Copyright Undertaking

This thesis is protected by copyright, with all rights reserved.
By reading and using the thesis, the reader understands and agrees to the following terms:
1. The reader will abide by the rules and legal ordinances governing copyright regarding the
use of the thesis.
2. The reader will use the thesis for the purpose of research or private study only and not for
distribution or further reproduction or any other purpose.
3. The reader agrees to indemnify and hold the University harmless from and against any loss,
damage, cost, liability or expenses arising from copyright infringement or unauthorized
usage.

IMPORTANT
If you have reasons to believe that any materials in this thesis are deemed not suitable to be
distributed in this form, or a copyright owner having difficulty with the material being included in
our database, please contact lbsys@polyu.edu.hk providing details. The Library will look into
your claim and consider taking remedial action upon receipt of the written requests.

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong
http://www.lib.polyu.edu.hk

SYNTHESIS OF TWO-DIMENSIONAL
LAYERED MATERIALS FOR
ELECTROCATALYSIS AND
PHOTODETECTION APPLICATIONS

MAK CHUN HIN

PhD

The Hong Kong Polytechnic University

2020

The Hong Kong Polytechnic
University
Department of Applied Physics
Synthesis of Two-Dimensional Layered
Materials for Electrocatalysis and
Photodetection Applications
Mak Chun Hin
A thesis submitted in partial fulfillment of the
requirements for the degree of Doctor of Philosophy

December 2019

Certificate of Originality

THE HONG KONG POLYTECHNIC UNIVERSITY

Certificate of Originality
I hereby declare that this thesis is my own work and that, to the best of my
knowledge and belief, it reproduces no material previously published or written nor
material which has been accepted for the award of any other degree or diploma, except
where due acknowledgement has been made in the text.

(Signature)
Mak Chun Hin

(Name of candidate)

I

Abstract

THE HONG KONG POLYTECHNIC UNIVERSITY

Abstract
Two dimensional layered materials (2DLMs) have been intensively researched for the electrical
and optoelectronic applications in the past decade. The quantum confinement allows one to
change the energy band level of the 2DLMs by changing their thickness. The optoelectronic and
mechanical properties of 2DLMs exhibit a large difference between the bulk and their ultrathin
counterparts. Also, the large surface to volume ratio of the nanomaterials allow one to easily
modify their physical and chemical properties by surface modification. Depending on the
specific application, the band structure or materials morphology can be engineered. In this work,
we focused on the potential application of the 2DLMs. Firstly, graphene and palladium
diselenide (PdSe2) were synthesized and optimized for the phototransistors. For graphene-based
transistor, the band structure modification was done by coating the zero-dimensional material
bismuth silver sulfide (AgBiS2) nanocrystals (NCs) on the graphene channel. Secondly,
vertically aligned platinum diselenide (PtSe2) films were synthesized for hydrogen evolution
reaction (HER).
AgBiS2 NCs are emerging optoelectronic materials due to their high absorption coefficient and
solution-processability. We report a facile method to prepare AgBiS2 nanocrystals in ambient
conditions. The nanocrystals are of high crystallinity and without byproducts, which make them
suitable for solution processable optoelectronic devices. To overcome the low responsivity of
pristine graphene-based transistor, AgBiS2 NCs were incorporated into the transistors. As a light
absorber on the graphene channel, the responsivity of the phototransistors was highly enhanced
by the photogating effect. The transistor was suitable for near infrared detection application.
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Photodetectors with a high responsivity of 105 A W-1 for 895 nm wavelength at a low operation
voltage of 0.1 V were demonstrated.

The wafer-scale polycrystalline PdSe2 thin films with controllable thickness by the
selenization of Pd films were prepared. The PdSe2 film with the thickness of 9.2 nm was
employed to be the transistor channel. A PdSe2 photodetector can detect a broad
wavelength ranging from 420 nm to 1200 nm. The responsivity and detectivity can reach
1.96 × 103 A W-1 and 1.72 × 1010 W Hz-1/2 at VDS = 3 V, respectively. As the phototransistor is
driven by the photoconductive effect, a fast response time was achieved in hundreds of
milliseconds. It shows a good balance between the responsivity and response time. This work
demonstrated that the polycrystalline PdSe2 films are promising for broadband photodetection.

Besides the photodetection based on the 2DLMs, 2DLMs are shown to have pronounced
catalytic effect in HER activity. We synthesized the large area, vertically aligned PtSe2
films by selenization of the platinum films. The thicknesses of the PtSe2 films can be varied
from 3.8 nm to 76 nm. The density of the vertically aligned PtSe 2 is increased with the Pt
film thickness. The HER activity of the PtSe2 can be enhanced significantly as the active
edge site density increases. The maximum cathodic current density of 227 mA cm-2 can be
obtained through increasing the edge density.
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1. Chapter 1 Introduction
1.1 Background and motivation
Two dimensional layered materials (2DLMs) exhibit strong primary bond along the inplane direction and weak van der Waals force interaction along the out-of-plane
direction.[1], [2] These properties make 2DLMs having anisotropic electronic properties.
The conductivity in the in-plane direction is usually much higher than that in the out-ofplane direction. The research of 2DLMs enable a revolution in device fabrication and
applications such as photodetectors, gas sensors and electrocatalysis. The 2DLM
experiences the tunable physical and chemical properties due to the quantum
confinement[2]–[4], which are easily observable in the thickness dependent
photoluminescence/absorption

measurements.[5]

Previous

researches

have

been

demonstrated that changing the thickness is able to tune the materials properties for
different applications.[2], [3], [6]

As the first discovered one-atomic-layer material, graphene was mechanically exfoliated
(ME) from a bulk graphite using a tape in 2004.[7] Afterward, it has been widely studied
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for the optoelectronic and electrical applications such as phototransistor and electrodes for
hydrogen evolution reaction (HER). Its semimetallic nature provides high electron mobility
for electron transport and suitable for high speed communications, but its atomic thinness
and gapless band structure hinder its light absorption.[1], [8] Therefore, even the graphene
transistors show some photocurrent under light illumination by the “photoconductive”
effect, but only a very low responsivity resulted and they are not favorable for
photodetection. Nowadays, graphene can be prepared by chemical vapor deposition (CVD).
With the appropriate growth recipes, the single layer graphene can be grown in large-area
scale. This encourages the application of graphene in future.

In addition to graphene, one-layer or few-layer 2DLMs such as MoS2, WS2, black
phosphorus (BP), etc. were researched for photodetection and HER.[9]–[14] Besides the
high mechanical flexibility and high transparency, 2DLMs exhibit a high controllability in
spectral coverage and conductance by tuning their thickness. [15] The quantum
confinement effect enlarges the bandgap of the materials when their sizes reduce to
nanoscale, vice versa. For instance, the bandgaps of black phosphorus (BP) are about 0.3
eV and 2.0 eV for its bulk form and 1-layer (1L) form, respectively.[16]–[18] However,
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their application is still at the bottleneck because of fluctuated performance. For example,
the single-layer MoS2 transistors from different groups with same fabrication method
showed a large difference in responsivity which are ranging from7.5 mA W-1 to 880 A W1

.[19], [20] Hence, except the measurement environment and transistor architecture, the

synthesis of the materials plays an important role in the device performance.

In this thesis, the synthesis and application of the 2DLMs will be presented. 2DLMs based
transistors and electrode were researched for photodetection and HER, respectively.
2DLM-based phototransistors are the transistors which use 2DLM as the conducting
channel. They absorb the illuminated light and convert the energy to electrical signal.
Pristine graphene transistors show a very weak responsivity due to the gapless structure
and short lifetime of photocarriers. However, the energy band structure of graphene can be
modulated by depositing the semiconducting NCs absorber on the graphene channel. The
absorber will dope the graphene channel and modulate the work function of the graphene,
which results in p-doping or n-doping to the graphene channel. Also, the absorbers improve
the light sensing ability of the graphene transistor by “photogating effect”, which will be
introduce in Chapter 2. The photodetection performance is usually better than that of
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graphene or NCs film itself. By considering the low absorbance of graphene itself, the
sensing spectrum of the resultant transistor is similar to that of the absorber. Graphene
transistor is an ideal platform to amplify the intrinsic optoelectronic properties of the NCs
absorbers.

Several works demonstrated graphene transistors can achieve high responsivity by
depositing the NC film on the graphene channel. For instance, PbS, CsPbX3 (X = Cl, Br, I)
and Si NCs were coated on the graphene transistor channel for high responsivity
detection.[21]–[23] However the synthesis procedures of the NC solution usually need a
long time. Moreover, the lead atoms in PbS and CsPbX3 NCs can cause long term
environmental and biological issues, which is inevitably increased the health concern of
the users. Recently, AgBiS2 NC, as a non-toxic and high stability material, showed a high
infrared external quantum efficiency in solar cell with a bandgap fall in the infrared region
(1.0–1.25 eV).[24] Furthermore, simple and cost effective synthesis method of functional
NCs is favorable. To fabricate a nontoxic, high responsivity graphene transistor for infrared
photodetection, a facile method of synthesizing AgBiS2 NCs was developed. Comparing
to the conventional hot injection method, the method can synthesize AgBiS2 NCs in
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ambient environment with a much shorter time. Also, an n-type doping to the graphene
transistor was observed after the NCs were coated on the graphene channel, indicating the
work function modulation of graphene channel. The transistor was driven by the
“photogating” effect and exhibited high responsivity under 895 nm light illumination. The
thickness of the NC films was tuned to explore the relationship between the photodetection
performance and the absorber thickness.

Besides graphene, another well-studied family of 2DLMs is the transition metal
dichalcogenides (TMDCs). The members usually have a chemical formula of MY2, where
M is the chemical symbol of transition metal and Y is the chemical symbol of chalcogen.
Except PdSe2, the discovered TMDC members exhibit hexagonal crystal structure. Some
of their semiconducting members such as MoS2, MoSe2, SnS2, etc. were employed as
phototransistor channel. Even their electronic mobilities are not comparable to that of
graphene, they showed a better responsivity in photodetection than graphene due to their
bandgap structure. Also, the choice of the channel thickness can change the absorption
spectrum. It is rarely observed in bulk semiconducting materials. Hence the researches of
TMDC phototransistors are still continuing.
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Until now, the development of high-performance 2DLM photodetectors still encounter
several problems. High gain/responsivity 2DLM based phototransistors usually suffer from
long response time.[25] It is because the high responsivity is usually assisted by the charge
trapping level.[1], [26] The slow rate of de-trapping not only leads to high responsivity but
also the longer recovery time.[27] Hence the high responsivity 2DLM phototransistors may
not suitable for fast response detection. A balance between response time and responsivity
is needed for different applications. Furthermore, except a few works can synthesize
centimeter scale 2DLM films, many 2DLM films fabricated by exfoliation or CVD were
still in a few to hundreds of micron in size.[28]–[37] It is still a big challenge to have a
wafer scale synthesis of 2DLMs. It is also one of the problems which hinder their large
scale production for practical application. In this aspect, sulfurization or selenization of the
metal precursor films provide a facile way to synthesize the 2DLM films. The size of the
film can be predefined by the metal precursor.

Among the TMDC family, PdSe2 has a unique in-plane pentagonal crystal structure.[38]
As a high mobility semiconductor, the PdSe2-based photodiode demonstrated excellent
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performance.[39], [40] We employed selenization of palladium film to synthesize the
polycrystalline PdSe2 film in wafer scale. The film was investigated for photodetection by
fabricating PdSe2 phototransistor. The polycrystalline PdSe2 transistor showed a p-type
semiconductor in transfer characteristic curve, which was different to the previously
reported PdSe2 transistor fabricated by ME. The photodetection of the PdSe2 transistor was
based on “photoconductive” effect. The photodetection performance of the transistor is
comparable to other CVD grown TMDCs based transistors. The result indicates the
selenization is suitable for synthesizing PdSe2.

Besides the phototransistor application, TMDCs have been utilized as the electrocatalysts
for HER. Since hydrogen as energy source has high energy density and environmental
friendly, it is favorable to energy storage and has been considered as an alternative energy
carrier of the future.[41], [42] In past decades, noble-metal-based catalysts have been used
to provide effective proton reduction sites to reduce H+ to H2 gas. However, their scarcity
and high-cost hinder their use in HER.[43] TMDC materials such as MoS2, WS2, MoSe2
have been shown to be the promising catalysts for HER.[13], [14], [44], [45] As the
semiconductor catalysts, their conduction and valence band level positions are also suitable
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for the reduction of H+.[43] The unsaturated sulfur atoms in MoS2 are beneficial to
HER.[13], [44]–[47] They can serve as the active sites to the hydrogen atoms and catalyze
the production of hydrogen gas. Nowadays, the focus of the researches is to improve their
HER so that their activities are comparable to the conventional metal catalysts. Maximizing
the active sites of the TMDCs would be a possible way to achieve the high HER. To
maximize the area density of the exposed edge and improve the electron transfer between
the electrodes and electrolyte, vertically aligned TMDC films would be one of the favorable
structures for HER.

Some special synthesis methods were developed to synthesize the TMDC electrodes with
exposed edges. For instance, ball milling was applied to mix WO 3 powders and sulfur
powders to have a homogeneous mixture. After the sulfurization, the mixture the flower –
like WS2 nanoflowers were synthesized. In another work, vertically aligned WS2 was
synthesized by employing the anodization to tungsten foil followed by sulfurization. Both
WS2 nanoflowers and vertically aligned WS2 showed a higher current density than pristine
WS2 nanosheets in HER.[14], [45] However, the report on facile synthesis of the vertically
aligned TMDCs is rare. Except the vertically aligned MoS2 and MoSe2 were reported by
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sulfurization and selenization of the Mo film,[13] facile synthesis of large area vertically
aligned TMDCs without special tactics are seldom seen. The development in HER of the
TMDC is still a continuing research topic.

As a semimetallic TMDC member, PtSe2 has a high in-plane conductivity for electron
transfer. We synthesized PtSe2 films by selenization of platinum precursor films. We found
that vertically aligned PtSe2 can be grown by changing the thickness of the precursor films.
The thicker the precursor film, the larger the density with vertically aligned PtSe2. The
vertical alignment of PtSe2 can be observed on different substrates. The film structure is
similar to previously reported vertically aligned MoS2 and MoSe2 films which has been
employed for HER electrodes. Considering the exposed edges of the vertically aligned
PtSe2, the films were transferred onto the glassy carbon (GC) electrode for HER activity.
Under a three-electrode system with a standard electrolyte of 0.5M H2SO4, the HER
performance of the films were compared with the platinum and the GC electrodes. The
films showed significantly enhancement to GC electrode in HER. Among the tested films,
the best PtSe2 film showed a high exchange current density of 1.5 × 10−5 A cm-2 and
turnover 0.054 s-1, The result is better than that of the vertically aligned MoS 2 and MoSe2
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electrodes under the similar test conditions. The results confirm the vertically aligned
TMDCs are beneficial to HER.

In this work, AgBiS2 nanocrystals were incorporated into graphene transistors for their near
infrared detection application. The wafer-scale PdSe2 films were fabricated by selenization
of Pd films. A broad photodetection ranging from 420 nm to 1200 nm was demonstrated.
The synthesis method was also extended to fabricate large-area and edge-rich PtSe2 for
HER.

1.2 Thesis overview
In this project, we have investigated the ability of 2DLMs for the photodetector and HER
applications. Graphene and PdSe2 based phototransistors and PtSe2 based electrodes for
HER were demonstrated. AgBiS2 NCs were synthesized for modifying the work function
of the graphene transistor and improve the performance of photodetection. High
responsivity phototransistors and HER based on 2DLMs were demonstrated.

In Chapter 2, the brief introduction of 2DLM synthesis and photodetection are provided.
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The fabrication of the 2DLMs and performance of their FET are discussed. Parameters for
photodetection and the sensing mechanism of 2DLM transistors, photoconductive and
photogating effect, are described.

In Chapter 3, the experimental details of the project are described. The content divides into
two main sections. The first section includes the synthesis of the materials used in this
project, which are monolayer graphene, AgBiS2 NCs and PdSe2 films. The second section
introduces the techniques for the optical, electrical and structural characterizations, which
are X-ray diffraction (XRD), Raman spectroscopy, scanning electron microscopy (SEM),
transmitting microscopy (TEM), selected area electron diffraction (SAED), energydispersive X-ray spectroscopy (EDX), Fourier Transform Infrared (FTIR) spectroscopy,
Atomic force microscopy (AFM), UV-Vis-NIR spectrometer and the photodetection of the
transistor.

In Chapter 4, the synthesis and characterization of CVD grown graphene and AgBiS2 NCs
are described. The fabrication process of the graphene/AgBiS 2 transistors, the
photodetection performance of the transistors and the performance variation of the absorber
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thickness are discussed.

In Chapter 5, the synthesis and characterization of wafer-scale PdSe2 films are provided.
The material properties of the films are described. The photodetection of the PdSe 2
transistor are discussed.

In Chapter 6, the synthesis and characterization of the vertically aligned PtSe2 films are
given. The material properties of the films are described. The HER activity of the vertically
aligned PtSe2 films on glassy carbon electrode are discussed.

In Chapter 7, the work in this thesis is concluded and the future work is discussed.
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Chapter 2 Literature review
2.1 Introduction
In this chapter, the preparation methods for nanoscale 2DLMs are reviewed. A brief review
on the 2DLM based photodetectors together with the critical parameters and the figure of
merit for photodetectors are given. The development of the 2DLMs for HER is provided.
The typical parameters to evaluate the performance of the HER are also presented.

2.2 Materials Preparation
2.2.1 Mechanical exfoliation (ME)
The mechanical exfoliation was firstly demonstrated by Geim and co-worker to isolate
graphene (1L or FL of graphite) from highly-oriented pyrolytic graphite.[7] A Scotch tape
was used to cleave the graphite crystals by breaking the van der Waals force between the
layers of graphite. Figure 2.1 shows the procedure of making graphene sheets by the
Scotch tape method. The layer of graphite flake is successively peeling off by the tape until
only one layer of graphite remained. [48] This technique provides minimal defects and
suitable for fundamental researches. Following this technique, other FL BP, MoS2, WS2
flakes were cleaved. [10], [16], [49], [50] However, the method is still suffered from
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scalable production and low controllability in size and thickness.

Figure 2.1 Schematic representation of sequential steps followed to exfoliate graphene layers using the
Scotch tape method. Graphs and captions are adopted from reference [48].

2.2.2 Liquid exfoliation
Apart from the mechanical exfoliation, liquid exfoliation is another method to produce
2DLM flakes in solution (e.g. deionized water, ethanol, and dimethylformamide) by
sonication.[51]–[53]. Figure 2.2 illustrates the procedure of liquid exfoliation for 2DLM
powder. After the powder is mixed with the solution (Figure 2.2A), external energy from
the sonication can cleave the 2DLM into flakes which disperse in the solution (Figure
2.2B). Centrifugation is able to provide the size selection of the flakes by controlling the
rotational speed. At a slower speed, the smaller flakes (lighter in weights) disperse in the
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supernatant and the larger flakes (heavier in weight) become the sediment. Size selection
can be done by centrifuging the supernatant with the higher speed and collecting the
sediment successively. Hence, the solutions with different size distributions can be
obtained. Moreover, the concentration can be conveniently control while during the
dilution of the sediment in solution. However, this method exhibits a relatively low
production of large-size flakes or single-layer flakes, which are highly desired for research
and some of the application.

Figure 2.2 Illustration of liquid exfoliation and size selection. (A) Photograph of a typical starting material
(here WS2 powder) yielding. (B) Colloidal dispersions after the exfoliation containing. (C) A mixture of
nanosheets with varying lateral sizes and thicknesses. (D) Size selection by centrifugation with subsequently
increasing rotational speeds ω. The supernatant after each step is subjected to another centrifugation at higher
centrifugal acceleration. Graphs and captions are modified from reference [53]

Zhang’s group developed a special kind of liquid exfoliation which is based on lithium ion
(Li+) intercalation into the 2DLMs by electrochemical system. [54] As shown in Figure
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2.3, the bulk 2DLM crystal (e.g. MoS2, WS2, TiS2, etc.) and lithium foil serve as the cathode
and anode in a lithium battery system, respectively. In the discharge process, Li+ ions
intercalate the layers and the interlayer distance of the 2DLMs is expanded. Thus, the van
der Waals interaction is weakened and it is beneficial to exfoliation. Also, the intercalation
can be controlled by monitoring the discharge curve during the process. The intercalated
Li+ is reduced to Li during the discharge process. After that, the compound formed in the
cathode is cleaned and undergo liquid exfoliation with water (or ethanol). The water or
ethanol reacts with Li, H2 gas is produced between the layers and further separate the layer
of the 2DLM. Then following a sonication process, the 2DLM is exfoliated into nanosheets
with hundreds of nanometer in size.

Figure 2.3 Electrochemical lithiation process for the fabrication of 2D nanosheets from the layered bulk
material. Graphs and captions are adopted from reference [54].
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2.2.3 Chemical vapor deposition (CVD)
CVD techniques have been developed to synthesize large-area 2DLMs. The CVD growth
of 2DLMs needs an optimization in pressure, mass flow control of gas, selection of
precursors/gases, temperature of heat zones, substrate and growth time. Large-area
graphene films were demonstrated by CVD using metal foil such as copper or nickel as
catalyst.[55], [56] The growing of TMDC films by CVD have also been reported.

To illustrate the growth of TMDCs, we select WS2 as an example. The precursors of
growing WS2 can be WO3, WCl6, sulfur powder or H2S gas.[28], [31], [57], [58] Under a
suitable growth recipe, the carrier gas delivers the vapor of the precursors to the substrate.
Figure 2.4A shows the setup for the growth of WS2.[57] The WO3 and sulfur powder are
heated according to the temperature profiles as shown in Figure 2.4B. The morphology of
the WS2 films can be tuned from triangle with micron size to continuous films with
centimeter size by introducing H2 gas, as shown in Figure 2.4 C-F. The results indicate the
gases used play an important role in the growth of 2DLMs. Synthesizing the centimeter
scale of 2DLMs with precise control in thickness is still a great challenge. Also, the lateral
size of many 2DLMs produced by CVD is still limited in several hundred microns. Further
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development and optimization of CVD process to grow large-area 2DLMs are still needed.

Figure 2.4 Atmospheric pressure CVD synthesis of large-area WS2 films. (a) Schematic illustration of the
CVD setup for the synthesis of WS2. (b) Temperature profiles of the substrate, WO3, and S. (c, d) Photos
showing contrast difference between 2 cm × 2 cm SiO2/Si substrates after CVD processes without and with
H2 addition. (e) SEM image of large triangular WS2 crystals deposited on a SiO2/Si substrate. (f) SEM image
of a millimeter-sized WS2 film on SiO2/Si. Graphs and captions are modified from reference [57].

2.2.4 Sulfurization and selenization
Sulfurization and selenization are CVD-like technique to synthesize TMDCs. In a normal
procedure, metal or metal oxide is deposited on the substrate and followed by annealing
the sample in a sulfur-rich or selenium-rich environment at elevated temperature. The
sulfur/selenium gas reacts with the precursor and converts it into 2DLM films.[1]. The
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method can be extended to produce heterostructures. Xue et al. fabricated a heterojunction
of MoS2 and WS2 by a two-step sulfurization process. As shown in Figure 2.5 A-C, WO3
films are predefined on SiO2 surface by photolithography. Subsequently, the film is
undergone first sulfurization to obtain WS2 as shown in Figure 2.5D. The procedure is then
repeated by depositing Mo film onto the WS2. A heterostructure of MoS2/WS2 is obtained
after the second sulfurization (Figure 2.5E-G). After the deposition of the gold electrodes,
the heterostructure could be used as photodiodes (Figure 2.5H,I).[59]

Figure 2.5 Schematic diagram of MoS2/WS2 vertical heterojunction preparation and corresponding devices
fabrication. Graphs and captions are modified from reference [59].

Sulfurization or selenization process can synthesize vertically aligned TMDC films. Cui et
al. demonstrated vertically aligned MoS2 and MoSe2 films.[13] Regardless of the choice
of substrate, the in-plane direction of the film grows nearly perpendicular to the substrate
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surface. TEM image confirms the vertical alignment of the resultant film, as shown in
Figure 2.6. Such a morphology with densely exposed edges is favorable for HER.

Figure 2.6 (a) TEM image of a vertically aligned MoSe2 film produced by rapid selenization showing
exposed edges. (b) Raman spectra from edge-terminated MoSe2 films grown on glassy carbon (GC), quartz,
and oxidized silicon (300 nm SiO2/Si) substrates, respectively. Graphs and captions are modified from
reference [13].

2.3 2DLM based Photodetectors
Photodetector converts absorbed light energy into electrical signal such as current or
voltage. Figure 2.7 shows a conventional phototransistor using 2DLM as a channel
material. The light sensing mechanisms of 2DLM phototransistor such as photoconductive
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and photogating effect are discussed in this section.

Figure 2.7 Architecture of the conventional 2DLM phototransistor.

2.3.1

Parameters of photodetector

Responsivity (R)
The responsivity R is an indication of the available output photocurrent or photovoltage
under certain wavelength and incident optical power of the photodetector. It is defined as
the ratio of the photocurrent/photovoltage to the input optical power on the sensing region.
In the mathematical form:
I

R = 𝑃𝑝ℎ

𝑖𝑛

(1-1)

or

R=

𝑉𝑝ℎ
𝑃𝑖𝑛

(1-2)

where Iph is the photocurrent, Vph is the photovoltage, and Pin is the input optical power.
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Noise Equivalent Power (NEP)
The Noise Equivalent Power (NEP) is the minimum optical power required to achieve a
signal to noise ratio of 1 in a 1 Hz bandwidth. In a practical calculation, it can be written
as
NEP =

i𝑛,𝑟𝑚𝑠
𝑅

(1-3)

where in,rms is the mean-square noise current at the bandwidth of 1 Hz in darkness (unit: A
Hz–1/2). The noise level in,rms is commonly found by the Fourier transform (FFT) of the measured
dark current. Since 1/f noise is shown to be the most dominant noise source in 2DLM
transistors,[21], [25] the corresponding NEP is commonly used for the 2DLM transistor.

Detectivity (D*):
The detectivity D* is a useful parameter for the detection and
√𝐴𝐵

D∗ = 𝑁𝐸𝑃 =

𝑅√𝐴𝐵
𝑖𝑛,𝑟𝑚𝑠

(1-4)

where A is the effective illuminated area of the channel, B is the bandwidth, in,rms is the root
mean square value of the noise current and R is the responsivity of the device. D* can be viewed
as the reciprocal of the NEP which is normalized by the square root of the sensing area and
bandwidth. It reflects the ability of the photodetector after taking account of sensitivity, spectral
response and noise of the device
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2.3.2

Photoconductive effect

The photoconductive effect is originated by generating excessive charge carriers in the
semiconducting 2DLM under light illumination.[1], [60] In a normal photoconductor, the
2DLM serves as the light sensing channel with drain/source electrode. Under the light
illumination, the channel absorbs the photon energy which is greater than its bandgap. It
generates an electron-hole-pair (EHP), which is also referred to photocarriers. When the
concentration of the excessive charge carriers is increased, the conductivity increases.
Under the VDS bias, the photo-generated holes and electrons drift oppositely to the
electrodes and increase the channel current, as shown in Figure 2.8. Under a given
illuminated light intensity, the net increase of the channel current is the photocurrent. In
most of the 2DLM-based phototransistors, their sensing mechanisms are mainly based on
the photoconductive effect.[49], [60], [61]

Figure 2.8 Illustration of photocurrent production in photoconductive effect.
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2.3.3

Photogating effect

Photogating effect is regarded as a notable case of the photoconductive effect. Photocarriers
are generated in a semiconductor when under light illumination. One kind of photocarriers
(electrons or holes) is trapped in the localized states located at defects or surface absorbates,
while the oppositely-charged carriers are transferred to the channel. The trapped carriers
act as the local gate and provide an electrostatic field which modulate the channel
conductance, while the oppositely-charged carriers will recirculate in the channel. (4,9)
The multiple recirculation of photocarriers lead to very high photoconductive gain and
hence the responsivity.

Photogating effect is pronounced in 2DLM based transistors since 2DLM exhibit large
surface-to-volume ratio. Hence, forming heterostructure of 2DLM and other
semiconducting nanomaterials (which provide localized states) can apply photogating
effect to enhance the performance in photodetection, as shown in Figure 2.9. [21]–[23],
[27], [62], [63] Compared to photoconductive effect, photogating effect usually leads to a
higher gain and responsivity due to the extended life time of the trapped charge carriers.
Consequently, the response and recover speeds of the transistor by photogating effect are
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usually slower than that by photoconductive effect.

Figure 2.9 Illustration of gating produced by the trapped photocarriers in a heterostructure. Here electrons

are trapped in the absorber and lead to photogating effect.

2.3.4

Phototransistors

In this section, selected 2DLM phototransistors are introduced.

Graphene phototransistors
Due to the zero bandgap and atomically thinness, pristine graphene transistors for
photodetection showed a very low responsivity (<10 mA W-1).[1], [64] Low optical
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absorbance and short photocarrier lifetime are the major drawbacks in photodetection. The
experimental results showed the photoconductive effect in graphene transistors was
inefficient for photodetection. However, fast response, high electron mobility and
broadband detection still make graphene suitable for high frequency detection.[65]–[67]
The high performance graphene phototransistor for photodetection could be achieved by
applying photogating effect. Semiconducting NCs, organic semiconductors, perovskites
have been employed as sensitizer in graphene transistor. [21]–[23], [27], [62], [63] After
forming heterostructure with the graphene channel, the sensitizer can trap one kind of
photocarriers and graphene can provide a high mobility channel to flow another kind of the
photocarriers during photodetection. The photogating effect highly extends the lifetime of
photocarriers and improve the responsivity of the graphene transistors to 107 – 109 AW-1.
[21]–[23], [27], [62], [63] The photogating effect is an effective tactics to improve the
responsivity of graphene phototransistors.

Black phosphorus (BP) phototransistors
Few-layer BP phototransistors were found to have high mobilities up to 1000 cm2 V–1s–
1

.[17] Unlike graphene, BP has a direct bandgap variation from 0.3 eV (bulk) to about 2
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eV (1L).[16], [18] Wu et al. showed the responsivity of FL BP transistor can reach 9 × 104
A W-1 for near UV region (310 nm to 400 nm) while 1.82 A W-1 for visible – NIR region
(400 – 950 nm).[49] The results suggest that BP is a potential candidate for photodetection
with high mobility. However, few layers BP has a major drawback of environment-induced
degradation and this hinders BP phototransistors for practical application.[68]

Transition metal dichalcogenide (TMDC) phototransistors
In addition to the aforementioned MoS2 and WS2, TMDC members such as MoSe2, WSe2,
ReS2, etc. have been explored for photodetection.[36], [61], [69]–[71] Due to the thickness
dependent bandgap, conductance and absorption strength, [2] their performance in
photodetection are dependent on the thickness. For instance, 1L MoS2 detected only visible
light but few layers MoS2 can extend the detection range to NIR.[20], [72] The
photodetection performance of the reported 2DLMs varied a lot even for the same material
and same thickness. The responsivities of mechanically exfoliated 1L MoS2 transistors are
ranging from 7.5 × 10−3 A W-1 to 880 A W-1.[19], [20] The responsivities of CVD grown
1L WSe2 transistors are ranging from 1.1 A W-1 to 1.8 × 105 A W-1.[11], [73] The huge
variation may come from the synthesis method of TMDC and/or the fabrication of the
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phototransistors. Similar to the graphene transistors, the responsivity of TMDC transistor
can also be improved by photogating effect. The semiconducting NCs, 2DLMs and organic
semiconductors can act as sensitizers.[10], [74] Table 2.1 summarizes the key
photodetection parameters of the reported 2DLM transistors.

Table 2.1 Performance of photoconductors/phototransistors based on 2DLMs (1L: 1 layer,
2L:2 layers, FL: few layers, CVD: chemical vapor deposition)

Active layer

Channel thickness

Spectral range

Responsivity (AW-1)

Response times

Reference

(ms)
Graphene

Mechanically exfoliated

Visible-IR

~ 6.1 × 10−3

/

[8]

Visible-NIR

107

100

[22]

Visible-

~108

810

[23]

2L
Graphene + PbS

Mechanically exfoliated

QDs

2L

Graphene +

Mechanically exfoliated

CsPbBr3-xIx NCs

2L

Graphene + Si

CVD

UV-to-MIR

∼109

3400−9000

[21]

Mechanically exfoliated

Visible-NIR

4.8 × 10−3

1

[18]

Mechanically exfoliated

UV-visible-

9 × 104

>105

[49]

FL

NIR

Mechanically exfoliated

Visible

7.5 × 10-3

50

[19]

Visible

880

600

[20]

QDs
BP

FL
BP

MoS2

1L
MoS2

Mechanically exfoliated
1L
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MoS2

CVD-grown 1L

Visible

1.1 × 10−3

>103

[75]

MoS2 + PbS QD

Mechanically exfoliated

Visible- NIR

6×105

350

[10]

2L
WS2

CVD-grown FL

Visible

9.2 × 10−5

5.3

[76]

WS2

CVD-grown 1L

Visible

1.88 × 10−2

<103

[77]

WS2 + PbS QD

CVD-grown 1L

NIR

14

0.6

[78]

MoSe2

CVD-grown 1L

Visible

2.15 × 10−4

25

[79]

MoSe2

CVD-grown FL

Visible

93.7

400

[69]

WSe2

Mechanically exfoliated

Visible

7

1 × 10−2

[80]

3L
WSe2

CVD-grown 1L

Visible- NIR

1.8 × 105

>5 × 103

[11]

ReSe2

Mechanically exfoliated

Visible

95

68

[81]

1L
ReS2

CVD-grown 2L

Visible

604

2

[82]

SnS2

CVD-grown FL

Visible

8.8 × 10−3

5 × 10−3

[83]

SnS2

CVD-grown FL

Visible

100

22

[34]

SnS2 + PbS QD

Mechanically exfoliated

Visible- NIR

1x106

160-420

[84]

5L

2.4

Hydrogen Evolution Reaction

For the future energy sustainability, hydrogen gas (H2) is one of the clean and renewable
energy sources. The electrocatalytic HER from water splitting is one of the most efficient
methods to produce H2 gas.[85] When choosing a semiconducting electrode for HER, the
band position of the electrode should match the redox potential of the water for efficient
electron transfer between the solution and electrode. Many TMDCs exhibit layer dependent
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band structure. Their conduction and valence band positions can be engineered to match
the redox potential of water. Moreover, the unsaturated sulfur atoms of TMDC are
beneficial to produce hydrogen gas.[47] More improvement are needed for TMDCs to
improve the HER performance toward the conventional metal catalysts. In addition to the
semiconducting members, some TMDC members are semimetals and may behave like the
metal electrodes in HER. However, the cost of TMDC electrodes are usually cheaper than
the conventional metal catalysts. Hence, TMDC electrodes for HER have attracted a lot of
attention.

2.4.1

Mechanism

The mechanism of the HER is followed the Volmer – Heyrovsky mechanism:[46]

H3O+ (aq) + e- + * ⇌ H* + H2O (1),

Volmer reaction (acidic)

H2O (1) + e- + * ⇌ H* + OH- (aq),

Volmer reaction (alkaline)

H* + H3O+ (aq) + e-⇌H2 (g) + H2O (1) + *,

Heyrovsky reaction (acidic)

H* + H2O (1) + e-⇌H2 (g) + OH- (aq) + *,

Heyrovsky reaction (alkaline)

Or the Volmer-Tafel mechanism: [46]
30

Chapter 2

THE HONG KONG POLYTECHNIC UNIVERSITY

H3O+ (aq) + e- + * ⇌ H* + H2O (1),

Volmer reaction (acidic)

H2O (1)+ e- + *⇌ H* + OH- (aq),

Volmer reaction (alkaline)

H* + H*⇌ H2 (g) + 2*,

Tafel reaction (acidic and alkaline)

where * and H* indicate an empty active site and a hydrogen atom bound to an active site,
respectively. Both mechanisms indicate the binding of the hydrogen atoms to an active site
* on the catalyst/electrode surface is the main parameter for HER.

As proposed by the Volmer reaction, the electrons supplied by the electrode electrolyze the
molecules in either acidic or alkaline solution. Then hydrogen is produced and bind to the
empty active sites on the electrode. Even the following processes proposed from Tafel
reaction and Heyrovsky reaction are different, the bound hydrogen atoms are reacted to
other hydrogen or hydrogen-contained molecules to produce hydrogen gas at the active
sites. The produced hydrogen gas is collected.

2.4.2

Parameters in HER

The parameters of HER is introduced. During the catalysis process, the electrons is
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supplied to the bound hydrogen atoms on the electrode. The catalyst activity can be
analyzed by the linear scanning voltammetry (LSV) (or called “polarization curve”) in an
electrochemical system. Figure 2.10A shows the typical polarization curve in HER activity.
Parameters can be deduced from the polarization curve to evaluate the performance. The
cathodic current and the potential in the polarization curve can be simplified to the Tafel
equation:[46]
𝜂

j = −𝑗0 𝑒 −𝑏
and hence

η = b ln(j0 ) − b ln(−𝑗)

where j is the current density, j0 is the exchange current density, b is the Tafel slope and ƞ
is the overpotential. In the equation, j has the negative value in the polarization curve and
b ln(j0) is a constant.

For simplicity, in some literature the authors write the equation as:
η = b log(𝑗) + 𝑎
In this revised equation, the Tafel slope b becomes a negative value with a unit mV/dec, j
is the absolute value of the current density and a is a constant. For a good catalyst, it should
have a low Tafel slope and a large exchange current density.
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Exchange current density j0
It can be viewed as a measure of electron transfer rate of the electrode. The higher the
current density, the higher the electron transfer rate. Hence the rate of reduction of
hydrogen atoms is improved.

Tafel slope b
Tafel slope represents the change of potential per decade of current in logarithm scale. If
the slope is too large, the electrode needs significant potential change to produce desired
current. The slope is highly dependent on the materials properties of the catalyst and the
electrochemical circuit. Besides the band structure, active site density, conductivity and
preparation of the catalyst, the employed electrolyte also affects the Tafel slope.

Overpotential ƞ
Overpotential is an excessive potential applied shown at the polarization curve. Usually,
the potential where the HER activity commenced is called onset potential. The smaller
onset potential is favorable for the optimal catalyst since a smaller energy is needed to start
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the HER.

Turnover Frequency (TOF)
TOF is the total number of moles transformed into the desired product by one mole of
active site in a given time. The larger TOF indicates the better activity of the catalyst.

2.4.3

HER activity of 2DLM electrodes

Jaramillo et al. investigated the relationship between the edge length and exchange current
density. They explored the HER activities of the triangular MoS 2 NCs with different areas.
According to their result, the exchange current density showed linear dependence on the
MoS2 edge length but did not correlate with the area of the MoS 2 crystal.[47] The results
indicated the unsaturated sulfur atoms are the active sites of the TMDC. Hence, it is
evidenced that engineering the density of the active site of the TMDC catalysts is able to
improve the HER performance of the TMDC electrodes. Among their tested samples, the
Tafel slopes are 55 to 60 mV/decade and exchange current densities are about 1.3 × 10−7
to 3.1 × 10−7 A cm-2

Since vertically aligned TMDC electrodes can expose the edges as much as possible, they
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were tactically synthesized and studied for HER. For instance, Tour et al. synthesized the
vertically aligned porous WS2 by the sulfurization of the porous WO3 film. The vertically
aligned porous WS2 shows a higher catalytic current, lower onset overpotential and small
Tafel slope than the pristine WS2, as shown in Figure 2.10.[45] The results experimentally
showed the enhancement in HER is attributed to the unsaturated active sites on the edges
of WS2. Hence the strategies of synthesizing vertically aligned TMDCs are being
researched for HER.

Figure 2.10 Electrochemical HER activity of the VAWS2 film. a,b) Linear sweep voltammetry (LSV) curves
measured at 5 mV s −1 in 0.5 M H2SO4 aqueous solution and corresponding Tafel slopes. Graphs and captions
are adopted from reference (45).

Cui et al. also reported the large area vertically aligned MoS 2 and MoSe2 synthesized by
facile sulfurization and selenization process.[13] The films exposed a high density of
vertically aligned MoS2/MoSe2 region and were tested for HER. In the HER measurement,
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the TMDC electrodes exhibited the exchange current densities about 10 -6 A cm-2, which
are much greater than the MoS2 electrodes.[47] The current densities are comparable to the
common metal catalyst.[86] However, the Tafel slopes of their samples are in the range of
105−120 mV/decade. In this aspect, improvement is required since the planar MoS 2
showed the Tafel slopes of 55 to 60 mV.[47] This work showed a relatively facile approach
to synthesize vertically aligned TMDC with large area and improved HER performance.
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Chapter 3 Experimental and characterization
Techniques
In this chapter, the synthesis of materials, fabrication of devices and characterization
methods are introduced.

3.1 Synthesis of materials
3.1.1 CVD graphene
Graphene was grown on a 2-inch copper foil (Alfa Aesar, 0.025mm thick) in a plasma
enhanced chemical vapor deposition (PECVD) chamber (Aixtron CVD). The procedure of
the graphene growth is as follow: the Cu foil was annealed from room temperature to
1020oC in a Ar/H2 mixture gas (Ar: 250 sccm, Ar/H2: 1000 sccm) at constant pressure of
25 mbar. After 1020oC was reached, the methane gas (15 sccm) was injected into the
chamber. Thetime for the graphene growth was 5 minutes. Finally, the sample was cooled
down to 150 oC under Ar gas flow and could be taken out. The graphene was optically and
electrically characterized by Raman spectrometer and graphene field effect transistor
respectively.
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3.1.2 AgBiS2 NCs
In a typical synthesis, a flask containing 10 mL oleic acid (OA) or octanoic acid (OctA), 0.1
mmol AgNO3 and 0.1 mmol Bi(NO3)3·5H2O were heated (120 °C) and stirred by a heating
mantle under ambient environment. Then 0.1 mmol sulfur powder was dissolved and stirred
into a long chain length amine such as octylamine (OTA) or dodecylamine (DDA). After the
dissolution of all the precursors, 1 mL Ag/Bi and 1 mL sulfur were mixed under vigorous stirring
in room temperature and atmosphere. The color of the mixture turned black within seconds and
the AgBiS2 nanocrystals were formed. The AgBiS2 nanocrystals were cleaned by
precipitation/dispersion in a toluene/ethanol mixture via centrifugation. The AgBiS2 NCs were
dispersed in toluene again after cleaning by three times.

3.1.3 PdSe2
Palladium (Pd) films on c-plane sapphire were prepared by DC magnetron sputtering
system. The 99.95 % purity Pd sputtering target was loaded in the sputtering system. After
the pressure reached to 1 × 10-6 Torr, argon gas was introduced and the pressure was kept
to 5 × 10-3 Torr. During the Pd deposition, the sample holder was rotating slowly with a
deposition power of 10 W. The deposition time was adjusted to control the Pd films’
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thickness and hence the thickness of the PdSe2 samples.

The samples were then placed inside a tube furnace and underwent selenization. The
selenium powder was placed upstream and 15 cm apart from the samples. The Argon flow
was 90 sccm and the pressure was kept at 5 Torr. The temperature of the Pd and Se powder
were 350 oC and 300 oC respectively during selenization.

3.1.4

Vertically aligned PtSe2

Pt sputter target (99.99% purity) was purchased from Kurt J Lesker. Pt films with different
thicknesses were firstly deposited on fluorine – doped tin oxide (FTO) and SiO2/Si
substrates using a sputtering system. Then the Pt samples were loaded into a tube furnace
and placed at the center of the quartz tube and heated to 420 °C. The Se source was placed
away from the Pt films with a distance of 10–15 cm. Argon gas with a flow rate of 40 sccm,
was used to transport the vaporized Se to the Pt films. Prior to the heating process, argon
gas with a flow rate of 300 sccm was purged the system for 20 min. Then a selenization
time of 90 minutes was used to ensure complete selenization.
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3.2 Characterization methods
3.2.1 Raman spectroscopy
Raman spectroscopy is a fast and non-destructive characterization technique which has
been extensively used to characterize 2DLMs. In a typical measurement, an intense,
monochromatic laser is focused on the sample and the molecules are excited to a virtual
state. Then the excited molecules relax by releasing the photons with specific energies and
stay in a lower energy level. The wavelength and intensity of the scattered lights are
recorded and used for the calculation of the Raman shift.[87]

Figure 3.1 Idealized model for the dispersion of light by molecules. Graphs and captions are adopted from

reference [87].

The difference in frequency between the scattered light and the incident light, or called
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Raman shift, is usually presented in wavenumber with the unit cm-1, which is related by
the equation:
ω = (ν𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 − ν𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 )/𝑐
where νscattered and νincident are the frequencies of the scattered light and the incident light,
respectively. c is speed of light and ω is the wavenumber in cm-1. If the Raman shift is
equal to zero, it is called Rayleigh scattering. Otherwise, Stokes and anti-Stokes scattering
are named for the Raman shift when the shift is negative and positive, respectively. Since
different materials have different phonon modes as well as the Raman shift, which could
be used to characterize the tested sample.

Raman scattering of the samples were collected by LabRAM HR 800 Raman Spectrometer.
A laser source with a wavelength of 488 nm was served as the incident wavelength.

3.2.2 X-ray diffraction (XRD)
As another non-destructive characterization technique, X-ray diffraction (XRD) provides
the crystal structure information of the materials. Typically, parallel X-ray beam is
illuminated on the target material and diffracted by the atoms (Figure 3.2). The diffracted
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X-ray will produce interference pattern which is dependent on the crystal structure of the
target material. The constructive interference pattern of the diffracted X-ray satisfies the
Bragg’s law:
2dℎ𝑘𝑙 𝑠𝑖𝑛𝜃 = 𝑛𝜆
where h, k, l are the Miller indices of the crystal plane, dhkl is the inter-planar spacing of
the plane (hkl), a is the lattice constant, θ is the incident angle between the plane and the
X-ray, n is integer and λ is the wavelength of the X-ray.

Figure. 3.2 Schematic diagram showing the diffraction of x-ray in target material during XRD measurement.

Depended on the crystal structure of the materials, there are equations to obtain the interplanar spacing d by knowing Miller indices (h, k, l) and the lattice constant a. For instance,
the equation for obtaining the inter-planar spacing in cubic structure materials is dℎ𝑘𝑙 =
𝑎
√ℎ 2 +𝑘 2 +𝑙2

. Hence one can deduce the Miller indices of the XRD peaks, crystal structure of

the tested material by the obtained XRD pattern. The powder diffraction files of different
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materials can be found in some databases. The XRD pattern was obtained by X-ray
Diffractometer (Rigaku SmartLab). A wavelength of 1.54 Å (Kα radiation of copper) was
used as the X-ray probe.

3.2.3 Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) is an inevitable instrument for nano-science.
There are some compulsory components, such as electron gun, objective lens, condenser
lens and electron detectors. Generally, the electron beam is generated by the electron gun
and pass through the electromagnetic lens to become parallel beam. The electron
wavelength is smaller than the spacing between the atoms. So the beam penetrates the
sample and reach the detector so that the images can be obtained. As a high resolution and
magnification electron microscope, it can obtain the size, continuity, atomic plane
separation and thickness information of the measured nanomaterials.

Further supplementary parts such as selected area electron diffraction (SAED) and energydispersive X-ray spectroscopy (EDX) can be installed in the TEM system to study the
crystal structure and composition of the specimen. Some TEM can be operated in scanning
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mode called STEM. The mode can scan the selected area in nanoscale. The details of the
atomic arrangement or distribution can be investigated.

Field Emission Electron Microscope STEM (JEOL Model JEM-2100F) equipped with
SAED and EDX was employed to study the crystallography, composition and morphology
of the samples. Carbon coated copper grid served as the sample holder for the TEM
measurement.

3.2.4 Selected area electron diffraction (SAED)
During TEM measurement, the electron wavelength is smaller than the spacing of atoms,
so the atoms can serve as the diffraction grating to the electrons which is similar to the
principle of having XRD pattern. The crystal structure of the samples will scatter part of
the electron beam in particular angles, which is beneficial to determine the crystallinity and
crystal structure of the selected zone. The dot pattern and ring patterns represent the single
crystalline and polycrystalline materials, respectively.

For crystalline materials, the

crystal plane and structure can be deduced by the dot pattern obtained in SAED.
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3.2.5 Energy-dispersive X-ray spectroscopy (EDX)
Energy-dispersive X-ray spectroscopy (EDX) is a technique to obtain the atomic ratio of
the measured sample. In the electron microscopy measurement, high energy electron beam
may also excited the electrons to higher energy level which are originally in the inner shell
of the atoms. When the electrons of the atoms refill the holes of inner shell, X-ray are
released. The X-ray spectrum is element dependent. X-ray detector and analyzer collect
and analyze the X-ray spectrum so that the atomic ratio of the composition can be obtained.
Figure 3.3 describes the principle of EDX. In STEM mode, an EDX mapping can be done
to analyze the atomic distribution in the selected region.

Figure 3.3 Principle of EDX.
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3.2.6 Fourier Transform Infrared (FTIR) spectroscopy
Fourier Transform Infrared (FTIR) spectroscopy is one of the common techniques which
can obtain the natural vibration frequency of the chemical bonding in solid, liquid and gas.
The bonds of the ligands or dopants can be detected by this technique. The FTIR
transmittance spectra of the NCs films before and after ligand exchange were obtained by
the Bruker Vertex-70 FTIR.

3.2.7

UV-Vis-NIR spectrometer

The absorption spectrum of the nanomaterials is of importance for optoelectronic
application. In a typical experiment, two rays of light pass through the reference material
and the sample. The light received by the detector will then be analyzed. The absorbance
of the sample under different wavelengths is then calculated and the absorption spectrum
of the sample is obtained. The setup is briefly presented in Figure 3.4. UV-vis-NIR
spectrometer (Perkin Elmer) was used for absorption measurement.
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Figure. 3.4 Schematic diagram of set up showing a double beam UV–visible spectrophotometer.

3.2.8 Atomic force microscopy (AFM)
In the typical atomic force microscopy (AFM) measurement, the sample is on the
piezoelectric stage and probed by a flexible cantilever with a very sharp tip. As a nondestructive measurement for the thickness, tapping mode is usually employed. The tip
scans the surface and oscillate up-and-down near the sample surface and receive a repulsive
interatomic force when the tip is close to the surface atoms. The cantilever will deflect
away from the surface if it is too close. The whole process is monitored by a laser beam
which is directed on the cantilever (back side of the tip) and reflected to the photodiode
array. The light signal from deflection of the cantilever is then received and the surface
details such as roughness and thickness are analyzed by the computer. An AFM (Asylum
MFP-3D Infinity) was used to measure the thickness of the PdSe2 and PtSe2 films.
47

Chapter 3

THE HONG KONG POLYTECHNIC UNIVERSITY

3.2.9 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is a quantitative technique to measure the
elemental composition, chemical state and electronic state of the elements of a material. In
a typical measurement, an X-rays beam is illuminated the sample. Then the number and
the kinetic energy of the escape electrons are measured simultaneously. The electron
binding energy of the emitted electrons can be determined by using an equation.
Eb = EX-ray - EKE + ϕ
where Eb is the binding energy of the electron, EX-ray is the photon energy of the X-ray, EKE
is the kinetic energy of the electron received in the measurement and ϕ is the work function
depended on both the spectrometer and the material. Since each element has its own
characteristic binding energy and electron configuration, the elements in the material can
produce a characteristic set of XPS spectrum by their characteristic binding energies. These
characteristic XPS spectrum can be employed to determine the composition of the
specimen. The XPS (KRATOS Analytical, AXIS Ultra DLD) was employed to analyze the
composition and electron state of the PtSe2 films.
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3.2.10 Electrical measurement of the 2DLM transistors
All the electrical measurements of the 2DLM-based transistors were conducted in a
nitrogen filled glove box with O2, H2O < 10 ppm at room temperature. A source meter
(Keithley 4200-SCS) was used to provide voltage and record the current. For
photodetection, light emitting diodes (LEDs) with different emission wavelengths were
used to illuminate the transistor channel. The photocurrents of the devices under various
light intensities were recorded. The experimental setup is shown in Figure 3.5

Figure. 3.5 Experimental setup of the electrical measurements.
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3.2.11 HER measurement of the vertically aligned PtSe2 film
The electrochemical measurements were carried out in a three-electrode system using a
CHI 660E electrochemical workstation. The PtSe2 films with different thicknesses (1.9 –
76 nm) were transferred onto glassy carbon (GC) disk electrodes which served as the
working electrodes with a platinum (Pt) counter electrode and an Ag/AgCl (saturated KCl)
reference electrode (Hach). All linear scanning voltammetry (LSV) and Tafel plots of the
samples were conducted using a 0.5 M sulfuric acid (H2SO4) electrolyte prepared in
Millipore water (18 MΩ cm). All potentials reported in this work were given with respect
to the reversible hydrogen electrode (RHE), which were calibrated by the following
equation: E vs RHE = E vs Ag / AgCl + 0.059 × pH + 0.199 (V). Bare GC and Pt electrodes
were also performed with the same measurement for comparison. The experimental setup
is illustrated in Figure 3.6.
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Figure. 3.6 The experimental setup of the electrochemical measurements.
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Chapter 4 Graphene phototransistor with AgBiS2
NCs
4.1 Introduction
As described in the chapter 2, graphene transistor can be sensitized by absorbers to improve
its responsivity in photodetection. The photoresponsivities of PbS and CsPbX3 based
graphene transistors could reach 107 and 108 A W-1, respectively. [22], [23] Recently
another non-toxic Si NCs were hybridized with graphene and showed a photo-responsivity
of 108 to 109A W-1 under 375 nm to 1870 nm light illumination. The devices also exhibited
mid-infrared photo-responsivity of 0.22 – 44.9 A W-1 in 2.5 to 3.9 µm. [21] Both works
evidence that graphene transistors with NCs is a promising approach for high performance
photodetection devices.

During the past years, lead-based nanocrystals (NCs), such as lead sulphide (PbS), have
been widely studied for solar cells and infrared (IR) detection.[10], [84], [88]–[90] Due to
their high absorption coefficient and solution dispersibility, they have been employed to
enhance the photodetection of the 2DLM transistors.[10], [22] However, the toxicity of
lead causes long-term environmental and biological issues,[91] which limits its
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applications. AgBiS2, a non-toxic and high stability material, has been employed to the
active material for solar cells showing a power conversion efficiency of 6.3%.[24] The
work was recognized as the first demonstration of efficient inorganic nanocrystal-based
solar cells which simultaneously fulfilled the advantages of non-toxicity, abundance, lowtemperature and solution processability. Although the AgBiS 2 NCs exhibited a high
infrared external quantum efficiency in the aforementioned solar cells with a bandgap fall
in the infrared region (1.0 – 1.25 eV),[24], [92] the investigation of its IR detection is scarce.

Herein we present a facile synthetic route for AgBiS 2 NCs with a much shorter processing
time under ambient conditions as compared to the conventional hot injection method.[24]
The AgBiS2 NC solution was spincoated onto a graphene transistor for 895 nm light
detection. A high photo-responsivity of 1.24 × 105 A W-1 was achieved by a small operation
voltage of VDS = 0.1 V. Our findings demonstrate that the AgBiS2 NCs can be synthesized
by a facile technique for optoelectronic application. A high responsivity, non-toxic
graphene phototransistor for IR detection without complicated procedures is successfully
fabricated.
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4.2 Chemicals and Reagents
Oleic acid (OA), Octanoic acid (OctA), octylamine (OTA), dodecylamine (DDA),
Tetrabutylammonium iodide (TBAI) and sulfur powder were purchased from Sigma
Aldrich. Silver Nitride (AgNO3) and bismuth (III) nitrate pentahydrate (Bi(NO3)3·5H2O)
were purchased from Aladdin. Toluene, methanol and ethanol were ACS reagent grade.
All chemicals were used without any purification.

4.3 Results and discussion
4.3.1 Basic characterization of AgBiS2 NCs
In a typical synthesis, 0.1 mM Ag/Bi oleate solution and 0.2 mM sulfur amine solution
were mixed under rigorous stirring, resulting to a black solution. Fig. 1A shows the
photograph of the three solutions and revealing their colours. Besides the OA and DDA
ligand pair used, two other pairs namely OA and OTA, OctA and OTA, were also employed
to fabricate the NCs with similar result. Detailed synthesis information is described in the
Section 3.1.2.
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Figure 4.1 Photograph of the Ag/Bi-oleate, sulfur in amine and the AgBiS2 NCs.

TEM was used to characterize the size distribution and crystal structure of the NCs
produced by the OA/DDA ligand. The size distribution of the NCs is ranging from 7 to 15
nm with the most frequent size at around 8 nm, as shown in Figure 4.2C. TEM image and
SAED pattern in Figure 4.2A depict that the NCs are having a cubic structure. SAED
pattern shows clear rings of the (111), (200), and (220) crystal planes. Figure 4.2B shows
the high resolution TEM image of a single NC revealing the interplanar distance of 0.32
nm for the atomic plane of (111). Similar characterization results were obtained when the
ligand pairs changed to OA/OTA and OctA/OTA (Figure 4.3 D-F and G-I). The result
indicates that the choice of the ligand – pair is independent on the synthesis process.
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Figure 4.2 TEM characterizations of AgBiS2 NCs synthesized by OA/DDA (A-C), OA/OTA (D-F) and
OctA/OTA (G-I). A,D,G) TEM images of the AgBiS2 NCs. Scale bar is 50 nm. Inset: SAED pattern. B,E,H)
High resolution TEM images of a single AgBiS2 NC. Scale bar is 5 nm. C,F,I). Size distribution profile of
the AgBiS2 NCs.

XRD and EDX measurements were applied to further analyze the AgBiS 2 NCs. The XRD
pattern for the NCs and the reference pattern (Black lines, PDF#21-1178) are shown in
Figure 4.3. The XRD pattern reveals the major peaks corresponding to the plane (111),
(200), and (220) of AgBiS2, which is in good agreement with the SAED pattern of the
sample. The composition of the product was analyzed by EDX. The uncertainty of the EDX
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measurement is less than 10% and the obtained atomic ratio are shown in Figure 4.4. The
result reveals that the atomic ratio of Ag/Bi/S is very close to 1 : 1 : 2 and no oxygen is
detected.

Figure 4.3 XRD pattern of the AgBiS2 NCs, reference pattern for cubic AgBiS2

Figure 4.4 Detailed EDX spectra of the AgBiS2 NCs grown by using A) OA/DDA, B) OA/OTA, C)
OctA/OTA.
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Cubic AgBiS2 was reported to have the bandgap of about 0.8 eV in the bulk form and about
1.0–1.25 eV in the nanocrystalline form.[24], [92] Figure 4.5A shows the absorption
spectrum of the NCs in toluene, revealing a broad absorption covering 400 nm to 1000 nm.
It is noteworthy that the long aliphatic chain molecule ligands such as OA/DDA are
insulating which inhibits the charge transfer through the NCs to the surrounding.[93], [94]
Therefore, the surface ligand exchange was changed to iodide ligand to enhance the
surface's conductivity. Fourier-transform infrared spectroscopy (FTIR) was measured on
the samples before and after the ligand exchange. Figure 4.5B shows the transmittance
spectra of the AgBiS2 NCs on a quartz substrate before and after the ligand exchange. The
C–H vibrations (2922 cm-1 and 2852 cm-1) are nearly disappeared after the ligand exchange,
which implies the removal of the long aliphatic chain ligand OA/DDA from the NCs
surface.[90], [95]

Figure 4.5 (A) UV-vis absorption spectrum of AgBiS2 NCs in toluene. (B) The FTIR spectra of the films
before (OA/DDA capped) and after (I- capped) solid state ligand exchange.
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4.3.2 Fabrication and characterization of graphene transistor
The monolayer graphene was prepared by CVD method and characterized by Raman
scattering. No defect peak is observed as shown in Figure 4.6A. To fabricate the graphene
transistor, Cr/Au metal electrodes were patterned on Si/SiO2 substrate (SiO2, 300 nm thick)
by photolithography. A thin layer of poly(methyl methacrylate) (PMMA) was spun-coated
on top of graphene/copper foil and heated at 150 oC for 30 minutes. Then the
PMMA/graphene/copper composite was let to float on ammonium persulfate solution with
concentration 2g/60 mL. After the copper foil was completely etched, the PMMA/graphene
composite was cleaned with DI water for two times and transferred onto the patterned
Cr/Au electrodes and dried at 120 oC for 30 minutes. Finally, the samples were immersed
into acetone for 6 hours to remove PMMA. Under an applied voltage of 0.1 V across the
drain and source electrodes (i.e. VDS = 0.1 V), the intrinsic transfer characteristic curve of
the graphene transistor from -80 V to 80 V was characterized (Figure 4.6B). The Dirac
point is located at 5 V which indicates a slight p-type characteristic.
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Figure 4.6 (A) The Raman spectrum of the graphene prepared by the chemical vapor deposition. (B)

Characteristic curve of the graphene transistor with VDS = 0.1V in N2 environment.

4.3.3 Fabrication and characterization of graphene/AgBiS 2 transistors
To fabricate the graphene/AgBiS2 transistors, the layer-by-layer deposition was employed
again to deposit the NC film and exchange the ligands to provide different thicknesses of
the AgBiS2 films on the transistors.[24] We prepared two graphene transistors with 5-layer
(5L) and 10-layer (10L) NC films. According to the SEM measurement, the film thickness
of the 10L sample is about 72 nm (Figure 4.7).

60

Chapter 4

THE HONG KONG POLYTECHNIC UNIVERSITY

Figure 4.7 Cross-sectional SEM image for the 10-layer AgBiS2 NC film.

Figure 4.8 A and 4.8B show the transfer characteristic curves of the 5L and 10L devices
with and without 895 nm light illumination. The curves of the devices in dark environment
show that the Dirac point of the 5L and 10L devices are in the negative voltage region and
indicating their n-type characteristic. Under light illumination, the Dirac point of 10L
device is obviously shifted to the positive voltage side which indicates a net hole doping to
the graphene channel. The decrease in current are resulted since the quantity of the main
charge carrier electron is reduced due to the hole doping. As an evidence, the currents under
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illumination in Figure 4.8 A and 4.8B at Vg = 0 V are also decreased as compared to the
dark current. The absolute photocurrent of these devices was calculated by subtracting of
the current of the illuminated and unilluminated devices. The high absolute photocurrents
values around Vg = 0 V were observed in both devices. Therefore, the responsivity
measurement was characterized at Vg = 0 V and VDS = 0.1 V.

Figure 4.8 The transfer characteristic curves with/without 895 nm light illumination (UP) and photocurrent
change (DOWN) for the hybrid transistor with 5 layers NC film (A) and 10 layers NC film (B), illumination
intensity : 10.43 mWcm-2.

Figure 4.9 shows the temporal photo-response of the 5L and 10L devices under an intensity
of 12.28 μW cm-2. The response time and current change are highly repeatable for both
devices. The current change is about 1 μA for the 5L device and about 20 μA for the 10L
device (Figure 4.9A and Figure 4.9C, respectively). The response time of the 5L device
is 2.62 s while the recovery time is about 1.31s (Figure 4.9B). In addition, the response
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time becomes longer when the NC film thickness has increased. The response time of the
5L device is 9 s, while the recovery time is 29 s (Figure 4.9D). The results clearly
demonstrate that under the same light intensity illumination, the thicker absorber film will
lead to higher photocurrent change but longer stabilization time for response and recovery,
vice versa.

Figure 4.9 (A) The photocurrent response of the 5L device. (B) Reaction time and recovery time of the 5L
device. (C) The photocurrent response of the 10L device. (D) Reaction time and recover time of the 10L
device. The light intensity of 12.28 µW cm-2 was used for all the measurements.

Figure 4.10 shows a schematic diagram of charge transfer mechanism to illustrate the
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difference of stabilization time. When the light illuminates the graphene transistor, electron
– hole pairs (EHPs) are generated and holes are transferred to the graphene channel (Figure
4.10B). This result in the decrease of Fermi level in the graphene, leading to positive shift
of the Dirac point. According to the photogating effect, the holes will be accumulated in
the graphene channel while electrons are trapped into the AgBiS2 NC film. By considering
the transistors were annealed and characterized in a N2-filled glovebox, the surface
adsorbates such as moisture and oxygen were removed as much as possible. So the trapping
of charge carriers are likely come from the surface defects of the NCs.[1], [21], [22] Under
light illumination, the current is changing with the increasing holes concentration in the
graphene until equilibrium is reached.[1], [3] However, the holes at the graphene channel
generate an opposing electric field to the absorber and hinder the rate of holes injection. As
a result, a longer response time is needed for the equilibrium state.

Considering the thickness dependent light absorption of the absorber under illumination,
fewer holes are generated from the NC film and injected to graphene for the 5L device due
to weaker absorption. It produces a weaker opposing field as compared with the 10L device.
When the light is off, the trapped electrons are released and recombined with the holes.
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The 10L device have thicker NC film and hence it trapped more electrons than the 5L
device. The total time of releasing the electrons is longer in the 10L device as compared to
the 5L one. Consequently the temporal photo-response and recovery time of the 5L device
is faster than the 10L device, but the photocurrent is smaller than the 10L device.[27]

Figure 4.10 (A) The schematic illustration of the AgBiS2 NCs/graphene photodetector. The wavelength of
light is 895 nm. (B) The schematic diagram for charge generation at the AgBiS2 NCs/graphene heterojunction
under illumination. (C) The schematic diagram for opposing field at the AgBiS2 NCs/graphene heterojunction,
thicker film usually lead to a longer response time and stabilization time.

Recall the equation (1) for the photo-responsivity R with some mathematical manipulation
[1], [3] i.e.
𝑹=

𝑰𝒑𝒉
𝑷𝒊𝒏

=

∆𝑰𝑫𝑺
𝑾𝑳𝑬𝒊𝒏

=

𝑪𝒊 𝝁∆𝑽𝑮 𝑽𝑫𝑺
𝑳𝟐 𝑬𝒊𝒏

(4-1)

65

Chapter 4

THE HONG KONG POLYTECHNIC UNIVERSITY
where Iph is the photocurrent, Pin is the incident power, W and L are the channel width (800
µ m) and channel length (5 µm) respectively. Ein is the light intensity, Ci is the capacitance
of the gate dielectric per unit area, VDS and IDS are the drain source voltage and current
respectively, µ is the field effect mobility and ΔV G is the gate voltage shift. Figure 4.11
shows the photo-responsivity of the 5L and 10L devices as a function of light intensity. A
maximum responsivity of 2.85 × 103 A W-1 is achieved at a detection limit 491.2 pW in
the 5L device, while an improved maximum responsivity of 1.24 × 105 AW-1 with
detection limit 8.86 pW is achieved in the 10L device. This detection limit of the 10L
device is comparable to the PbS/graphene hybrid phototransistor.[89] Since graphene
transistor has a weak responsivitiy, the high responsivities of the devices are mainly
attributed to the AgBiS2 NCs.

Figure 4.11 Photo-responsivities of the 5L and 10L devices under 895 nm illumination. The signal-to-noise
ratio is less than 3.
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Table 4.1 summarizes the device performance of this work and PbS NCs IR photodetectors
in the literature.[10], [22], [78], [84] The photo-responsivities were normalized to VDS to
eliminate the contribution of the working voltage VDS to R. The performance of our
AgBiS2/graphene transistors are comparable with the PbS-based photodetectors.

Table 4.1 Comparison of the AgBiS2 photodetector with PbS based hybrid phototransistors.

Channel materials

Operating voltage Responsivity R/VDS
Absorber and thickness

Wavelength/ lowest detection

(atomic layers)

Reference
-1

VDS (V)

(AW )

-1

-1

(AW V )

ME Graphene (1-2 layers)

60-80 nm PbS QDs in EDT

600 nm/8fW

5

4x107

8×106

[22]

ME SnS2 (5 layers)

PbS QDs in EDT

400–1000 nm/~10 nW/cm-2

1

1x106

1×106

[84]

ME MoS2 (≥2 layers)

40-60 nm PbS QDs in EDT

400–1500 nm/3 μWcm–2

1

6×105

6×105

[10]

CVD WS2 (1 layer)

87.8nm PbS QDs in EDT

808 nm/ about 0.2 mW/cm2

1.5

14

9.3

[78]

CVD Graphene (1 layer)

72nm AgBiS2 NCs in Iodide

895 nm /8.86 pW

0.1

1.24×105

1.24×106

This work

ME: mechanical exfoliation, CVD: chemical vapor deposition, EDT: Ethanedithiol
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4.4 Summary
In summary, we have successfully developed a facile method to synthesize AgBiS 2
NCs in an ambient environment without any observable by-products or oxide
content. The NCs are highly dispersive in toluene which makes the NCs solution
very suitable for solution processable device. The AgBiS 2 NCs was introduced to
the graphene transistor, which showed high responsivity of 10 3 to 105 AW-1 with
infrared illumination.
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Chapter 5 Photoresponse of wafer-scale
palladium diselenide films
5.1 Introduction
In Chapter 4, the AgBiS2/graphene phototransistor was driven by the photogating effect.
The responsivity can be enhanced by increasing the thickness of the absorber, but the
response time is inevitably long due to the trapping/detrapping process of the charge
carriers. In some application, requirement of fast response time is desirable. It may be
fulfilled by 2DLM as a channel material. For example, few layer MoSe2 transistor showed
a responsivity of 93.7 A W-1 with a response time of 400 ms,[69] while few layer WSe2
transistor showed a responsivity of 1.1 A W-1 with a response time of 1000 ms.[73] They
both showed a lower responsivity but a faster response time than the AgBiS 2/graphene
transistor.

As described in the Chapter 1, the development of the 2DLM-based field effect transistors
(FETs) is still suffering from non-scalable production. Until now, most of the FETs were
based on the exfoliation of bulk crystals. In most of these works, the dimensions of the
flakes are usually within the range of several hundred µm.[10], [22], [30], [96]–[99] For
69

Chapter 5

THE HONG KONG POLYTECHNIC UNIVERSITY
the next generation photodetectors, a better controllability on thickness, area and shape are
required.[25] In this aspect, sulfurization and selenization of metal precursor films show a
trade-off between material quality and large-area with controllable thickness. This
fabrication method has already showed its advantages in noble metal based 2DLMs such
as PtSe2 and PdSe2.[39], [100]–[102]

Among the TMDC family, PdSe2 has a unique in-plane pentagonal crystal structure.[103]
As a high mobility semiconductor, the PdSe2-based photodiode demonstrated excellent
performance.[39], [40] However, the research on large-area PdSe2 films is still scarce. In
this chapter, we demonstrated the photodetection performance of PdSe2 phototransistor
where the PdSe2 films were fabricated by selenization of Pd films. The films exhibited
homogeneous semi-transparency across a 2” sapphire substrate. A broad photodetection
ranging from 420 nm to 1200 nm was demonstrated. A high responsivity of 1.96 × 103 AW1

for 980 nm was also achieved.

5.2 Chemicals and substrate
Selenium powder (99.99%) was purchased from Sigma Aldrich. Polished 2’’ in diameter
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c-plane (0001) sapphire wafer and polished 4’’ SiO2/Si (500 nm thick) were purchased from
Silicon Valley Microelectronics, Inc.

5.3 Result and discussion
5.3.1 Synthesis of PdSe2 films
The synthesis procedure of the PdSe2 films is described in Section 3.1.3. Figure 5.1A
illustrates the selenization process. The thicknesses are about 1.7 nm, 4.9 nm, 9.2 nm, 10.4
nm with the Pd deposition time of 15 s, 30 s, 60 s, 75 s, respectively. The temperature
profile of selenization in tube furnace and the calibration curve of the PdSe 2 thickness
against the sputtering time are shown in Figure 5.1B and 5.1C, respectively. Figure 5.2
provides the AFM images of the film thickness.
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Figure 5.1 (a) Illustration of the selenization process. (b) Temperature profile of the selenization process. (c) The
thickness of the PdSe2 film as a function of Pd sputtering time.
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Figure 5.2 AFM measurement of the PdSe2 films for different Pd deposition times: A) 15s, B) 30s, C) 60s and D)
75s.

5.3.2 Material characterization of PdSe2 films
Figure 5.3A shows the photograph of a sapphire substrate, sputtered Pd film and the
selenized PdSe2 film. The Pd and PdSe2 films are semi-transparent and PdSe2 is darker.
Figure 5.3B shows the Raman scattering spectra under the 433 nm laser excitation. The
Raman modes of Ag1 (≈ 143 cm-1), Ag2 (≈ 206 cm-1), B1g (≈ 222 cm-1) and Ag3 (≈ 256 cm-1)
are well consistent with the literature.[38], [104] The peak intensity was also varied with
the thickness of the PdSe2. Figure 5.3C shows the intensity ratio of Ag1/Ag3, it decreases
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as the thickness increases. The ratio could serve as an indicator of PdSe2 film thickness.
Similar result was also found in the literature.[101]

Figure 5.3 (A) The photographs of sapphire substrate, Pd and PdSe2 on sapphire. (B) The Raman scattering
of the films with various thickness. (C) The ratio of Ag1/Ag3 with various thickness. (D) The UV – vis –
NIR absorption spectra and (E) the Tauc plot of the PdSe2 films.
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The UV – vis – NIR absorption spectra of the PdSe2 films on sapphire are shown in Figure
5.3D. The absorbance and absorption range can be enhanced by increasing the thickness.
Besides, there exists two obvious absorption peaks at 330 nm and 558 nm in the films
which thickness reaches 4.9 nm or above. Figure 5.3E shows the Tauc plot of the samples.
The optical band gap of the films decreases as the film thickness increases. The bandgap
of the PdSe2 films is thickness dependent.

The 9.2-nm-thick PdSe2 film was selected to conduct TEM and XRD measurements.
Figure 5.4A shows the TEM image of the film with the SAED pattern is shown in the inset.
SAED patterns were randomly selected on the copper grid to investigate the crystallinity of the
films in a microscopic view. The regular spot sequences with superimposition of the rings
patterns are shown. The superimposition implies the film is polycrystalline. The crystal quality
is comparable to the previous sulfurization/selenization works.[102], [103] The HRTEM image
of the film is shown in Figure 5.4B. The lattice constant of 0.29 nm is consistent with the
(200) planes of the previous reported PdSe2 film.[105] Moreover, the EDX spectrum of the
film was acquired during the TEM measurement (Figure 5.4C). It shows the signals of carbon,
copper, palladium and selenium. The stoichiometric ratio of the film was investigated by
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filtering the signals of carbon and copper. The remaining atomic ratio of Pd:Se is close to 1:2.
No other elements can be found in the spectrum. Furthermore, the film on sapphire was
measured by XRD. Figure 2d-2f show the broad range and magnified XRD spectrum. The (002)
(≈ 22o) and (113) (≈ 41.9o) peaks matches the XRD peaks of single crystalline PdSe2. The
average crystal domain size of the (113) plane is about 148 nm according to the Scherrer formula
D = (0.94 λ) / (β cosθ), where D = average crystallite size, β = FWHM in radians, θ = Bragg
angle, λ = 0.154 nm.
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Figure 5.4 Material characterization of the 9.2 nm-thick PdSe2 film. (A) The TEM image and SAED pattern
(inset) of the film. (B) The HRTEM image and FFT (inset) of the film. (C) EDX spectrum of the film
measured on the carbon coated copper grid. (D) XRD of the films. Enlarged XRD spectrum of (E) 41o to 43o
and (F) 21o to 25o.

5.3.3 PdSe2 phototransistor
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To fabricate the PdSe2 transistor, a thin layer of polystyrene (PS) was deposited on the
PdSe2 by spin-coating. To ensure the cleanliness and the intrinsic performance of the PdSe2,
the PS/PdSe2 composite was peeled off by allowing deionized water to penetrate into the
interface between PdSe2 and sapphire slowly. The as-synthesized PdSe2 thin films were
then wet-transferred on a SiO2/Si with pre-defined Cr/Au electrode. The film was further
annealed at 120 oC for 30 minutes for better contact. Finally, toluene was used to remove
the PS under ambient conditions and the PdSe2 transistors were ready to use.

The bottom gate FET configuration was further employed to investigate the transport properties
of the 9.2 nm – thick PdSe2 film. Figure 5.5A and 5.5B show the dual sweep transfer and output
characteristics curves of the PdSe2 FET. The transfer characteristic curve shows the p-type
characteristic with an on/off ratio of 1.50 under the sweep of gate voltage. Since the
measurements were conducted in a nitrogen filled glove box with O2 and H2O concentration <
0.1 ppm, trappings from surface adsorbate were eliminated. The small hysteresis of the transistor
indicates that the intrinsic traps of the polycrystalline PdSe2 do not hinder the movement of the
charge carriers effectively. The output characteristic curves show a typical resistance change of
semiconductor channel in FET structure under different gate voltages. The field effect mobility
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μ = 1.20 cm2 V-1 s-1 was calculated according to the equation:[106], [107]
μ = WC

L

𝑂𝑋 𝑉𝑑𝑠

×

dI𝐷𝑆
dV𝑔

(5-1)

where channel length L and width W is 5 μm and 800 μm respectively, the capacitance Cox
(Cox = ε0εr/d, ε0 = 8.854 × 10−12 F m−1, εr for SiO2 is 3.9, and SiO2 thickness d = 300 nm)
and VSD = 3V.[1]

The FET was then tested for photodetection under VSD = 3V and Vg = 0V. The light emitting
diodes (LEDs) with wavelengths of 420 nm, 530 nm, 850 nm, 980 nm and 1200 nm were served
as the light sources. During light illumination, the PdSe2 channel absorbs photons energy and
generate of electron-hole-pairs (EHPs). The voltage bias VSD will separate the electron and holes
to different electrodes and the photocurrent will be detected. The device shows a broadband
photoresponse from 420 nm to 1200 nm. The photocurrents (the difference of the currents with
and without light illumination) are shown in Figure 5.5C. They show the stable photocurrent
change under the same light intensity illumination. A rise time of 182 ms and decay time of 1.50
s was recorded (Figure 5.5D).

79

Chapter 5

THE HONG KONG POLYTECHNIC UNIVERSITY

Figure 5.5 The electrical and light detection performance of the 9.2 nm – thick PdSe2 transistors. (A) Dual
sweep transfer characteristics curve and (B) output characteristics curve, (C) the photoresponse under different
light wavelength and (D) the response time of device under 980 nm (Intensity : 138 μW cm-2).

The log-log plots of the photocurrent and power are shown in the Figure 5.6. Under different
sensing wavelengths, the log-log plots show the linear relationship between log Iph and log P.
Hence the typical Iph ∝ Pβ relationship can be experimentally established. The β values in the
plots are ranging from 0.13 to 0.49 and less than the ideal value 1. The results indicate that there
are loss of photocurrent in the transistor.[108] However, it is reasonable that the polycrystalline
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PdSe2 has material defects, the defect sites would act as the recombination location of
photogenerated carrier.

Figure 5.6 Photocurrent and power relationship in linear and logarithm scale. Linear relationship in logarithm
scale are found in all sensing wavelength.
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As the figure of merit in photodetection, responsivity R and specific detectivity D* were
calculated. The responsivity R of the FET under the illumination of the aforementioned lights
was then calculated by equation (1-1):
R=

𝐼𝑝ℎ

(1-1)

P

where P is the illuminated power and Iph is the photocurrent. Iph is deduced by the subtraction of
the currents with and without light illumination. Among all the testing conditions, the highest
responsivity is found to be 1.96 × 103 A W-1 when 980 nm light with a power of 22 pW is used.
The lowest responsivity is recorded (3.47 A W-1) when 420 nm light is used. Figure 5.7A shows
the photoresponsivity of the device at various wavelengths. The gain of the transistor is about
2.48 × 103, which is estimated by the equation G =

𝐼𝑝ℎ
P

𝐸

× 𝑞ƞ,[64] where E is the photon energy

of the incident light, ƞ is the external quantum efficiency (assuming 100%) and q is the
elementary charge.

The specific detectivity D* is another figure of merit of the photodetectors. To evaluate the D*
values of the FET under different light intensities and wavelengths, the following equations for
D* and noise equivalent power (NEP) are employed:[109]
NEP =

i𝑛,𝑟𝑚𝑠
𝑅

and

√𝐴𝐵

D∗ = 𝑁𝐸𝑃 =

𝑅√𝐴𝐵
𝑖𝑛,𝑟𝑚𝑠
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where A is the effective illuminated area of the channel = 4 × 10-7 cm-2, B is the bandwidth, in,rms
is the root mean square value of the noise current and R is the responsivity of the device. Since
1/f noise was shown to be the most dominant noise source in 2DLM transistors,[21], [25] the
noise level in,rms of the PdSe2 FET was found by the Fourier transform (FFT) of the measured
dark current (Figure 5.7B) and was about ≈ 722 pAHz-1/2 per unit bandwidth (B = 1 Hz). The
maximum D* and their corresponding NEP values of different wavelengths are plotted in
Figure 5.7C. The FET shows the highest specific detectivity in the sensing range 420 nm to
1200 nm within the values of 1.63 × 108 to 1.72 × 1010 W / Hz1/2. The D* values are similar to
other reported 2DLM transistors.[60]
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Figure 5.7 (A) Responsivity of the 9.2 nm – thick PdSe2 transistor under different light illumination. (B)
Analysis of noise spectral density of the device by the FFT of the dark current noise and (C) specific
detectivities (D*) at different wavelengths

According to the previously reported PdSe2 transistors which were fabricated by mechanical
exfoliation of bulk crystals, they exhibited better photoresponse and responsivity in NIR region
than the visible light spectrum.[40], [110] Although the polycrystalline structure of our PdSe2
inevitably increases the free charge carriers from the defects and hence the conductivity, which
result in a relatively low on/off ratio. However, the transistor also shows a better photoresponse
in NIR region than the visible light region. Moreover, our PdSe2 transistor shows similar
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responsivity and detectivity values to them. The highest reported responsivity and detectivity of
pristine PdSe2 transistor were about 708 A W-1 and 8.2 × 109 Jones at the wavelength of 1064
nm,[110] while our highest responsivity and detectivity of PdSe2 transistor is 1960 A W-1 and
1.72 × 1010 Jones at the wavelength of 980 nm. It has been reviewed that some of the 2DLM
photodetectors had achieved high responsivity due to long life time of the photocarriers, but not
high mobility. Those mechanism will lead to a long response time in photodetection.[25]
However, as indicated by the aforementioned β values which are smaller than 1, the material
defects in polycrystalline materials will acted as the recombination center of the photocarriers
and reduce the average life time. Regarding to this issue, although the thickness and synthesis
are different, Table 5.1 shows our results with other large area MoSe2, WSe2, MoS2, SnSe2 and
ReS2 phototransistors with similar device architecture.[61], [69], [73], [75], [111], [112] Our
device exhibits a good balance between high responsivity and fast response time with the
broadest detection range. The results reveal the selenization is a facile method for large scale
production of PdSe2 film for broadband photodetection.
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Table 5.1 Comparison of the other 2DLM photodetectors. (1L: 1 layer, FL: few layers, CVD: chemical vapor
deposition)
Channel

Fabrication method Response Time (ms)

R (AW-1)

Detection range (nm) Reference

9.2 nm PdSe2

Selenization

182 (rise), 1500 (fall)

1960

420 – 1200

This work

FL MoSe2

CVD

400

93.7

638

[69]

1L WSe2

CVD

1000

1.1

532

[73]

1L MoS2

CVD

1000

0.0011

488, 514.5

[75]

1L MoS2

CVD

220000

2200

532

[111]

FL SnSe2

CVD

100000

1.9

800

[112]

1L ReS2

CVD

100000

16.14

633

[61]

5.4 Summary
In summary, we successfully synthesized large area polycrystalline PdSe 2 by selenization
of Pd films. The crystallinity, electrical and optoelectronic properties of PdSe 2 were shown
to be suitable for photodetection. The responsivity of the PdSe 2 phototransistors can reach
1960 AW-1 under the 980 nm illumination with relatively fast response time. Our work
suggests that PdSe2 is a promising material for broadband photodetection.
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Chapter 6 Growth of vertically aligned PtSe2 films
towards hydrogen evolution reaction

6.1 Introduction
Platinum selenide (PtSe2) is a noble metal based member of TMDC family with bandgaps
of 1.2 eV and 0.21 eV for monolayer and bilayer samples respectively. The multiple-layer
1T-phase PtSe2 exhibits semi-metallic behaviour [113] and the PtSe2 nanoparticles show
HER activity.[114] As described in Chapter 2, TMDCs with exposed edges are beneficial
to HER. By considering the transfer of the electrons in their in-plane direction is more
efficient than that in their out-of-plane direction, the vertically aligned PtSe2 films would
be more beneficial to HER.[85] Hence, the semimetallic, vertically aligned PtSe2 electrode
is a potential candidate for high performance HER.

The PtSe2 films were prepared by depositing Pt films onto a substrate followed by
selenization. The edge site density of the PtSe2 films can be effectively controlled and the
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relationship between the edge density and the cathodic current density can be established.
The edge density is determined by combining the Fast Fourier Transform (FFT) analysis
of TEM images and software ImageJ. The high HER performance of the edge-rich PtSe2
films reveals a new path to develop edge-rich TMDC electrocatalysts.

6.2 Chemicals and substrate
Selenium powder (99.99%) was purchased from Sigma Aldrich. Polished 2’’ in diameter
c-plane (0001) sapphire wafer and polished 4’’ SiO2/Si (500 nm thick) were purchased from
Silicon Valley Microelectronics, Inc.

6.3 Results and discussion
6.3.1 Basic characterization of PtSe2 films
Figure 6.1A and 6.1B show the schematic synthesis process of the vertically aligned PtSe2.
Detail of the synthesis process is described in section 3.1.4. Figure 6.1C shows the photos
of the as-prepared PtSe2 films with thicknesses ranging from 1.9 nm to 76 nm on SiO 2/Si
substrates. The crystal structure of PtSe2 consists one layer of Pt atoms sandwiched
between two layers of Se atoms. The Raman spectra of the PtSe 2 films with different
thicknesses are shown in Figure 6.1D. The spectra reveal two feature peaks located around
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189.4 cm-1 and 220.3 cm-1, which correspond to Eg in-plane and A1g out-of-plane Raman
active modes respectively.[115] The Eg mode of the PtSe2 is redshifted by around 5 cm-1
when the thickness increases from 1.9 nm to 76 nm, similar to that observed in the E 12g
mode in MoS2,[115] while the A1g mode shows nearly no shift. Besides, the Raman
intensity of the A1g mode shows a significant increase when increasing the thickness of the
PtSe2 films, which might be induced by the enhancement of out-of-plane interactions
through the increase of layer numbers.[115] Figure 6.1E shows some AFM images which
indicate the thickness of the PtSe2 films.
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Figure 6.1 (A) Schematic illustrations of the growth process for PtSe2. (B) Two-step growth method for the
synthesis of PtSe2 film. Step 1: deposition of Pt film on SiO2/Si substrate by magnetron sputtering. Step 2:
Selenization of the Pt film into PtSe2. (C) Photo of the as-prepared PtSe2 films with various thicknesses. (D)
Raman spectra of PtSe2 film with different thickness on SiO2/Si substrate. (E) AFM images of the PtSe2 films
with different thicknesses on SiO2/Si substrates

To confirm the crystal structure of the as-prepared PtSe2 films, X-ray diffraction (XRD)
was performed. Figure 6.2 shows the XRD pattern of the PtSe2 sample (38 nm). The PtSe2
film possesses two pronounced peaks located at 16.5° and 44.3° corresponding to the (001)
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and (111) crystal planes respectively.
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Figure 6.2 A typical XRD pattern for PtSe2 film on SiO2/Si

The method can also synthesize PtSe2 films onto FTO glass substrates, as shown in Figure
6.3A. The Raman spectra of the PtSe2 films with different thicknesses on FTO can be found
in Figure 6.3B. The peaks are similar to Figure 6.1D. Figure 6.3C depicts the UV–vis–
NIR absorption spectra of the PtSe2 films with different thicknesses on FTO. The
absorption spectra cover UV to NIR regions. The absorption intensity of the PtSe 2 increases
with the increasing thickness, which is confirmed by the color changes of the PtSe2 as
shown in Figure 6.3A.
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Figure 6.3 (A) Optical image of the PtSe2 films on FTO substrates. The inset shows a typical Raman spectrum;
(B) Raman spectra of various samples as shown in (A). (C) Absorption spectra of the PtSe2 films on FTO
substrates as a function of thickness.

X-ray photoelectron spectroscopy (XPS) was used to analyze the PtSe2 film. The results is
shown in Figure 6.4A. The Pt-related peaks (i.e., Pt-4f5/2 at 76.2 eV and Pt-4f7/2 at 72.9 eV)
and the Se-related peaks (i.e., Se-3d3/2 at 55.1 eV and Se-3d5/2 at 54.3 eV) are corresponding
to the reported values for PtSe2 film.[114] The oxidation states of Pt and Se can be found
in Figure 6.4B and Figure 6.4C, respectively. For the Pt 4f spectrum, a primary peak
located at ∼ 72.9 eV is attributed to PtSe2. The peaks located at ~ 71.5 eV, ~ 74.6 eV and
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~ 75.2 eV are corresponded to unreached Pt metal whereas the one located at ~ 77.4 eV is
attributed to oxides (i.e. PtOx). By comparing the relative atomic percentages of PtSe2, Pt
(5.5 at%) and PtOx (1.8 at%), we can conclude that the majority of the Pt has been
transformed into PtSe2 (92.7 at%). As for the Se 3d spectrum, besides the primary peak
from PtSe2, the other peaks located at 52.8 eV and 58 eV are attributed to Se and Se-O
respectively.

Figure 6.4 (A)The XPS spectrum showing Pt 4f and Se 3d; (B) and (C) show the XPS spectra of Pt 4f and
Se 3d with deconvolution peak fitting respectively
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STEM measurement was performed to characterize the PtSe 2 films. The films were found
to have some area with vertically aligned PtSe2. Figure 6.5 compares the morphology of
the films with thickness 3.8 nm and 38 nm. Figure 6.5A and 6.5B shows the lowmagnification TEM images of the PtSe2 films while the STEM was operated in TEM mode.
The obtained film is nearly continuous. Figure 6.5C and 6.5D show their TEM images
with the higher resolution. The insets in Figure 6.5C and 6.5D show their SAED patterns
and confirms both samples are polycrystalline. For the 3.8 nm – thick PtSe2 film in Figure
6.5C, the five highlighted red circles in SAED pattern are corresponding to (100), (110),
(200), (113) and (122) planes with lattice spacings of 3.25, 1.82, 1.64, 1.24 and 1.11 Å ,
respectively. For the 38 nm-thick PtSe2 film in Figure 6.5D, the seven highlighted red
circles are corresponding to (001) (100), (011), (012), (110), (111) and (201) planes with
lattice spacing of 5.21, 3.25, 2.74, 2.01, 1.83, 1.77 and 1.54 Å , respectively. Figure 6.5E
shows the HRTEM image of the 3.8 nm-thick PtSe2 film. The crystal plane spacing of the
sample is ~0.182 nm, which corresponds to (110) crystal plane of the PtSe 2. Figure 6.5F
shows the HRTEM image of the 38 nm-thick PtSe2 film. The main surface sites are turned
into edge sites when the film thickness increases. It clearly reveals the periodic atom
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arrangement of the PtSe2 film at the imaging location. The inset reveals the line scan profile
of that location, which shows that the layer-to-layer spacing is 5.2 Å and corresponding to
(001) crystal plane. The images show the vertically aligned layers standing on the surface
are more frequently found in the thicker film. The results of the 38 nm-thick PtSe2 film are
similar to the previously reported MoS2 and MoS2 which layers are vertically aligned.[13]
The result shows the edge density of the PtSe2 films is different for different thickness.
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Figure 6.5 Low magnification TEM image of the (A) 3.8 nm – thick and (B) 38 nm – thick PtSe2 film,
respectively. Higher magnification TEM image of the (C) 3.8 nm – thick and (D) 38 nm – thick PtSe2 film,
respectively. Insets in (C) and (D) show their SAED patterns. HRTEM images of (E) 3.8 nm – thick and (F)
38 nm – thick PtSe2, respectively. Inset in (F) reveals the layer-to-layer spacing is 5.2 Å .

The EDX result is shown in Figure 6.6. Figure 6.6A confirms that the studied sample
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consists of Pt and Se elements. The area in Figure 6.6B was selected to perform STEMEDX mapping images. The STEM-EDX mapping images (Figure 6.6C and 6.6D) show
the homogenous distribution of Se and Pt elements.

Figure 6.6 (A) EDX result of the studied sample. (B) Low-magnification TEM image of the PtSe2 film with
selected area; (C) and (D) STEM-EDX mapping of Se and Pt elements in the sample.

6.3.2 Edge density
In order to estimate the edge density of the PtSe2 thin films as a function of the film
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thickness, we developed a method by applying image analysis tool to reveal the edge
structures of the sample in a TEM image. Figure 6.7A shows the TEM image of a 57 nmthick PtSe2 film. The fast Fourier transform (FFT) of the image is shown in Figure 6.7B.
The edge structures can be separated by filtering the reciprocal space (i.e. FFT of the
original image). Some selective masks are applied on the FFT image to the unwanted
corresponding interlayer spacing of PtSe2. After reconstructions by inverse FFT (Figure
6.7C), the contrast of the edge structures can be enhanced while the domains in other crystal
directions are suppressed. Then the Gaussian blurring is applied (Figure 6.7D) to reduce
the lattice contrast and appropriate threshold for the edges of the vertically grown domains
(Figure 6.7E). The total area coverage of the vertically grown domains can be retrieved
(Figure 6.7F) by the Analyze Particles function in the ImageJ software. The edge coverage
density of the 57 nm-thick PtSe2 film is estimated to be ~ 48%.
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Figure 6.7 (a) Original TEM image of the PtSe2 film; (b) Corresponding FFT image; (c) after filtering and
invert FFT process; (d) after applied Gaussian Blurring; (e) apply threshold; (f) count area percentage by
IMAGE J software. Then the edge coverage density on the top surface can be estimated to be ~48% for 57
nm thick PtSe2 film.
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By applying this technique, the edge density of the PtSe2 thin films based on at least three
regions with various thicknesses are listed in Table 6.1. As the thickness of the PtSe2 film
increases from 3.8 nm to 76 nm, the edge density increases from ~0 to ~81%, which could
be confirmed by observing the increase of edge sites on the surface of PtSe 2 by increasing
its thickness as shown in Figure 6.8. It should be noted that the edge density here only
represents the coverage of the edge structures on the top surface. The edge structures can
also be found below the top surface.

Table 6.1 The relationship between the thickness of PtSe2 film and the corresponding edge site density.

Thickness

3.8 nm

7.6 nm

19 nm

38 nm

57 nm

76 nm

Edge density

~0

~ 2±0.2%

~ 8±0.3%

~ 39±1%

~ 48±2%

~ 81±5%
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Figure 6.8 (A) TEM image of the PtSe2 film with a thickness of 3.8 nm; (B) TEM image of a 7.6 nm thick
PtSe2 film; (C) HRTEM image corresponds to (B); (D) TEM image of a 19 nm thick PtSe2 film; (E) HRTEM
images corresponds to (D); (F)-(H) TEM images of 38 nm, 57nm and 76 nm PtSe2 films Here the yellow
arrows represent the edge-rich areas.
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The morphologies and the growth process of our edge-rich PtSe2 films are similar to the
MoS2 and MoSe2 with vertically aligned layers.[13] The growth mechanism of our edgerich PtSe2 films may follow the one proposed by the authors where the chemical conversion
occurs much faster than the diffusion of the Se gas into the film. In the mechanism, the
diffusion along the layers through van der Waals gaps is much faster across the layers.
Consequently, the layers grew perpendicular to the substrate. The thicker the Pt films
provide a larger density of edge structures.

6.3.3 HER performance of the PtSe2 films
In order to evaluate the electrocatalytic HER activity of the PtSe2 films, LSV measurement
was carried out in a standard three-electrode system with 0.5 M H2SO4 solution as
electrolyte. Detailed characterization condition is given in section 3.2.8. To wet-transferred
the PtSe2 films onto a glassy carbon (GC) disk electrode to serve as working electrode, a
protective layer of PMMA was spin-coated onto the PtSe2 film. After that, the substrate
with the PMMA coated PtSe2 was placed into a NaOH bath. The detached PMMA coated
PtSe2 film was then transferred onto the glassy carbon electrode. Acetone was used to
remove the PMMA and the working electrode fabrication is completed. Bare GC and Pt
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working electrodes were also characterized under the same measurement conditions for
comparison.

Figure 6.9A shows the schematic illustration of the H2 generation on the edge-rich PtSe2
films. Figure 6.9B shows the polarization curves of the PtSe2 electrodes with different
thicknesses, GC electrode and platinum electrode. When the potential towards the negative
potential direction, the cathodic current density increases due to the electrocatalytic
reduction of protons to H2. As a substrate electrode, the HER activity of the bare GC
electrode is poor with an onset overpotential about 787 mV. It can be seen that all the PtSe2
electrodes exhibit electrocatalytic HER activity and the cathodic current density increases
with the PtSe2 films thickness. The maximum current density of 227 mA/cm2 is achieved
on the PtSe2 film with a thickness of 76 nm, which is about half of the current density of
the Pt electrode. The HER performance of the PtSe2 electrodes are obviously much better
than that of the GC electrode. In addition, the smallest onset overpotential recorded on the
PtSe2 electrode is located at −170 mV vs. RHE, corresponding to a small HER
overpotential of ~ 327 mV at a current density of 10 mA/cm2. This result suggests that the
PtSe2 electrodes amplify proton reduction process. This phenomenon could be attributed

103

Chapter 6

THE HONG KONG POLYTECHNIC UNIVERSITY
to the high edge density on the surface of the PtSe2 films. As shown in Figure 6.9C, an
increasing relationship between the edge density and the current density is established. The
edge-rich PtSe2 films play a key role in enhancing the HER activity.

Figure 6.9 The electrocatalytic performance of PtSe2 film. (A) Schematic illustration of the HER activity of
PtSe2 film; (B) polarization curves; (C) the relationship between the current density and edge sites density on
the top surface of PtSe2 film; (D) Tafel plots corresponding to (B);

Moreover, Tafel slope is extracted evaluate the performance of the HER catalyst. The
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corresponding values of the samples can be calculated according to the Tafel equation.[116]
Accordingly, the Tafel slopes for the PtSe2 with different thicknesses can be found in
Figure 6.9D, which reveals the values of Tafel slope ranging from 32 to 63 mV dec -1. It is
worth noting that, the smallest Tafel slope of ~ 32 mV dec-1 for PtSe2 is comparable to that
of the Pt/C catalyst or even smaller than that of many other 2D HER catalysts,[43], [117]–
[119] indicating the distinct HER activity of PtSe2. Meanwhile, the exchange current
density, j0, can be determined by the Tafel equation [13], yielding a value of 1.5 × 10-5 A
cm-2 for 76 nm PtSe2. Then a turn over frequency (TOF) at 0 V of 0.054 s−1 for PtSe2 can
be obtained (Table 6.2), which is 4 times that of MoS2 and MoSe2, revealing the better
catalyst efficiency of PtSe2.

Table 6.2 Comparison of TOFs of the edge-terminated PtSe2, MoS2 and MoSe2 films
Materials

TOF (s-1)

Reference

4.1 × 10−21

0.013

[13]

2.0 × 10−6

4.5 × 10−21

0.014

[13]

1.5 × 10−5

1.7 × 10−20

0.054

This work

Exchange current

Exchange current

density (A cm-2)

per site (A site-1)

MoS2

2.2 × 10−6

MoSe2
PtSe2 (76 nm)

In addition, high activity and good stability are equally important for an advanced HER
catalyst. Therefore, the current-time curve of the PtSe2 electrode was examined in 0.5 M
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H2SO4 solution. As shown in Figure 6.10A and Figure 6.10B, the overpotential of the
PtSe2 electrode with current density of 10 mA cm-2 current density increases by only 4 mV
after 1000 potential cycles. An experimental photo (Figure 6.10C) of the PtSe2-coated GC
electrode covered by many bubbles, implying the effective HER activity of edge-rich PtSe2
film.

Figure 6.10 (A) polarization curves of PtSe2 film: before and after 1000 circles. (B) Cyclic voltammograms
of the PtSe2 film for 1000 circles (C) Digital photos show the H2 bubbles on PtSe2/GC electrode. The inset
shows the working electrode, counter electrode and reference electrode in the measurement system

6.4 Conclusion
In summary, we demonstrate a facile way to prepare scalable and edge-density controllable
PtSe2 films by direct selenization of Pt films. The edge density of the PtSe2 films can be as
high as 81% with a maximum cathodic current density of 227 mA cm-2. An increasing
relationship between edge density and the HER activity is established. Our work opens a
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new pathway for preparing edge-density controllable materials for HER system.
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Chapter 7 Conclusion and Future Works
7.1 Conclusion
A facile method was developed to prepare AgBiS 2 NCs in an ambient environment. The
AgBiS2 NCs sensitized graphene transistor showed high responsivity of 10 3 to 105A/W
with infrared illumination.

We synthesized large area polycrystalline PdSe2 by selenization of Pd films. The
crystallinity, electrical and optoelectronic properties of PdSe 2 were shown to be suitable
for photodetection. The responsivity of the PdSe2 phototransistors can reach 1960 A/W
under the 980 nm illumination with relatively fast response time. Our work suggests that
PdSe2 is a promising material for broadband photodetection.

We also demonstrated a facile way to prepare scalable and edge-density controllable PtSe2 films
by direct selenization of Pt films. The edge density of the PtSe2 films can be as high as 81%
with a maximum cathodic current density of 227 mA/cm2. A linear relationship between edge
density and the HER activity is established. Our work opens a new pathway for preparing edgedensity controllable materials for HER system.
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7.2 Future works
Although 2DLMs showed their potential application in HER and photodetection, more
efforts should be made on the material synthesis and device fabrication method to realize
the application of 2DLMs in the future. Besides the fundamental research of the new
2DLMs needs to be continued, the rate of electron transfer plays an important role in
hydrogen gas production in HER and response time in photodetection.

For example, if someone recording high quality video, high gain with video frame rate
which is about 30 kHz to 60 kHz are needed. Hence, the tactics of extending the life time
of photocarriers, such as photogating effect, seem not the good approach to meet the
requirements in those application due to the drawback in response time. Regarding to this
issue, increasing the mobility of channel is another feasible method to improve the
responsivity and gain, however the mobility of the pristine 2DLMs is limited by the
intrinsic materials properties. To overcome this limitation, chemical doping in channel may
be a controllable method to enhance the mobility. It is reported that some small organic
molecules can increase the mobility of the 2DLMs. Although the mechanism of enhancing
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mobility by doping is not very clear, the researches on chemical doping would be an
interesting topics and beneficial to practical application of 2DLMs.
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