nm beam from the slave laser acts as the probe
beam. The pump beam is collimated and expanded by a pair of lenses, while the probe beam
from the port 1 of the SHG module is collimated, and filtered spatially to ensure a nice Gaussian
shape. The two beams are combined by a dichroic mirror, travel collinearly and are focused by a
parabolic mirror onto the sample. The incidence can be normal or oblique. The reflected probe
beam is collected by a lens and directed to the "Input +" port of a balanced detector. Meanwhile,
5% of the probe beam before the dichroic mirror is directed to the "Input -" port of the same
balanced detector. The subtracted signal from the two ports is sent to the data acquisition board
on a computer. A half-wave plate followed by a polarizer is used to control the intensity of the
pump (Fig. 2-2).
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Figure 2-2. Schematic of the ASOPS system used in this dissertation work. The master
laser and the slave laser are phase-locked by an electronic system. 1 is the PPLN crystal for the
generation of the 780 nm beam. 2 and 4 are dichroic mirrors. 3 and 5 are beam splitters. PM
stands for parabolic mirror. The collimators each consist of a pair of lenses for beam size
adjustment and beam collimation.

2.2 Coherent Optical Phonons

Femtosecond laser irradiation of a material with Raman-active modes is known to generate
THz coherent oscillations coinciding in frequency with its corresponding optical phonon modes.
This phenomenon was initially recognized as a form of Raman scattering stimulated by the
intense ultrafast laser pulse. Raman scattering is an inelastic process where a small portion (~10°°)

of the incident photons are scattered by the optical phonons and shifted in frequency by an
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amount corresponding to the energy absorbed or released by the phonons. In stimulated Raman
scattering, the generated optical phonon field reinforces the Stokes light field at the expense of

the incident light field, which in turn results in an even more excited phonon field.

Early experiments on stimulated Raman scattering involved either an intense laser above a
certain threshold [2.6], or two pulsed lasers with a fixed frequency difference equal to that of the
excited phonon [2.7]. In 1985, Yan and coworkers suggested the possibility of exciting these
coherent optical phonons in a Raman-active material by a single ultrafast laser without the
limitation of the intensity threshold, provided that the laser pulse is sufficiently short compared
to the period of the phonon oscillations [2.8]. This conclusion was derived from their proposed
"Impulsive Stimulated Raman Scattering™ (ISRS) theory [2.8, 2.9], widely accepted later as the

basis for the femtosecond-laser generation of coherent optical phonons in transparent materials.

In the ISRS theory, Yan et al modeled the phonon field Q as a harmonic oscillator driven
by an impulsive force F(t) [2.8]:

02Q+ aqQ
ot2 yat

20 = Feey = 22X
+02Q =F(® =33

E?(¢) 2.1)
where Q is the oscillator frequency, y is the damping and E is the electric field of the laser
pulse. y is the electrical susceptibility and is related to the polarizability a by y = Na, where N is
the number of ions. Here, the laser pulse serves as the impulsive source that drives the oscillation.
The quantity dy/dQ can be expressed in tensor form y &, ~ dx,,/9Q and is the Raman tensor.

From here, the force term can be rewritten as Y., x ExE; /2.

Now we assume an excitation laser pulse with a Gaussian shape, propagating along the z

direction inside a piece of material. The electric field of the laser is of the form:

E(z,t) = Eoe‘(t‘zn/c)z/ZTzcos [w(t —zn/c)] (2.2)

where E,, is the field amplitude, 7 is the pulse duration, and o is the field frequency. It can
be shown using Green's function method that the solution to Eqn. (2.1) is [2.8, 2.10]:

71.1/21. _QZTZ aX ‘
Q= 20 ¢ > IEOIZ(Za—glcos(ak)cos(al))e_y(t‘zn/c)sm[ﬂ(t—Zn/c)] (2.3)
Kl
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where cos(ay,;) = Ey,/Ey. From Eqn. (2.3) we see that as a result of the impulsive laser
excitation, a phonon field propagating in the same direction as the laser is generated. A small

0272 ensures that the term e~%*7*/4 remains large for a significant phonon field amplitude. This
leads to the ISRS's requirement that the laser pulse duration is short compared to one phonon
oscillation cycle. This requirement can also be understood from the perspective of the frequency
domain: the bandwidth of the ultrashort laser pulse needs to be wide enough to satisfy energy

conservation with respect to the generated phonon frequency.

The presence of the optical phonons changes the complex refractive index of the material,
which in turn modifies the reflectivity and transmittance of the probe laser that arrives at a later
time. The modified wave equation of the probe's electric field ey is:

1 _0° 0Xri

Vie, = o) X T (ney + 4m : WQ(Z: t)er) (2.4)

Solving this equation gives e;, and from that, the relative reflectivity change of the probe

can be shown to be [2.10]:

40

AR/~ D+ D

e~Y%/25in(Q5) (2.5)

where 0 is the time delay of the probe to the pump, and:

73/2

7= 2n
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|Ey|“e™ 2 z ( 20 cos(a,)cos(ay)) X (%cos(ak)cos(al)) (2.6)
kl,mp

Therefore, the detected phonon oscillations by the probe will be an exponentially decaying

sine function in delayed-time.

The above calculations assume that the pump pulse is far away from electronic resonance,
and therefore electronic excitation can be safely ignored. The application of ISRS to opaque
materials, on the other hand, requires a much more complicated treatment. Interestingly, in the
early pump-probe experiments of coherent optical phonons in opaque materials, the oscillations
are predominantly of A; symmetry, even for materials whose A; and E modes are of comparable
strength in the Raman scattering experiments [2.11]. Since ISRS theory is based on Raman
scattering, all Raman modes should be present if the excitation is of the ISRS nature. The
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difficulty encountered by the ISRS theory to explain the selective excitation of A; modes led to
the proposal of a different phonon generation mechanism by Zeiger et al in opaque materials:

displacive excitation of coherent phonons (DECP) [2.11, 2.12].

Unlike the ISRS theory, which assumes that laser pump pulse drives the ions out of their
equilibrium position, the DECP theory assumes that the pump pulse gets absorbed by the opaque
material and alters the temperature distribution and band distribution of the electrons. The
excitation of the electrons introduces an A; displacement of the equilibrium position of the ions
that preserves the symmetry of the unit cell during the displacement, and set the ions oscillating
around the new quasi-equilibrium position. Other Raman modes lower the symmetry of the unit
cell, and thus are not the favorable displacement upon electronic excitation. This explains the
predominant observation of A; modes in ultrafast coherent optical phonon excitations in opaque
materials. In DECP, it is the equilibrium coordinates that get shifted by the electronic excitations,
and the "pushing force" that starts the oscillation is governed by the excitation and relaxation of

the electrons. The equation of motion for the ion coordinates Q(t) is [2.12]:

62
72D 4 w10 - o) +2r 782 = o @)

where Q,(t) is the new quasi-equilibrium position. Its dynamics follows that of the
electrons and can be approximated by a step exponential decay: Q,(t) «< e Atu(t), where u(t)
is the Heaviside step function, and B is the electronic relaxation rate. With the solution Q(t) to
Eqn. (2.7), the relative reflectivity change due to the phonon oscillation was shown to be [2.12]:

AR z '
= v ;;)20_ 275 [e=Bt — eVt (cos(Ot) — %sin(ﬂt))] (2.8)

where Q = \JwZ —y2,and B’ = B —y. For B and y < wg, AR/R resembles a decaying
negative cosine function, with oscillation frequency corresponding to the A;qy phonon mode. The
cosine function is shifted in phase by an amount determined by B’/€Q. Early pump-probe

experiments in Bi, Te, and Sb found excellent agreement with the DECP predictions [2.11, 2.12].

As later experiments revealed that Eq modes can indeed be excited and detected in opaque

materials using the pump-probe configurations, theoretical efforts have been made to unify the
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two models within the Raman scattering framework [2.13, 2.14]. In 2002, Stevens and coworkers
proposed the two-tensor model, where the DECP theory is included as a special case of ISRS
[2.15]. Working with the density matrix formulism, the two-tensor model started by writing the
perturbation to the Hamiltonian of the system as:

—~

Hine = —EQ—A-E (2.9)

where —&(Q is the electron-phonon interaction and A - E is the electron-photon interaction.

is the deformation potential caused by the presence of phonon field @, and A is the dipole

moment.

The first and the second-order corrections to the density matrix can be calculated according
to [2.16]:

t .
1 —1 : r_ !
Pim(®) = f = Hing, pO T e (o pnm)(E =008 (2.10)
@ . : "~t)at’
PO = [ S i, p e Enmrmm (e 0 (2.11)

where p,(l?,)l = 0 for n # m is the ground state density matrix. From here, the change in

polarization P® due to the phonon and the driving force F(t) that initiates the phonon

oscillations can be shown to be [2.15]:

1 1
PA(1) = o (8)F = ——u(p®4) (2.12)
1 +oo ~to0
PR(t) = EZ ] j e~ H@=MtyR (), w — Q) E;(0)Q* () dwdQ (2.13)
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and
F(t) = (8) = tr(p@E)
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where N is the number of cells and v, is the cell volume. R and yRare the two Raman
tensors responsible for the generation and detection of coherent optical phonons in the pump-

probe configuration. In the original ISRS theory, these two Raman tensors are assumed to be the
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same in Eqgns. (2.3) and (2.4). However, a few approximations to % and y® (considering only
one term with two resonant denominators, Z,,,, = £, = const, negligible dissipation, two-band
process, Q/m«1) revealed that they are drastically different in their imaginary parts [2.15]:
dRe(e Im(e

(¢) Y ( )]

-
&)
—

R 0

i do T (2.15)
Zo dRe(e) dim(e)
R 0 .
T 4nh ' dw +i dw ] (2.16)

where ¢ is the dielectric constant. In transparent materials, the real part of the tensors
dominates, and so TR =y . Therefore, the same Raman tensor can be used in both generation and
detection of phonons. When the laser pump pulse is near electronic resonance with the materials,
however, the imaginary parts of the tensors dominates, and the two tensors can differ
significantly. For example, at around 2 eV in Sb, Im(&)/Q and dim(¢)/dw differ by two orders
of magnitude [2.15].

To see how the real and imaginary parts of =R contribute to the driving force, a Fourier

transform can be performed on F (t) to obtain:

+o0 4+00 ~t00
F(Q) « f dteimf f dwdQ' e E ()R (w, w — V)E*(w — Q')

x f+ooda)E(a))rrR (w,w — DE*(w— Q) (2.17)
dR | oo .
~ [ dea()g) + 2i még)] j_oo dte'™|E(t)|?

For transparent materials, dRe(¢) /dw dominates, and the corresponding driving force F(t)
has the form:
+oo . dRe(e) [T o
F(b) f dQe“m% f dt' e |E(t')]2
—oo @ I (2.18)
« |E()|?

The driving force follows the temporal shape of the pump laser pulse, a characteristic of
impulsive excitation of the phonons. For opaque materials, 2i (Im(g))/Q dominates, and F(t)

takes the form:
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The driving force in this case has an error-function-like temporal profile for a Gaussian-
shape laser pulse, indicative of displacive excitation. The transiently stimulated Raman scattering
mechanism is thus extended from transparent materials to opaque materials, where both the
virtual (transparent) and the real (opaque) electronic excitations are incorporated into the

complex Raman tensor r®.

2.3 Acoustic Strain Propagation

The acoustic pulses observed during laser pump-probe experiments have been especially
useful for investigating film properties such as thickness or defects as a non-destructive probing
technique [2.17, 2.18]. The configuration of these measurements usually involves shining the
pump on the surface of an absorbent thin film on a substrate, and monitoring the probe
reflectivity change of the film. The related theory was first proposed by Thomsen and coworkers
and attributed to the propagation of acoustic strains inside the film which are formed from the
pulsed laser-induced thermal expansion [2.19]. Thomsen started by considering a temperature

rise near the film surface following a pump excitation:

AT(z) = (1= R)—5=e?/¢ (2.20)

where R is the optical reflectivity, Q is the energy deposited by the pump pulse, A is the
illuminated area on the film, ¢ is the penetration depth of the pump into the film, C is the specific

heat per unit volume, and z is in the direction perpendicular to the film surface.

Note that two assumptions are made here: 1. The film thickness d is much larger than ¢. 2.
A is much larger than d or ¢, so that the process can be approximated by a 1D model. As a result

of the second assumption, the stress, o, only varies along the z direction, and therefore the only
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non-zero component of the strain tensor 7 is n,,. Following the temperature rise, the stress is
related to the strain by [2.19]:

1-v
022(2,t) = 31—_|_anZZ(Z’ t) — 3BBAT(z) = pvin,,(z,t) — 3BBAT (z) (2.21)

where v is the Poisson ratio, B is the bulk modulus, g is the linear expansion coefficient, p
is the density, and v is the longitudinal sound velocity. The elastic wave equation is:
0%u,(z,t) _00,,(2,t)

32 - oz (2.22)
Here, u, is the displacement in the z direction, and satisfies:
0u,(z,t)
Mzz(2,8) = —— (2.23)

The boundary condition is zero stress at the film surface: ,,(0,t) = 0. This gives
1,2(0,t) = 3BB(1 — R)Q/AlCpvZ. The initial condition is n,,(z,0) = 0 and d7,,/dt | t=0 = 0.
Egns. (2.21) - (2.23) can be combined and rewritten as:

0%1,,(z,t) 0°1,,(z,t) e~ Z/¢
e = e~ VN0, (2.24)

The solution to Eqn. (2.24) gives strain [2.19]:

1
Non(28) = 0220, )€/ = 2, (0, O)[e™ 0/ 4 elanstWsgn(z —v6)] (2,25

And the corresponding stress can be found by substituting (2.25) in (2.21):

012(2,0) = = %”Sznzz(o, Dle”¢HH0/% + el sgn(z - vst)] (2.26)
Eqgn. (2.25) shows that the strain is represented by a superposition of an exponential decay
near the film surface and a bipolar pulse of 2¢ in width that propagates at v, away from the film
surface after time zero. The exponential decay corresponds to the first term in (2.25) and is
constant in time. The bipolar pulse comes from the second term in (2.25) and is composed of two
waves traveling in opposite directions. As an example, the strain at different times inside the film

is plotted in Figure 2-3.
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Figure 2-3. Strain pulse propagation at different times.

In practice, the pump pulse has a finite duration, and the instantaneous excitation in (2.20)
is a good approximation only when v,t <« ¢, where t is the pump pulse duration. This condition

is satisfied for all cases in this dissertation.

So far, the thermal diffusion from the initial exponential decay profile has been ignored for
simplification. The effect of thermal diffusion is to broaden the generation of the strain pulses
due to thermal excitation both in time and in space, and consequently alter the shape of the strain
pulse. Such an effect is negligible only when the strain pulse has already left the heated region
near the surface long before the temperature profile changes significantly due to the thermal
diffusion, i.e. D «< v,(. For the commonly-used metal transducers such as Al, D is usually

comparable to v¢{, and the pulse shape will be modified by the thermal diffusion.

As the strain pulse changes the complex refractive index of the film near the surface, the
reflectivity of the probe changes accordingly. When there is no strain pulse in the film, the
reflection coefficient of the probe pulse is:

1—n-—ik

Tg = ———
T 1+n+ik

(2.27)
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where n and k are the real and imaginary parts of the refractive index, and are related to the
dielectric constant ¢ in the film by € = (n + ik)%. However, the presence of the strain pulses
modifies the dielectric constant in time and space, and leads to a change in the reflection
coefficient. The reflectivity of the probe AR can thus be calculated by solving the modified
Helmholtz equation of the probe’s electric field:

0%E w?
2 [e + Ae(z, t)]E (2.28)

where Ae(z, t) is the change in the film's dielectric constant due to the strains:

_ on . 0k
Ae(z,t) = 2(n + ik) (577 + 1W> Nzz(2, 1) (2.29)

Thomsen et al. approached the problem by first considering a d-function perturbation at z =
Z". Ae = F§(z — z"), and then generalized to an arbitrary perturbation Ae(z’, t). The new

reflection coefficient with the presence of strain is found to be [2.19]:
:7,2

lko (% ) o2ikz’ ,
r(t) =1, + ﬁtotojo dz'® " Ae(Z,t) (2.30)

From this, the reflectivity change can be expressed as a summation of the weighted strain
strength at each point along the z-direction:

BRO) = [ f@( 007 @31)
0
The weight coefficient f(z), an exponentially decaying sinusoidal function in space, is

called the "sensitivity function" by Thomsen et al., and tells how the strain at a particular

location z contributes to the total reflectivity change:

on  4mnz oK Amnz s
&)= folg, smCGm =9t g st~ Plle (2:32)
B 8(1)[112(112 + KZ _ 1)2 + KZ(nZ + K.Z + 1)2]1/2
T [+ D2 + K22 (2.33)
k(n® + K%+ 1)
tan¢ = n(nz T 2 — 1) (234)
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While roughly following the bipolar profile of the strain, the shape of the reflectivity
change also depends on the ratio of the piezo-optic couplings dn/dn,, to dx/dn,,, which can be
estimated from fitting the experiment plots. Figure 2-4 shows an example of an acoustic strain

pulse generated and detected on an Al film on Sb,Tes.
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Figure 2-4. Acoustic strain pulse detected on an Al film with a pump-probe configuration.
The slowly-varying thermal background is subtracted from the original plot.

The calculations so far have considered only the case of a semi-infinite film, where the
strain pulse propagates away from the surface indefinitely. In the case of a thin film on a
substrate, however, the strain pulse encounters the film/substrate interface, and part of the pulse
will be reflected back towards the film surface, with the reflection coefficient rz¢ determined by
the acoustic impedances of the film Z; and the substrate Z,:

Zs— 7
Trs = Zs +Zf (235)

As a result of the partial reflection and partial transmission at the film/substrate and the
film/air interfaces, a series of bipolar pulses (echoes) similar to Figure 2-4 with successive
amplitude damping can be observed in the pump-probe experiments. The temporal distance t

between two adjacent pulses corresponds to the amount of time it takes for the pulse to complete
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one round-trip across the film: = = 2d /v, where d is the film thickness. This allows for

evaluation of the film thickness if the speed of sound is known, or vice versa.

For a quick estimation or confirmation of the thicknesses of the Sb,Tes films grown by
MBE, direct pump excitation on the film without any metal transducer layer was often performed
for convenience. For Sh,Tes, D /vg{ ~0.06 [2.20-2.22], and echo shape broadening from thermal
diffusion is minimal. However, strain can also be generated by photo-excited carriers before the
carriers reach thermal equilibrium with the lattice. It has already been demonstrated in metals
that the time scale for the electron-electron scattering may extend into the ps regime [2.23].
During this "non-thermal regime™ where the carriers are settling for thermal equilibrium among
themselves with the lattice still cold, the contribution of hot carriers to the strain generation is
nontrivial and the strain pulses can be greatly influenced by the carrier diffusion [2.24]. This is
especially evident in Sb,Tes thin films of less than 150 nm thickness, as the photo-excited
carriers quickly diffuse to the film/substrate interface before losing significant energy to the
lattice. There, the carriers generate an additional set of acoustic echoes that is half way between
the usual set of echoes generated near the surface of the film (film/air interface). Figure 2-5
shows an example of the detected acoustic echoes on a 100 nm Sh,Tejs thin film on a sapphire
substrate. Starting at around 50 ps, a series of six echoes can be seen. The first, third and fifth
echoes correspond to the strain excited near the Sh,Tes/sapphire interface, while the second,
fourth and sixth echoes correspond to the strain excited at the Sh,Tes/air interface. The polarities
of the neighboring echoes (e.g. 1st and 2nd) remain the same while those of adjacent echoes in

either series (e.g. 1st and 3rd) have opposite signs, due to Z,;,0, > Zsp, e, > Zair-
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Figure 2-5. Two sets of acoustic echoes detected on a 100 nm Sh,Tes film on a sapphire
substrate. Af = 1kHz was used for the ASOPS detection, resulting in a time step of 0.1 ps in the
figure.

2.4 Transient Thermoreflectance

In addition to the coherent lattice vibrations, changes in the electron and lattice
temperatures by the pump pulse can also result in modulations of the probe's reflectivity and
transmittance. Early works in Cu and Au have revealed nonequilibrium electron heating and
cooling with the help of fs-laser pump-probe setups [2.25-2.28]. In these experiments, the pump
laser pulse excites a large amount of electrons that quickly reach thermal equilibrium among
themselves via electron-electron scattering within hundreds of fs. The much smaller heat
capacity of the electron system compared to that of the lattice enables the electron temperature to
rise rapidly to a level significantly higher than that of the lattice. This drastic increase in electron
temperature is manifest as a sharp peak in the AR of the probe pulse immediately following the
pump excitation, due to the transient thermomodulation of the complex dielectric constant of the
material [2.25-2.27]. The electrons subsequently relax their energy to the lattice via electron-
phonon scattering. This process is shown as a slower decay of the initial sharp peak over a few

picoseconds.
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The nonequilibrium dynamics of the electron and lattice systems right after pulsed laser
excitation can be approximated by the Two-Temperature Model [2.29, 2.30], which assumes that
the electrons and the lattice can each be characterized by their respective temperatures T, and T;.

The model is represented by two coupled equations [2.29, 2.30]:

T,
Comr = KeV'Te = g(Te = T1) + Q(2,1) (2.36)
oT,
G =9(Te=T) (2.37)

where Q is the source term accounting for the laser excitation with the form exp (—az —
t2/t?). C, = yT, and C, are the heat capacities of the electrons and the lattice. «, is the electron
thermal conductivity. g, the electron-phonon coupling factor, is assumed constant, and its value
can be obtained by fitting the data from the pump-probe experiments [2.31]. Figure 2-6
demonstrates an example of simulated electron and lattice dynamics in Au immediately after
pulsed laser excitation. Equations (2.36) and (2.37) were used, with boundary conditions of

0T,/ 07| = 0 and initial conditions of T,;|,_ = 300 K, where d is the bottom of the Au
’ z=0,d Hlit=0

film. The parameters for Au were taken from [2.30].
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Figure 2-6. Simulated electron (left) and lattice (right) dynamics in Au following fs laser
excitation, according to Eqn. (2.36) and (2.37). The upper two graphs illustrate T, and T; near the
surface vs. time. The lower two graphs show T, and T; as a function of depth into the Au film at

100 fs and 2 ps after the excitation.

As the electrons cool down after a few picoseconds, the lattice temperature near the surface

continues to rise. The lattice temperature homogeneity along the depth of the film will be

reached on the longer time scales of picoseconds to nanoseconds, as the heat near the surface

slowly diffuses into the film. This slower dynamics of thermal transport by the lattice can be

monitored with the Transient Thermoreflectance method, first demonstrated by Paddock and

Easley [2.32]. Based on the pump-probe technique used for monitoring the ultrafast dynamics of

the electron heating and cooling, Paddock and Easley measured the probe reflectivity change on

Ni for over 140 ps after excitation. The thermal diffusivity of Ni was obtained by fitting the

slowly-decaying temperature background with the one-dimensional heat diffusion equation:



dT(z,t) 0%T(z,t)
C =K

ot 072 +Q(zt) (2.38)

where C is the specific heat per unit volume, and « is the thermal conductivity. The source

term Q is the laser excitation, again in the form of exp (—az — t?/72).

In the case of a thin film on a substrate, the film-substrate interface presents a thermal
boundary resistance Ry as the heat travels across the interface. Such a film-substrate geometry is
commonly seen in thermal transport measurements where a thin layer of metal is deposited on a
piece of substrate whose thermal diffusivity is to be measured. In this configuration, the metal
film acts as a transducer that absorbs the pump laser energy and creates a slightly raised
temperature compared to the substrate within tens of picoseconds. The heat flows through the
interface as governed by the definition of thermal boundary resistance, and continues to flow
across the substrate according to the heat diffusion equation. This whole process can be
approximated by the following equations [2.33-2.35]:

02T, (z,1) 0T (2, )
Km— 5,2 — Cin TR Q(zt) (2.39)
02T,(z,t) 0T,(z,t)
Ks—— 7 = s, (2.40)
Tw(z )] _ . 0T,(z,t)
m aZ z=d S aZ 7=d (241)
. Ts(zt)]  _  Tu(dt) —Ty(d, 1)
Sz |,y Ry (2.42)

where k. is the thermal conductivity of the substrate, T, and T,,, are the temperatures of the
substrate and the metal film, C, and C,,, are the specific heat per unit volume of the substrate and
the film, and d is the metal film thickness. Eqgns. (2.39) and (2.40) describe the heat flow inside
the metal film and the substrate. Egn. (2.42) follows the thermal boundary resistance definition.
Like Eqgn. (2.38), this equation set ignores the ultrafast electron dynamics in the metal and uses
instead the parabolic one-step heating model for the metal lattice temperature, a good
approximation for slow dynamics studies. Fitting this model to the experimental data over the

long time scale of heat diffusion inside the substrate can yield values of k; and Ry.
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The use of metal transducer in thermal transport measurements is especially useful for thin
film samples on substrates. In the case of Sb,Tes thin films on sapphire substrates, the much
larger diffusivity of the photoexcited carriers compared to the thermal diffusivity makes thermal
transport measurements challenging without a transducer. Direct excitation of an Sb,Tes thin
film with the pump laser may generate photoexcited carriers that quickly homogenize the
temperature across the whole film. The presence of a transducer ensures that the excitation on the
surface of the Sh,Tes film is of a thermal nature. Figure 2-7 shows the result of a
thermoreflectance measurement of a 70 nm Sh,Tes film on sapphire with a 120 nm Al transducer
at the film surface. The initial sharp increase in AR corresponds to the rapid cooling of the metal
lattice as the heat flows across the Al/Sb,Te; boundary. The slow decay over the next few

nanoseconds corresponds to the much slower heat transfer process across the Sbh,Tes film.
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Figure 2-7. Transient thermoreflectance on a 70 nm Sh,Te; film on sapphire with a 120 nm
Al transducer.

Due to the small thermal conductivity of Sh,Tes, the thermal decay over 10 ns is
represented by an almost linear behavior. This makes it challenging to accurately extract the
thermal conductivity value of Sh,Te; by data fitting from only 10 ns -- the maximum time delay

achievable with our 100 MHz-repetition-rate ASOPS system. Additionally, if the transducer is
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deposited on rough Sh,Tes surfaces such as those treated with laser irradiation in Chapter 4, the
strong acoustic phonons greatly distort the thermoreflectance plot, making it almost impossible
to obtain meaningful interpretations with the time-resolved data. These experimental difficulties
can be circumvented by employing the front-pump/back-probe configuration, where the pump
laser excites the metal transducer and the probe laser monitors the reflectivity change at the
film/substrate interface (Figure 2-8) [2.36]. In this case, a double-side-polished sapphire
substrate, transparent to the 780 nm beam, is used to minimize the absorption and scattering of

the probe inside the substrate.

PUMP

4

Metal Transducer

Sbh,Te, Film

Sapphire]Substrate

PROBE

Figure 2-8. Schematic of the front-pump/back-probe configuration.

In this thermoreflectance setup, the pump and the probe travels collinearly until the probe is
reflected by the dichroic mirror while the pump goes through it. The pump is focused by a
parabolic mirror onto the surface of the metal film on the sample, with a focal spot size of ~10
um in diameter. The probe is expanded by a pair of lenses and then focused by a microscope
objective onto the film/substrate interface, with a spot size of ~ 6 um in diameter. Forty-five
percent of the probe before entering the objective is collected by a beam splitter as a reference
signal for the - input" port of the balanced detector. Forty-five percent of the probe beam

reflected off the film/substrate interface also gets reflected by the beam splitter and sent to the "+
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input” port of the detector. The path lengths travelled by the pump and the probe were adjusted
carefully so that the two pulses overlap at t = 0 (Figure 2-9).
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Figure 2-9. Schematic of the front-pump/back-probe transient thermoreflectance setup. DM
is a dichroic mirror, BS is the beam splitter and PM is a parabolic mirror.

Figure 2-10 shows an example of a thermoreflectance curve obtained on a 100 nm-Ni/30
nm-Al/80 nm-Sh,Tes/sapphire sample. The large-amplitude oscillations in the first few hundreds
of picoseconds are the acoustic strain pulses excited at the Al/Sb,Tes interface and detected at
the Sb,Tes/sapphire interface. Starting at around 1.5 ns, the heat deposited by the transducer
arrives at the Sb,Tes/sapphire interface, and the temperature increase at this interface is
represented by a positive slope over the range of a few nanoseconds. As the heat flows from the
Al/Sh,Tes interface to the Sh,Tes/sapphire interface, the temperature gradient inside the film
continues to decrease. The thermal peak at around 4.5 ns corresponds to the time when the
cooling process through the substrate starts to dominate the temperature change at the
Sh,Tes/sapphire interface. This results in a monotonic decrease of the interface temperature,
represented by a decay in the reflectivity change. The fast oscillations at around 4.5 ns

correspond to the acoustic strain pulse generated at the Al/Sb,Tejs interface by a previous pump
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pulse, reflected at the back of the substrate, and detected at the Sb,Tes/substrate interface. Its

location in time depends on the substrate thickness.
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Figure 2-10. Transient thermoreflectance curve with the front-pump/back-probe
configuration.

Instead of fitting the curve with Eqgns. (2.39) - (2.42), the thermal transport property of the
film can be acquired by measuring the temporal position of the thermal peak in Fig. 2-10. This is
similar to the Laser Flash Method, where a laser pulse heats one side of the sample, and the
temperature change of the other side of the sample is monitored [2.37]. This method is most
convenient for bulk samples with millimeter-range thickness, while the pump-probe
thermoreflectance technique can investigate thin film samples down to hundred-nanometer-range
thickness, depending on the penetration depth of the probe in the sample. In both cases, the
thermal diffusivity D of the sample to be measured is related to the half-rise time of the positive

slope ¢, ,,. For the Laser Flash Method, the relationship is:

D = 1.371%/m%ty, (2.43)

where L is the film thickness. Given the same film thickness and the same cooling
condition through the back side of the film sample, earlier arrival of the thermal peak signals a

larger thermal diffusivity. In addition, the half-rise time of the peak also scales with the square of
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the film thickness. Figure 2-11 and 2-13 show the thermoreflectance measurements done on a
wedge-geometry Sh,Tes thin film with a thickness step-variation from 36 nm to 144 nm. The
acoustic strain pulses in the first 500 ps (Fig. 2-11) were used to determine the film thickness
according to the acoustic echo round-trip calculation discussed in the previous section. An
example of the linear relationship between the temporal position of the "dip™ in the first echo and
the corresponding film thickness is shown in Figure 2-12, with the slope (= 2.8 km/s)

corresponding to the sound velocity in Sb,Tes.
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Figure 2-11. The acoustic echoes in the first 500 ps of the front-pump/back-probe
thermoreflectance on a wedge Sbh,Tes film.
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Figure 2-12. The temporal position of the "dip™ (at ~ 150 ps in Fig. 2-11) in the first
acoustic echo vs. the film thickness L. The red line is a linear fit to the data (black dots).

Figure 2-13 shows the thermoreflectance curve over 10 ns. An evident observation is the
decrease in the thermal peak amplitude as the film thickness increases. This is not surprising,
since the temperature rise at the film/substrate interface is expected to be lower if the same
amount of laser energy is distributed in a thicker film, assuming a constant heat capacity. The
general trend of the thermal peak position is consistent with Eqn. (2.43), with early arrival times

corresponding to thinner films. The half-rise time ¢, , is plotted against the square of the film

thickness L? in Figure 2-14 to test the applicability of Eqn. (2.43) in the Sb,Tes thin film case.
For film thicknesses between 72 nm and 144 nm, a linear relationship could be observed,
consistent with the prediction of Eqn. (2.43). The slope value extracted from the best-fit line,
combined with Eqn. (2.43), yields a thermal diffusivity of 1.2 x 10~¢ m%/s along the c-axis of
Sb,Tes, agreeing well with the literature value [2.20]. The non-zero intercept in Fig. 2-14
possibly results from the presence of the transducer, whose slow temperature decrease
considerably delays the arrival of the thermal peak. For a thickness below 72 nm, however,
noticeable deviations from the linear relationship could be observed. This could be due to the
large penetration depth of the probe laser (~ 60 nm at L = 780 nm) in Sb,Tejs relative to the film
thickness. As a result, the signals from within the film and even the transducer/film interface
contribute substantially to the overall signal detected by the probe, and the thick-sample

approximation in Eqn. (2.43) no longer holds. A reasonable data fitting in this case would require
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taking into account the probe spatial profile inside the film. Nevertheless, Eqn. (2.43) with an

incorporated offset remains a good approximation for films much thicker than 60 nm.
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Figure 2-13. Transient thermoreflectance with the front-pump/back-probe configuration
over 10 ns on an Sb,Tes film with a thickness variation.
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Figure 2-14. The half-rise time t, ,, measured from Fig. 2-13 versus the film thickness
squared L? for the seven thicknesses from 36 nm to 144 nm.
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Leakage of hot carriers from the transducer into the film can greatly distort the
thermoreflectance curve and even overwhelm the relatively weak thermal peak. This requires the
transducer material to have a strong carrier-phonon coupling and a reasonable thickness for
leakage suppression. In addition, a good acoustic impedance matching between the transducer
and the film ensures a small thermal boundary resistance and higher heat transfer efficiency.
Finally, excellent adherence of the transducer to the film is required for a good-quality interface.
While no single metal ranks best in all three categories for Sb,Tes films, several metals,

including Al, Ni, and Ti, are good candidates that meet the criteria well.

Figure 2-15 illustrates the effect of carrier leakage on the thermoreflectance curve. Two
kinds of metal transducers were used: 120 nm-Ni/Sh,Tes (blue curve) and 75 nm-Al/15 nm-
Ti/Sh,Te; (red curve). The curve that corresponds to the more severe carrier leaking, shown with
the larger peak amplitude near 100 ps, complicates the thermal transport signal with carrier

relaxation processes.
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Figure 2-15. Effect of carrier-leakage on the thermoreflectance curve. (a) and (b) have the
same curves on different time scales. The carrier-suppressed curve has a clean thermal peak,
while the carrier-leaking curve is greatly distorted by the carrier relaxation. The circled region in
(a) indicates the arrival of hot carriers from the interface.
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Chapter 3

Coherent Optical Phonon Spectroscopy Studies of

Femtosecond-Laser Modified Sb,Tez Films

Previously we have introduced fs laser pump-probe techniques used to monitor material
dynamics over a wide range of time scales. Among them, coherent optical phonon spectroscopy
has been proven extremely helpful in real-time material characterization and was commonly
applied to the studies of the technologically important Te-based chacolgenides. These include the
popular phase-change material Ge,Te,Shs (GST) for optical recording, as well as the binary
compounds Sh,Te; and Bi,Tes for thermoelectric applications and topological insulators [3.1-
3.8]. For example, coherent optical phonon spectra were used to identify the three phases of GST
as it underwent temperature variations or laser treatments [3.1-3.3]. The vacancies in the
GeTe/Sh,Tes superlattice have been investigated with the help of the dephasing dynamics of the
optical phonons [3.4]. Similar studies have also been performed to examine the second
harmonics of coherent phonons on Bi,Tes [3.5] and the amorphous-to-crystalline transition of
Sh,Te; films [3.6]. In addition, coherent phonons have been employed to evaluate the interface
phonon scattering in Bi,Tes/Sh,Tes superlattices [3.7] and the thermal properties of GST [3.8]. In
these studies, the assignment of the observed coherent optical phonon peaks can be challenging,
due to the difficulties with the detections of the asymmetric coherent optical phonon modes in

the isotropic reflectivity measurements as discussed in Chapter 2.

The work in this chapter employs complementary techniques of isotropic and anisotropic
transient reflectivity measurements and cw Raman spectroscopy. The measurements are
performed on Sh,Tes thin films and a coherent phonon peak is observed to appear around 3.6-3.7
THz that appears after fs laser irradiation [3.9]. The experimental results indicate a Te phase
segregation from Sbh,Tes due to exposure to the fs laser above a certain fluence threshold,
drawing attention to the need for careful interpretation of the results obtained from coherent
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phonon spectroscopy in Te-based materials. Section 3.1 will discuss results from the isotropic
and anisotropic transient reflectivity experiments on coherent phonons in Sh,Tes thin films.
These complementary experiments cover the symmetric and asymmetric Raman modes of
Sh,Tes, and clarify that the new phonon peak appears after laser irradiation, corresponding to a
new Te phase other than Sb,Tes. Section 3.2 will present additional evidence from cw Raman
spectroscopy on fs laser-irradiated Sh,Tes to assist in the assignment of the new phonon peak.
Finally, section 3.3 will show results on the irradiation laser fluence dependence of the
amplitudes of the two phonon modes. The main results from this chapter were published in [3.9].

3.1 Experiments on Coherent Optical Phonons

As was briefly discussed in Chapter 1, Sh,Tes is composed of quintets of alternating Sb and
Te layers. The quintets are separated by van der Waals gaps while the layers within each quintet
are connected by covalent bonds. When considering the optical phonon normal modes, the atoms
inside each quintet can be approximated by a linear-chain model [3.10], composed of Sb and Te
along the c-axis in the following order: Te' - Sb - Te? - Sb - Te.
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Figure 3-1. The Raman-active modes for Sh,Tes. The large open circles represent the Sb
atoms, while the small solid circles correspond to the two species of Te atoms: Te? at the center
and Te! at the two ends. Since Sb,Te; is centrosymmetric, the Raman-active modes and the
infrared-active modes are mutually exclusive.
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This arrangement gives four Raman-active modes for Sh,Tes: two A;q modes (singlets) and
two E4 modes (doubly degenerate) [3.10, 3.11]. The A;y modes have oscillations along the c-axis
that preserve the overall symmetry of the cell, while the Eg modes (shear modes) have
oscillations perpendicular to the c-axis. Their Raman tensors are represented by Eqns. (3.1) and
(3.2) [3.10, 3.11]. E4(x) and E,4(y) are the two degenerate modes perpendicular to the c- axis (z-
direction). The tensor elements a, b, ¢, and d for the four Raman-active modes can be calculated
from density functional theory [3.11]. Among these four modes, two of them fall into the
detection range of coherent phonon experiments in this dissertation: Ay at ~2.1 THz, and Eg at ~
3.6 THz [3.10]. Since the pump photon energy (~0.8 eV) is much larger than the bandgap of
Sh,Tes (~0.3 eV) [3.12, 3.13], the A;g mode will dominate the observed coherent phonon
spectrum. However, as we will see later in this section, Eqgns. (3.1) and (3.2) suggest that by
analyzing the reflected probe's polarization, the strong A;g mode can be suppressed to bring out
the weak Eq mode.

a 0 O
Aig=|[0 a O (3.1)

0 0 b

c 0 0 0 —-c —d
E;(x) = [0 —c d] Es(y) = [—c 0 o0 ] (3.2)
0 d 0

The sample used for the measurements was an epitaxial Sb,Tes thin film of 200 nm grown
by the Uher research group using molecular beam epitaxy (MBE) [3.9]. The film was on a
sapphire (Al,O3) substrate with both their c-axes (film and substrate) perpendicular to the surface.
Reflection high energy electron diffraction (RHEED) and X-ray diffraction (XRD) were used to

confirm the high single-crystalline quality of the film.

The ASOPS pump-probe setup used for coherent phonon spectroscopy was described in
Chapter 2. The master laser serves as the pump (A = 1560 nm), and the frequency-doubled slave
laser serves as the probe (A = 780 nm). The pump fluence was controlled by a half-wave plate
followed by a polarizer, and could be increased up to 6.72 mJ/cm?, while the probe fluence was
fixed at ~0.2 mJ/cm?.
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The focal spot sizes of the pump and probe beams were measured using the knife-edge
method, where a razor blade sweeps across the focused beam spot perpendicular to the beam
propagation direction and the unblocked beam power is measured by a photodetector as a
function of the blade position [3.14]. This method takes advantage of the Gaussian profile of the
laser beam cross-section: I(x,y) = lpexp (=B (x — x0)* — BE(y — ¥0)?), Where (x,y,) is the
position of the beam center. In this case the unblocked beam power received by the detector is

the integral of the Gaussian profile from —oo to the blade position x;, [3.14]:

RGw) = Io(e/B3)* | exp (~2(x - x))dx (3.3)

o

for a blade sweeping in the x-direction. The integral results in a shifted negative error
function, and fitting can be performed on the experimental data to obtain £,. Based on Eqn. (3.3),

a shorthand formula can be used to quickly calculate the 1/e beam waist radius [3.14]:

B~ = 0.552(x10 — Xg0) (3.4)
where x;, and xq, are the blade positions that correspond to 10% and 90% of the total
beam power being unblocked by the blade. Using Eqgn. (3.4), the pump and the probe's focused

beam diameters after the parabolic focusing mirror are 3.2 um and 1.6 um, respectively.

To obtain the coherent phonon spectra, Af of the two lasers was kept around 200 Hz to
optimize the time resolution while maintaining a reasonably fast data acquisition rate. The
bandwidth of the detector (Thorlabs PDB 145A) is up to 15 MHz. Taking into account the pulse
widths and the jitter of the pump and the probe, the temporal resolution is 200 fs. A CCD camera
was used to monitor the laser spot on the sample. Once the sample was roughly in place, its
position was fine-tuned to maximize the initial peak of the electronic excitation. This ensured

that the sample surface overlapped with the focal position of the parabolic mirror.

The sample was exposed to a range of pump-laser fluences for different intervals so that
the effect of laser irradiation on the coherent optical phonon spectra of Sb,Tez could be studied.
The spectra before and after pump laser irradiation were taken with a low pump-pulse fluence of

0.34 mJ/cm?. Preliminary measurements have shown that such a fluence did not cause any
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change in the phonon spectrum in 2 minutes, a typical time to complete one measurement. Each

set of measurements (before and after irradiation) was taken on a fresh spot on the sample.

Figure 3-2 shows an example of coherent optical phonon spectra before and after the pump
laser irradiation with a fluence of 4.26 mJ/cm?. The rapid oscillation of the coherent phonon
dynamics was superimposed on a background of carrier excitation and lattice heating. After the
slowly-varying background was subtracted, fast Fourier transform analysis (FFT) was performed
on the fast oscillations to obtain the coherent optical phonon spectra. The exact peak locations

were acquired by Lorenzian fitting to the spectra data.
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Figure 3-2. Time-resolved reflectivity change on an Sbh,Tes thin film before and after
irradiation by the pump laser with a fluence of 4.26 mJ/cm?. The inset shows the coherent optical
phonon spectra after FFT was performed on the rapidly-oscillating coherent phonon dynamics in
the time-resolved trace. The lines in the inset are the Lorenzian fits to the FFT data (dots) to
determine peak locations. Note that a new peak around 3.64 THz appeared after the pump laser
irradiance, which we assigned to the A;g mode of Te.
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In both curves (before and after), a peak at 2.07 THz appeared, which we attributed to the
A1y mode of Sh,Tes by comparison with cw Raman spectroscopy [3.10]. Interestingly, the new
peak around 3.64 THz showed up only after the high-fluence pump laser irradiation, which, as
noted above, we assigned to the A;g mode of Te [3.15]. It is also worth noting that coherent
phonon peaks near 3.64 THz have been observed before in several studies of Te-based
chalcogenides. For instance, a weak coherent phonon peak at 3.68 THz was reported in Bi,;Tes
and attributed to the second harmonic of the A;y mode of Bi,Tes at 1.84 THz [3.5]. This clearly
does not apply to our case of Sb,Tes at 2.07 THz. Another study on Sbh,Te; observed a coherent
phonon peak at 3.6 THz, which the authors attributed to the Eq; mode of Sh,Tes [3.1]. To address
this possibility, we performed anisotropic reflectivity measurements [3.16-3.19] on the irradiated

and non-irradiated Sh,Te; samples to compare the Eq mode of Sh,Te; and the new peak.

In the anisotropic reflectivity configuration, the incident probe was at a 45° relative to the
optical plane, and the reflected probe signal from the sample was split by a polarizing
beamsplitter into two orthogonal components: AR,, in the optical plane of the setup and AR,
perpendicular to the optical plane. These two components were then sent to the two input ports
of a balanced detector, and the difference AR, — AR was measured as a function of time delay.
Since the c-axis is perpendicular to the film surface, the probe polarization is in the x-y plane
perpendicular to the c-axis. The isotropic Aq excitation yields the same AR, and ARy in the x-y
plane. Therefore, the reflected probe difference is zero for the Ay mode. The anisotropic Egq
excitation, however, contributes to AR,, and AR, differently [3.16-3.19]. Thus, the weak Eq mode
can be detected with the suppression of the strong Ay mode by analyzing the reflected probe’s

polarization.
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Figure 3-3. FFT of the anisotropic reflectivity measurement results on the Sh,Tes thin film
(a) before and (b) after the pump laser irradiation with a fluence of 5.6 mJ/cm? for 1 second.
Again, Lorenzian fitting (lines) to the data (dots) was performed to locate the peak positions. The
relatively weak Eq mode at 3.36 THz showed up with the suppression of the Aiqg mode. The new
peak at 3.64 THz is therefore clearly distinguishable from the Eq mode of Sh,Tes. The change of
the relative amplitudes of A4 and Eq modes compared to before irradiation may be attributed to
the change of the film's surface roughness after irradiation. The inset shows the time-resolved
anisotropic reflectivity curves from which the FFT spectra were computed.

46



Figure 3-3 shows the anisotropic reflectivity result on the Sh,Te; film before and after
irradiation by a pump laser fluence of 5.6 mJ/cm? for 1 second. Before the irradiation, two peaks
at 2.07 THz and 3.36 THz are observed, consistent with the A;y mode and Eq mode of Sh,Tes
[3.10]. After the irradiation, on the other hand, a third peak at 3.64 THz is clearly visible and
distinguishable from the Eq mode of Sb,Tes. The isotropic and anisotropic reflectivity
measurement results from Figs. 3-2 and 3-3 indicate that the new laser-induced peak at 3.64 THz

IS not a coherent phonon mode of Sh,Tes.

It is worth pointing out that one of the phases identified in the fs laser-induced
nanostructures (see Chapter 4) in Sh,Tes thin films corresponds to the cubic Sbh,03
(senarmontite), which has a weak Eq Raman mode close to 3.64 THz [3.20, 3.21]. However,
comparison between the inset of Fig. 3-1 and Fig. 3-2 (b) suggests that the 3.64 THz peak is
mainly of an Aiq Symmetry due to its significant suppression in the anisotropic reflectivity

configuration. Therefore, the assignment of this new peak still favors Te over cubic Sh,0s.

3.2 Micro-Raman Studies

To further confirm the appearance of Te after high-fluence pump laser irradiation on
Sh,Tes, additional micro-Raman studies were carried out. In these investigations, a Renishaw
inVia Raman microscope was used. A continuous wave (cw) laser beam with a wavelength of
514 nm was focused by a 50 X objective to a spot size of 20 pm on the sample surface. The data
collection integration time can be varied from 10 seconds to 60 seconds, and the maximum laser
power is 1.5 mW. The long-pass color filter for the detector cuts off at around 120 cm™.
However, peaks near this cutoff line, such as the ones at 124 cm™ in Figure 3-4, likely have a

lower intensity than their actual value due to the filter.

Micro-Raman spectra on three different areas are shown in Figure 3-4: a fresh region on
the Sh,Tes film, without prior irradiation by the fs laser; a region on the same film irradiated by

the fs laser; and a region on a polycrystalline tellurium film freshly grown by MBE.
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For the fresh region on the Sh,Tes film, a cw laser power of 1.5 mW was used for during
the Raman measurement with an integration time of 30 seconds. To exclude any cw laser-
induced effects on this fresh spot without any prior irradiation from the fs laser, repeated micro-
Raman measurements were done on this location, each with the same cw laser power and
integration time. No perceivable change was found in the consecutive Raman spectra in this
particular location. This indicates that the Raman spectrum labeled "non-irradiated Sh,Tes" in
Figure 3-4 is representative of a fresh spot on the Sh,Te; film. For an integration time longer
than 60 seconds, however, a considerable variation could be noticed in the spectrum. In this
"non-irradiated" Sh,Tes region, a peak at around 166 cm™ could be seen, corresponding to the
Aig mode of Sh,Te; [3.10, 3.11]. Moreover, a small shoulder appeared between 140 cm™ and
150 cm™, coinciding with the Ey mode of Te [3.15]. This small trace of Te could be due to the
slight off-stoichiometry in the fresh Sb,Te; thin film sample.

The middle panel in Figure 3-4 shows the Raman spectrum of the fs laser irradiated region
on the same film. Three significant peaks could be observed: 124 cm™, 140 cm™ and 255 cm™.
The first two peaks overlap perfectly with the Aiq and Eq modes of Te, both from literature and
by comparison with the Te Raman spectrum in the bottom panel of the same figure. Note that the
124 cm™ peak, which corresponds to the coherent optical phonon mode of ~ 3.64 THz in section
3.1, also overlaps with the Eg mode of the cubic Sh,0s as previously discussed. In this case,
since the excitation laser is unpolarized and no analyzer was used for detection, the symmetry of
the 124 cm™ peak cannot be determined. Therefore, the cubic Sb,03 E; mode remains a possible
contribution to this Raman peak, in addition to the Ay, mode of Te. For the 255 cm™ peak,
however, no Te Raman mode can be responsible. The one strong candidate for this peak, taking
into account the evidence so far, is the Ay mode of cubic Sb,O3 [3.21]. This peak is adjacent to a
shoulder coinciding with the second-order Raman peak of Te at ~ 270 cm™ [3.22], also seen in
the Te film spectrum in the bottom panel. Another trace of the second-order Te peak can be seen
around 223 cm™ [3.22] in both the irradiated Sh,Tes spectrum and the Te film spectrum. On the
other hand, the 166 cm™ peak seen in the non-irradiated Sh,Tes region has diminished

considerably after irradiation, suggesting a fs laser-induced Sh,Te; decomposition.
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Figure 3-4. Micro-Raman spectrum of a fs laser-irradiated region on the Sh,Tes thin film
with a fluence of ~ 4 mJ/cm? (middle panel), compared with that of the non-irradiated region on
the same film (top panel) and a polycrystalline Te film (bottom panel) as references.

Interestingly, although a Te phase in the crystalline form has been observed with the micro-
Raman spectroscopy, the Sb phase, left over from the decomposed Sh,Tes, was never seen in
either the coherent optical phonon spectra or the micro-Raman spectra. In particular, Sb has a

strong A1y mode at 150 cm™ [3.23] that failed to appear in any micro-Raman spectra on all fs
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laser-irradiated regions in the Sh,Tes film. While some Sb may combine with the oxygen in air
to form Sb,O3, the clarification of whether there are Sb atoms remaining on the irradiated region
and their locations require additional studies besides the spectroscopy performed in this chapter.
A related question will be answered for the fs laser-induced nanostructures in Sb,Tes films in
Chapter 4, where the spatial distribution of the Sb element is determined through cross-sectional

studies.

Finally, since the fs laser irradiation was performed in air, oxide formation is a likely
process. In addition to the Sh,O3 already observed, another possible consideration is the
formation of TeO,. Similar to Sb,O3, TeO; has an Eq mode close to the coherent optical phonon
peak at 3.64 THz (122 cm™) [3.24], but is disfavored due to the same argument. Additionally, it
has two A; modes at 148 cm™ and 393 cm™, and five E modes between 150 cm™ and 350 cm™
[3.24], none of which were observed in the micro-Raman spectra. The absence of these major
Raman modes suggests that there is a negligible amount of TeO, present in the fs laser irradiated

regions.

These micro-Raman studies have complemented and supported our assignment of the Te
A1y mode to the new coherent optical phonon peak at 3.64 THz after fs laser irradiation. The
appearance of the Te phonon peak and a decrease of the Sb,Te; peak suggest a fs laser-induced
Sh,Te; decomposition and Te segregation. One of the mechanism in play could be a thermal
effect due to laser heating. To estimate the temperature rise AT, two contributions were
considered: the transient temperature increase, AT, resulting from the energy disposition from
each laser pulse, and the background temperature increase, AT}, resulting from the heat

accumulation from previous pulses. The transient temperature increase can be calculated from:

FAM

where F is the pump laser fluence (4.62 mJd/cm?), A is the optical absorption in the film
(0.4), d is the heat penetration depth (~ 80 nm), C is the specific heat of Sb,Tez (130 J/mol/K),
p isits density (6.5 g/cm®), and M is its molecular weight (626.32 g/mol). AT, was estimated
to be ~ 2 AT, . With these values, the total temperature rise due to the fs laser irradiation on the
Sh,Tes film is AT =500 + 150 °C. The AT uncertainty was estimated from the measurement
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uncertainties for F, d and A. Such a temperature rise is likely to be even higher near the film
surface, due to the exponential decay profile of the laser intensity inside the film. The effect of
this large transient temperature rise and the exact mechanism that leads to laser-induced phase
transformation and subsequent Te segregation are not well understood with the experimental

evidence at hand, and further studies are needed to elucidate the details of this process.

It is worth noting that segregation of Te has been observed by cw Raman spectroscopy in
Te-containing compounds such as Te-rich Bi-Te thin films [3.25], CdTe thin films [3.26, 3.27],
and Ge,Sbh,Tes films [3.28]. Laser-induced segregation of Te has also been shown to accompany
cw Raman measurements of ZnTe [3.29], CulnTe; [3.30], CdIn,Te4, Znin,Tes, Mnin,Te, [3.31],
and CdZnTe [3.32, 3.33]. These reports serve as evidence for the susceptibility of Te-based
chalcogenides to Te phase separation. The study in this chapter indicates that fs laser irradiation

of Sh,Te; films can induce a similar Te phase-separation instability.

3.3 Fluence Dependence of the Phonon Amplitudes

In order to investigate the dependence of the laser modifications to the sample on the
irradiation fluence, the optical phonon amplitudes of Sh,Tes (Ist) and Te (I1) were plotted as a
function of different laser fluences in Figure 3-5. The laser irradiation time was 1 second. As an
example, the inset shows the phonon spectra after irradiation by two pump fluences of 3.59 and
4.26 mJ/cm?. It can be seen that as the exposure fluence increases, the Sb,Tes phonon amplitude
decreases while the Te phonon amplitude increases. This is consistent with our suggestion that
the appearance of the Te optical phonon originates from the decomposition of Sh,Tesz by high

fluence pulses and the subsequent formation of a Te phase.
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Figure 3-5. The percentage amplitude change of Sb,Tes (Ist) and Te (I1) A4q optical
phonons as a function of the irradiation fluence. Ist and I+ are normalized by the Sb,Te; phonon
amplitude before irradiation. The inset shows two phonon spectra after the fs laser irradiation
with fluences of 3.59 mJ/cm? and 4.26 mJ/cm?, respectively. The blue dashed line marks the
level of 0% tellurium in the spectra to highlight the threshold behavior of the Ist trend.

A further interesting observation from Figure 3-5 is that the threshold behavior exhibited
by the increase in Te optical phonon amplitude: irradiation by a laser pulse weaker than 2.47
mJ/cm? forms an insignificant amount of Te, while exposure to a laser pulse stronger than this
threshold generates Te phonon features that continuously grow with the laser fluences. On the
other hand, similar threshold behavior is not as obvious for the Sb,Te; phonon peak. The higher
threshold measured for the Te peak may be related to the additional laser energy needed to form

the Te phase rather than simply breaking the bonds inside the Sh,Te; crystal.
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Figure 3-6. Dependence of the Sh,Tez and Te coherent phonon amplitudes on the fs laser
fluence after irradiations for 1 second (black squares) and 1 minute (red circles).

A similar relationship of phonon amplitude change vs. laser fluence is shown in Figure 3-6,
where the results with laser irradiation times of 1 second and 1 minute were displayed in the
same plots. For the phonon amplitude change in the case of Te, the much longer irradiation time
of 1 minute does not result in a significantly higher Te amplitude compared to 1 second until the
laser fluence is above ~ 3 mJ/cm?. For the case of Sb,Tes decomposition, on the other hand, the
effect of longer irradiation time sets in at a lower fluence, below 2 mJ/cm?. For the high fluence
range ( > 3 mJ/cm?), the significant difference in the phonon amplitudes at short and long
irradiation times points to the presence of an incubation effect during the phase decomposition
and segregation process. This effect could be the result of the heat accumulation from successive
laser pulses, progressive change in surface morphology that may affect the laser coupling to the
material at a later time, or some other more complex fs laser-Sh,Tes interactions. These
processes, as suggested by Figure 3-6, do not become significant until the laser fluence exceeds a

certain threshold.
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Chapter 4

Femtosecond Laser-Induced Nanostructures in Sb,Tes

4.1 Overview

One of the most intriguing and valuable aspects of lasers is their ability to modify materials
by irradiation. The modifications can be macroscopically distinct, such as surface morphology,
or they can be alterations to the materials properties on a more microscopic scale, such as
composition or crystal structure changes. In the previous chapter, we demonstrated the
possibility that irradiation of Sb,Te; using femtosecond lasers can lead to tellurium segregation.
Therefore, pump-probe experiments aimed at studying the properties of the pristine Sh,Tes film
need to have their laser fluence below a certain threshold to maintain the film's integrity during
the measurements. In this chapter, we study the other end of the laser-film interaction spectrum:
the use of a high-fluence fs laser to create ordered nanostructures on Sh,Tes thin films.

Sh,Te; is one of the most widely used materials for thermoelectric applications, as
discussed in Chapter 1. In particular, low dimensional structures such as thin films, nanowires,
and guantum dots have been predicted [4.1, 4.2] to have a significantly higher energy conversion
efficiency compared to the bulk forms of the material, due to energy filtering, quantum
confinement, and enhanced phonon scattering on multiple boundaries. Indeed, measurements on
Sh,Te; nanowires have demonstrated thermoelectric power enhancement at the smallest wire
diameters [4.3]. In addition to its attractive thermoelectric properties, Sb,Tes has been shown to
be a promising candidate material for a topological insulator, which is characterized by
conductive states at the surface and insulating states in the bulk [4.4]. One-dimensional Sh,Te;
nanostructures may be of particular interest in providing a means to tune the surface-to-volume

ratio and enhance the contribution of exotic surface states [4.5].

Among a variety of approaches to create microstructures and nanostructures, the laser-

induced periodic surface structures (LIPSS) - arrays of "micro- or nano-ripples"” formed after
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laser irradiation, have attracted considerable interest. The first observation was made by
Birnbaum on several semiconductor bulk samples using ruby lasers in 1965 [4.6]. Since then,
LIPSS have been reported in a wide range of materials after irradiation by cw and nanosecond
lasers, with an orientation perpendicular to the laser's linear polarization and a periodicity around
M(1+sinb), where A is the irradiation laser wavelength and 0 is the incidence angle [4.7-4.14].
They were termed low-spatial-frequency LIPSS (LSFL) to emphasize their large periodicity
compared to another type of LIPSS discussed below. The formation mechanism of LSFL was

proposed as an interference effect between the incident and the surface-scattered waves [4.15].

As ultrafast lasers became more widely available in the 1990s, a new type of LIPSS has
emerged from ultrafast laser irradiation. These so-called high-spatial-frequency-LIPSS (HSFL)
have periodicities many times or even an order of magnitude below the irradiation laser
wavelength [4.16-4.24], making them impossible to come from simple interference between laser
beams. In particular, the close proximity of the HSFL periodicity to A/2n observed over a wide
range of materials and laser wavelengths, where n is the refractive index of the material
irradiated, has led to a number of theories on the generation mechanism of HSFL. For example,
one of the most actively researched models suggests that the small periodicity of HSFL is a result
of a complex interaction between the laser and the laser excited plasmon inside the material [4.17,
4.21]. Other theories include self organization [4.25, 4.26], second harmonic generation [4.27],
and the nanoplasma formation from local field enhancement [4.22, 4.28]. These investigations
usually involve a careful comparison between the measured HSFL periodicity and the value
calculated from the proposed model. Additionally, several other studies have also employed
single- and multiple-pulse irradiations to monitor the formation of HSFL as a function of pulse
numbers [4.24, 4.29, 4.36]. The absence of LIPSS from any single-pulse irradiation suggests a
feedback mechanism at work during the formation process. The explanation for how HSFL is
generated is an important and fascinating topic that is currently under intense investigation and

active debate by a multitude of research groups.

Interestingly, HSFL were found predominantly in semiconductor and dielectric materials
where the material's bandgap is larger than the irradiation photon energy [4.16-4.19, 4.30, 4.31],
with few exceptions [4.24, 4.32]. The most convincing report on this bandgap-photon energy

relationship is a systematic study performed on InP, GaP and GaAs with three laser wavelengths,
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where HSFL only shows up when the laser is in the transparency regime of the semiconductor
[4.31]. Combined with the widely known observation that HSFL only show up after irradiations
from ultrafast lasers but never cw lasers [4.7-4.24], these experimental results have further
suggested the importance of a high-intensity laser field in the formation of HSFL, agreeing well
with the plasmonic picture of the interaction process. As a result of the challenges associated
with HSFL formation in materials opaque to the irradiation laser, fs laser-induced nanostructure
formation has remained elusive for certain technologically important narrow-bandgap
semiconductors such as Sb,Tes, which is highly absorbing in the visible and near-infrared
spectral regions [4.3, 4.33].

In this chapter, we will present a detailed investigation of HSFL formation on Sb,Te; thin
films using femtosecond lasers. Section 4.2 introduces the procedures involved in the creation of
nanostructures, including laser alignment techniques and the scanning process. These well-
controlled and consistently-performed procedures are critical for a reliable comparison between
HSFL formed in different stages of laser irradiation. Section 4.3 discusses the microscopic
characterization techniques employed for close examinations on the nanostructures, the results
from which will be shown in the next two sections. Section 4.4 presents a systematic study on
how the surface morphologies of HSFL in Sb,Tes films depend on a series of laser irradiation
conditions, including fluence, scan speed and laser wavelength. These results will provide
valuable experimental support for future endeavors to fabricate low-dimensional nanoscale
devices with this important material [4.34]. The HSFL investigations on Sh,Tes are expanded in
section 4.5 to a microscopic examination of the cross section of these ordered nanostructures,
where the phases present in the nanostructured region are identified and their spatial distribution
elucidated. These findings were further supported by a series of X-ray diffraction measurements
demonstrated in section 4.6. The clarification of these phases serves a critical role in the
fabrication of highly-ordered horizontal Sb,Tes nanowires in potential integrated planar
applications. Section 4.7 presents a set of experiments that reveal the sensitivity of the HSFL
morphology to the ambient environment in which the laser irradiations are carried out. These
results open up potential research directions that may lead to a deeper understanding of the
processes involved in the HSFL formation in Sb,Tes. Finally, section 4.8 shows some of the
preliminary thermal and STM results on HSFL. These measurements represent the beginning of

a rich variety of research projects that are currently underway.
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4.2 Laser Processing Procedures

The laser nanostructuring experiments were done on two different setups: first with the
1560 nm laser in Clarke's lab and later with the lasers (1560 nm, 1030 nm and 780 nm) in Pipe's
lab. The lasers in both labs have the same repetition rate of 100 MHz and very similar pulse
durations. In particular, the 1560 nm lasers in both labs have the same configuration parameters
except that the one in Clarke's lab provides a laser fluence of up to ~ 6 mJ/cm?, while the one in
Pipe's lab can go up to ~ 15 mJ/cm?. The early results on fs laser induced nanostructures were
obtained with the setup in Clarke's lab on Sb,Tes thin films of 100 nm to 200 nm in thickness
deposited directly on the Al,O3 substrates. Later, more systematic studies on these nanostructures
were performed with the setup in Pipe's lab. The samples used in these newer studies were ~100
nm Sh,Tes thin films on Al,O3 substrates with a ~ 10 nm buffer layer of Bi,;Te; between the
Sb,Tes and the Al,Os.

The transition to the new setup in Pipe's lab was made in an effort to explore a wider range
of experiment options, thanks to the larger laser power it provides, which goes up to almost four
times as much as the maximum power in the original setup. With the larger power, a laser focal
spot size 1.5 times that in the original setup can be created along with a maximum laser fluence
over twice as much as that of the original. The increased spot size results in a wider irradiated
area and consequently, a larger number of nanotracks. The expanded dimensions of the
nanotrack region makes it easier to perform lithography processing in preparation for potential
transport measurements over these nanostructures. In addition, as was mentioned in the previous
section, laser wavelength dependence of the nanostructure morphology has been observed in
both HSFL and LSFL. The availability of three different laser wavelengths offers an excellent
opportunity to create and investigate nanotracks of various widths.

The choice of adding a buffer layer of Bi,Tes between the Sh,Tes thin film and the Al,O;
substrate was made based on the empirical observation that such a sample configuration gives
the most continuous and ordered nanotracks, as will be shown later in section 4.4. This is
especially prominent in thinner Sb,Te; films of around 100 nm, where samples without the
buffer layer have a tendency to form disordered nanorods, with their specific morphology greatly
depending on the film quality. The samples with the buffer layer, on the other hand, produced

ordered nanotracks with minimum morphology variations sample-to-sample over a fixed range
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of laser fluence and scan speed. The consistency and predictability of the nanotrack morphology
from the samples with the buffer layer could be due to a more consistent quality of the Sh,Te;
layer, since Bi,Tes and Sh,Tes share very similar lattice parameters. The addition of the Bi,Tes
layer also slows down the heat dissipation into the Al,O3 substrate, resulting in a larger heat
accumulation and raised temperature during the laser irradiation of the sample. Further studies

are necessary to clarify the role of the Bi,Tes layer in nanotrack formation.

The laser irradiation procedures were the same in both setups. The Sh,Tes thin film sample
was mounted on an XYZ translation stage. A collimated 1560 nm fs laser beam was focused by a
parabolic mirror and incident normally onto the thin film. The film was then moved transversely
in a direction perpendicular to the laser propagation. This allows the laser to scan across the
surface of the film. A CCD camera connected with a telescope was used to monitor a magnified
image of the sample area around the focused beam spot. The irradiation laser polarization was
controlled by having the laser go through a quarter waveplate, a half waveplate and then a linear
polarizer. The quarter waveplate was used to control the linearity of the polarization, while the
combination of the half waveplate and the polarizer were used for linear polarization direction
control and laser power control. A flip mirror was used to direct the laser beam to a thermal
power meter (Thorlabs S302C) for the laser power measurement.

21
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[ | o1 ]11030nm
Power I | H | Laser
Meter
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\ |
(a) (b)

Figure 4-1. The experiment setups for the fs laser nanostructuring on the Sh,Tes thin films
by (a) the 1560 nm laser and (b) the 1030 nm laser. Setup (b) was aligned based on the two
apertures placed in the setup (a). 1 - quarter-wave plate; 2 - half-wave plate; 3 - linear polarizer;
4 - variable neutral density filter; 5 - long-pass color filter, cutoff at 610 nm; 6 - power meter
when calibrating the amplifier output power, mirror when nanostructuring the Sbh,Tes thin films.

61



To ensure an optimized focused laser beam irradiated on the sample surface and to
maintain the consistency of the irradiation condition for each laser writing, fine-tuning of the
laser beam alignment was performed each time before the laser irradiation experiments started.
To align the laser beam, a piece of GaAs was mounted next to the thin film sample. The GaAs
piece (bandgap ~ 1.43 eV) was excited by the focused 1560 nm beam (photon energy ~ 0.8 eV)
via two-photon absorption and the intensity of the resulting photoluminescence (PL) signal from
the GaAs piece was used to evaluate the beam's focusing condition. A higher PL intensity
indicates a more tightly focused beam and therefore a superior focusing condition. The GaAs
piece was first placed in focus, which is signaled by a sudden brightening of the PL signal from
the piece itself. Then the angles of the two mirrors immediately before the parabolic mirror as
well as the tilting angles and location of the parabolic mirror itself were fine-tuned to maximize
the PL signal from the GaAs piece as seen from the CCD camera. A few iterations of the fine-
tunings of the optics elements as well as the focusing position of the GaAs piece would leave the
focused laser beam with the least aberration and the most tightly focused beam. An optimized
focusing condition also ensures that the laser irradiation condition is the same each time and

makes it easier to compare results from different rounds of irradiation experiments.

The Sh,Tes thin film sample for laser-irradiation experiments was mounted right next to the
GaAs piece. After the focusing condition of the optics components was optimized, the Sb,Te;
film was moved into the focus of the parabolic mirror. The optimal focusing position of the
Sh,Tes film was achieved by maximizing the third harmonic generation (THG) signal from the
Sh,Te; surface. Like the two-photon absorption in GaAs, THG is a nonlinear process whose
intensity is extremely sensitive to the excitation laser intensity. As the film came into the
Rayleigh range of the focused laser beam, this was manifested by a sudden appearance of a
bright spot on the film surface as detected by the CCD camera and shown on a monitor screen.
This THG signal also served as a guide to the exact location of the focused laser beam on the
film. After the THG signal was maximized, the tilting angle of the film was fine-tuned until the
THG brightness remained the same over a distance of 2 mm along the film surface. Since most
of the laser scans in this work covered distances of less than 500 um, the film was thus ensured

to stay in focus during the whole course of scanning.
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The movement of the translation stage on which the samples were mounted was realized by
a DC servo motorized actuator (Thorlabs Z812B) connected to a T-cube DC servo motor
controller (Thorlabs TDCO001). With a resolution of less than 29 nm, the actuator ensured a
constant and accurate scanning speed for comparison studies and control over the nanostructure
morphologies. Moreover, as will be discussed later in this chapter, the gas environment studies
would not be possible without the use of the motorized actuators, since moving the translation

stage manually in an enclosed space with a controlled gas environment is extremely challenging.

In addition to the 1560 nm laser, the Sb,Tes film was also irradiated by two other fs lasers
with wavelengths of 780 nm and 1030 nm, with pulse durations comparable to that of the 1560
nm laser. For the 780 nm laser writing, since its third harmonic signal is out of the detection
range of the CCD camera, tuning of the film focusing position was achieved by overlapping the
focal spot of the 780 nm laser with that of the 1560 nm laser. The lateral overlap of the two focal
spots perpendicular to the laser propagation was done by overlapping the traveling routes of the
two laser beams. The depths of focus were overlapped by fine-tuning the collimator of the 780
nm laser and checked with the razor-blade method (see section 3.1). With the two focal spots
overlapped, the film was first put into focus with the 1560 nm laser, and then switched to 780 nm

for laser irradiation experiments.

To align the 1030 nm laser beam, two iris apertures were placed in the path of the 1560 nm
beam after the flip mirror. The 1030 nm beam was then directed through the centers of the two
apertures (Fig. 4-1(b)). While no collimator was used for this beam, the beam divergence
appeared small over a distance of 1 meter. Since the laser came out of the "residual light port",
the output from this port contains a mixture of the 1030 nm beam and its second harmonic beam
at 512 nm. This green beam is filtered out by a long-pass filter with a cutoff at 610 nm. The
output power of the 1030 nm beam is controlled by varying the laser diode's current in the
amplifier, and the percentage output power is displayed on the control panel of the amplifier.
Since the power meter for the 1560 nm beam nanostructuring is placed before the location where
the 1030 nm beam joins and travels collinearly with the 1560 nm beam, the exact power values
of the 1030 nm beam were calibrated by recording the power with a photo-detector ("6" in Fig.
4-1) corresponding to each percent power displayed by the amplifier control panel. The photo-

detector was then replaced by a mirror, and the adjustment and determination of laser fluence
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irradiated on the samples were realized by a combination of the displayed percentage output
power and the calibration table. The fine-tuning of the optical elements and focal position of the
sample for the 1030 nm beam were done with the help of the CCD camera, similar to those of the
1560 nm beam. However, although the CCD sensitivity for 1030 nm drops significantly
compared to 1560 nm, a small trace of scattered 1030 nm beam off the GaAs could still be
detected. To eliminate this weak scattering signal, a short-pass filter was placed in front of the

CCD camera, allowing only the PL signal from GaAs to be detected.

4.3 Microscopy Characterization Techniques

To investigate the details of the nanostructures formed by the fs lasers on Sh,Tes, various
microscopy techniques were carried out at the Electron Microbeam Analysis Laboratory (EMAL)
at the University of Michigan. The surface morphology of the irradiated regions was inspected
under the scanning electron microscope (SEM) and the atomic force microscope (AFM). In SEM
(FEI Nova Nanolab Dualbeam Scanning Electron Microscope), secondary electron (SE)
detection mode was used. Since the Sh,Te;s films are reasonably conductive (p~10~°Qm at
room temperature [4.35]), the charge accumulation effect on the thin film samples is minimal.
Therefore, a metal coating on top of the sample prior to SEM examination is not needed.
Nevertheless, the insulating Al,O3 substrate makes it necessary to connect the film surface to the
grounding sample holder with a conductive copper sheet. Considering the vulnerability of Sb,Tes,
an acceleration voltage of 5 kV and a beam current of 98 pA were used for the electron beam to

minimize damage during the imaging process.

In the AFM (Veeco Dimension Icon Atomic Force Microscope) characterizations, tapping
mode was used to minimize the mechanical damage to the soft Sb,Te; sample by the AFM tip.
The super-sharp tip (Bruker TESP-SS) employed for the tapping mode measurements has a tip
radius of less than 5 nm and a half-angle of less than 10 degrees for the first 200 nm of the tip
apex. The use of the super-sharp tip helped minimize the artifacts from the tip-sample
convolution during the height profiling of the Sh,Tes nanostructures.
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Transmission electron microscopy (TEM) was employed for the cross-sectional studies of
the nanostructures. Dr. Kai Sun from EMAL has played a crucial role in assistance with
obtaining the TEM results. In this case, ultra-thin samples with less than 100 nm thicknesses are
required for proper imaging by TEM. Considering the special geometry of the sample -
nanostructures composed of a soft material lying on top of a hard substrate, an in-situ lift-out
method was chosen for TEM cross-sectional specimen preparation. The lift-out procedure was
performed with the FEI Helios 650 Dual Beam focused ion beam (FIB) instrument. To preserve
the pristine structure of the cross section, a 2 um-thick layer of platinum (Pt) was deposited, first
by e-beam assisted deposition (1 um) and then by FIB-assisted deposition (1 um), on top of the
region of interest prior to the FIB milling. Then a thin section (~ 1 um) across the nanostructures
was cut out by the FIB and welded onto the FIB lift-out grid with Pt. The specimen was further
thinned down to about 100 nm with the FIB. The ion beam voltage and current was minimized

during the thinning process to avoid damage to the side of the specimen.

The cross-sectional specimen was inspected by three TEM instruments: JEOL 2010F
Analytical Electron Microscope ("2010F"), JEOL 3011 High Resolution Electron Microscope
("3011"), and JEOL 2100F Analytical Electron Microscope ("2100F"). The 2010F was used for
low-magnification high-angle annular dark field (HAADF) imaging, nano-beam electron
diffraction (NBED) and X-ray energy dispersive spectroscopy (EDS) element mapping. The
3011 was used for high-resolution HAADF imaging and selected-area electron diffraction
(SAED) studies. The 2100F was used for high-resolution HAADF imaging operating in the
scanning transmission electron microscopy (STEM) mode. With the combined results from these
examinations, the various phases present in the nanostructured regions and their crystal

structures can be identified and evaluated.

4.4 Surface Morphologies

Figure 4-2 shows the surface morphology of a 200 nm Sh,Tejs thin film on an Al,O3
substrate irradiated by the 1560 nm fs laser in Clarke's lab with a fluence of 6.3 mJ/cm? and a

scan speed of 10 um/s. The surface roughness of the film, defined as the arithmetical average of
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the surface profile, R,, is ~ 5 nm. Four highly-aligned nanotracks are clearly visible in the
irradiated region (Fig. 4-2 (a)), with widths in the range of 45 - 80 nm and an average spacing, A,
of 130 £ 10 nm. The observed spacing is consistent with an estimate based on the lateral
interference condition A = A/2n = 131.7 nm, discussed previously in section 4.1. The nanotrack
orientation is perpendicular to the laser polarization. Figure 4-2 (b) is the SEM image of a similar
region at a 45° viewing angle, showing the nanotracks as rounded ridges with numerous
nanometer-size particles scattered along the top. Figure 4-2 (c) is the 2D height profile of a
similar region measured by AFM, with a section of the profile along the white line
(perpendicular to the nanotracks) displayed on the right. This cross sectional height profile

reveals two nanotracks of ~ 40 nm top-to-valley sitting near the bottom of a trench.
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Figure 4-2. Surface morphology of the nanotracks on a 200 nm Sh,Tejs thin film with a
laser fluence of 6.3 mJ/cm? and a scan speed of 10 um/s. (a) SEM plan-view image; (b) SEM
image with a 45° viewing angle. (c) AFM height profile, revealing a nanotrack height of 40 nm -
50 nm.

66



In order to study the dependence of the nanotrack morphology on the laser fluence, three
regions on another 200 nm film were irradiated with a scan speed of 10 um/s, each with a
different fluence: 3.9 mJ/cm?, 5.2 mJ/cm?, and 6.3 mJ/cm? (Figure 4-3). The laser in Clarke's lab
was used. The film used had a much rougher surface of R, ~ 23 nm, as measured by AFM. For
all three regions, groups of nanotracks were observed to develop with a 1.5 £ 0.1 um periodicity
matching that of the laser wavelength. These nanotrack groups were separated by smoother
regions which appear to be annealed. As the fluence increased, the areas covered by the
nanotracks expanded into the annealed regions and eventually covered the entire irradiated area.
However, over the range of fluences tested, which is up to 6.3 mJ/cm?, no change was observed

in the period of the nanotracks themselves (~ 130 nm).

The periodic appearance of the nanotrack groups and their dependence on the laser fluence
can be analyzed in terms of the following processes: the interference between the normal-
incidence laser beam and the surface-scattered electromagnetic wave creates a periodic variation
of laser intensity along the sample's surface with a period close to the laser wavelength [4.15].
Near the nodes of the interference pattern, the low intensity laser irradiation causes a mild
annealing of the film surface, while near the antinodes of the interference pattern, the high laser
intensity leads to periodic modifications to the material from the surface of the film and the
generation of the nanotracks. As the laser fluence grows from 3.9 mJ/cm? to 6.3 md/cm?, the
amplitude of the interference standing wave increases, thereby expanding the areas around the
antinodes in which the laser intensity exceeds the threshold for nanotrack formation.
Consequently, the nanostructure region extends outwards into the annealed areas as the laser

fluence increases.

In addition to the laser fluence, the nanostructure morphology also depends on the laser
irradiation time, which is controlled by the scan speed. Figure 4-4 shows two regions on the
same film as Fig. 4-2 irradiated by a laser fluence of 6.3 mJ/cm? at two different scan speeds: 1
um/s and 10 pm/s. With a spot diameter of ~ 3.2 um, the irradiation time at each location along
the scan is about 3.2 seconds for the speed of 1 um/s and 0.32 seconds for the 10 pm/s. Taking
into account the laser repetition rate of 100 MHz, the number of laser pulses irradiated on each
location is 320 million for the 1 pm/s and 32 million for the 10 um/s. At 1 um/s, the irradiated

region is dominated by quasi-ordered nanostructures. As the speed increases to 10 um/s and the
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corresponding irradiation time decreases by a factor of 10, the irradiated region becomes covered

with highly ordered and continuous nanotracks with spacing comparable to their width.

Figure 4-3. Fluence dependence of the nanotracks on a rough 200 nm Sbh,Tes film. The
scan speed was 10 pum/s for all cases and the laser fluence was (a) 3.9 mJ/cm?, (b) 5.2 md/cm?,
and (c) 6.3 mJ/cm?. The arrow indicates the plane of laser polarization.
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Figure 4-4. SEM images of the nanotracks on the smooth 200 nm Sh,Tejs thin film after
irradiation by the fs laser with a fluence of 6.3 mJ/cm? and scan speeds of (a) 1pm/s and (b) 10
pum/s.
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The results in the rest of this section were obtained with the lasers in Pipe's lab on 100 nm -
300 nm Sh,Tes thin films on Al,O3 substrates with a 5 nm - 10 nm Bi,Tes buffer layer between
the Sh,Te; and the Al,Os. Figures 4-5 (a) and (b) show the representative surface morphology of
groups of highly-ordered nanotracks formed after irradiation by the 1560 nm fs laser with a scan
speed of 5 pm/s and fluence of 8.4 mJ/cm? and 10.1 mJ/cm?. The nanotracks have a periodicity
of around 130 nm, close to A/2n, and a range of widths around 70 nm - 100 nm. Compared to the
ones shown earlier in this section, the number of nanotracks generated here is significantly larger
and show continuity over a longer distance, making this sample/irradiation configuration

appealing for potential applications in fabricating planar nano-devices.

One of the interesting features in Fig. 4-5 (a) and (b) is the abrupt borders for both the
nanotrack region and the side-region that seems significantly smoother compared to the rest of
the film. These borders suggest the existence of thresholds for initiating the dynamics that result
in these two surface morphologies. The fluence ranges for these two dynamics regimes can be
understood in terms of the Gaussian spatial profile of the laser focal spot. Near the center of the
focal spot, the fluence is higher, corresponding to a fluence range for nanotrack generation.
Moving away from the center of the spot, the fluence drops below the threshold for initiating the
nanotrack generation, down to the range for surface smoothening. As the laser fluence increases
from 8.4 mJ/cm? to 10.1 mJ/cm?, both borders expand outwards. If we consider a laser spatial
profile of F x exp (—x?/x2), where F is the peak of the laser spot, the threshold fluence F,,, is

related to the border position x;, by:

Fup = Fe™tn/x3 (4.1)
In the case of Fig. 4-5, x, is equal to d/2 and D /2 for the nanotracks region and the
smooth surface region, respectively. Let the corresponding thresholds be F;, 4 and Fyy, p. The

peak fluence is related to d and D by:

d? = 4xZInF — 4xZInFyy, 4 (4.2)
D? = 4x2InF — 4xZInFy, p (4.3)
If F,;, and x, do not depend on F, d? and D2 will be linearly related to InF, with a slope of
4x2 and an intercept of —4x2InF,,. The linear relationships are confirmed in Fig. 4-5 (c), from

which the laser spot size 2x, was determined to be 4.2 um, and the fluence thresholds were
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calculated to be 7.7 mJ/cm? for the nanotracks and 3.9 mJ/cm? for the surface smoothening, in
good agreement with the observations in the Sb,Tes thin films with the Bi,Te; buffer layer

irradiated by the 1560 nm laser with a scan speed of 5 pm/s.
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Figure 4-5. Nanotracks on a 100 nm Sh,Tes thin film with a Bi,Tes buffer layer between
the film and the Al,O3 substrate. The nanotracks were induced by a 1560 nm fs laser with a scan
speed of 5 um/s and a fluence of (a) 8.4 mJ/cm? and (b) 10.1 mJ/cm?. The two black double-
arrows in (b) indicate the definitions of d and D - the threshold for nanotrack generation and
surface smoothening, respectively. (c) shows that d> and D? are linearly related to the natural log
of the laser fluence, confirming the existence of constant thresholds for the two types of laser-
Sh,Te; interactions. F, is the unit fluence, 1 mJ/cm?. The square dots and the round dots
correspond to the experiment data for d* and D?, respectively. The solid lines are the linear best
fits to the data.
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Three AFM height profiles of the nanotracks by different laser fluences (8.4 mJ/cm?, 9.2
mJ/cm?, and 10.1 mJ/cm?) are shown in Figure 4-6, each with a cross sectional profile taken
perpendicular to the nanotrack orientation. The depth of the valleys between the nanotracks
ranges from 15 nm to 40 nm, with no significant average depth difference between the three
fluences. Considering a total thickness of the film of 105 nm, the valleys do not extend all the
way down to the substrate. This suggests that the nanotracks are interconnected near the bottom
of the valleys and that in order to have individual in-plane nanowires as suggested in section 4.1,
thinner films are needed to physically separate the nanotracks. However, as we will see later in
this chapter, these physically connected nanotracks can still be separated in the sense of different
crystal phases. A more detailed study and discussion on this topic will be presented in the next

section.

While the laser fluence does not seem to have much observable effect on the height profile
of the nanotracks, it does influence the width of the nanotracks. This is manifested as a slight
increase in the width as the individual nanotrack is located further away from the center of the
nanotrack region, where the laser fluence is the highest. For example, in the case of the fluence
of 10.1 mJ/cm? shown in Figure 4-7, the nanotrack width increases mildly as the distance
between the nanotracks and the center of the nanotrack region increases. Note that even along a
single continuous nanotrack, a width variation of more than 5 nm is commonly observed.
Nevertheless, the width-distance correlation still exists after an averaging was performed over

each individual nanotrack.

Another example of the nanotrack width dependence on the laser fluence is illustrated in
Figure 4-8, where the width of the center-most nanotrack in each of the eight nanotrack regions
is plotted against the corresponding spatially-averaged irradiation laser fluence as measured by
the power meter. Again, the overall trend shows a negative correlation between the two
parameters, consistent with the observation on a single nanotrack region in Fig. 4-7. The
nanotrack periodicity was also plotted against the same fluence scale, displaying a comparatively
constant value of around 125 nm throughout the fluence variation from 8.4 mJ/cm? to 14.3
mJ/cm?. Similar to the nanotrack width case, the periodicity measurement is plagued with
variations of several nanometers, mostly due to bifurcations and slightly disordered alignments

of the nanotracks.
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Figure 4-6. Height profiles of the nanotracks irradiated by the 1560 nm fs laser with a scan
speed of 5 um/s and a fluence of (a) 8.4 mJ/cm?, (b) 9.2 mJ/cm?, and (c) 10.1 mJ/cm?. The green
dashed line in (b) indicates the direction of the line sections along which the cross sectional
height profiles on the right column were measured.
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Figure 4-7. Nanotrack width as a function of the distance away from the center of the
nanotrack region. The error bar indicates the typical width variation of a nanotrack. The data was
obtained on the nanotracks induced by a laser fluence of 9.2 mJ/cm>.
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Figure 4-8. The nanotrack period and width in eight nanotrack regions as a function of the
corresponding irradiation laser fluence. The width in each region was taken from the center-most
nanotrack. The error bars indicate the typical variations in the width and the period.
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In addition to laser irradiation by the 1560 nm laser beam, the Sb,Tes thin film samples
were also exposed to the 780 nm laser and the 1030 nm laser. For the 780 nm laser irradiation,
only limited experiments were performed on a 100 nm Sh,Tes film directly on the Al,O;
substrate, with a fluence range of around 10 mJ/cm? - 25 mJ/cm? and scan speeds ranging from 1
um/s to 50 um/s. Examinations of the irradiated regions under SEM revealed only LFSL with a
periodicity of about 620 nm, slightly smaller than the laser wavelength, consistent with the
previous reports on LFSL. The absence of HFLS in the case of 780 nm laser irradiation could be
related to the large photon energy compared to the narrow bandgap of Sh,Tes, as was discussed

earlier in section 4.1.

Irradiation experiments with the 1030 nm laser were conducted on the same sample as in
Fig. 4-5, with a fluence ranging from 4.5 mJ/cm? to 13.2 mJ/cm? and a scan speed from 5 pm/s
to 20 um/s. The SEM examinations on the irradiated regions not only found ordered nanotracks
similar to those produced by the 1560 nm beam (Figure 4-10), but also revealed different
regimes of the laser interaction dynamics as the laser fluence varies; one of such examples is
shown in Figure 4-9. The area irradiated by the 1030 nm beam (not scanning) displays an oval
shape with four regions of different surface morphologies clearly visible. Region 1 corresponds
to the center of the Gaussian beam and the highest laser fluence, while region 4 corresponds to
the tail of the beam and has the lowest fluence. Similar to the 1560 nm case, the weak fluence at
region 4 results in a smoothed surface, likely due to annealing from a slightly raised temperature
by the tail of the laser beam. Note the narrow ring of region 3 that constitute only about 10% of
the total diameter, demonstrating the limited range of fluence available for generating the

ordered nanotracks by the 1030 nm laser.

The effort to observe wide arrays of nanotracks similar to those with the 1560 nm beam is
further complicated by the coexistence of LSFL and HSFL. Figure 4-10 shows two laser-
irradiated regions with a laser fluence of 6.8 mJ/cm? and 7.6 mJ/cm?, respectively. The
nanotracks have an average width of 58 nm and an average period of 90 nm, in good agreement
with the empirical relationship of A/2n = 86 nm for the periodicity (A = 1030 nm and n = 6).
These groups of nanotracks are separated by stripes filled with nanoparticles, a characteristic
feature of high-fluence irradiation as demonstrated in regions 1 and 2 in Fig. 4-9. This larger

periodicity is around 750 nm on average, slightly smaller than the laser wavelength of 1030 nm
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and indicative of an LSFL nature. The periodic appearance of groups of nanotracks separated by
a different surface morphology is reminiscent of a similar LSFL-HSFL mixing in the nanotrack
regions irradiated by the 1560 nm laser, where the 45° laser polarization relative to the scan
direction revealed an LSFL periodicity of 1.5 um (Fig. 4-3). In the case of the 1030 nm
irradiation, the groups of nanotrack are located near the nodes of the laser intensity modulation,
while the nanoparticle regions are located at the antinodes where the fluence is large. Due to the
small periodicity of the 1030 nm LSFL (750 nm) compared to the width of the trench (> 2 um),
more than one alternation of these two surface morphologies can appear even with the laser

polarization perpendicular to the scan direction.

Figure 4-9. An area on the Sbh,Tes thin film sample irradiated by the 1030 nm laser beam,
showing four regions with different surface morphologies along the beam diameter. The
distribution of the morphologies across the laser spot demonstrates a variety of laser interaction
regimes linked to different fluence ranges. Only about 10% of the whole range of fluence (region
3) results in nanotrack generation.
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Figure 4-10. Nanotracks induced by the 1030 nm laser with a scan speed of 5 pm/s and a
fluence of (a) 6.8 mJ/cm? and (b) 7.6 mJ/cm?. The periodicity of the nanotracks (90 nm) is
consistent with an empirical scaling with the wavelength: A/2n.

4.5 Cross-Sectional Studies

In the previous section, we have characterized the surface morphology of these nanotracks
from the plan-view perspective using SEM and AFM. These techniques are commonly employed
by researchers in the field of LIPSS, since the statistics from these plan-view studies can be
conveniently compared to the available theoretical models and provide a quick confirmation to
the matched one. The SEM and AFM studies also require minimal sample preparation before the
characterization can be properly performed. This is in sharp contrast to the cross-sectional
techniques such as TEM, which entails delicate and time-consuming preparation procedures such
as mechanical and ion beam millings and the focused ion beam (FIB) lift-out technique. These
advantages enable the SEM and AFM to become the dominant techniques used in LIPSS studies.
However, the macroscopic and surface properties obtained from these studies constitute only a
fraction of the information contained in the nanostructures. As part of the laser-material
interaction, the formation of these nanostructures involves processes inside the bulk that may
readily change the crystal structures or the material composition at the nanoscale, properties that
may be difficult to probe using surface or macroscopic characterization techniques.
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In an effort to reveal these sub-surface properties, a few cross-sectional TEM studies of
LIPSS have been performed in a variety of bulk materials, including InP [4.36], diamond [4.18],
Si[4.37, 4.38], SiC [4.38, 4.39], quartz [4.40], Ge [4.37], and GaP [4.41]. These investigations
have unveiled interesting structural features embedded underneath the surface of LIPSS. In
particular, LIPSS in these materials were reported to have an amorphous or polycrystalline layer
covering the top of the nanostructures, attributed to the rapid resolidification from a melted phase.
However, since these studies were done on bulk samples, the height modulations of the
nanostructures were much smaller than the sample thickness. In our case of nanotracks on
Sh,Te; thin films, on the other hand, the height modulations of the nanotracks are comparable to
the film thickness. The presence of the film/substrate interface near the laser-material interaction
region and the specific composition of Sb,Te; can potentially affect the interaction dynamics and
result in a cross-sectional structure considerably different from those in the previously reported
cases. In addition, an important question still remains from the previous section whether these
nanotracks are interconnected near the bottom of the valleys. Although AFM measurements have
revealed height modulations smaller than the film thickness, implying a physical connection of
the nanotracks near the film/substrate interface, these nanotracks may very well be separated by

a different solid phase.

The work in this section aimed to address these questions by examining the cross-sectional
structure of the nanotracks with TEM. The general distribution profiles of different phases were
elucidated by the HAADF images and EDS element mapping. Identification of specific phases
present in the laser-irradiated region was performed with the help of high-resolution HAADF
imaging, SAED and NBED. With these combined efforts, a complete and clear picture of these

highly-ordered nanostructures was obtained.

The sample used for this study was an Sh,Tes thin film of around 100 nm. A 10 nm buffer
layer of Bi,Te; was deposited between the Sh,Te; film and the Al,O3 substrate. The presence of
the buffer layer resulted in higher quality growth of Sh,Te; and promoted a more continuous
generation of Sb,Tes nanotracks, according to empirical experience. The FIB cut was made

perpendicular to the orientation of the nanotracks.

Figure 4-11 (a) is an HAADF image showing an overview of the nanotracks region. Figure

4-11 (b) and (c) are the close-up views of (a) at different locations. The bright spots correspond
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to the locations of the nanotracks while the darker regions between them correspond to the
valleys between the tracks. The black region at the bottom is the substrate. The grey region at the
top is the protective Pt layer. The layer of about 10 nm in thickness right on top of the substrate
corresponds to the Bi,Tes buffer layer. In Figure 4-11 (c), it appears as a brighter band compared

to the nanowire on top of it, due to the heavier Bi atoms compared to the Sb atoms.

One striking feature is that the phase of the nanotracks is extending all the way down to the
substrate, separated by a completely different phase in between. In this sense, what we have
previously called "the nanotracks" and regarded as simply a surface height modulation are in fact
individual in-plane nanowires of a single phase separated by a different phase. As we will show
later, these nanowires have a well-preserved single crystal Sb,Tes structure identical to the one
they started with before laser irradiation. The drastic changes in the crystal structure between the
nanowires and the excellent preservation of the crystal structure in the nanowire region are a
result of the in-plane periodic modulation of the fs laser intensity on a nanoscale. Note the wedge
shape near the border of the nanowires and the Bi,Tes layer, which suggests an increased laser
intensity near this region compared to that at a different height. While the exact mechanism for
the wedge formation still requires additional theory work to elucidate, the laser intensity
variations along the height direction (normal to the substrate surface) is closely related to the

presence of the Bi,Tes/Sh,Tes interface.
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Figure 4-11. HAADF images of the cross section of a nanotrack region. (b) is the zoomed-
in view of the region encircled with the dotted rectangle in (). (c) is the zoomed-in view of
another region of the same cross-sectional sample. In (b) and (c), the black region at the bottom
is the Al O3 substrate, while the grey region at the top is the Pt protective layer. The white ridges
sitting directly on the substrate are the nanotracks, separated by a completely different phase that
appear dark grey. Note the thin slabs near the bottom of the nanotracks that seem slightly
brighter than the other parts of the nanotrack; these correspond to the Bi,Tes buffer layer.
Additionally, (b) and (c) reveal that the top of the nanotracks is covered with a phase different
from that of the nanotrack itself.

As a first step to investigate the various phases in the nanowire region, EDS element
mapping was carried out over potential candidates originally present in the sample, including Sb,

Te, Bi, O, and Al (Figure 4-12). Comparison between the SE image and the Te map shows that
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Te is completely missing from the valley regions connecting the nanowires. Meanwhile, the Sb
map shows no significant variation in Sb from the nanowires to the valleys. This implies that
while the nanowires may still maintain the stoichiometry of the original Sh,Tes, the composition
of the valley region is considerably altered. The Bi map further reveals that Bi atoms, too, were
removed from the valley regions along with Te. The exact process of how the Te and Bi atoms
leave the valleys is an interesting topic in itself that warrants further studies with the help of
simulations. The Sb in the valley regions, on the other hand, is accompanied by a small trace of
O, as indicated in the O map. Therefore, some form of antimony oxide is expected in these
regions. Furthermore, as can be seen from both Fig. 4-11 and the SE image in Fig. 4-12, the top
of the nanowires are not totally exposed, but instead are covered with a capping layer < 10 nm in
thickness. A careful comparison between the shapes of the nanowires in the SE image and
element distributions in the Te and Sb maps suggests that part of the capping layer is rich in Te

and deficient in Sb.

To further identify the phases present in both the nanowires and the valley regions
connecting them, HRTEM (3011) was employed to perform a closer examination at the crystal
structures in these regions. Figure 4-13 displays six different regions, including the nanowires,
the valleys and their borders, with sub-nanometer resolution. Fig. 4-13 (a) is a small area in the
center of the nanowire, with a d-spacing of 1.01 nm, in excellent agreement with that of the
Sh,Te; phase along the c-axis [4.42, 4.43]. Fig. 4-13 (b) shows a region near the top of a valley
with a d-spacing of 0.64 nm. This matches well with the (111) planes of the Sb,0O3 cubic phase
[4.42, 4.44], one of the candidates in the valley region according to the EDS element maps. Fig.
4-13 (c) and (d) show two borders between the nanowire and the valley, again with a d-spacing
of 1.01 nm for the nanowire and 0.64 nm for the valley. Note the presence of several crystal
grains in the valley region, in sharp contrast to the single crystalline lattice in the nanowire. Fig.
4-13 (e) displays the capping layer on top of a nanowire that was determined by the EDS maps to
be Te-rich and Sh-deficient. Two orthogonal d-spacings, 0.22 nm and 0.59 nm, could be
identified in this region, matching perfectly with the (110) and (001) planes of the hexagonal Te
phase [4.42, 4.45]. Fig. 4-13 (f) shows a border between a nanowire, a valley and the Pt
protective layer. The nanowire has a lattice spacing consistent with that of Sb,Tes, as before. The
valley started off (lower-right corner of the image) with two orthogonal d-spacings of 0.64 nm
and 0.27 nm, in agreement with the (111) and the (400) planes of the Sh,O3 cubic phase. Moving
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towards the top of the nanowire, these two d-spacings are replaced with one visible spacing of
0.59 nm, characteristic of the (001) plane of Te hexagonal phase. These images reveal an
interesting distribution of various phases: nanowires composed of Sb,Tes, a high concentration
of Sb,03 in the valley regions between the nanowires, and a trace of crystalline Te in the capping

layer on top of the nanowires.

To acquire a closer view of the crystal structure, STEM was used for a more detailed
examination of the atomic arrangements. Figure 4-14 presents the HAADF images of (a) a
nanowire and (b) a valley region between the nanowires. Fig. 4-14 (a) reveals a layered single
crystal structure with a distinct periodicity of around 1 nm in the vertical direction separated by
van der Waals gaps, in good agreement with the lattice parameter of Sb,Tes along the c-axis. A
close-up view in Fig. 4-14 (c) reveals a more detailed crystal structure of the nanowire, with each
periodicity consisting of five atomic layers (quintuple layers). The distance between the adjacent
atoms perpendicular to the c-axis is 2.1 A, consistent with the (110) planes of Sb,Tes. This
confirms that the nanowires indeed maintain the same single crystalline Sb,Tes tetradymite

structure as before the intense laser irradiation.

Meanwhile, the phases in the valley region between the nanowires appear more chaotic
with several crystal grains clearly visible (Fig. 4-14 (b)), an observation similar to that in Fig. 4-
13 (c) and (d). As an example, a zoomed-in view on the upper right corner of Fig. 4-14 (b) shows
a hexagonal-like and a rectangular arrangement of the atoms in the plane (Fig. 4-14 (d)). These
two patches of crystal grains agree well with the (011) and (112) planes of cubic Sh,0s [4.42,
4.48].
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100 nm

Figure 4-12. EDS element mapping of Te, Sb, Bi, O, and Al. The image at the upper-left
corner is the SE image taken at the same location as the maps. Comparison between the SE
image and the Te map shows that while there is Te in the nanotracks, Te is completely missing
from the regions between the nanotracks (the valleys). Meanwhile, the Sb and O maps point to
the existence of Sb and O elements in the valley regions. Note that the apparent abundance of Bi
in one of the nanotracks is not representative of the other regions in the same cross-sectional
sample.
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Figure 4-13. HAADF images of the nanotrack and valley regions with the 3011 HRTEM.
(a): a nanowire region, (b): a valley region, (c) and (d): a border between a nanowire and a valley,
(e): the top of a nanowire, (f): the top-corner of a nanowire. The two dashed ellipses in (d)
highlight two visible crystal grains with different orientations. The upper left corner in (¢) and
the upper right corner in (f) are regions of the Pt protective layer.
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Figure 4-14. HAADF images of a representative nanowire (a) and the region separating the
nanowires (b). (c) and (d) are the zoomed-in views of (a) and (b), respectively. Note the dark
lines in (a) and (c), corresponding to the van der Waals gaps in Sb,Tes crystal. (a) and (c)
demonstrate that the nanowires remain the pristine Sb,Tes single-crystal structure, with the c-
axis being normal to the substrate and the a-axis along the nanowire length. The blue and red
dots in (c) indicate the locations of the Te and Sb atoms in the nanowire. (b) shows the
polycrystalline phase of a valley region between nanowires, where four patches of crystal grains
are highlighted with the colored dashed lines. (d) is the zoomed-in view of the upper right corner
of (b), showing two Sh,03 crystal grains (encircled with the red and green dashed lines) with
their corresponding atomic arrangements outlined by the white open circles.
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In addition to analyzing the HAADF image, SAED was performed to identify the phases
from a 3D perspective. This was first conducted on the substrate and the smooth film regions
(Fig. 4-15) to establish a calibrated relationship between the distance on the detector screen and
the actual d-spacing. The (110) and the (003) planes of Al,O3; and Sh,Tes were used for the
calibration. The SAED measurements were then performed on several nanostructured regions.
Figure 4-16 (a) shows the range of area analyzed by the SAED after the narrowest aperture was
used for area selection. The small feature size of the nanowires compared to the aperture
diameter leads to complications in analyzing the electron diffraction pattern, with diffraction
peaks from the nanowires, valleys, Pt and the substrate all mixed together in the same pattern
(Fig. 4-16 (b)). The polycrystalline Pt layer produces diffraction rings (Fig. 4-16 (b)) with d-
spacings of 2.29 A, 1.93 A, 1.41 A, and 1.19 A, corresponding to its (111), (200), (220) and (311)
planes [4.42]. The d-spacings of the new diffraction peaks that appear only in the nanostructured
regions were measured. Figure 4-16 (b) shows an example of six new bright dots (encircled) all
with a d-spacing of 3.2 A, suggesting the presence of several Sb,Os crystal grains with different
orientations. After the new peaks were identified and their d-spacings measured in each
diffraction pattern, candidate phases were assigned to each value. Table 4-1 lists the four phases
| was able to determine from the measured d-spacings: cubic Sb,03, rhombohedral Sb, cubic Sb,
and hexagonal Te. Out of these four, only Sh,03 and Te show up consistently in all the patterns,
and multiple planes corresponding to either of these two phases were observed in good
agreement with the known values. In contrast, only two diffraction peaks match the cubic Sb
[4.42, 4.47] and one for the rhombohedral Sb [4.42]. For the cubic Sb, its small cell size may
account for the scarcity of matching peaks in Table 4-1, since interpretations of smaller d-
spacing values can become increasingly ambiguous as more phase candidates have planes near
the experimental values. The rhombohedral Sb, however, has prominent d-spacings above 2.15 A
[4.42]. Their absence in all the electron diffraction patterns could be an indication that this

particular phase is in a negligibly small amount in the whole nanostructured region.
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Figure 4-15. SAED patterns on (a) the Al,O3 substrate and (b) the smooth film region. The
circles highlight the diffraction peaks of the (110) and (003) planes of Al,O3 and Sh,Tes. These
peaks can be used as a calibration gauge for measuring the d-spacings of the additional
diffraction peaks that show up in the nanostructured region.

Figure 4-16. SAED performed on the nanostructured region. (a) shows the range of area
analyzed by electron diffraction after the aperture for area selection was applied. (b) is the
electron diffraction pattern in a selected area, which, based on the size of the aperture, contained
both the nanowires and the valleys. The four lines in (b) indicate the d-spacings of the
characteristic rings from the polycrystalline Pt layer. The six circles in (b) highlight three
different orientations (grains) of an additional diffraction peak that appears in the nanostructured
region. This peak corresponds to a d-spacing of 3.2 A.
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Table 4-1. A list of the additional d-spacings from the SAED patterns in the nanostructured
regions and the corresponding attributed phases.

Phase $b203 Sb Sb Te

d-spacing (A) Cubic Rhombohedral Cubic Hexagonal

6.452 6.418 (111)

5.925 5.927 (001)

3.843 3.856 (100)

3.217 3.209 (222)

2.973 2.986 (100)

2.785 2.779 (400)

2.334 2.35(102)

2.225 2.228 (110)

2.157 2.152 (110)

2.111 2.111 (110)

1.971 1.965 (440) 1.975 (003)

Due to the much larger aperture diameter compared to the nanostructure feature size and
the chaotic nature of the phases present in the valley region between the nanowires, nanobeam
electron diffraction (NBED) study was conducted on the valleys to separate the mixed signals
from the various smaller domains in the global nanostructured region; we examined only the
local crystal structures instead. NBED uses a convergent electron beam that focuses into a spot
size of around 1 nm, enabling the selective studies of individual crystal grains. With the
diffraction pattern from a single phase, the symmetry displayed by the diffraction peaks can be
combined with the d-spacing values for a more accurate phase identification. Similar to the
SAED, the NBED measurement was first performed on the Al,O3 substrate for calibration
purpose (Fig. 4-17 (a)). Different spots in the regions connecting the nanowires were then
randomly selected for examination. Figure 4-17 (b) - (d) present some of the NBED patterns
recorded in the experiments. Among all the recorded patterns, a hexagonal-like arrangement of
the diffraction peaks, such as the ones shown in Fig. 4-17 (b) and (c), is the most commonly
encountered pattern, accounting for 6 out of 10 patterns with a recognizable symmetry. An
evaluation of the corresponding d-spacings of the peaks and the pattern symmetry suggests the

cubic Sbh,O3 phase, with the shorter and longer d-spacings of the hexagonal-like pattern matching
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the (222) and (400) planes. This is in excellent agreement with Fig. 4-13, where extended areas
of crystal grains with a d-spacing consistent with the (111) planes of cubic Sb,O3 were observed
in the valley regions. With the experimental observations presented so far, we have confirmed

the presence of cubic Sb,O3 and revealed its prevalence in the regions between the nanowires.

(222)
{1 7, (400)

) (003)

Figure 4-17. NBED patterns on (a) the substrate and (b) - (d) the valley regions. The
positions of the diffraction peaks are highlighted with the dashed circles.
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While the diffraction patterns with the hexagonal-like symmetry provide an unambiguous
identification of the Sh,0O3 cubic phase due to the unique diffraction pattern of a face-centered
cubic crystal in the [011] beam direction compared to that of a simple cubic crystal, the patterns
with a square symmetry, appearing in 2 out of the 10 patterns with recognizable symmetry, pose
a greater challenge for a conclusive phase assignment. One such example is shown in Fig. 4-17
(d), where the encircled peaks can be assigned to the (400) and (440) planes of cubic Sb,0O3 or
the (100) and (110) planes of cubic Sb. The difficulty comes from the close d-spacing values of
the (400) planes of the cubic Sb,03, at around 2.8 A, and the (100) planes of the cubic Sb, at
around 3 A. The effort to distinguish these two phases in the [001] beam direction is further
impeded by the uncertainties associated with measuring the exact distance between the centers of
the two adjacent peaks and possible lattice distortion near the grain boundaries. Additional
analysis techniques for the NBED patterns are needed in order to gain a more definitive
understanding of these two patterns. Finally, the remaining two symmetric NBED patterns point
to the hexagonal Te phase, likely inside one of the Te crystal grains near the top of the valley

close to the nanowires.

4.6 X-Ray Diffraction Studies

Initially designed to clarify the phases in the laser-nanostructured regions in Sb,Tes, the X-
ray diffraction (XRD) studies were carried out as an additional characterization technique after
the surface morphology examinations. These XRD results will be presented in this section and

compared with those in the cross-sectional studies.

The instrument used in these studies was a Bruker D8 Discover X-ray diffractometer with a
General Area Detector Diffraction System using a Cu ka source. This diffractometer is equipped
with a capillary that provides a small X-ray spot diameter of 500 um, making it possible to
prepare a nanostructured region for XRD examination with minimal signal contribution from the
smooth film region. Both the X-ray source beam and the area detector rotated in the 0 direction
while the sample remained still. The angle of the source beam (0;) and the angle of the area

detector (0,) with respect to the sample surface were set to be approximately the same, each with
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a movement range of 20° to 40°. The solid receiving angle of the area detector is 30°. The
diffraction intensity integrated along the y direction was recorded as a function of 20 = 06,+0,. A
2 mm by 2 mm area covered with nanowires was prepared by scanning the femtosecond laser on
an Sbh,Tes thin film in a raster style. For comparison, XRD spectra on the non-irradiated regions
of the same film were also taken to verify that the new peaks appeared only after nanowires were

formed.

The search for the new XRD peaks began with a 26 scan on both the smooth film and the
nanostructured regions with a step size of 0.3° for 0; and 0,, respectively, across their whole
range of movement. The two series of scans were then compared, and the 20 positions of the
peaks that emerge only in the nanostructured region were recorded. A closer examination of
these peaks was performed by moving the detector and the source angles to these 20 positions for

data collection with an integration time of 180 seconds.

Figure 4-18 shows three sets of example spectra where new peaks have developed in the
nanowire region compared to the smooth film region. The peaks at 20 = 26.3°, 44.6°, and 54.2°
that show up in both regions were assigned to the (009), (0015), and (0018) planes of Sh,Tes,
according to known literature values [4.42]. The new peaks at 20 =27.7°, 46.1°, and 57.6° were
attributed to the (222), (440), and (444) planes of the cubic Sb,03[4.42]. Note that the hexagonal
Te phase also has two XRD peaks in close proximity to 27.7° and 46.1°, namely, the (101) planes
at 27.56° and the (200) planes at 47.04°. However, the cubic Sb,O3 was favored in this case due
to its better match between the observed and the known peak positions. Fig. 4-18 (b) also reveals
a small bump at around 32.1°, coinciding with the (400) plane of the cubic Sb,0s. These XRD
results are in superb agreement with the electron diffraction patterns in the previous section, and
corroborate the existence of the cubic Sh,O3 phase in the laser-irradiated nanostructured area.
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Figure 4-18. XRD scans in the smooth film region ((a), (c), and (e)) and the nanowire
region ((b), (d), and (f)), revealing three additional peaks in the nanowire region assigned to the
planes of the cubic Sh,0s. The center of the area detector was located at: (a) and (b) 27.7°, (c)
44.2° (d) 46.0° (e) and (f) 54.5° and the inset in (f) 57.4°. The inset in (f), with 0; + 0,
coinciding with the location of the new peak, established the bump in (f) around 57° as a real

peak as opposed to background noise.
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Table 4-2. 20 values of additional major XRD peaks in the nanowire region compared to the

smooth film.
26 (deg.) 27.7 38.4 46.1 57.6
Phase Sb,03 Te Sb,03 Sb,03
Plane (222) (102) (440) (444)

While not shown in Fig. 4-18, a fifth new peak at 38.4° was also detected with an intensity
comparable to that of the 57.6° peak. This peak overlaps with the (102) planes of the hexagonal
Te phase. While other weaker peaks of the phases suggested by the electron diffraction
measurements may have also shown up in the XRD spectra here, the limited intensity and
resolution of the diffractometer used in this work may have swamped them in the background
noise. Nevertheless, the complementary results from the XRD studies have greatly strengthened
our claim for the ubiquitous presence of the cubic Sh,03 phase and the existence of the

hexagonal Te phase in the laser-induced nanostructure area in Sb,Tes.

4.7 Influence of the Gas Environment

The previous two sections have provided interesting and important experimental evidence
towards answering the following questions: what are the phases in the nanostructured area after
intense laser irradiation and how are they distributed spatially? While certain unknowns still
remain to be clarified in the above quest, the laser irradiation experiment in different gas
environments, presented in this section, represents an ongoing effort to answer another question:
what are the processes involved during the fs laser interaction with Sb,Tes? It is worth pointing
out that due to the complex nature of this subject, the results presented in this section only
constitute a small fraction of what is needed to obtain a complete picture of the interaction
process. However, these pieces of evidence did provide important insights as to the role of the

gas species in terms of the laser-induced nanowire formation in Sh,Tes.
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In this series of experiments, fs laser irradiations in air, nitrogen and argon were performed
with the 1560 nm beam on a ~100 nm Sh,Tes thin film sample with a Bi,Tes buffer layer. A box
made of robust poster boards was assembled to create an enclosed space around the laser
irradiation site, and the gas was supplied through an opening at the top of the box. Although not
strictly air-tight, various measures were taken to ensure a well-controlled gas environment.

Edges and corners on the box and between the box and the table were sealed with thick tapes.
The optical port for laser entrance was sealed by sticking the linear polarizer against the side wall
of the box. Additionally, the openings for the two motorized actuators were taped off to reduce
the air pathway. Tapes were also applied on the optics table to cover up the tapped holes. A small
flow of the intended gas was applied continuously to create a positive pressure inside the box and

minimize the contamination from the outside air.

Figure 4-19. Experimental setup for the gas environment studies. The red dotted line
highlights the irradiation laser path. The white homemade box serves as a reasonably good
confinement to maintain a single type of gas supplied through a tube from the top of the box. The
movements of the XYZ translation stage were achieved by the two T-cube motor controllers
connected to the two motorized actuators on the stage.
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With the linear polarizer on the box during the gas experiments, the real-time laser fluence
irradiated on the sample cannot be determined once the box is in place. This poses a challenge
for adjusting the laser fluence in the middle of a gas experiment. Therefore, prior to fixing the
polarizer on the box, a calibration is necessary to establish the relationship between the half-
wave plate reading and the corresponding laser fluence. In this calibration process, the polarizer
was in the same position as in Fig. 4-1 (a), and three positions of the half-wave plate
corresponding to 12.6 mJ/cm?, 13.4 mJ/cm? and 14.3 mJ/cm? were recorded. These three
fluences will be used in the gas experiment. The calibration for fluences below 12.6 mJ/cm?
grew unacceptably imprecise due to the F o« cos?a relationship between the fluence F and the

polarization angle coming out of the waveplate, «, relative to the polarizer.

After the fluence calibration was done, the Sh,Te; sample was brought into the focus of the
parabolic mirror according to the procedure described in section 4.2. A set of three laser scans
was first performed with the above fluences in open air. The polarizer was then mounted onto the
laser port on the box in the same polarization angle as in the calibration (vertical to the optical
plane), and the box was put into place enclosing the region around the sample. Proper sealing
was then performed around the box. The laser irradiation experiments were first done in the air
environment inside the box, with no gas feeding necessary. Argon gas was then introduced into
the box. A mild gas flow was applied continuously for 15 minutes to flush out the ambient air
inside the box, and the laser scanning was subsequently performed. During the laser irradiations,
the gas flow was maintained at a minimal level. Additional scanning was done with the gas flow
off as a comparison to rule out any effect from possible turbulence created by the flow. The

same procedure was followed for the irradiation in the nitrogen environment.

Figure 4-20 shows the results in the three different gas environments, with a laser fluence
of 12.6 mJ/cm?, 13.4 mJ/cm? and 14.3 mJ/cm? in each case. For the in-air case, parallel
nanowires were produced perpendicular to the laser polarization, consistent with the previous
observations in this chapter. The slight deviation of their surface morphology from Fig. 4-5 was
due to the difference in film quality and thickness in separate rounds of the MBE growth. The
morphologies of the nanowires generated in air with and without the box enclosure appeared the
same, thus confirming that the presence of the box caused no effect on the surface morphology

of the laser irradiated region.
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Figure 4-20. Laser irradiations done in (a) - (c): air, (d) - (f): argon, (g) - (i): nitrogen. The
laser fluence was 12.6 mJ/cm? for (@), (d) and (g); 13.4 mJ/cm? for (b), (e) and (h); 14.3 mJ/cm?
for (¢), (f) and (i). The scale bar is 2 um for all nine images.

The outstanding feature in Fig. 4-20 is the much narrower fluence range of nanowire
generation for argon and nitrogen compared to air. While a relatively homogeneous distribution
of nanowires can be observed across the scan line for all three fluences for the air case, only a
small band of nanowire in the 13.4 mJ/cm? case can be observed in laser irradiation in argon. A
slightly lower fluence of 12.6 mJ/cm? places the sample in the "annealing” interaction regime in
Fig. 4-5, signaling an increased threshold for nanowire generation in the argon environment. A
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similar observation was made in the nitrogen case, where the annealing regime is further pushed
to somewhere above 13.4 md/cm?. A closer examination of Fig. 4-20 (i) reveals a direct
transition from the complete absence of the Sh,Te; film to the "annealing™ regime across the scan
line, suggesting that the fluence range corresponding to the nanowire generation may either be
extremely narrow, or not exist at all for the nitrogen environment. It is evident, from the
comparison between the three gas environments, that the oxygen in the air is playing a critical
role in promoting the nanowire formation under a wide range of laser irradiation conditions. The
significant involvement of oxygen in the laser-induced nanowire generation process can be
inferred from the formation of Sh,O3 grains in the laser nanostructure region. On the other hand,
the brief appearance of nanowires in Fig. 4-20 (e) and the multitude of reports on HSFL formed
in liquids [4.48, 4.49] indicate that the presence of oxygen is not a necessary general condition
for nanowire formation. Investigations on how the laser irradiation gas environment plays into
the laser-material interaction may shed light on the detailed processes involved in the nanowire

formation, not only in Sh,Tes, but also other in materials where HSFL were observed.

4.8 Preliminary Measurements

Transient Thermoreflectance Measurements

As an important thermoelectric material, the nanostructured Sb,Tes holds promises for an
enhanced thermoelectric performance, evaluated by the dimensionless thermoelectric figure of
merit, ZT:

7T === (4.4)

where S is the Seebeck coefficient, p is the electric conductivity and  is the thermal
conductivity contributed by both the charge carriers and the lattice. Due to the small feature size
of these nanowires, a thorough assessment of their thermoelectric performance requires delicate
nanoscale measurements involving sophisticated lithography procedures. This is an ongoing
research effort and will be discussed in greater detail in the next chapter. Here, we present a brief

laser pump-probe study on the cross-plane thermal diffusivity comparison between the
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nanostructured and the smooth regions on an Sb,Tes film, using the transient thermoreflectance

technique introduced in Chapter 2.

Irradiated

Non-irradiated

ARR (a.u.)

0 2000 4000 6000 8000 10000
Time delay (ps)

Figure 4-21. Reflectivity curves from the thermoreflectance measurements on a laser-
irradiated region (blue) and a non-irradiated region (black) in the Sb,Tes film. The smooth
curves are guides to the eye. The thermal diffusion in the laser-irradiated region is noticeably
slower than that in the non-irradiated region.

The sample used was a 94 nm Sh,Te; film on a double-side polished Al,O3 substrate. First,
several regions of the film were irradiated with the 1560 nm fs laser with a fluence of ~ 7.8
mJ/cm? and a scan speed of 3 pm/s, within the range of irradiation conditions that results in
ordered nanostructures. Then, a 120 nm Al layer was deposited on the film surface to probe the
thermal transport in the buried Sb,Tes film. Three laser irradiated regions and three non-

irradiated regions were chosen for the measurements.

Figure 4-21 shows the transient thermoreflectance results on the nanostructured (irradiated)
and the smooth (non-irradiated) region of the sample. The thermal peak for the irradiated region

arrives at a slightly later time compared to that in the smooth film region, suggesting a smaller
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thermal diffusivity. The thermal diffusivity values for the two cases were calculated according to

Eqgn. (2.43), and the thermal conductivities were estimated according to:

Kk =DpCy (4.5)
where D is the thermal diffusivity, p is the density and C, is the specific heat capacity. The

thermal conductivity estimation relies on the assumption that p and C, remain the same after the
laser irradiation. From Eqn. (4.5), the thermal conductivity was estimated to be about 0.59
W/m/K for the irradiated region and about 0.62 W/m/K for the non-irradiated region. This
corresponds to a difference of 4.5%, which is larger than the statistical variations (3%) within
both regions. Note that the thermal conductivity value includes contributions from the
transducer-film interface thermal conductivity, charge carrier thermal conductivity and lattice
thermal conductivity. In addition, these values may contain influence from the transducer and the
probe's penetration depth as discussed in Chapter 2. Data fitting with a thermal transport model
is needed to obtain more accurate values of thermal conductivity. Furthermore, while the thermal
conductivity estimated from this experiment is in the cross-plane direction, the in-plane thermal
conductivity value would be more appropriate considering the orientation of the nanowires. A

carefully designed measurement is needed to acquire the in-plane value of «.

Scanning Tunneling Spectroscopy (STS)

Another experiment on the laser-induced nanowires in Sb,Tes is underway in Prof.
Goldman's lab using scanning tunneling spectroscopy along the top surface of the sample. The
measurements were performed by Walrath and Lin in Goldman research group, with an
instrument uncertainty of 0.1 eV. The STS collected in the smooth film region and the nanowire
region is shown in Figure 4-22, where a significantly larger bandgap was observed in the
nanowire region. The result is consistent with the cross-sectional observation that a variety of
phases other than Sb,Tes are present in the nanostructured region. In particular, the capping layer
covering the nanowires may be composed of a mixture of Te and Sbh,03, contributing to an
increased bandgap. This same capping layer may also be responsible for the absence of the
expected periodic modulation of the bandgap as the scanning tip (atomic sharpness) moved
across the nanostructured region with alternating Sh,Tes nanowires and Sbh,03 valleys. This
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challenge can be overcome by an additional etching procedure by a mild ion beam or chemicals
to remove the topmost 10 nm from the nanostructured region prior to the STS scans. Once the
nanowires are exposed, STS will be able to reveal a more accurate band structure in the

nanowires and the valleys connecting them.

STM tip 0
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Figure 4-22. Schematic and results of the STS measurements on the nanowire region as
compared to the smooth film region. Note the much wider bandgap (>1 eV) in the laser exposed
region compared to the unexposed smooth film region. Data courtesy of J. Walrath and Y. Lin
from the Goldman research group.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

In this dissertation, we have conducted time-resolved pump-probe spectroscopy studies on
epitaxial Sb,Tes thin films using fs lasers and shown element segregation induced by the high-
fluence pump laser. Moreover, we showed that the same pump laser could also be used to induce
highly-aligned in-plane Sh,Te; nanowires by irradiation of the Sb,Tes thin films, offering a novel
"fs laser-scanning” route for convenient fabrication of low-dimensional Sb,Te; nanostructures in
a planar geometry. These investigations demonstrate the versatility and effectiveness of fs laser
pulses for spectroscopic characterizations in the time domain, and for material modification in
the spatial domain. The results also provide experimental evidence and insights for fs laser-
induced nanostructural engineering of Sh,Te; films, a technologically important material with a
substantial range of current and future applications. The first-time demonstration of highly-
ordered Sh,Te; nanowire formation using fs lasers is the most preeminent result, which opens
many new pathways for future studies. These include nanostructured thermoelectric materials

and low-dimensional topological insulators.

The laser pump-probe setup in this work employed the ASOPS technique, which has a
number of distinctive advantages compared to the traditional mechanically-delayed pump-probe
approach. These include superior beam alignment stability during the scan, the ability to monitor
a much wider range of time scales (100 fs - 10 ns), and the drastically decreased data acquisition
time with exceptional signal-to-noise ratio. With ASOPS, three types of dynamics can be studied
sequentially, spanning time scales from femtoseconds to nanoseconds: coherent optical phonon,
acoustic echoes, and thermal transport. Examples of such studies were presented, along with

related experiments and models for the Sh,Tes thin film samples. These time-resolved results
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have demonstrated the capability and reliability of ASOPS for future pump-probe investigations
on dynamics of other materials with similar time scales. These studies are especially significant
for investigating the basic mechanisms of energy conversion, in particular the effects of electron-

phonon interactions.

One example of dynamics on very short time scales, the coherent optical phonon, was
closely investigated in the Sh,Tes thin films to study the high-fluence fs laser-induced phase
segregation resulting from intense pump laser irradiation. A series of complementary
experiments, including isotropic and anisotropic reflectivity measurement as well as micro-
Raman spectroscopy, were employed to study a new coherent phonon peak at ~3.64 THz,
appearing after fs laser irradiation, which was identified as a tellurium A;g mode. Comparison of
the coherent phonon spectra before and after the high-fluence fs laser irradiation suggests a laser-
induced Sh,Tez decomposition and Te segregation. The observed relationship between the Aq
phonon amplitude and the laser fluence uncovered a threshold behavior in the growth of the Te
oscillator strength as the fluence is increased, and established a fluence value of 2.47 mJ/cm? as
the start of the Te segregation for our 100 MHz fs laser. These results underline the importance
of careful interpretations of the coherent optical phonon spectra obtained on Te-based
chalcogenides which are susceptible to both ultrafast and cw laser induced damage.

Near the higher end of our lasers' fluence range (6 - 15 mJ/cm?), another type of interesting
laser-Sh,Tes interaction was investigated: fs laser-induced nanostructure formation. These
nanostructures consist of highly-ordered tracks (termed nanotracks/nanowires/HSFL in Chapter
4) with a periodicity an order of magnitude below the laser wavelength. While similar fs laser-
induced periodic surface nanostructures have been observed before, those were predominantly
reported in dielectrics and wide-bandgap semiconductors that are weakly absorbing and have
bandgaps that exceed the irradiation photon energy. Our work reported here in the fs laser-
induced periodic nanostructures, represents the first effort to extend such studies to the narrow
bandgap Sbh,Tes, which is strongly absorbing at the laser irradiation wavelength. Due to the
important role of Sb,Tes in thermoelectrics, nonvolatile memory storage and topological
insulator studies, these ordered nanotracks make an attractive candidate for low-dimensional

nanostructure research and applications.
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A closer examination of the surface morphologies of these nanotracks revealed a slight
decrease in the track width as the laser fluence increases (98 nm for 8.4 mJ/cm? and 60 nm for
14.3 mJ/cm?). Combined with the observation that the nanotrack orientation is always
perpendicular to the laser polarization, these results have suggested control over the morphology
of these nanotracks by the laser field. AFM measurements on these nanotracks demonstrated a
height modulation of less than 40 nm. Taking into account the total film thickness of ~ 100 nm,
this implies that the valleys between the nanotracks do not extend physically all the way to the
substrate. Moreover, a careful measurement of the width of the nanotrack region formed by six
different laser fluences shows a constant formation threshold for the nanotrack morphology,

below which a smoothened surface is formed instead.

Laser nanostructuring experiments were also performed with 780 nm and 1030 nm fs laser
wavelengths, with the same repetition rate and comparable irradiation conditions, in an effort to
establish the nanotrack dependence on the laser wavelength. No nanotracks were observed after
irradiation by a 780 nm fs laser, likely due to the much higher photon energy compared to the
bandgap of Sh,Tes. The 1030 nm laser, on the other hand, produced nanotracks with a
periodicity consistent with a A/2n empirical relationship. Similar to the case of 1560 nm laser
irradiation, a variety of surface morphologies following the spatial profile of the laser beam
could be observed on the Sh,Te; film. These correspond to different laser-Sh,Tes interaction
processes under various fluence regimes. Among these fluence regimes, a narrow range (6.8
mJ/cm? to 7.6 mJ/cm? with a scan speed of 5 um/s) corresponding to the nanotrack formation

was identified.

The impending questions of which phases are present and how they are distributed in the
laser-nanostructured regions were addressed by cross-sectional transmission electron microscopy
(TEM) and X-ray diffraction (XRD) studies. A variety of TEM techniques was employed for the
investigations, including high-angle annular dark field imaging, selected area electron diffraction
and nano-beam electron diffraction. These careful examinations and evaluations have revealed
single-crystalline Sb,Tes nanotracks extending all the way to the substrate, separated by valley
regions filled with a mixture of largely insulating polycrystalline phases connecting the
nanotrack ridges. Thus, the nanotracks reported earlier by us could be identified as individual

horizontal nanowires in the present experiments. Electron diffraction identified a major part of
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the polycrystalline phase between the nanowires as cubic Sb,03, traces of which have also been
detected in our earlier coherent phonon and micro-Raman studies. The presence of both cubic
Sb,03 and Te was further corroborated by the XRD data. Our results have revealed for the first
time an alternating pattern of a conductive single-crystalline nanostructures separated by a more
insulating polycrystalline mixed phases following fs laser irradiation of thin films. These
observations not only provide new experimental evidence for the laser nanostructuring research
community interested in fs laser interactions with narrow-bandgap semiconductors, but they also

suggest a new method for producing horizontal Sb,Te; nanowires via fs laser scanning in air.

The exploration of the fs-induced nanostructures grew more compelling as the strong
dependence of their surface morphology on the gas environment was unfolded. The ambient
oxygen was found to play a critical role in promoting a consistent formation of ordered
nanowires under a broad range of laser fluences. This is in stark contrast with laser irradiation
performed in argon and nitrogen, which showed limited or no observable fluence range that
corresponds to nanowire formation within our laser power limit. This highlights the role of
nanoscale chemical reactions in forming the observed laser-induced structures. This was not
previously reported to our knowledge and is significant because it shows that chemical processes

are involved in the nanowire formation, stimulated by the ultrafast laser irradiation.

5.2 Future Work

The femtosecond laser interaction with the Sh,Tes films involves a mixture of complex
processes on different time scales that possibly vary under different irradiation conditions, as
suggested by the experimental evidence presented in this work. Following our observations in
both fs laser-induced element segregation and ordered nanostructure formation, perhaps the most
fascinating question is: what is the formation mechanism? To provide an answer would require a
collaborative effort combing both theoretical and experimental aspects. For the former,
simulations that can incorporate both the short and long time-scale dynamics, such as plasmonic

excitations, chemical interactions, and thermal processes, would be illuminating. For the latter,
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the experimental results presented in this work have offered some possible directions for gaining

more insights on the nanostructure formation mechanism.

The gas environment laser-nanostructuring experiments have already suggested that it is
the oxygen in the ambient air, instead of the nitrogen, that promotes the nanowire formation.
Note that pulsed laser irradiations on Ti, Al, and stainless steel performed in air, nitrogen, argon,
oxygen and vacuum have been reported [5.1-5.6]. While no nanowires or high-spatial-frequency
periodic nanostructures were formed on these metals, more extensive reactions with the gas
species were observed in an oxygen environment compared to other gases or vacuum, and
surface roughening was more prominent in the reactive environments than in the inert ones. Thus,
periodic nanostructure formation could be related to the appearance of oxides in the material.
Femtosecond laser irradiation on Sh,Tez and other tellurides in pure oxygen may yield novel
morphologies and facilitate continuous nanowire formations under laser irradiation conditions or

on materials where nanowires were not able to form otherwise.

Another noteworthy clue for the formation mechanism of these ordered nanowires is the
consistent observation that the presence of defects promotes the formation of these
nanostructures. Figure 5-1 shows three examples of ordered nanowires formed near a scratch or a
surface impurity. The smoothened surface surrounding the defects indicates that the laser
irradiation condition is below the threshold for nanowire formation, thus suggesting that these
scratches or impurities either lower the formation threshold, or serve as the formation trigger
mechanism themselves. A related observation was made in SiC where a rougher sample surface
lowers the formation threshold for the periodic nanostructures [5.7]. In addition, ordered
nanostructures have been reported to form preferentially inside the cracks in SiC, and this was
attributed to Mie scattering from the surface defects with the electron density remaining low
[5.8]. In our case, the irradiation laser photon energy is considerably above the bandgap of
Sh,Tes, and therefore the analysis from [5.8] does not quite apply. Nevertheless, Fig. 5-1
suggests that the presence of defect boundaries in Sb,Tes may enhance the laser field and lead to
nanowire formation. A more systematic study combined with simulations that incorporate the
particular geometries of the surface imperfections would likely shed light on the mechanism at

work.
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500 nm

Figure 5-1. Ordered nanowires near defects irradiated by fs lasers below the fluence
threshold on Sh,Tes thin films. (a) and (b) show nanowires near a surface particle irradiated by
the 1030 nm fs laser. (c) shows nanowires forming near two surface scratches; the black dashed
line indicates the direction of the scratches. (d) shows two groups of nano-ripples (highlighted by
the two white dashed circles) near two small specks of dust. (c) and (d) were irradiated by the
1560 nm laser. The laser-scanned lines in (c) and (d) show a smoothed surface characteristic of
those just below the nanostructure formation threshold.

Besides the more fundamental aspect of nanowire formation, their potential applications in
a vast range of areas, including thermoelectrics [5.9, 5.10], nano-spintronics [5.11, 5.12], nano-
sensors [5.13, 5.14] and optoelectronics [5.15, 5.16], also provide a variety of opportunities for
further exploration. In particular, horizontal nanowires lying directly on top of a substrate are
highly desirable for convenient integration within planar nano-devices and optical components
[5.17, 5.18]. The fs laser-induced highly-ordered nanowires presented in this work offer a
potentially promising alternative to the frequently employed solid-vapor-liquid synthesis method
[5.19], which requires an additional delicate process to lay down the nanowires; also, the top-

down high-resolution lithography approach, which again involves intricate and cost-intensive
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procedures, may be conveniently supplanted by these scalable ultrafast laser modification

techniques.

The Sbh,Te; nanowire array's transport properties such as electrical conductivity and
Seebeck coefficient can be measured via the four-terminal configuration, where the outer pair of
terminals supplies a current and the inner pair of terminals measures the voltage difference. For
Seebeck coefficient measurements, a temperature gradient can be applied on the substrate of the
thin film sample. Due to the much larger thermal conductivity of the Al,O3 substrate compared
to the Sh,Tejs thin film, the temperature gradient along the Sh,Te; nanowires will be primarily
determined by that along the substrate underneath. For nanowires located far away from the
heater and the heat sink, the temperature gradient will be approximately constant, and the
temperature difference between a specified pair of points with a known distance along the
nanowire can be calculated using the proportionality relation. Such thermoelectric measurements
can be carried out using the specially-designed probe station in air for convenient assessments

[5.20], or inside a Dewar container for temperature dependence measurements [5.21].

The challenge associated with these measurements lies in the small feature size of the
nanowire arrays and with the large thermal conductivity of the substrate. With the current
irradiation condition, which has yet to be optimized, a width between 1 um and 2 um (5-20
nanowires) and an average length of less than 15 um is common for continuous bunches of
aligned nanowire arrays. To perform the transport measurements on such a small scale would
require processes such as electron beam lithography for the precise isolation of the nanowire
array region from the rest of the conductive film and the deposition of metal contacts at pre-
defined locations. Moreover, it may be necessary to deposit a micron-size heater near the region
of interest in order to create a large enough temperature gradient over an extremely short
distance for a detectable thermal voltage. Such efforts are currently underway as part of the
collaboration with Prof. Pipe's group. Another ongoing endeavor involves the scanning tunneling
microscopy (STM) and spectroscopy (STS) studies that investigate the local band structure and
thermoelectric properties of these nanowires, currently taking place in Prof. Goldman's lab. In
addition to these electric and thermoelectric characterizations, experiments involving magnetic
and optical properties of these Sb,Tes nanowire arrays can also be explored, due to their potential

in spintronics and as polarization components as mentioned previously. These suggested
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experiments form a rich set of potential studies for future investigators interested in the

fundamentals of nanowire formations.
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