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When light is coupled into a surface plasmon mode, it can either decay radia-
tively by emitting a photon or non-radiatively by transferring its energy to charge
carriers with excessive kinetic energy, also known as the “hot-carriers.” The pho-
togenerated hot-carriers are promising for applications ranging from optoelectronic
devices to renewable energy. For example, recently, hot-carrier-based solar cells have
emerged as a next generation solar energy converter, which utilizes the photoexcited
hot-carriers and offers simplicity of design and higher power conversion efficiency
when compared to first-generation photovoltaic cells such as the silicon. Over the
past decades, there have been significant efforts to increase the efficiency of hot-
carrier-based devices by introducing novel approaches for generating these energetic
carriers. It has been found that the hot-carrier relaxation time also plays a crucial
role in determining the efficiency of these devices. Further, the fast thermalization

process of hot-carriers is the primary loss mechanism in hot-carrier devices. Thus,



to maximize the device efficiency, we need to prolong the hot-carrier relaxation time
before any thermalization process takes place, which leads to heat generation and
hence efficiency loss of such devices. For other devices, e.g. ultrafast photodetec-
tors, a short lifetime may be beneficial. Thus, the ability to control the hot-carrier
lifetime is important.

In this dissertation, we first focus on measuring the hot-carrier lifetime in
metal films and then offer new approaches for controlling the relaxation time of the
excited hot-carriers. For the measurement, we develop our degenerate pump-probe
spectroscopy setup using a Ti:Sapphire pulsed laser, enabling us to measure the
ultrafast temporal response of the generated hot-carriers in the optical frequency
range. Next, we look at the effect of the propagating surface plasmons on the
relaxation dynamics of the excited carriers in a thin gold film. Furthermore, to
analyze the temporal dynamics and extract the relaxation time from the pump-probe
measurements, we combine the internal electric field profile resulting from surface
plasmon coupling with the conventional two-temperature model. Our results show
that coupling to the propagating surface plasmon enhances the hot-carrier relaxation
time due to the electric field confinement within a gold film. Finally, we explore the
relaxation time of the excited hot-carriers in AuAg and AuCu alloys with different
material compositions. For this purpose, we fabricated thin films with different
Au, Ag, and Cu compositions through the sputtering deposition process. We found
that different alloy compositions affect the relaxation time, and in the case of the
AuAg alloyed thin films, it can vary up to 8 times under constant pump fluency.

These results provide new approaches for controlling the hot-carrier relaxation time



depending on the applications.
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Chapter 1: Introduction

1.1 Motivation

Absorption of incident photons within a conductive material can result in the
generation of highly energetic, non-thermal carriers, also known as “hot-carriers”.
In recent years, generation of photo-excited hot-carriers has been extensively inves-
tigated for applications such as photodetection in NIR [1, 2|, hot-electron bolometer
(HEB) [3, 4], photothermoelectric effects in graphene for THz detection [5, 6], photo-
catalysis for deriving chemical reactions such as in artificial photosynthesis [7], and
water splitting [8, 9]. However, the efficiency of the hot-carrier-based devices used
in the aforementioned applications extensively relies on the generated hot-carriers’
temporal dynamics. Thus, understanding the temporal response of the hot-carriers
can improve the design of hot-carrier devices. For example, a significant amount
of the incident solar energy in solar cells dissipates quickly due to the rapid decay
of generated hot-carriers, which is not converted to usable electric energy in tra-
ditional photovoltaic cells. This process limits the harvest of the hot-carriers and
results in low power conversion efficiency. By comparison, hot-carrier solar cells
can, in principle, be much more efficient with theoretical values of 66% for uncon-

centrated sunlight, and (~ 85%) at the maximum concentration (46,200 suns) [10].



The main goal of this dissertation is to search for new approaches to control the
relaxation time of excited hot-carriers. For this purpose, we utilize an ultrafast
time-resolved spectroscopy method to measure the ultrafast response of the excited

hot-carriers.

1.2 Surface plasmons

Surface plasmons (SP) are the coherent oscillations of electrons at the interface
between two materials, typically metal and dielectric, with different signs in their
dielectric functions. Compared to the incident photons, SPs are shorter in wave-
length, more tightly confined spatially, and have a higher field intensity. Generally,
surface plasmons are divided into two classes: localized surface plasmons (LSPs)
and surface plasmon polaritons (SPPs), with the dispersion relation expressed as

11)
ks = ko (ﬂ>1/2, (1.1)
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where kg is the wave vector in free space, ¢4 is the permitivitty of the dielectric
material, and ¢, is the metal dielectric function. For LSPs, the incident photons
interact with a conductive nano-structure, leading to strong local fields rather than
propagation. For SPPs, once the light couples into the surface plasmons mode,
it propagates on the metal-dielectric interface and attenuates after a propagation

distance of [11]
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with £, defined as the imaginary part of the complex surface plasmon wave vector,
e/ as the real and €/ imaginary part of the dielectric function of the metal, and ¢,
as the permittivity of the dielectric material. SPPs are surface waves with electro-
magnetic fields that are evanescent on both sides of the metal/dielectric interface.
The surface plasmon propagation distance for gold at 700 nm wavelength is about
5 pm. They are excited under certain conditions (i.e., specific incident energy for
a particular incident angle), which satisfy the momentum matching between the
incident photons and the propagating SPP. Surface plasmons have applications in

biomolecular studies and biosensors [12, 13], imaging [14], and spectroscopy [15]. In

addition, they are several excellent review articles and books [16, 17, 18, 19, 20].

1.2.1 Methods of SPP excitation

In 1902, Wood made the first observation of the surface plasmon resonance
through the uneven spectrum of the diffracted light reflected from a metallic diffrac-
tion grating [21]. Otto then demonstrated that the drop in the reflectivity from
the attenuated total reflection (ATR) method in a silver film in close proximity to a
prism was due to surface plasmon coupling [22]. In 1968, Kretschmann proposed an-
other attenuated total reflection method in silver, today known as the Kretschmann
configuration (or prism coupling technique), which resulted in a similar drop in the
reflectivity due to surface plasmon coupling in a silver coated prism [23]. Both Otto
and Kretschmann configurations enable coupling through a high index dielectric

prism. This material enables the increase in the wave vector of the incident light



to match with the SPP wave vector. The only difference in the Otto configura-
tion is light first tunnels within a small dielectric gap (air) before reaching the SPP
mode. A complementary approach to excite the SPPs can be made by decreasing
the SPP wave vector by replacing a typical dielectric at the metal/dielectric in-
terface with a dielectric that has a real part of the refractive index lower than 1
[24, 25]. This approach results in a prism-free direct coupling to SPPs. There are
other approaches besides these conventional methods, such as using a SNOM probe
technique or using a grating structure [26, 27]. Throughout this dissertation, we
employed the Kretschmann configuration (prism coupling technique) for excitation

of the propagating surface plasmons.

1.3 Hot-electron generation with surface plasmon coupling

Electrons that are not in thermal equilibrium with the material’s atoms are
known as the hot-electrons. In recent years, due to the advancement in nanoscale
system designs and fabrication, hot-carrier generation studies have rapidly expanded
due to the ease. In such cases, the excited surface plasmons decay either radia-
tively by emitting photons or non-radiatively through the generation of the energetic
electron-hole pairs (i.e., hot-carriers) via Landau damping. This hot-carrier excita-
tion can even be followed by the photoemission process if the excited hot-carrier has
higher energy than the work function of the material. In the non-radiative case, the
generated electron-hole pairs have higher energy than the carriers closer to the Fermi

energy, resulting in a broad distribution of the carriers above the Fermi energy, as



shown schematically in Figure 1.1.

Plasmon excitation and decay to : : : s : : ¢ : > t
hot-electrons

e-e and e-ph interactions
(fs to ps)

Figure 1.1: Generation of the hot-electrons upon the decay of the propagating sur-
face plasmon in a thin metal film. This decay results in the generation of the excited
hot-electrons with a higher temperature than the ambient temperature. Due to the
e-e interactions, electrons equilibrate among themselves to a hot-electron distribu-

tion which is described by the Fermi distribution. Subsequently, e-ph interactions
result in the cooling of the hot-electrons to the lattice temperature.

1.4 Hot-carrier cooling mechanisms

Carrier cooling is a multistep process. In a nanostructured plasmonic system,
this cooling occurs first by plasmon dephasing, which happens on the order of 10s
of femtosecond. The next step is the inelastic electron-electron scattering, typically
in the order of 100s of femtoseconds. The third step, which happens in a longer
time scale, typically on several picoseconds, is the process of carriers scattering
with phonons (electron-phonon scattering). The optical phonons emitted by the
excited carriers then interact with other phonons, which may decay into a low energy
acoustic phonon and result in heat dissipation, which occurs in 10-100 ps [17, 28].
Energy dissipation to the surrounding medium occurs via phonon-phonon coupling
and induces high local temperatures that can destroy cancerous cells [29]or distill

5



organic solvents[30].

Ultrafast transient transmission or reflection spectroscopy is an effective tool
to study the hot-carrier cooling dynamics. Previous studies have been performed
on the ultrafast dynamics of noble metal films [31], single nanoparticles, and en-
sembles. For example, Hu et al. showed that the rate of energy dissipation in Au
nanoparticles depends on their size; smaller particles have faster relaxation time
[32]. Zijlstra et al. presented the first acoustic vibration measurements of a single
gold nanorod with an average size of 90 nm x 30 nm using pump-probe spectroscopy
[33]. Ultrafast temporal dynamic studies are not only limited to the noble metals.
Other materials, such as aluminum nanostructures have gained a lot of interest for
hot-carrier studies because of their low cost, abundance, CMOS compatibility, and
capability of supporting tunable resonances that span the entire visible spectrum.
Su et al. found that, unlike the gold nanostructures, the ultrafast optical response of
aluminum nanodisks is more sensitive to the lattice temperature than the electron
temperature [34]. Li et al. observed a hot-carrier cooling lifetime as slow as 32 ps
in perovskite nanocrystals; that is much longer than those reported for other semi-
conductor bulk or nanomaterials (e.g., for GaAs thin films, the reported hot-carrier

cooling lifetime is about 2 ps)[35].

1.5 Dissertation outline

This dissertation is divided into six chapters. The first chapter is the introduc-

tion and background information. Chapter 2 discusses the details of the experimen-



tal setup developed for the hot-carrier relaxation time measurement. Chapters 3, 4,
and 5 cover the effect of propagating surface plasmons and metallic alloys as the two
studied external factors to control the relaxation dynamics of excited hot-carriers.

Final thoughts and future work is discussed in Chapter 6.



Chapter 2: Experimental method for hot-electron relaxation time

measurements

2.1 Overview

Many processes, including the molecular vibration, emission and absorption
of photons, and scattering phenomena, take place in a very fast time scale. Some
of them may occur as fast as a femtosecond (107'°s) temporal range. While these
phenomena are too fast to be observed using conventional cameras or detectors,
one can employ ultrafast lasers to stimulate and probe the response of materials
with femtosecond resolution, which leads to a better understanding of the physics of
light-matter interactions. In this chapter, we discuss the design of our experimental
setup in detail. We also include some of our measurements in this chapter for

completeness.

2.2 Experimental setup

The purpose of time-resolved pump-probe spectroscopy is to measure the
changes in the reflectivity or transmission of a lower power “probe” pulse induced

from a high-power “pump” pulse as a function of the time delay between the two.



Mechanical delay line,
W

Figure 2.1: Experimental setup of the pump-probe measurement.

These changes in the differential reflectivity measurements of the probe exhibit

themselves in the form of:

AR(T) _ Rwithpump - RW/OPUIHP
R Rw/opump

(2.1)

Our laser source is an ultrafast Ti-Sapphire (Ti : Al,O3) pulsed laser with
an 80 MHz repetition rate, tunable between 680 nm to 1060 nm. In this setup,
shown in Figure 2.1, the Ti-Sapphire output separates into pump and probe paths
right after the beam splitter (BS1). The pump beam is then sent to a mechanical
delay line and modulated by an optical chopper with 600 Hz frequency. The lock-

in amplifier is synchronized with the frequency of the chopper and captures the



transient change in the probe beam reflectivity. Furthermore, both pump and probe
pulses need to overlap in space and coincide in time when they reach the sample.
According to the Ti-Sapphire specification, the output of the laser is p-polarized
(TM); however, still, linear polarizers are placed in the path of both beams to make
them fully polarized. We also measured the laser pulse width by directing a portion
of the beam to the APE autocorrelator. The result of this measurement is shown in
Figure 2.2. Gaussian fit to the recorded data demonstrates a pulse width of ~150
fs at 800 nm.

The measurements are performed over ~6 ps delay time produced by moving
the mechanical delay stage for Imm. The final measurements are reported after
scanning the delay line multiple times and averaging the time traces. The laser
average power at 800 nm is 3.2 W, and the pump power is measured ~630 mW
right before the sample. Figure 2.3 shows the full pump power spectrum at the

same position right before the sample.

10



0.02 1

Intensity (a.u.)

0.006 -

0

-2.35 0 2.48
Time (ps)

Figure 2.2: Pump pulse width measured with an autocorrelator. The Gaussian fit
shows the pulse width of 150 fs.

100 o ®2%0,
=]

0 1 1 1 1
600 700 800 900 1000 1100
A(nm)

Figure 2.3: Pump power spectrum measured after parabolic mirror and before the
sample.
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2.3 Spot size measurement

The main challenge in designing the pump-probe optical setup is the spatial
and temporal overlapping of the two beams at the sample surface. A 20-micron
pinhole size is used to overlap the two beams spatially. These beams are first aligned
entirely parallel to each other and directed vertically to a gold-coated parabolic
mirror. The pinhole position is then adjusted using a 3D translational stage to
maximize the light transmitted through the pinhole. The ratio of the intensity
before and after the pinhole can be used to estimate the spot size and can be

computed based on the Gaussian beam profile assumption [36] as follows:

E(r) = Ege™""/"8 (2.2)

Where FEj is the normalized field and wy is the radius at which the amplitude
drops to the 1/e of the peak value. The intensity is also Gaussian and is expressed

as follow,

_2r?

I(r) = lpe ™o (2.3)

The intensity before (Ipefore) and after (Zuger) the pinhole can be calculated by

taking an integral from the above equation,
o 2? w2
Ibefore - / I()e wo Qrrdr = TO (24)
0

d/2 2 2
Lofter = / ]Oe_%TOQWTdT = 7TTwO(l — e_d2/2“’(2]) (2.5)
0
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Here d is the diameter of the pinhole. Thus, spot size (wg) can be obtained

using the following equation

I _ %
after —1—¢ 243, (2.6)

]before

2.4 Pump-probe measurement procedure

Once the two beams overlap and the smallest spot size is acquired by adjusting
the pinhole’s position, we remove the pinhole and place the prism at the same place.
The prism location is controlled by moving a 3D stage, and the overlap of the two-
beam is confirmed using a microscope objective with a AmScope MU1000 digital
camera. Figure (2.4) shows our experimental setup when the prism is replaced
instead of the pinhole. The prism is also located on a rotational stage to adjust the
surface plasmon coupling’s incident angle. Both rotational stage and mechanical
delay line are controlled with LabVIEW (National Instruments) software. As both
pump and probe beams are p-polarized and collide on the gold-coated prism’s surface
with a small incident angle difference, both beams contribute to the propagating
surface plasmons. However, the final angle is adjusted to the probe beam coupling,
that results in a minimum reflected signal. The reflected probe beam is then directed
to the silicon photodetector, and its output is fed into the lock-in amplifier.

Measurements of the surface plasmon linewidth and the laser spectral width
are shown in Fig. (2.5). We then measured the pump-probe signal from a 50 nm

gold-coated prism by manually sweeping the wavelength from 680 nm to 720 nm
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Figure 2.4: Experimental setup with a gold-coated prism.

with a 5 nm increment under the fixed pump power (Figure (2.6)). Here, the prism
position is adjusted to have the maximum surface plasmon coupling at 700 nm. The
wavelength adjustment happens through an external laser knob and is confirmed
with the manufacturer software, connected to the built-in laser spectrometer via a
USB. The full-width half maximum of the captured reflectivity signal for the 50 nm
Au film deposited on a prim is ~50 nm, and out of this range, the signal almost
vanishes. For these measurements, the pump power is set to 200 mW and the probe

power is 20 mW.
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Figure 2.5: Plasmon linewidth measurement for a 50 nm gold film (blue dots) and
the spectral measurement of the Ti-Sapphire laser (red line).
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Figure 2.6: Pump-probe signals recorded for a 50 nm Au film deposited on a right
angle prism while coupled to the propagating surface plasmon at 700 nm wavelength.

2.5 Polarization dependence of degenerate pump-probe signal

Only the p-polarized waves will couple to the surface plasmon, and so adjust-
ing the polarization will affect whether the surface plasmon is excited. Thus, we
placed a half-wave plate in front of each beam to investigate the pump polarization

dependency and probe measurements on the transient reflectivity signal. The half-
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wave plate controls the pump polarization from fully p to s polarized beam. For
this measurement (Apump = Aprobe = 725 nm), the pump and probe powers are 224
mW and 3.8 mW, respectively.

Figure (2.7) shows our gold film normalized reflectivity measurements de-
posited on a right-angle prism upon both pump and probe coupling to the propa-
gating surface plasmon (both p-polarized). Here, we used a manual rotational stage
with an angular resolution of 0.2 degrees. According to this figure, the difference
between the two beams’ coupling angle is < 0.2 degrees at 725 nm. Therefore, it
is a reasonable assumption to consider that both beams couple to the propagating

surface plasmon under approximately the same coupling angle.
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Figure 2.7: Coupling to the propagating surface plasmon of a 50 nm Au film under
the Kretschmann configuration using both pump and probe beams.

Under the resonance angle, the differential reflectivity signal is recorded for
both p and s polarized pump beam while keeping the probe beam polarization

unchanged (p-polarization). Figure 2.8 illustrates the captured signal for such mea-
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surements. The recorded signal is then fitted with double exponential function;
the result of the longer decay which is due to the electron-phonon interactions are
T, = 1.62£0.19ps and 75 = 1.40£0.14ps, respectively. Here, 7, and 7, are the relax-
ation time of the p and s-polarized pump beam. The hot-electron relaxation time
varies ~0.2 ps by changing the pump polarization direction. Also, the amplitude
of the recorded signal reduced significantly (~10 times smaller), as depicted in Fig.
(2.8). Furthermore, we observed that the probe beam decoupling due to the po-
larization change results in no pump-probe signal in our measurements’ sensitivity

range.
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Figure 2.8: Polarization dependence of the pump-probe differential reflectivity signal

for a 50 nm gold film deposited on a right angle prism. The resonance wavelength
is 725 nm.
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2.6 Conclusion

In summary, we discussed the experimental design of our degenerate pump-
probe set up. We incorporated the surface plasmon coupling stage into our pump-
probe setup to enhance the signal amplitude. In the next chapter, we examine the

effect of the surface plasmon coupling on the hot-electron relaxation time.

18



Chapter 3: Surface plasmon assisted control of hot-electron relaxation

time

3.1 Overview

In the previous chapter, we discussed the detail of our pump-probe experimen-
tal design. This chapter focuses on incorporating the propagating surface plasmon
with our pump-probe measurements and investigating its importance on the hot-

electrons relaxation time.

3.2 Introduction

Recently, the optical generation of hot-carriers in metallic components has at-
tracted interest for applications such as solar energy conversion [37, 38, 39, 40, 41],
non-linear optics [42, 43, 44], sensitive photodetectors [45, 46, 47, 48], nanoscale
heat sources [49], photochemical reactions in biomolecular studies [50, 51, 52], and
biosensors [53, 54]. For the excitation of hot-carriers in metals, the incident photon
energy is typically lower than the energy of the band-to-band transition, thus the
efficiency of hot-carrier generation is reduced as a result of the poor absorption of

light within the metals. To overcome this limitation, surface plasmons have been
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broadly utilized to enhance absorption through the use of metallic nanostructures
[55, 56, 57, 58, 59|, which increase the measurement sensitivity because of the in-
creased absorption [60].

As we discussed in chapter 1, hot-carriers relax to equilibrium through plasmon
dephasing via Landau damping, electron-electron (e-e) scattering, electron-phonon
(e-ph) scattering, and lattice heat dissipation through phonon-phonon (ph-ph) in-
teractions [61]. Throughout these processes, hot-carriers can distribute their energy
to the surrounding environment and in turn thermalize from their excited state to
equilibrium. The temporal duration of hot-carrier relaxation is the key factor to
determine the performance of hot-carrier devices. For example, the efficiency of
hot-carrier injection in energy conversion systems [41, 62] and the operating speed
in optical modulation systems [63, 64] are both strongly linked to hot -carriers’
lifetime. Depending on the geometry of metal nanostructures, the materials’ band
structure, and the incident photons’ energy [57], the relaxation time can vary from
a few hundred femtoseconds up to a couple of picoseconds. In the case of gold
and aluminum nanostructures, relaxation times on the order of hundreds of picosec-
onds, due to the acoustic vibrations of the lattice, have been reported [65, 66, 67].
The effect of enhanced absorption on hot-carrier relaxation time has been exten-
sively studied in the case of the thin film and nano-structured plasmonic systems
(68, 69, 70]; however, the importance of the strongly confined field inside the metal
thin film induced by surface plasmon coupling on hot-carrier lifetimes is still elusive.
Transient reflectivity measurements using pump-probe spectroscopy are a common

method to characterize carrier dynamics under the intra-band or inter-band tran-
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sitions. Typically, the measured transient signals for pump-probe spectroscopy are
analyzed with the Two-Temperature Model (TTM), which describes the spatiotem-
poral profile of the electron and the lattice temperature from a coupled nonlinear
partial differential equation [71, 72, 73]. This model is very useful in understanding
relaxation dynamics, but appropriate modification is needed for an accurate mod-
eling of the unique internal electric field profile in metal films due to its coupling to
the propagating surface plasmon.

In this chapter, we experimentally investigate the relationship between the hot-
carrier relaxation time and the characteristics of surface plasmons on gold (Au) thin
films excited under the Kretschmann configuration. For accurate theoretical mod-
eling of the transient reflectivity data resulting from the carrier dynamics in the
conduction band of Au thin film, we employ the free electron model to estimate the
elevated electron temperature due to intra-band optical pumping. From the calcu-
lated electron temperature, we extract the carrier relaxation time with the modified
TTM to better describe the localized electric field distribution inside the Au thin
film. Under fixed absorbed power in the Au film over the spectral range of 730
nm to 775 nm (resonance wavelength at 745 nm), we observe that the hot-electron
relaxation time in the Au film reaches its maximum at the resonance wavelength,
which indicates that the modified intensity and profile of the internal electric field by

the excitation of surface plasmons plays a significant role in hot-carrier relaxation.
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3.3 Experimental and numerical measurements of SPP excitation in

Au

For experimental measurements, we use a precise motorized rotational mount
with 25 arcsecond angular resolution to couple to the propagating surface plasmon
under the Kretschmann configuration (Fig. 3.1a). The incoming beam from the
glass interface is focused on the Au side of the prism using an off-axis parabolic
mirror. Both reflection and transmission are recorded while rotating the prism
on the stage. Transmission of the gold film is measured to be less than 1% and,
therefore, negligible for determining the absorption (A = 1 — R) measurement. We
optimize our absorption measurement using a bare prism first, without any Au
coating, to incorporate the possible scattering effects from every prism interface.
This helps to measure the baseline of the reflection signal. For the range of angles
and wavelengths employed, the bare prism exhibits total internal reflection at 45
degrees. The Au-coated prism then replaces the bare prism on the rotational stage
for the surface plasmon coupling. The reflection signal is recorded over the incident
angle for the various pump wavelengths. The final reported signal is the ratio
between the reflectivity measured using the gold-coated and uncoated prisms (Fig.
3.2b).

We employ the transfer matrix method for the numerical calculation of absorption
(Fig. 3.2a). The thickness of the Au film and the incident angle of light are set

to 44 nm and 44°, respectively. Under these conditions, surface plasmon excitation
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occurs at 745 nm (1.66 eV), where the photon energy is lower than the d-band
transition of Au, at 2.4 eV [74]. Once the surface plasmon is excited in the Au film,
the electric field is strongly confined at the interface between the Au film and air.
Figure 3.1b shows absorption as a function of wavelength ranging from 730 nm to
775 nm, with resonance wavelength at 745 nm. Coupling to the propagating surface
plasmon results in the maximum absorption of 85%. The numerical (solid line) and
experimental results (dots) of the absorption spectrum in a broader range (from 700

nm to 800 nm) are shown in Figure 3.2c.
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Figure 3.1: (a) Schematic of light coupling to propagating surface plasmons using
the Kretschmann configuration. (b) Absorption measurement (circles) and simula-
tion (solid line) after surface plasmon coupling.
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Figure 3.2: (a) Simulation and (b) measurement absorption for the gold sample
while coupling to the propagating surface plasmon for different incident wavelengths.

In (c), the solid line (simulation) and dots (experiment) are extracted from the
computed mesh plots in (a) and (b) at 745 nm resonance wavelength, respectively.

3.4 Experimental procedure

As discussed in chapter 2, we utilize a degenerate pump-probe technique for the
time-resolved differential reflectivity measurements, once coupled to the propagating
surface plasmon of gold at 745 nm resonance wavelength. The simplified schematic
of the setup is shown in Fig. 3.3. Here, transverse-magnetic (TM) polarized pulses
are produced from a femtosecond high-power Ti-Sapphire laser with an 80 MHZ
repetition rate. Using a beam splitter, the incoming pulses are then separated into

pump and probe paths. Both beams are directed to coincide on the gold surface after
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reflecting off the off-axis parabolic mirror to a spot size of approximately 40 pm.
After spatially separating the two beams, the probe beam is then directed to the
Si photodetector for differential reflectivity measurements. The time delay between
the pump and probe pulses are produced by passing the pump beam through the

mechanical delay stage.
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Figure 3.3: Schematic of the pump-probe experimental setup.

To rule out the effect of absorbed light power in the control of the hot-carrier
relaxation temporal dynamics, we designed two different experimental conditions:

1) sweeping the wavelength (A = 730 ~ 775 nm) with the fixed absorbed power
(Pays=120 mW),

2) varying the absorbed laser power (Pus=50 ~ 150 mW) with the fixed

wavelength (A=745 nm).
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Figure 3.4a and 3.4b schematically illustrate hot-electron excitation under

these two conditions.
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Figure 3.4: (a) Schematic diagram showing hot-electron excitation under resonance
and off-resonance wavelengths while keeping the absorbed power fixed (120 mW)
for both illuminations. (b) Schematic diagram showing a second case where the
hot-electron excitation occurs under the same resonance wavelength (745 nm) but
with different absorbed powers. 7, 7, and 73 are the corresponding electron-phonon
relaxation time for these different cases.

Transient reflectivity (AR/Ry) measurements as a function of time delay (At)
between the pump and probe for both conditions are shown in Figure 3.5. When
the wavelength was varied, we adjust the incident pump intensity according to the
absorption spectra (Fig. 3.1b to ensure that the absorbed power remains the same
over the entire incident wavelength range. We observe that the transient reflectivity
(AR/Ry) reaches the maximum at resonance, and signal modulation is gradually
reduced as the wavelengths tend away from resonance. For the case of fixed wave-

length illumination, the input power is varied (59 mW, 105 mW, 141 mW and 176

mW) at the resonance wavelength.
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Figure 3.5: (a) Relative reflectivity change for different incident wavelengths rang-
ing from 730 nm to 775 nm measured at fixed absorbed power (120 mW). Resonance
wavelength is distinguished by a green frame from the rest of the wavelengths. (b)
Relative reflectivity signals under the fixed 745 nm resonance wavelength measured
with the different absorbed powers (50 mW, 90 mW, 120 mW, 150 mW).
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3.5 Hot-electron relaxation time analysis

To extract the hot-electron relaxation time, we develop a model using a com-

bination of the free electron and modified two-temperature models. Our model is
based on converting the transient reflectivity measurements (AR/Ry) to electrons
temperature under the intra-band optical pumping assumption, which results in a
non-equilibrium hot electron distribution that can modify the optical properties of
the Au film. The Au band structure is modelled using a simplified parabolic electron
density of states [75].
Considering that the carrier density is a temperature independent quantity and
the intra-band excitation does not generate extra carriers in the conduction band
(Nepumy=Neropump= 4.92 x 10*2 cm ™), we can calculate the Drude plasma frequency
(wp = \/(e2N.)/(eom)) and damping coefficient (v, = he/(myu.)) as a function of
the electron temperature (detail in the following section). Here, N, is the carrier
concentration, ¢y = 8.854 x 107'2 F/m is the permitivity of free space, m is the
dimensionless effective electron mass, and p, is the electron mobility. Figure 3.6
shows the dependency of the above parameters on electron temperature. Based on
our calculation, we obtained the plasma frequency of gold equal to 7.845 eV at room
temperature.

As numerically depicted in figure (3.6), and experimentally shown in Reddy et
al.[76], when the inter-band transition is insignificant, the temperature dependencies

of the optical properties are mainly due to the change in the plasma frequency (w,),

effective mass (m), and Drude damping () parameters. As the temperature is
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Figure 3.6: From left to right, dependency of the elecctron effective mass, plasma
frequency, and Drude damping factor on electron temperature in gold.

raised the effective mass in metals decreases which is in agreement with previous

reports [77].

3.5.1 Free electron model

To calculate the changes in the permittivity function due to the intra-band
optical pumping, we use a free electron model assuming a parabolic density of states.
Starting with a constant value of the carrier density at room temperature, N (7T =
300K) = 4.92 x 10*2(1/cm?), which is obtained from the ellipsometry fits, using the

following equation [78]

1
1 o - 2 . E 2
N.(T = 300K) = — /0 mT;LjOOK ( mT;;OOK ) folur=sooi, T)E, — (3.1)

the chemical potential at room temperature can be computed as pr—sgox = 4.4526eV.
In the above equation, f, is the Fermi-Dirac distribution, and mr—_3qpx = 1.1eV is
the effective electron mass at room temperature.

Under the assumption of a fixed chemical potential level and the same carrier den-
sity as for the intra-band optical pumping (i.e.N.(T)) = N.(T = 300K)), we can
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implicitly extract the effective electron mass at a higher temperature m(7") from

[78]:

v = [T () * o T)E. 32)

Finally, permittivity as a function of the electron temperature can be calculated in
terms of the summation between the Drude term (w.r.t to the carrier density (V)

and mobility (u) as the fitting parameters) and the Lorentz term according to [79]:

€(w,T) = €x +

_h2e2Ne,un A, B, En,
3.3
€o</~an(T> + ’l(]hE) + Z En?2 ( )

n

in which e, is the high-frequency dielectric constant, €, is the vacuum dielectric
constant, h is the reduced Planck’s constant, e is the electron charge, p is the
carrier mobility, A is the amplitude of oscillation, En is the center energy, B is
the broadening amplitude, and n is the number of oscillators. Here, the number of
oscillators used in the Drude and Lorentz terms are 1 and 2, respectively. All the
fitting parameters obtained from the ellipsometry measurement at room temperature

are listed in table 3.1.

Parameters Values
Ay 2.0093
Ay 6.1582
B 0.6250 (eV)
B, 2.8199 (eV)
En, 2.9580 (eV)
Ens 4.1990 (eV)
I 6.353 (o
€00 3.1990

Table 3.1: List of the ellipsometry parameters at room temperature.
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Subsequently, the change in the reflectivity with electron temperature over
different incident wavelengths can be determined from the above permittivity func-
tion and by using the Transfer Matrix Methods (TMM) calculation. According to
our numerical modeling, temperature variation causes less than 0.1% variation in
the real and imaginary part of the permittivity function (i.e. Ae, = 0.03% and

Ae; = 0.08%) (Fig. 3.7).
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Figure 3.7: Numerically calculated real and imaginary part of the permittivity func-
tion at 300 K and 800 K temperature.

3.5.2 Modified two-temperature model

Quantitative theoretical research on modeling the nonequilibrium dynamics
started after demonstrating the first generation of the mode-locked lasers in the early
60s. Soon after, and through rapid growth in the femtosecond lasers’ applications in
material studies, Anisimov et al. [72] proposed the conventional Two-Temperature
Model (TTM), which describes the interaction of the short lasers pulse with two
subsystems, electron and lattice. This model introduces the spatiotemporal (2D)
temperature distribution of electron and lattice through solving two coupled non-
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linear differential equations. Here, the main difference between the conventional
two-temperature model and the modified two-temperature model is that in the sec-
ond case, the absorbed power profile of the coupled surface plasmon is included in
the source term definition of the coupled equations.

The general format of the two-temperature model is as follow:

oT,

C.(T.) e KN*T, — G(T, — T;) + S(z,t) (3.4)
o7,
OZE =G(T. - T)

where T, and T are electron and lattice temperature [80, 81|, C.(T,) = %(k}bTe /Ey)
and C; = 2.5 x 106Jm2K~! are the electron and lattice heat capacities [80, 82], F
and k;, are the Fermi level and Boltzmann constant, K, = 315 Wm™'K~! is the
electron thermal conductivity, G = C(T.)/Te—pn is the electron-phonon coupling
coefficient within the weak perturbation approximation with 7._,;, as the electron-
phonon relaxation time. Under the weak perturbation regime (7, < T} ~ 10%),
T} is the Fermi temperature, the electrons’ heat capacity is much smaller than the
lattice heat capacity; this makes the lattice temperature relatively constant with
respect to the electrons’ temperature.

Figure 3.8b and 3.8c show the converted electron temperature as a function
of time delay for both fixed absorbed power with varied wavelengths, and for fixed
resonance wavelength with varied absorbed powers. The converted electron temper-
atures is modelled using the modified TTM.

In the conventional two temperature model, the skin depth of a material is
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Figure 3.8: (a) Differential reflectivity contour plot computed from the free elec-
tron model and transfer matrix methods. Hot-electron temperature as a function
of the delay time between pump and probe beams under (b) fixed (120 mW) ab-
sorbed power and (c) fixed resonance wavelength (745 nm). The solid lines are the
calculated electron temperatures, and the open circles are the electron temperatures
obtained from our differential reflectivity measurements.
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simply applied to the laser heating source term (S(z,t)) to model the laser interac-
tion with the material as a function of depth. Instead, in our modified version, we
change the source term by using the decaying length of the confined electric field
of the surface plasmon at both sides of the interface instead of skin depth of the
Au. Furthermore, using the Finite Difference Time Domain (FDTD) simulation,
the electric field profile is numerically computed within the sample throughout the
range of the wavelengths. To keep the total absorbed power constant, we vary the
input power accordingly. Figure 3.9 shows the results of the normalized electric
field profiles over the range of the incident wavelengths. In this figure, the black
line corresponds to the electric field profile under no surface plasmon excitations

(A =745 nm, 6 = 0°).
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Figure 3.9: Electric field profiles normalized by the intensity of the input field and
the electric field at resonance wavelength of 745 nm. Profiles are computed from
the FDTD simulation.

The calculated field is fitted with double exponential terms, including the de-
caying field at the Au/prism interface and the decaying field at the Au/air interface.
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The modified source term (S(z,t)) to incorporate the absorbed power profile inside

the Au film can be described as:

S(z,t) = (3.5)
p—-R)®

PUT (M gmzbr g 92 (e=d)/ba)o=B((t=2t)/tp)?
T t

b by

P

where t,is the laser pulse width, ® is the laser fluence, d is the sample thickness and
f = 4In(2) [81]. a; and as correspond to the intensity of electric field at Au/air
and Au/prism, and b; and by correspond to the decaying length of electric field at

Au/air and Au/prism, respectively.

Excitation A(nm)  a; az  bi(nm) by(nm)
730 0.997 0.137 15.191 12.061
735 1.014 0.149 15.370 13.222
740 1.018 0.163 15.544 14.349
745 1.019 0.179 15.692 15.412
750 1.007 0.195 15.827 16.346
755 0.985 0.210 15.958 17.147
760 0.955 0.224 16.075 17.815
765 0.919 0.236 16.075 18.333
770 0.880 0.248 16.302 18.730
775 0.835 0.257 16.425 19.028

Table 3.2: Double exponential fitting parameters

Using our experimental conditions with the modified TTM, we numerically
calculate the electron temperature as displayed in Fig. 3.8b and 3.8c. For the
case of constant absorbed power, we show four wavelengths and their corresponding
best fits on the relaxation time to preserve space. We also incorporate the spatial
dependence of the electron temperature by averaging the temperature profiles along

the z direction. The result of the fits is shown in Fig. 3.8b and 3.8c based on
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the Normalized Minimum Squared Error (NMSE) calculation for the hot-electron

relaxation time (Fig. 3.10).

3.5.3 Fitting procedure and error bar calculation

Best fits are selected according to the calculation of the Normalized Mean
Square Error (NMSE) between the measured and calculated temperature data ob-
tained from the modified two-temperature model. The fitting parameter is the
electron-phonon relaxation time (7._,, = C./G). Here, the error bars in the hot-
electron relaxation time are derived from the 95% confidence bounds calculation on

the fitted coefficient. Complete set of the fits for the on- and off-resonance wave-

lengths are shown in Fig. 3.11.
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Figure 3.10: NMSE plots for different wavelengths. Resonance wavelength is at 745

nm.
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Figure 3.11: Converted pump-probe data to the electron temperature for 10 different
wavelengths with their corresponding best two-temperature model fits.

3.6 Effect of electric field enhancement on relaxation time

Figure 3.12a and 3.12b present the extracted hot-carrier relaxation time for
both cases of fixed absorbed power and fixed illumination wavelength. When the
incident power is varied while coupling to the surface plasmon, the hot-carrier re-
laxation time increases linearly with increasing incident pump power (Fig. 3.12b).
However, when the absorbed power is held constant and the internal field intensity
profile is varied (i.e. the amount of surface plasmon coupling is varied), we find
that the hot-carrier relaxation time is strongly dependent on the intensity of the
electric field (see the trend of hot-carrier relaxation time in Fig. 3.12a and the
normalized maximum intensity of electric field in Fig. 3.12¢). This result confirms

that the surface plasmon coupling can enhance the hot-carrier relaxation time in
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Figure 3.12: Effect of field enhancement on relaxation time due to the surface plas-
mon coupling under the fixed (120mW) and variable (50 mW, 90 mW, 120 mW, 150
mW) absorbed powers. Experimentally measured hot-electron relaxation time un-
der (a) fixed and (b) variable absorbed powers. Field enhancement computed from
the FDTD simulation for wavelengths ranging from 730 nm to 775 nm under the (c)
fixed and (d) variable absorbed powers. The electric field profiles are normalized by
the intensity of the input field.
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the Au film with high field confinement as well as the increase of the light ab-
sorption in the Au film. Notably, we can more effectively increase the hot-carrier
relaxation time with the local electric field enhancement than with increasing the
input power. We achieve approximately a doubling of the hot-carrier relaxation
time with only a ~3.5% increase in electric field intensity (normalized to the input
field) at the metal/air interface through SP coupling. Although, the hot-electron
relaxation time and the corresponding electron-phonon coupling factor have exten-
sively been studied as a function of the elevated electrons’ temperature [83, 84],
the effect of the electric field confinement on the relaxation time has not fully been
determined. Furthermore, we hypothesize that the electric field confinement could
affect the reabsorption rate of the non-equilibrium phonon population due to a bot-
tleneck effect. The increase in the reabsorption rate leads to the reduction of the
thermalization rate and enhances the hot-electron’s relaxation time, which has also
been observed in case of other high density materials [85]. Consequently, this feature
suggests that electric field confinement helps to excite free electrons to higher energy
states, and these non-equilibrium hot-electrons take longer to relax via a series of

electron-phonon scattering processes.

3.7 Conclusion

In summary, we have experimentally demonstrated the impact of propagating
surface plasmon excitation on the hot-carrier relaxation time through the use of a

degenerate pump-probe technique under the Kretschmann configuration. We intro-

39



duce an approach to analyse the unique internal field confinement in Au thin films
with surface plasmon coupling by modifying the two-temperature model. It’s worth
mentioning that our heat equation does not account for the propagating portion of
the surface plasmon, which can in principle deposit optical energy outside of the
illuminated area. From the comparison study between the constant absorbed pump
power and the constant electric field, we determine that the electric field confine-
ment results in the generation of long-lived hot electrons in the Au thin film. Our
results provide a foundation for the design of efficient plasmonic systems to tailor
hot-carrier lifetime with low power consumption in hot-carrier based optoelectronic

devices.
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Chapter 4: Control of hot-carrier relaxation time in Au-Ag thin films

through alloying

4.1 Overview

The plasmon resonance of a structure is primarily dictated by its optical prop-
erties and geometry, which can be modified to enable hot-carrier photodetectors
with superior performance. Recently, metal-alloys have played a prominent role in
tuning the resonance of plasmonic structures through chemical composition engi-
neering. However, it has been unclear how alloying modifies the time dynamics of
the generated hot-carriers. In this chapter, we elucidate the role of chemical compo-
sition on the relaxation time of hot-carriers for the archetypal AuyAg,_, thin film
system. Through time-resolved optical spectroscopy measurements in the visible
wavelength range, we measure composition-dependent relaxation times that vary
up to 8x for constant pump fluency. Surprisingly, we find that the addition of 2% of
Ag into Au films can increase the hot-carrier lifetime by approximately 35% under
fixed fluence, as a result of a decrease in optical loss. Further, the relaxation time is
found to be inversely proportional to the imaginary part of the permittivity. Our re-

sults indicate that alloying is a promising approach to effectively control hot-carrier
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relaxation time in metals.

4.2 Introduction

Pure metals, such as gold (Au) and silver (Ag), have long been the most
commonly used plasmonic materials due to their high electron densities and desirable
optical and chemical properties [16, 86, 87, 88, 89, 90, 91]. However, when using pure
metals, applications are limited to a narrow range of optical frequencies stemming
from the fixed resonances of the metals. Alloying these metals together presents a
promising alternative by allowing the opportunity to tune the plasmonic resonances
without altering the geometry of the system. The optical properties of the Au-Ag
alloys can be tailored throughout the visible spectrum by modifying the atomic ratio
of the two metals [92, 93, 94].

Additionally, by varying the alloy's chemical composition, one can modify
the electronic band structure, which results in interband transitions over differ-
ent incident photon energies. It was recently reported that as the concentration
of Au increases in Au-Ag alloyed films, the position of the d-band shifts closer to
the Fermi level[95]. This reduces the energy gap for interband transitions, leading
to transitions occurring with lower incident photon energies. Similar modification
of the threshold of the interband transitions has also been studied in other types
of materials such as metal nitrides [96], semiconductors [97], and transition metal
dichalcogenides [98]. The resonance tunability and band structure engineering of al-

loys proves useful in a variety of applications including superabsorbers [99], imaging
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probes in biomolecular studies [100], implant devices [101], catalysis [102, 103, 104],
photovoltaics [105], and hydrogen sensing [106, 107, 108, 109].

Many of the aforementioned applications rely on significant light absorption
within the films or nanostructures. One common approach for absorption enhance-
ment is through coupling the incident photons into surface plasmons, i.e. coherent
oscillations of free electrons at the metal-dielectric interface. This process results in
the generation of highly energetic non-thermal carriers, also known as hot-carriers.
Particularly, hot-carriers are generated after nonradiative decay of the localized or
propagating surface plasmons through either direct or phonon-assisted intraband
transitions [84, 110]. Once these carriers are excited, they thermalize to create a
population of electrons that can be described as a Fermi-Dirac distribution at an
elevated temperature. They start to equilibrate with the lattice temperature via
a series of scattering processes including the electron-phonon and phonon-phonon
scattering[111, 112]. These highly energetic carriers have been utilized in appli-
cations such as water splitting [113], artificial photosynthesis [7], medical therapy
[114], and drug delivery [115]. However, efficient generation and extraction of these
carriers depends on the choice of material, and their corresponding hot-carrier relax-
ation time. In particular, understanding of the hot-carrier relaxation time plays a
significant role in modulation speed [116], power conversion efficiency enhancement
[117, 118], determining the hot-electron flux [119, 120], and nanoscale photothermal
heat control [121]. Thus, due to the broad spectral tunability associated with de-
vices exploiting hot-carrier physics, their temporal study in planar Au-Ag structures
would benefit a variety of applications.
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In this chapter, we focus on Au-based hot-carrier devices due to their chemical
stability and incorporate different ratios of Ag to create Au-Ag alloys. We use
ultrafast pump-probe optical spectroscopy to measure the hot-carrier relaxation
time. The pump wavelength is nominally set to 700 nm wavelength (1.77 eV) to
ensure that the relaxation time is due to intraband transitions rather than interband
ones (2.4 eV in Au and 4.0 eV in Ag) [95, 122]. We employ the Kretschmann
geometry to couple into the propagating surface plasmon mode, which has the added
benefit of increasing the measurement sensitivity as a result of increased photon
absorption. To determine the hot-carrier lifetime, we use a free-electron model
and convert the differential reflectivity measurements to the corresponding elevated
electron temperature [123]. Our results show that the hot-carrier relaxation time
depends upon the Ag mole fractions. We further find that the lifetime is inversely
proportional to the imaginary part of the permittivity for different Au-Ag alloys.
Finally, considering the pure Au film as the baseline of the lifetime measurements,
we observe that the slight addition of Ag (2%) can increase the hot-carrier relaxation

time, while higher fractions of Ag (e.g. 35% and 75%) yield smaller lifetimes.

4.3 Fabrication of AuAg alloyed samples

We used a co-sputtering system (AJA International sputtering system) for
the alloyed Au-Ag thin film depositions. All sample fabrications, and optical and
material testing are performed at the Maryland NanoCenter-FabLab.

Sputtering is a Physical Vapor Deposition (PVD) method in which the energetic
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Film composition Deposition time Voltage (Au, Ag) Chamber pressure Thickness

Au 45 sec 200 4x107° 35 nm
AuggAgy 45 sec (200,100) 3.8x 1076 42 nm
AugsAgss 20 sec (200,105) 3.7x 1076 25 nm
AU25Ag75 15 sec (1007200) 3.8 x 1076 21 nm

Table 4.1: AuAg alloyed fabrication recipes

ionized Argon gas generated by applying a high voltage between the cathode (target)
and anodes (substrate) accelerates toward the targets. The surface atoms of the
targets are then ejected and form a thin film on the substrate surface. The three
incorporated targets within this system enable the deposition of the three different
materials, metal or dielectric, simultaneously. We only used two of the available
targets with gold and silver source pockets.

For each deposition round, the applied vacuum pump runs for ~3Hours to drop the
chamber pressure down to ~ 4 x 107¢ Torr. The glass substrate cleaning procedure
for each deposition round is carried out using acetone, IPA, and blow-dry with
nitrogen gas. In each deposition, both prism and glass substrate are placed within
the same chamber. The glass substrate is then used for further material and optical
characterizations. We change the alloy’s composition by varying the applied voltage
on the Au and Ag targets during each deposition. Table 4.1 summarized the applied
voltage, deposition time, initial chamber pressure, and the alloyed samples’ final

thickness.

4.4 Optical and material characterization of AuAg alloys

The chemical composition of the alloyed samples is determined with energy-

dispersive X-ray spectroscopy (EDX) (Fig. 4.1). Figure 4.1b and 4.1c show the AFM
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topography and roughness distribution of Au-Ag alloys. Subsequently, we measure
the optical properties of our samples with spectroscopic ellipsometry ranging from

200 nm to 1000 nm (See appendix A for the ellipsometry data and their fits).
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Figure 4.1: Chemical and structural properties of thin films. (a) EDX. (b) AFM
topography. (c¢) Roughness distribution. Insets show RMS roughnesses.
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Figure 4.2: Measured (a) real and (b) imaginary parts of the permittivity, and (c)
computed quality factor of the propagating surface plasmon of Au,Ag,_, alloys.

We use a Drude-Lorentz model including two Drude and one Lorentz terms to
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fit the ellipsometry data. The modelled permittivity is shown in Fig. 4.2a and 4.2b
for our fabricated samples. We also compute the surface plasmon polariton (SPP)
quality factor, Qg (W) = €2(w)/e;(w) [124], for the different Au-Ag alloys (Fig.
4.2¢). In general, many experimental factors such as the chamber pressure, substrate
temperature, deposition rate, etc. can affect the films’ quality factors due to the
change in the dielectric functions [125]. Our experiments keep all of these other
factors the same, thus isolating the effects of changing the alloy composition. At 700
nm, the wavelength used for our pump-probe measurements, the 100% Au and 98%
Au samples show a higher (),,, when compared to the other alloys, predominantly
due to the lower ¢;. The dielectric functions can also be affected by a disordered
mixture of Au and Ag at a certain molar combination, leading to the reduction of
electron scattering and plasma frequency [95, 126]. Additionally, it has been shown
that the co-sputtering of a small amount of metal suppresses the island growth,
leading to a film with low optical and electrical losses [105]. Furthermore, the
imaginary part of the dielectric function of a thin film, which is responsible for the
optical losses, generally increases with the decrease of the film thickness for gold
films below 80 nm [127]. We have compared the optical properties of our pure gold
sample with that of a pure gold film obtained from [127] (gray lines in Fig. 4.2),
showing good agreement. We further hypothesis that by varying the thickness of
the different AuAg alloys, the relaxation time of the excited hot-carriers could be

further tuned due to the variation in the optical losses in these films.
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4.5 Surface plasmon coupling in the alloyed samples

Before measuring the relaxation dynamics of the excited hot-carriers, we mea-
sured the propagating surface plasmon mode using the Kretschmann configuration
[128]. Figure 4.3b shows the experimental results of the reflection measurements for
all four samples as a function of incident angle near the plasmon coupling angle for
incident wavelength from 680 nm to 740 nm with 5 nm spectral bandwidth.

We utilized the Finite Difference Time Domain (FDTD) method (Lumerical
Inc.) for the reflection calculations (Fig. 4.3b). The optical properties of the
samples are extracted from the ellipsometry measurements and used as inputs for
the simulations. A perfectly match layer (PML) boundary condition with 64 layers
is used for the boundaries along with a non-uniform mesh setting with an accuracy
of 4. The source is a plane wave and the incident angle is swept from 40 to 48 degrees
with 0.1-degree increments for each wavelength between 680 nm and 740 nm. There
is a good agreement between the FDTD simulation results and the experimental
measurements. As expected, the surface plasmon resonance is sharper for samples

with higher @)y, and broader for the samples with lower values.

4.6 AuAg alloys and time-resolved differential reflectively measure-

ments

Similar to the previous chapter, the non-equilibrium hot-carrier dynamics of

the alloys are investigated using degenerate (Apump = Aprobe) time-resolved differ-
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Figure 4.3: (a) Experimental and (b) simulated reflectivity for Au, AugsAg,,
AugsAgss, and AugsAgys alloys under p-polarized illumination with wavelengths
ranging from 680 nm to 740 nm. For FDTD simulations, we used pulse illumination
with 150 fs pulse width.

ential reflectivity measurements at the surface plasmon resonance angle. We use a
Ti-Sapphire laser system with 700 nm wavelength and 80 MHz repetition rate to
generate both the pump and probe beams. A fraction of the laser beam is split off
to serve as the probe beam and the other portion is passed through a mechanical
delay stage to set the time delay between the two beams. We use nearly co-linear
pump and probe beams, which are adjusted to couple into the propagating surface
plasmon mode but can also be spatially separated in the reflected field. The overlap
of the beams is achieved using an off-axis parabolic mirror with a measured spot size
of approximately 90 pum. Pump-probe measurements are conducted at the surface
plasmon resonance angle under five different incident pump powers (i.e. 120 mW,
150 mW, 180 mW, 210 mW, and 240 mW) with a fixed probe power of 19.8 mW,

as shown in Fig.4.4.
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Figure 4.4: Differential reflectivity measurements for Au-Ag alloys with different
chemical compositions. For each sample, the pump power is: 120 mW (a,fk,p), 150
mW (b,g,l,q), 180 mW (c,h,m,r), 210 mW (d,in,s), and 240 mW (e,j,o,t). Insets
are real-color photographs of the alloyed thin films.

As expected, in all cases, increasing the pump power produces a larger change in
the transient reflectivity (AR/R). Because the temporal pulse width employed here
is longer than the electron-electron scattering time, on the order of 100 fs [129],
the relaxation time for the optically excited hot-carriers is mostly governed by the
electron-phonon relaxation time.

It is also worth mentioning that both hot-electrons and hot-holes can con-
tribute to device performance, see for example the use of hot-holes for photochemical

reactions [130]. Gong et al. showed how the energy of the hot-carrier distribution
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depends not only on the Electron Density of States (EDS) but also on the energy
of the incident photons and how it can be modified for a variety of structures [131].
For the 700 nm wavelength illumination used in our study, hot-hole extraction is
more efficient than the hot-electrons extraction in pure Au, as the distribution of
hot-holes is peaked further away from the Fermi level. However, for the case of
the Au-Ag mixtures, the distributions of both hot-holes and hot-electrons become
more uniform as the illumination wavelength approaches the Near-IR range [132];
thus, both of these excited hot-carriers will have similar contributions to the over-
all hot-carrier effects. We also note that the differences between the hot-hole and
hot-electron distributions in Au and Au-Ag alloys can provide additional tunability
for the carrier extraction depending upon the materials and functionality of the rest
of the device. Further, the threshold for the interband transition for Au-Ag alloys
shifts to a longer wavelengths as the Au content increases, allowing for additional

control of these processes [95, 132].

4.7 Data analysis

To find the excited hot-carrier relaxation time from the transient reflectivity
measurements, we employ the combination of a free-electron model [133] and the
modified two-temperature model [123]. In this model, the effect of the surface
plasmon's electric field profile is incorporated into the absorbed laser power density
within the conventional two-temperature model, which accounts for variation of the

field in the vertical (surface normal) direction. This combination allows us to convert
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the pump-probe reflectivity signal to the relevant electron temperature, which results
in more accurate theoretical modeling due to the nonlinear relationship between
the reflectivity signal and the electron temperature. The model uses the optical
parameters extracted from our ellipsometry measurements at room temperature for
each alloy. Finally, best fits to the temperature converted reflectivity signals are
computed by minimizing the Normalized Mean Squared Error (NMSE) of the hot-
carrier relaxation time. Figure 4.5 shows the results of the temperature converted
data (filled circles) and their corresponding best fits (solid lines) to the hot-carrier
relaxation time of the alloyed Au-Ag films at pump powers of 120 mW, 150 mW,
180 mW, 210 mW, and 240 mW under the resonance condition, i.e. upon coupling
to the surface plasmon mode.

The pump-probe measurements also reveal an additional short decay compo-
nent that only appears immediately after excitation for the 2% Ag composition. We
attribute this decay component to electron-electron interactions, which are typically
too fast to be detected in the pure Au. The plasmon dephasing time (i.e. the rate
at which electron's collective oscillations cease) is longer in Ag as a result of differ-
ent radiative or non-radiative plasmon damping mechanisms, and so the addition
of Ag to the Au alloy may increase this decay component to a measurable amount
in the 2% Ag alloy. For the higher Ag concentration alloys, this decay mechanism
is not distinguishable from electron-phonon interactions based on our measurement
sensitivity.

Analysis of the temperature converted differential reflectivity shows that the

hot-carrier relaxation time (7) of the AuggAg, sample is 8 x larger than for AugsAgss
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Figure 4.5: Temperature converted differential reflectivity measurements for Aujgo,
AugsAg,, AugsAgss, and AugsAgy alloys under different incident pump powers of
120 mW (a,fk,p), 150 mW (b,g,l,q), 180 mW (c¢,h,m,r), 210 mW (d,i,n,s), and 240
mW (e,j,0,t). The black solid lines in each plot show the best fits computed from a
modified two-temperature model.

and Aug;Ag,; for a fixed laser fluence. Additionally, we find that the film with
AuggAg, has the longest lifetime of any of the samples measured (3.20 + 0.15 ps
with 240 mW pump power), even including pure Au. To further investigate this
phenomenon, we consider the optical properties of each Au-Ag alloy at 700 nm
pump wavelength and compare the result with our measured hot-carrier relaxation
time, and find 7 to be inversely proportional to the imaginary part of the permittivity

(See Fig. 4.6).
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Figure 4.6: Hot-carrier relaxation time as a function of 1/¢;, the inverse of the
imaginary part of the permittivity, for Au,Ag, .. The solid lines are the linear
fit between the hot-carrier lifetime and 1/¢;. The colors represent the range of the
pump power between 120 mW (red) to 240 mW (purple).

Our results suggest that the addition of a small fraction (2%) of Ag to a
Au film increases the hot-carrier lifetime. This is consistent with previous findings
that showed particular Ag-Au alloys having higher ()5, than pure metals [94] and
that doping one metal with another can improve film quality and decrease optical
loss [105, 134]. However, all alloyed films that we measured have similar surface
roughnesses, suggesting that the decreased loss may come from changes in the band
structure or other changes to the material rather than simply smoothing of the films.
Because we are probing relaxation times >10s of fs, the main mechanism leading
to the increase in the hot-carrier lifetime is likely a suppression of the electron-

phonon scattering, which could result for decreased lattice defects, grain boundaries,
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etc., but further work will be necessary to isolate the individual contributions. In
addition, the lifetime is inversely proportional to ¢; and increases with pump power
(see Fig. 4.6 for a comparison with all pump powers), which is in agreement with
previously reported studies [135, 136]. However, this is an empirical observation,
and not a strict mathematical proportionality that is grounded in theory. Our
measurements show that the optical loss is an important and potentially controllable
internal parameter compared to the other external factors, such as pump power. Our
observation further opens a new route to alter the hot-carrier relaxation time for

plasmonic applications through alloying.

4.8 Conclusion

In summary, we measured the hot-carrier relaxation time of Au-Ag thin film
alloys under visible excitation and found that adding a small fraction of Ag to Au
increases the hot-carrier relaxation time. Our experimental results suggested that
the relaxation time depends on the alloy's composition and is inversely proportional
to €. Surprisingly, some alloys can have loss factors that are less than their pure
counterparts, which leads to improved hot-carrier performance. By comparing the
relaxation time of the fabricated alloys with the pure Au sample, we determined that
the measured relaxation time increases with slight addition of Ag and then drops
significantly for alloys with higher Ag content. Overall, this work demonstrated that

the relaxation time of hot-carriers can be engineered through alloying.
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Chapter 5: Hot-carrier temporal dynamics in AuCu alloy

5.1 Sample fabrication and optical measurements

To probe the alloying effect on the hot-electrons’ temporal dynamics, we fur-
ther fabricate AuCu alloys with different compositions. The same fabrication process
as in the case of AuAg (Chapter 4) is also performed here. EDX and ellipsometry
measurements are used to determine the material compositions and dielectric func-
tions of the AuCu alloys (Fig. 5.1). The samples’ thicknesses are determined by
fitting the B-spline model on the ellipsometry data, resulting in 43 nm, 47 nm, and
49 nm for samples from high to low Au concentration (i.e. AuzoCusgg, Aus;Cuys, and
AusyCuyg), respectively. Figure (5.2) shows the results of the surface plasmon cou-
pling experiment and simulation on these alloys repeated for wavelengths ranging
from 680 nm to 740 nm. Considering approximately the same thickness for these
alloys, the surface plasmon coupling reduces as the copper composition increases.
Among these samples, the only detectable pump-probe signal is for the Au;yCusg

sample with ~70% absorption at resonance.
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Figure 5.1: The (a) real, (b) imaginary part of the dielectric function of Au,Cuy_
alloys, and (c) their corresponding surface plasmon quality factor (Qsp,) with x
= 100, 70, 57, and 54. The results are determined from fits to the spectroscopic
ellipsometry data. The composition of each sample is measured by energy-dispersive
X-ray spectroscopy (EDX).
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Figure 5.2: (Top row) Experimental and (bottom row) numerical simulation of
surface plasmon polariton excitation of Au,Cu;_, alloys with x = 100, 70, 57, and
54. The wavelength range is from 680 nm to 740 nm.

5.2 Hot-carrier temporal dynamics in AuCu alloys

Figure (5.3) illustrates the recorded transient response of the AuzoCugy alloys
with pump power ranging from 210 mW to 300 mW and a fixed probe power of 17
mW. These measurements are performed at resonance and under a wavelength of

700 nm for both pump and probe beams.
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A coherent interference artifact appears near zero-time delay, especially for the
case of lower pump power when the signal is small. This effect happens due to the
spatial overlapping of the two pump and probe beams. The two-beam interference
generates a spatial modulation of the refractive index on the sample surface results
the diffraction of the pump pulse into the direction of the probe beam[137]. The
diffracted pump has an opposite phase compared to the probe and leads to a decrease
in the probe beam’s amplitude. Thus, the recorded pump-probe signal can be
affected by the interference patterns for the case of the degenerate pump-probe
measurements. Interference artifacts are more detectable in the AuCu alloys under
lower fluences. As the absorbed pump power increases, the signal gets enhanced
and overcomes these artifacts.

In these alloys, the random atomic structure destroy the periodicity of the
crystal structure [122]. This effect results in the higher imaginary part of the dielec-
tric response above 500 nm (Fig. 5.1). Using the Drude model, the imaginary part
of the dielectric function is proportional to the Drude damping factor, which itself
is inversely proportional to the electron mean free path. Thus, we can conclude
that the higher loss in these samples results in the lower electron mean free path,
and consequently higher scattering phenomena, and a reduction of the hot-electron

relaxation time.
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Figure 5.3: Transient differential reflectivity measurements of Au;oCugy alloy at
different pump powers (210 mW to 300 mW) while coupling to the propagating

surface plasmon. Pump and probe wavelengths are 700 nm.

5.3 Conclusion

Just as we observed in the previous two chapters, faster hot-carrier relaxation

times occur under low pump power. Here, the relaxation time under the maximum

pump fluence for the AuyoCusy sample reaches 0.9 ps which is almost half of what

we measured in the AuggAgs alloy. This result could be due to the lower absorption

(~70%) compared to the AuggsAgs sample. However, for a better comparison, mea-

surements of the hot-electron relaxation time are needed over a larger compositional

range.
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Chapter 6: Conclusion and future directions

6.1 Hot-carrier temporal dynamics in non-metallic materials

This dissertation specifically investigated the temporal dynamics of the hot-
electrons in metal films and metallic alloys. The reason is, in fact, much of the
current experimental work on nanophotonic and plasmonic systems have either uti-
lize gold or silver due to their simple fabrication process and relatively low losses in
the visible and NIR frequencies. However, in some plasmonic systems, such losses
are still detrimental to the overall performance of the devices. Furthermore, Au and
Ag are not compatible with the CMOS technologies used for the integrated circuits
industry [138]. Another point that could make gold less desirable for hot-carrier col-
lection is its high work function. As a result, there is a large barrier height between
the gold-semiconductor junction. Therefore, it makes the collection of hot-electrons
generated with lower energy photons more challenging. Thus, alternative plasmonic
materials such as intermetallics (a mixture of metals with non-metallics such as
nitrides), ceramics, and semiconductor-based materials have emerged to overcome
these limitations. For instance, titanium nitride (TiN) is a ceramic material that
is considered as an alternative to the conventional plasmonic metals such as gold

in the visible and near-infrared frequencies because of the similarity of its optical
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properties to those in gold beyond 500 nm[139]. It also overcomes drawbacks of
conventional plasmonic metals’ based on its lower cost, higher melting point, and
chemical stability. Additionally, it is appealing for manufactured electronics devices
due to its compatibility with the CMOS technology. Further, its broad range tun-
ability using different fabrication techniques adds to its advantages. Thus, studying
hot-carrier temporal dynamics in non-metallic materials with possibly lower loss

would be another interesting direction.

6.2 Hot-carrier temporal dynamics in TiN sample

Besides low loss (around 500 nm) and similar optical properties to gold, an-
other advantage of TiN sample (Fig. 6.1) is that it supports an ENZ (Epsilon-near-
zero) property in the visible range.

ENZ materials exhibit a near-zero real part of the dielectric function at a wavelength
known as the zero-permittivity wavelength [140] with major applications in optical
switching devices. Also, not all materials with ENZ properties can support an ENZ
mode. Such a mode can be excited when the film’s thickness is sufficiently thin [141];
thus, enabling a high photon absorption and electromagnetic field confinement at
the resonance. Recent studies have measured the a hot-electron relaxation time of
~ 350 ps for TiN samples [142], which is without considering any ENZ mode. The
ENZ mode excitation in such materials is another promising direction for modifying

the hot-electron time dynamics.
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Figure 6.1: Real (red) and imaginary (blue) parts of the measured dielectric func-
tion of 22 nm TiN fabricated by pulsed laser deposition. The permittivity data is
obtained from the ellipsometry fit (see figure A.5).

6.3 X-ray diffraction microscopy on AuAg samples

The hot-electron relaxation enhancement observed for the AuggAg, film is
something that requires additional material analysis. To understand the origin of
such enhancement, the next step could be to perform X-ray diffraction measurements
(XRD). This would help us to determine the crystalline features of the film; as the
reduced grain sizes can result in a reduction of the electron scattering. Also, it’s
important to understand the material properties of the prism itself. The prism used
for these measurements is an N-BK7 right-angle prism with an anti-reflection coating
on the hypotenuse. However, the ellipsometry measurements are performed on the
glass slide which is mounted in the same deposition chamber as the prism. The
surface of the prism will also affect the metal film and should be further analyzed

in future experiments.
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6.4 Conclusion

In this dissertation, we measured the relaxation time of the excited hot-
electrons in metal films and metallic alloys by employing a degenerate pump-probe
spectroscopy setup. With the advantage of coupling to the propagating surface
plasmon, we were able to increase the absorption and further tune the hot-electron
relaxation dynamics within metallic films and alloys. Results from hot-carrier tem-
poral measurements on different alloys (AuAg and AuCu) show that the relaxation
time heavily depends on the material compositions and can be controlled by select-
ing a proper ratio. Finally, We anticipate that this study could lead to the efficient

design of future hot-electron-based devices.
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Appendix A:

A.1 Fabrication procedure

All sample fabrications are performed at the Maryland NanoCenter-FabLab.
Angstrom e-beam evaporator is utilized, which is configured for the metal deposi-
tions. In this system, electron beams are emitted off of the tungsten filament at a
very high temperature. Both prism and glass substrate are loaded within the same
chamber. For each deposition round, the applied vacuum pump runs for 3 hours to
drop the chamber pressure down to ~ 4 x 1076 Torr. The glass substrate cleaning
procedure for each deposition round is carried out using acetone, IPA, and blow-dry

with nitrogen gas.

A.2 Ellipsometry data of AuAg alloys

Spectroscopic ellipsometry data measured for the alloy samples are depicted
in Fig.A.1. Peak shift in the transmission spectrum (Fig.A.2 of the alloyed sample
deposited on glass substrate from pure gold at ~520 nm to Aug;Ag,; at ~400
nm) shows a progressive decrease in the inter-band transition due to lower gold

concentrations. These results agree with the Gong et al. [94] study of transmission
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spectra of noble metal alloyed thin films.
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Figure A.2: Transmission spectra obtained from the spectroscopic ellipsometry mea-
surements on AuAg alloyed film on glass. The solid red lines show the ellipsometry
data and the dotted black lines indicate the fit on data using a B-spline model.

Film composition EDS (%) Deposition time Voltage (Au, Cu) Chamber pressure Thickness
AuCu 70,30 45 sec (200,100) 4.2 x 107° 43 nm
AuCu 57,43 45 sec (200,150) 4.4 %1076 47 nm
AuCu 54,46 45 sec (100,180) 4.9 x 107° 49 nm

Table A.1: AuCu alloyed fabrication recipes

A.3 Ellipsometry data of AuCu alloys
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Figure A.3: Ellipsometry data and fit on the AuCu alloys.
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Figure A.4: Transmission spectra obtained from the spectroscopic ellipsometry mea-
surements on AuCu alloyed film on a glass. Transimission peak shift from 550 nm
for the pure Au to about 600 nm for the sample with higher Cu percentage.

A.4 Ellipsometry data of TiN
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Figure A.5: Ellipsometry data (solid lines) and a model fit (dashed lines) on a 22
nm TiN film on Si substrate fabricated by pulsed laser deposition.
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