


ABSTRACT

Femtosecond Carrier Dynamics in Metal/Quasi-2D MoS2 Nanostructures

by

Chloe Doiron

Plasmonic nanoparticles and quasi-2D (Q2D) transition metal dichalcogenides

(TMDs) have been identified as promising materials for solar-to-fuel energy conver-

sion. Plasmonically active materials are interesting because large absorption cross-

sections and non-radiative decay of plasmons can excite hot electrons for injection

into semiconducting materials. Q2D MoS2 is known to be highly catalytically active

for driving the hydrogen evolution reaction (HER). Combined together, plasmonically

active particles and MoS2 can act as a hybrid antenna/catalyst nanostructures with

both high absorption and catalytic activity. We performed femtosecond transient

absorption spectroscopy measurements of Au/MoS2 hybrid nanostructures, finding

ultrafast signatures of hot electron generation in the form of “anomalous” sub-100

fs lifetime signals indicative of electron-electron scattering. Coherent generation of

acoustic phonon modes was also observed, allowing for estimation of the peak electron

temperature during excitation. Moreover, near field scanning probe microscopy mea-

surements showed the presence of hot spots that may be responsible for hot electron

generation observed in Au/MoS2 hybrid nanostructures.
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Chapter 1

Introduction

1.1 Photocatalytic Water Splitting

As energy use has increased world-wide there has been increasing attention on meth-

ods for sustainable generation of electricity and fuels [1]. To attain these goals,

photocatalysis has been identified as a method for generation of hydrogen gas for

energy applications. Hydrogen is also an important industrial chemical currently

produced by steam reforming from hydrocarbons. Hydrogen produced from photo-

catalytic devices could be immediately used to generate electricity in a hydrogen fuel

cell, stored as a fuel for later electricity generation, or directly used as an indus-

trial chemical feedstock reducing the need for fossil fuel consumption and aiding in

addressing the global e↵ects from CO2 emissions. The hydrogen evolution reaction

(HER) is a complex, multi-electron reaction having intermediates that are currently

not well understood [2, 3]. Understanding the femtosecond carrier dynamics occur-

ring before the carriers are used to drive the chemical reaction and during injection

to the chemical species is necessary to optimize device performance. This thesis will

investigate femtosecond timescale carrier dynamics in Metal/MoS2 nanostructures.

Chapter 1 will provide an introduction to hot electron physics and motivation for

studying hybrid Au/MoS2 nanostructures.
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1.2 Hot Electron Generation and Injection

A plasmon is a coherent, collective oscillation of charge density in a material. These

oscillations are capable of coupling with light and generating large electric-field en-

hancements when compared to the free space electric field. Due to these properties,

plasmons have enabled new devices for waveguiding, optical switching, energy har-

vesting, and many others [4–7]. It has been demonstrated that when a plasmon

decays it can generate hot carriers that are capable of being extracted for use in de-

vices such as photodetectors or photoelectrocatalytic electrodes [7,8]. To understand

the physics behind hot electron injection, the physical processes underlying hot elec-

tron generation need to be understood. Two common hot electon generation physical

processes are phonon assisted absorption and Landau damping that are able to excite

an electron (hole) significantly above (below) the Fermi level after the decay of a

plasmon [9]. In phonon assisted absorption a plasmon decays into a hot electron that

requires the absorption of a phonon for momentum conservation. Landau damping

is when a plasmon decays and has enough momentum due to the finite size of the

plasmon mode to satisfy momentum conservation when exciting the hot electron. Af-

ter generation, it is possible to inject the hot electron across a Schottky barrier and

into a semiconductor. This process is called plasmon-induced hot electron transfer

(PHET) and depicted in Figure 1.1a. Devices using the PHET mechanism for hot

electron injection have been observed to have an injection e�ciency that depends on

the energy of the incident photon and follows a modified Fowler theory [8]. PHET is

not the only process for hot electron injection into a semiconductor.

For a metal-semiconductor interface it is possible to have a direct metal-to-semiconductor

interfacial charge transfer transition (DICTT) where a photon can be absorbed and

directly excite an electron into the conduction band of the semiconductor as illus-
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trated in Figure 1.1b. Unfortunately, the strength of DICTT absorption features is

very weak compared to plasmonic absorption. An exciting recently identified mech-

anism for hot electron injection from a metal to a semiconductor is plasmon-induced

interfacial charge transfer transition (PICTT), where a plasmon excited in a metal

nanoparticle decays directly into an electron in the conduction band of a semicon-

ductor illustrated in Figure 1.1c. This was demonstrated in hybrid Au/CdSe hybrid

nanorods where PICTT directly excited electrons into the 1�
e

band of the CdSe. This

process was found to be very e�cient with a quantum-yield of 24%. Furthermore, the

quantum-yield was observed to remain constant with respect to the photon energies

down to 0.85 eV showing a non-Fowler theory dependence showing that PICTT is a

distinct process from PHET [10].

The high quantum-yield for hot electron injection is not only confined to Au/CdSe

nanostructures. For Au/TiO2 films an hot electron injection e�ciency of 40% was

measured showing that hot electron processes are e�cient enough for use in photocat-

alytic devices [11]. From previous work both PHET or PICTT are exciting process

to study hot electron injection. In this thesis we will refer to hot electron transfer

and it is important for the reader to understand that PHET, DICTT, or PICTT can

be the underlying physical mechanisms. Methods for identifying which process occur

in our Au/MoS2 hybrid nanostructure will be discussed in Chapter 4.

1.3 Hybrid Antenna/Catalyst Structures Using Au/MoS2

Monolayer MoS2 has been identified as a promising material for photocatalysis be-

cause of the ideal band gap, band alignment, and catalytic activity for driving hydro-

gen evolution reaction (HER) [12–14]. As MoS2 goes from a multilayer to a monolayer

the band gap goes from indirect to direct but the total optical absorption remains be-
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Figure 1.1 : a) Plasmon-induced hot electron transfer process (PHET) b) Direct
metal-to-semiconductor interfacial charge transfer transition (DICTT) c) plasmon-
induced interfacial metal-to-semiconductor interfacial charge transfer transition
(PICTT).

low 20% significantly lower than the absorption necessary for e�cient photocatalytic

devices [15]. To address the low optical absorption in MoS2, hybrid nanostructures

combining Au nanoparticles and quasi-2D MoS2 have been synthesized that combine

the large absorption cross section of Au nanoparticles and high catalytic activity of

MoS2 to form a hybrid antenna/catalyst system [16–19]. By combining Au nanorods

with MoS2 Shi et al. were able to produce a structure that showed large improvements

of the onset potential, photocurrent density, and turn-over-frequency of the HER [18].

Optical studies of these hybrid structures have shown that the Au particles are ca-

pable of enhancing photoluminescence (PL) of MoS2 in various geometries [20, 21].

Kang et al. showed that when illuminated hot electrons could be generated in Au

nanoparticles and injected into MoS2 causing a structural phase transition from 2-H

to 1-T from photo-induced doping of MoS2 [17].

While the femtosecond carrier dynamics of MoS2 is well studied using ultrafast

spectroscopy techniques, the carrier dynamics of Au/MoS2 hybrid nanostructures
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Figure 1.2 : Au/MoS2 hybrid nanostructure where light is absorbed in MoS2 and Au
through plasmonic absorption. The plasmon decays into hot electrons that can be
injected into MoS2 for driving chemical reactions such as hydrogen evolution.

has not been thoroughly investigated. For neat MoS2, femtosecond transient absorp-

tion measurements have captured information about inter-valley scattering, Auger

recombination, and inter-excitonic scattering dynamics [22–24]. For the Au/MoS2

hybrid nanostructures, femtosecond spectroscopy may be able to measure the charge

carrier injection mechanisms, rates, e�ciency, and catalytic activity. Understand-

ing these properties is necessary for optimizing photocatalytic device performance.

The ultrafast technique best suited for understanding these structures is femtosecond

stimulated Raman spectroscopy (FSRS).

FSRS is a powerful, time-resolved Raman technique that has recently been used

to study polaron formation in regioregular P3HT, charge transfer in organic, bulk

heterojunctions, and plasmon-molecule coupling in surface enhanced FSRS [25–27].

In a traditional stimulated Raman spectroscopy (SRS) measurement the frequencies

of a Raman pump, !
p

, and probe, !
s

, are chosen so that the di↵erence is resonant with

a Raman mode, !
o

= !

p

� !

s

. When this condition is satisfied, coherent stimulated
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Raman scattering occurs with a cross section much larger than spontaneous Raman

scattering. The energy resolution of the Raman measurement is determined by the

bandwidth of the Raman pump and increasing energy resolution comes at the cost

of decreased time resolution. For a SRS measurement with a 10 cm

�1 resolution will

have a 1.5 ps pule duration limiting the ability to observe fast chemical structure

dynamics. To address this issue, FSRS is a three-beam spectroscopy technique that

uses a femtosecond actinic pump, femtosecond Raman probe, and picosecond Raman

pump [28]. The femtosecond actinic pump is used to electronically excite the system

and the femtosecond Raman probe and picosecond Raman pump are used to generate

stimulated Raman scattering. In this measurement the time resolution is determined

by the cross correlation between the femtosecond actinic pump and Raman probe,

which can be less than 50 fs while at the same time the Raman energy resolution can

be less than 10 cm�1. FSRS is an exciting technique for studying Au/MoS2 hybrid

nanostructures because of the potential to measure the structural dynamics of MoS2

and cleanly measure optical signals from only MoS2.

To study Au/MoS2 hybrid nanostructures, we constructed a femtosecond spec-

troscopy system capable of performing pump-probe transient absorption spectroscopy

and FSRS. An overview of the system is given in Chapter 2. The emphasis of the

chapter is on reporting two unique devices, which enable high-sensitivity FSRS mea-

surements using a Yb-doped fiber amplifier, a picosecond optical amplifier and mul-

tiplexed, high-speed lock-in detection using a CCD array.

Chapter 3 presents transient absorption measurements of Au/MoS2 hybrid nanos-

tructures in ethanol. Transient absorption measurements are the base measurements

for future FSRS measurements, and understanding the pump-probe TA signal lays

the foundation for performing FSRS. Signatures of hot electron generation were found
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from the detection of a fast decay process. This is indicative of electron-electron

scattering from hot carriers thermalizing, when the molar ratio of Au/MoS2 was op-

timized. Furthermore, once optimized we found these samples coherently generated

acoustic phonon modes showing large initial electron temperatures. We character-

ized the samples’ morphology using transmission electron microscopy and measured

electric near-field enhancement using photo-induced force microscopy (PiFM) which

revealed strong hot spots in a subset of Au/MoS2 particles.
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Chapter 2

Femtosecond Laser Spectroscopy System

This chapter will provide an overview of ultrafast spectroscopy system used in Chapter

3 and report two unique devices that enable FSRS when using a Yb-doped fiber

amplifier. One is a picosecond non-collinear parametric amplifier (NOPA) that allows

for measurements of low wavenumber Raman modes to be acquired. The other is a

multiplexed lock-in detection system built on a CCD platform necessary for obtaining

high-sensitivity FSRS spectra.

2.1 Amplitude Systems Yb-Doped Fiber Amplifier

A commercial Yb-doped fiber amplifier system (Tangerine, Amplitude Systems) serves

as the laser source for all experiments [29]. The system is entirely diode pumped and

includes an oscillator, fiber pre-amplifier, fiber amplifier, grating pulse stretcher and

compressor. The oscillator’s repetition rate is 40 MHz. The center wavelength of the

pulse train produced by the oscillator is 1030 nm. An acousto-optic modulator (AOM)

is used to select the repetition rate of the pulse train sent to the pre-amplifier. The

frequency of this internal AOM can range from 200 kHz to 10 MHz. After the AOM,

the pulses are stretched using a grating stretcher. The chirped pulses are amplified in

the pre-amplifier and amplifier. After the last stage of amplification, the pulse energy

can range from 100 to 2 µJ for repetition rates of 200 kHz and 10 MHz respectively.

A second AOM is used to control the repetition rate of amplified pulses and can be
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used between 200 kHz and 2 MHz. The pulses are finally compressed to a pulse

duration less than 300 fs using a sech2 pulse shape. Unless specified otherwise the

output parameters from the Yb-doped fiber amplifier used in this thesis are provided

in Table 2.1.

Table 2.1 : Laser parameters for the Amplitude Systems Tangerine Yb-doped fiber
amplifier.

Output Parameters Units

Wavelength 1030 nm

Pulse Energy 100 µJ

Pulse Duration 300 fs

Beam Diameter 2.7 mm using 4 �

Average Power 20 W

Repetition Rate 200 kHz

Pulse-to-Pulse Stability < 1%

2.2 fs-Noncollinear Optical Parametric Amplifiers

In femtosecond laser spectroscopy, tunable sources that produce pulses with large

bandwidths are the basis for any ultrafast experiments. Optical parametric amplifi-

cation (OPA) is commonly used to produce tunable femtosecond pulses by converting

a pump photon into signal and idler photons. OPAs often su↵er from a lack of band-

width to support short pulses. This limitation can be overcome by having the pump

and signal pulses in a non-collinear geometry. This allows for large amplification over

a broad wavelength region, hence this non-collinear system can produce pulses with

bandwidths supporting pulse durations in the few femtosecond range [30, 31]. This

section will briefly describe the theory of non-collinear optical parametric amplifica-

tion (NOPA) to provide a working understanding of the femtosecond NOPAs used in

our femtosecond spectroscopy system and an introduction to the physics of NOPAs
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utilized in designing our unique picosecond NOPA. A thorough description of OPAs

and NOPAs can be found from Cerullo and Silvestri [32].

NOPAs utilize a three-wave mixing process to convert a pump photon to a signal

photon causing amplification, creating an idler photon to satisfy energy conservation.

In addition to energy conservation, momentum must also be conserved as shown in

Equations 2.1 and 2.2. The crystals used for amplification are positively dispersive

due to the decrease in index of refraction at longer wavelengths. This prevents phase

matching in isotropic crystals. This problem can be overcome by using uni-axial

birefringent crystals which have di↵erent indices of refraction depending on whether

the polarization is ordinary (n
o

) or extraordinary (n
e

), which allows for momentum

matching of cross polarized pulses. Commonly used crystals include beta-barium

borate (BBO) or lithium tri-borate (LBO). By using a birefringent crystal and po-

larizing the signal ordinary and pump extraordinary it is possible to reach a phase

matching condition where momentum conservation leads to amplification. Figure 2.3

shows the phase matching condition for a collinear geometry using BBO pumped by

a 515 nm pulse, showing that crystal angles exist with extraordinary and ordinary

indices of refraction that satisfy Equation 2.4.

~!
pump

= ~!
signal

+ ~!
idler

(2.1)

�~

k

total

= ~

k

Pump

� ~

k

signal

� ~

k

idler

= 0 (2.2)

~

k =
2⇡n

�

b
k (2.3)

The broadest phase matched region is 625 nm and can be seen by the vertical
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region where a large bandwidth is simultaneously phase matched at a single crys-

tal angle. Using a non-collinear geometry where the pump is tilted with respect to

the signal can increase the bandwidth. By using a non-collinear geometry the mo-

mentum matching condition goes from Equation 2.4 to Equations 2.5 and 2.6. The

non-collinear configuration introduces the internal pump tilt angle (↵): a controllable,

geometric parameter that can aid momentum matching. By adjusting ↵ it is possible

to operate in a regime where a much larger wavelength range is phase matched, allow-

ing for shorter pulse durations [32]. Figure 2.3 shows that when ↵ = 2.6� the phase

matched region for a 515 nm pumped NOPA is significantly broadened compared to

a collinear OPA.

a) b)

Figure 2.1 : Phase matching in a) collinear and b) non-collinear configurations.

a) b) c)

Figure 2.2 : a) The geometry of type I non-collinear optical parametric amplification.
The signal and resulting idler are ordinary polarized, while the pump is extraordi-
nary polarized. The non-collinearity angle (�

PumpTilt

) enables phase matching across
a larger bandwidth. b) Tangential phase matching configuration. c) Walk o↵ com-
pensated configuration.
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Because the NOPA crystal is birefringent the momentum and Poynting vectors

are not required to be collinear. This leads to a phenomena known as spatial walk-

o↵, which will lead to decreased spatial overlap in the crystal and results in reduced

amplification. It is possible to compensate for spatial walk-o↵ by having the ampli-

fication crystal oriented so that the pump Poynting vector is aligned with the signal

Poynting and momentum vectors. This can be accomplished by orienting the optical

axis so that the pump Poynting vector will walk o↵ from the optical axis towards

the signal Poynting vector increasing the collinearity between the pump and signal.

This walk-o↵ compensated configuration is shown in Figure 2.2c. The other config-

uration is known as tangentially phase matched geometry. In this configuration the

spatial walk-o↵ between pump and idler is minimized, and in practice this has often

been found to leader to larger amplification. The increased amplification has been

attributed to having a more balanced system where the spatial overlap between all

three beams (pump, signal, and idler) is optimized [33]. This configuration is illus-

trated in Figure 2.2b. These design principles will be used in Section 2.3 to build a

high e�ciency picosecond NOPA.

The femtosecond spectroscopy system uses a NOPA-dual built by Prof. Eber-

hard Riedle’s group [34]. A dual NOPA system was built that utilized a second and
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Figure 2.3 : Phase matching plots for collinear (blue) and non-collinear (red) condi-
tions. The non-collinear geometry supports amplification of much larger bandwidths
enabling shorter pulse durations. Calculated using SNLO.

third harmonic pumped NOPAs to amplify pulses across the visible and NIR range

from 395 nm to 1000 nm. The amplified spectral range of the dual-NOPA system is

demonstrated in Figure 2.5. Both NOPAs use Type I optical parametric amplification

where o

signal

+ o

idler

! e

pump

process is used to amplify signal photons by pumping

with the second (2!, 515 nm, 2.4 eV) and third harmonics (3!, 343 nm , 3.6 eV) of

the Yb-doped fiber amplifier. A thorough description of the 3! pumped NOPA can

be found from Bradler et al. [34]. The description in this text is intended to give

the reader a basic understanding of NOPAs in order to understand the modifications

made to the dual-NOPA for our femtosecond spectroscopy system.

A 50-50 dielectric beamsplitter is used to separate 50 µJ of the Yb-doped fiber

amplifier output used to pump both femtosecond NOPAs. A half-wave plate (HWP1)

and Brewster thin film polarizer (POL1) are used to separate 22 µJ to generate the

supercontinuum beams used as seed photons for amplification. This beam is split

using a 70-30 dielectric beamsplitter (BS1). The transmitted component is used to

generate the supercontinuum for the third harmonic pumped NOPA. The transmitted

beam is focused using a 250 mm focal length lens (L6) onto a 0.8 mm thick Type I
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BBO crystal (BBO5) with a crystal angle of 23.5� for frequency doubling the 1030

nm pulse. The second harmonic is collimated using a 125 mm lens (L9) and the

residual fundamental pulse is removed using a short-pass dichroic (DC6). The beam

passes through a fused silica acousto-optic modulator (AOM2). The AOM is aligned

so that the power di↵racted into the first order is optimized. The zeroth order of

the beam passes through a -75 mm (L8) and 50 mm (L9) focal length lenses focusing

onto a 4 mm thick YAG (YAG2) crystal for supercontinuum generation. The AOM

can be used to di↵ract enough pulse energy that the threshold for supercontinuum

generation is not reached turning of the seed pulse. This allows for the NOPA output

to be modulated at frequencies up to 1 MHz. The supercontinuum is focused onto the

BBO amplification crystal (BBO4) using a 30 mm focal length lens (L10). A green,

notch dichroic filter (DC6) is used to separate the second harmonic pump from the

supercontinuum.

The reflected portion from the 70-30 beamsplitter (BS1) is used to generate the

supercontinuum used for the second harmonic pumped NOPA. The polarization is

rotated 90� using a half-wave plate giving the pulse ordinary polarization. The beam

then passes through a fused silica AOM (AOM1) aligned to maximize the intensity

of the first order di↵raction. The zeroth order portion is focused onto a 4 mm YAG

crystal (YAG1) using a 50 mm lens (L4). The AOM alignment is designed to allow

for modulation of the amplified pulses like in the third harmonic pumped NOPA

branch. The resulting supercontinuum is collimated using a 30 mm lens (L5) and

focused on the second harmonic pumped BBO amplification crystal (BBO3). A 1010

nm short-pass filter (DC5) is used to remove the 1030 nm pump.

The second and third harmonic pump pulses are formed by focusing 28 µJ of the

fundamental onto two BBO crystals using a 250 mm focal length lens. For second



15

harmonic generation a 0.8 mm thick type I BBO crystal cut at 23.5�. A 1.5 mm thick

type II BBO crystal cut at 62.8� is used for third harmonic generation. The third

harmonic is separated from using a high-reflectance 343 nm and high-transmission

515 nm and 1030 nm dichroic mirrors (DC1 and DC4). The beam is collimated using

a 250 mm focal length lens (L3). The third harmonic pump is focused onto the BBO

amplification crystal (BBO4) using a 250 mm focal length spherically concave mirror.

An adjustable translation stage is used to match the temporal delay between the

supercontinuum seed and pump pulses. A 5 mm thick type I BBO crystal cut at

32.5� angle is used for the third harmonic pumped NOPA amplification crystal. The

amplified pulse is collimated using a spherical concave mirror (SM4).

The transmitted remaining fundamental and second harmonic signal are colli-

mated using a 250 mm focal length collimation lens. The second harmonic is sepa-

rated from the fundamental using two dichroic mirrors (DC2 and DC3). The second

harmonic pump is focused onto a BBO amplification crystal (BBO3) using a 250 mm

focal length spherically concave mirror. The delay between the seed and pump pulses

is matched using an adjustable translation stage. The amplification crystal used in

the second harmonic pumped NOPA is a 2 mm thick type I BBO crystal cut at 24.5�

angle. The amplified pulse is collimated using a spherical concave mirror (SM2).

Together the SH and TH pumped NOPAs are capable to producing femtosecond

pulses from 395 nm to 1000 nm shown in Figure 2.5. The output pulse energy of the

SH and TH pumped NOPAs can be up to 400 and 250 nJ respectively, with pulse

durations down to 10 fs. The pulse-to-pulse fluctuations of the amplified pulses were

measured using a fast, Si photodiode (DET10A, Thor Labs) and were found to be

between 2% and 5% depending on the wavelength.



16

Figure 2.4 : Optical layout for the NOPA-dual. Second and third harmonic generation
occurs in two BBO crystals (BBO1 and BBO2) which are used to pump separate
NOPA crystals (BBO3 and BBO4). The seed pulses are produced by a fundamental
pumped supercontinuum generator for the 2! pumped NOPA and second harmonic
pumped supercontinuum generator for the 3! pumped NOPA.

Figure 2.5 : Output spectra from the 2! and 3! pumped NOPAs across the visible
and NIR range.
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2.3 Picosecond Noncollinear Optical Parametric Amplifier

Femtosecond Stimulated Raman Spectroscopy (FSRS) requires that the energy di↵er-

ence between a picosecond Raman pump pulse and femtosecond Raman probe pulse

equal the vibrational energy of phonons of interest. For most molecules this can cover

a wide range from 300 cm

�1 to 3000 cm

�1. Using the Yb-doped fiber amplifier as the

source of the picosecond Raman pump with a center wavelength of 1030 nm means

that the femtosecond Raman probe needs to cover from 790 nm to 1000 nm. This

poses a problem, because the 2! pumped NOPA exhibits a significant change in phase

near 1000 nm when amplifying pulses in the near infrared as the wavelength passes

through the supercontinuum pump wavelength where a 300 fs jump in group delay

occurs [33, 35]. This prevents optimal compression of Gaussian pulses near 1000 nm

which corresponds to low wave number Raman modes. For FSRS the femtosecond

Raman probe needs to be able to be well compressed requiring a flat phase front. The

phase problem is further compounded the e�ciency of Si or CCD imaging devices de-

creases rapidly in the NIR. For example, the CCD camera used (ProEM BK:512,

Princeton Instruments) has a quantum e�ciency of 80% at 800 nm and decreases to

10% at 1000 nm [36].

Previous work using Ti:Sapphire amplifier based FSRS experienced di�culties

measuring large stokes-Raman shifts from decreasing detector e�ciencies. Shim et

al. built a narrowband amplifier pumped by 800 nm, 370 µJ fundamental pulses to

generate tunable picosecond pulses from 470 to 670 nm with pulse energies up to 2.5

µJ [37]. By shifting the Raman pump center wavelength, high wavenumber Raman

modes can be measured using a Raman probe with a center wavelength with high

detector e�ciency and good phase properties. To accomplish this, a femtosecond

NOPA was used to generate a seed pulse for amplification in a second harmonic
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pumped OPA. To produce narrow pulses, the seed pulses were stretched using a

4F grating stretcher and the pump pulses were temporally chirped before second

harmonic generation. Even with a very complicated setup and large initial pulse

energies, the overall conversion e�ciency for the narrow-bandwidth OPA was low,

less than 0.7%.

Building an optical amplifier capable of producing narrow band pulses around 700

nm would allow us to address the detector and phase problems, but for our system

our initial pulse energy for generating a picosecond pulse is 40 µJ . We designed

and constructed a single picosecond NOPA (ps-NOPA) capable of directly generating

narrow-bandwidth amplified pulses with high conversion e�ciencies. The normal op-

eration of the ps-NOPA is designed to amplify pulses in the 700 to 800 nm range. The

reasons for a non-collinear geometry over a traditional optical parametric amplifier

(OPA) can be seen when amplifying a 700 nm pulse. For the type I configuration

we have 1948.6nm(o) + 700.0nm(o) ! 515nm(e). SNLO can be used to calculate

the phase matching angle in BBO, which is 21.7�. For a collinear OPA the spatial

walk o↵ due to the birefrengence of the BBO crystal is 3.1� leading to a 540 µm

displacement through a 10 mm amplification crystal which is very large compared to

the 670 µm beam diameter of the pump used to reach optimal amplification peak

intensities. In this configuration the group velocity mismatch is -40 fs

mm

and +10 fs

mm

for the signal-pump and idler-pump respectively.

A second harmonic pumped NOPA amplifying 700 nm the phase matching angle

is 21.7� and optimal internal pump-signal angle (↵) is 2.6 �. This leads to a 0.5� angle

between the signal and pump resulting in 90 µm of spatial walk-o↵, which is much

less than in a collinear configuration. The group velocity mismatch is -44 fs

mm

and

-37 fs

mm

. The decrease of the spatial walk-o↵ between the signal and pump will lead
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to larger amplification for the non-collinear geometry over the collinear geometry.

While the magnitude of the group velocity mismatch between the idler and pump is

increased in a non-collinear geometry this is a small e↵ect when the pulses have long

pulse durations, i.e. L
Crystal

<<

⌧

pulse

GVM

.

To pump the ps-NOPA 40 µJ of the Yb-doped fiber amplifier, operating at 250

kHz, is split o↵ using a beamsplitter. A 90-10 beamsplitter (BS1) is used to to

generate 4 µJ pulses for continuum seed generation and 36 µJ pulses for second

harmonic generation.

The seed pulses used in amplification are produced by using a standard supercon-

tinuum generation system with a YAG crystal. The pump pulses for supercontinuum

generation first pass through a TeO2 acousto-optic modulator (AOM1) aligned to

maximize first order di↵raction e�ciency. The zeroth order beam is then focused

into a YAG crystal (YAG1) using a 50-mm focal length fused silica lens (L3). The

supercontinuum pulse is collimated (L4) and the position of the focusing lens is ad-

justed so that the supercontinuum generation was in the single filament regime which

has minimal pulse-to-pulse fluctuations below 4% when measured using a fast, Si

photodiode (DET10A, Thor Labs) [38]. The supercontinuum beam was routed on

to a translation stage to allow time delay compensation between the pump and seed

pulses (DS1). The beam is reduced using a refractive telescope and the polarization

is rotated using a half-wave plate for stretching through a 4F grating stretcher.

The 4F grating stretcher uses a 1800 grooves/mm grating with a 500 nm blaze

(G1) operating in a near Littrow configuration. The dispersed beam is collimated

in the direction of wavelength dispersion and focused in the perpendicular axis onto

a slit and planar metallic mirror and back-aligned so that the stretched probe pulse

can be picked of. With the 4F stretcher is is possible to narrow the bandwidth of
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Figure 2.6 : Optical layout of the ps-NOPA. A 40 µJ pulse from the Yb-doped fiber
amplifier is split with a 90-10 dielectric beam splitter (BS1). The transmitted pulse
was used for the pump beam and focused into a 5x5x3 mm3 BBO crystal (BBO1)
using a 250 mm focal length lens (L1). The fundamental and second harmonic (SH)
are collimated using a 250-mm focal length lens (L2). The fundamental pulse is
removed by using two dichroic mirrors with high reflectivity at 515 nm and high
transmission at 1030 nm (DC1 and DC2). The SH pulse was focused onto a 5x5x2
mm3 24.5� Type I BBO amplification crystal (BBO2) using a 250 mm focal length
spherical concave mirror (SM1). The reflected portion from BS1 is used to create seed
photons. The 4 µJ pulse first passes through a TeO2 AOM (AOM1). The zeroth-order
di↵raction from the AOM is focused by a 50 mm focal length lens (L3) onto a 6 mm
thick YAG crystal (YAG1) for supercontinuum (SC) generation used as seed photons.
Once generated the SC is collimated using a 50 mm focal length lens. The SC is then
routed onto an adjustable delay stage (DS1) used to adjust temporal delay between
the pump and seed. The seed is telescoped using a 150 mm and 50 mm lenses (L5
and L6) and the polarization is rotated 90� using a half-wave plate (HWP1). A 1800
grooves/mm grating with a 500 nm blaze (G1) spectrally disperses the beam which
is focused using a 125 mm focal length lens (L7) onto a slit (S1) and back reflected
to the grating. The spectrally narrowed pulse is picked o↵ using a mirror and the
polarization is flipped 90� using a half-wave plate (HWP2). The seed pulse is focused
into the amplifying crystal BBO2 using an adjustable telescope with 50 mm focal
length lenses (L8 and L9). The amplified, narrow pulse is collimated using a 100 mm
focal length lens (L10).
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the pulse from hundreds of nanometers to 25 cm

�1 by adjusting the slit width. The

spectrally narrowed seed pulse is rotated to be ordinarily polarized (HWP2) and the

seed pulse is routed to an adjustable telescope (L7 and L8) to control the spot size

in the amplifying crystal.

In the ps-NOPA, the second harmonic of the fundamental was used for pumping

amplification of the seed pulses in the ps-NOPA. The fundamental was focused onto

a 3 mm thick BBO crystal (BBO1) using a 250 mm focal length lens (L1). The

fundamental and second harmonic beams were collimated (L2) and separated using

two long-pass, dichroic mirrors (DC1 and DC2). The beam was then focused onto the

amplifying crystal (BBO2) at an angle using a 500 mm focal length spherical concave

mirror (SM1). Controlling the angle of the pump with respect to the seed is used to

aid phase matching.

Figure 2.7 : Amplified pulse from the ps-NOPA with a center wavelength of 698 nm
and a bandwidth of 47 cm

�1 (2.3 nm). The pulse energy of the amplified pulse was
600 nJ.

A measurement of the output spectra from the ps-NOPA is shown in Figure 2.5.

The ps-NOPA produced pulses with a bandwidth less than 50 cm

�1 and pulse energy
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of 600 nJ. After collimation, the output beam can be used directly or, if necessary,

a second grating stretcher can be built to reach narrow linewidth necessary for high-

resolution Raman measurements. For the second harmonic generation stage the group

velocity mismatch is 93 fs

mm

, giving a a pulse duration of 280 fs for the second harmonic

pump. This pump has a bandwidth of 52 cm

�1 (1.4 nm). This bandwidth sets the

lower limit for bandwidth for the amplified pulse due to the energy-time uncertainty

principle [37]. The measured bandwidth of the amplified pulse was 47 cm�1 agreeing

with the estimated bandwidth. The conversion e�ciency of our ps-NOPA is 1.5%

over two times larger than the e�ciency reported by Shim et al. Furthermore our

ps-NOPA is significantly less complicated than using a femtosecond NOPA to seed

a narrow-bandwidth OPA. To improve the energy resolution of the second harmonic

generation crystal can be lengthened from 3 mm to 6 mm or even 9 mm. This would

generate a pump pulse with a bandwidth of 26 cm

�1 (0.7 nm) and 18 cm

�1 (0.5

nm) respectively. For FSRS we want high spectral energy densities for the Raman

pump (on the order of 0.1 µJ

cm

�1 ). Another improvement may be to use a double

pass configuration which would allow for correction of spatial and temporal overlap

maximizing amplification [31,33]. While using narrower NOPA pump pulses enables

amplified pulses with narrower bandwidth this will need to be balanced with the

decrease peak intensity as the NOPA pump pulses become longer in time.

2.4 Phase Management

To produce femtosecond pulses it is important to have pulses with large bandwidths

and a system of phase management to ensure that no chirp is present. A pulse with a

Gaussian profile is limited by the Fourier-transform limited pulse duration provided

in Equation 2.7. In order to reach this condition all frequencies must have a constant
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phase across the pulse.
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As the pulses propagate in materials, the pulses are stretched because of a vari-

ation in the index of refraction as a function a wavelength creating a non-constant

phase, the lowest order of which is Group Velocity Dispersion (GVD). The contri-

bution to GVD from a material per unit length can be found by Equation 2.8. The

total amount of GVD for a fixed length of material is group delay dispersion (GDD).

The outputs of both femtosecond NOPAs and supercontinuum probe generator are

temporally chirped and traveling through air and optical elements will add further

dispersion. To compensate for the GDD a pulse has acquired, standard prism com-

pression is used to add negative GDD. A schematic for a prism compressor is shown in

Figure 2.8. Prism compression works by spectrally dispersing the pulse with a prism,

which adds negative GVD. The dispersed pulse is then spectrally collimated by a

second prism and back reflected. The total GDD introduced by the prism compressor

is given in Equation 2.9 [39]. The beam diameter D1/e2 should be kept small for the

most negative GDD and to maintain beam quality through the prism compressor.

By adjusting the tip-to-tip distance (l) between the prisms and the secondary prism

insertion distance the GDD can be controlled with coarse and fine precision respec-

tively. Fused silica prisms are used because they provide high transmission and low

high order dispersion contributions at short wavelengths compared to other materials

such as SF10.
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Figure 2.8 : Standard folded prism compressor geometry using two prisms. The
tip-to-tip distance between the prisms is used to coarsely tune the GDD, while the
insertion of the secondary prism is used to fine tune dispersion to provide maximum
compression.

2.5 Femtosecond Spectroscopy System

The current configuration of the femtosecond spectroscopy system is presented in

Figure 2.9. The Yb-doped fiber laser is used to pump three light sources: two fem-

tosecond NOPAs, a picosecond NOPA, and supercontinuum generator. The outputs

of the femtosecond NOPAs can be delayed using two 1.2 m translation stages (DS1

and DS2). The femtosecond NOPA outputs and supercontinuum are compressed us-

ing folded prism compressors with fused silica prisms (PC1, PC2, and PC3). After

compression the 2! and 3! NOPA outputs can have pulse durations below 20 fs. Ex-

ample amplified pulse spectra and auto-correlation pulse duration measurements are

shown in Figure 2.10. A half-wave plate and polarizer for each beam is used to adjust

the pulse energy at the sample and cleanup the polarization of beams immediately

before they arrive at the sample. The beams are then collinearly combined using a

50-50 T-R metallic beamsplitter (BS3 and RBS1). A 250 mm focal length spherically
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concave mirror is used to focus the beams resulting in a spot size with a 75 µm 1/e2

beam waist. The beams are then collimated using a 500 mm focal length spherically

concave mirror for collimation. For detection an amplified Si-photodiode can be used

as a single point detector with a 50 Mhz bandwidth, digital lock-in amplifier used

for data acquisition. A prism and long-pass filter are used to separate the pump

and probe before the photodiode. For spectrally resolved measurements an imaging

spectrometer with CCD camera can be used. The CCD camera uses digital lock-in

system described in Section 2.6. A long pass filter is also used to separate the pump

from the probe before entering the imaging spectrometer.
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Figure 2.9 : Current femtosecond spectroscopy system layout. There are four light
sources pumped by a Yb:doped fiber amplifier: SHG pumped fs-NOPA, THG pumped
fs-NOPA, ps-NOPA, and a supercontinuum generator. Pulse compression is accom-
plished using standard folded prism compressors. The beams are combined collinearly
by using metallic beamsplitters before focusing onto the sample cell using spherically
concave mirrors. After the sample cell the beams are collimated and can be routed
to an amplified photodiode or imaging spectrometer for detection.

The sample cell currently used is a 2.5 mm thick Al cell with 200 µm thick

windows in order to minimize temporal dispersion. With this cell we have measured
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cross correlation signals down to 33 fs when using a saturated solution of Nile Blue

in ethanol (Figure 2.11).

a) b)

Figure 2.10 : Output spectra and auto-correlation traces from the a) 2! and b) 3!
NOPA outputs capable of being used for transient absorption measurements. The
center wavelengths were 760 nm and 600 nm. The measured pulse durations were 12
and 17 fs.

Figure 2.11 : Transient absorption spectra of Nile Blue in ethanol solution. For this
measurement the sample was pumped and probed at 590 nm and 820 nm respectively.
The pulse durations were measured to be 25 fs using auto-correlation. The full-width
half maximum of the cross-correlation signal was 33 fs. The measured instrument
response shows that the pulses were over compressed pre-compensating for the dis-
persion introduced by the cell and solution allowing for temporal resolution below the
measured auto-correlation duration.
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2.6 Lock-In Detection Using CCD Arrays

Because the Yb-doped fiber amplifier is capable of amplifying with repetition rates

larger than 200 kHz, we developed a high-speed, multiplexed lock-in system. This

was necessary because for pulsed lasers the RMS pulse energy fluctuations are domi-

nated by the low frequency components [40]. This means that the ideal measurement

frequency is close the repetition rate of the laser were the pulse-to-pulse correlation is

the largest. For our Yb-doped fiber amplifier this would be 100 kHz for a pump-probe

experiment. An easy method would be to use a photodiode and a lock-in amplifier

to perform pulse-to-pulse measurements. One downside to this is, while the lock-in

amplifier is very sensitive, the e↵ective integration time factor is very low compared to

a multiplexed system when used in an experiment that requires wavelength resolved

measurements, such as FSRS. One solution was demonstrated by Seto et al. where

128 avalanche photodiodes were fiber-coupled to a spectrometer. Each photodiode

was amplified using a lock-in amplifier [41]. However, this system is unnecessarily

complicated and expensive. Another approach is to use smart pixel arrays where

each pixel has a built-in lock-in amplifier. Hyperspectral lock-in smart pixel arrays

have been reported for femtosecond spectroscopy by Bourquin et al. [42]. The C3

smart pixel array produced by Heliotis was developed for optical coherence tomog-

raphy, and uses CMOS photodiode array with each pixel having analog circuitry to

demodulate the signal and measure the in-phase and quadrature components [43].

While the 280x292 pixel detector array in the C3 is useful for spectroscopy applica-

tions, the low sensitivity compared to CCD detectors is a large drawback. Additional

Bourquin et al. found that the minimum sensitivity of 2 ⇥ 10�4 with their smart

pixel array. This is an order of magnitude larger compared to the dynamic range of

CCD cameras which can approach 2⇥ 10�5 [36]. We developed a multiplexed lock-in
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detection system built on an electron multiplied CCD array platform to perform high

sensitivity measurements.
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Figure 2.12 : Schematic for the ProEm 512BK CCD, the detector includes a perma-
nent mask and movable mask allowing for 1022 CCD rows to be used as fast bu↵ers
for 2 imaging rows.

In a traditional frame transfer CCD an image is acquired on a CCD imaging

array after which the exposed image is row shifted to a frame transfer CCD array

that acts as a bu↵er for digitization while the next frame is integrating. This is

used because digitization is a relatively slow process compared to row shifts which

can occur within 200 ns [36]. The ProEM 512BK was designed for extremely high

speed operation (up to 2 MHz). The high-speed digitizer operates at 10 MHz and

has electron multiplication capabilities allowing for electron gains up to 1000x. To

accomplish high-speed imaging the camera has movable and permanently masked

pixels that can be used to only expose the bottom two pixel rows. A schematic of

the CCD system is shown in Figure 2.12. By exposing only the two bottom rows it
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is possible to use the remaining 1022 rows as very fast bu↵ers with 200 ns shift times

for a CCD row. When using the CCD in the masked configuration the row shift time

determines the maximum frequency images can be acquired at. The camera includes

two digitizers: the low-noise digitizer is capable of operating at 5 MHz, but for near

pulse-to-pulse measurements the electron multiplied digitizer must be used.

Lock-in detection is a frequency and phase sensitive detection system used to

recover signals buried in noise. By modulating the signal to be recovered by some

frequency f

ref

it is possible to integrate the detected signals in time weighted with a

reference sinusoidal wave. This is mathematically shown in Equations 2.10 and 2.11

for the in-phase and quadrature components respectively. After integration for long

time periods, T >>

1
f

ref

only the modulated signal component will remain non-zero.

I(t) =
1

T

Z
t+T

t

A

signal

(t) · cos(2⇡f
ref

t+ �)dt (2.10)

Q(t) =
1

T

Z
t+T

t

A

signal

(t) · sin(2⇡f
ref

t+ �)dt (2.11)

To illustrate this lets assume that the signal to be measured includes two frequen-

cies f
ref

and f

noise

(f
noise

6= f

ref

) for the signal of interest and noise respectively. This

makes Equation 2.10 go to Equation 2.12. By measuring the in-phase and quadrature

components the amplitude and phase of the signal can be determined.

I(t) =
1

T

Z
t+T

t

(A0 · cos(2⇡fref t) + A1 · cos(2⇡fnoiset)) · cos(2⇡fref t+ �)dt (2.12)

I

signal

= lim
T!1

1

T

Z
t+T

t

A0 · cos(2⇡fref t) · cos(2⇡fref t+ �)dt =
A0

2
· cos(�) (2.13)
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I

noise

= lim
T!1

1

T

Z
t+T

t

A1 · cos(2⇡fnoiset) · cos(2⇡fref t+ �)dt = 0 (2.14)

Using lock-in integration it is possible to recover the amplitude of the signal,

even if the amplitude of the out-of-band noise is much larger than the signal. Lock-

in integration can be performed using a 3-value approximation for sine and cosine

shown in figure 2.13. Through this approximation Equations 2.10 and 2.11 can be

approximated as Equations 2.15 and 2.16.

Frame 1 Frame 2 Frame 3 Frame 4

Figure 2.13 : Three value digitization for the in-phase and quadrature reference signals
used for digital lock-in integration.

I(t) =
1

T

Z
t+T

t

A

signal

(t) · cos(2⇡f
ref

t+ �)dt ⇡ const.

N
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·
N
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n=0

A

n+1 � A

n+3 (2.15)

Q(t) =
1

T

Z
t+T

t

A

signal

(t) · sin(2⇡f
ref

t+ �)dt ⇡ const.

N

periods

·
N

periodsX

n=0

A

n+4 �A

n+1 (2.16)

To perform Lock-In integration using the CCD array the Yb-doped fiber amplifier

was used as the reference clock source (f
clock

). This signal is frequency divided by four
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and used for the modulation reference signal (f
ref

). The laser clock signal was used

as a time-quarter period (TQP) timing signal used to trigger row shifts at a frequency

four times the reference frequency (f
TQP

) measuring the detected amplitude at each

time quarter period. The process of image acquisition using lock-in with a CCD array

is depicted in image 2.14. For every TQP the Yb-doped fiber amplifier amplifies two

pulses. This means that there are eight pump laser pulses for every lock-in integration

cycle. At the start of each TQP the rows are shifted in 200 ns under the mask and

integration begins exposing the CCD elements until the next TQP trigger signal

arrives. After performing 1022 row shifts the CCD elements are digitized and the

values for each exposure are transferred to the control computer where the digital

lock-in analysis can be performed in post-processing to calculate the in-phase and

quadrature signal components. Because the TQP trigger frequency is at a higher

frequency than the lock-in modulation signal frequency there is a phase ambiguity

during measurements. We phase lock the first TQP trigger to a rising edge for the

lock-in modulation signal removing the phase ambiguity. For our system this was

accomplished by latching circuitry programmed into a field programmable gate array

(FPGA) giving a constant phase for all measurements.

To identify the optimal modulation frequency we measured the single sided am-

plitude spectrum for a amplified pulses from the 2! pumped NOPA. The results are

shown in Figures 2.15 and 2.16. From these measurements we found the optimal

modulation frequency was above 20 kHz. Below this and the in-band noise becomes

dramatically larger as the contribution from 1/f behaving noise sources becomes sig-

nificantly larger.
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Figure 2.14 : a) Initial empty CCD elements ready for imaging. b) After first TQP
signal integration begins measuring the first pulses and the row is shifted and inte-
gration for pump o↵ periods occur during c) and d). e) After 1022 row shifts all
of the CCD elements are exposed and can be digitized for post-processing lock-in
integration.

Figure 2.15 : Wavelength resolved single-sided amplitude measurements of the 2!
pumped NOPA amplified pulses. There are strong reductions of the in-band noise
that can be achieved by moving to lock-in frequencies above 20 kHz.



33

Figure 2.16 : Single-sided amplitude at 789 nm wavelength for the 2! pumped NOPA
amplified pulses.

2.7 Femtosecond Stimulated Raman Spectroscopy

To demonstrate the performance of our CCD lock-in system we performed FSRS

measurements on cyclohexane. For this we used a 1030 nm Raman pump with 600

nJ pulse energy and 400 fs pulse duration for a peak intensity of 8 GW · cm�2. The

Raman pump was modulated at 125 kHz which served as the lock-in frequency. Time

quarter periods were acquired at the repetition rate of the Yb-doped fiber amplifier,

500 kHz. For the Raman probe we used the 2! pumped fs-NOPA amplified pulse

centered at 790 nm. This probe pulse is capable of probing the high wavenumber range

from to 2600 to 3200 cm

�1. A 6.4 mm thick cell was used for the measurements. The

measured Raman gain was found to be 0.95, 5% of probe photons were absorbed from

anti-stokes FSRS. Figure 2.17 shows the measured Raman signals from cyclohexane

with integration times ranging from 0.8 to 8 ms. From this we can see that we

obtained a signal-to-noise (SNR) ratio of 25 dB compared to the background electrical

and digitization noise with less than 1 ms of integration time. By increasing the

integration time to 8 ms an SNR of 30 dB was obtainable. Because of the dynamic
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range of the camera the maximum SNR that can be obtained is 35 dB.

This demonstrates that our multiplex lock-in system built on a CCD platform

is capable of performing FSRS measurements that come close to reaching the dy-

namic range limits of the CCD detector in less than 10 ms. Since a CCD camera is

used, the implementation is much simpler than alternative methods of fiber coupling

photodiodes to a spectrometer and having individual lock-in amplifiers. Furthermore

our lock-in system simultaneously integrates 512 pixels leading to a large multiplexed

integration time advantage. These characteristics make our detection system ideal

for FSRS, where spectrally resolved measurements need to be acquired at numerous

temporal delays and wavelength ranges.

 Anti-Stokes Raman Shift (cm-1)
2600 2800 3000 3200 3400 3600 3800 R

am
an

 S
ig

n
al

 (
N

or
m

al
iz

ed
 a

n
d

 S
h

if
te

d
)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
0.8 ms - SNR - 25 dB
1.6 ms - SNR - 28 dB
4 ms - SNR - 30 dB
8 ms - SNR - 30 dB

Figure 2.17 : FSRS measurements of neat cyclohexane performed using lock-in detec-
tion using the CCD camera. For the SNR calculations the background noise in the
3800 cm

�1 range where the baseline amplitude was small minimizing noise from the
probe pulse and allowing for a comparison against background noise such as thermal,
digitization, and bias sources.
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Chapter 3

Femtosecond Carrier Dynamics in Metal/Quasi-2D
MoS2 Nanostructures

This chapter will discuss femtosecond transient absorption spectroscopy measure-

ments on suspensions of Au/MoS2 hybrid nanostructures. Fabricating the structure

in a thin film geometry would enable the highest quality sample and maximum control

of morphology, but our future goal is to perform FSRS measurements on this system

to understand the structural dynamics during hot carrier generation and injection.

By looking at the optical properties of MoS2 and experimental parameters used in

FSRS we can see how FSRS is incompatible with a thin film geometry and why

Au/MoS2 hybrid nanostructure suspensions in organic solvents are necessary. When

performing FSRS, it is necessary for the Raman pump pulse to only interact with

the sample through stimulated scattering. From z-scan measurements with a 800 nm

Ti:sapphire laser on MoS2 dispersions in organic solvents, non-linear sub-band-gap-

saturable absorption behavior began to appear at an intensity of 66 GW · cm�2 [44].

Many groups have utilized the sub-band-gap saturable absorption e↵ect to build pas-

sively mode-locked lasers [45, 46]. For FSRS measurements of few-layer MoS2 flakes

we want to avoid these e↵ects setting an upper limit on peak intensity for MoS2

around 10 GW · cm�2 to insure a regime far from non-linear e↵ects.

In FSRS the sample being measured serves as a gain (loss) medium for Stokes

(anti-Stokes) FSRS. The intensity of the FSRS signal is determined by the Raman gain

which is shown in Equation 3.1 [47]. Where the Raman gain depends exponentially
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on the Raman cross-section, �

R

, sample concentration, c, intensity of the Raman

pump, I
RamanPump

, and path length, z, with a being a combination of several physical

constants. From this we can see that the Raman gain is very sensitive to the path

length and density which combined together are the total number of oscillators that

are used for stimulated scattering. In a thin film geometry using a few-layer thick flake

of MoS2 the Raman signal would smaller than the detection systems when Raman

pump intensities in the linear regime are used. To understand this we can scale FSRS

measurements of the 801 cm

�1 peak of cyclohexane to the thickness of a thin film.

Raman Gain = e

(a·�
R

·c·I
RamanPump

·z) (3.1)

In their work McCamant et al. found that when measuring the 801 cm

�1 FSRS

peak of cyclohexane the Raman gain (RG) was 4.28 when using a 2500 nJ pulse with

a peak intensity of 0.63 GW · cm�2 and a 10 mm path length cell [47]. We can

look at the cases of performing FSRS on MoS2 and Au/MoS2 hybrid systems. Using

Equation 3.1 we can see that for a gain medium length of 10 nm (near the regime

of few-layer MoS2) and a Raman pump peak intensity of 10 GW · cm�2 the Raman

gain would result in a di↵erential Raman signal of 2 ⇥ 10�5. This is comparable

to the dynamic range of the CCD camera used in our system, which would prevent

low noise FSRS. To overcome this limitation, several groups have demonstrated that

by building the systems of interest suspended in solution they are able to perform

measurements on samples where the thin film Raman gain would be too small [25,27,

48]. Frontiera et al. used this technique to demonstrate surface enhanced FSRS (SE-

FSRS), using Au nanoparticles dimers functionalized with BPE encased in Silica and

suspended in water [48]. Suspending the particles in solution increases the e↵ective

path length (increasing Raman gain) and allows for the dimer structures to use the
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aqueous solution as a heatsink, even with these precautions and low fluences the

samples still showed laser induced damage on the minute time scale [48]. Magnanelli

et al. used this to enable measurements on regioregular Poly(3-hexylthiophene-2,5-

diyl) (RR-P3HT) nanoparticles suspended in water to study polaron dynamics [25].

By suspending the particles in solutions they were capable of measuring with Raman

pump peak intensities up to 3.2 GW

cm

2 . Because of these experimental reasons we

synthesized Au/MoS2 nanostructures in ethanol for this transient absorption study to

gain information about carrier dynamics from femtosecond pump-probe spectroscopy

to understand the system before performing time resolved Raman spectroscopy using

FSRS.

3.1 Au/MoS2 Hybrid Nanostructures

To fabricate the Au/MoS2 hybrid nanostructures, synthetically grown few-layer flakes

of MoS2 dispersed in ethanol with a concentration of 35mg

L

(SOL-MOS2, 2D Semi-

conductors) was used as the source of MoS2. The MoS2 flakes were produced through

mechanical exfoliation and are semiconducting 2H phase. Because the samples are

composed of several layers of MoS2 we treat them as quasi-2D materials. Decora-

tion of 1T metallic phase MoS2 with Au particles using the spontaneous reduction of

HAuCl4 by MoS2 can occur since the fermi level of MoS2 is significantly above the re-

duction chemical potential. This method can be used to control the particle diameter

by tuning the molar ratio of Au to MoS2 [49,50]. For semiconducting phase of MoS2

the Fermi level is still remains at a higher potential enabling Au deposition, the energy

level diagram for this reaction is depicted in Figure 3.1a [51]. For synthesis we added

between 5 and 30 µL of 25.4 mmol HAuCl4 to 200 µL of MoS2 suspended in ethanol.

The reaction was allowed to occur for 1 hour at 23� C before femtosecond transient
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absorption measurements were performed. The resulting ratios of Au to MoS2 varied

between 2.9/1 and 11.6/1 for 5 and 30 µL of HAuCl4 respectively. After deposition

the suspensions were stable for greater than three hours, after which precipitation

occurred on the optical windows of the measurement cell. To ensure stability, the

samples were sonicated immediately prior to ultrafast spectroscopy measurements.

The electronic band structure of the Au/MoS2 hybrid nanostructure is presented

in Figure 3.1b. The interface between Au and MoS2 forms a Schottky junction. The

Schottky barrier height between Au and MoS2 has been measured to be between

120 and 130 meV [52, 53]. The measured barrier height is significantly smaller than

expected because of Fermi level pinning [53]. The barrier height determines the

energy hot electrons need in order to have high probability of being injected across the

junction. The low barrier height for the Au/MoS2 hybrid nanostructures is exciting

because it can allow hot electrons generated from well into the near-infrared to be

injected into MoS2.

Figure 3.1 : a) Energy diagram for semiconducting MoS2 to spontaneously reduce
AuCl

�
4 forming Au nanoparticles. b) Band structure of Au/MoS2 interface after

particle deposition forming a Schottky barrier with a barrier height around 120 to
130 meV.
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For our studies we used a pump pulse with 590 nm center wavelength and a

pulse duration of 24 fs. The probe wavelength was 820 nm and had a pulse duration

of 14 fs. The pulse energies for the pump and probe pulses were 12nJ and 3nJ

respectively. With fluences of 140 µJ · cm�2 and 34 µJ · cm�2 and peak intensities

of 5.3 GW · cm�2 and 2.3 GW · cm�2 for the pump and probe pulses respectively. In

transient absorption spectroscopy it is important to understand the physical process

that can generate optical signals in the system being studied.

For MoS2, the pump pulse energy located at 2.1 eV is higher energy compared

to the A and B exciton absorption features located at 1.85 eV and 1.98 eV respec-

tively allowing for the generation of excited carrier directly in MoS2 [54]. The probe

energy was 1.51 eV well below the absorption features of the excitons. Because of

this the transient absorption signal from MoS2 will come from changes in optical con-

ductivity due to intraband absorption from changes in free and bound carriers after

photo-excitation [23]. The transient absorption signal that arises for Au nanoparti-

cles occurs because after pumping the electron distribution is excited changing the

electron distribution directly e↵ecting the real and imaginary components of dielec-

tric constant [55]. At the probe wavelength of 820 nm a pump induced absorption

signal is expected for Au nanoparticles. For the Au/MoS2 hybrid nanostructures the

transient absorption signals for Au and MoS2 particles will remain present, but new

signals from charge carrier transfer may occur. For plasmonically active particles, hot

electron transfer process may occur when a photon excites a plasmon that can non-

radiative decay creating a hot electron capable of being injected across the Schottky

barrier. This hot electron signal will convolute with the transient absorption signals

for MoS2 and Au. After injection the electron will cool and eventually back-inject

into MoS2.
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3.2 Transient Absorption Spectroscopy of MoS2

To understand the carrier dynamics of MoS2 transient absorption measurements were

made on neat MoS2 suspended in ethanol. A intensity sweep was performed varying

the pump fluences from 120 to 180 µJ · cm�2 corresponding to peak intensities of 4.7

and 6.8 GW · cm�2 respectively. For femtosecond transient absorption measurements

a 2.5 mm thick aluminum cell with 200 µm thick silica windows was used as the

sample cell. The transient absorption measurements are shown in Figure 3.2a. From

these measurements we can see that after the coherent artifact the initial signal is

pump induced absorption agreeing with previous femtosecond measurements of MoS2

when using NIR probes [23]. The amplitude and time constant from the fast decay

are shown in Figure 3.2b. The signal then decays with a time constant on the order of

200 fs until the transient absorption signal was a small pump induced transmission.

We found that at low intensities 150 µJ · cm�2 and below the transient absorption

signal intensity was linear indicating that we are outside of the saturable absorption

regime. Additionally, the measured time constants for the fast decay components

were consistently 200 fs up to 150 µJ · cm�2. At higher intensities the transient

absorption signal intensity grew sub-linearly and the decay rate slowed to 300 fs.

This non-linear behavior may be due to the saturable absorption e↵ects or trap state

filling. From these measurements we can see that using fluences of 150 µJ · cm�2

can be used for the Au/MoS2 hybrid structure and keep the signal from MoS2 in the

linear regime.
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a) b)

Figure 3.2 : a) Transient absorption spectra for neat MoS2 suspended in ethanol b)
The amplitude of the fast transient absorption signal and time constants for a single
exponential fit as a function of fluence showing that the sample behaves linearly at
fluences below 150 µJ · cm�2

3.3 Au/MoS2 Hybrid Nanostructure Transient Absorption

After Au nanoparticle deposition the Au/MoS2 hybrid nanostructures showed a strong

plasmonic absorption feature in the 570 to 600 nm range. The strength and cen-

ter wavelength of the plasmon absorption could be tuned by adjusting the ratio of

Au/MoS2 during synthesis presented in Figure 3.3a. As expected, the plasmon reso-

nance redshifted at higher Au concentrations due to larger particles [56]. The tran-

sient absorption measurements of these structures are shown in Figure 3.3b. From

this measurement we can see that the transient absorption is very di↵erent than neat

MoS2. First, the decays are much slower than the 200 fs from neat MoS2. The

Au/MoS2 hybrid nanostructures had decay times of 1000±100 fs, 650±50 fs, and

900±200 fs for the 2.91/1, 3.84/1, and 11.6/1 Au/MoS2 samples respectively. Sec-

ondly, we can see that the positive signal at times longer than 3 ps is no longer

present. Instead, we see a negative signal, which comes from transient absorption

signals that can be attributed Au nanoparticles. As the Au/MoS2 ratio is increased

the signal becomes more negative. This means that our measurement technique has
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significant transient absorption signal contributions from both Au and MoS2 at the

short timescales. Section 3.4 will discuss transient absorption signals from Au/MoS2

at long time scales.
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Figure 3.3 : a) UV-VIS absorption spectra and b) Transient absorption measurements
of Au/MoS2 samples with decay times of 1000±100 fs, 650±50 fs, and 900±200 fs

for the 2.91/1, 3.84/1, and 11.6/1 Au/MoS2 samples respectively. At time delay of 3
ps the transient absorption feature became stronger for samples with higher amounts
of Au as expected.

For some samples prepared with the 3.84/1 Au/MoS2 ratio we observed an ex-

tremely fast femtosecond decay of the transient absorption signal with a time constant

shorter than 100 fs. The transient absorption trace shown in Figure 3.4b appears

very similar to the “anomalous” femtosecond transient absorption signal measured by

Harutyunyan et al. from Au disks on a Au film separated by a dielectric spacer [57].

By optimizing the geometry for maximum electric field enhancement they could cause

a fast decay component with a time constant of 130 fs, the instrument response func-

tion of their system. By changing the dielectric spacer from alumina to TiO2 they

could cause a transient beaching that they attributed to hot electron injection. From

our femtosecond short time scale measurements we could see these signatures of hot

electron generation. To understand this further we looked at the long time scale

transient absorption measurements.
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Figure 3.4 : a) UV-VIS absorption spectra and b) Transient absorption measurements
comparing the 3.84/1 and 5.11/1 Au/MoS2 samples. The fast femtosecond decay
component of the 3.84/1 samples has a decay time shorter than 100 fs.

3.4 Au Breathing Modes in Au/MoS2 Nanostructures

Transient absorption measurements at the long time scales for the 3.84/1 Au/MoS2

suspension showed periodic oscillations presented in Figure 3.5. The oscillations

showed increasing period and duration at longer temporal delays. This can be ex-

plained by acoustic breathing modes which occur when the lowest energy vibrational

mode, radially symmetric, is excited. This phenomena is well studied in metallic

nanoparticles using transient absorption spectroscopy [58,59]. When the pump pulse

excites the plasmon the absorption of the femtosecond pump pulse is dominated

by the plasmonic resonance. The femtosecond laser pulse excites electrons in the

metal that thermalize on the order of 100 fs. Electrons will then thermalize through

electron-phonon interaction which occur on the time scale of 1 ps [60]. The absorbed

energy heats the electrons to a temperature higher than the lattice. The cooling of

the electron temperature can be modeled using the two-temperature model (TTM)

where the electron and lattice are are assumed to be internally thermalized and can

exchange energy through electron-phonon interaction. If the electron-phonon decay

time is much faster than the period of the lowest energy phonon mode, the excitation
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of phonon modes will act as an impulse exciting lowest energy phonon mode. For a

spherical nanoparticle the lowest energy mode is the radially symmetric mode with

a frequency shown in Equation 3.2 where c

l

is the longitudinal speed of sound in the

metal, ⌘ is the eigenvalue of the lowest energy radial mode, and R is the particle

radius. For Au, c
l

= 3240m ·s�1 and for an single, isolated nanoparticle ⌘ = 2.93 [58].

⌫̄ (cm�1) =
⌘c

l

2⇡Rc

(3.2)

Figure 3.5 : Transient absorption measurement of the coherent acoustic vibration
in the Au/MoS2 hybrid nanostructure. The rapid decrease in amplitude is due to
decoherence e↵ects from the Au particles having a large standard deviation in parti-
cle diameters. The damping periodicity is correctly predicted using a model for an
ensemble of spherical Au nanoparticles with physical parameters from TEM charac-
terization.

The fast decay of the breathing mode signal can be attributed to the polydis-

persity of the nanoparticles and damping to other vibrational modes [58]. When

the breathing modes are first excited all particles are in phase, but the frequency of

vibration depends on particle size the vibrations will begin to decohere. This can
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be modeled using a distribution of nanoparticles with changing particle dimensions

vibrating at the frequencies from Equation 3.2. This method is shown in Equation

3.3 and accurately predicts the increasing periodicity and pulse width using only geo-

metric parameters from TEM characterization and material properties of Au. The fit

to experimental data can further be improved by adding a breathing mode damping

term and an exponential background. The result of this model is shown in Figure 3.5.

The observation of acoustic breathing modes is a strong indicator that a hot initial

electron temperature is being generated inside the Au nanoparticles. Furthermore be-

cause this signal was only present for the 3.84/1 Au/MoS2 sample it is reasonable to

expect that at this ratio the nanostructure has a morphology that enables excitation

of the breathing mode.
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3.5 Morphological Properties for Hot Electron Generation

To investigate the morphology, TEM characterization was performed on the 3.84/1

and 5.11/1 Au/MoS2 samples. Characteristic TEM images are presented in Figure

3.6. The particle diameters measured from the TEM images for the 3.84/1 and

5.11/1 samples were found to be 60±16 nm and 57±16 nm respectively. Though

the particle diameters are very similar for these samples, the femtosecond transient

absorption measurements from Section 3.3 are drastically di↵erent. When looking

the morphology of MoS2 flakes entirely coated by Au we can begin to see drastic

morphological di↵erences. For the 3.84/1 samples we can observe well-defined corners
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and crevasses. Furthermore, the seed particles that grew together to form one Au

structure are more easily visible compared to the 5.11/1 sample. These crevasses may

aid photons coupling to plasmonic resonances capable of generating hot spots. We

then performed photo-induced force microscopy (PiFM) to test if the single particle or

multi-particle morphology are responsible for the “anomalous” decay and generation

of breathing modes.

a)

b)

c)

d)

Figure 3.6 : TEM images of a) 3.84/1 and b) 5.11/1 Au/MoS2 hybrid nanostructures
(226 nm scale bar). From TEM analysis the average particle diameter was 60±16
nm and 57±16 nm for the 3.84/1 and 5.11/1 samples respectively. Subfigure c) and
d) show images of flakes from the 3.84 and 5.11 sample where the MoS2 flakes are
completely coated with Au (31 nm scale bar). For the 3.84 structure the morphology
that possess well-defined crevasses compared to the 5.11 sample. Images courtesy of
Dayne Swearer.

In a traditional atomic force microscopy (AFM) measurement, the tip measures
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the force gradient from the coulomb-coulomb interaction between the tip and the

sample. In photo-induced force microscopy (PiFM), the field gradient comes from

the dipole-dipole force gradient between the tip and the sample from dipoles that

are induced from laser excitation [61]. PiFM has been shown to be sensitive to

near-fields and can be used to measure field enhancements in the Au/MoS2 hybrid

nanostructure. The samples were prepared by drop casting Au/MoS2 suspension

onto a glass coverslip. Topography and photo-induced force measurements shown in

Figure 3.7 were acquired simultaneously. From the topography image we can see a

large number of Au nanoparticle sizes with a broad distribution of sizes, ranging from

20 to 120 nm. The photo-induced forces were excited using a 514 nm laser polarized

in the vertical direction in the images. From the PiFM image we see that five particles

have strong near fields from plasmon resonances. From the topography image we find

that there are 28 particles with areas larger than that of a 20 nm radius particle,

meaning that less than 20% of particles strong field enhancements. This may explain

why the “anomalous” transient absorption signal and breathing modes were only

observable for the 3.84/1 Au/MoS2 sample when both the 3.84/1 and 5.11/1 samples

had similar particle sizes. In the 3.84/1 Au/MoS2 samples, the nanostructures with

hot spots may have some morphological feature that does not depend solely on particle

radius, such as gaps and crevasses on multi-particle structures.

To investigate the e↵ect gaps and crevasses could have on the initial electron

temperature Finite Di↵erence Time Domain (FDTD), electromagnetic simulations

were performed using Lumerical. We calculated the absorption cross sections of Au

spherical dimers in ethanol when illuminated with light polarized parallel to the

gap. The absorption cross sections for di↵erent gap distances are shown in Figure

3.8b. As the gap diameter is decreased, we can see the dipole plasmon mode being
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a) b)

Figure 3.7 : a) Topography b) Photo-induced force microscopy images of the 3.84/1
Au/MoS2 sample. Only 5 particles out of 28 particle (less than 20%) showed a strong
photo response only particles with area greater than 1256 nm

2 equivalent to a 40 nm
diameter spherical particle. Images courtesy of Thejaswi Tumkur

redshifted and absorption cross section at the pump wavelength of 590 nm being

significantly increased. The absorption cross section calculations were then used in

a two temperature model to calculate the peak electron temperature for various gap

sizes.

In the two temperature model, the electrons are optically heated by the pump

laser pulse. The electrons are then assumed to instantly thermalize. The electrons

can then lose energy through electron-phonon coupling. This gives rise to the coupled

di↵erential equations shown in Equations 3.5 and 3.6 [58]. The parameters C
e

and C

l

are the temperature dependent heat capacities of the electrons and lattice respectively.

The electron-phonon coupling constant, g, determines the thermal relaxation rate of

the electrons. The absorption cross section, �
abs

, and particle volume, V
Particle

, are

the properties for a single particle of a dimer. The pulse parameters peak intensity,

I

peak

, and pulse duration, ⌧ , are determined by the pump pulse.
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The electron-phonon coupling constant, g, was experimentally measured to be

g

Au

= 3.0⇥ 1016W ·m�3 ·K�1 for 60 nm diameter Au particles by Hodak et al. [58].

The peak electron temperatures from the two temperature model are presented in

Figure 3.8c. We see that by going from a single particle to a dimer with a 10 nm

gap distance the peak electron temperature goes from 960 K to 1550 K, which is

a 60% increase over the single particle case. These calculations show that gaps and

crevasses in multiple Au nanoparticle structures on MoS2 can have a strong influence

on the initial electron temperatures and could explain why the 3.84/1 Au/MoS2

molar ratio sample’s femtosecond transient absorption dynamics and near-field hot

spot generation.
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Figure 3.8 : a) Dimer structure diagram. b) Calculated absorption cross-sections from
FDTD simulations courtesy of Parker Wray. c) Calculated peak electron temperatures
from the two temperature model.
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Chapter 4

Conclusions

We synthesized Au/MoS2 hybrid nanostructures in ethanol solution. These hybrid

nanostructures are exciting because they may act as antenna/catalyst system. Using

femtosecond transient absorption spectroscopy we found that the Au/MoS2 hybrid

nanostructures were capable of showing a sub-100 fs transient absorption decay sig-

nal which is on the same time scale as electron-electron interactions. This suggests

that we may be seeing hot electron generation when the Au/MoS2 molar ratio is

tuned correctly. Furthermore, the signal is qualitatively similar to the “anomalous”

transient absorption signal for previous ultrafast measurements on hot electron gen-

eration in plasmonically active Au systems. For the samples at the ideal ratio we

observed generation of coherent acoustic vibrations in Au particles that agreed well

with established models. This indicates that we are able to significantly heat up the

initial electron temperature distribution compared to other Au/MoS2 molar ratios.

From our measurements of the particle morphology, we found that tuning the particle

diameter is not the determining factor for generating a sub-100fs transient absorption

signal and generation of coherent acoustic phonon modes. Instead, we propose that

the morphology at the ideal molar ratio of 3.84/1 Au/MoS2 poses features that can

act as sites for hot spot generation where hot electron generation can occur. PiFM

measurements showed that we are able to generate structures exhibiting strong filed

enhancements in less than 20% of particles. By combining FDTD electromagnetic

simulations with a two-temperature model for the electron and lattice temperatures
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for spherical Au dimers we calculated that multi-particle e↵ects can significantly in-

crease the peak initial electron temperature.

Future work will be to perform more advanced ultrafast spectroscopy techniques

to identify if hot carriers can be injected into MoS2. One method would be to perform

time-resolved measurements of the shifts of the A and B exciton features from photo-

induced doping. A cleaner measurement technique would be to perform FSRS to

measure the Raman gain from MoS2 with Au antennas compared to neat MoS2.

If electron injection is occurring, the injected electrons will cool through electron-

phonon interactions producing phonons. The increased phonon population will lead

to a larger stimulated gain providing a way to quantitatively measure the injected

carrier population and isolate optical signals of MoS2 from the Au nanoparticles.
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Chapter 5

Supplemental Material
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Table 5.1 : Parameters Used For Au Breathing Mode Model
Parameter Value

µ 60 nm

� 16 nm

c

l

3240m · s�1

⌘ 2.95

� 0

A

B

1

t

o

�2 ps

A

exp

�18.23⇥ 10�5

⌧

exp

22.82 ps

B �1.32⇥ 10�5
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