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Abstract

Abstract

Beyond the discovery of extraordinary properties and potential next-generation
applications of low-dimensional carbon family: fullerene, carbon nanotube, and graphene,
there are abundant low-dimensional materials are tremendously investigated to reproduce
the success of the low-dimensional carbon family. The smaller and better characteristics
provide the opportunities to fabrications of high-performance devices. However, there are
still a lot of mysteries of the emerged low-dimensional materials, for example, large scale
and controllable synthesis, exceptional properties (for example, super-plasticity), and the
fundamental physical and chemical questions (for instance, the bonding, and their

accurate atomic structure).

In order to unveil the mysteries, atomic structures and nanomanipulations are
needed to explore the full pictures of structure-property relationships. Transmission
electron microscopy provides the opportunity to study to the low-dimensional materials
in atomic scale. Although transmission electron microscopy is a powerful instrument, the
experiments and data analysis are difficult, especially for the advanced techniques, like
4D-STEM. Thus, the appropriate technique is chosen to study and analyze the specimen
is the key. Combining with other techniques and instruments, the preliminary checks of

specimens can be done before implementing transmission electron microscopy.

In this thesis, only ex situ atomic scale and in sifu micro scale experiments have
been conducted to study the growth kinetics as well as intermediate species of synthesis,
exceptional plasticity of 2D materials, and quantitative dDPC-STEM for MOFs and
atomic columns by using transmission electron microscopy. The first 2 topics mainly use

the conventional STEM techniques with the specific specimen preparation methods to
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show the intermediate structures to analyze the whole picture of mechanisms. First, the

critical intermediate species octahedral ResSes was found that reduced by hydrogen from
the precursors in atmosphere, that is the key to the nucleation and epitaxial growth.
Second, the exceptional plasticity of InSe has been comprehensively investigated by
microscopic view and macroscopic view. The overlooked phase transition from 2H to 3R
increases the gliding barrier significantly as high as 24.07%, that ceases the micro-crack
propagation surrounded. Hence, the excellent plasticity of InSe is caused by the
synergetic effect of strain relaxation, phase transition, strain accumulation, and structural
strengthening. Finally, statistical measurements have been conducted to minimize the low
SNR problem of dDPC-STEM, that provide not only the coordination number, but also
the lower energy site, that provides the insight to the structural engineering of metal-

organic frameworks.

In the near future, in situ atomic scale studies will be applied to unveil more
mechanism of the low-dimensional materials’ properties. It depends on the complete
installation of a new transmission electron microscopy due to the delay caused by
COVID-19 pandemic. On the other hand, the general rule of brittle-ductile materials will
be investigated by either computational based or experimental based methods. Besides,

the undiscovered dDPC-STEM will be further studied from the big data.
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Chapter 1. Introduction

In this thesis, aberration corrected transmission electron microscope (ACTEM) is
mainly used to investigate the structure-property relationships. Studying TEM and its
techniques is beneficial to explore the atomic structure of the specimens, especially for
the emerging low-dimensional materials (LDMs) with excellent mechanical and chemical
properties for future applications. Carbon is not only the most common element, but also
the start of LDMs from zero-dimensioal (0D) dots to two-dimensional (2D) sheet,
including fullerene', carbon nanotube (CNT)*®, and graphene®®. Their structures and

properties can be discovered by using TEM.

The extraordinary mechanical and electrical properties of them provide abundant
potential applications. Taking graphene as an example, graphene has the highest thermal
conductivity at room temperature (RT) (3000 to 5000 Wm™1K~1)!° excellent Young’s
modulus (1.0 + 0.1 TPa)'!, distinguished carrier mobilities (~2 x 10°> cm?V 1571 at
electron densities =2 X 1011 cm™2 at 5K 2 & ~4 x 10* cm?V~1s71 at electron

densities = 1012 ¢m™2 at RT'%), and highly flexible as well as optical transparent!* etc.

The applications of the above LDMs are very wide, including medications'>!,

20-26 27-29 30-33 34-36

catalysis”™"°, photovoltaic®’~”, energy storage~°, field effect transistor’*~°, and

3739 etc. The smaller and better characteristics raise continuous

materials enhancemen
attention on LDMs’ research. Beyond the carbon family, there are numerous groups of
LDMSs which perform their own strengths via the works as follows, including hexagonal
boron nitride (h-BN)*, black phosphorus (BP)*!, transition metal dichalcogenides

(TMDCs)***, Metal chalcogenides (MCs)**, metal-organic frameworks (MOFs)*%>!,

and MXenes > etc. (Figure 1).
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Figure 1. Low-dimensional materials beyond carbon family. The categories are
divided by the number of atom thickness.

Although there are tremendous investigations about LDMs, there are still
plentifully valuable research questions in synthesis, materials’ properties, and their

accurate structure needs to be unveiled. This thesis will be divided into six chapters.

In Chapter 1, functions and applications of TEM are introduced. Taking the
advantages of TEM, structure-property relationships can be resolved more directly. The
important research questions are conceived by literature reviews. The experimental
methods and strategies of 3 projects are introduced here. Via studying the morphologies
and properties by using TEM, the projects aim to study the research questions related to

fundamental physics.

In Chapter 2, the evolution, principle and applications of TEM and its technique
are studied in order to conduct the experiments wisely. The correct selection of data

acquisition and analytic method is a key to study structure-property relationships. The

WONG Lok Wing 2



QQb The Hong Kong Polytechnic University

v Chapter 1. Introduction
functions of ACTEM should be maximized to avoid the waste of specimens, the

expensive machine, and the valuable experimental sessions.

In Chapter 3, the first project of studying the nucleation and growth kinetics of
two-dimensional (2D) transition metal dichalcogenides (TMDCs) via 2D Rhenium
diselenide (ReSe2). Through the synthesis parameters, high-angle annular dark field
(HAADF)-scanning transmission electron microscopy (STEM), and electron energy loss
spectroscopy (EELS), the atomic structure of octahedral ResSeg clusters have been
confirmed. The clusters attach mainly near the edges of the 2D ReSe;, followed by the
surface of that. Besides, the 2D ReSe> and the clusters can be controlled by the flow rate
of hydrogen during synthesis. The data suggests two steps growth during chemical vapor
deposition (CVD). Via density functional theory (DFT) calculations, the growth
directions and growth kinetics of the 2D ReSe; also supported the experimental data. This
project provides insights to the controllable synthesis in terms of thickness and

morphology in TMDC:s.

In Chapter 4, the second project is about the exceptional plasticity of indium
selenide (InSe). Phase transition plays an important role in this plasticity, confirmed by
both atomic projection and cross-section views, with comparison with other vdW
materials. The gliding barrier and surface absorption enhancements by [ -to-y phase
transition was confirmed by the molecular dynamics (MD) simulations, and the y’ phase
was found that acts as middle stage for this kinetic phase transition. In terms of the MoS»
and MoTe», phase transition is absent under the similar strain. Hence, the plasticity of
InSe is better since the mechanisms of crack propagations and strain relaxation are

different.
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In Chapter 5, the third project aims to quantify different bonding of hydrogen,
including C-H, N-H and O-H bonds via integrated differential phase contrast (iDPC)-
STEM imaging technique. The further mixed ligands orientation has been successfully
predicted by statistic dDPC-STEM measurements that the lower energy site has a

generally high value of charge density.

In Chapter 6, the conclusion and outlook will be stated. TEM is one of the
powerful tools to explore structure-property relationship in material science. By using
TEM, certain research questions have been unveiled in Chapter 3 to Chapter 5. There are
still tremendous unknown and interesting questions and mechanisms, that waiting

scientists to explore.
1.1. Applications of transmission electron microscopy

Other than the well-known atomic structure imaging, EELS is a widely used to
collect chemical information in LDMs, due to the higher efficiency, wider range of
detectable elements, and higher SNR in light elements compared with EDS. Typical
results of EELS spectra of C-K edge and Mn-L, 3 are shown in Figure 2. In terms of C-K
edge (Figure 2a), the fingerprints of different type of carbon and minerals containing
carbon can be seen with different shape of sharp * peak and broad ¢* peak*. Diamond
is sp’ hybridization contains only ¢ bonds, that is why the spectrum of diamond has no
m* peak. A sharp with broad m* peak of sp? hybridized graphite demonstrates it has
regular m bonds. The continuously broadening m* and o* peaks can be found in
amorphous carbon. The probability of energy loss of both peaks demonstrates almost
normal distribution that agrees the random nature of it. For the trigonal system, all
minerals here contain CO3 and the m*-to-o* peaks distances are the very similar.

Comparing the rhombohedral siderite and octahedral calcite, ¢* peak is split to 3 peaks.
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In terms of the Mn-L,3 edge (Figure 2b&c), this example demonstrates the white-line

features of different valence and coordination Mn*>. Their results suggest that integration
L, 3 peaks ratio of Mn*", Mn*" and Mn*" is 4, 2.5, and 2.1, respectively. The L, 3 peak-to-
peak distance of them is 12 eV, 10.9 eV, and 9.7 eV, respectively. For the Mn3Og, this
material contains both Mn** and Mn?"ions and that is why there is a double L peak. More
EELS spectra formation can been checked and compared with the EELS atlas®® and the

chemical information can be analyzed.
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C Ly-Ls eV)  I(Ly)/I(L,) ratio
MnO, 12+0.1 4102
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Mn;0-nano 11£0.1 29+0.1
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Energy Loss (eV) MnO 9.7%0.1 2.11+0.05

Figure 2. Typical background subtracted and deconvoluted EELS spectra of C-K
edge and Mn-L23 edge. a, EELS spectra of C-K edge from different C and different
minerals containing C>*. b,c, (b) EELS spectra of different valence and coordination
number of Mn with the corresponding (¢) Table about L.3 peak distances and Lo
integrated peak ratio™.

Senga et al. has demonstrated a phonon study on graphite and h-BN by EELS
from 1% Brillion zone to 2" Brillion zone along the TMTM direction (Figure 3)°”. The
momentum-resolved vibrational mode conducted by EELS well matched the results of

DFT simulations (Figure 3c,d). The band structure can be experimentally proved by
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experiment via EELS. Although this technique is fascinating, this requires extremely

stable system and high specifications of TEM, such as double monochromators, and long

acquisition time (up to few days).

a Graphite 'MI'M b hBN 'MI'M
e r qmoAt |EESme~ Ir R~ =04
- [ w ,_,____,_/ . ]
St B e — = ==
4 M 3 > EE=EatamiM e
A~ B ] —
L ] |~ L~ | ——]
g o] [ e — S
— e ] = ! __/___//\_____ ~—
2 [ e . iy, S m—_—
& m — S —— —— % e e | A
-— e N N ._/“‘v\____‘__‘
= B = e — s
" —m == g=45A" ——~——M — g=45A"
0 100 200 3000 100 200 300 0 100 200 3000 100 200 300
Energy loss (meV) Energy loss (meV) Energy loss (meV) Energy loss (meV)
d r M I M
< 200

Energy loss (meV) O
Energy loss (me

=

o

Intensity
Energy loss (meV)
=)
[ —
=) o -
[4)}
Intensity

Intensity
=)
[$)]
Intensity

Energy loss (meV)

Figure 3. Phonon dispersion of graphite and h-BN resolved by EELS spectra. a,b,
Series of phonon EELS spectra of (a) graphite, and (b) h-BN. ¢,d, Momentum intensity
maps with DFT simulation results of (¢) graphite, and (d) h-BN°’.

Using in situ techniques, the process of deformations, synthesis, or catalysis etc.
can be recorded and studied via direct observations in real time (Figure 4a)°®. Li et al. has
a good summary of recent in situ mechanical studies (Figure 4b)*. The majority
mechanical studies were conducted by Gatan 654/671 straining holder, or Nanofactory™
holder. In Nanofactory™ holder, it can provide not only mechanical strain, but also

electrical bias. Hence, there numerous multi-purposes holder.
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Figure 4. A summary of in situ TEM. a, Overview of in situ TEM>®, b, Recent progress
of mechanical studies via in situ TEM. The images contribution as follows:
compression®®®! tensile®?*, bending®%®, and shearing®’*® were arranged by Li et al.*.

An excellent example using Nanofactory™ holder about mass transportation
driven by bias inside multiwall CNT was conducted (Figure 5)%°. Fe nanoparticles, and
Fe rods were inside the multiwall CNT as cargos. Via the accurate piezoelectric driven
probe, the W tip can apply bias to the CNT. This study differentiated there are three mass
transportation mechanisms: thermal evaporation, thermo-migration and electromigration
driven by thermal gradient force, and electromigration force. The cargos follow the
different mechanisms under different size of cargos, current density, length of the CNT,

and position of the cargos are summarized in (Figure 5).
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ﬁigure 5. Mass transportation mechanisms by electrical bias in multiwall CNT®,
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The transport of Li ion has been also recorded by using Nanofactory™ holder

(Figure 6a)’°. A Si wire was attached to the Li ion liquid electrolyte/LiCoO, Without any

bias, the Li ion flowed to the Si anode. Different anodes were also studied (Figure 6b).
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Flgure 6. Electrochemlcal studles of Li ion batteries’’. a, Serial images of Li ion
transportation cropped from a video from 0 to 54 s. b, Different type of anode materials.
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The resolution of liquid cell in sifu holder is suffered for a while due to a very
thick silicon nitride supporting film for safe and stable liquid flow. A recent developed
graphene liquid chip is shown in Figure 7a-¢’!. The design of double cells might provide
an opportunity to study the reaction process in atomic scale. This idea was conceived by
the work of Yuk et al.”? in 2012. A graphene liquid cell scheme is shown in Figure 7f.
Two graphene grids were combined that encapsulate certain liquid, and they

demonstrated the possibility of atomic resolution in a liquid cell.

Differential phase contrast (DPC)-STEM can provide projected electric field and
charge density information’®. The projected total charge density of an interstitial unit cell
of Y'5Si3 electride was investigated (Figure 8). In electrides, the loosely bounded electrons
act as anions, localize at interstitial sites’*. The anionic electron column of the electride
can be identified and quantified by projected charge density map. Although the line

profiles are well matched, the inhomogeneity of experimental results have been noticed,
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that is caused by the hydrogen impurity. This result also implies that the possibility of

DPC-STEM is a potential technique to distinguish light elements, even hydrogen.

t-FLG  (3-5 layer) c
t-hBN (=30 nm)
MoS, (1-3 layer)

b-hBN (=30 nm)

b-FLG (3-5 layer)

€ Af=-42 nm

Encapsulated solution ; Z.A.=[011]
Figure 7. Graphene liquid cell design and performance. a, Scheme of double liquid
cell. b, A HAADF-STEM image of the homemade liquid cell. Scale bar: 2 um. c-e,
HAADF-STEM images of defocus (¢) -42 nm, (d) 0 nm, and (e) 28 nm. Scale bars: 5 nm.
Images from (a-e) are reproduced from Ref. 7!. f, A scheme of graphene liquid cell. g,
Serial images of Pt nanocrystal with a twin boundary under irradiation. Scale bar: 2 nm.
Images from (f,g) are reproduced from Ref. 72,
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Figure 8. Comparison between experimental and theoretical projected charge
density. a, Experiment. b, DFT simulation. ¢, Line profile of the black dashed line in
(a&b). Images (a-c) are reproduced from Ref. 7.
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1.2. Synthesis kinetics in two-dimensional materials

In the synthesis of 2D materials, there are two main categories: top-down and
bottom-up approaches’>’¢. In simple words, top-down approach is to directly break the
van der Waals (vdW) attraction of bulk samples by using either mechanical or chemical
method. The first graphene is mechanically exfoliated from graphite by using Scotch tape
method in 20047. The quality of mechanical exfoliation is good, and the cost as well as
the required technique are low. However, uniformity, productivity and the nanosheet size
are low, that is inapplicable in industry. To increase the productivity, the ball milling
method is used to exfoliate large numbers of layered materials simultaneously, the quality

and uniformity are still poor’’.

In terms of the chemical method, ultrasonication-based exfoliation is the most
common way to peel off the layered structure into single layer because it is efficient’®”’.
With the assist of ion intercalation or ion exchange before the agitation normally
ultrasonication, the lower power can be applied to the bulk to obtain higher quality single

layer materials. Although the productivity is much higher than mechanical exfoliation,

the quality, uniformity, and scalability are still hardly controllable.

The bottom-up method normally can be divided into two main categories:
chemical vapor deposition (CVD), and molecular beam epitaxy (MBE), which
demonstrate more promising way to fabricate uniform, high quality and large scale 2D
materials, since the desired chemical environments are prepared for the growth from gas
phase atoms to 2D materials®**>, MBE performs higher precision but with higher cost
and longer fabrication duration due to the requirement of ultrahigh vacuum. Via
tremendous trials and errors in precursors’ ratio, gas flux, carrier gas, substrates, pressure,

growth temperature, and growth duration etc., and improving the understanding of the
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mechanisms of 2D growth, CVD is also controllable to fabricate wafer-scale for part of
2D materials to achieve commercial fabrication®!®3. There are still a lot of challenges in

the morphology control in 2D-TMDCs®®.

a
" | SIO substrate | [ Sk suoetate ) e
[ == MoSe

Evaporation and Reduction Condensation Selenization

b Front View

SRR e

SeSRvee Y
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+ 4 Mo-O and 3 Se + 2 Mo-O and 1 Se
Figure 9. Schematic of the three-step synthesis model. a, (I) evaporation of precursors

and reduction of MoOs3; to MoOy, (II) Condensation of Mo0Qg.79Seo.24 on the SiO»/Si
substrate, and (III) further selenization of the MoSe> formation assisted by the aligned
nanoparticle MoO». b, Car-Parrinello molecular dynamics simulation atomic model in
top view and side view. Figure 9 is reproduced from Ref. ¥'.

In order to have a precise control in the growth morphology, the mass
transportation pathways and intermediate species have to be found to further improve the
products. The mass transportation pathways and intermediate species in 2D-TMDCs are
still in debate. Li et al. suggested a three-step growth model (Figure 9)*’. The Se powder
and MoOs precursor are evaporated. Then, the nucleation MoQo.79Seo24 nanoparticle
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formed by the selenization of MoOx is randomly distributed on the substrate. The further
selenization assisted by the aligned nanoparticle MoO> forms the single-layer MoSe;. On
the other hand, Pondick ef al. suggested another three-step growth model (Figure 10)%,.
The vaporized reactants, gas phase S and MoO,, form MoOS; intermediate island on the
substrate. The further evaporation and sulfurization of the intermediate finally gradually

synthesizes the MoS> monolayer.

Figure 10. Scheme of the three-step growth model. The vaporized reactants form a
MoOS; island. Then, the further vaporization and sulfurization forms MoS> monolayer®s,

l. 89 l 90

Different from the previous two articles, Zhu et al.°® and Zhou et al.”™ also
provided few-layer growth dynamics that are because of the high concentration of
reactants (Figure 11 & Figure 12). Zhu et al. suggested the appropriate concentration
leads the formation of single-layer or few-layer MoS; from the sufficient sulfurization of
MoOxS:z.y nanoparticle nuclei on the substrate. The excess concentration of reactants leads
the aggregation of MoOxS2.y nuclei on the surface and hence, multilayer MoS; and the
fullerene-like particles are formed. Slightly different from the previous one, Zhou et al.
recommended the optimal reactants concentration facilitating reduction of MoOsx to
MoS,« nuclei. It is also beneficial to the epitaxial growth to form single-layer MoS,. On
the contrary, high concentration leads the rapidly aggregation of MoO3.xSy nanoparticles

neclui. The insufficient sulfurization of these nuclei becomes a cap-like structure that

facilitates the few-layer growth.
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Figure 11. Schematics of nucleation and growth Kinetics of MoS:. a-c, high and (d-f)
low concentration of reactants by controlling the gas flux®.
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<

Figure 12. Schematics of nucleation and growth kinetics of MoS: in low and high
concentration of reactants by controlling the gas flux and temperature’®.

Although there is a in situ optical investigation of synthesis, the growth kinetics
and the subsequent reactions are still uncertain (Figure 13)°!. They proposed MoO: serves
as the intermediate for the nucleation and mass transport confirmed by ex situ Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS). In a case of wafer scale MoS»
monolayer, a soda-lime glass was applied as a substrate, that the sodium atoms assisted
the atom-by-atom epitaxially growth (Figure 14)**. The sodium adsorption is energy
favorable for this epitaxial growth confirmed by DFT calculations. However, other report

WONG Lok Wing 13



Chapter 1. Introduction

?Q The Hong Kong Polytechnic University

of wafer scale TMDCs monolayer is absent by using similar method. The growth kinetics

are still required to experimentally confirm for later optimal and general purpose.
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Figure 13. Optical images with spectroscopy. a, /n situ images during growth and the
deposition of MoO: on a SiO2/Si substrate. Scale bar is 80 um. b, Ex situ Raman spectra
of the marked areas in (a), and ¢, Ex situ XPS spectrum of the deposited MoO; film.
Figure 13 is reproduced from Ref. °'.
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between soda-lime glass and quartz. d, MoS» coverage comparison between NaCl coating
quartz and downstream positioned quartz. e,f, DFT calculated epitaxial growth energy
diagram, (e) without, and (f) with sodium adsorption. Figure 14 is reproduced from Ref.
83

|
WONG Lok Wing 14



QQb The Hong Kong Polytechnic University

v Chapter 1. Introduction

To date, the studies of intermediate species are still insufficient to provide a
general growth kinetics in TMDC:s. In order to unveil the intermediate species and growth
kinetics, the experiments are designed to produce more intermediate products. During the
trials and errors session, the ReSe; is found that is ungrowable without H> gas flow, and
H> gas is a good reducing agent. The gradually increase of the H> gas flux provide
different morphology of the ReSe> thin film with different size of unknown agglomeration.
Via atomic imaging by STEM and EELS, the agglomeration formed by clusters are
confirmed, which is octahedral ResSes. The HAADF-STEM can provide sufficient Z*
contrast to recognize the Re and Se atoms, and EELS is efficient to collect signals from
the thin specimen to analyze its chemical information. The best option is to ex situ control
the synthesis morphology due to the fact that it is unable to work in situ in this stage. The
intermediate species can be well kept by changing synthesis parameters, mainly duration

and carrier gas flux. Hence, the growth dynamics can be understood by the middle stage.

1.3. Unexpected plasticity in vdW materials

VdW layered materials always give us an impression that is extremely brittle, for
example graphite. However, in 2020, a single crystal indium selenide (InSe) has been
reported which perform exceptional plasticity in Science, that even can do origami
(Figure 15)°2. Due to the limitation of the instrument, the compressional strain along both
in-plane and out-of-plane is at least 80%. Via the analyzing the bonding strength, and the
mechanical properties by DFT calculations, they believe the extraordinary plasticity of
B-InSe is from a sufficiently large cleavage, provided by the long-range coulombic In-Se
interlayer interaction and Se-Se vdW attractions, with a relatively low slipping energy
(Figure 16). They proposed the prediction of brittle or ductile by a deformability factor,

that is proportional to the cleavage energy and anti-proportional to the slipping energy
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and Young’s modulus along basal plane (Figure 17a), which was developed from Rice-

Thompson criteria®®, that suggested when the ratio of the product of shear modulus (G)

and the distance of Burger’s vector (5) to surface energy (Eg,,) is larger than 7.5 to 10,
the metals would occur a complete fracture by expansions of a sharp cracks, except for
the face-centered cubic and certain borderline body-centered metals. On the contrary, if
the ratio is smaller than 7.5 to 10, the metals are ductile. Rudenko et al. calculated a low
Rice-Thompson’s ratio of InSe which is approximately 3.2, due to the low shear
modulus’*. However, if we follow this assumption, all of the slipping 2D materials, which
is low shear modulus would behave ductile. Although Rice updated the ratio with an

unstable stacking energy, which is directly proportional to the product of shear modulus

and the square of Burger’s vector, the prediction of the ratio was very similar®.
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Figure 15. The exceptional plasticity of InSe. A, Structure of f-InSe. B, An image of
an as-grown f3-InSe crystal, and C, its cleavage surface. D-F, The origami of the 8-InSe
crystal. G, Cross section scanning electron microscopy (SEM) image of a folded f-InSe.
H,I, Compression engineering stress-strain experiment along (H) out-of-plane, and (I) in-
plane direction. Figure 15 is reproduced from Ref. %2,

WONG Lok Wing 16



Chapter 1. Introduction

QQ The Hong Kong Polytechnic University

A G
= Grgphite
g 10°1 @ en ELF
[} =] 0.99
r '
g Mt?s,
° m Zno
o T
g 0 cas

GaS
g 102 o aSe
& InSe
o o
£ 0

Hexagonal 2D Materials — A
B G 10
§ T

[ Siipping snergy || 1o°
Cleavage energy| |

!

E (eV)

E, (eV/atom)
E, (eVlatom)

m‘i 10°? 5 -5 i -5 Z
| _
3 ' -10 -10 I -10 [
10 5 x % 10 -0.6-0.4-0.20.0 0.2 0.4 0.6 -2 -1 L] 1 2 4 -20 2 4 6 810
& & e A -pCOHP(E) -pCOHP(E) -pCOHP(E)

Figure 16. Mechanical and chemical properties of B -InSe. A, Comparison of
intralayer modulus in the perspective of hexagonal 2D inorganic semiconductors. B, DFT
calculated slipping energy and cleavage energy in comparisons with other materials. C-I,
Calculated differential charge density (C) in perspective view, (D) along (1210), (E)
charge density, (F) electron localization function (ELF), crystal orbital Hamiltonian
populations (COHP) for (G) interlayer In-Se bonding, (H) intralayer In-Se bonding and
(I) Intralayer In-In bonding”?.
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Figure 17. Different prediction of the materials which is ductile or brittle. a,
Deformability factor®”. b, Pugh-Pettifor criterion®®. Blue vertical dashed line is 0.57.

The prediction of ductile or brittle is different from Pugh’s criterion®’ and
Pettifor’s criterion’ 1%, The Pugh’s criterion stated that the brittle materials have a
generally high shear-to-bulk moduli ratio, and the ductile materials have a small ratio®’.
On the other hand, the Pettifor’s criterion has indicated, the Cauchy pressure (CP), the
difference between two elastic constants Ci2 and Ca4 (CP = Cy2 - Ca4), has a relationship
with bonding characteristics’>1%, The ductile materials generally have non-directional
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metallic bonds with CP > 0, and the brittle materials generally have directional covalent
bonds with CP < 0. Senkov and Miracle have gathered total 332 species, including
compounds and metals elucidate the Pugh-Pettifor relationships for Cubic crystalline
(Figure 17b)°®. Which is the better prediction about the brittle or ductile nature of a
material? After comparing all the models, one thing that we can confirm that low shear

modulus is commonly good indicator of the ductility.

Although they have built the deformability model via the bonding strengths, and
energies about cleavage and slipping, the plasticity mechanism of InSe still remains some
questions. How is the microcrack propagation stopped? What slows down the structural
fracture? Why the microcracks tend to propagate along basal plane rather than edge plane?
The overlooked phase transition contributions of InSe seems to play an important role in
the plasticity. In their ADF-STEM atomic image (Figure 18a), there are 4 atomic columns
for a unit of (1010) direction (~7 A) rather than 3, that indicates the structure of InSe is
y phase rather than 8 phase (Figure 19). Although the stacking fault was stated, the
stacking order or phase was also undistinguishable in Figure 18b-c. On the other hand,
the inconsistence of X-ray diffraction (XRD) data in terms of peaks ratio (3™ to 5" peaks)

also indicate the present of phase transition (Figure 20).
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EmE—— v 4 v ] &l Qg]
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Figure 18. ADF-STEM images of a deformed InSe. A, Atomic image, and the slipping
steps along [0001]. B,C, Cross section view along (B) (1210), and (C) (1010)°*.
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Figure 19. Atomic structure of - and y-InSe along (1210) and [0001]

. The red

dashed lines indicate the difference of stacking order and the black dashed lines show a

unit of (1010) direction.
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Figure 20. XRD 0-20 experiments. a, XRD pattern of a cleaved InSe surface. b, XRD
data of InSe before and after roller pressing””. ¢,d, XRD patterns of commercial products

of (¢) B phase InSe!®! and (d) y phase InSe!?.
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In order to study the full mechanism of the plasticity of InSe, clean cracks and
phase transition are created by gentle and discrete compression and shear force via a small
hammer as a scheme in Figure 21. XRD and Raman will be conducted to have a
preliminary sample check. Further, focused ion beam (FIB), atomic scale HAADF-STEM,
and in situ TEM will be used to study the cross-section view, projection view, and micro-
view with other 2D materials such as MoS; to unveil the mechanism of the superior

plasticity of InSe.
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Figure 21. Experimental scheme of the external force onto the -InSe single crystal.

1.4. Quantitative charge density study of hydrogen bonds in MOFs

Imaging light elements, especially for hydrogen, is a difficult project. Via the
development of technology, there are two approaches that can locate hydrogens:
STEM!%*19 and non-contact AFM!°¢1%7  Annular bright field (ABF)-STEM and
integrated differential phase contrast (iDPC)-STEM have demonstrated how to capture
hydrogen atoms via certain relatively stable inorganic compounds (Figure 22)!03-105,
Figure 22a presents the earliest hydrogen captured by ABF-STEM in YH: in 2011. Via
controllable ionic liquid gating, SrCoOxs crystal was protonated as HxSrCoO,5'% as
shown in Figure 22b. They found that the hydrogen concentrations increased dramatically
when the doping x from 1 to 2. Also, the H-H dimers can be stored in between the

tetrahedral sites without changing the chemical state of Co*" ion. The compensation of

the hydrogen doping is through bandgap enlargement and lattice expansion, that prevent
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magnetization. This experiment has demonstrated the potential of energy storage and
bandgap engineering. Similar viewpoint of Graaf et al.!®3, high volumetric density
hydrogen can be safely stored in metals for energy storage. In their ABF-, iDPC-, and
differentiated differential phase contrast (IDPC)-STEM images in Figure 22, iDPC-
STEM demonstrated the highest signal-to-noise ratio (SNR) along the atomic columns of
Tiand H, but the contrast is slightly better in some area of d(DPC-STEM image. Although
ABF- , iDPC, and dDPC-STEM demonstrated the possibility of hydrogen atoms, atomic
scale organic molecule imaging is still challenging due to the weakly scattering nature of

light elements and the irradiation sensitive problems.
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Figure 22. Hydrogen aquired by STEM. a-b, ABF-STEM image of a, YH>'* and b,
protonated HxSrCoQ25!'%. H-H dimers are indicated by orange arrows in (b). c-e, a-Ti to
Y-TiH interface images taken by (c¢) contrast inverted ABF-STEM, (d) iDPC-STEM, and
(e) contrast inverted dDPC-STEM!®. Field of view: 3.5 x 3.5 nm in (c-e). The boxes in
(a,c-e) display the simulated images.
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Non-contact AFM uses CO molecule decorated tip as a probe to image organic

molecules (Figure 23)!

. A single 8-hydroxyquinoline molecule suspended on Cu (111)
can be successfully imaged. However, this technique requires not only high vacuum (~10"
8 Pa), but also ultralow temperature (~5 K) and long acquiring time (~10 mins)!%%1%8,
Comparing with STEM, it is possible to acquire the organic molecules with room
temperature (RT), and shorter acquisition time (in several seconds). It is more meaningful
if the biomolecules and organic compounds can be studied in RT, because most of the

applications are under RT. It is excited to improve the imaging or data processing

techniques of TEM in order to conduct more investigations about organic compounds.

-
/
N

OH

d

Figure 23. Images of a single 8-hydroxyquinoline on Cu (111). a, Theoretic structure.
b, DFT simulated electron density maps. ¢, Scanning tunnelling microscopy (STM)

topography image. d-f, Constant-height AFM frequency shift images with respect to the
Cu substrate. The height above the Cu substrate is (d) 30 pm, (e) 10 pm, and (f) 0 pm'®.

Recently, zeolites like ZSM-5 and SAPO-34, and metal-organic frameworks
(MOFs) such as MIL-101 and UiO-66 have been reported to use iDPC-STEM to identify
the structures'®!'!'! (Figure 24). Compared with the single organic molecules or
biomolecules, MOFs provide an opportunity to study the electrocatalysis due to the
flexibly porous structure by combining the metal/metal clusters and organic ligands, that
creates large number of catalytic sites''?. It is capable of identifying the MOFs to get

certain experience and idea before challenging the atomic scale single biomolecule by
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using TEM. In order to further improve this alternative energy conversion technology,
the structure has to be clearly studied, and hence the hydrogen evolution reaction (HER)
or oxygen evolution reaction (OER) via MOFs can be optimized by strategically changing

the structure of frameworks.

et
Figure 24. Examples of zeolites and MOFs imag
101. b, UiO-66. ¢, ZSM-5. d, SAPO-34. Scale bars: 1 nm (a,d), 3 nm (b,c)''°.

This idea was conceived by the recent experiments>®. It was found that the
structure of Ni-benzene-dicarboxylate (Ni-BDC) is slightly different from the theoretical
model. The images and the further DFT relaxed models will be discussed in Chapter 5.
The identifications of the MOFs’ structures are beneficial to the predictions, experimental
strategic planning, and performance optimizations. Surprisingly, the hydrogen on the
benzene ring and metal/metal clusters were also observed. It is also a good opportunity to

quantitively study the different bonding of hydrogen.
1.5. Summary

In this chapter, the synthesis problems about the intermediate species and growth
kinetics, the uncertainties of the mechanism in plasticity in 2D materials, and the flexibly

complex structure of MOFs have been indicated.

In this thesis, the three different topics have been studied by resolving the
structures via different TEM techniques. In the synthesis kinetics and intermediate species,

HAADF-STEM and EELS-STEM can be used for acquiring the atomic structure and the
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compositions of the unknown species. In the study of the mechanism of plasticity, the
sample preparation strategy and the in sifu experiments can explore the mechanisms of
the plastic material. Finally, the ability of imaging hydrogen via iDPC-STEM is utilized

to acquire MOFs to study the possible applications.

In the next chapter, the working principle of TEM with the related techniques,
such as EELS will be also introduced. By understanding the working principle,
advantages, and the limitations of TEM, the experimental designs, the use of TEM, and
the data analysis are like a hot knife through butter. The preparations such as TEM

specimens are also included in the next chapter.
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Figure 25. History of electron microscopy. The images are reproduced from Ref. !!3,
47115 116117 118,119 1120 1121 122 1123 9 124125 for timeline 1-10, respectively (top to
bottom and left to rlght (if there are two images in the same row)).

In material science, structure-properties relations are always emphasized. As

Francis Crick said: “If you want to understand function, study structure.”'?°. Furthermore,
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the most valuable study of the structure must be the atomic structure. In order to achieve
this goal, many physicists have investigated electron microscopy (EM) which can surpass
the resolution of optical microscope, which is widely used to observe microstructure even

now.

The investigation of electron microscopy was inspired by the discovery of the
electron by Joseph John Thompson!!3 in 1897'?7, and the identification of the wavelength
of electrons by Louis de Broglie!'* in 1924!%%, Then, the electron diffraction has been
experimentally conducted by Clinton Joseph Davisson'!® and George Paget Thomson'!’
in 1927'%. With the idea of lenses for electrons controlled by magnetic or electric field
by Hans Busch!!’® in 1926'*, Ernst Ruska!'® proved the magnetic coil can act as an
electron lens mathematically and experimentally in 1929, and then Ernst Ruska and Max
Knoll''? built the first electron microscope in 193131, Otto Scherzer!?® has published that
electron lenses have unavoidable aberrations that limits the resolution in 1936!32, and then
the spherical and chromatic aberrations have been experimentally corrected, that was
demonstrated by cylindrical lenses in 1947'3. However, the spatial resolution of EM was
actually improved by aberration-corrected since 1990s'**. In 1937, Manfred von
Ardenne'?! developed 1% high-resolution (HR) scanning EM (SEM)!*, and the scanning
probe technology was also applied to transmission EM (TEM). That becomes nowadays
scanning TEM (STEM). In terms of the study of chemical analysis with TEM, James
Hillier'??, and R. F. Baker established the foundation of electron energy loss spectroscopy
(EELS)'3. In 1968, Albert Victor Crewe'?* has built the 1% field emission gun (FEG)!*’,
which provided brighter with higher resolution, benefitted by the refocused small probe
size'*®. The invention of charge-coupled device (CCD)'* in 1969 by George Elwood

Smith!'?®> and Willard Sterling Boyle!'?* started the digitizing images and spectra. Other
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than the improvement of hardware, digital data can be deconvoluted to get the higher

quality results. The short EM history is summarized in Figure 25.

With the development of personal computer, 4D-STEM technique such as
electron microscope pixel array detector (EMPAD)'*’ and reconstruction algorithm!#!142,
the resolving power of electron microscopes can be improved by ptychography (Figure
26), that reached the highest resolution that resolves the Sc-O separation around 23 pm'*,
that is the new world record of the spatial resolution. The resolution can be even beyond
the Abbe diffraction limit, and now the resolution is limited by thermal vibration of the

atoms'**,

107 E ptychography
EMPAD 300 kV
o Krivanek
0E Haider:
10 © Stuttgart (1.2 MV)
<
o 10 T
N X electron
& 2 E microscopy Aberration
L 3 correctors
310
© L
L
107 Light
F microscopy Ruska (75 kV)
104 : Amici

Year

Figure 26. The evolution of spatial resolution in microscopy. This image is reproduced
from the lecture video of David A. Muller'®’.

2.1. Introduction to transmission electron microscopy

After the brief introduction of the development history and resolution revolution
of (S)TEM, the more details of the fundamental physics of (S)TEM with its techniques
will be introduced below. Resolving power or spatial resolution always is the most
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t'4, and Rayleigh

concerned parameters of a microscope. Via Abbe diffraction limi
criterion'*®, both of them indicated the wavelength of the source, light, restricted the

resolution of microscope. The equations are denoted as follows respectively,

A

do . = eq. 1
™ 2nsinf
0612 eq.2
min " nsing

where duin 1s the minimum resolvable distance, 4 is the wavelength of the source, 7 is the
refractive index (for air and vacuum, n = 1), f is the half of collection angle, @in s the

minimum resolving angle.

The discovery of the electron'?” and the wave nature of electrons'?®, people found
that the wavelength of electrons can be far lower than that of photons by using the same
energy around a 1000 times. That is why people to build EM to explore atomic world

because of the higher resolution limit. The equations are denoted as follows respectively,

h
Ae = — eq.3
\/ZmeeV (1 + T2 cz)
e
hc
ed eq. 4
Ap E)

where A, is the wavelength of electron, h is the Planck constant, m, is the rest mass of
electron, m, is the speed of light, eV is the energy for the acceleration energy, A, is the
wavelength of photon, and E,, is the energy of photon. The commonly used accelerating

voltages with the corresponding electron wavelengths are listed in Table 1.

Table 1. Wavelengths of electrons at commonly used accelerating voltages

Accelerating voltage (kV) 30 60 80 120 200 300
A, (pm) 6.997 4877 4.185 3355 2511 1970
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Figure 27. Schematic diagram of mass-thickness contrast in BF image. The left part
represents lower atomic number or thinner specimen, and the right part represents higher
atomic number or thicker specimen. This figure is reproduced from Ref. 147,

In conventional TEM, the imaging contrast is mainly contributed by mass-
thickness contrast, diffraction contrast, and phase contrast. In mass-thickness contrast, in
simple words, the heavier element and thicker specimen scatter more electrons, and hence
the positions with weaker transmitted signals appear darker in the same image (Figure
27). Diffraction contrast changes with different diffraction signals, which follows Bragg’s
law!#®, passes through objective aperture. It depends on the signal is selected by the
objective aperture in reciprocal space. If the selected diffraction spot is the direct beam,
it is called bright field (BF) imaging (Figure 28). If another diffraction spot is selected, it
is called dark field (DF) imaging. If there are two different crystals or one crystal with
two grains, or even one crystal with empty space and supporting film, the diffraction
contrast is brighter for the selected diffraction spot with respect to the crystal or the the

orientation of the grain.
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Figure 28. Schematic diagram of BF and DF imaging. This figure is reproduced from
Ref. %7,

Objective
diaphragm

Phase contrast plays an important role in high-resolution (HR)TEM. The ray
propagations in HRTEM involve more diffraction beam via a large objective aperture or
even removing it. That means more interference from the crystal structure is transmitted.
In order to collect HR image, thin specimens are required, since they are weak phase-
object (WPO), which weakly scatter electrons. As a result, when electron beam interacts
with the object, only a small phase shift of electron beam occurs without changing its
amplitude. The phase shift is caused by the interaction between the incident beam and the
potential field of specimen projected in the z-direction. After considering the absorption
of the specimen, the specimen transfer function in phase-object approximation (POA) is

generally denoted as'*71%,

T(7) = explio,V,(#*) — u(#)] eq. 5

where o, is the elastic interaction constant, V,(7) is the potential field of specimen
projected in the z-direction, and u(7) is the absorption function. This formula also

assumes the incident wave amplitude is unity.
The specimen transfer function (T (7)) can be further simplified if the specimen is

very thin, i.e. < several nanometers. The absorption function can be negligible and the
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V:(7) is << 1. The Taylor’s expansion can be applied, neglecting higher-order terms (too

small) and the specimen transfer function can be rewritten as,

T#) =1+ io,V,(P) €q. 6

This is called WPO approximation (WPOA). For a very thine specimen, the linear
relationship between specimen transfer function and the potential of the specimen is
shown. The contrast transfer function (CTF) is the product of the aperture function, the
envelope function, and the aberration function. Only the aberration function involves

phase, and the source is assumed as coherent. So, the other terms such as the aperture
function (A(E)), and the envelope function (E (E)) are close to 1. In HRTEM, the CTF in

WPOA can be simplified as,
CTF (k) = A(K)E(k)e~x(K)
~ e~ix(k) = cos x(k) + isiny (k)
where,
7 _ T 34 2 eq. 8
x(k) = > (CsASK™ + 2Af2.k?)

where Cj is the spherical aberration coefficient, A, is the wavelength of electron, K is the
vector in frequency space. The image wavefunction is the convolution between the

specimen transfer function and the CTF as follows,

Wimag (k) = T(k)CTF (k)

[6(k) + io. V. (k)][cos x (k) + isiny(k)] eq.9

6(%) — ath(E)sin)((E) + iath(E) cos )((E)
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where 6§ (E) is Dirac delta function. The specimen transfer function in real space can be

denoted as,

Yimag(F) = 1 — 0 Vi (7) x Flsiny (7)]

eq. 10
+io, V. (#) * Flcosy(7)]
So, the image intensity is,
Iimag (7_2) = lpimag(?)lpimag (F)*
=1-20,V.(#) * Flsiny(r)]
eq. 11

Ho Ve (7) * Flsiny (F)]}?
+Hoo Vi (7) * Fleosx (M1}
The last two terms are negligible, because 62 is too small. Thus, the intensity can be

simplified as,
Limag(P) = 1 = 20,V (#) * F[siny(¥)] eq. 12
The actual contrast of the image is dependent of the variable part, that means,
C(#) = 20,V (¥) * Fsiny ()] eq. 13

The contrast is mainly dependent of siny (#), which is also the modified CTF. When the
siny(#) = —1, the band of CTF is the broadest and there are fewest zeros in comparison
with other CTF. In a fixed spherical aberration Cs and the electron wavelength A, the
optimal defocus values can be found when dy/d7 = 0 and y = —0.5(8N + 3)(1/2) the

broadest passband at N = 0. After solving the equations, the optimal defocus value is:

N[

eq. 14

3 1
Afsen = — (E Csle) ~ 1-22(Cs/1e)2

WONG Lok Wing 32



Q The Hong Kong Polytechnic University
% Chapter 2. TEM: History, Principle, and Experiment Preparations

which is called Scherzer defocus!>’. The negative defocus means under focus that is the
always defocus side people choose, because the ray is focused after passing through the
object. In this condition, image solely represents the object, and the structure projection

can be easily related to the image contrast. In a more competitive explanation, the CTF

of —(C 5/16)% can be plotted with coefficient under 300 keV accelerating voltage,
convergence semi-angle (a) = 0.1 mrad, and Cs = 1 mm (Figure 29). The purple line can
reach the higher point resolution after comparing all 1% x-intersect, marked by the crosses.
On the other hand, when the defocus is 0 (blue line), the contrast is reverse before its first
x-intersect compared with purple line. That is called contrast reversal that is common
when the conditions are changed, that imply the lattices can be dark or bright in the image.
With the development of Cs correction technique, the point resolution can be further

improved when the Cs value decreases under Scherzer defocus (Figure 30).
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Figure 29. Contrast transfer function with different coefficient of -(Csi.)""> under 300
keV accelerating voltage, « = 0.1 mrad, and Cs=1 mm.
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Figure 30. The impact of spherical aberration on contrast transfer function under
Scherzer defocus.

2.2. Introduction to scanning transmission electron microscopy

STEM utilizes convergence beam as a probe to scanning the region of interest by
a scanning coil. The scattering between the electron probe and specimen is collected by
different detector for further processing, including annular detector, energy-dispersive X-
ray spectroscopy (EDS), EELS, 4D-STEM, and integrated differential phase contrast
(iDPC). In terms of annular detector, the semi-collection angle (f) of annular bright field
(ABF) detector, annular dark field (ADF) detector, and high-angle annular dark field

(HAADF) detector are normally < 10 mrad, 10 < <50 mrad, and > 50 mrad, respectively.

ABF image is mainly contributed by transmitted electron and scattering electron,
that is beneficial to image light elements because of channeling effect'*!. The channeling
effect is different from light elements and heavy elements. The scattering angle of light
elements is small, and the scattering angle of heavy elements is large. Since most of the
signals is from transmitted beam and scattering, the HRABF images would have a white

background with the dark atoms, and the heavier atoms are darker (Figure 31).
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ADF image is mainly contributed by diffraction beam followed Bragg’s law, that
provides solely diffraction contrast. In HAADF, the main contribution is from the
incoherent scattering electrons for high scattering angles from the least dispersive and the
most bounded states, for instance, 1s orbital'®>. The contribution of thickness to
incoherent scattering is less, and the most interferences are averaged. Hence, the contrast
of HAADF is mainly contributed by square of atomic number. Besides, the probe size
reaches sub-Angstrom scale that provides high spatial resolution with high energy
resolution. However, the imaging time is normally longer than TEM, that means much
poor temporal resolution. Most importantly, atomic STEM images can be directly
compared with the atomic model and crystal structure. In HRTEM, the exit wave
reconstruction or image simulations needs to be computed to compare with the crystal

structure.

The scattering is coherent in small scattering angle, for example BF. According
to the reciprocity theorem!?, the imaging principle of STEM is almost equivalent to that
of TEM (Figure 32). In the mathematical description, the wavefunction after interaction

between the probe and specimen in STEM can be denoted as,
W (7) = ei0eVt(?) 4 F-1 [e—i)((ﬁ)] eq. 15

Here, the probe amplitude distribution function P (#) is introduced,

P@) =7 [ x®) = [T x®aR €16
Hence, the bright field image intensity under WPOA in STEM is,

Igr = [T * P(M)I? eq. 17
that the square after convolution enlarges the intensity difference, and the contrast is still

defined by the phases of the transfer function.
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Figure 31. Scheme of the imaging contrast of HRABF caused by channeling effect.
This image is reproduced from Ref. !°!,
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Figure 32. The scheme of reciprocity theorem between Conventional TEM and
STEM for zero-loss images.

When the scattering angle is larger, the image contrast becomes amplitude
dominant rather than phase dominant. Assuming all of the scattering to be collected by
the annular detector, the probe amplitude distribution function needs to consider the
center of the probe in the scan coordinate (7). The wavefunction of the phase object is

re-written as,
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V(7 70) =TEPF — 1) eq. 18

Then, the exit wave is,

i (Kau) = f e 2 KatT T(F)P(F — ) dK oy eq. 19

where Eau is all scattering angles. The image intensity can be integrated,

2
IGy) = f ’ f e~2nkau T (R P(F — 7,)d7| dRy,
- f f f TE)PF — 7)) TF) PF — 7y e~2mkat G~ i g dR oy
- f f T@P = F)TF) P — ) 6 — ) dFdF'  eq. 20

- f T 2IPE - 7)|2d7

= |T(7)I? = [P I?
As a result, the intensity variations of STEM image can be seen. The phase of the
specimen and the probe are leveled before convolution. Thus, the image is no longer
contrast reversal with focus in ADF-STEM. The contrast transfer function of TEM and
STEM can be illustrated in Figure 33, that shows the difference between the phase
dominant transfer function and intensity dominant transfer function under similar
conditions'>}. The spatial resolution of STEM is much high than that of TEM under

similar conditions without contrast reversal in different defocus.

In scanning probe and the equations above, the resolution of STEM mainly
depends on the probe size, and one simple way is to change the convergence semi-angle
(a). The total probe size (d(«)) is the root summation square of the effective probe size
(dg < a™1), the Cs broadening (ds « a?), and the diffraction limit (d4 o a~'). There

two terms are anti proportional to a and one term is proportional to a3, so there should
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be the optimal values for both d & a. Scherzer provided the minimum probe size (d ;i)

at the optimum convergence semi-angle (@) as follows'*!%,
Apmin = 0.43C1/*23/4 eq. 21
Qopr = (41/C5)/* eq. 22

For 300 keV accelerating voltage with 0.05 mm Cs, the d,;;, = 60.08 pm at the a,y,; =

19.92 mrad.

Contrast Transfer Function

wwwy globalsino.com/EM/

| | | | |
4 5 6 7 8
k (nm-1)
Figure 33. Typical CTF of TEM and STEM under similar conditions. This illustrate
is reproduced from Ref. 133,

Although STEM takes many advantages such as higher spatial resolution, and less
post imaging processing, the images may be suffered by channeling effect if the thickness
of specimen is too large. For example, a signal appears in the wrong atomic column'*®, a
(110) Silicon contains a single Bi atom at different depths (Figure 34). At depths 342 and
750 A, the intensity of ADF-STEM fails to represent the actual Bi atom position. Another
example is the adjacent Si atomic column broadening along (211) (Figure 34e)'*°. The
projection distance of (211) adjacent Si should be 0.78 A, but the measured distance is
about 1.38 A. The convergence probe is coupling with the eigenstates of the Si. The anti-

bonding state separation is larger than the bonding state, and this time the probe is well
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coupling with the anti-bonding state (Figure 35). The hopping of the electron probe is the
reason why the Bi atom appear in the wrong position. As usual, the very thin specimens
are always the best approach to study atomic structure with WPOA without other

shortcoming problems.

005{ g o @

025{ 7, =342 A

Simulated [,y

Position (A) - Position (A)

Figure 34. Examples of channeling effect in STEM. a, Simulations of Cs-corrected
ADF-STEM images of a (110) Silicon with 758 A thick contains a single Bi atom: no
Bi, a Bi atom at depth = 20 A, 342 A, and 750 A'>>. b, ADF-STEM image of Si along
(211) with corresponding FFT image'>®.
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Figure 35. The channeling effect affected electron probe coupling. a-d, Multislice
approach of the probability of propagation of an electron probe in different depth (a) in
free space, (b) along a single isolated atomic column, (¢) along two atomic columns, and
(d) along two atomic columns with a full lattice. e, Same condition of (d) but using
analytic tight-binding approach. f,g, The coupling amplitudes of the antibonding and
bonding states at (f) 0 A defocus, and (g) 120 A defocus!'>¢.
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2.3. Introduction to integrated differential phase contrast

iDPC is an imaging technique which is developed from 4D-STEM by using
linearity approach'®’, since a set of 1024 x 1024 pixels 4D-STEM data requires over 2
TB storage for a total 1048576 convergent beam electron diffraction (CBED) patterns
with 16/32 bits dynamic range. That is a huge challenge not only for data storage and
acquisition duration, but also for data analysis'*®. Instead of using a pixelated detector,
iDPC acquires images by a segmented BF or/and ADF detector to determine the center
of mass (COM) of the deflected probe, center of the CBED pattern, caused by the
scattering. Normally, iDPC imaging requires at least 4 segmented ADF detector, and there

are 8 segments and 16 segments for more accurate calculations.

In comparisons between BF-STEM, ADF-STEM, and iDPC-STEM, the images
of atom number from 1-103 single atoms were simulated by Dr. Ivan Lazi¢ et al.''(Figure
36). Different from the contrast of ADF-STEM proportional to approximately Z2, the
contrast of iDPC-STEM is proportional approximately to Z. Thus, more light elements
can be seen with heavy elements in the same picture. However, the drawback is the
contrast between similar atomic number in iDPC-STEM is barely distinguishable.
Although BF-STEM can also show the light elements, the signal-to-noise ratio (SNR) is
worse than iDPC-STEM. Due to the fast enough acquisition time, Z-contrast, and
potential-electric field-charge density distribution relations utilization, low dose imaging

can be achieved to capture dose sensitive materials. For example, low atomic number

159 160

Y1090 " perovskite!'®,

elements'”, even Hydrogen'®, metal-organic frameworks (MOFs

and virus'®!.
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Figure 36. The simulated image contrast of single atoms from Z = 1-103 for BF-,
ADF-, and iDPC-STEM'¥,

Assuming the probe is much smaller than the feature size, the specimen potential
can is smoothly distributed and can be described by linearity. Due to the conservative of

electrostatic field, the specimen potential can be related to electrostatic field!>’,

E@) = -W@) eq. 23
Using 4 segmented ADF detector as an example (Figure 37), where the COM is moved,

the electrostatic field measured by the segmented detector can be denoted as,

—Ex=6V/6x=A—C eq. 24
—E,=0V/dy=B—-D eq. 25
Via the asymmetric scattering signals hitting to the segmented detector, the center of mass
can be estimated. The further signal processing can further extract the useful information

such as electric field, and charge density.

Figure 37. Schematics of the determination of COM. a,b, the incident beam interacts
(a) without specimen potential and (b) with specimen potential.
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Due to the symmetry and linearity, the imaginary part is independent of the
position of the probe (%,)'*’. The intensity of differential phase contrast (DPC) can be

written as,

A -
1PPE(F0) = =5 £ (1P * 0E (D) ) (7o) eq. 26

where [ is the camera length. The image intensity is from the cross-correlation between
the intensity of the probe and the electric field. Considering the electrostatic field and the

intensity of iDPC,

| LA
VIlDPC(T‘.’O) — IDPC(T—.’O) — ;T[e (lP(F)IZ * O'VV(F))(FO)
l eq. 27

JiDPC (1—:0) —

c/le > N 5
2 (1P * oV (D) o)

Also, the relationship between specimen potential, electrostatic field, and charge density

distribution (p(#)) can be described by Gauss’s law and Poisson Equation'®?.

V2V (#) = AV(F) = —VE(F) = —%) eq. 28

where &, is the permittivity in free space. So, the intensity of dDPC is,
JaDbPC (7-:0) = y2[iDPC (?0) = yJPPC (7-:0)

eq. 29
)

Thus, the study of electric field, magnetic field, potential difference, and charge density

lAe
2T

ap ()
€o

(IP(F)I2 *
distribution can be achieved by using iDPC-STEM.

2.4. Introduction of energy dispersive x-ray spectroscopy

Other than imaging, STEM can simultaneously collect composition data to

achieve mapping. As mentioned before, the electrostatic interaction between the high
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energy incident beam and specimen generates different kinds of signals, for example
characteristic X-ray (Figure 38). Each element has their unique spectrum of characteristic
X-ray likes fingerprint. The high energy incident beam causes the excited electron from
low energy state to high energy state, that make an electron-hole in the inner shell. The
characteristic X-ray is emitted by filling the electron from outer shell (high energy state)
to inner shell (low energy state)!®’. This characteristic X-ray contains photon energies.
These photon energies can be collected semiconductor detectors, such as lithium-drifted
silicon or germanium detector, and converted to voltage pulse intensities. A conventional
EDS uses several micrometers beryllium (Be) window, which is high transmissivity to
X-ray, before the semiconductor-based detector to protect the detector without
condensation and contamination (Figure 39a). The drawback of this thick window is that
the light elements, before Na (Z < 11), are filtered'>*. If the Be window is replaced as the
atmospheric thin window (several hundred nanometers) or windowless, the detectable
element is down to Li (Z = 3). However, the required interaction volume of low Z
elements is larger than high Z elements, that means the thickness is required sufficient
thick for detecting low Z elements (Figure 38). However, the efficiency of EDS is still
too low. In order to increase the efficiency, four symmetric Si drifted detectors with larger
collection angle are designed to collect characteristic X-ray simultaneously (Figure 39b).
Atomic EDS mapping can be achieved for thick and stable specimen!®*1%®. Although the
insufficient efficiency and low energy resolution, EDS is still a powerful tool to monitor

synthesis, catalysis, and failure analysis.
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Figure 38. Signals generated by the interactions between a high-energy electron
beam with a thin specimen.
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Figure 39. Schematics of EDS. a, A conventional EDS. b, Latest model of the four
silicon drift detectors. b is reproduced from Ref. '®.

2.5. Introduction to electron energy loss spectroscopy

EELS has a higher collection efficiency and energy resolution in comparison with
EDS. In addition, EELS is also allowed to distinguish majority elements including
Hydrogen, which is recorded in EELS atlas, a standard EELS spectrum for the most
elements®®. As mentioned in 2.4, the Coulomb interactions between incident beam and
specimen generate many signals, and those signals can be mainly classified as two
categories: elastic and inelastic scattering. Both of their direction of momentum is
changed, and the energy is transferred. However, elastic scattering is considered as no
energy loss during collision, so EELS mainly utilizes inelastic scattering to achieve

structural analysis, including valence state, and composition analysis®.
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Figure 40. Schematic of electron energy loss spectroscopy with beam propagations.

The configuration of EELS is shown in Figure 40. The scattered transmitted beam
after passing through an entrance aperture (several millimeters) propagates to the
magnetic prism. The electrons are rotated under magnetic field, and the radius of

curvature R is denoted as'®’,
Nl
myv, vs\ 2
k= ( qOBe> (1 - c_z) ¢d- 30

where m,, is the rest mass of an electron, v, is the velocity of an electron, q is the

elementary charge, B is the magnitude of magnetic field, and c is the speed of light.
According to eq. 30, the different velocity of electron caused by the different energy loss
would undergo a different radius of curvature, thus undergo a different angular deflection.
As a results, the beam is eventually focused. Then, the beam can be imaged by a CCD
after passing through the dispersion magnifying quadrupole, energy selecting slit, and

multipole imaging optics (mixed with quadrupole and sextupole lenses).
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Figure 41 shows the contributions of the excitation energies by using boron nitride
(BN) as an example, which extracted from EELS atlas. Zero loss is contributed by direct
beam and elastic scattering. The main function of zero loss peak is calibration. The
desired zero loss peak is sharp and narrow. The sharpness of peak indicates the direct
beam is well aligned with the center of entrance aperture, and the full width half
maximum (FWHM) is the indicator of the energy resolution. Via dual-EELS, both zero
loss and core loss can be simultaneously measured. Hence, the drift of spectra during
measurement can be realigned and the zero loss can be also used to remove the

contribution of plural scattering for thick specimen.
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Figure 41. Schematics of EELS. a, The region of low loss and high loss region, including
the zero loss peak and plasmon peaks. b, A typical core loss peaks for boron nitride (BN).
¢, An example energy band diagram of BN with the contributions of different excitation
to the spectra in (a,b), including plasmon, energy loss near edge structure (ELNES), and
extended energy loss fine structure (EXELFS). The scale of energy in (¢) is non-linear.
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In the low loss region (normally 0-50 eV), other than zero loss, there are plasmon
contribution. The plasmon contribution in EELS is from the excitation from valence band
to conduction band. By using the log ratio of the integration of zero loss and plasmon
contribution, the specimen thickness () can be estimated by EELS called log-ratio

method'®’,

t/Amrp = In (Ip/Io) eq. 31
where Aypp 1s the effective mean free path (MFP) of inelastic scattering, Ip is the
integration of the plasmon, and I, is the integration of zero loss peak. The integration
range is set in a reasonable range (normally up to 100 eV is sufficient for plasmon
integration). This method is valid for 0.1 < t/Ayrp < 5. If the log-ratio is too small or
too large, in other words, the specimen is too thin or too thick, the other estimation

methods are required. Further, thickness map can be conducted.

When the energy loss is larger than 50 eV, this is called high loss region or core
loss region. In terms of energy loss near edge structure (ELNES), the signals are from the
excitation of K, L, M, N shells to the conduction band (Figure 41b-c). Those transitions
follow selection rules'®®. ELNES provides informative characteristic properties of the

54,169

specimen, including identification of elements®®, chemical state®*'%, type of bonding™*,

and spinning'”°

etc. In the perspectives of extended energy loss fine structure (EXELFS),
the signals are caused by the ejection of the low kinetic energy electrons. EXELFS is
capable for short-range order structural analysis for both crystalline and amorphous, for

instance interatomic distances!’!. Due to the signals of EXELFS are weak and the data

analysis is complex, this technique is rarely used.
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2.6. Specimen preparations

The specimens mainly prepared by CVD and mechanical exfoliations. For CVD
specimens, it is now impossible to grow the 2D materials directly onto the TEM grid. The
common substrate such as copper, mica, and sapphire etc. are used to grow the 2D
materials. Then, poly(methyl methacrylate) (PMMA) transfer method!’” was
implemented to transfer the specimen onto the TEM grid. The PMMA first acts as the
supporting and protective layer coated on the specimen. Then, the chosen etchant that can
etch the substrate without damaging the specimen. After that, TEM grid is used to pick
up the floating PMMA/specimen. Finally, the specimen on TEM grid can be collected by
cleaning the PMMA by acetone. For the mechanical exfoliated specimen, the specimens
were transferred by thermal release tape method!”®. The thermal release tape was directly
attached onto an exfoliated specimen, followed by transferring it onto TEM grid. Finally,

a heater was applied to remove the thermal release tape.

The cross-section specimens were prepared by focused ion beam (FIB) method'”.
A practice was recorded by using Helios 5 CX in Figure 42. A metal nanoparticles
protective layer was first deposited on to the target position (Figure 42a-b). Then, digging
two symmetric big holes on both sides of the specimen that made sure the substrate could
be cut by Ga ion beam and a handle of the specimen was left (Figure 42c-d). The specimen
was transferred to a half grid by a tungsten tip that connected to the protective layer on
the specimen by deposition. The connection between the tip was removed by Ga ion beam
after the specimen was attached on the half grid by deposition (Figure 42e). The final
product is shown in Figure 42f. The thinning specimen can be done by Ga ion beam
(thickness < 100 nm). The further optimal thinning specimen can be done by Fischione

NanoMill 1040 (thickness < 20 nm).
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Substrate

Figure 42. FIB procedure of a practice. a, Locating specimen. b, Deposition of
protective layer. ¢, Digging two big holes by Ga ion beam. d, Leaving a handle on a side.
e, Transferring the specimen to half grid. f, The low magnification image of the cross-
section specimen.

2.7. In situ AFM tip preparations

The tungsten tip used in in situ experiment for Nanofactory™ holder was made
by the chemical etching method'”®. 1 M NaOH solution with 6 V direct current was used
to prepare tungsten tip. The etched tips were collected by dropping either into ethanol or

onto a container.

2.8. Summary

In this chapter, the milestone of TEM, principle with mathematics derivation, and
specimens as well as tools preparations have been introduced briefly. There are still lots
of techniques can be discussed, for example, 4D-STEM. However, it does not apply in
this thesis. In the following chapters, the experimental results will be demonstrated to

solve the research questions, raised from Chapter 1.
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Chapter 3. Unveiling the Nucleation and Growth

Kinetics of Rhenium Diselenide

In this chapter, the critical research question of chemical vapor deposition (CVD)
of the two-dimensional (2D) Rhenium diselenide (ReSe») has been resolved: what are the
intermediate reactants and species during CVD growth? Many atomistic simulations
(Density functional theory (DFT), Molecular dynamics (MD), Monte Carlo, etc) have
given different viewpoints/routes of the chemical reactions for 2D growth in previous
investigations. Experiment results are particularly crucial to validate the simulated growth
mechanisms. Unfortunately, up to now, all the experiments failed to provide
unambiguous, direct, and atomic-scale insights and evidences for the intermediate growth
species in the CVD chamber (atmosphere) as well as on the growth substrates, during the

2D transition metal dichalcogenides (TMDCs) growth.

Via high-angle annular dark-field (HAADF)-scanning transmission electron
microscopy (STEM) and electron energy loss spectroscopy (EELS), the direct
observation in atomic scale has been achieved as follows: (1) The intermediate metal
chalcogenide molecular clusters attached the growth fronts. (2) The crystal nuclei as small

as sub-1 nm in size. (3) The cluster agglomerates which retard uniform 2D growth.

The significances of these findings as follows: (1) Atomic insights into growth
unveiled will direct further selection of precursors and promotors. (2) Function of H»
environment is rationalized, the need of Ho is related to the reduction of agglomeration of

growth clusters and enhancement of product quality. (3) It is known the atomic defects in
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as-grown 2D layer can easily anchor molecular clusters (even for single cluster) and serve

as nuclei for epilayer growth, interrupting the layer-by-layer (2D) growth.
3.1. Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) hold promise
for new generation semiconductor device applications'’®. Due to the superior growth
speed and relatively low cost, chemical vapor deposition (CVD) is the most common
synthesis method in the semiconductor industry at present!”’"!”?. However, as the greatest
challenge in CVD growth of 2D TMDCs, inaccessibility of accurate thickness control and
perfect layer-by-layer growth, is retarding further technological advances'®’. Although
the thickness of 2D TMDCs can be controlled in CVD synthesis'®!, and a number of
precursors, including the metal oxides and chalcogenides for atmospheric pressure/low-
pressure CVD (APCVD/LPCVD)'®?, the metalorganics for metal-organic CVD
(MOCVD)!#3, space-confined method of TMDCs under graphene on Au quantifoils'®*,
solvent evaporation techniques'®, and different temperatures/pressures/substrates have
been deployed in the CVD of 2D TMDCs in previous works®, the control on the
morphology of 2D TMDCs remain unresolved. The reaction sites, mass transportation
pathways, and intermediate species involved in growth are still under hot debate®!.
Undoubtedly, the clarification of kinetic reaction mechanisms of CVD growth of 2D
TMDCs will greatly benefit the synthesis, in terms of product quality and reproducibility,

and will further influence widely the relevant application fields'®.

Although the precursors of CVD of TMDC s, and the structures of 2D TMDCs are

187

well known'¥’ the reaction kinetics in vapor or on solid surfaces!®® in the CVD process

are not well understood yet. Contradictory growth mechanisms have been proposed
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previously, mostly through simulations, such as reactions on oxide surfaces'®,
intermediate MOxXy (M = transition metal, O = oxygen, X = chalcogenide) clusters®’,
MX; clusters (M = transition metal, X = chalcogenide)'*®!""!, etc. The above reaction
paths could impose different energy barriers for nucleation and growth, which may lead
to inhomogeneities, defects, and other nonequilibrium structures. To date, it remains
difficult to achieve strict Frank-van der Merwe (FM) layer-by-layer growth of 2D
TMDCs by CVD!??, similarly for other atomically-thin 2D films'®*!%*, In the case of 2D
TMDCs, it has been noted the anchoring of the precursors from vapor is crucial for
TMDCs growth!?>!%, The subsequent reactions and growth kinetics involve uncertain
intermediate stages®!. The speculated or simulated growth mechanisms need experimental
verifications'®”!8, Owing to the ultrathin thickness of 2D layers and restrictions on the
CVD facility, normally it is hard to experimentally probe the reactants or species in the
ongoing CVD chambers. However, the intermediate stages during growth can be “frozen”

and studied ex situ.

In this work, atomic-scale scanning transmission electron microscopy (STEM) to
capture the intermediate clusters and cluster complexes during CVD growth of 2D
rhenium diselenide (ReSez) has been employed. These molecular clusters play critical
roles in edge (growth front/reactive sites) growth as well as the nucleation process.
Moreover, the agglomerated or linked cluster complexes are found, and they become even
more stable than individual clusters and will retard/prohibit the completion of growth for
2D full films. In this regard, a reductive hydrogen atmosphere is helpful for full film
growth as it can accelerate the rate control steps (selenization of the cluster) and suppress
cluster agglomeration. In view of the stability and popularity of metal chalcogenide

clusters (MxXoxn, €.8., M¢Xs and MaXe, M = Mo, W, Re; X = Se, Te)!**2°!, HAADF-
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STEM direct observations suggested that the attachment, transport, and agglomeration of

intermediate chalcogenide clusters are essential steps in CVD synthesis of 2D TMDC:s.

3.2. Methodology

In this session, ReSe» were prepared with a variable of hydrogen gas flow from 1-
5 scem during CVD growth. Before atomic characterizations, Photoluminescence
spectroscopy, Raman spectroscopy and atomic force microscopy (AFM) were used to
conduct preliminary structural analysis, including the size of by-products, cleanness, size,
shape, thickness, and peak shift. At the end, atomic resolution STEM was applied to
characterize the actual structure of the specimens. Combining with the results of DFT
simulation, the structure and the growth kinetics can be summarized. The details of the

experimental method are recorded in below.
3.2.1. Rhenium diselenide preparations

All chemicals were utilized as received without further processing. Ammonium
perrhenate (NHsReO4, Sigma-Aldrich, > 99.999%) and selenium (Sigma-Aldrich, >
99.99%) were acting as precursors and c-face sapphires were used as substrate. A4 liquid
Poly(methyl methacrylate) (PMMA) was employed as the transfer medium and potassium
hydroxide solution (KOH, Honeywell, > 85%) was used for detaching. Acetone (AQA, >
99.5%) was used for PMMA removal after transfer. Ultrapure water was produced by a

Milli-Q water purification system.

The ReSe; flakes were grown on a c-face sapphire in an atmospheric CVD system
with double heating zones. Initially, 1.5 mg of NH4ReO4 was sprayed in the quartz boat
in the center of the downstream zone and 10.0 mg of selenium source was placed in

another quartz boat in the center of the upstream zone. A 1 cm X 1 cm c-face sapphire
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facing downward toward crushed molecular sieves was placed above the Re source.
Argon gas (300 sccm) was pumped into the quartz tube for 10 min prior to the beginning
of the heating program. Then the upstream zone was heated up to 400 °C at 20 °C min~
"and held for 10 min. Simultaneously, the downstream zone was heated at 34 °C min~
"up to 700 °C and held for 10 min. During the growth, the argon gas flow was adjusted
to 80 sccm and hydrogen gas flow was set at 1-5 sccm. Selenium vapor was carried by
Argon and hydrogen gas onto the c-face sapphire substrate. Both zones cooled down

naturally right at the completion of the heating program.

The c-face sapphire substrate with as-grown ReSe> was first spin-coated with 1—
2 drops of PMMA at 800 r.p.m. min~' for 10 s followed by 3000 r.p.m. min™' for 1 min.
Then the as-formed PMMA/ReSe; film was detached from the c-face sapphire substrate
by floating on 75 °C 1 mol L™! KOH for 20-30 min. Subsequently, the PMMA/ReSe> film
floated on ultrapure water for washing, 3 times, each time for 10 min. Next, the
PMMA/ReSe: film was coated onto a Quantifoil TEM grid and after 2 h of natural drying,

the PMMA film was carefully etched away by acetone vapor.
3.2.2. Topographical measurement

The as-grown ReSe> on the c-face sapphire substrate was first observed using an
optical microscope (ZEISS Imager.A2m) under bright field, dark field, and polarization
light of 70° and 110°, which illustrated ReSe: flake distribution and the inner subdomains
of each flake. Then atomic force microscopy (HITACHI, AFM5300E) was applied to
check the morphological information of ReSez, employing an SI-DF40P2 silicon tip

(Hitachi).
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3.2.3. Optical characterizations

Photoluminescence (PL) spectroscopy (Renishaw, inVia confocal) was employed
to detect the optical properties of as-grown ReSe>. The laser wavelength is 633 nm, with
a grating of 1800 g/mm. The signals were collected under a 50X lens (0.75 N.A.) and the
laser spatial resolution was around 1 um. The laser power is 0.6 mW and for each single

spectrum measurement, the exposure time is 10 s.

The angle-resolved Raman measurement was conducted at an excitation
wavelength of 785 nm with a grating of 1200 g/mm, under a 50X lens (0.75 N.A.). The
polarized Raman setup includes a motorized half-wave plate, a half-wave plate, and a
linear polarizer. The Raman signals were collected at 0 and 70° rotation of incident
polarized light. Scattered light goes to the CCD through the half-wave plate and a linear

polarizer.
3.2.4. Transmission electron microscopy and imaging simulations

The high-resolution TEM and STEM morphological images, high-resolution
STEM-HAADF images, and EELS spectra were obtained using a JEM-ARM200F TEM
instrument equipped with a CEOS spherical aberration (Cs) (probe) corrector working
under 60 kV. The beam current is 0.3 pA/nm and the beam probe size is 1.5 A. Average
background subtracting filtering (ABSF) is applied to reduce the noise of STEM-HAADF
images. The EELS acquisition is completed with the Gatan Quantum, beam probe size ca.
1.5 A, convergence angle 29 mrad, collection angle 35 mrad, and exposure time 2 s are
applied. The STEM-HAADF image simulations are completed using QSTEM software

with the same set of conditions as STEM experiments. The defocus and the spherical
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aberration are set as Scherzer focus and 1 pum, respectively. The other settings remain

default.
3.2.5. Density functional theory simulation

Spin-polarized density function theory (DFT) calculations are performed using
the Vienna ab initio Simulation Package (VASP) program package?*?2%® within the
projector augmented wave (PAW)?* to explore geometries and electronic properties of
ReS,. The exchange—correlation interactions are described with the generalized gradient
approximation (GGA)?® in the form of the Perdew, Burke, and Ernzernhof (PBE)
functional®®. The kinetic energy cutoff for the plane-wave basis set is chosen as 450 eV,
and the distance of the vacuum layer is set to be more than 20 A, which is sufficiently
large to avoid interlayer interactions. The DFT-D3 scheme of Grimme for the vdW
correction®”’ is applied on 2D ReSe». The pristine slab contains 96 Re and 216 Se atoms.
The electronic SCF tolerance is set to 107 eV. Fully relaxed geometries and lattice
constant are obtained by optimizing all atomic positions until the Hellmann—Feynman

forces are less than 0.03 eV/A with the I point sampling.
3.3. Results and discussion

In the following, results and discussion are divided into three parts: 2D ReSe2
morphology and characterization, Identification of RexSey molecular clusters, and Key
reactions and intermediate steps involved in growth. In the first part, microscale images
show the influence of the hydrogen flow rate to the cleanness, uniformity and size of the
CVD grown ReSe>. With the increasing hydrogen flow rate, the uniformity and cleanness
are also improved. The PL peaks are shifted with the different conditions, and the size of
clusters’ agglomerations as well as the Raman peaks intensity of Eg like peaks are anti-
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proportional to the hydrogen flow rate. In the second part, atomic HAADF-STEM images
well display the structure of the clusters in different rotation, and EELS indicates the
chemical formations differences between layered ReSe; and ResSes clusters. In the third
part, the summary of direct observations and theoretical calculations unveils the ResSes

clusters as the intermediate species. The clusters are stable and mobile in atmosphere. The

clusters tend to attach to the edge of d directions rather than b direction because that is
more energy favorable in the attach step, and also the conversion step from ResSes
clusters to 2D ReSe». Besides, hydrogen is the key to aid not only the reduction reactions

of the clusters’ formation, but also the conversion step in APCVD.

3.3.1. 2D ReSe:; morphology and characterization

2D ReSe: flakes (Figure 43a & Figure 44) in our experiments are grown on c-face
sapphire by split-two-zone CVD (Figure 43b), using ammonium perrhenate (NH4ReO4)
and selenium (Se) as the source materials, and a synthesis temperature of 700 °C, refer
the Experimental Section for details. As observed in the optical micrographs (Figure
43c,d & Figure 45) and TEM images (Figure 43e), typical 2D ReSe2 continuous flakes
are synthesized, with thicknesses varying between 1-2 atomic layers (1L-2L). The
obtained 2D ReSe; is largely polycrystalline, formed by nanometer-sized grains. In
Figure 43e, the crystal orientations (diamond Re chain, d direction) for each grain are
highlighted by white arrows. Some nanometer-sized nuclei for 2D ReSe», as well as
aggregates consisting of atomic-scale clusters (< 1 nm) are dispersed on the edges and the

surfaces of 2D ReSe: (e.g., follow the red arrows in Figure 43e).
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Figure 43. CVD Synthesis of 2D ReSez. a, Atomic models for 2D ReSe», a and b crystal
directions are highlighted, a is along Re diamond chain direction. Re atom (blue), Se atom
(yellow). b, Scheme of split-zone CVD growth. ¢,d, Optical images (non-polarized and
polarized) for as grown monolayer 2D ReSe; flake, showing anisotropic stripe patterns.
Scale bars = 10 pm. e, TEM HAADF image for as grown 2D ReSe;. Different grains are
false colored for contrast enhancement. Red arrows mark the cluster aggregates. White
arrows mark the @ direction for each grain. Scale bar = 10 nm.

Figure 44. Crystal structures of (a) single layer ReSe: (top and side views) and (b) ResSes
clusters. Res rhenium chain is illustrated in red dashed lines?%2%.
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Figure 45. (a-c), (d-f), (g-i), (j-1) and (m-0) show bright field, 70° and 110° polarized
light optical microscopic images of ReSez grown with 1, 2, 3, 4 and 5 sccm Hz. ReSe:
subdomains have the sharpest contrast difference when the polarization angle of light is
70° and 110°. As the H> flow rate increased, the shapes kept as triangular with zigzag
edges. Scale bars =10 um.

Different from mechanically induced grain boundaries in 2D ReS»?!°, the
polycrystalline 2D layer here with incommensurate grain boundaries is apparently formed
by merging of randomly nucleated crystallites. The nucleus densities of the first and
second layers are comparable (ca. 10> um2). It is also noted that the free edges of the
ReSe> flakes prevalently follow the diamond chain @ direction, irrespective of the first or
second atomic layers. The anisotropic nature of 2D ReSe> gives rise to the particular
stripe-like morphologies of ReSex crystals, following the principle @ direction. More
atomic force microscopy (AFM) and photoluminescence spectroscopy (PL) results of
these 2D ReSe; flakes are presented in Figure 46-Figure 47. In general, the
morphologies/thicknesses in our 2D ReSe> can be controlled by a few variables
(temperature, growth duration, flow rates) in CVD process. In particular, the yielded
surface roughness of 1L ReSe> can be significantly reduced by increasing H» gas flow
during CVD synthesis (Figure 46). The enhanced uniformity in samples with increased

H; also leads to higher strain levels retained in final 2D ReSe> samples (un-delamination
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of flakes), evidenced by the PL peak shift (Figure 47) and drops of polarized Raman

intensities (Figure 48).
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Figure 46. Atomic force microscopy images and profiles of 1L.-ReSe:2 grown with 1-
5 scem Ha. (a-c), (d-f), (g-i), (j-1), (m-0) show topographic images of 1-5 sccm Hz grown
ReSe, tiny clusters sized 60 nm in diameter can be observed in all the samples. The
surface roughness (R) decreased significantly from 1-3 sccm H; conditions (R~1 nm) to
4 scem, (R~0.6 nm) and 5 sccm (R~0.5 nm) H> growth conditions. Scale bars = 10 pm
(a,b,d,e,g,h,j,k,m,n), 50 nm (c,f,i,l,0). p, Height profiles of 1-5 sccm H> ReSe: single
layers, corresponding to images (a,d,g,j,m). q, Height profiles of ResSes clusters on 1-5
sccm H ReSe;, corresponding to images (c.f,i,1,0). The height of ReSe> flakes stayed the
same and that of clusters remained similar as the H» flow rate changed from 1 sccm to 5
sccm.
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Figure 47. PL spectroscopy of 1L-ReSe, grown with 1-5 sccm H» and transferred on
suspended positions on TEM grid. The PL of 2 sccm H> ReSe; showed a 0.01 eV
blueshifts compared with 1 sccm and 3 sccm Hz ReSe». The PL of 4 scem and 5 scem Ha
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ReSe> showed a 0.01 eV and 0.02 eV redshifts compared with 1 sccm and 3 sccm H»

ReSe2, which may also result from higher strains in the sample caused by more uniform

morphology of flakes®!!.
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Figure 48. Polarization angle-resolved Raman spectroscopy of ReSe: grown with 1,
2 and 3 scem Ha. a-c, show polarized 0° and 70° Raman spectroscopy, descending in
Raman intensity of most peaks between 100-300 cm™'. Raman single spectrum of 1, 2 and
3 sccm Hz ReSe» show that the Raman intensity of 121 cm™ E,-like mode decreased at 2
sccm and 3 sccm Hz ReSez, which can be explained by the hindering of in-plane Eg-like
vibration caused by remaining strain at the flake-substrate interfaces, caused by better
uniformity and reduced cluster aggregates by higher H, flow.

3.3.2. Identification of RexSey molecular clusters

According to the initial precursors in our experiment, vaporized Re2O7 and Se;, (n
= 3-8) molecules take the main portion in the atmosphere of CVD chamber (see 3.2.1).
However, except for the monoclinic 2D ReSe; film as expected in our growth product,
the high-resolution scanning TEM (STEM) (mainly through high angle annular dark field
(HAADF) imaging) (Figure 49a-f) also reveals large quantity of RexSey clusters attached
to the surfaces/edges of as-grown 2D ReSe> flakes. The atomic structures and chemical
compositions of such clusters are verified with multislice STEM image simulations
(Figure 49e-f) and atomic-scale electron energy loss spectroscopy (EELS) results (Figure
49¢ and Figure 50). In most of the cases, these RexSey clusters are attached to the edges
of monolayer or bilayer ReSe>, while the atomic clusters residing away from edges can
be attributed to the defective anchoring sites on van der Waals (vdW) surfaces of 2D

ReSe, (Figure 51 & Figure 52).
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Figure 49. STEM characterizations of ResSes clusters. a,b, ResSes cluster aggregates
residing in holes of mono- and bi-layer ReSes. Scale bars = 2 nm. c-e, STEM-HAADF
images, DFT derived atomic models and STEM image simulations of ResSes clusters in
different orientations. f, STEM image, DFT derived atomic model and STEM image
simulations for two ResSes clusters attached to the edge of 2D ReSe». Scale bar = 0.5 nm.
g EELS results (background subtracted) for ResSes cluster aggregates, EELS
quantification consistently gives higher Re/Se ratio in clusters than in 2D ReSe> layers.
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Figure 50. Electron energy loss spectroscopy (EELS) spectra of ResSes clusters. (a-
i) show HRTEM image and EELS spectra of 1L ReSe> and ResSes clusters on 1, 2, and 3
sccm H grown ReSes. (a-¢) 1scecm Ha, (d-f) 2 sccm Ha, (g-i) 3 sccm H» conditions. (b,e,h)
show the original EELS spectra and (¢,f,i) show the signals after background subtraction.
The peaks of 46 eV and 57 eV in (b, ¢, e, f, h, i) correspond to Re O3 and Re O with Se
Ma s peaks, respectively. Scale bar = 2 nm. Red dash boxes indicate the corresponding
scanning areas of EELS acquisition.
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Figure 51. STEM images of 2D ReSe: product grown with 1, 2 and 3 sccm H:
condition. Tiny clusters are shown in all (a-¢) 1 sccm H> ReSe», (d-f) 2 sccm H ReSey,
(g-i) 3 sccm Ha. The 3 scem Ho sample contains significantly less cluster aggregates than
1 and 2 sccm growth conditions. Scale bar = (a,d,g) 200 nm, (b,e,h) 5 nm, (¢,f,i) 2 nm.

7 A N = -
Figure 52. STEM images for ResSes clusters on surfaces and edges of as-grown 2D
ReSe: flakes. Each dotted like bright spot corresponds to a single ResSes molecular
cluster. Scale bars in (a-m) = 1 nm, scale bars in (n-p) = 10 nm.
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3.3.3. Key reactions and intermediate steps involved in growth

STEM Model  Simulation STEM Model Simulation

Y
B EE RS AR e

Figure 53. ResSes clusters and nucleation. a-d, STEM image, DFT derived atomic
model and STEM image simulation for ResSes clusters anchored on different edges of
2D ReSe: through Se linkage atoms. e-h, STEM image, atomic model and STEM image
simulation for ResSesg clusters anchored on monolayer ReSe» surfaces and crystal nuclei
for epilayers of 2D ReSe> with ResSes clusters attached on edges. Scale bars = 1 nm.

Rhenium oxide clusters can be safely excluded in our STEM images because they

212 and cannot survive the wet transfer processes from growth

are highly water soluble
substrates to TEM grids (see 3.2.1). Our experiments, STEM image simulations and DFT
atomistic simulations have captured the typical interfacial structures between ResSes
clusters and 2D ReSe> (Figure 49f & Figure 53). Most of the survived clusters on edge or
surfaces are covalently bonded through the linkage Se atoms. In agreement with the
reported structures of the rhenium octahedron (Res) in ResSes cluster complexes?!>?14,
the majority of clusters attached to the 2D specimens contain six Re atoms have been
confirmed experimentally. The projected STEM images for ResSes clusters in different

tilt angles with respect to the viewing direction (¢” beam direction) are presented in Figure

WONG Lok Wing 64



Chapter 3. Unveiling the Nucleation and Growth Kinetics of Rhenium
Diselenide

QQ The Hong Kong Polytechnic University

49c-e. Due to the weaker contrast of Se atoms, the exact number of Se atoms in each
cluster cannot be resolved by direct STEM imaging. Nevertheless, our DFT simulations
have suggested that these octahedron clusters play crucial roles in reaction paths and have
revealed further selenization processes of clusters toward 2D ReSe> (Figure 54). In

addition, considering the prevalence of Ses molecules in CVD chamber, the ResSes

clusters are more likely to form compared to other clusters such as Re>Ses or ResSes.
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Figure 54. Reaction energy profile for selenization process along edges of a (blue)
and b (red) by DFT calculations. Initial and final steps involve gas phase ResSe1> cluster
adsorbed on different edges to 2D cluster formation.

These ex situ observations do not preclude other possible reactants or intermediate
species in high temperature CVD chambers. The weakly bonded clusters or atoms might
have been removed/escaped from ReSe> surfaces before observing them by STEM.
However, with the high frequency of presence as observed in these post-CVD synthesis
samples, it is reasonable to conclude that ResSes clusters have high stability among all
the reactants. Importantly, once the reactive sites (edges, defects on surfaces) are occupied
by ResSes clusters, further growth (selenization of ResSes) requests to overcome relative
high energy barriers. In other words, CVD growth is significantly retarded by this
intermediate stage, and the growth rate is mainly controlled by the conversion from

ResSes clusters to 2D ReSe,. Hexarhenium cluster cores with the general formula
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[ResQs]*" (Q = S, Se) have very high stability, which can serve as the building blocks of
many kinds of novel compounds?®. Thus, such kinds of clusters as the main reactant can
be directly observed during experiment. However, by far, the whole evolution process
from the 3D face-capped octahedral core of ResQs to 2D ReSe» formation is difficult to
be determined via computational simulations. The Re/Se ratios in ResQgand 2D
ReSe; are 0.75 and 0.5, so additional four Se atoms (ResSei2) should be added in the 2D
ReSe; reactions. Here, a simple DFT model has been employed to evaluate the chemical
reaction under thermodynamic consideration using ResSei2 as reactants. The adsorption

energies of key intermediates are studied and depicted in Figure 54.

The DFT simulations have given the key reaction paths and revealed that the
further selenization process of these clusters should proceed with high edge selectivity
along edges along @ direction. The corresponding absorption energies of ResSei2 (4 Se
atoms are subsequently added onto ResSes cluster) and the whole reaction energies are
much lower than the case along b edges by energy gaps of -1.90 and -1.89 eV under
thermodynamic consideration (Figure 54). The result is in agreement with the preferred
edges for 2D clusters formation in our STEM observations (Figure 53a-d). This also well
explains why the 2D ReSe> tends to grow along the diamond Re chain (@) direction and
form elongated rectangles in morphology. Besides, each diamond cell in 2D ReSe»
contains four rhenium atoms, mismatched with the six atoms in each cluster. Hence the
completion of selenization (from ResSes cluster to 2D ReSe> layer) should sometimes
leave bi-Re atom structures on edges (Figure 53g captures intermediate structures). These
locations will be easier to trap another ResSes cluster, as observed in Figure 53g. For the
same reason, ResSes clusters prefer to aggregate in odd numbers on growth edges, even

number ResSesg clusters are much easier to form 2D ReSe:.
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ResSes clusters favor the further aggregation as cluster agglomerates sized from 1
nm to few nanometers (Figure 49a,b, Figure 52 and Figure 55a). The clusters form one-
dimensional chain-like structures (Figure 55a). These cluster complexes are highly stable
and embedded in the 1L or 2L ReSe>. Experimentally, the density of such cluster
complexes as well as survival individual clusters can be reduced by a higher concentration
of hydrogen in CVD atmosphere (Figure 51), implying hydrogen is the key for reducing
cluster aggregation and triggering conversion from clusters into a 2D structure. The
cluster agglomerates embedded in the 2D layers can introduce large defects (holes) in 2D
films after removal/evaporation of clusters, therefore maintaining a reductive hydrogen

environment in CVD growth is indispensable for 2D full film growth.

ResSes cluster is highly stable, Figure 55b shows a single cluster can withstand
high energy e beam irradiation, while only cluster rotation is found. During CVD growth,
these clusters can be freely transported in CVD atmosphere or on the solid
(substrate/product) surfaces. Our STEM results directly unraveled the nucleation process.
The observed smallest nuclei for 2D ReSe, (on ReSe; substrate) are smaller than 1 nm
(Figure 53b), (ca. two by two unit cells of monoclinic ReSe»). Regarding the nucleation
probability, as the observation in 2D specimens, a lot of nuclei are stable even in single
ResSes cluster form or bi-cluster form (Figure 43¢e). With the undergoing reactions, these
covalently surface-trapped clusters on surfaces of 2D ReSe:z can easily develop into larger
islands of ReSe» epilayers (Figure 53e-h). In contrast, the kinetics of individual metal or
chalcogenide atoms (in some previous growth models!’®) are much faster. Therefore, the
nucleation rate of 2D ReSe; is greatly enhanced by such ResSes clusters, and the kinetical
(non-thermal) growth is also greatly strengthened due to the existence of such molecular

clusters. To suppress unwanted nucleation and epi-layer growth, and to achieve the ideal
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Frank-van der Merwe (FM) layer-by-layer growth, high quality layers with minimum

atomic defects and vacancies (anchoring sites for clusters) is favored.

Our observations do not rule out other growth mechanisms, such as direct
individual atomic growth or selenization from oxides. Nonetheless, evidenced by our
direct STEM observations, ResSes clusters can easily and stably bond to edges as well as
surfaces of 2D ReSe», giving rise to higher reaction possibilities and yielding the 2D
structures. The preferential adsorption of ResSes clusters on different edges and the
retarded transport of ReeSeg clusters along edges/on surfaces significantly alter the
growth kinetics and the final product morphologies. Some unexpected effects might even
occur, for instance, due to the preferred bonding of ResSes clusters with atomic vacancies
and the enhanced Se vacancies at higher temperatures, the nucleation rate for epi-layers

actually increases with temperature, violating normal principles for 2D material growth

215

whereas higher temperature yields higher uniformity

Chain Model b B

36s 52s
Figure 55. Stable ResSes clusters and aggregates. a, STEM image, atomic model and
image simulation for cluster aggregates. Chain-like structures are highlighted by red
dashed lines and boxes in STEM images. b, Stability of single ResSeg cluster under e
beam irradiation for 52 s. Rotation of cluster (center in white dashed box) is noted,
corresponding atomic models for ResSeg cluster of each time are embedded in lower left
corners. Scale bar = 1 nm.
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3.4. Summary

Our atomic-scale observations combined with theoretical simulations on the
intermediate stages of the 2D ReSe, growth directly reveal the reaction paths in CVD
process, with implications for general 2D TMDCs materials growth. Based on our
observations, here, a simple model for APCVD of 2D TMDC:s is proposed. It consists of
two-step reactions: (1) Reduction reactions with chalcogenides and hydrogen in
atmosphere to form MxXoxn clusters (M = transition metals, X = chalcogens). (2)
Attachment of MxXaxa clusters to the growth fronts and conversion into 2D TMDCs
layers with the aid of hydrogen. The unveiled reaction paths are of great significance to
understand the nucleation and growth kinetics of 2D TMDCs materials and will benefit

the growth control on thickness and morphology for such emergent group of materials.
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Chapter 4.  Unexpected Plasticity in VdW Materials

VAW materials always give us the impression that which is extremely brittle.
However, a remarkable plasticity of  phase InSe has been reported in 2020°2. The
mechanism of the huge difference of other van der Waals materials contains many
mysteries. Why do the cracks prefer propagating along basal plane rather than z axis?
What slows down structural fracture? After applying discrete and gentle mechanical force,
we not only find there are abundant micro-cracks, but also notice phase transition without
heating. Besides, the phase transition initiated by mechanical force plays an important
role in the plasticity, that reduces the cracks propagations. The gliding energy barrier
along (1210) direction is significantly increased 24.07% from 2H-InSe to 3R-InSe that
is much higher than other vdW materials. The significant change acts as a pinning point
to stop the microcrack propagation. Dislocations, interlayer and intralayer reconnection
are also observed in atomic scale surrounded by 3R-InSe that also contribute to the
plasticity. These findings provide insights into semiconductor engineering, flexible

electronics, and solid-state lubricant.

4.1. Introduction

Writing with a pencil is the process that the graphite on the pencil tip is
mechanically deformed by compression and lateral friction, transferred from the tip to the
paper and forms a thin film on paper. In the microscopic view, there are numerous fracture
events on the tip during such writing. For the “3H” or “2H” grading pencils?!®?!7. | lack
of plastic deformation on the tip renders discontinued patterns and lighter color of the
writings. By contrast, the softer “3B” or “2B” grading pencils can create a much more

smooth and continuous writing due to their improved plasticity. The hardness and
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plasticity of the pencil tips are essentially determined by the structure and compositions

of materials?'®2!7,

In analogous to graphite, a rich family of van der Waals (vdW)-layered materials
have been known for their strong intralayer bonding and weak interlayer interaction,
which facilitate the easy interlayer gliding or exfoliation into the atomically-thin two-
dimensional (2D) films’®9213-220_ The properties of ultra-thin metal chalcogenides (MX:
M = Ga, In; X =S, Se, Te)?*?!"?* and transition metal dichalcogenides (MX2: M = Mo, W,
Nb, Ta; X = S, Se, Te)**?2233 have been widely reported, including high carrier

mobility??4223232233 " hioh on/off ratio®?*??’, low subthreshold swing??®***, high

92,225,226,229,234-236 237,238

deformability , and ferroelectricity etc. The excellent performances
of flexible vdW-layered devices are even maintained at 2% strain’?. They can also be
engineered for wearable and bio-compatible devices***?*°. The facile interlayer gliding
also ensures the ultra-low friction between layers, enabling the vdW-layered materials to
serve as solid-state lubricants (SSL) in industrial and engineering fields***?*°. Very
recently, an extraordinarily large plasticity (>80% for compression along in-plane and
out-of-plane direction; >4000% for compression ratio by gradually rolling) was unveiled
in a vdW-layered material — S -InSe”>. Benefiting from the ultra-high deformation
capabilities and the significantly lowered fracture and fragmentation tendency, such ultra-

plastic, semiconducting, vdW-layered materials could open promising avenues for the

future flexible electronics??>?**?*! and SSL industry?3*-240-42,

Apparently, the ultra-plasticity of 2H-InSe is associated with the interlayer gliding
and the cross-layer dislocation slip®>. However, the full picture of the plastic deformation,

especially why the 2H-InSe possesses a much higher plasticity than other vdW-layered

243244

materials such as graphite and transition metal dichalcogenides (TMDCs)’? has not
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been elucidated yet. Here, we perform comprehensive structural analysis in atomic scale,
particularly the in situ transmission electron microscopy (TEM), combined with
theoretical atomistic simulations to investigate the defect evolutions during the plastic
deformation of various vdW-layered materials. We find that there are high density micro-
cracks and phase transition after applying discrete and gentle mechanical driving force,
that are effective in relieving the stress and responsible for the ultrahigh plasticity in -
InSe. No one considered the contributions of phase transition in the plasticity of the -
InSe in previous experimental and theoretical studies®>**. This is simply because there is
no report about phase transition without thermal energy in vdW materials. Besides, the
interlayer gliding results in stacking faults or dislocations®>, however, owing to the
different symmetry, interlayer gliding should not easily switch between 2H and 3R

stacking without thermal energy.

2HENpemme) 3R(y)(R3m) 2R(#)(P6m2) 3R°(y")(R3m)  IT(P3)
© Group  Metals MX,
o Transition Mctals
oo Chalcogens
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Figure 56. Structure of metal chalcogenides and transition metal dichalcogenides
along [1210] and [0001] in P63/mme, R3m, P6m2, R3m, and P3 symmetry. The red
dashed polygons show the directions of each layer in MX.

Figure 56 shows polymorph of MX and M X that will be discussed in this chapter.
B-InSe belongs to the space group P63/mmc, also is called 2H phase, whereas the two
layers AB stacked in one unit cell are alternatively rotated by 180° (equivalent to 60°)*%.
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The counterpart, meaning the atomic layers are stacked without rotation, y-, €-, and y'-
InSe with ABC, AB, ABC stacking belongs to the space group R3m, P6m2, R3m,
respectively. Similarly, there are 2H, 3R, 1T phases for MX5. To be more comparable,

2H, 3R, 2R, 3R’, and 1T are used to compare the properties of InSe, MoS> and MoTe.

More importantly, the overlooked phase transition plays an important role in the
plasticity. The microscale intralayer cracks do not extend in Z direction (vertical to the
basal plane) or coalesce to form macroscopic fracture surfaces in 2H-InSe. It is primarily
because the stacking order changes (2H to 3R) at the interlayer micro-cracks due to the
phase transition, and the 3R stacking of InSe has markedly higher gliding barrier than the
pristine 2H stacking order confirmed by using molecular dynamic (MD) simulations here.
Hence, the 3R stacking locations originated from the micro-cracks could play as pinning
points which prevent microcrack propagation to form complete fracture along Z direction.
Subsequently, large quantity of micro-cracks in different layers and different locations
allow for the reorganization of layers under compression or tensile stress, resulting in the
ultra-plastic behavior. We also examined several other typical vdW-layered materials and
close gliding energy barriers are found in 2H and 3R phases of all the other materials,
implying the exceptional plasticity in 2H-InSe, much higher than the other layered

materials, probably arise from the micro-cracks and “3R pinning”.
4.2. Methodology

In this session, the bulk crystals were purchased to minimize the workflow. A
small hammer was used to provide gentle and discrete force onto the tested samples. The
TEM specimens were prepared by mechanical exfoliations and focused ion beam (FIB)
for different purposes. The predictions have been done by DFT, and MD. The details will

be clearly stated below.
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4.2.1. Specimen preparations and experimental design

2H-InSe single crystal (size: 5x5 mm?) was purchased from Nanjing Mukenano.
2H-MoS; (size: 10 mm) and 2H-MoTe: (size: 10 mm) were purchased from HQ Graphene.
Compression force and uniaxial shear stress were gently applied by a hammer for
approximately 100-200 times with strain rate ~0.5/s until no more deformation, in order
to create high density dislocations and cracks. The size of the crystals was measured by a
pair of digital calipers (£0.01 mm) and the force was measured by YISIDA digital force
gauge (£0.01 N). The hammered crystals were mechanically exfoliation by scotch tape
and transferred by thermal release tape'’®. Control group was mechanically exfoliated
without applying compress force and shear stress. The cross-section specimens were

prepared by Helios 5 CX DualBeam focused ion beam (FIB).
4.2.2. Preliminary characterizations

Raman spectra were collected by the WITec Alpha300R confocal microscopy
using a 532 nm laser with a grating of 1800 g/mm. XRD spectra were conducted by the
Rigaku SmartLab X-ray diffractometer with 9 kW rotating anode X-ray source

(wavelength = 1.54 A).
4.2.3. (S)TEM characterizations

Atomic STEM images were acquired under a Cs-corrected STEM (Thermo
Scientific™ Spectra 300 (S)TEM operated at 300 kV with a convergence semi-angle of
24.4 mrad. The collection angles of ADF detector were set as 35-200 mrad. The screen
current was set as 10 pA by an unfiltered monochromator to reduce the irradiation damage.
TEM and STEM images were acquired by Orius SC1000 charge-coupled device (CCD)

and Digiscan II under a (S)TEM (JEOL JEM-2100F) operated at 200 kV.
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4.2.4. In situ TEM

Nanofactory™ holder has been implemented in JEM-2100F operated at 200 kV

246 a homemade tungsten

to conduct in situ experiments. Similar to our previous works
(W) tip was electrochemically etched for manipulating the specimen and a homemade
TEM grid holder was used for the further characterization without damaging the TEM
grid. The bending experiment was initiated by moving the W tip towards the InSe crystal

via piezo-driven fine control. The bending process was video recorded in real time by

Olympus Veleta CCD.

4.2.5. Thickness estimation in HAADF-STEM

The line profiles with integration width 40 were extracted from GMS 3. The signal
differences were confirmed by both HAADF-STEM and in situ TEM data, that corelated
to the specimen thickness for thin specimens. The fitting by adjacent-averaging method

presented the extracted data points more understandable.

4.2.6. HAADF-STEM simulations

Dr. Probe**’ was used for simulating STEM-HAADF images. Accelerating
voltage, convergence semi-angle, and collection angle were set same as the imaging,
which were 300 kV, 24.4 mrad, and 35-200 mrad, respectively. Aberration correction
values were set as following: Al: 1.84 nm (83.2°), A2: 13.5 nm (9.3°), B2: 30.7 nm

(108.5°), C3: 252 nm, A3: 600 nm (-162°), S3: 216 nm (2.1°), A4: 3.31 pm (170.3°).
4.2.7. Molecular dynamics

Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) (version,

29 September 2021)**® has been performed to calculate the gliding barrier along (1010)
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and (1210) for 2H and 3R stack with a bi-layer model. A developed Stillinger-Weber

1249

potential™” was used to approximate the intralayer interactions in MX and MX> and 12-

230 was used to approximate the non-bonded interlayer

6 Lennard-Jones potentials
interactions. Lennard-Jones cutoffs were set 12.8 and 12.0 for MX and MXo, respectively.

All force-field parameters used in this work were taken from Rappe’s work?!.
4.2.8. DFT calculations

Density functional theory (DFT) calculations were performed to study structural,
electronic and mechanical properties of the vdW MX and MX> structures, in which
Vienna Ab initio Simulation Package (VASP.5.4.4.18) 2229 was used with a projector
augmented wave (PAW)** basis and Perdew-Burke-Ernzerhof (PBE) parameterized
Generalized Gradient Approximation (GGA) exchange-correlation functional. For all the
calculations, the kinetic energy cutoff for electronic plane wave expansion was set to 400
eV. [-centered 12 x 12 x 2 and 1 % 12 x 2 k-points-grids were used to sample the first
Brillouin zone of InSe and MoS; unit cell and supercell, respectively. Moreover, van der
Waals interaction was included using DFT-D3 method with Becke-Jonson damping??’->>2,
The energy barrier of phase transition was calculated by the climbing image nudged
elastic band (CI-NEB)?>* method using 10 x 1 x 1 supercell. Total energy and the forces
on each atom were converged to less than 10 8¢V and 0.01 eV/A, respectively. The elastic
modulus of 2H and 3R phase of InSe and MoS: were calculated using a finite differences
approach. The crystal orbital Hamilton populations (COHP) were calculated by
LOBSTER package?* to estimate the bond strength. The integration of partial COHP for

bonding state (below fermi level) was conducted to estimate the strength of In-Se and

Mo-S bonding due to their same bonding configuration.
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4.2.9. Mechanical properties from the elastic constants

In generally, the stiffness tensor is denoted as following matrix,

eq. 32

Ci1 Ciz Ci3 Ci4 0 07
Ciz Ci1 Gz —Ciy 0 0
|Gz Gz Gz O 0 0
C - 614, _614_ O C44, 0 0 eq. 33
0 0 0 0 Css Cia
0 0 0 0 Cis Cee

Due to the anisotropic nature, Voigt-Reuss-Hill method is used to calculate the

mechanical properties>>. The bulk and shear moduli are denoted as,

B = 1/2(BV+BR) eq.34

G = 1/2(GV+GR) eq-35

256

where By and Gy are the Voigt bulk and shear moduli“®, and By and G are the Reuss

bulk and shear moduli®’.

BV = (2611 + 2612 + 4‘C13 + C33)/9 eq. 36
GV = (2C11 - C12 - 2613 + C33 + 6C4,4 + 3C66)/15 eq- 37
BR = (2511 + 2512 + 4‘513 + 533)_1 eq. 38

GR == 15(8511 - 4512 - 8513 - 4533 + 654_4_ + 3566)_1 eq. 39
where Sjj is the elastic compliances of Cj.. Then, the Young’s modulus (E) and Poisson

ratio (v) are obtained.
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E =9BG/(3B + G) eq. 40
v =3B —-2G)/[2(3B + G)] eq. 41

The Vickers hardness (Hv) is simply estimated by*>*,

Hv = 0.151G eq. 42

4.3. Results

In following experiments, the single crystal 2H-InSe bulk is mechanically
deformed (see session 4.2.1 and Figure 57a). The compressive and uniaxial shear forces
applied on the single crystal result in significant plastic deformation, and then the
conventional mechanical exfoliation method by scotch tape is used to further thin down
the crystals. A mild compressive and shear plastic deformation here will restore the
intermediate stages during deformation and unveils the main plasticity mechanisms. First,
according to the X-ray diffraction (XRD) results on the post-deformation samples, we
can clearly identify signatures of phase transition. The original 2H-InSe single crystal is
transformed to InSe polymorph with mainly 3R phase (Figure 57b-e). The peak ratios of
3 major peaks, highlighted by light blue dashed lines, show significant changes from
pristine samples. This observed phase transition is mainly driven by mechanical force
here, rather than by thermal treatments in previous literatures**?>-2°. The plane-view and
cross-section scanning transmission electron microscopy high-angle annular dark-field
(STEM-HAADF) images have an excellent agreement with the XRD results (Figure 57b-
e). The pristine control group shows clean 2H stacking and the experiment group upon
plastic deformation shows much more 3R structures. The STEM-HAADF images for the
two phases match with their corresponding atomic models (Figure 57d-e), that 3 and 4
atomic columns can be seen in 2H and 3R stacking along a unit of arm-chair direction,

respectively.
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Figure 57. The structural change of 2H-InSe after mechanical deformation. a, The
experimental workflow. b,c, XRD result of control group (before deformation) (b), and
experimental group (with deformation) (c¢). The light blue dashed lines highlight the
differences between (b) and (¢). d,e, High resolution STEM-HAADF images in zone axis
of [0001] and [1210] of the control group (d), and the experimental group (e), showing
2H and 3R stacking, respectively. Insets in (d,e), STEM simulation images. Scale bars: 1
nm.

Meanwhile, Figure 58 shows our Raman spectroscopy data does not show extra
peak for 2H phase and 3R phase InSe with respect to control and Exp. 1-3, respectively.
Exp. 1-4 are the same batch of exfoliated InSe after loading with different laser exciting
positions, indicated by the orange crosses. It can be distinguished by the peak ratios of
E’(1) and E”(2). E’(1) peak is higher than E”(2) peak in 3R phase, but lower or similar
to 2H phase. However, only the red dashed box in Exp. 4 displays a red shift with an extra

peak that attributes to some local 2R phase, which can be recognized as the stacking faults

|
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in 3R phase®®""?%2 and it is also verified by the cross-section STEM results shown in
Figure 59.

E'(1) Ay (1) E”(Z)A"(l)ﬁ' (2)
5 | |
@ H
21 Peak (/cm) 41 116 178 199 227
g1 Exp. 4 26 100 13 4 27
=]
2 1 Exp. 3 15 100 10 0 31
8 Exp. 2 26 100 10 0 29
g |
E 1 Exp. 1 16 100 11 0 32
= f

T Control 12100 14 0 35

50 100 150 200 250
Raman shift (1/cm)
Figure 58. Raman spectra with correspondlng optlcal images and a table of
normalized peak intensity (%). The orange crosses in the optical images indicate the
laser excited position.

Figure 59. Example of stacklng fault of 2R phase InSe in between 3R phase InSe.

4.3.1. The atomic structures close to micro-cracks

As observed by TEM, micro-cracks can be created under deformation. In
comparisons between InSe, MoS, and MoTe; specimens, Figure 60a-c show InSe transits
to 3R phase with mixed phase (highlighted by green areas), but MoS, and MoTe; retain
2H phase (micro-crack is highlighted in between a pair of white dashed lines; detailed
structural models of MX and MX> have been mentioned in Figure 56 in session 4.1, and
the micro-crack of MoTe> can be observed in lower magnification in Figure 60d).
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T

50 nm
Figure 60. Atoic sructures near micro-cracks along [0001]. a, InSe. b, MoS:. ¢,

MoTe». Scale bars: (a-¢) 5 nm. d, Corresponding low magnification of (¢) highlighted by
the red box.

In typical low magnification STEM-HAADF images after deformation, InSe
shows numerous few layer intralayer micro-cracks with less dislocation lines compared
with MoS> and MoTe: (Figure 61). These results indicate that InSe releases much strain
by forming micro-cracks associated with phase transition, which is distinct from MoS»
and MoTe». Since much more micro-cracks are observed in InSe, the crack propagation

perpendicular to the basal plane which leads to macroscopic failure is clearly suppressed.
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On the contrary, MoX; prefer accumulating dislocations. Once the strain is unaffordable,

the serious fracture would be formed, and the strain can be finally relaxed.

InSe

MoS, MoTe,

Scale bars: 1 pm

Scale bars: 200 nm

A .

% N —

Figure 61. Typical low maéﬁification STEM-HAADF images after deformation of
InSe, MoS:2 and MoTe:.

Figure 62 displays a typical single layer (1L) micro-crack STEM image where
only one layer of InSe breaks without dislocation. The noted stacking order indicates 2R
and 3R phases are formed near the crack in the pristine 2H sample. The micro-cracks can
also occur in InSe multilayer surrounded by mainly 3R phase, followed by 2R phase as
shown in Figure 62. These cross-section TEM results are in line with the above analysis

that more 3R phase is formed after mechanical deformation.

{ e ]

£

Figure 62. Cross-section HAADF-§EM images of a typical single laye (1L) micro-
crack without dislocation along [1210]. Scale bars: 5 nm. The red dashed lines indicate
the enlarged view, the layer stacking order is marked.
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With careful inspection on the post-deformation specimens, other phase transition
3R’ phase, intralayer phase boundaries, a cross-layer joint of mirco-cracks, and 1/3Z edge
dislocation can be also observed in InSe specimens (Figure 63). Figure 63a&b present the
phase boundaries before and after intralayer cracking. Part of the 2H-InSe is transformed
to 3R-InSe showing in the model in the green dashed boxes, and there is also 3R’-InSe
part as indicated by the white dashed boxes. The results imply that the 3R’ phase might
be the intermediate stage of intralayer gliding on the phase transition pathway from 2H-

to-3R. This transition is thermodynamically reversible, however, due to the different

kinetic energy upon interlayer sliding which will be presented later, the 3R phase is more

favorable.

Figure 63. Cross-section HAADF-STEM images of post-deformation specimens. a,b,
Phase boundaries (a) before and (b) after intralayer crack with phase transitions
intermediate state 3R’ phase. The white dashed boxes indicate the local 3R’ InSe, the
green dashed boxes model the sideview and the black dashed boxes show the
corresponding projection view in (a&b). ¢, One micro-crack forms 1/3Z edge dislocation.
d, Interlayer and intralayer reconnection. Scale bars: 2 nm.
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From structural perspective, the emerged 3R phase in InSe cannot be simply
caused by interlayer gliding along the energy favorable axis such as (1010) or (1210},
instead, the intralayer reconstruction is necessary. According to our density functional
theory (DFT) calculation, the formation energy of 2H and 3R is very close, -0.743, and -
0.746 eV/atom (Table 2), respectively, which explains the co-existed phases, such that
there are 2H, 2R, 3R, and 3R’ phases in InSe. The slightly lower energy in 3R phases also
implies a stronger inter-layer interaction in 3R phase than 2H phase, which is also in
agreement with exfoliation energy difference for the two phases (0.29, and 0.30 J/m? for

2H and 3R phase, respectively).

Table 2. Exfoliation energy and formation energy

Exfoliation energy (J/m?) Formation energy (eV/atom)
3R-InSe 0.30 -0.746
2H-InSe 0.29 -0.743
2H-MoS; 0.52 -1.202

Flgure 64. Straln analysis by geometric phase analysis of completely transformed
3R region, phase boundary and edge dislocation. Scale bars: 2 nm.
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Other than strain concentrated high energy phase boundary induced micro-cracks,

edge dislocations like b = 1/37 can also initiate micro-cracks at the high energy zones
(Figure 63c). The phase boundaries and edge dislocations are highly strained area
incubating micro-cracks, see geometric phase analysis results in Figure 64. After
prevailed generation, the suddenly ceased extension of these micro-cracks is owing to the

much higher energy barrier for the gliding in 3R stacking (see later discussion).

Interestingly, the micro-cracks in different layers can combine and automatically
stop the propagation of each other due to their highly flexible nature. Usually, coalescence
of cracks will bring catastrophic failure, but in InSe the micro-cracks in different layers
can self-collectively form a stable network. Figure 63d shows that a cross-layer joint of
two micro-cracks connecting 3L InSe prevents micro-cracks further propagation. Until
here we have clarified the correlated micro-cracks and phase transition is the key to the

high plasticity of InSe and distinguish it from other brittle vdW layered materials.
4.3.2. Mechanical manipulations by in situ TEM

In order to gain deep insight into the plastic deformation of 2H-InSe, in situ TEM
bending experiments were implemented (Figure 65). We expect that plastic deformation
could occur in those highly bended zones. Herein, an InSe flake with dislocation lines
was bent by the nanomanipulator with a tungsten tip (method see session 4.2.4). Two
emerged dislocation lines are tracked by yellow and red arrows as shown in Figure 65a&b.
One crack is initiated at the dislocation position marked by the yellow arrows. The
intralayer micro-cracks are obviously created by the concentrated strain. Notably, the
induced interlayer gliding can also eliminate the dislocation marked by the red arrows.
The strain is prone to be relaxed by the interlayer gliding after micro-crack formation.

Similar to the case in Figure 63d, a cross-layer joint pair of micro-cracks is found in
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Figure 65c&e, as highlighted by yellow color. The thickness of the intralayer cracks that
continuously fracture along Z direction can be defined by the layer numbers, which can
be determined by the contrast in STEM-HAADF images (Figure 65b-¢ & method see
session 4.2.5). The thickness of the intralayer micro-cracks changes from 4L to a pair of
2L micro-cracks. An outmost fracture labeled by green dashed line is created during the
in situ bending (Supplementary Video 1@2:11). The thickness estimated by STEM-
HAADEF intensity is accurate for thin specimen like InSe in this study?®*. Thus, here we
also show that the propagation of micro-cracks can be stopped when they meet, therefore
numerous nanometre (nm)-width micro-cracks without further expansion and forming a

micro-crack network in InSe can be clearly seen in low magnification HAADF-STEM

(Figure 61).

0 20 40 60 O 20 40 60 0 20 40 60
Distance (nm)

Figure 65. In situ TEM bending experiment of 2H-InSe. a-c, STEM-HAADF images
(a) before, and (b,¢) after in situ bending experiment. ¢, Enlarged view of red dashed box
in (b). d, The line profiles of corresponding numbers in (¢) for thickness estimation. e,
Merged HRTEM image with respect to (b,¢). An outermost fracture during in situ bending
experiment is indicated by green dashed line (Supplementary Video 1) and a cross-layer
joint of micro-cracks is highlighted by the yellow area. The yellow and red arrows track
two dislocations in (a-c&e).
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Achieving excellent compression ratio (>4000%°2) needs to reduce the number of
layers of vdW materials without macroscopic fracture. The secret for preventing complete
interlayer fracture is uncovered by our in situ TEM, that InSe re-attaches not only with
the adjacent interlayer, but also easily with the completely fractured parts (Figure 66). A
pair of green dashed lines demonstrate the original connection (Figure 66h). The strong
interfacial energy here contributes to the stability of the layered structure during the lateral
expansion of micro-cracks, and upon gliding, the newly extracted layers are able to keep

the integrity of the structure.

1 N

L3 3 £

Figure 66. Second example of in situ TEM bending experiment of 2H-InSe. a,b,
Another set of in situ bending experiment. Snapshots before (a) and after (b&c) in situ
experiment with corresponding HRTEM image (c¢) indicated by red dashed box in (b). A
pair of yellow dashed lines indicate the original position of the edges before vertical
fracture in (¢). Scale bars: 200 nm (a,b) and 10 nm (c¢).

4.3.3. Phase transition barrier and interlayer gliding barrier

In order to examine the physical origin which prevents the interlayer propagation
of micro-cracks in 2H-InSe, we have performed in-depth first-principles calculations.
First, to evaluate the bonding strength of MX and M X, we have calculated their bonding
energy. It is noted that the phase transition requires lattice rotation or X atom translation.
Without thermal treatment, X atom translation is preferred under deformation, and each
translation requires breaking one intralayer M-X bond and translating a X atom along
1/3(1010). Thus, the bonding strengths of 2H-InSe and MoS: were examined by crystal

orbital Hamilton populations (COHP). As shown in Figure 67a-b, the bonding strength
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of In-Se (~3.86 eV/bond) is found weaker than that of Mo-S (~4.64 eV/bond). This
indicates the breaking of In-Se bonds in InSe is relatively easier than MoS,, which

facilitates the movement of Se atoms and eventually the change of atomic stacking.
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Figure 67. Theoretical calculations. a-c, First-principles calculations of intralayer
bonding strength and 1L phase transformation barrier. -pCOHP for intralayer bonding of
(a) In-Se, and (b) Mo-S. The integrated areas and the integrated bonding strengths are
marked in the light blue dashed boxes in (a&b). ¢, 1L phase transformation energy barrier
for InSe (1H-to-1R”) and MoS» (1H-to-1T) with schematics of the transition of chalcogen
atoms. d, LAMMPS simulations of two steps phase transition of a 3L model for InSe
(2H-to-3R’-to-3R) and MoS> (2H-to-1T-to-3R).

Second, to evaluate the energy barriers of phase transition and interlayer gliding
for both 2H and 3R MX and MX>, we have performed molecular dynamics simulations
(method see session 4.2.7). Those phase boundaries with significant local strain
eventually leads the intralayer fracture (micro-cracks). In terms of external stress, phase
transition occurs near micro-cracks in InSe more easily than that in MoS,, as evidenced
by the 3R’-InSe observed in the experiment. This is further supported by our first-
principles calculation, as the calculated energy barrier for translating X atom in 1L InSe
(~0.616 eV) is much smaller than that in 1L MoS; (~1.575 eV) as shown in Figure 67c.
The transition energy is only from mechanical force without any thermal energy, and

hence the phase transition only occurs in InSe but not in MoS; and MoTe». Furthermore,

Figure 67d shows the energy barrier for the two-step phase transition of InSe (2H-to-3R’-
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to-3R) and MoS: (2H-to-1T-to-3R) is in good agreement with the first-principles
calculation and confirms that InSe has a much lower phase transition barrier than MoSo.
For InSe, the energy barrier for the phase transition 2H-to-3R’ is ~0.212 eV/atom, and it
becomes ~0.199 eV/atom for 3R’-to-3R. In contrast, for MoS», the energy barrier of phase
transition 2H-to-1T is ~0.756 eV/atom, and it is ~0.755 eV/atom for 1T-to-3R. On the
hand, 1L cleaving energies for 4-atom-thick InSe and 3-atom-thick MoS; along
[1210](0001) are ~0.338 eV°? and ~0.150 eV??, respectively. Compared with the single
chalcogens atom phase transition, InSe demonstrates the capability of phase transition
(~0.21 eV/step), but MoS; is uncapable (~0.76 eV/step). This comparison shows the
reasons why we can observe 3R phases near the micro-crack in InSe (Figure 60), but
MoX> only forms serious fracture (Figure 61). Besides, the results also demonstrate the

3R’-InSe can act as a transitional state between 2H-to-3R phase transition.

Third, the MD is applied to study the gliding barrier along energy favorable low
index direction: (1210) and (1010). Our MD simulations indicate that the (1210)
direction is more energetically favorable path for the interlayer gliding (Figure 68&Table
3). The gliding energy barrier of InSe is almost the same as MoS, in 2H stacking,
implying the lubrication ability for InSe is similar to that of MoS». However, among the
various MX and MX> we studied here, only InSe has a significant increase of gliding
energy barrier in between 2H and 3R stacking, which is 14.04 % along (1010) direction
and 24.07 % along (1210) direction. GaSe has ca. 10% differences in 2H and 3R gliding
along (1210) direction, while all the other TMDCs have less than 6.5% energy barrier
differences for 2H and 3R gliding. This is the reason why we can observe many stopped
micro-crack surrounded by 3R phase and the GaSe also has relatively good plasticity like

InSe?$*2%. The significant increment of the gliding barrier suppresses the further

WONG Lok Wing 89



qu The Hong Kong Polytechnic University

v Chapter 4. Unexpected Plasticity in VAW Materials
propagation of the micro-crack, and then the strain would concentrate at other position.
After the strain is relaxed by the micro-crack formation with phase transition, created
micro-crack will be stopped eventually, and so on. Hence, the micro-crack network is
formed and 3R-InSe acts as a pinning point here that suppress the propagation of micro-

cracks as we have observed in Figure 60-Figure 63.
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Figure 68. Relative gliding energy by molecular dynamics from LAMMPS. a-f,
Relative gliding energy per atom of (a) MX, (b) MoX> and (¢) WX> along (1010), and
that of (d) MX, (e) MoXz and (f) WX; along (1210). Barrier values in (a-f) can be seen
in Table 3.

Table 3. Gliding barrier along (1010) and (1210) directions

(1010) (meV/atom) (1210) (meV/atom)

2H 3R % Diff. 2H 3R % Diff.
InSe 5.566 6.348 14.04 2.637 3.271 24.07
GaSe 8.164 8.114 -0.6089 3.607 3.973 10.16
MoS» 7.357 7.227 -1.770 3.385 3.320 -1.923
MoSe> 3.356 3.340 -0.4656 1.622 1.523 -4.897
MoTe, 5.732 5418 -5.479 2.593 2.492 -3.867
WS, 5.398 5.160 -4.399 2.447 2.490 1.764
WSe: 5.909 5.856 -0.9001 2.810 2.654 -5.583
WTe, 4.135 3.988 -3.544 1.950 2.078 6.561
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4.3.4. Macroscopic view via elastic constants

After calculating the microscopic view, we have also studied the mechanical
properties by calculating the elasic constants of InSe and MoS;. The calculated stiffness
matrices of InSe and MoS; are summarized in Table 4. The incompressibility along basal
plane and out-of-plane can be estimated by Cii and Cs3, which implies that the
deformation would be harder in 2H-MoS: (Ci1 = 235.1 GPa; C33 = 65.5 GPa; ¢, =
6.67%; €,, = -6.67%) compared with 2H-InSe (Ci1 = 64.7 GPa; C33 = 47.3 GPa; &, =
16.09%; €,, =~ -15.91%) under the same mechanical deformation, especially for the in-
plane deformation. This agrees with the results in Figure 69. The difference of the in-
plane shear deformation between 2H-InSe and 2H-MoS: can be further seen from the
calculated Ces, which are 21.5, 89.7 GPa, respectively. That implies the possibility of the
in-plane rotation is easier in 2H-InSe compared with 2H-MoS,. That implies the phase
transition can be also caused by lattice rotation. However, the required energy of lattice
rotation must be much higher than the phase transition caused by chalcogen atom
translation. Besides, the shear moduli of 2H-InSe and MoS> are 15.1 and 46.5 GPa,
respectively. The lower shear moduli in InSe indicates that it is more easily deformed
without structural failure in response to the shear deformation. In addition, the structure
hardness can be seen from the calculated Vickers hardness (Hv). For 3R-InSe, 2H-InSe,
and 2H-MoS», they are ~2.4, ~2.3, and ~7.0 GPa, respectively, demonstrating that InSe is
much softer than MoS,. Soft crystals are generally ductile. Thus, from both microscopic-
and macroscopic-view, InSe demonstrates better plasticity, as supported by the tensile
test results for InSe (~12%°%) and MoS; (~9%2%). These first-principles calculations

results agree with the experimental results and previous calculations.
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Table 4. DFT calculated elastic constants (Cij), bulk modulus (B), shear modulus (G),
Young’s modulus (E), Poisson ratio (v), Vickers hardness (Hv), and Anisotropy
index (A") of 3R-InSe, 2H-InSe, and 2H-MoS:.

Materials 3R-InSe 2H-InSe 2H-MoS:
Ci1 (GPa) 65.7310 64.6741 235.1130
Ci2(GPa) 21.3761 21.7808 55.6896
Ci3(GPa) 14.1131 13.2617 11.1473
Ci4 (GPa) 3.4500 0.0000 0.0000
Cs33(GPa) 37.1275 41.2595 65.4895
C44 (GPa) 11.2887 9.4826 21.6482
Ce6 (GPa) 22.1774 21.5316 89.7117
B (GPa) 28.3924 28.7132 63.3425
G (GPa) 15.7165 15.0827 46.5166
E (GPa) 39.8049 38.5058 112.1072
A% 0.2663 0.2765 0.2050
Hv (GPa) 2.3732 2.2775 7.0240
Al 0.3463 0.3543 1.1242

InSe MoS MoTe
2 ) Exx(£2%)  Eyy(£2%)  £4,(£2%)

II InSe 16.09 3.82-54.78 -15.91
Ml B

MoS, 6.67 2.86-3.33 -6.67

Before

o
G2 SR |
Figure 69. Optical images and a table of estimated strain before and after

compression and shear force. The measured peak force of compression is 2.45 N and
the peak normal shear force is 3.63 N. The strain rate is ~0.5/s.

After

MoTe, 1.40 3.97-5.34 -2.96

4.3.5. The origin of ultra-high plasticity

The previously overlooked gliding induced phase transition plays an important
role. In our two-step phase transition model, the phase transition of 2H-to-3R’ requires
~0.212 eV/unit cell and that of 3R’-to-3R requires ~0.199 eV/unit cell, that is lower than

the 1L cleavage energy (~0.338 eV??). This brings a series of consequences, in which the
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most important one is that the phase transition creates phase boundary where micro-
cracks initiate/extend. Then the micro-cracks promote more degrees of freedom for

interlayer gliding, and the ultra-plasticity loop is established.

Another main point is the microscale intralayer cracks do not extend in Z direction
(vertical to the basal plane) or coalesce to form macroscopic fracture surfaces in InSe,
because InSe does not accumulate dislocations, which are relaxed by micro-cracks and
interlayer gliding as shown in the in situ experiment (Figure 65). The accumulation of
dislocations causes eventually complete fracture that can be seen in the low magnification
comparison between InSe, MoS,, and MoTe; (Figure 61). It is also relied on the phase
transition in InSe that forming phase boundary, followed by micro-crack. Thus, strain
would concentrate at other position when the strain is relaxed by the micro-crack. Besides,
the micro-crack propagation is also gradually ceased by the 3R-InSe due to the stark
contrast of 3R and 2H interlayer gliding barrier, that means 3R can act as “pinning points”.
That is also why the 3R phase is tremendously arisen in the specimens. Therefore, the
concept of “2H gliding and 3R pinning” around the micro-cracks holds the key for the

ultra-plasticity of InSe.

Subsequently, large quantity of micro-cracks in different layers and different
locations allow for the reorganization of layers under compression or tensile stress,
resulting in the ultra-plastic behavior. So, the self-stabilized joint of 3R stacked micro-
cracks not only avoids the complete fracture, but also forms micro-crack networks to
strengthen the structure. So, here, a scheme of the mechanism of ultra-plasticity is
illustrated in Figure 70. The ultra-plasticity is the synergetic effect of interlayer gliding,
gliding induced phase transition, phase transition caused phase boundary, phase boundary

concentrated strain relaxation micro-cracks, micro-crack propagation stopping 3R
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pinning, and structure strengthening micro-crack networks. This virtuous circle facilitates
the plasticity of materials.
== Pristine 2H-InSe ==Phase transited InSe

«Phase boundary LT’3R pinning

Straining

uondAIIP FUIPRO]

Figure 70. Schematic diagram of the mechanism of ultra-plasticity.

4.4. Summary

In short, we reveal that the intralayer micro-cracks associated with phase
transition from 2H- to 3R-InSe are essential for the stress relaxation and the ultra-high
plastic behavior. The abundant micro-cracks in 2H-InSe come from the stark differences
between the gliding energy in different phases/stacking orders, i.e., 2H and 3R stackings.
Because of the higher gliding energy in 3R phase and the 3R pinning effect, the micro-

|
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cracks cannot coalesce or extend freely along Z direction, but mainly develop
microscopic intralayer cracks distributed in different layers which eventually carry the
ultra-high plastic strain via free-edge gliding and reorganization of fragmented layers.
These new insights have clearly rationalized the superior plasticity in InSe over other
vdW-layered materials. Similar materials with large gliding energy contrast in different
phases, such as GaSe, could also be potential plastic semiconductors. These findings will
open new directions for the mechanical engineering on the inorganic semiconducting
crystals and will benefit the development of flexible electronic materials and solid-state

lubricants.
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Chapter 5. Quantitative Charge Density Study of

Hydrogen in MOFs

5.1. Introduction

IS7.158 provides an opportunity

Recent developed iDPC-STEM imaging technique
to acquire light elements with better contrast and SNR than ABF-STEM!®. Other than
just imaging, iDPC-STEM can have a quantitatively study about the local electric field
and projected charge density of the materials, if there are enough references of 4D-STEM
dataset. Although iDPC-STEM facilitates acquiring light elements, imaging biomolecules
in atomic scale like DNA is still challenging in TEM due to the irradiation damage.
Combining iDPC-STEM with monochromator and high-speed camera can minimize the

dose onto beam sensitive materials: MOFs!'®-111,

Recently, MOFs demonstrate high potential electrocatalysis ability in terms of
HER and OER due to their flexibly porous structure, that provide sufficient catalytic
sites'!2. In the recent work of OER MOFs>’, the performance of Ni-BDC has been
increased better than the commercial product RuO; via understanding the doping ion and
ligand doping by using iDPC-STEM. The localized lattice strain was induced by
introducing 2-aminoterephthalate (ATA) ligands or Fe** ions into Ni-BDC that provides
three advantages: (1) Dramatically improving the weak electrical conductivity of MOFs.
(2) Increasing the catalytic sites due to the defective hierarchical porous structure. (3)
Promoting mass permeability of conductive Ni@C by using mild heat treatment to relax

the doping induced strain.
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The structure of MOFs usually based on the estimation by XRD with DFT
optimization in the past. However, the accurate atomic structure only can be unveiled by
direct observation experiments. Here, certain Ni-BDC structure from CCDC?% were used
to model our direct observation of Ni-BDC for further theoretical calculation and image

simulation. Further, the application of charge density was studied quantitatively by

dDPC-STEM in terms of C-H, N-H and O-H bonds.

5.2. Methodology

5.2.1. Specimen preparations

2-Aminoterephthalate (H2ATA) and 1,4-Benzenedicarboxylic acid (H2BDC)
were purchased from Sigma Aldrich Co. NiCl26H20, FeCl4H2O and KOH were
purchased from Aladdin Co. All the reagents were used directly without further
purifications. Ni-BDC was prepared by following the previously reported procedures
with slight modifications?®’. Typically, H.BDC (124.6 mg, 0.75 mmol) and NiCly6H>O
(178.3 mg, 0.75 mmol) were dissolved in a mixture of 32 mL of dimethylformamide
(DMF), 2 mL EtOH and 2 mL H>O. The above mixture was stirred at room temperature
for 5 min to dissolve the reagents. Subsequently, the solution was transferred to 100 mL
Teflon liner, followed by reacting at 140 °C for 48 h. After cooling down, the resultant
suspension was filtered, washed with ethanol for six time and dried at 60 °C to obtain the

light green product.
5.2.2. STEM characterization

The atomic images of ADF-, iDPC-, dDPC-STEM images were captured under a
Cs-corrected STEM (Thermo Scientific™ Spectra 300 S/TEM) operated at 300 kV. The

collection angles of iDPC-STEM and ADF-STEM were set as 4 to 17 mrad, and 18 to
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110 mrad, respectively. Electron probe was optimized by a DCOR and spherical
aberration corrector via a standard gold sample before observations. The corresponding
corrector parameters as follow: WD: 47.8 urad; (124.5°); C1: -270.6 pm; Al: 476.4 pm
(-153.0°); A2: 27.58 nm (-10.9°); B2: 19.68 nm (-37.5°); C3: 743.6 nm; A3: 455.8 nm (-
76.7°); S3 : 58.59 nm (96.3°); A4: 4.791 um (170.5°); D4: 3.321 pm (154.0°); B4: 5.238
pum (175.1°); C5: -1.083 mm; AS: 43.63 pm (-100.6°); R5: 30.03 pm (-65.0°); S5 78.31
um (-151.2°). The iDPC images were acquired by 4-segmented annular dark field detector.
Low-frequency information was reduced by applying high-pass filter. The electron-beam
current was reduced < 1 pA by unfiltered monochromator. The maximum dwell time was
10 ps and the minimum pixel size was 8.789 pm. Hence, the combination of the electron

dose was < 1616 e /A? to compromise between imaging quality and sample integrity.

5.2.3. Density functional theory simulation

In this study, geometric and electronic properties of Ni-BDCs are obtained from
spin-polarized density function theory (DFT) calculations by using the Vienna ab initio

202.203 wyithin the projector augmented wave

Simulation Package (VASP) program package
(PAW)?**. The exchange-correlation interactions are described with the generalized
gradient approximation (GGA)** in the form of the Perdew, Burke, and Ernzernhof (PBE)
functional®®. The kinetic energy cutoff for the plane-wave basis set is chosen as 450 eV.
The DFT-D3 scheme of Grimme for the vdW correction®”’ is applied. The electronic SCF
tolerance is set to 10—5 eV. Fully relaxed geometries and lattice constant are obtained by
optimizing all atomic positions until the Hellmann—Feynman forces are less than 0.02

eV/A. The k-points samplings with a Monkhorst-Pack scheme?®® are 1x7x2 for structural

optimization and electron density distribution.
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5.2.4. DDPC-STEM image simulations

Dr. Probe?*” was used to simulate the dDPC-STEM images. The parameters are
set same as the conditions mentioned in Session 5.2.2. The observation-based crystal
information file was used for the multi-slice. Similarly, VASP is used to simulate the
charge density of the model. The results from VASP are convoluted by the probe similar

to our experimental conditions.
5.3. Results and discussion

5.3.1. Modeling Ni-BDC by direct observation

First of all, the goal is to study charge density quantitatively by using dDPC-
STEM, so a model of the specimens Ni-BDC is required for the theoretic calculations.
Figure 71a-d shows the direct observation of Ni-BDC along [010] and [001]. The direct
observations suggest there is a period of 4 Ni atoms in Ni-O chain to form up and down
Ni-O chain along [010] projection view, so the benzene rings in between the Ni-O chain
can be seen as up and down too along horizontal view (Figure 71a-c). The cross-section
view along [001] show the benzene rings are almost perpendicular to the Ni-O framework
(Figure 71d). In the orange dashed boxes, the view near a benzene ring is enlarged.
Therefore, the reference crystal information file from CCDC 9857922 has been edited
and relaxed to create our own model which is P2/C symmetry with lattice parameters a =

12.300 A, b=23.2087 A, ¢ = 22.946 A, @ = 90°, § = 112.31°, and y = 90° (Figure 71e-f).

The SNR comparison between ADF-STEM and iDPC-STEM well demonstrates
the ~Z% and ~Z contrast here (Figure 71a&b), that shows the advantage of iDPC-STEM
in imaging MOFs because it can image the high Z metal and low Z organic compounds

simultaneously. Under low dose conditions (total dose < 1600 e/A?), the spatial
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resolution is approximately 1.040 A as shown in Figure 72. In addition, H position can
be only found in dDPC-STEM with relatively low SNR. It provides an opportunity to

study the charge density (p) of H bonds by dDPC-STEM.
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Figure 71. Modehng Ni-BDC by direct observatlons a-c, Ni-BDC images along zone
axis [010]. A, ADF-STEM image. b, iDPC-STEM image. c, Contrast inverted dDPC-
STEM. D, iDPC-STEM image along [001]. Scale bars: 2 nm. Insets, red boxes in (a-c)
indicate the simulated images, and the orange dashed boxes in (a-d) show the
enlarged the view of a benzene ring. The white dashed boxes in (a-c) demonstrate O-
H on the Ni-O chain. E, Similar model of Ni-BDC from CCDC: 985792%%_ F, Edited
crystal structure suggested by direct observation along [010] and [001].

Figure 72. Spatial resolution by using corresponding FFT in Figure 71b.
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5.3.2. Amino acid in Ni-BDCyATA

After modeling Ni-BDC, the ligands ratio of BDC:ATA = 9:1 is used to form the
Ni-BDC9ATA MOFs. The ATA ligands contain one amino acid on the benzene rings,
and hence the C-H, O-H, and N-H bonds can be quantitatively studied. Further, the

orientation preference of the ATA ligands can be also investigated.

First, the best captured amino acid in Ni-BDCyATA is shown in Figure 73. The
nitrogen can be observed in iDPC-STEM, and the amino acid can be clearly shown in
dDPC-STEM highlighted by the white dashed circles. However, the mixed ligands
introduced strain into the structure, so there are few good regions of interest that can show
amino acid as good as Figure 73. The geometric phase analysis (GPA) is applied to show
the strain problem of the full field of view corresponding to the Figure 73 as shown in
Figure 74. If the ratio of ATA ligands is too low, it is too difficult to find NH> in the
specimen. If the ratio of ATA ligands is too high, the strain also affects the image quality.
So, the ligands ratio is compromised between the number of ATA ligands and the

introduction of strain.

1IDPC-STEM dDPC-STEM

Figure 73. iDPC- and dDPC-STEM in Ni-BDCyATA. Scale bars: 2 A. White dashed
circles highlighted the amino acid.
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Flgure 74. GPA of the full field of view of Figure 73. Orange box highlighted the
corresponding position of Figure 73.

Based on the same strategy, the N atom is first distinguished in high SNR iDPC-
STEM, then the amino acid is confirmed by low SNR dDPC-STEM. After tremendous
efforts, the other amino acids are found in Figure 75. Although the quality amino acid is
slightly worse than Figure 73, the amino acid can be barely identified and quantified.
Before the orientation preference is discussed, the notation of the orientation will be

denoted first.

iDPC

Attempt 2

iDPC dDPC

Attempt 3

dDPC

Attempt 4
iDPC

dDPC

Figure 75. Other amino ac1ds examples acquired by iDPC- and dDPC-STEM. Field
of views: 1.775 nm X 1.389 nm.
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5.3.3. ATA orientation preference

Figure 76 presents the notation C1 to C4 of the ATA ligand orientation with
example of a relaxed NH>@C1 structure. The equivalent position of the same notation is
highlighted by the yellow color. Combining the data above (Figure 73&Figure 75),
NH>@C1 is found that mostly present (counts = 18) with the lowest relaxed energy, which
means the NH>@C1 is an energy favorable position (Table 5). Other than the notation C1
to C4, there are also O1 and O4 that provide the coordination difference that O1 bonds

with 3 Ni atoms and O4 bonds with 4 Ni atoms as shown in Figure 77.

"
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Figure 76. Notation of the orientation of the ATA ligands with example. Yellow
atoms show the equivalent position under the same notation.

Table S. Table of counts and relaxed energy of different ATA orientation

Orientation Counts Erelaxed (€V) AErelaxed (€V)
NH@Cl1 18 -27178.1937 0
NH@C2 7 -27178.0717 0.1220
NH@C3 1 -27178.0937 0.1000
NH@C4 7 -27178.1243 0.0694

01 | O4 O1 coordination

>~

04 coordination

- L? g o L'v “g "\“. X

Figure 77. Notation of O1 and O4 showing different Ni coordination.

WONG Lok Wing 103



qu The Hong Kong Polytechnic University

v Chapter 5. Quantitative Charge Density Study of Hydrogen in MOFs

5.3.4. Quantitative study of the charge density with hydrogen

The line profiles extracted from experiments, Dr. Probe, and VASP simulations
are statistically compared in terms of C-H, N-H (orange arrows), and O-H as shown in
Figure 78. The black and green arrows demonstrate the examples of C2-H and O1-H line
profile extraction. The sample size is as large as possible to minimize low SNR problem

in dDPC-STEM, so the sample size is at least 100, except for the N-H (sample size = 22).

p(e/A?)
R O o

..“"‘

-
":"I .

"
1

Probe and VASP. Black, orange, and green arrows demonstrate how the line profiles are
extracted for C-H, N-H, and O-H, respectively.

Figure 79 displays the statistic results that the theoretic results is close to the range
of the statistical data. However, the low H intensity in VASP leads the huge difference in
the final charge density ratio as shown in Figure 79b&d. It might be caused by the
different potential used in the simulation®®, but the used potential is as similar as possible
in the Dr. Probe and VASP simulations. Noticeably, the charge density ratio of C/H and
O/H is very similar, except for C1/H, which is similar to N-H. That coincides with the
orientation preference of NH2@C1, that implies the orientation preference might be
relevant to the similar charge density ratio. On the other hand, the charge density of
H@C1 is higher than H@C2-C4, that implies the low energy bonding as shown in Figure
79b. When there is more interaction between the electron probe and H@C1, for example,
low vibration and more stable, the scattering signal would be stronger. Besides, the charge

density can relate to the coordination of O-H in the perspective of O1-H and O4-H (Figure
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79a&b). The charge density of O1 and H@O! is both higher than that of O4 and H@O4,
that means the extra negatively charge from the Ni electron cloud reduces the charge
density of O1 and H@O!1 during the convolution between scanning probe and the charge.
Besides, this is also why the charge density of O1 and O4 is generally lower than C1 to

(4, that is about the coordination neighbor.
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Figure 79. Box charts of the charge density, atomic distance, and charge density
ratio. a, The charge density of C, N, or O. b, The charge density of H. ¢, The projected
distance to H. d, The charge density ratio of C, N or O divided by H.

The projected atomic distance measured from dDPC-STEM is different because
of the convolution and thermal vibration of the atoms. Hence, the highest positively
charge position might be slightly adjusted after convolution, such that the peak distance
extracted from the line profile is different. The mean of projected distance of C-H and O-
H is approximate 1.25 A, that is close to the simulations, but slightly longer than the
previous studies. For example, the C-H bond length is ~1.079 A in benzene?’®, and O-H

bond length is ~0.95 A in metal-OH?"!,
5.4. Summary

DPC-STEM provides the opportunity for structural identification and quantitative
investigation in charge density in beam sensitive materials. Although the SNR of the
charge density map is weak, the sufficient large sample size can minimize the data

variation to achieve the quantitative investigation. In this work, the orientation preference
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of amino acid has been found that prefers energy favorable position that is related to the
H charge density, and the charge density ratio. The charge density can also represent the
coordination difference because the total charge density is affected by convolution. If the
electron cloud is larger, said high Z element, the signal difference would become larger.
This work provides an alternative way to predict the ligands’ arrangement in such flexibly
complex structure of MOFs. This method also provides an insight to predict the structural
engineering. Combining with the dDPC-STEM with big data, there will be more

properties and applications of hydrogen bonds can be unveiled in the future.

|
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Chapter 6.  Conclusion and Outlook

In this thesis, the applications of TEM have been demonstrated by 3 different
projects. Taking the advantages of extremely high resolving power of TEM, the atomic
structure can be relatively easily understood via direct observations. Coupling with the
other techniques in TEM, such as EELS, in situ techniques, and dDPC-STEM, more
information can be unveiled in real time, for example chemical structure, mechanical
properties and mechanism, and charge density. The major findings of this thesis are

concluded below.

The 2 step reactions and intermediate species of TMDCs have been resolved via
the APCVD studies of ReSez. The MxXoxa clusters are first formed by the hydrogen
reduced chalcogens and transition-metal in atmosphere. The clusters first nucleate on the
surface for further chalcogenization to become MX», and then the further attached clusters
either on the surface or on the edge will be gradually chalcogenized to form the 2" layer

or to grow epitaxially, respectively.

The phase transition pathway and “3R pinning effect” have been found via
studying the exceptional plasticity of InSe. The unexpected atom translations induced
phase transition from 2H-to-3R’-to 3R caused by solely mechanical driving force is rarely
observed. The synergistic effects between enhanced gliding barrier and phase transition
causes “3R pinning” which stops the cracks propagations, and the strain would be
released by other micro-crack formation with the gradually forming micro-crack

networks. Hence, this virtuous circle facilitates the plasticity of materials.

In the study of MOFs, iDPC-STEM has demonstrated the ability of structural

analysis, and dDPC-STEM has demonstrated the resolving power on light elements and
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the prediction of energy favorable site. The statistic results provide information of the
number of atoms nearby due to the convolution of the total charge density. Furthermore,
the higher charge density site implies the energy favorable possible when comparing with

the same bonding structures.

Soon, the design of the in situ experiments is difficult because of the consideration
of resolution, safety, and feasibility. Although the further selenization is confirmed, the
process is still an attractive study. This idea can be implemented once there is a way to
use the H2Se gas in the Protochips atmosphere holder due to the gas is highly toxic and

flammable.

The ductile brittle predictions still require giant efforts. Few data points of 2D
materials have been contributed via DFT calculations to Pugh-Pettifor criteria that
suggests the parabolic relations between Cauchy pressure-to-Young’s modulus ratio and

shear-to-bulk moduli. The Pugh criterion still works for vdW materials.

The recent developed iDPC-STEM has the great potential to image the
biomolecule in RT. Although the DNA structure is well known, it is still worth a shot.
The applications of dDPC-STEM are less reported. The successful prediction of the lower
energy site motivates the further studies about the applications of dDPC-STEM for

different low-dimensional materials.
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