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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 e�ects in graphene for THz detection [5, 6], photo-

catalysis for deriving chemical reactions such as in arti�cial photosynthesis [7], and

water splitting [8, 9]. However, the e�ciency 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 signi�cant 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 e�ciency. By comparison, hot-carrier solar cells

can, in principle, be much more e�cient with theoretical values of 66% for uncon-

centrated sunlight, and (� 85%) at the maximum concentration (46,200 suns) [10].
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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 di�erent signs in their

dielectric functions. Compared to the incident photons, SPs are shorter in wave-

length, more tightly con�ned spatially, and have a higher �eld 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]

ksp = k0

�
� d� m

� d + � m

� 1=2

; (1.1)

where k0 is the wave vector in free space,� d is the permitivitty of the dielectric

material, and � m is the metal dielectric function. For LSPs, the incident photons

interact with a conductive nano-structure, leading to strong local �elds 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]

� sp =
1

2k00
sp

=
c
!

�
� 0

m + � d

� 0
m � d

� 3=2 (� 0
m )2

� 00
m

(1.2)
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with k00
spp de�ned as the imaginary part of the complex surface plasmon wave vector,

� 0
m as the real and� 00

m imaginary part of the dielectric function of the metal, and� d

as the permittivity of the dielectric material. SPPs are surface waves with electro-

magnetic �elds 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 �m . They are excited under certain conditions (i.e., speci�c 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 �rst observation of the surface plasmon resonance

through the uneven spectrum of the di�racted light re
ected from a metallic di�rac-

tion grating [21]. Otto then demonstrated that the drop in the re
ectivity from

the attenuated total re
ection (ATR) method in a silver �lm in close proximity to a

prism was due to surface plasmon coupling [22]. In 1968, Kretschmann proposed an-

other attenuated total re
ection method in silver, today known as the Kretschmann

con�guration (or prism coupling technique), which resulted in a similar drop in the

re
ectivity due to surface plasmon coupling in a silver coated prism [23]. Both Otto

and Kretschmann con�gurations enable coupling through a high index dielectric

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

3



to match with the SPP wave vector. The only di�erence in the Otto con�gura-

tion is light �rst 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 con�guration (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

4



shown schematically in Figure 1.1.

Figure 1.1: Generation of the hot-electrons upon the decay of the propagating sur-
face plasmon in a thin metal �lm. 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 �rst 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
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organic solvents[30].

Ultrafast transient transmission or re
ection spectroscopy is an e�ective tool

to study the hot-carrier cooling dynamics. Previous studies have been performed

on the ultrafast dynamics of noble metal �lms [31], single nanoparticles, and en-

sembles. For example, Huet 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 �rst acoustic vibration measurements of a single

gold nanorod with an average size of 90 nmÖ 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.

Suet 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 �lms, the reported hot-carrier

cooling lifetime is about 2 ps)[35].

1.5 Dissertation outline

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

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

6



tal setup developed for the hot-carrier relaxation time measurement. Chapters 3, 4,

and 5 cover the e�ect 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.
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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 (10� 15s) 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 re
ectivity 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.
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Figure 2.1: Experimental setup of the pump-probe measurement.

These changes in the di�erential re
ectivity measurements of the probe exhibit

themselves in the form of:

� R(� )
R

=
Rwith pump � Rw=o pump

Rw=o pump
(2.1)

Our laser source is an ultrafast Ti-Sapphire (Ti : Al2O3) 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 ampli�er is synchronized with the frequency of the chopper and captures the
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transient change in the probe beam re
ectivity. 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 speci�cation, 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 �t 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 1mm. The �nal 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.
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Figure 2.2: Pump pulse width measured with an autocorrelator. The Gaussian �t
shows the pulse width of 150 fs.

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 �rst 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 pro�le assumption [36] as follows:

E(r ) = E0e� r 2=w2
0 (2.2)

Where E0 is the normalized �eld andw0 is the radius at which the amplitude

drops to the 1=eof the peak value. The intensity is also Gaussian and is expressed

as follow,

I (r ) = I 0e� 2r 2

w 0 (2.3)

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

taking an integral from the above equation,

I before =
Z 1

0
I 0e� 2r 2

w 0 2�rdr =
�w 2

0

2
(2.4)

I after =
Z d=2

0
I 0e� 2r 2

w 0 2�rdr =
�w 2

0

2
(1 � e� d2=2w2

0 ) (2.5)
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Here d is the diameter of the pinhole. Thus, spot size (w0) can be obtained

using the following equation

I after

I before
= 1 � e

� d2

2w 2
0 : (2.6)

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 con�rmed 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 di�erence, both beams contribute to the propagating

surface plasmons. However, the �nal angle is adjusted to the probe beam coupling,

that results in a minimum re
ected signal. The re
ected probe beam is then directed

to the silicon photodetector, and its output is fed into the lock-in ampli�er.

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 �xed 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 con�rmed

with the manufacturer software, connected to the built-in laser spectrometer via a

USB. The full-width half maximum of the captured re
ectivity signal for the 50 nm

Au �lm 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 �lm (blue dots) and
the spectral measurement of the Ti-Sapphire laser (red line).

Figure 2.6: Pump-probe signals recorded for a 50 nm Au �lm 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 a�ect 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 re
ectivity signal. The half-

15


	Preface
	Foreword
	Dedication
	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	LIST OF ABBREVIATIONS
	Publications
	Introduction
	Motivation
	Surface plasmons
	Methods of SPP excitation

	Hot-electron generation with surface plasmon coupling
	Hot-carrier cooling mechanisms
	Dissertation outline

	Experimental method for hot-electron relaxation time measurements
	Overview
	Experimental setup
	Spot size measurement
	Pump-probe measurement procedure
	Polarization dependence of degenerate pump-probe signal
	Conclusion

	Surface plasmon assisted control of hot-electron relaxation time
	Overview
	Introduction
	Experimental and numerical measurements of SPP excitation in Au
	Experimental procedure
	Hot-electron relaxation time analysis
	Free electron model
	Modified two-temperature model
	Fitting procedure and error bar calculation

	Effect of electric field enhancement on relaxation time
	Conclusion

	Control of hot-carrier relaxation time in Au-Ag thin films through alloying
	Overview
	Introduction
	Fabrication of AuAg alloyed samples
	Optical and material characterization of AuAg alloys
	Surface plasmon coupling in the alloyed samples
	AuAg alloys and time-resolved differential reflectively measurements
	Data analysis
	Conclusion

	Hot-carrier temporal dynamics in AuCu alloy
	Sample fabrication and optical measurements
	Hot-carrier temporal dynamics in AuCu alloys
	Conclusion

	Conclusion and future directions
	Hot-carrier temporal dynamics in non-metallic materials
	Hot-carrier temporal dynamics in TiN sample
	X-ray diffraction microscopy on AuAg samples
	Conclusion

	
	Fabrication procedure
	Ellipsometry data of AuAg alloys
	Ellipsometry data of AuCu alloys
	Ellipsometry data of TiN

	Bibliography

