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Plasmonic hot electrons are electrons with high kinetic energy, generated from the
plasmonic nanostructures. The application of hot electrons has been widely studied in the
community of photochemistry and optoelectronics. Many applications like photoelectrochemistry
and photodetector involve semiconductors, and these applications are plagued by low hot
electron injection efficiency in the metal-semiconductor junctions which hinders the wider
applications for the hot electrons.

Since the exfoliation of graphene with scotch tape in 2004, two dimensional (2D) materials
have been widely studied for their unique properties when the thickness scales down to atomically
thin. Transition metal dichalcogenides are a class 2D materials, they are semiconductors, and
they have the different band structures with different material compositions. For each type of the
transition metal dichalcogenide, its few-layer counterparts have both direct band transition and
the indirect band transition, this unique band structure of the few-layer 2D transition metal
dichalcogenides opens up the possibilities for studying the relationship between the hot electron

injection and the band structure in the metal-semiconductor junction.



Inspired by the unique band structure of the 2D semiconductors, we design the structure
formed with plasmonic nanostructures and 2D semiconductors as a model system to explore
plasmonic hot electron injection process at the metal-semiconductor junction, in which we employ
high mobility 2D semiconductor to capture the hot electrons. Due to the high photoluminescence
quantum yield WSe;, photoluminescence spectra are sued to probe the hot electron injection
mechanism between the gold and few-layer WSe,. We demonstrated that the hot electrons tend
to at first inject into the energy lower A point, and then to the K point of the of the few-layer WSe,.

Another question considered in this dissertation is how to modulate the hot electron
injection to improve hot electron collection in the semiconductor. We employed self-assembled
monolayer alkane thiols with different chain lengths as the interlayer, and polymethyl methacrylate
(PMMA) as protection layer to tune hot electron transfer process. The insight derived provides
valuable guidance for the rational design and performance optimization of the relevant plasmonic

hot electron devices.
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Chapter 1 : Plasmonic Hot Electron

1.1 Hot Electron and Photoelectrochemistry

Plasmonic is the phenomenon of the collective oscillation charge carriers at the surface
metal, and these electrons are called surface plasmon (Figure 1.1)." When the surface plasmon
dephases through the interband or intraband transition, hot electrons with high kinetic energy will
be generated. In the typical plasmonic metals (normally noble metals such as gold and silver),
the electronic band structure includes two types of bands, the sp-band and the d-bands. Therefore,
light illumination generates two types of excited carriers, promoted through intraband and
interband transitions. ? The hot electrons in this dissertation refer to the intraband transitions, we
focus on the intraband transition because they are able to generate excited electrons with high
energy above the Fermi level, which means the electrons are “hot”.? “Hot” means the effective
temperature used to model carrier density. The property of plasmonic effect is that the
electricmagnetic field can be enhanced by orders of magnitude,® which provides the electrons
with kinetic energy.
DIELECTRIC

TAAVAA

+++ = +++

\,/\_‘/\,/‘\4/

€m METAL

>

Figure 1.1 Schematic illustration of surface plasmon. ' Image adapted from Ref. 1.

Because of the “hot” property of the plasmonic generated hot electrons, they have
attracted increasing attention to improve the harvest of efficiency of photovoltaic, photodetector
and photoelectrochemistry reaction (Figure 1.2).6"> % There are Thomas White et al. provides

calculation for theoretical IPEC (incident photon-to-current conversion efficiencies) of the metal-
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semiconductor system and the calculation shows that the IPEC would reach up to 22.6%."" Tetsu
Tatsuma et al. investigated the gold nanoparticle nanoporous TiO, composites (Au-TiO;) and
demonstrated that the system could be used as photocatalysts that oxidizes ethanol and methanol
and reduces oxygen.'® Martin Moskovits et al. designed an autonomous photosynthesis device
using gold nanorod and TiO, with the Pt as the reduction catalyst and cobalt-based oxygen
evolution catalyst.?’ Suljo Linic et al. studied the silver nanostructure as catalysts for oxidation
reactions such as ethylene epoxidation, CO oxidation and NH3 oxidation, the results demonstrate
that with the plasmonic effect the catalysts could be able to drive the reactions at a 25 K lower
temperature, which would increase the lifetime of the catalysts lifetime 10 folds compared to that
using only the thermal process to drive the reactions.'® Naomi Halas et al. reported an active
optical antenna device for the detection of light, due to its integration with silicon this photodetector

advantaged over the costly InGaAs detectors.®
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Figure 1.2 Plasmonic hot electron applications. (a) Au-TiO, system used as photocatalysts that
reduces oxygen. '® Adapted with permission from Ref. 16 Copyright © 2005, American Chemical
Society. (b) Autonomous photosynthesis device using gold nanorod and TiO, with the Pt as the
reduction catalyst and cobalt-based oxygen evolution catalyst. ' From Ref. 19 Copyright © 2013,
Springer Nature. (c) Plasmonic silver nanostructure enhanced oxidation reaction. *®* From Ref. 18
Copyright © 2011, Springer Nature. (d) Plasmonic photodetector. '* From Ref. 14. Reprinted with

permission from AAAS.

Wei David Wei et al. have summarized the plasmonic hot electron transfer pathways and
time scales (Figure 1.3). Amongst all the transfer pathways, we are most interested in those in

the presence of adsorbate and in the presence of semiconductor, because we the purpose of this



dissertation is to study the electron transfer process so as to improve the application of hot
electrons, and the application of hot electrons are associated with being in contact with either
adsorbates or semiconductors. When impregnate the plasmonic structure onto the semiconductor,

the hot electrons will transfer to the conduction band of the semiconductor due to the high kinetic

energy.
E E
-
e |\ 0 O
y
Metal [T (—— E . .
’ F h+.Qm
Oht [
Excitation Thermalization and relaxation
E E E
—|oe> o8 4=
In the presence 9
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+ + AN
O h > O h ht N >
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(via CID) and relaxation
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Indirect electron transfer Direct electron transfer Thermalization, back-transfer
and relaxation

Figure 1.3 Plasmon-induced hot carrier generation and hot electron transfer / back-transfer
processes in clean metal, metal / adsorbate, and metal / semiconductor systems.? Adapted with

permission from Ref. 2 Copyright © 2017, American Chemical Society.

1.2 2D materials

Two-dimensional (2D) materials are crystals having layered structure, single atomically

thin layer could be exfoliated from the bulk 2D materials. For the exfoliated 2D layered material,



due to its atomically thin property, they could be employed for the creation of heterostructure.?*?’

The heterostructure could be made by either stacking layer by layer or by incorporating with
nanostructure. 2D materials could be divided into three categories according to the band
structures, 2D semimetal, 2D semiconductor and 2D insulator. In 2004, the zero bandgap 2D
semimetal graphene was discovered by being isolated from the graphite with Scotch tape.?? After
the discovery of graphene, more and more 2D materials are gradually emerge including 2D
semiconductor transition metal dichalcogenide (TMD) material and the 2D insulator hexagonal
boron nitride (hBN). 2°

The 2D semiconductor materials like MoS,, WS, and WSe, have attracted great interest
due to their unique electronic and optical properties. Many of the 2D semiconductors are stable
at ambient conditions.?*° 2D semiconductors could be easily synthesized either by bottom-up
methods (e.g. chemical vapor deposition, molecular beam epitaxy) or by top-down methods (e.g.
mechanical exfoliation, chemical exfoliation, laser and plasma thinning).***® 2D semiconductors
have been employed to fabricate hot electron device and achieve excellent performance, and
they also have been utilized to harvest hot electrons. 2 34" The time-resolved experiment shows
that the process of the hot electron transfer between the plasmonic nanostructure and the 2D
semiconductors is fast, on the order of 200 fs, which is beneficial in hot electron harvesting.*?

Since 2D semiconductors are good materials for hot electron harvesting, this dissertation
employed 2D semiconductors to extract hot electrons from the plasmonic nanostructure.
Monolayer TMDs have direct bandgap emission while few-layer TMDs have indirect bandgap
emission, because the indirect conduction band edge shifts to lower energy level with increasing
number of layers.***” And since the photoluminescence is closely related to the band gap and the
electron doping level, with the unique properties of 2D semiconductors such as strong
photoluminescence, large excitonic binding energy and allowing for the creation of heterostructure,
in this dissertation we designed the heterostructures formed between plasmonic nanostructures

and 2D semiconductors as a model system to study, and the photoluminescence spectroscopic
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studies are sued to probe the hot electron transfer process. " “*°? This dissertation aims at

providing insights into the hot electron transfer mechanism between the metal and the

semiconductor, including the hot electron injection direction and the modulation of hot electron

transfer.
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Chapter 2 : Hot Electron Transfer in Model System of Gold and WSe;,
2.1 Introduction

As mentioned in Chapter 1 Section 1.1, the metal and semiconductor interfaces are very
important in the hot electrons application. Martin Moskovits et al. used the gold and TiO, system
and realized the autonomous photosynthesis device, Jeong Young Park et al. incorporated gold
and Cu,0 and Xinghua Xia et al. used the gold and MoS; system to catalyze the water splitting
reaction.” Electron transfer dynamics studies have been done on the metal and semiconductor
interface including the using the transient spectroscopy to measure the electron transfer time
scale.*"? However, the relationship between the hot electron transfer and the band structure has
not yet been studied. From Chapter 1 Section 1.2 shows that 2D semiconductor layered materials
have rich band transition possibilities due to their unique band structure properties as well as high
quantum yield (when properly treated, the quantum yield for CVD synthesized WSe; could reach
60%).""° Moreover, their band structure is easily tuned by using different growing parameters. In
this chapter, the 2D semiconductor WSe; is used as a “probe” to study the hot electron transfer

mechanism.
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Figure 2.1 (a) gold and Cu,O composite for CO oxidation. ? Adapted from Ref. 2 with permission
from the Royal Society of Chemistry. (b) Gold and MoS, for water splitting catalyst. * Adapted with

permission from Ref. 4. Copyright © 2017, American Chemical Society.

The photoluminescence of WSe;, have been widely studied, including the two-particle
exciton, three-particle trion and four-particle biexciton, due to the strong Coulomb mediated many-
body interaction.’>?® Trion and biexciton are normally observed at low temperature, Jie Shan et
al. observed the trion from monolayer MoS; at 10 K, Tony Heinz et al. observed biexciton from
monolayer WSe; at 10 K."®"" Exciton is the bound state of electron and hole attracted to each
other by Coulomb force. Since the biexciton and the trion states are not directly related to the
band structure, and since in the metal-semiconductor junction, the plasmonic hot electrons inject
into the conduction band of the semiconductor, which means that the hot electron injection should
be closely related to the band structure. In this dissertation, we performed the experiments at
room temperature, so if there are extra peak observed, we could safely exclude the trion or

biexciton as the reasons. For the following sections, we used the model system of gold thin film
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and WSe;, and performed the spectroscopy measurements at room temperature to study the hot

electron injection mechanism.
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Figure 2.2 (a) Photoluminescence spectrum of MoS; at 10 K, A- is trion peak, A is exciton
peak.'® Adapted with permission from Ref. 16. Copyright © 2013, Springer Nature. (b)
Photoluminescence spectrum of WSe, with different laser fluence, X is exciton peak, X' is trion
peak, Py is biexciton peak, P;-P; are defect peaks. '” Adapted with permission from Ref. 17.

Copyright © 2015, Springer Nature.

For the few-layer WSe,, there are three possible electron hole pair pathways at room
temperature. Figure 2.3 (a) shows the band structure of few-layer WSe,, of the three possible
pathways, two are indirect transitions K—I" and A—T", and one is direct transition K—K.? Figure
2.3 (b) is the photoluminescence spectra with different temperatures, which shows that amongst the

three possible transitions, at room temperature, only two possible transitions: A (K—K) direct transition
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and |1 (K—T) indirect transition would observed. In the following section, we used these three possible

transitions to study the hot electron injection mechanism.
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Figure 2.3 (a) Few-layer WSe; band structure. The dashed arrows indicate the possible transition
pathways (K—K, K—T, and A—T) for excitons. The bands forming the conduction band minimum
and valence band maximum are indicated in orange.? (b) Photoluminescence spectra at different
temperatures. % (c) Photoluminescence peak positions as a function of temperature. > Adapted

with permission from Ref. 23. Copyright © 2013, American Chemical Society.

2.2 Experimental

2.2.1 Material Fabrication and Characterization

The semiconductor 2D material WSe, fakes were synthesized with the CVD (chemical
vapor deposition) method. 4 The reaction took place in a quartz tube with 1-inch diameter in the
12-inch horizontal tube furnace (Lindberg Blue M) (Figure 2.3). 0.6 g WSe;, powder was put onto
the alumina combustion boat. A 2 x 2 cm 300 nm SiO,/Si wafer with silicon oxide was placed at
5 cm away from the combustion boat at the gas down-stream side. The WSe, powder boat was

placed at the center of the hitting zone of the furnace. The furnace was heated up to 750 °C, and
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the growth would take place as it reached the melting point of the WSe, powder. The argon gas
was continuously supplied into the furnace at the flow of 100 sccm (standard cubic centimeters
per minute). After the growth last for 30 min, the heating process stop, and after which it was
cooled down to room temperature before we stopped the argon gas supply and took the sample
out from the furnace. With the CVD growing method, we were able to get the monolayer WSe; as
well as the few-layer WSe; by tuning the growing parameters such as argon supply, and growing

time.

substrate

Ar To pump
T —

alumina boat with WSe, powder

Figure 2.4 Schematic illustration of the CVD furnace setup design for the growth WSe, furnace.
A 1-inch diameter quartz tube displays the relative locations of substrate and powder.?* Adapted

from Ref. 24.

To confirm the structure and the properties of the as-grown few-layer WSe,, we took the
optical image, the Raman spectrum as well as the photoluminescence spectrum of the sample.
Figure 2.4 (a) the optical image of the as grown few-layer WSe, flake showed that diameter is
about 50 — 60 um. From the contrast in the optical image the flake was a few-layer WSe; flake.
The shape of the flake was triangle, which corresponded to the hexagonal crystal structure of
WSe,.*?% On the SiO,/Si substrate, most of the flakes had triangular shape only a few had
hexagonal shape. The reason is that for the CVD growth sample, the ratio of the tungsten and
selenium might not be exactly 1:2 leading to the edges of the flakes were either tungsten

terminated or selenium terminated.?’ Figure 2.4 (b) took MoS; as an example to show how the
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atomic ratio had an impact on the shape of the flake, since WSe; had the same crystal structure
as MoS,, and they are composed of elements from the same periodic groups, the structure
property of MoS; could be extendable to WSe,.?*>? Figure 2.5 (a) showed the Raman spectrum
of the as-grown sample, the Raman peak was at 250 cm™, which corresponded to the Raman
out-of-plane A4 and in-plane E,q vibrational modes in the literature, WSe; has the two vibrational
modes at the same wavenumber.***’ Figure 2.6 showed the photoluminescence spectrum of the
as-grown WSe, flake, there was one peak at 760 nm, which according to the literature
corresponds to the |4 indirect transition from the A point to T" point, which further confirmed that
the sample was the few-layer sample, because due to the band structure difference, the

monolayer sample would show the direct transition A transition instead of the indirect transition.?®
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Figure 2.5 (a) Optical image of the as-grown few-layer WSe,. (b) Schematic illustration of the
relationship between Mo:S atomic ratio and the flake shape.?® Adapted with permission from Ref.

28. Copyright © 2014, American Chemical Society.
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Figure 2.6 (a) Raman spectrum of few-layer WSe,. (b) Raman active and two inactive vibrational
modes of the transition metal dichalcogenides MX; (M = Mo, W and X = Se, S).** Adapted from

Ref. 33. Adapted with permission from the Royal Society of Chemistry.
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Figure 2.7 (a) PL (photoluminescence) spectrum of few-layer WSe,. (b) Schematic illustration of
few-layer WSe; exciton relaxation pathways, A transition is direct band transition, |, transition is

indirect band transition.
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2.2.2 Material Wet Transfer for Gold-WSe, Model System

Our study model system was made of WSe; sitting on top of the gold thin film. The samples
were made by transferring the few-layer WSe; onto the gold thin film with the assistant of the
PMMA (polymethyl methacrylate) (PMMA A8 from MicroChem). The 40-nm gold thin film was
evaporated onto the SiO,/Si substrate by E-beam evaporation with the speed of 1 A/s. For the
WSe,, after the CVD process the WSe, flakes spread on the SiO,/Si substrate, and they needed
to be transferred on top of the gold thin film. To lift the WSe; flakes from the substrate, wet etching
was used to etch the oxide layer of the substrate so as to detach the PMMA with WSe, adhered
underneath from the substrate. The wet transfer process is as follows (Figure 2.7): (1) The PMMA
was spin-coated onto the SiO,/Si substrate that have the as-grown WSe, with 4000 rmp, and then
baked on the hot plate at 180 °C for 10 min, forming the PMMA layer with the thickness of about
600 nm; (2) The wet etchant was the 10% potassium hydroxide, gently placed the substrate with
WSe, flakes and PMMA onto the etchant, then it was put into the oven to etch for 5 min at 120
°C; (3) When the etching process finished, the PMMA with the WSe; flakes would float onto the
etchant, leaving the substrate sunk in the etchant; (4) Tweezed a clean dry SiO,/Si substrate and
slowly approached the floating PMMA so as to let the PMMA flatten onto the substrate, immersed
it in a beaker of the deionized water, the PMMA would float onto of the water, repeated this step
for three times to rinse the residual etchant. (5) To transfer to the gold thin film, like the last step
tweezed the SiO,/Si substrate with gold thin film and slowly approached the floating PMMA, the
PMMA with the WSe, would flatten onto the gold thin film, and let it dry in the fume hood for

overnight. When it is dry, the PMMA with the WSe;, would stick to the gold thin film without slipping.

19



transferred
with PMMA AN
MWW Woe:

— ) u

Figure 2.8 Schematic illustration of PMMA assisted WSe, transfer process, during the transfer
process WSe, flakes would adhere to the PMMA, and the PMMA with WSe, flakes would be

flattened onto the gold thin film.

2.2.3 Spectrum Measurement

We excited the photoluminescence using the setup of confocal microscope with laser. The
laser with the wavelength of 488 nm, and the power of 3 uW was used. The laser spot went
through the band pass filter and ND-filter, and then the laser spot was focused onto the device.
The band pass filter was used to filter the clean up the laser make it more monochromic. The ND-
filter (neutral-density filter) was used to adjust the intensity of the laser, it controlled the intensity
with 0.1%, 1%, 2.5%, 10%, 25%, 50% 100% transmissions. In the experiments, we used the ND-
filter to adjust the laser intensity to study the laser intensity dependent spectrum response. With
the beam splitter in the system, the spectrum is collected through the confocal lens, and then to
the CCD (charge-coupled device) detector.

Figure 2.8 showed the photoluminescence generation and measurement process. The
luminescence is generated by electron hole pair recombination. The electrons relax from the
conduction band to the valence band of the semiconductor. In photoluminescence, the electron
hole pair is generated by the excitation of laser. In the experiment, we focus laser onto the sample

through the object lens, and the luminescence signal was collected in the same object lens but
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collected signal would be reflected to the CCD collector of the spectrometer to collect photon
counts. The photoluminescence spectra in this chapter and in the following chapters were taken

using the method.
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Figure 2.9 Photoluminescence measurement setup and generation process. (a) Sample placed
under the object lens, the blue arrow indicates the 488-nm laser injection, the red arrow indicates
the collected luminescence. (b) Photoluminescence generation, electrons in the conduction band

recombine with the holes in the valence band generating luminescence.

2.3 Results and Discussion

2.3.1 Observation and Assumption

We inspected the photoluminescence spectrum data of the sample, and we find out that
for few-layer WSe, sample with the gold thin film as the hot electron sink, the collected data of
sample has an extra photoluminescence peak, which we assumed that it was produced by the
transferred hot electrons from the gold thin film hot electron sink to the few-layer WSe; (Figure
2.9). Moreover, since this phenomenon emergences at the few-layer WSe, samples instead of
the monolayer WSe, samples, we assumed that this extra peak was also related to the indirect

band transition. To prove our assumption, we do several control experiments to prove the
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assumption and study the mechanism of the hot electron transfer between the hot electron sink

and the few-layer WSe,.
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Figure 2.10 Photoluminescence spectrum of as-grown WSe; transferred onto the gold thin film,

the peak fit shows two peaks, one at between 745 — 760 nm, the other at 830 nm.

2.3.2 Control Experiments

Except for hot electron, like we mentioned in the introduction of this chapter, there are
several reasons for the emergence of a new photoluminescence peak, which includes defect
induced by the transfer process or negative trion consisting of two electrons and one hole. Firstly,
the trion exciton peak assignment be excluded since we perform our experiment at room
temperature. The trion exciton peak has small binding energy about 20 meV, which is smaller
than 25 meV (kgT = 25 meV at room temperature T = 298 K), the trion exciton peak of the WSe,
will not appear at room temperature.®® In the following experiment, we are going to exclude the
reason of defect luminescence.

To further confirm the emergence of the new peak was induced by the hot electron, we
conducted several control experiments. The samples were made by transferring the few-layer

WSe; onto the gold thin film with the assistant of the PMMA, and this process was performed by
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etching the silicon oxide layer with the 10% potassium hydroxide for 5 min at 120 °C, then the
PMMA with the few-layer WSe; flakes were transferred onto the substrate with the gold thin film.
During this process, defects might be introduced to the few-layer WSe; flakes and induce the
photoluminescence. We used the same transfer process to transfer the flakes onto the silicon
wafer without the gold thin film. And the photoluminescence spectrum did not show extra peak
(Figure 2.10).

In another control experiment, we made a gold thin film bar, a few-layer WSe, flake was
transferred onto the bar with the same wet etching transfer process so that part of the flake was
placed onto the gold thin film strip, while the other part of it was placed onto the silicon wafer. We
took the photoluminescence spectrum of this few-layer flake, and only the part of the flake onto
the gold thin film had extra photoluminescence peak (Figure 2.11). Please note that in this
experiment, since we were performing the experiment on the same flake, to avoid the signal from
the other part of the flake mixing into the spectrum, we used lower laser intensity which led to
lower photoluminescence counts. The optical image of the sample Figure 2.11 (a) showed two
small thinner gold bar, this was to test if the width of the gold bar would have an effect on the
spectrum. We found out that for area in the thinner gold bar, the spectrum didn’t show two
photoluminescence peaks. In the following experiments, we used the thin gold film instead of gold
bar to reduce the parameters that would affect the electron transfer process. These two control
experiments confirmed that the extra photoluminescence peak was not introduced by the defect.
We could confirm that the hot electron transfer was the reason for the emergence of the extra

photoluminescence peak, from which we studied the hot electron transfer mechanism.
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Figure 2.11 (a) Photoluminescence spectrum of as-grown WSe, transferred onto the SiO,/Si
substrate. (b) Photoluminescence spectrum of as-grown WSe; transferred onto the gold thin film,

the peak fit shows two peaks, one at between 745 — 760 nm, the other at 830 nm.
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Figure 2.12 (a) Optical image of a few-layer WSe; flake transferred onto a wide gold bar and two
thin gold bars. (b) Photoluminescence spectra, the red curve is the spectrum for the red dot area

in the optical image, the black curve is the spectrum for the black dot area in the optical image.
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Since the spectra for the areas in the thin gold bars are the same as black dot area, their spectra

are not showed here.

2.3.3 Hot Electron Transfer Mechanism

The control experiments from the last section, the hot electron transfer process is closely
related to the indirect band transition of the 2D semiconductor materials. Before studying the
mechanism of the hot electron transfer through the indirect band transition, we needed to look
into the indirect transition of the 2D semiconductor. According the references, for few-layer WSe,
there are three possible transitions related to K, A, I points of the few-layer WSe,.?® For
monolayer WSe,, the direct transition is within the conduction band and the valence band of the
K valleys. For few-layer WSe,, except for the direct transition within the K valleys K—K (A
transition, 745 nm), there are indirect transition pathways from K—T points (I, transition, 760 nm),
and from A—T points (I, transition, 830 nm) respectively. At room temperature however, we could
only observe the direct transition A (K—K) transition and the indirect |1 (K—T") transition.

The photoluminescence spectrum of the few-layer WSe;, on gold substrate showed that
the two peaks were at 755 nm and 830 nm respectively. When compared to the peaks at the
reference, we assign the peak at 830 nm as the I, (A—T') transition. For the other peak (755 nm)
that was at between 745 nm and 760 nm, according to the reference there possibly exists A (K—K)
transition and |1 (K—T') transition, we assigned this peak as the combination of A (K—XK) transition
and |y (K—T) transition (Figure 2.12). Here we put forward an assumption that the hot electrons
inject into the K and the A valleys, which in turn increases the recombination rate of the |1 (K—T)

transition and I, (A—T) transition.
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Figure 2.13 Band structure illustrations: (a) All possible transitions and possible transitions at
room temperature for few-layer WSe, at K, A and T" points. Dash line indicates the possible
transitions, black dash line indicates the direct transition, red dash line indicates the indirect
transition. (b) Transitions as showed at the photoluminescence spectra, the yellow electron
symbols represent the injected hot electrons. Before the hot electron injection, in the
photoluminescence spectrum Figure 2.10 (a), |1 (K—T) transition was observed. After the hot
electron injection, in the photoluminescence spectrum Figure 2.10 (b), all the three transitions A

(K—K), I1 (K—T") and I, (A—T) transitions were observed.

We gave the assumption for the hot electron injection in Section 2.3.1 based on the

observation, to prove our assumption as well as to figure out the mechanism of the hot electron
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transfer process, we did the laser intensity dependent experiment. As we mentioned in the
introduction part, the hot electron in the plasmonic materials are generated from the d-band of the
gold with laser excitation, which means that with lower excitation intensity, the number of hot
electrons will be lower, and with the increase in the laser intensity, the number of hot electrons
will increase until it saturates. In this experiment, we adjusted the intensity of the laser by changing
the ND filter in the spectrometer, and the intensity is changed from 0.1% to 5% of the generated
laser intensity, and with different laser intensities, the number of hot electrons generated would
be different. Figure 2.13 shows the stacked photoluminescence spectra with different laser
intensity showed that, when the laser intensity is low, there are two photoluminescence peaks.
One lies at the 745 nm which is the A (K—K) transition, and the other one lies at 830 nm which
is the I, (A—T) transition. With the increase in the laser intensity, the peak at 745 nm gradually
moves to between 745 nm to 760 nm. Please note that the figure below is the normalized intensity
figure, for the actually photoluminescence spectra, the photoluminescence intensity increased.
Since few-layer WSe; has only three possible transition at room temperature, that is A (K—K), |4
(K—T), and I, (A—T) transition. From the laser intensity dependent experiment, we could derive
the hot electron injection mechanism, that is, (1) for the low amount of the hot electrons generated
from the plasmonic materials, the hot electrons will inject into the K valley and the A valleys, and
increase the recombination rate of the A (K—K) and I, (A—T) transition, (2) with more hot
electrons inject into the semiconductor, the number of the hot electrons injected into the K valley

would increase, and thus the I, (K—T) transition increases.
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Figure 2.14 (a) Normalized photoluminescence spectra of gold and few-layer WSe, model system
under different laser intensities. (b) Schematic illustrations of the transition pathways between

valleys of few-layer WSe,, yellow electron symbols indicate injected hot electrons.

2.3.4 Photoluminescence Peak Splitting

To further support the proposed mechanism based on the laser intensity dependent
experiment, we performed an experiment on the few-layer WSe, with different stacking angles.
The model system for this experiment was the same, few-layer WSe, wet transferred on the gold
thin film. What made this experiment different and interesting was that the few-layer WSe, were

not the as-grown few-layer WSe; flakes, instead, to made the few-layer WSe,, we transferred the
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CVD-grown monolayer WSe, twice. According to the reference, stacking angles of the monolayer
2D semiconductors have great impact to the photoluminescence peaks due to the interaction
between monolayers (Figure 2.14).°**° Different stacking angles lead to different distances
between the two monolayers, which in turn would affect the layer interaction, and the
photoluminescence peaks positions. The literature discussed the band structure of MoS, with
different stacking angles, since WSe, and MoS, are made of elements from the same periodic

groups, WSe; should also have the same properties with different stacking angles.
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Figure 2.15 (a) lllustrations atomic structure of MoS, with different stacking angles. The black
solid line shows the unit cell. (b) DFT Band structures corresponding to atomic structures shown

at (a). *® Adapted with permission from Ref. 39. Copyright © 2014, American Chemical Society.

From the result of the laser intensity dependent experiment in the previous Section 2.3.2
and Section 2.3.3, we found out that the laser intensity of the A (K—K) and |, (K—TI") transition
photoluminescence peaks tend to merge into one peak, we could obtain more information and
have more convincing supports if the peak could be split and clearly show two transitions, A (K—K)
and | (K—T'). This experiment was based on the assumption that with by changing the stacking
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angles the photoluminescence peaks positions would shift, so we expect to observe the peak
between 745 nm and 760 nm splitting into two peaks, which would clearly indicate the A (K—K)
and |4 (K—T') transitions.

Since we were looking for the stacking angles that allowed us to observe the peak splitting,
the exact stacking angle of the monolayers is not the research focus as long as we observed the
splitting, in this experiment we used the optical image to roughly get the stacking angles. The as-
grown monolayer WSe; is normally triangular or hexagonal due to the hexagon crystal structure,
and the stacking angle could be obtained from the edges of the two monolayer samples. With the
assumption we mentioned, the experiment was designed as follows: (1) Tune the parameters of
the CVD growing process for WSe, to get the monolayer WSe;; (2) With the assistant of PMMA
transfer twice the monolayer WSe, onto the substrate with gold thin film, and between each
transfer the sample was rotated so that the stacking angle was not zero; (3) Take the
photoluminescence spectra of the samples; (4) Repeat the step (1)-(3) but change the substrate
with SiO,/Si substrate, this step was to create the control group for this experiment. Figure 2.15
shows the photoluminescence spectra of different stacking angles. At room temperature, there
are two possible transitions, A (K—K) and |1 (K—T') transitions (Figure 2.12). In Figure 2.15, for
some spectra two peaks were observed, we could safely draw a conclusion that they correspond

to the A (K—K) and |4 (K—T') transitions.
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Figure 2.16 Photoluminescence spectra of different stacking angles.

Figure 2.16 compared the photoluminescence spectra of the stacking few-layer WSe,
flakes on the gold thin film and those of few-layer WSe; flakes on the SiO,/Si substrate. In the
photoluminescence spectrum of few-layer WSe, flakes the on gold thin film showed three
luminescence peaks, while that of few-layer WSe, flakes on the SiO,/Si substrate showed two
luminescence peaks. According to the possible transitions of the 2D few-layer WSe, as well as
the peak position (Figure 2.12), for the sample with gold thin film we could assign the three peaks
from low wavelength to high wavelength as A (K—K), |1 (K—I') and I, (A—T) transition
respectively. For the spectrum of the control sample on the SiO,/Si substrate, there were two
peaks, based on the positions of the peaks we assigned them as A (K—K) and |1 (K—T)
transitions. This experiment provided further supports for the hot electron transfer mechanism we
put forward in the previous Section 2.3.3, that is the hot electrons inject into the A valley, leading
to the increased recombination rate of I, (A—T) transition. The overlap area of the samples on
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gold thin film showed three peaks (three transitions A (K—K), |1 (K—T) and |, (A—T) transitions),

while the monolayer area showed only one peak (A (K—K) direct transition).
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Figure 2.17 (a) Optical image of transferred-few-layer WSe, on SiO,/Si substrate. (b) Optical

image of transferred-few-layer WSe, on gold thin film substrate. (c) Photoluminescence spectrum
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of black dot area at (a). (d) Photoluminescence spectrum of blue dot area at (b). (e) lllustration of
transferred-few-layer WSe,, red area indicates the bottom monolayer WSe,, yellow area indicates
the top layer WSe. (f) Illustration of band structure of transferred-few-layer WSe,, the arrows

indicate the possible transitions, black arrow A (K—K), blue arrow |, (K—T), red arrow I, (A—T).

2.3.5 Gold-WSe, Model System with Monolayer WSe,

In the photoluminescence spectrum of the as-grown monolayer WSe;, the direct transition
is the only observed transition (A (K—K) transition) at room temperature. To further prove that
this photoluminescence phenomenon we observed in Section 2.3.1 was closely related to the
indirect transition. We performed an experiment in the same model system but with monolayer
WSe..

The experiment was designed as follows: (1) A thin gold bar is evaporated on the substrate;
(2) An as-grown monolayer WSe, flake was transferred onto the gold bar substrate with the
assistant of PMMA so that part of the flake was on the thin gold bar, and part of the flake not on
the thin gold bar; (3) Did the photoluminescence mapping to the transferred monolayer WSe,
flake.

The photoluminescence analysis of monolayer WSe; partly on the thin gold bar is showed
in Figure 2.17. The photoluminescence spectrum Figure 2.17 (a) showed only one peak at about
745 nm, which is the position of A (K—K) direct transition. Figure 2.17 (b) illustrated the band
structure and transition pathway of monolayer WSe,, when compared to the band structure of the
few-layer WSe; (Figure 2.12), the difference is at the A valley —— the monolayer WSe; has higher
A valley and it is higher than the K valley of it, while the few-layer WSe; has lower A valley and it
is lower than the K valley of it, and this is also the reason that monolayer only showed direct band

transition.
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The photoluminescence mapping (Figure 2.17 (c)(d)) showed that, for the part of the
monolayer WSe; on the thin gold bar, the photoluminescence intensity was quenched, which was
the opposite to the case of few-layer WSe,. For monolayer WSe,, the A valley was higher than K
valley, so there was less probability for the hot electrons to inject into the A valley. However,
instead of increasing the photoluminescence intensity, the photoluminescence quenched for the
monolayer WSe; on thin gold bar. Here we could make a conclusion that the hot electrons tend
to inject into the A valley of the few-layer WSe,, because its A valley has the valley level lower
than that of the monolayer WSe,, which leads to the increase to the recombination rate of the
possible transitions of WSe,. For the monolayer WSe; that have the A valley higher than the K
valley, instead of recombining with the holes in the valence band, the electrons in the conduction
band tend to back-transfer to the gold and thus quench the photoluminescence. This experiment
gave us insights as to the relationship between the valley level and the hot electron injection rate.
High valley level leads to low hot electron injection efficiency, and being in contact with gold makes
the electrons transfer to the gold resulting in photoluminescence quenching, while low valley level
leads to high hot electron injection efficiency, with more hot electrons accumulates,

photoluminescence intensity would increase.
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Figure 2.18 (a) Photoluminescence spectrum of as-grown monolayer WSe,. The grey dash lines
indicate the range of the mapping. (b) lllustration of band structure of monolayer WSe,, the arrow
indicates the direct band transition A (K—K), yellow electron symbols indicate the hot electron.
(c) Optical image of transferred monolayer WSe, on thin gold bar substrate. (d)
Photoluminescence mapping of (c), mapping range is the gray dash lines range (740 — 840 nm),
the green dash line is the area of the thin gold bar, the yellow dash line is the area of the

transferred monolayer WSe,, the arrow next to the color bar indicates the count increase direction

of the color bar.
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2.4 Conclusion

In the few-layer WSe, and gold thin film model system, we observed extra
photoluminescence peak emergence when compared to the few-layer WSe;, on the SiO,/Si
substrate. Based on the possible electron transitions of the few-layer WSe,, we made an
assumption that this phenomenon was related to the hot electron transfer process. We did control
experiments to confirm that the newly emergence photoluminescence peak was originated from
the hot electron transfer process. The different stacking angle experiment proved that the
observed spectrum of the model system consisted of three transitions, they are possible
transitions for few-layer WSe,, A (K—XK) direct transition, |1 (K—T') indirect transition and I, (A—T)
indirect transition.

With the relationship of photoluminescence peak and hot electron injection, we used few-
layer WSe, as a “probe” to study the hot electron injection mechanism. We changed the hot
electron amount by changing the injection laser intensity, and we found out that the hot electrons
would inject into both the K valley and the A valley, leading to the increased photoluminescence
intensity of A (K—K) direct transition and I, (A—T') transition indirect transition. The transition
pathway was determined by the possible transition pathways of the few-layer WSe,.

With more of hot electrons injected, they tended to inject into the K valley of the few-layer
WSe,, and photoluminescence intensity of |4 (K—T') indirect transition increased, leading to the
shift of the peak, which was the combination of A (K—K) and |; (K—I) transition
photoluminescence peak. The hot electron relaxation preferred pathways with lower energy
difference.

At the last section, we compared the spectra of the model system with few-layer WSe,
and that with monolayer WSe;, and the results showed that the injection efficiency was related to
the valley level. Monolayer didn’t have valley with level lower than that of K valley, the hot electron

injection efficiency was low and even led to photoluminescence quench which was electron back-
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transfer to the gold film. With this finding, we could provide further explanation for the
photoluminescence peak evolution with different laser intensity, that is, with more hot electrons
injected into the few-layer WSe; the hot electrons would inject into the A valley and when it

reached “saturation”, hot electrons would “overflow” to K valley, as showed in Figure 2.18.

’ »/ g/
. wse, T wse,
Gold /‘\/\ Gold /\/\
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Figure 2.19 (a) Schematic illustration of low hot electron injection. (b) Schematic illustration of

(b)

large hot electron injection. The arrows indicate the hot electron injection direction.
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Chapter 3 : Modulation of Hot Electron Transfer
3.1 Introduction

In Chapter 2, when talking about the experiment in the model system with monolayer
WSe;, we mentioned the electron back-transfer to the gold thin film. In this chapter, we are going
to dig deeper into the hot electron relaxation pathways. Figure 3.1 showed the time scale of the
plasmonic hot electron generation and transfer, although the hot electron back-transfer and
chemical interface scattering have relatively higher timescale when compared to hot electron
generation, it is still possible for these processes take place.™ There are two possible relaxation
pathways for the after the hot electron injected into the semiconductor (Figure 3.2). Our purpose
for the study of hot electron transfer is to improve the hot electron collection, in Chapter 2, the hot
electron injection mechanism gave us insights of increase hot electron injection efficiency, in this
chapter, we are going to discuss modulation methods to improve the hot electron collection based

on the possible injected hot electron relaxation pathways.

Processes
Hot carrier generation Thermalization Heat dissipation
(el-el scattering) (el-ph scattering)
Clean metal = 1to 100fs 100fsto1ps 1to10ps 100psto 10ns

Chemical interface damping Chemical interface scattering

- ~ (CID) (CIS)
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of adsorbate 2o 100fs fo0fsto 10ps
Indirecttransfer
Thermalization
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Figure 3.1 Time scale of plasmonic hot electron generation and transfer in three different
processes: clean metal, in the presence of adsorbate, in the presence of semiconductor.” Adapted

with permission from Ref. 1. Copyright © 2018, American Chemical Society.
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3.2 Design

We focus on the same model system, that is the few-layer WSe; transferred onto the gold
thin film. There are two possible electron relaxation pathways, one is electron transfer to the
environment, and the other one is transfer to the gold thin film (Figure 3.2). To prevent the hot
electrons from relaxing into the environment or relaxing to the thin gold film. Here we put forward
two schemes to tackle the two relaxation pathways mentioned above.

For the relaxation pathway from the few-layer WSe; to gold thin film, we designed an
interlayer within the system to prevent to the hot electron from transferring to the gold thin film. In
this experiment, we selected the SAM (Self-Assembled Monolayer) as the interlayer. To keep the
system simple and easy to study, we used the SAM with simple molecules, here we chose the
molecules 1-decanethiol (denoted by C10, length 10 A) and 1-octadecanethiol (denoted by C18,
length 20 A) for the study. Both of the molecules have similar structures with a thiol group
connecting at the one end of the carbon chain. The SAM is assembled by forming Au-S bond

between the thiol group and the gold thin film.>® The idea of using interlayer to block the electron
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relaxation pathway between the few-layer WSe; and the gold thin film was based on the electron
transport property of SAM mentioned in the literature.®"® Since the electron transport along the
carbon chain of the alkane thiol was tunneling, which was the same as the electron transport of
hot electron injection at the metal-semiconductor junction. '*® The addition of the interlayer would
not affect the hot electron transfer mechanism between gold and the semiconductor. The rationale
behind adding the interlayer between the few-layer WSe;, and the gold thin film was that the
electric field would build up on the plasmonic excited gold surface, and the forward electron
transport (from the gold surface to the other end of the carbon chain) would be favored over
backward electron transport (from the carbon chain to the gold surface).” For the relaxation
pathway from the few-layer WSe, to the gold thin film, with the alkane thiol SAM assembled
between the few-layer WSe, and the gold thin film, based on the electron transport mechanism
mentioned in the literature, the interlayer should be able to block the hot electron from back-

transferring to gold thin film (Figure 3.3).
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Figure 3.3 (a) lllustration of hot electron transfer in alkane thiol SAM in the literature.’® Adapted
with permission from Ref. 19. Copyright © 2017, American Chemical Society. (b) Au-WSe; model

system (transferred few-layer WSe; onto gold thin film) with SAM interlayer.
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For another hot electron relaxation pathway from the few-layer WSe, to the environment,
since we were using PMMA (Polymethyl methacrylate) in the wet transfer process to assist in
transferring the as-grown few-layer WSe; to the gold thin film, to block this hot electron relaxation
pathway we designed a simple way, that is, simply to leave the PMMA layer without dissolving it
into the acetone. PMMA could stand temperature up to 200 °C according to the thermal analysis
and it also has high durability.?*?' In the alloy industry, PMMA is often employed to resist
corrosion.?? In the chemistry, PMMA is widely used as protection layer due to its thermal and
mechanical stability.?#® Hans-Joachim Egelhaaf et al. employed 65 nm PMMA to protect the
conjugated polymer and effectively reduced the degradation rate.? Han Zhang et al. sandwiched
the topological insulator between two layers of PMMA to fabricate the fiber laser that had high

chemical stability.*

3.3 Experimental

3.3.1 SAM Interlayer Experiments

To support the assumption that the addition of interlayer prevented the hot electrons from
back-transferring to gold thin film, we took the photoluminescence spectra of the model system
that is the stacking of gold thin film, alkane thiol SAM, few-layer WSe; on the SiO,/Si substrate.
The experimental process was listed as follows: (1) Deposited 40 nm gold thin film; (2) To
assemble the SAM, the diluted solution with molecules was made, the concentration was 5 mM
and the alcohol was used as the solvent. Then, the SiO,/Si substrate with gold thin film was
immersed into the solution overnight (about 12 h). After that, used a clean tweezer to carefully
take out the substrate from the solution, and used isopropanol to triple rinse the sample (rinse the
excess molecules to make sure monolayer was formed) and dried it with nitrogen; (3) Transferred
the as-grown few-layer WSe, with the assistant of PMMA,; (4) Took photoluminescence spectra

of the sample.®"*

48



3.3.2 PMMA Protection Layer Experiments

To support the assumption that the PMMA layer could be used as the protection layer, the
experiment and the related control experiments were designed as follows: (1) Transferred the as-
grown few-layer WSe; onto the gold thin film with the assistant of PMMA and leave the PMMA
without dissolving it; (2) Transferred the as-grown few-layer WSe, onto the gold thin film with the
assistant of PMMA, and then immerse the sample into acetone for 15 min to dissolve the PMMA,
followed by triple rinse with isopropanol and blow dry with nitrogen gun; (This step was to made
the control sample) (3) Took the photoluminescence spectra of the samples made in step 1-3,
and for the sample made in step 3, took the photoluminescence spectra both in the air (normal
room environment) and in the vacuum. The vacuum environment was formed with a stainless
steel chamber.

For all the spectra taken in the air, ND filter of 5% to adjust the laser intensity to 2 uW. For
the spectra taken in the vacuum, we created the vacuum environment by putting the sample into
a stainless still chamber which was connected to a pump, the chamber had a window made of
quartz so that the laser could go through the window, and the photoluminescence could go
through the window to the object lens to be collected by the spectrometer. Because of the
chamber, the injected laser would be attenuated when the laser penetrated and reached the
sample. Even though the window was made of quartz which had lower absortion than glass, it
would still absorb a lot of injected laser, to take the spectrum of the sample in the vacuum, we
used the largest ND filter 100% to use the highest possible intensity of the laser in our system.
However, from the results we would discuess in the following section we could see that even we
use the highest possible laser intensity in our systme, the photoluminescence intensity was still

low, so during the comparison in the case of vacuum environment, we ignored the
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photoluminescence counts and focused on the peak positions. Please note that the experiements

we mentioned in the previous sections were performed with PMMA protection.

3.4 Results and Discussion

3.4.1 SAM Interlayer Results and Discussion

Figure 3.4 compared the photoluminescence spectra of the samples with different carbon
chain lengths. The photoluminescence spectra in the figure are of the same intensity scale. The
photoluminescence spectra showed that carbon chain with different lengths led to different
photoluminescence responses. Photoluminescence spectrum was closely related to the hot
electrons and electron transfer process. The following section would discuss what was the impact
to the hot electron injection with the addition of the SAM interlayer added into the system of gold
thin film and few-layer WSe,.

The photoluminescence intensity of model system with C18 SAM as the interlayer
decreased, when compared to that of the model system without the SAM interlayer. We observed
only one photoluminescence peak in the spectrum of model system with C18 SAM as the
interlayer, and the peak was at 760 nm which corresponds to the |, (K—T) indirect transition. And
the spectrum was very similar to that of the as-grown few-layer WSe,, which meant that the
addition of an interlayer of about 20 A blocked the hot electron transfer pathway from the gold thin
film to few-layer WSe,, making the photoluminescence spectrum similar to that of the as-grown
few-layer WSe;.

The photoluminescence intensity of model system with C10 SAM as the interlayer
increased, when compared to that of the model system without the SAM interlayer. Unlike the
photoluminescence spectrum of the system with the C18 SAM interlayer, the photoluminescence
spectrum of the system with the C10 SAM interlayer showed two peaks. The photoluminescence

spectrum of the system with the C10 SAM interlayer had the same pattern (including the peak
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relative intensity as well as peak position) as the large hot electron injection situation mentioned
in Section 2.3.3. In the spectrum, one of the peak was at 760 nm |, (K—T') indirect transition and
the other is at 830 nm I, (A—T) indirect transition. This observation could support our assumption
that due to the electron transport property of alkane thiol SAM, the addition of SAM with 10 A
carbon chain length as an interlayer to the system could effectively block the hot electron back-
transfer pathway from the few-layer WSe; to the gold thin film. The length of the carbon chain of
the SAM could not be too long, the length of 20 A would lead to the blockage of hot electron

injection.
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Figure 3.4 Photoluminescence spectrum of the model system of gold thin film and few-layer WSe,
with the addition of (a) 1-Octadecanethiol (C18 SAM) interlayer, (b) 1-Decanethiol (C10 SAM)

interlayer, (c) no interlayer.
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3.4.2 PMMA Protection Layer Results and Discussion

The results for the experiment to support the assumption that the PMMA could be the
protection layer were showed in Figure 3.5. The when compared the spectrum of the samples
with the PMMA protection and that of the samples without the PMMA protection, one
photoluminescence peak was observed in the spectrum of the sample without PMMA protection,
while two photoluminescence peaks were observed in the spectrum of the sample with PMMA
protection. With respect to the intensity, higher photoluminescence intensity for the sample with
PMMA protection were observed.

Figure 3.5 (b) showed the spectra of the samples without the PMMA protection, for the
photoluminescence spectra of few-layer WSe; flake transferred on the SiO,/Si substrate and on
the gold thin film, only one photoluminescence peak was observed, the |, (A—T) indirect transition
could not be obaserved. Without the PMMA protection, for the sample transferred onto the thin
gold film, the photoluminescence quenched (intensity lower) when compared to that of the sample
on the SiO,/Si substrate. This comparison indicated that the reason of the photoluminescence
quench was the exposure to the air environement. For the transfer pathway, the hot electrons
might transfer to the environment, also they might back-transfer to the gold thin film under the
impact of the environment. From the electron transition timescale showed in Figure 3.1, the
interaction with the adsorbates had shorter timescale, which meant that the hot electron in the
few-layer WSe, had higher probability to interact with the molecules in the air than back-transfer
to the gold thin film.

To provide further support to the assumption that the PMMA is the protection layer to
prevent the hot electron from relaxing to the molecules in the environment, we placed the sample
without the PMMA protection into a vacuum chamber. For the spectrum taken for the sample in

the vacuum chamber, two photoluminescence peaks were observed, with one at 760 nm |, (K—T')

indirect transition, and the other at 830 nm I, (A—T) indirect transition. The photoluminescence
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spectrum pattern was similar to the high intensity laser injection in Chapter 3. The low
photoluminescence intensity is attributed to the attenuation from the quartz window of the vacuum
chamber. These experiment results confirm that the hot electrons are able to transfer to the air in

the environment, and the PMMA protection could effectively block this relaxation pathway.
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Figure 3.5 (a) Photoluminescence spectrum of transferred few-layer WSe; onto gold thin film
model system with PMMA protection layer. (b) Photoluminescence spectra of samples without
PMMA protection layer. The black curve is the spectrum of the transferred few-layer WSe; onto
SiO,/Si substrate model system. The red curve is the spectrum of the transferred few-layer WSe,
onto the gold thin film model system. (c) Photoluminescence spectrum of transferred few-layer

WSe; onto gold thin film model system in vacuum.

3.5 Conclusion

We designed two modulation schemes based on the possible hot electron relaxation
pathways. One scheme was to sandwich an alkane thiol SAM within the model system to prevent
the hot electron from back-transferring to gold thin film. The other scheme was to use PMMA as

the protection layer to prevent the hot electron from interacting with the ambient environment.
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In the alkane thiol SAM modulation scheme, the modulation was related to the length of
the carbon chain. If the length of the molecules was about 20 A, the system behaved like a
suspended few-layer WSe, system. If the length of the molecules was about 10 A, with the
addition of this molecule, the photoluminescence displayed |, (A—T") indirect transition at 830 nm,
and the photoluminescence intensity increased, and this photoluminescence spectrum had the
same pattern as the that of large hot electron injection in Section 2.3.3. The alkane thiol SAM with
the length of about 10 A effectively increased the hot electron collection.

In the PMMA protection modulation scheme, the control experiments demonstrated
protection with the PMMA layer. With the PMMA protection layer, hot electron injection to the A
valley leading the increased photoluminescence intensity in the I, (A—T") indirect band was clearly

observed, while the sample without PMMA protection layer showed photoluminescence quench.
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Chapter 4 : Hot Electron Transfer in Model System of Gold and WS,
4.1 Introduction

WS, and WSe; are Tungsten-based dichacogenides, and both have hexagonal crystal
structure, and their monolayer consists of sandwiched composition of X-M-X (M and X denote
transition metal and chalcogen atoms respectively)." Similar to WSe,, WS, is an attractive
material for optoelectronics with unique optical properties and high carrier mobility.3 We extended
our study to the same model system but replace the few-layer WSe, with few-layer WS,.

The spectra from the literature demonstrate that there are two possible transitions for the
few-layer WS, one is A (K—K) direct transition, and the other one is I, (A—T) indirect transition.*
" When we compared Figure 4.1 and Figure 2.3, we could see that the photoluminescence peak
evolutions with temperature are different for few-layer WS, and few-layer WSe,. Figure 4.2
summarize the band structures and possible transitions within WS, and WSe,.* The reason
choosing few-layer WS, instead of the other layered semiconductor to study is that the few-layer
WS, has similar band structure as few-layer WSe,, however, the photoluminescence properties
of the few-layer WS, is different from that of the few-layer WSe,, which makes it an interesting
material for this extended study to provide more supportive evidence as to our findings in the

previous chapters.®
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Figure 4.1 (a) Photoluminescence spectra at different temperatures. (b) Photoluminescence
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Figure 4.2 lllustration of band structures of (a) WSe, and (b) WS,, the arrows indicate the
transition direction. Blue arrows indicate the direct transitions, red dash arrows indicate the

indirect transitions.
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4.2 Experimental

The layered material few-layer WS, fakes were synthesized with the CVD (chemical vapor
deposition) method. The reaction took place in a quartz tube with 1-inch diameter in the 12-inch
horizontal tube furnace (Lindberg Blue M) (Figure 4.3). 0.8 g WS, powder was placed onto the
alumina combustion boat. A 2 x 2 cm 300 nm SiO./Si wafer with silicon oxide was placed at 5 cm
away from the combustion boat at the gas down-stream side. The WS, powder boat was placed
at the center of the hitting zone of the furnace. The furnace ramped up to 1100 °C, and the growth
would take place as it reached the melting point of the WS, powder. The argon gas was
continuously supplied into the furnace at the flow of 50 sccm. After the growth last for 5 min, the
growth was terminated by shutting off the furnace, and let it cool to room temperature naturally.9
Figure 4.4 was the Raman spectrum of the as-grown WS,. There were two vibration modes in the
Raman spectrum, Ey, in-plane mode at 354 cm™, and A4 out-of-plane mode at 419 cm™. In the
literature, the monolayer WS; had the E,, peak was at 358 cm™ and A4, peak was at 419 cm”™.
From monolayer to few-layer, with the layer number increased, E,q softened due to the decreased
Coulombic interaction between tungsten atoms.'®'® We compared the Raman peak positions of
the few-layer WS, with those of the monolayer WS, in the literature, we could confirm that the

few-layer WS, was made.

Furnace To
Ar pump
e WS, . Si0,/Si —
L ——
WS, CVD growth

Figure 4.3 Schematic illustration of the CVD furnace setup design for the growth WS, furnace. A

1-inch diameter quartz tube displays the relative locations of substrate and powder.
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Figure 4.4 Raman spectrum of the as-grown few-layer WS,. The few-layer WS, had the Eq4

mode at 348 cm™, Ay; mode at 412 cm™.

After the CVD process, the as-grown WS, was transferred to the gold thin film to made
the gold - WS, model system for the study. The experimental process is listed as follows: (1) CVD
grew the few-layer WS;; (2) Deposited 40 nm thin gold film onto the 300 nm SiO,/Si substrate; (3)
Transferred the as-grown few-layer WS, onto the gold thin film with the assistant of PMMA and
left the PMMA on the sample; (4) To make the control sample, repeat step 3, but the target
substrate changed to the SiO,/Si substrate without the gold thin film; (5) Took the

photoluminescence spectra of the samples.

4.3 Results and Discussion

The model system was the same as that used Chapter 2 except that the few-layer WSe,
was changed to few-layer WS,. Figure 4.5 compared the spectra taken for as-grown WS, on the
SiO,/Si substrate and that of the as-grown WS, on the gold thin film. As expected, the spectra
demonstrated the photoluminescence intensity increased of the indirect transition peak I, (A—T).

When compared to the spectrum of the few-layer WSe,, in the spectrum of the few-layer WS, the
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peak position of the first peak remained at the same position without shifting after the hot electron
injection, while in the spectrum of the few-layer WSe, (Chapter 2), the peak position of the first
peak redshifted to a higher wavelength, which was caused by the |1 (K—T') indirect transition.
This results further confirmed that the hot electrons would inject into the lower A valley of the few-
layer WS,, hot electron injection would increase the possibility of the indirect transition. And the
hot electrons would also inject in the K valley, leading to the increase in the possibility of A (K—K)
transition. The transitions were determined by all the possible transitions of the few-layer WS,.
Figure 4.1 and 4.2 showed that for few-layer WS, there were two possible transitions A (K—K)
and I, (A—T), hot electron injection led to the increase of these two possible transitions, which
meant that hot electron injection from the plasmonic surface to the 2D semiconductor would not
change the band structure of the 2D semiconductor, it would only effect the transition rate of the

possible transitions.
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Figure 4.5 (a) Photoluminescence of black curve few-layer WS, on the SiO,/Si substrate, red

curve few-layer WS, on the gold thin film. (b) lllustration of band structure and possible transitions
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of few-layer WS,, blue arrow denotes direct transition, red arrow denotes indirect transition.

Yellow electron symbols denote injected hot electrons.

The as-grown few-layer WS, had two possible transitions, A (K—K) and |, (A—T)
transition at different temperatures, unlike few-layer WSe,, few-layer WSe; had |, (K—T') indirect
transition at room temperature but A (K—K), |1 (K—T), and I, (A—T") under different temperatures.
Since few-layer WS, had not as rich photoluminescence peaks as few-layer WSe,, few-layer WS,
was not employed to study the hot electron transfer mechanism. From Figure 4.6 the laser
intensity dependent photoluminescence spectra, we could employ the relative peak intensity
difference from the A (K—K) and I, (A—T) transitions to further prove our assumption that hot
electrons injected into the A valley, leading to the increased indirect band transition
photoluminescence. In Figure 4.6 (a), for the sample on the SiO,/Si substrate, the pattern of the
spectra remained the same with different laser intensities, the relative intensity of A (K—K) and
I, (A—T) transitions remained the same. In Figure 4.6 (b), however, for the sample transferred on
the gold thin film, a small injection 0.1% of the original laser intensity, relative more pronounced
I, (A—T) transition peak was observed. With the laser intensity increase, the relative intensity of
the A (K—K) transition also increased, this further proved our conclusion we made in the previous
chapters that the hot electrons would tends to inject into the A valley until it saturated and then

injected into the K valley.
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Figure 4.6 (a) Photoluminescence spectra excited by different laser intensity, (a) few-layer WS,

on the SiO,/Si substrate, (b) few-layer WS, on the gold thin film.

4.4 Conclusion

We studied the model system with few-layer WS, and gold thin film. The few-layer WS,
was employed in this extended study because few-layer WS, had similar chemical structure, band
structure with few-layer WSe,, but they have different transition pathways. With the hot electron
injection mechanism put forward in the previous chapters, we were able to explain the observation
in the model system with few-layer WS, and gold thin film. This experiment showed that hot
electron injection was closely related to the band structure and possible transition pathways of

the material. Hot electron tended to inject into the relatively lower valley A, and then injected into

the relatively higher valley K. The study of the model system with few-layer WS, and gold thin film
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provided further support for the hot electron injection mechanism we put forward in the previous

chapter.
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Chapter 5 : Conclusion

Exploring the hot electron transfer mechanism between the plasmonic surface and the 2D
semiconductor layered materials paves the way for the next generation photoelectrochemistry
which is limited by the rapid relaxation of hot electrons before being transferred to the neighbor
semiconductors.

In the first chapter, we discussed in detail about the generation and properties of the
plasmonic hot electron in plasmonic nanostructure materials, we also talked about the properties
of 2D semiconductor layered materials and the reason that we chose 2D semiconductor to study
the hot electron transfer mechanism. At the end of this chapter we mentioned about the goal of
this dissertation and the methods we employed for the mechanism study following chapters.

In the second chapter, we studied the model system of gold thin film and few-layer WSe,,
where few-layer WSe, was used as the probe to explore the hot electron injection mechanism
between the gold thin film and the 2D semiconductor layered material. In this study, the
photoluminescence spectrum was the used to assist in supporting the assumptions. The
experiments demonstrated that hot electron injection was closely related to the band structure of
the 2D semiconductor. For the few-layer WSe,, the hot electron generated from the thin gold film
would inject into the A valley, leading to the increase in the possibility of the I, (A—T") indirect
transition. And with more hot electrons injected into the A valley, the hot electrons would then
inject into the K valley, resulting in the increase of A (K—K) direct transition and |1 (K—T") indirect
transition. To further support the mechanism we put forward, we conducted stacking angle
dependent photoluminescence, and also compared the spectra of the model system with few-
layer WSe; and that of the model system with monolayer WSes.

In the third chapter, using the same model system with gold thin film and few-layer WSe,,
we investigated other possible hot electron relaxation pathways including the hot electron back

transfer to gold thin film and the hot electron transfer to the environment. With the addition of the
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alkane thiol SAM with appropriate carbon chain length as an interlayer in the system, the hot
transfer back transfer to the gold thin film was effectively blocked, leading to the increase in the
photoluminescence intensity. The addition of the PMMA protection layer in the system effectively
protected the system from being affected by the environment which suppressed the quenching.
In the fourth chapter, we extended our experiment to the model system with few-layer WS,,
which having similar band structure as few-layer WSe; but different intrinsic transitions. With this
few-layer WS, system, we repeated the experiments we did in the second chapter to provide

further supports to the hot electron injection mechanism we put forward.
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