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Progress on the in situ imaging of growth
dynamics of two-dimensional materials

@b and Liming Xie (2 ¥2®

Xiaokai Zhu, €2 2® Honggang Wang,*®< Kangkang Wang
One key issue to promote the industrialization of two-dimensional (2D) materials is to grow high-quality
and large-scale 2D materials. Investigations of the growth mechanism and growth dynamics are of funda-
mental importance for the growth of 2D material, in which in situ imaging is highly needed. By applying
different in situ imaging techniques, details for growth process, including nucleation and morphology
evolution, can be obtained. This review summarizes the recent progress on the in situ imaging of 2D

material growth, in which the growth rate, kink dynamics, domain coalescence, growth across the sub-

rsc.li/nanoscale

1. Introduction

The discovery of atomically thin graphene films by Novoselov
et al. in 2004 has boosted the research on two-dimensional
(2D) materials." So far, many branches of 2D materials have
been identified including graphene,' hexagonal boron nitride
(h-BN), transition metal dichalcogenides (TMDs, such as
MoS,,”> WTe,,> WSe,,* and ReS,°), black phosphorus (BP),®
transition metal halides,” metal thio/selenophosphates,® tran-
sition metal carbides and nitrides (MXenes)”'® and so on."*™*

“CAS Key Laboratory of Standardization and Measurement for Nanotechnology,
National Center for Nanoscience and Technology, Beijing 100190, P.R. China.
E-mail: xielm@nanoctr.cn

bUniversity of Chinese Academy of Sciences, Beijing 100049, P.R. China
‘Department of Chemistry, Tsinghua University, Beijing 100084, China

Xiaokai Zhu obtained his B.Sc.
in chemistry from Huazhong
University of Science and
Technology in 2017. Currently
he is a Master student at
National Center for Nanoscience
and Technology. His research
interest focuses on the synthesis
of 2D materials as well as the
understanding of their growth
mechanisms.

Xiaokai Zhu

1746 | Nanoscale, 2023, 15, 1746-11758

strate steps, single-atom catalysis, and intermediates have been revealed.

Due to their atomic thickness, dangling-bond free surfaces,
and unique electronic structures, 2D materials have been
endowed with novel physical properties such as massless fer-
mions,'® Ising superconductivity,'”” quantum Hall effect,® etc.
As a result, extensive effort has been made to explore the fun-
damental science as well as the electronic applications of 2D
materials.

Toward the fundamental research and potential device
applications, it is highly demanded to synthesize 2D materials
with high quality and high uniformity in a large area. Besides,
the growth of 2D materials with precise layer numbers, low
density of defects, and desired crystal orientations is more
desirable. To date, 2D materials have been grown by physical
vapour deposition (PVD),” molecular beam epitaxy (MBE),"
atomic layer deposition (ALD),”® chemical vapour deposition
(CVD),>"** metal-organic CVD (MOCVD),* and so on. To meet
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the requirements, a thorough understanding of the growth
mechanisms and the precise measurement of the growth
dynamic parameters are needed. So far, ex situ experiments
and simulations have been implemented to gain information
about the growth mechanisms and growth dynamics.?*™°
However, ex situ experiments require to interrupt the growth
process, which is time-consuming and also cannot exclude the
growth or etching during the cooling down process.
Alternatively, in situ imaging of the growth is more preferred to
capture the chemical and physical process in real-time. The
generally used in situ techniques are presented in Fig. 1,
including transmission electron microscopy (TEM), scanning
electron microscopy (SEM), scanning tunnelling microscopy
(STM), optical microscopy, X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD), X-ray reflectivity (XRR), spectro-
scopic ellipsometry, differential reflectance spectroscopy (DRS)
and Raman spectroscopy. Growth dynamics covering nuclea-
tion event, domain coalescence, and so on can be directly
imaged. Further information, such as kink dynamics, can also
be evaluated by model analysis and data fitting. All the growth
dynamics information is critical for finely controlling the
growth of 2D materials.

However, there are difficulties in visualizing and imaging of
the growth process. For example, the high temperature
environment prevents a close imaging of the growth.
Additionally, electron microscopic techniques require a
vacuum condition. So, in most cases, a mini high-temperature
stage/reactor is customized and put inside or under the charac-
terization tools. In very few cases, the characterizations can
also be directly used with the growth furnace/chamber, such
as low energy electron microscopy (LEEM), DRS, and XPS.
Using these in situ techniques, the nucleation events, evolution
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In this review, we have summarized the recent progress on
the in situ investigations of the growth dynamics of 2D
materials. To begin with, the used techniques are briefly intro-
duced. And then, the growth dynamics of 2D materials
revealed by these in situ characterizations are discussed in
detail, including growth rate, kink dynamics, domain coalesc-
ence, growth crossing the substrate steps, single-atom cataly-
sis, and intermediates. At last, further research and challenges
in the in situ imaging are discussed.

2. Characterization techniques used
for in situ investigation

2.1. Imaging techniques

TEM offers atomic-scale insight into the nucleation, kink
advancement, defect formation, atom diffusion, evolution of
grain boundaries, and so on. To achieve in situ TEM imaging,
a specially designed specimen holder is required.** In most
cases, in situ heating for TEM are realized by placing a heating
element at the end of the specimen holder and using precise
Joule heating and temperature dissipation to obtain precise
and stable specimen temperatures.’ In 2005, Zhang et al.
designed a micro electro-mechanical system (MEMS) device as
a heater and a specimen carrier to observe the melt of
bismuth nanoparticles.** A thin film fabricated on the MEMS
heater is used for heating by applying electric current.* This
thin film is usually made of metal, ceramic, or doped polysili-
con. Very recently in 2023, Zhao et al designed a sample
holder with a 2D graphene based microheater, which can heat
up the stage rapidly with less energy, and low thermal expan-
sion at higher temperatures.®® Moreover, by integrating a

of crystal morphology/structures/chemical compositions microfabricated gas cell together with the MEMS heater, in situ
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Fig. 1 Schematic illustration of the used in situ techniques for 2D materials growth and the related research on the growth dynamics.
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environment are both allowed. Nowadays, in situ studies are
majorly conducted on such multi-functional reactors.**>>3°

SEM utilizes a focused electron beam to scan over samples.
The incident electrons generate secondary electrons (SE) and
backscattered electrons (BSE) which carry rich information
about the surface morphology and chemistry compositions of
the sample. Similar to in situ TEM imaging, a specimen stage
is designed for in situ SEM imaging. So far, numerous strat-
egies have been implemented to heat the in situ stages, such
as laser heating,”” current heating,®® and metallic coil
heating.>®* However, at the growth temperature, the thermal
electrons emission from the heating element may induce inter-
ference to the in situ imaging.** To reduce the thermal elec-
trons, methods such as changing the composition for the
specimen holder,"" encapsulation of the heating wires, and
adjusting an electron filter systems are used.*” In situ SEM has
been applied to investigate the growth behaviours of graphene
on different polycrystalline metal substrates. By collecting sec-
ondary electron signal, graphene with different layers could be
discriminated from the different contrasts.**™*

To implement STM imaging, an atomically sharp tip is
taken close to a conductive surface. Collecting the feedback of
tunnelling current, atomic-resolution surface structure can be
obtained. In real time characterization of growth process,
thermal drift of the tip becomes severe. Hoogeman et al
designed a thermal-drift compensated piezoelectric scanner
with a customized sample holder and then the thermal drift
could be drastically reduced.*® Additionally, the scan speed
has also been improved by increasing the mechanical reso-
nances frequencies and the bandwidth of the feedback elec-
tronic components.*>! In recent years, the behaviour of the
atoms catalysis, the structure of crystal or edges, and different
growth modes have been unveiled precisely by in situ STM
imaging.>'>°

With a sub-pm resolution and a large imaging field, optical
microscopy is applied to recognize the nucleation sites, ident-
ify the layer number, visualize the growth process and domain
coalescence, and track the morphology evolution, which can
provide indispensable information for the growth dynamics.
Compared with other techniques, optical microscopy can be
operated under non-vacuum conditions and in a non-destruc-
tive way.”” Usually, a mini CVD chamber with a transparent
optical window is needed for in situ optical imaging. In 2013,
Puretzky et al. achieved real-time optical imaging of the growth
of graphene on Ni substrate.”® And then in 2015, a radiation-
mode optical microscopy was developed for imaging the
growth of graphene on Cu substrate.>® Rasouli et al. designed
a small-sized CVD chamber which could be put under a micro-
scope lens to realize real-time observation. With this system,
vapour-solid-solid growth and vapour-liquid-solid growth of
2D TMDs were observed.*®

2.2. Spectroscopic techniques

Raman spectroscopy is a powerful and convenient tool to
characterize material structures, chemical compositions, and
so on. Usually, in situ Raman spectroscopy is a complementary
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View Article Online

Nanoscale

tool with in situ optical microscopy. Thus, to conduct in situ
characterizations, design of the reaction chamber is the same
with in situ optical microscopy.’®®""®> However, at high temp-
eratures, Raman signal becomes weaker and the thermal-emis-
sion background gets stronger. Usually, a short wavelength
excitation is used to reduce the background interference. With
Raman spectroscopy, layer number, compositions of inter-
mediates, and final materials can be revealed.®*®*

X-ray characterization can identify crystal structures (by
XRD), analyse surface elemental information (by XPS), and
measure the electron density profile of materials and thickness
of the film (by XRR). A small reactor is put in the equipment
to conduct in situ characterizations. Recently, in situ XPS and
XRD have been used to follow dynamic process such as the
growth of MoS,,*> graphene,®*®® and 2D boroxine frame-
work.®” As for in situ XRR, Jankowski et al. used this method to
study the growth of graphene on molten Cu foil®*®® In 2020,
Saedi et al. designed a CVD reactor which was integrated with
an in situ optical microscopy, Raman, XRD, and XRR for real
time investigations.®®

Spectroscopic ellipsometry and DRS are remote and non-
destructive analysis techniques. Spectroscopic ellipsometry
can measure the compositions, film thickness, and growth
rate and DRS can measure the compositions, growth rate, and
electron state. Both spectroscopic techniques can be carried
out under atmospheric pressure. So, a small CVD reactor is
usually needed for in situ spectroscopic ellipsometry and DRS
characterizations. Losurdo et al. applied in situ spectroscopic
ellipsometry to clarify the effects of cleaning and annealing of
metal substrate and carbon coverage at the surface on the
growth behaviours. By controlling this process, precise gra-
phene thickness was achieved.®® In situ DRS can be applied in
a real CVD reaction. Recently, Wang et al. built an in situ DRS
system to monitor the growth process in a CVD furnace. A
quartz window was designed on the top of the furnace which
allowed the incident light beam to enter into the furnace.”®

3. In situ investigation of 2D material
growth

3.1. Imaging of the growth rate

The most straightforward information obtained via in situ
techniques is the growth rate and its dependence on the temp-
erature, gas flow rate, precursor, substrate, and so
on,*7?97 L7178 1n 5015, the growth and etching of graphene
on Cu substrate were observed by the radiation-mode optical
microscopy (Rad-OM). Bright patches of graphene grains were
clearly recognized (Fig. 2a). Typical time evolution of represen-
tative grain area at 985 °C was plotted in Fig. 2c in blue.
Accurate graphene growth rates with different gas flow rates
and different growth temperatures were extracted. For
example, by increasing CH, flow rates from 6 to 10 sccm,
growth rates were first accelerated and then saturated. From
the temperature dependence of growth rates, the activation
energy was obtained, which suggested that the incorporation

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Schematic illustration of in situ imaging the growth rate of graphene. (a) Time-series SEM images of graphene growth with the CH, flow rate
of 5 sccm at 985 °C. Reproduced from ref. 59 with permission from Springer Nature, copyright 2015. (b) Time-series SEM images of graphene
growth with C,H,4 flow rate of 0.1 sccm at 1000 °C. White arrows highlight nucleation events at grain boundaries. t* corresponds to the induction
period from C,H,4 dosing until the first nucleation event was detected. Reproduced from ref. 73 with permission from American Chemical Society,
copyright 2015. (c) A summary of the growth pattern of graphene showing the increase of the graphene areas with time from different research
works. (d) A summary of growth rates of graphene obtained under various conditions from different research work.

of precursor to graphene was the rate-determining reaction in
the growth.>

In situ SEM has also been used to evaluate the growth rates
of graphene. The entire CVD process was observed via in situ
SEM imaging. The growth was divided into three stages.
Formation of new flakes was captured by in situ SEM (Fig. 2b)
and growth rates were quantified based on in situ SEM data
(Fig. 2c). During the first attachment-limited growth stage, the
radial growth of graphene sheets was roughly constant. With
the consumption of locally supersaturated precursor, a
depletion zone appeared at the growth front leading to the
second surface-diffusion-limited growth stage. When the
growth fronts of neighbouring graphene approached to an
approximate 3 pm interval, growth evolved to the third stage
and the growth rates declined rapidly.”?

In situ spectroscopy was also used to get a rough growth
rate for graphene. Tsakonas et al. applied in situ DRS to plot
the values of differential reflectance AR/R, as a function of
time. From the graph, the growth rates were finally quantified,
indicated by cyan circles in Fig. 2d.””

Except for graphene, the growth dynamics of 2D van der
Waals CdI, and Pbl, on WS,, MoS, and WSe, was investigated.
A custom-made system was used for in situ observation and
Raman characterization of heterostructures growth dynamics.
Sapphire with pre-grown WS,, MoS, and WSe, was used as

This journal is © The Royal Society of Chemistry 2023

substrates for the growth of Cdl, and Pbl,. Two growth beha-
viours were observed depending on the temperature of sub-
strate. At 285 °C, CdI, nucleated on the WS, flake. After 30 s
growth, the nucleus grew and evolved into a hexagonal shaped
crystal. When the edge of CdlI, reached the edge of WS,, the
growth stopped (Fig. 3a). The time evolution of the
domains showed a growth rate of 0.41 um s™'. By decreasing
the temperature to 260 °C, CdI, grew with a suborbicular
shape with no clearly defined facets (Fig. 3b). The size of Cdl,
domains increased with time in a sublinear fashion and the
growth rate slowed down as domain size increased. Based on
the in situ images, their different growth patterns and rates
have been concluded in Fig. 3c. The different growth beha-
viours at different temperatures were originated from the
temperature-dependent surface diffusion and edge adsorption
effects.”®

Very recently, our group applied a high-temperature optical
microscope equipped into the CVD furnace” to record the
in situ growth process and developed a new liquid phase edge
epitaxy method (LPEE) in Fig. 3d. In this new growth method,
MoS, contacted the liquid only at the edges and the growth
was confined only along the MoS, edges, resulting in precise-
monolayer epitaxy of TMDs. Moreover, with the evolution of
the flakes, the size of the liquid droplet decreased simul-
taneously, thus, indicating that the evaporation of the solvent

Nanoscale, 2023, 15, 1746-11758 | 11749
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Fig. 3 Schematic illustration of in situ imaging the growth rate of Ml, (M = Cd, Pb) and MoS,. (a) In situ real-time images of the growth process of
CdI,/WS; heterostructure at a growth temperature of 285 °C. (b) In situ real-time images of the growth process of Cdl,/WS, heterostructure at a
growth temperature of 260 °C. (c) Plotting of the size of MI, (M = Cd, Pb) with time at different temperatures. Reproduced from ref. 76 with per-
mission from Wiley, copyright 2021. (d) Illustration of the LPEE process of TMDs. (e) In situ imaging of LPEE of MoS, monolayers from the CsCl solu-
tion at 850 °C. Reproduced from ref. 78 with permission from American Chemical Society, copyright 2023.

was the driving force. The epitaxy rate was measured to be
1-2 pm s~1.78

3.2. Imaging of the kink dynamics

Based on the classic terrace-step-kink (TSK) model, the growth
process includes adatom diffusion, nucleation and dynamics
of the stable nucleus, atom attachment to create kinks, and
kinks propagations along the edge. In particular, kinks are the
most important and active sites for adding or removing
atoms.>® Under a low supersaturation condition, kink gene-
ration can be the rate-limiting process.

To elucidate how kinks form and how kinks advance, in situ
STM was used to record the growth of h-BN (Fig. 4b and c). At
the beginning, the shape of h-BN was a hexagon with three
short edges and three long edges corresponding to a high
energy and a low energy edge. The edges with higher energy
disappeared quickly, forming a truncated triangular (Fig. 4b).
In situ STM revealed that different kink creation rate contribu-
ted to the disappearance of the edges. New nanomesh units
formed at kink sites and then moved along the edges. Kinks
advanced along both edges at an equal speed.®°

In 2013, Dong et al. imaged the kink dynamics in the
growth of graphene on Rh(111). The growth started from cre-
ation of kinks and then the kinks advanced along the edge in
units of the moiré pattern which consisted of 288 carbon
atoms. And this observation was quite similar with the pre-
vious work on the growth of h-BN.

Kink advancement and kink creation at concave conners
were also investigated. Kink creation rate at the concave

1750 | Nanoscale, 2023,15, 1746-11758

conner depended on the corner angle (Fig. 4h and i). The
kinks were created faster at the 60° concave corner and slower
at the concave corners with angles larger than 120°.>*

Wang et al. studied the kink-accelerated growth during the
domain coalescence of graphene via in situ SEM characteriz-
ations. When two zigzag edges domains met, a concave corner
with an angle of 120° formed. Then, fast attachment of growth
species at the concave corner led to the formation of a new
growth front (Fig. 5c-f). The edge of the new front was tilted
19.1° with respect to the initial zigzag edge, indicated in
Fig. 5g. This edge had the highest possible kink density which
was coincided with the theoretical simulations by Ma et al.>*
Thus, this edge became the fastest growing edge during attach-
ment-limited growth. Simulations of growth process at this
concave angle presented in Fig. 5g was in accordance with the
observation.®'

These in situ investigations have revealed the important role
for the kinks. During the growth, the creation of kinks deter-
mines the growth rate. Besides, when two domains coalesce,
the shape of the final flake is affected by kinks. More in situ
studies are needed to quantify the exact relationship between
the kink concentrations and growth rates.

3.3. Imaging of the domain coalescence

One of the most possible strategies to obtain wafer scale single
crystals of 2D materials is the seamless coalescence of small
single-crystalline domains.®*"®> After coalescence, there may
be grain boundaries which play an important role in the
device performance.®® The domain coalescence process has

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Schematic illustration of in situ imaging of kink dynamics at the edge during the growth of h-BN and graphene. (a) Diagram of an in situ
scanning tunnelling microscope. (b—d) Sequential STM images of h-BN growth on Rh(111) with borazine precursor at 978 K. Reproduced from ref.
80 with permission from the American Physical Society, copyright 2010. (e—g) Sequential STM images for graphene growth at 975 K on Rh(111) with
an ethylene pressure of 5.7 x 10~° mbar. (h) Sketch of kink creation at a concave graphene corner and subsequent kink advancement. (i) Measured
average number of kink creation events per STM image as a function of the angle of the concave graphene corner. Reproduced from ref. 52 with
permission from American Chemical Society, copyright 2013.
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Fig. 5 Schematic illustration of in situ imaging of kink dynamics at the concave corner during the growth of graphene. (a) Diagram of an in situ
scanning electron microscope. (b) Shape evolution of the graphene domains during coalescence. (c—f) Sequential images showing the appearance
of new edges at the concave corner during the coalescence. The new growth fronts which were tilted with a 19.1° dip angle. (g) Atomistic model of
the growth process of a concave corner with an angle of 120° and zigzag edges in the case of well-aligned graphene domains. Reproduced from
ref. 81 with permission from American Chemical Society, copyright 2020.

been observed by in situ STM,**% TEM,**® SEM,®' and with different crystallographic orientations moved closer, their
optical microscopy.®” Liu et al. monitored the coalescence of grain edges contacted quickly but remained their original
graphene on Cu by in situ TEM. As the two grain boundaries orientations. Hence, a clear grain boundary was formed.

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 1746-11758 | 11751
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However, after 0.5 s, two grains reoriented and completely
merged together. The grain boundary disappeared, resulting
in a single grain with the same crystallographic orientation.
This fast merge-reorientation phenomenon is explained by the
first-order phase transition of the local atoms. In situ imaging
also showed that the defects for the as-grown graphene could
be repaired during growth.®

Jankowski et al. used in situ Rad-OM to monitor the growth
behaviour of graphene on liquid copper at 1370 K. The whole
growth process was demonstrated in Fig. 6a-d. During the
growth, the flakes grew larger and flew close to each other,
indicating the presence of an attractive long-range interaction
between the domains. However, when the domains moved
closer to each other (20-40 pm), there appeared a short-range
repulsive interaction between them which kept the grains
evenly distributed on the liquid copper. As the growth further
proceeded, continuous and domain-boundary-free graphene
film was formed eventually.®*

These findings have elucidated the effect of substrates
during the coalescence of graphene. Seamless graphene films
were obtained both on Cu films and on liquid copper via
different mechanisms. For TMDs, the investigation in the
domain coalescence is far more limited.

Sang et al. observed the oriented attachment of nanograins
during the growth of 2D MoS, via thermolysis of (NH,),Mo0S,.
The nanograins were initially formed at 600 °C. As shown in
Fig. 6e-h, the middle grain slowly moved toward the left grain.
After the middle grain attaching to the left grain, the middle
grain reoriented to align with the left grain to reduce the total
energy. In contrast, the right grain moved toward the middle
grain but kept its orientation after attaching to the middle
grain due to its larger size and hence a higher energy barrier
for reorientation.®

View Article Online
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3.4. Imaging of crossing over the substrate steps

Recently, the step-edge-guided method has shed light on the
large-scale growth of single crystal 2D materials. Atomic steps
on the vicinal surface of the substrate guide a unidirectional
domain growth. Domains with the same orientations finally
merge into a single crystalline thin film. Consequently, the
understanding of how substrates and steps affect the growth
process is needed.

In 2011, Gunther et al. observed a downhill growth mode
for graphene using in situ STM. The collected data demon-
strated that graphene preferentially grew across the descending
steps with a carpet-mode.”® However, the graphene grown on
the lower terrace was from the pointlike seeds at the step edge.
These seeds led to different orientations of the graphene. At a
low pressure and a high temperature, the Ru terraces moved
with the front of graphene edges, and hence the graphene did
not grow downhill across the atomic steps. Instead, this
yielded large-size terraces and perfectly crystalline graphene
films.**

Uphill and downhill growth modes were both observed by
in situ STM imaging under different growth conditions for the
growth of h-BN on Pd(111) surface (Fig. 7a and b). At a low
temperature, due to a lower effective activation barrier at step
sites, the nucleation and growth of h-BN occurred majorly at
the ascending steps in spite of large terrace areas. The growth
obeyed an uphill growth mode. Differently, at a high tempera-
ture and a low pressure, the deposition rate at terrace sites
increased exceeding the deposition rate at step edges. Hence,
the growth occurred on terraces. Since the growth at the des-
cending Pd steps was kinetically suppressed, h-BN islands
formed on terraces eventually followed a downhill growth
mode.>®

Fig. 6 Schematic illustration of in situ imaging of domain coalescence processes during graphene growth and MoS, growth. (a—d) In situ optical
imaging of graphene growth on liquid copper. Reproduced from ref. 62 with permission from American Chemical Society, copyright 2021. (e—h)
TEM images showing coalescence of MoS, grains. Grains indicated by white and red arrows move toward the grain indicated by cyan arrow.

Reproduced from ref. 88 with permission from Wiley, copyright 2019.
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Fig. 7 Schematic illustration of in situ imaging of the h-BN growth across the substrate steps. (a and b) Representative in situ STM images acquire
during the CVD growth of h-BN on Pd(111) at (a) temperature T = 573 K, borazine pressure p = 107 mbar and (b) T = 673 K, p = 107 mbar.
Deposition times t indicated in the image panels are with respect to an arbitrary time during annealing the sample at the set T in UHV, at which bora-
zine is introduced into the STM system. (c) Schematic of the h-BN growth modes at different deposition conditions. Different colours correspond to
different rotational domains of h-BN. Reproduced from ref. 56 with permission from American Chemical Society, copyright 2020.

Overall, these studies have suggested that the growth across
steps relied on the substrates, the growth temperature, precur-
sor pressure, and so on.

3.5. Imaging of single-atom catalysis

Single-atom catalysts have compelling potentials because each
atom is accessible for the catalytic reaction with 100% atomic
efficiency. Many studies have evidenced that single atoms will
participate in the growth of graphene on metal substrates.’>
The catalysis involves the connection of single atoms to the
edge of 2D materials. And then, the growth (i.e., atom attach-
ment) is catalysed at the catalysis site.

In 2014, Liu et al. applied atomic resolution aberration-cor-
rected STEM to investigate the graphene growth and domain
boundary formation under electron-beam irradiation. During
the second layer graphene growth, single Si atoms as catalyst
were observed unexpectedly. A series of annular dark-field
(ADF) images were captured by in situ TEM at 500 °C (Fig. 8a-
d). On the left side of the dashed magenta line was the initial
second layer of the graphene. A tip-growth mechanism could
be observed, in which graphene grew next to Si atoms and Si
atoms were pushed to the edge front.”*

Single Si atoms were also observed to catalyse the dis-
sociation of carbon atoms from graphene in an aberration-cor-
rected HRTEM.”® Several more research has been published to
further reveal the mechanisms of single Fe,”* Cr,”> and Sn”°
atom catalysis on the edge of graphene using in situ TEM
imaging.

This journal is © The Royal Society of Chemistry 2023

In 2018, Patera et al. directly visualized the growth of gra-
phene on Ni(111) and uncovered how single Ni atoms involved
in growth process at kink sites of graphene. At first glance of
in situ STM images shown in Fig. 8f and g, carbon atoms
started to incorporate at the kink sites and then propagated
along the edge at both the z edge and the k edge. The presence
of bright objects at the kink sites, which were Ni atoms, was
also recorded in the images. As the Ni adatoms reached the
kinks, a carbon dimer was formed nearby (Fig. 8f and g). This
observation indicated that the addition of carbon atoms at
kink sites was catalysed by single Ni atoms. Combining with
DFT simulations, such a high catalysis activity was ascribed to
a 35% decline of the rate-limiting energy barrier of the growth
process with the Ni atoms.>*

3.6. Imaging of the intermediates

Characterizations of the intermediate species during the
growth is important to understand the growth pathway.

Weatherup et al. uncovered how C,H, was catalysed to form
graphene on catalysts substrate based on in situ X-ray charac-
terizations. Four intermediate steps were observed. Shortly
after the introduction of C,H, precursor, carbon decomposed
from C,H, bound to the high reactivity Ni surface sites (C,).
And then, this surface carbon diffused into the Ni subsurface
forming a Ni-C solid solution (Cp;s). Later, graphene (Cg,) and
defects (Cp) emerged at the same time. Thus, a reduction of Cg
peak meant a reduction of defects, amorphous carbon, and
domain boundary density.?”**

Nanoscale, 2023, 15, 1746-11758 | 11753
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Fig. 8 Schematic illustration of in situ imaging of the single-atom catalysis during graphene growth. (a—d) Sequential ADF images showing gra-
phene from the step-edge of the bilayer graphene. The initial 2nd-layer step-edge is indicated by dashed magenta line, while the rotated 2*-layer
highlighted by cyan dot line shows different moiré patterns and increases over time. Reproduced from ref. 74 with permission from Springer Nature,
copyright 2014. (e—g) Sequential STM images during graphene growth along z and k edges. (e) Zigzag (z) and Klein (k) edges of a top-fcc epitaxial
graphene layer on Ni(111). At both edges, the kink structures are highlighted by circles. (f) High-speed STM sequence acquired at 710 K in quasi-con-
stant height mode at the z edge. White arrows indicate the position of C atoms in fcc-hollow sites near the kink. (g) Same as in (f) but for the k
edge. Reproduced from ref. 54 with permission from American Association for the Advancement of Science, copyright 2018.

Combining in situ spectroscopy with in situ microscopy, the tion of MoOs. The system was equipped with an in situ optical
growth mechanism can be further revealed. In 2020, Xue et al. microscope and a confocal Raman spectrometer. At 550 °C,
developed a versatile in situ system to investigate the sulfuriza- the Raman peaks E,, and A, of MoS, were observed (Fig. 9a).
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Fig. 9 Schematic illustration of in situ imaging of the intermediates during MoS, growth. (a) Raman spectra of MoOs with S vapours at different
temperatures. (b) Raman spectrum of MoOs 2D flakes sulfurized at 550 °C for 3 min and Raman spectrum of MoO, at room temperature. (c) Growth
mode of MoS, monolayer growth around a nucleation site. (d) Schematic for MoS, monolayer grown around a MoS; nucleation site, in which the
growth is fed by the vapour-state Mo sources. (e) Growth mode of MoS, monolayer growth from MoOs3 droplets. (f) Schematic for MoS, monolayer
from a MoOs droplet, in which the growth is fed by the liquid droplet. Reproduced from ref. 61 with permission from American Chemical Society,
copyright 2020.
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Fig. 10 Schematic illustration of the spatial resolution and temporal
resolution for in situ techniques.

Besides, peaks belonging to the intermediates of MoO, or
MoOS, were also detected at initial stage (Fig. 9b).
Additionally, in situ optical imaging revealed two growth
modes. One mode was MoS, monolayer grown around a solid
nucleation site (Fig. 9c and d) and another mode was MoS,
grown from a liquid droplet (Fig. 9e and f). The first mode
grew much faster and larger because of high density of inter-
mediate MoO;_, vapours near the substrate surface, providing
sufficient Mo for growth.®

4. Conclusions

In this review, we have introduced in situ techniques used for
visualizing the growth of 2D materials, including imaging
techniques (such as TEM, STM, SEM, and optical microscopy)
and spectroscopic techniques (such as DRS, spectroscopic
ellipsometry, XRD, XRR, XPS and Raman). To realize precise
heating and clearly imaging simultaneously inside or under
in situ techniques, the sample holder or heating stage should
be specially designed. As shown in Fig. 10, these in situ tech-
niques can track the growth process at different spatial resol-
utions and different temporal resolutions.

To evaluate how fast the 2D materials grow and how the
morphology evolves, in situ optical microscope and in situ SEM
can be the most suitable choices. In situ TEM can be applied
to investigate the nucleation stage due to its atomic resolution.
With the sensitivity to the surface, in situ STM can be used to
visualize how 2D materials grow on the vicinal surface. In situ
spectroscopy provides complementary information about the
chemical compositions, surface information, and crystal struc-
tures. Utilizing these in situ techniques, the dynamic process
of nucleation, edge epitaxy, single-atom catalysis, and sub-
strate effect can be thoroughly visualized.

In spite of so many advancements, challenge remains.
Firstly, compared to abundant works on in situ investigations
in graphene and h-BN, less effort has been made in the investi-
gations on the growth of other 2D materials, such as TMDs.
The in situ TEM and STM studies on the growth of TMDs men-

This journal is © The Royal Society of Chemistry 2023
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tioned are based on the thermal decomposition of molybdates
which is quite different from the widely used CVD reactions.
The difficulties are that the growth of TMDs involves several
precursors and requires more complex heating stages for
in situ imaging.

Secondly, most of the in situ characterizations are not con-
ducted in real CVD furnaces. As for in situ STM, in situ TEM,
and in situ SEM characterizations, the equipment is generally
modified with special specimen holder inside the chamber to
allow the high temperature growth of 2D materials. Besides,
specially designed micro-furnace or miniaturized reactor are
used for in situ optical microscopy. In the miniaturized reac-
tion systems, the reaction regimes and the kinetics can be
quite different. Thus, characterizing the growth process in a
real CVD furnace is still needed for unveiling the growth
kinetics.

In the future, more effort is needed. Firstly, more advanced
equipment/techniques are needed, such as STM, TEM, and,
SEM with higher temporal resolution and better stability at
high temperatures. Thus, key details such as nucleation beha-
viours, kink formation, and diffusion of the atoms can be cap-
tured to unravel the growth mechanisms. As for optical
microscopy, the advent of high temperature optical microscope
made it possible to monitor the CVD process in furnace.”®”°
Secondly, with the development of in situ techniques, more
in situ investigations are needed to quantify the growth para-
meters such as nucleation rate, growth rate, diffusion rate,
kink density, energy barriers, and so on.
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