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Abstract

2D materials and van der Waals heterostructures with atomic-scale thickness provide enormous

potential for advanced science and technology. However, insufficient knowledge of compatible

synthesis impedes wafer-scale production. PdSe; and Pd.Se; are two of the noble transition-metal

chalcogenides with excellent physical properties that have recently emerged as promising

materials for electronics, optoelectronics, catalyst, and sensor. This research presents a feasible

approach to synthesize PdSe, and Pd,Se; with inherently asymmetric-structure on honeycomb

lattice 2D monolayer substrates of graphene and MoS,. We directly deposit a molecular

transition-metal precursor complex on the surface of the 2D substrates, followed by low-

temperature selenization by chemical vapor flow. Parameter control leads to tuning of the

material from monolayer nanocrystals with Pd,Se; phase, to continuous few-layer PdSe, films.

Annular dark-field scanning transmission electron microscopy (ADF-STEM) reveals the

structure, phase variations and heteroepitaxy at the atomic level. PdSe, with unconventional

interlayer stacking shifts appeared as the kinetic product, whereas the bilayer PdSe, and

monolayer Pd,Se; are the thermodynamic product. The epitaxial alignment of interlayer rotation

and translation between the PdSe, and underlying 2D substrate were also revealed by ADF-
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STEM. These results offer both nanoscale and atomic-level insights into direct growth of van der
Waals heterostructures, as well as an innovative method for 2D synthesis by predetermined

nucleation.

Keywords: PdSe,, 2D materials, graphene, TEM, Pd,Se;, MoS,

In this digital age, the semiconductor technology has revolutionized human lives, which
stems from the application of silicon wafer grown by the Czochralski process.' For the past two
decades, semiconductor fabrication is approaching the scaling limit due to the short channel
effect and unbearable heat dissipation.” A consensus on the incorporation of promising materials
or advanced transistor structure has emerged.’ Since the debut of experimentally-extracted
monolayer graphene, considerable research studies have been dedicated to 2D materials.* With an
atomically-thin thickness, 2D materials and its derivative van der Waals heterostructures manifest
dangling-bond-free surfaces and synergistic interface effects that have plagued the 3D bulk

materials.®

The potential applications of 2D materials also exist in non-computational systems
beyond the modern Si electronic, such as photodetectors, image sensors, data communication
technology, and gas/chemical/biological detection.>® A wide range of fundamental properties and
improved device performance have already been implemented through the integration of
semimetal graphene, semiconductor transitional metal dichalcogenides (TMDs), insulator h-BN

and their vertical or lateral heterostructures.”'* Recently, the research interests has expanded to



include noble-transition-metal dichalcogenides (NTMDs), group-IVA elemental Xenes and their
monochalcogenides, Gallium and Indium chalcogenides, 2D oxide layers, 2D perovskites
insulators, 2D superconductors and topological insulators, and van der Waals heterostructures.® *
>19° Among these, the group-10 NTMDs such as PtSe, and PtS, distinguish themselves as the
emerging 2D semiconductors with adequate carrier mobility, long-term air stability, and strong
interlayer coupling.*® PdSe, is one of the NTMDs with the predicted bandgap of 1.3 eV
(monolayer) to 0.03eV/0 eV (3D bulk), and exhibited ambipolar carrier conduction and metal-
insulator transition, rendering it a promising candidate for future electronic and optoelectronic

application.**

In comparison with the Xenes (silicene, germanene, and stanine) and
phospoerene, few-layer PdSe, has a similar buckled or puckered structure that breaks the
sublattice symmetry, yet with high air stability. Moreover, unlike most conventional 2D
materials, PdSe; has an inherent structure of pentagonal bonding and the 4-fold coordination of
Pd atoms, often described as the Pd-backbone square network.*>* More specifically, the Pd atom
coordinates with four Se atoms and an intralayer Se-Se dumbbell bonding cross the Pd layer. This
2D puckered pentagonal structure with low—symmetry sets the stage for future piezoelectric,
spintronic and valleytronic applications.”® * As most studies have demonstrated the preferable
presence of a minimum unit of bilayer PdSe,, many of which have questioned the physical
existence of monolayer PdSe,*” Monolayer Pd,Se; has then come to notice because it was

frequently produced in the Se-loss thinning process driven by an electron beam.”” * It is an

emerging 2D thermoelectric material that shows higher efficiency than other monolayer TMDs.



With its predicted band bap of 0.45 eV and carrier mobility of 178.02 cm*V's™, Pd,Se; is
expected to show excellent anisotropic transport properties and a pronounced optical absorption

in the entire solar spectrum, making it a promising material for optoelectronic devices.*

Despite a wealth of fascinating functions afforded by 2D materials, the development of
scalable synthesis that can coexist with CMOS technology is at its infancy.** The grand
challenges include the growth at compatible temperature, seeing that the conventional chemical
vapor deposition (CVD) system requires a high temperature around 600-900 °C.*** The direct-
growth or one-step growth methods should also be established, since the prevailing 2D van der
Waals heterostructures are predominantly mechanically-assembled,> * > while this is non-
standard in microelectronic fabrication. Research on PdSe, and Pd,Se; has highlighted the
enhanced device performance, some of which were based on mechanical exfoliation with
substantial properties, while others utilized top-down patterning either by plasma or laser to
create heterophase contacts by phase transformation.®®* On the other hand, structural dynamics
and 1D channel-etching have been thoroughly investigated at the atomic level using annular dark-
field scanning transmission electron microscope (ADF-STEM) imaging with the in situ heating
setting.®” “ Although a few studies have been devoted to synthesis, these research are either

limited by the incompatible temperature (>400°C) or the inadequate coverage and continuity,*" >

446 rather less attention has been paid to the insights of growth in terms of nucleation, growth

kinetics, and substrate impact.***



Analogous to the idea of using the seed crystal for Si wafer and the dip-coating method
for 2D MoS,," *® we demonstrated herein the use of transition-metal allyl complex as precursors,
which were pre-dispersed on the growth substrate before selenization, to grow the few-layer 2D
crystals. The low-temperature ambient-pressure CVD system was employed to comply with the
temperature for the existing CMOS fabrication. By adjusting the concentration and growth time,
we achieved the growth of continuous film qualitatively equivalent to the commercial sample,
substantiated by Raman analysis and STEM imaging. The use of 2D-material substrate suspended
on TEM grids along with ADF-STEM imaging enable us to capture the phase variations as well

as heteroepitaxial alignment at the atomic level.

Results and Discussion

Drop-casting is a facile and tunable deposition method for spreading monolayers and thin
films of nanoparticles over a substrate (~1cm?). Generally, the distribution on substrates can be
varied by the volume of dispersion and the particle concentration, given the desirably volatile
solvents and wetting conditions. This paper uses the drop-casting method and demonstrates the
role of Allylpalladium (II) chloride dimer as the precursors for palladium selenide growth, in
contrast to its extensive use as a catalyst. A polar aprotic solvent, 1, 2-Dichloroethane, was
selected for greater volatility and solubility. The precursor solutions were sonicated to agitate
particles for ideal dispersion. Graphene is chosen as the suspended substrates because of its high
electron transparency and the prevalence in the construction of van der Waals heterostructures. *

Monolayer MoS, was also used as the 2D substrate to show the broader viability of the methods.



Figure 1a shows the schematic of the experimental procedure. The same volume of
dispersion was drop-casted on TEM grids that had suspended graphene on top of the observation
membrane. The SiNx membrane was fully covered by graphene, and its area is 0.50 mm x 0.50
mm with 2 pm vacuum pores spaced 5 pm apart. Figure 1b shows the ADF-STEM image of the
deposited precursors with nanometer-size on graphene on a TEM grid. The particles with dimmer
contrast represent the thinner and smaller precursors, whereas those with brighter contrast are the
thicker and larger precursors. The higher magnification ADF-STM image in Figure 1c shows the
atomic structure of these palladium particles. Fig 1d shows the two furnace settings for
selenization. The CVD system was first flushed with 500 sccm of Ar gas for 30min, and then
both furnaces were heated at a rate of 15 °C/min until both furnaces reached at targeted
temperature, Zone 1 at 240 °C and Zone 2 at 360 °C. After one-hour selenization, Zone 2 was
first cooled down to 240°C, and then both furnaces were shut down for rapid cooling; this
ensured the selenium-rich environment during growth. Figure le-f present the product after
selenization, where the nanoparticles was transformed into the veined crystal, and the atomic
structure shows feathery PdSe; lattice. From the scattered Pd nanoparticle form of precursor to

the connected veined morphology, the growth indicated the probability of film implementation.
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Figure 1. Synthesis of PdSe, domains on graphene by selenization of allylpalladium chloride

dimer. (a) Schematic illustration of experimental settings. (b) Low-magnification ADF-STEM

image of Pd-dimer drop-casted on graphene. (c) ADF-STEM image of a single nanocluster of Pd-

dimers. (d) Schematic illustration of furnace settings and temperature profile. (e) Low-



magnification ADF-STEM image of single PdSe, domain. (f) Atomic-resolution ADF-STEM

image showing the structure of bilayer pentagonal PdSe,.

Varying the solution concentration leads to different particle number and size per volume

unit, which then alters the distribution of precursors on the substrate. We carried out experiments

at four different millimolar concentrations of 0.1 mM, 1 mM, 8 mM, 20 mM, respectively. Fig

S1-S4 showed the ADF-STEM images of the precursor distribution for each concentration before

selenization. By keeping all the other growth parameters fixed, including the gas flow, the

substrate distance, and the growth duration (1hr), the growth results were concentration-

dependent. Figure 2a-h show the ADF-STEM images at different magnifications, comparing the

growth coverage of these four concentrations. The 0.1 mM in Figure 2a,e show nanoflake

formation with relatively thin thickness. We measured the size by Feret Diameter and calculated

the number of nanoflakes in each size range. Figure 2i shows the size distribution with Gaussian

fitting, suggesting that most of the nanoflakes were 2-6 nm in size while the size ranged from

0.5nm to 18 nm. The 1 mM sample in Figure 2b,f show the limited growth with a localized

connected morphology, which resulted from its innate precursor localization (Figure S2). Figure

2k measured the intensity profile of the region in the 1ImM sample, showing a steep thickness

gradient from the graphene substrate (OL) to 8L. In contrast, the 8 mM sample in Figure 2c,g

shows an extensively continuous film morphology, derived from the even distribution of uniform

precursors (Figure S3). The 20 mM sample (Figure 2d,h), on the other hand, shows a reverse



bulky growth, where the oversaturated seeds in the environment could favor the bulk growth
rather than the film expansion (Figure S4 and Figure S5d). Figure 2j presents the statistics of
growth coverage with 8mM reached the highest point at 90%, whereas the lowest number was
seen in 0.1mM at 8.69%. In short, the growth coverage relates to the plantation and the degree of

saturation of precursors.
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Figure 2. The precursor-concentration-dependent growth of 2D Palladium selenide. (a-d)
ADF-STEM images showing the growth results from different concentrations of 0.1mM, 1mM,
8mM, and 20Mm, respectively. (e-h) ADF-STEM images showing the higher magnification of

images corresponding to each concentration growth results. (i) The statistical distribution of the



nanoflakes in size in 0.1mM. (j) Coverage calculation of different precursor concentration. (k)

Line intensity profile showing the thickness variation of the 1mM sample.

Phase determination for these synthesized nanostructures is necessary as several phases of

palladium selenide have been proven stable in ambient conditions. We further investigated the

atomic structures using atomic resolution ADF-STEM imaging. The images in Figure 3a-b were

obtained from the 0.1mM sample and the 8 mM sample, respectively. Figure 3c-g show the

atomic structures of nanoflakes, manifesting that the nanoflakes were monolayer Pd,Se; where

the experimental images and corresponding Fast Fourier transformation (FFT) accorded with the

simulation data. Figure 3h-1 show the atomic structures of film, the experimental images and

corresponding FFT also agreed well with simulation data, demonstrating that the films consisted

of PdSe,. The growth features corresponding to 1 mM and 20 mM were shown in Figure S5. It is

worth noting that in Figure 3a, the nanoflakes were composed of not only monolayer Pd,Se; but

also bilayer PdSe,, inferring that monolayer Pd,Se; was thermodynamically favorable in the

monolayer Pd-Se system, albeit in Se-sufficient environment. This result echoes the recent

studies that monolayer Pd,Se;is more physically-stable than monolayer PdSe..



Nanoflake

Figure 3. Atomic structures and schematic illustration of continuous 2D few-layer PdSe;

and monolayer Pd,Se;. (a) ADF-STEM image showing the growth condition of 0.1mM-sample

consisting of PdSe; and Pd,Se; nanoflakes, where PdSe, and Pd,Se; marked by the orange dot line

and green dot line, respectively. (b) ADF-STEM image of 8mM-sample showing the structure of

continuous few-layer PdSe,. (c) ADF-STEM image from 0.1mM-sample. The scale bar: 1nm. (d)

Experimental ADF-STEM image of atomic structures of Pd,Ses. (e) Multislice simulated ADF-

STEM image and (f-g) corresponding atomic models of Pd,Se; viewed from [001], [010], and

[100]. (h) The magnified image marked by the orange box of (b). The scale bar: 1nm. (i)

Experimental ADF-STEM image of atomic structures of PdSe». (j) Multislice simulated ADF-



STEM image and (k-1) corresponding atomic models of PdSe, viewed from [001], [010] and

[100].

The epitaxy between the monolayer nanoflakes grown with 0.1mM precursor concentration

and the underlying graphene support was explored in Fgure 4. The graphene lattice was imaged

next to the Pd,Ses;, because the strong contrast from the Pd.Se; prevents graphene from being

detected underneath. The majority of the Pd,Se; monolayers were aligned to the graphene,

confirming epitaxy, as illustrated in Fgure 4. This is expected for direct growth of one 2D

material on the surface of another. In addition, we concurrently captured the single crystal form

of PdSe, and monolayer Pd,Se; in the 0.1M sample (Figure 3-4), contrasting sharply with the




Pd,Se; that formed within PdSe, matrix by electron beam irradiation or thermal annealing (Figure
S6).

Figure 4. ADF-STEM of 0.1mM precursor growth on graphene. (a) PdSe, nanoflake, (b)-(d)
Pd,Se; nanoflakes from the same local region on graphene. (e) FFTs taken from (i) panel (a), (ii)
panel (b), (iii) panel (h) graphene, and (iv) panel (c), and (v) panel (d). (f), (g) High magnification
ADF-STEM images of two different Pd,Se; monolayers showing lattice alignment to (h) ADF-

STEM image of graphene located next to these domains.

Time-variant experiments allow us to evaluate the timescale for film growth. Considered
the thermal budget (below 400°C) for integrating the 2D materials into the silicon-integrated
circuits, this study kept the selenization temperature at 360°C, although the higher temperature
could shorten the timescale. Figure 5 shows the growth results of the 8mM samples given
different selenization time, at 15 min, 45 min, 60 min, and 60 min-2" drop. In Figure 5a-h, the
film coverage increased as the growth time increased, whereas the area of chunks (immature
seeds) reduced as the growth period prolonged. The film and chunk coverage was shown
statistically in Figure 51. The 60 min sample in Figure 5c,g has shown the complete film
formation with coverage of 88.19%. The 2™ drop was then applied to this sample and was
selenized for another 60 min, showing an enhanced coverage of 98.16%. Low-magnification
images in 5i-j, typical Raman signals of few-layer PdSe, in Figure 5k and Figure S7 and energy-
dispersive X-ray (EDX) spectrum in Figure S8 illustrated the film realization at the micron scale.

The atomic resolution image displayed in Figure 5q also shows a feathery few-layer PdSe; lattice.



It is evident that the films grown by our method are comparable to the commercial sample, as

displayed in Figure S9. Figure 5m-p show atomic structures and corresponding FFT around the

seeds in the 15 min sample. The area adjacent to the seed showed Pd,Se; lattice viewed from

zone axis [111], corroborated by simulation in Figure S10. The region further away from the seed

shows typical bilayer PdSe;, lattice and FFT, while the lattice of immature seeds (Pd.Se,) with

higher contrast fail to reach an atomic resolution due to its thickness and disorder.
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Figure 5. Tuning the growth duration of 8mM and applying the second drop to grow

nearly full coverage few-layer PdSe;. (a-d) ADF-STEM images showing the growth results

with different growth duration of 15min, 45min, 60min, and another 60min growth after the

second drop. (e-h) ADF-STEM image showing higher magnification images corresponding to



(a)-(d). (i) Low-magnification ADF-STEM images of the film coverage of 8mM-sample of 60-
min growth at micron-scale. (j) Low-magnification ADF-STEM images of the film coverage of
secondary selenization of (i) at micron-scale. (k) Consistent few-layer PdSe, of Raman spectrum
obtained from four different areas with 5 pm intervals. (1) Statistics of film coverage and chunk
percentage. (m-p) ADF-STEM image of the 15 min sample showing the region near the
palladium source and FFT from square areas marked in different colors. (qQ) ADF-STEM image

showing the atomic structures of the 60min 2"-drop sample.

Next, we examine the atomic structures of the 15 min sample, as short reaction time can
reveal the kinetic phases. Unlike the normally expected PdSe, lattice, the lattice structure in
Figure 6a arranged in a rather inconsistent manner; this implied the presence of other phases
established in the Pd-Se phase diagram. However, as we looked into other phases in terms of
crystal structure and atomic arrangement, all phases were three-dimensional crystal systems
except layer-structured PdSe; and Pd,Se; (Figure S11). The Inset FFT in Figure 6a of the whole
region indicated a certain epitaxial 2D heterophase stacking within this layered structure. For
direct comparison, Figure 6b exhibits the simulated diffraction pattern corresponding to
monolayer PdSe,, bilayer PdSe,, and Pd,Ses. It should be mentioned that monolayer PdSe, and
bilayer PdSe, adopt different crystal systems due to their symmetry (Figure S12), with the former
belonged to the monoclinic (M-PdSe,) while the latter classified as the orthorhombic (O-PdSe>).

The d-spacing of the principal diffraction spots (020) and (200) from these three structures show



marginal difference; however, we can clearly see the difference from the diffraction patterns.

That is, the M-PdSe, shows a square pattern but losses the inner low-index spots compared with

the other two. On the other hand, the O-PdSe, shows a rectangular pattern with larger spacing,

while the Pd,Se; exhibits an unequal hexagonal pattern of its principal low-index spots.

Therefore, the heterophase can be determined preliminarily through the identification of

diffraction patterns. A case of the FFT in Figure 6a exhibits the epitaxial stacking of M-PdSe; and

Pd,Se; noted that no rotational stacking pattern appeared. We can then extrapolate that the

discrete lattice in the 15 min sample resulted from the translational stacking of PdSe, and Pd,Se;

layers. Figure 6i-k categorized three diffraction patterns we found in Figure 6a, with the type I, II,

IIT corresponding to the heterophase stacking M-PdSe,, Pd,Se;/M-PdSe,, and Pd,Se;/M-PdSe,/O-

PdSe,, respectively. Other areas in the 15min sample also showed these three dominant

diffraction patterns (Figure S13). Then the translations between these layers were further

examined using Z-contrast ADF-STEM imaging and multislice image simulation. Figure 6c

displays a limited area with a typical M-PdSe, pentagonal lattice. In comparison to the inherent

O-PdSe; bilayer stacking, this showed the AA stacking bilayer confirmed by Figure 6d-g and

Figure S14. Next, Figure 61 shows the image with a higher magnification of Type I with its M-

PdSe; type diffraction pattern (Figure 6m). As the atom-resolved image shown in Figure 6n, the

sublattice shows no symmetry but a periodic unit, suggesting the translational alignment in the x-

y plane by monolayers M-PdSe,. By disassembling it layer-by-layer, Figure 6n-v shows the

structure consisted of three M-PdSe, monolayers. The reference points were marked in Figure 6q-



v to determine the absolute position, which often considered as Pd-backbone in the interlayer
stacking mechanism. More specifically, the 2" layer shows a translation toward the I quadrant,
whereas the 3" layer shows a translation toward the IV quadrant. The Se atoms with different

coordination of both layers located on top of the Pd atom at the reference points.

b Monoclinic-PdSe, Orthohombic-PdSe,
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Figure 6. Revealing the evolutionary phases during growth through cutting the growth time

down to 15min. (a) ADF-STEM image showing the region adjacent to the palladium Inset is the

corresponding FFT of the whole region, wihich was realigned vertically. (b) Simulated Single

crystal diffraction patterns corresponding to different palladium selenide phases. (c-h) A bilayer

monoclinic PdSe, (M-PdSe,) structure. (c) The experimental ADF-STEM image. (d) The image

with the atomic model for clear vision. (e) Magnified view of (c). (f) Simulated image and the

corresponding atomic model (g). (h) The side-view atomic model. (i-k) FFT of regions divided in

(a). (I-v) The translational symmetry of M-PdSe; stacked trilayer. (1) ADF-STEM image showing

the region I and (m) corresponding FFT. (o) The magnified experimental image shows a trilayer

M-PdSe; with interlayer shifts. (p) The simulated image and the corresponding atomic model. (g-

s) Layer-by-Layer atomic model showing the stacking configuration and corresponding simulated

images (t-v).

In Figure 7, we analyzed the atomic structures of type II and type III. The ADF images of

type II (Figure 7a-b) show that a specific Moiré pattern resulted from the stacking of Pd.Se; and

PdSe,. 2D FFT (Figure 6j) indicates the heteroepitaxy of monolayer Pd.Se; and M-PdSe; with its

crystallographic relation of (020)passes // (020)m-pase2. The (200), (210), (220) for M-PdSe, and

(110) for Pd,Se; are easily identified. However, the interplanar spacing of (020)pa2ses and (020)wm.

pase2 are very close, 0.307 nm for (020)pases and 0.287 nm for (020)pases, these two diffraction

spots overlap with each other. We further carried out multislice ADF-STEM simulation based on



the atomic model (Figure 7d-e), which provide the similar Moiré pattern and agree well with the

experimental ADF-STEM image (Figure 7c). Figure 7f-h illustrate the interlayer atomic distance

using Pd atoms as reference points; this enables us to clarify the lattice configuration from the top

view. The Ad (x=1, 2, 3, 4...... ) is defined as the relative translational shift of Pdpases and Pdpases,

indicated by the green circles in Figure 7f-h. In the long-range, the periodical lattice mismatch

(6.> 85> 6,> 61) gives rise to variant Moiré patterns. Figure 7i shows an example of type III

heteroepitaxy but with rotational alignment. 2D FFT in Figure 7j shows a 0=45° between the

principal diffraction spots (020)pazses and (020)o.pase2, where the (110)pazses ,(200)o-pase2, (210)0-pase2

and (220)o.rase2 Were also clearly displayed. Figure 7k presents the magnified experimental ADF-

STEM image showing the Moiré pattern, and the multislice simulated image and atomic models

(Figure 71-q) are in excellent agreement.
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Figure 7. The atomic structures in regions II and III consist of PdSe, and Pd,Se;. (a-h) The
Pd,Ses/ M-PdSe; structure in region II. (a-b) ADF-STEM image showing atomic structures of the
Pd,Se; and bilayer M-PdSe,. (c) The magnified view of the experimental ADF-STEM image of
(a). (d) The multislice simulated ADF-STEM image and (e) corresponding atomic model. (f-h)
Atomic models with atomic distances showing the stacking configuration. (i-q) The Pd,Ses/O-
PdSe; structure represents region III. (i) ADF-STEM image showing atomic structures of the
Pd.Se; and bilayer O-PdSe,. (j) FFT of (i) showing its rotational alignment. (k) The magnified
view of the experimental ADF-STEM image of (i). (1) The multislice simulated ADF-STEM
image and (m) corresponding atomic model. (n-q) Atomic models with plane direction showing

the stacking configuration.



The semiconductor/metal 2D heterostructures of PdSe,/Graphene and Pd,Ses;/Graphene

was demonstrated in Figure 1-7. These then spark our interest in the viability of growth on TMDs

semiconductor substrates. Figure 8a displayed the 8mM sample that was selenized for one hour in

the identical furnace settings. By comparison with the continuous film growth on graphene, the

results show nanoflakes growth of palladium selenide on MoS, with the size around few to one

hundred nanometers. Figure 8b shows the large-area single domain Pd,Se; on bilayer MoS,,

where the inset shows the Pd,Se; lattice extracted by applying a mask to 2D FFT (Figure 8c) to

exclude the MoS; reflexes. Furthermore, 2D FFT in Figure 8c indicates that the (020)pas.; aligned

with MoS, armchair direction. Detailed heteroepitaxy was shown in Figure 8d, confirmed by

multislice ADF-STEM image simulation and atomic model in Figure 8e-f. It should be

highlighted that two motifs of Pd,Se; have been reported, the connected bulgy rectangle structure

and the triangular-shaped with one straight line structure. The former is considered as the innate

structure, whereas the latter is often experimentally observed. Intriguingly, both the Pd,Se;

nanoflakes grown on graphene (Figure 3c-d and Figure 4) or MoS; in our study exhibited the

triangular-shaped structure. To understand why the Pd,Se; adopted the triangular-shaped structure

when grown on the 2D hexagonal substrates, we compared the Moiré patterns formed from MoS

and two structures of Pd,Ses. In Figure S15a-b, the atomic models display that the triangular-

shaped structure has the shorter spacing between Pd atoms along [020]papses direction. In long-

range commensurability, the triangular-shaped structure shows a higher lattice match on zigzag



directions of 2D hexagons, illustrated by the relative lattice spacing between these two structures

on MoS, (Figure S15c-h). Notably, the size of Pd,Se; grown on graphene is smaller than that on

MoS,. This could be limited by the surrounding Pd precursors (0.1M). On the other hand,

although these two substrates (Graphene(C), MoS,) are both 2D flat substrate without surface

dangling bonds, the vdW interactions between Pd-Se-C and Pd-Se-Mo-S are different, which is

generally described by the modified Lennard-Jones potential model.>” *' This leads to the

different surface diffusion energy for adsorbed species. Moreover, the lattice mismatch between

graphene and Pd,Se;are larger than that between MoS; and Pd,Ses, which could give rise to larger

strain energy and surface binding energy for the incorporation of species into Pd,Se; lattice on

graphene. Figure 8g shows a monolayer O-PdSe, on monolayer MoS, with inset the extracted

PdSe; lattice. 2D FFT in Figure 8h points out that (020)psse2 Overlapped with the (100)wmos2,

denoting the alignment of (020)pase2 ON Mo0S, zigzag direction. The magnified image was shown

in Figure 8i, with its heteroepitaxial alignment confirmed by Figure 8i-k.
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Figure 8. 2D PdSe,/MoS, and Pd,Se;/MoS; heterostructures and its epitaxial alignment. (a)

Overview of the sizeable 2D palladium selenide grown on MoS, with bright contrast region

marked by a red line showing the morphology of palladium selenide. (b) ADF-STEM image

showing the atomic structure of Pd,Se; grown on bilayer MoS, and the corresponding FFT (c). (d)

Magnified view showing the interface of MoS./Pd,Se;. (e) Multislice simulated image of



MoS»/Pd,Se; heterostructure and its atomic model (f). (g) ADF-STEM image showing the atomic

structure of PdSe, grown on monolayer MoS, and the corresponding FFT (h). (i) Magnified view

showing the monolayer region of a bilayer PdSe, unit cell grown on monolayer MoS,. (j)

Multislice simulated image of a monolayer PdSe, on monolayer MoS; and its atomic model (k).

(I-m) Atomic illustration showing the preferable epitaxial alignment of PdSe,/MoS, and

Pd,Ses/MoS, heterostructures.

Figure 9a-b presents a schematic illustration of the selenizing process from the top-view

and the side view, depicting the evolution of film growth from pre-seeded precursors. The phase

evolution is shown in the diagram of Figure 9c, which is based on the theory of kinetic versus

thermodynamic reaction control. In principle, kinetic control favors shorter reaction time and

lower temperature, whereas thermodynamic control occurs for longer reaction times and higher

temperatures. The experimental results in the sample with one-hour selenization only showed the

presence of bilayer O-PdSe, and monolayer Pd,Ses, which concurs with the previous findings.

These two phases are arguably the thermodynamic-control product under a sufficiently long

timescale. Comparatively, the monolayers M-PdSe, experimentally shown in the 15 min sample,

for instance, the bilayer in Figure 6¢ and trilayers in Figure 61, is the kinetic-control product.

Such phase variations that exhibited features as a function of time can also be described by the

state-to-state dynamics, where the monolayers M-PdSe; with translational stacking was at the

states that has lower activation energy whereas the bilayer O-PdSe, has higher activation energy.



Quantitative kinetic pathway of phase evolution can be further simulated by kinetic Monte Carlo

method, in which each state corresponds to one structural motif of interlayer stacking with a

energy basin.”" >
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Figure 9. The schematic illustration of growth mechanisms. (a) (b)The illustration from top
and side view showing how the Pd-dimers extended to form the continuous 2D film. (c) The

diagram showing the phase evolution .

Conclusion



The lack of practical approaches to systematically fabricate 2D materials hinders their integration

into the current technology industry. It appears that too often, the fundamental knowledge is

missing regarding precursor selection, nucleation placement, growth evolution, and substrate

impact. This study provided microscopic characterization of growth in nanoscale, and insights of

the kinetic phases and interlayer epitaxy at the atomic level. Equivalently significant, we

established a selenization process with the merits of low-temperature, one-step growth that

accomplished excellent coverage using pre-deposited precursors. The tunable nucleation of

precursors was developed through a simple solution-based process using transition-metal allyl

dimers. Few-layer PdSe, and monolayer Pd,Se; were robustly produced in different precursor

concentrations and growth duration. Monolayers M-PdSe, were favored under kinetic control

reaction; however, the bilayer M-PdSe, existed in AA stacking whereas the trilayer M-PdSe,

exhibited a translational stacking. Interestingly, Pd.Se; adopted the triangular structure with a

shorter spacing between Pd atoms. This indicated the increase of commensurability in lattice

spacing between Pd,Se; and substrates. In summary, this research has broadened the scope of 2D

PdSe; and Pd,Se; for future applications. Although it is a long way to wafer-scale achievement,

we directly synthesized pentagonal materials on hexagonal substrates as 2D van der Waals

structures. Further predictive growth models, uniform precursor-distribution strategies, and

exploitation of other transition metal complexes can be incorporated in the mono-bi-layer regime

to accomplish the industrial-level synthesis.



Methods

Transfer of Graphene and MoS, Grown by Chemical Vapor Deposition on TEM grid

Graphene was grown on the copper foil substrate using a 4 inch CVD system. The as-grown
sample was coated with polymethyl methacrylate (PMMA) at 4500 rpm for 60 s, followed by
heating at 180 °C for 1 min, and was then etched in 0.3 M aqueous ammonium persulfate
solution. After the copper foil was completely etched away, the PMMA/Graphene layer was
rinsed in DI water several times to remove the residue. MoS, growth was performed on SiO,/Si
substrate in a two-zone furnace. The system went with Ar gas flow and used molybdenum
trioxide and sulfur powder as precursors. The MoS, was coated with PMMA at 4500 rpm for 60 s
and was baked slightly at 180 °C for 1min. In contrast to graphene, MoS, was etched in 1 M KOH
until the substrate was detached. The floating PMMA/2D layers were then pasted onto clean
TEM grids and was baked at 180 °C for 30 min to enhance adhesion. Afterward, the PMMA
supporting layer was removed by immersing the sample in acetone for 12 hours. The TEM grids
containing suspended graphene were cleaned by Ar/H, and vacuum annealing while those with

suspended MoS, were cleaned by vacuum annealing.

Precursor Solution

Allypalladium (II) chloride dimer (CsH10Cl,Pd,, >98.0%, Sigma-Aldrich) powder was dissolved
in 1,2-Dichloroethane to form solutions of concentration 0.1 mM, 1 mM, 8 mM and 20 mM

(millimolar). These solutions were sonicated in a room-temperature ultrasonic water bath



(Ultrasonics output of 200 W; peak power of 600 W; operating frequency 30-40 kHz) for 30 min

to ensure the agitation and dispersion of nanoparticles. Subsequently, the supernatant of each

solution was extracted for drop-casting on graphene/MoS; on TEM grids. All solutions with

different concentrations were extracted 5 min after being taken out from the ultrasonic bath.

Selenization Settings

A two-furnace CVD system with a 1-inch quartz tube was used to create separate temperature

control of selenium source and precursor substrates (TEM grids). The Ar gas flow is used as the

carrier gas. For a typical selenizing process, 80 mg of selenium powder (Se, powder, >99.5%,

Sigma-Aldrich) was placed in the center of Zone 1 at 240 °C. The TEM grids with precursors on

graphene were placed downstream at the center of Zone 2 at 360 °C.

Characterization of continuous PdSe, films

Raman analysis was conducted in LabRAM ARAMIS Raman spectrometer system, using 532 nm

laser with 100 x objective lens. The areas analyzed are with 5 pm intervals.

Scanning Transmission Electron Microscopy

Annular dark-field scanning transmission electron microscopy was performed at an accelerating

voltage of 80 kV, using JEOL ARM200F. Dwell times of 10-20 ps, beam current of 35 pA, and a

pixel size of 0.006 nm px" were used for imaging, with a convergence semi-angle of 25.5 mrad

and collecting inner-outer angles 68-275 mrad. For Figure 4 and the EDX in supporting



information, a JEOL neoARM was used at 80kV, located in the Texas Materials Institute at the

University of Texas at Austin.

Image Processing and Simulations

Images were partly processed with the Image J software using a Gaussian blur filter of 1-2 to

reduce noise and a LUT Fire effect to enhance the vision of atoms. Pd,Se; and PdSe, crystal

structures and simulated diffraction were established using Crystal Maker and Single Crystal.

Atomic models were constructed via Accelrys Discovery Studio Visualizer. Multislice image

simulations were performed using JEMS, with the chromatic aberration (C.) and spherical

aberration (Cs) parameters of 0.890 mm and -0.001mm, respectively. The angle range for dark-

field imaging was from 70-200 mrad. The defocus for the graphene samples and the MoS.

samples were set at -2.6 nm and -7.0 nm, respectively.
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	Abstract
	Figure 1a shows the schematic of the experimental procedure. The same volume of dispersion was drop-casted on TEM grids that had suspended graphene on top of the observation membrane. The SiNx membrane was fully covered by graphene, and its area is 0.50 mm x 0.50 mm with 2 μm vacuum pores spaced 5 μm apart. Figure 1b shows the ADF-STEM image of the deposited precursors with nanometer-size on graphene on a TEM grid. The particles with dimmer contrast represent the thinner and smaller precursors, whereas those with brighter contrast are the thicker and larger precursors. The higher magnification ADF-STM image in Figure 1c shows the atomic structure of these palladium particles. Fig 1d shows the two furnace settings for selenization. The CVD system was first flushed with 500 sccm of Ar gas for 30min, and then both furnaces were heated at a rate of 15 ℃/min until both furnaces reached at targeted temperature, Zone 1 at 240 ℃ and Zone 2 at 360 ℃. After one-hour selenization, Zone 2 was first cooled down to 240℃, and then both furnaces were shut down for rapid cooling; this ensured the selenium-rich environment during growth. Figure 1e-f present the product after selenization, where the nanoparticles was transformed into the veined crystal, and the atomic structure shows feathery PdSe2 lattice. From the scattered Pd nanoparticle form of precursor to the connected veined morphology, the growth indicated the probability of film implementation.
	Varying the solution concentration leads to different particle number and size per volume unit, which then alters the distribution of precursors on the substrate. We carried out experiments at four different millimolar concentrations of 0.1 mM, 1 mM, 8 mM, 20 mM, respectively. Fig S1-S4 showed the ADF-STEM images of the precursor distribution for each concentration before selenization. By keeping all the other growth parameters fixed, including the gas flow, the substrate distance, and the growth duration (1hr), the growth results were concentration-dependent. Figure 2a-h show the ADF-STEM images at different magnifications, comparing the growth coverage of these four concentrations. The 0.1 mM in Figure 2a,e show nanoflake formation with relatively thin thickness. We measured the size by Feret Diameter and calculated the number of nanoflakes in each size range. Figure 2i shows the size distribution with Gaussian fitting, suggesting that most of the nanoflakes were 2-6 nm in size while the size ranged from 0.5nm to 18 nm. The 1 mM sample in Figure 2b,f show the limited growth with a localized connected morphology, which resulted from its innate precursor localization (Figure S2). Figure 2k measured the intensity profile of the region in the 1mM sample, showing a steep thickness gradient from the graphene substrate (0L) to 8L. In contrast, the 8 mM sample in Figure 2c,g shows an extensively continuous film morphology, derived from the even distribution of uniform precursors (Figure S3). The 20 mM sample (Figure 2d,h), on the other hand, shows a reverse bulky growth, where the oversaturated seeds in the environment could favor the bulk growth rather than the film expansion (Figure S4 and Figure S5d). Figure 2j presents the statistics of growth coverage with 8mM reached the highest point at 90%, whereas the lowest number was seen in 0.1mM at 8.69%. In short, the growth coverage relates to the plantation and the degree of saturation of precursors.
	Phase determination for these synthesized nanostructures is necessary as several phases of palladium selenide have been proven stable in ambient conditions. We further investigated the atomic structures using atomic resolution ADF-STEM imaging. The images in Figure 3a-b were obtained from the 0.1mM sample and the 8 mM sample, respectively. Figure 3c-g show the atomic structures of nanoflakes, manifesting that the nanoflakes were monolayer Pd2Se3, where the experimental images and corresponding Fast Fourier transformation (FFT) accorded with the simulation data. Figure 3h-l show the atomic structures of film, the experimental images and corresponding FFT also agreed well with simulation data, demonstrating that the films consisted of PdSe2. The growth features corresponding to 1 mM and 20 mM were shown in Figure S5. It is worth noting that in Figure 3a, the nanoflakes were composed of not only monolayer Pd2Se3 but also bilayer PdSe2, inferring that monolayer Pd2Se3 was thermodynamically favorable in the monolayer Pd-Se system, albeit in Se-sufficient environment. This result echoes the recent studies that monolayer Pd2Se3 is more physically-stable than monolayer PdSe2.
	Time-variant experiments allow us to evaluate the timescale for film growth. Considered the thermal budget (below 400℃) for integrating the 2D materials into the silicon-integrated circuits, this study kept the selenization temperature at 360℃, although the higher temperature could shorten the timescale. Figure 5 shows the growth results of the 8mM samples given different selenization time, at 15 min, 45 min, 60 min, and 60 min-2nd drop. In Figure 5a-h, the film coverage increased as the growth time increased, whereas the area of chunks (immature seeds) reduced as the growth period prolonged. The film and chunk coverage was shown statistically in Figure 5l. The 60 min sample in Figure 5c,g has shown the complete film formation with coverage of 88.19%. The 2nd drop was then applied to this sample and was selenized for another 60 min, showing an enhanced coverage of 98.16%. Low-magnification images in 5i-j, typical Raman signals of few-layer PdSe2 in Figure 5k and Figure S7 and energy-dispersive X-ray (EDX) spectrum in Figure S8 illustrated the film realization at the micron scale. The atomic resolution image displayed in Figure 5q also shows a feathery few-layer PdSe2 lattice. It is evident that the films grown by our method are comparable to the commercial sample, as displayed in Figure S9. Figure 5m-p show atomic structures and corresponding FFT around the seeds in the 15 min sample. The area adjacent to the seed showed Pd2Se3 lattice viewed from zone axis [111], corroborated by simulation in Figure S10. The region further away from the seed shows typical bilayer PdSe2 lattice and FFT, while the lattice of immature seeds (PdxSey) with higher contrast fail to reach an atomic resolution due to its thickness and disorder.
	Next, we examine the atomic structures of the 15 min sample, as short reaction time can reveal the kinetic phases. Unlike the normally expected PdSe2 lattice, the lattice structure in Figure 6a arranged in a rather inconsistent manner; this implied the presence of other phases established in the Pd-Se phase diagram. However, as we looked into other phases in terms of crystal structure and atomic arrangement, all phases were three-dimensional crystal systems except layer-structured PdSe2 and Pd2Se3 (Figure S11). The Inset FFT in Figure 6a of the whole region indicated a certain epitaxial 2D heterophase stacking within this layered structure. For direct comparison, Figure 6b exhibits the simulated diffraction pattern corresponding to monolayer PdSe2, bilayer PdSe2, and Pd2Se3. It should be mentioned that monolayer PdSe2 and bilayer PdSe2 adopt different crystal systems due to their symmetry (Figure S12), with the former belonged to the monoclinic (M-PdSe2) while the latter classified as the orthorhombic (O-PdSe2). The d-spacing of the principal diffraction spots (020) and (200) from these three structures show marginal difference; however, we can clearly see the difference from the diffraction patterns. That is, the M-PdSe2 shows a square pattern but losses the inner low-index spots compared with the other two. On the other hand, the O-PdSe2 shows a rectangular pattern with larger spacing, while the Pd2Se3 exhibits an unequal hexagonal pattern of its principal low-index spots. Therefore, the heterophase can be determined preliminarily through the identification of diffraction patterns. A case of the FFT in Figure 6a exhibits the epitaxial stacking of M-PdSe2 and Pd2Se3, noted that no rotational stacking pattern appeared. We can then extrapolate that the discrete lattice in the 15 min sample resulted from the translational stacking of PdSe2 and Pd2Se3 layers. Figure 6i-k categorized three diffraction patterns we found in Figure 6a, with the type I, II, III corresponding to the heterophase stacking M-PdSe2, Pd2Se3/M-PdSe2, and Pd2Se3/M-PdSe2/O-PdSe2, respectively. Other areas in the 15min sample also showed these three dominant diffraction patterns (Figure S13). Then the translations between these layers were further examined using Z-contrast ADF-STEM imaging and multislice image simulation. Figure 6c displays a limited area with a typical M-PdSe2 pentagonal lattice. In comparison to the inherent O-PdSe2 bilayer stacking, this showed the AA stacking bilayer confirmed by Figure 6d-g and Figure S14. Next, Figure 6l shows the image with a higher magnification of Type I with its M-PdSe2 type diffraction pattern (Figure 6m). As the atom-resolved image shown in Figure 6n, the sublattice shows no symmetry but a periodic unit, suggesting the translational alignment in the x-y plane by monolayers M-PdSe2. By disassembling it layer-by-layer, Figure 6n-v shows the structure consisted of three M-PdSe2 monolayers. The reference points were marked in Figure 6q-v to determine the absolute position, which often considered as Pd-backbone in the interlayer stacking mechanism. More specifically, the 2nd layer shows a translation toward the Ⅰ quadrant, whereas the 3rd layer shows a translation toward the Ⅳ quadrant. The Se atoms with different coordination of both layers located on top of the Pd atom at the reference points.
	In Figure 7, we analyzed the atomic structures of type II and type III. The ADF images of type II (Figure 7a-b) show that a specific Moiré pattern resulted from the stacking of Pd2Se3 and PdSe2. 2D FFT (Figure 6j) indicates the heteroepitaxy of monolayer Pd2Se3 and M-PdSe2 with its crystallographic relation of (020)Pd2Se3 // (020)M-PdSe2. The (200), (210), (220) for M-PdSe2 and (110) for Pd2Se3 are easily identified. However, the interplanar spacing of (020)Pd2Se3 and (020)M-PdSe2 are very close, 0.307 nm for (020)Pd2Se3 and 0.287 nm for (020)Pd2Se3, these two diffraction spots overlap with each other. We further carried out multislice ADF-STEM simulation based on the atomic model (Figure 7d-e), which provide the similar Moiré pattern and agree well with the experimental ADF-STEM image (Figure 7c). Figure 7f-h illustrate the interlayer atomic distance using Pd atoms as reference points; this enables us to clarify the lattice configuration from the top view. The Δδx (x=1, 2, 3, 4……) is defined as the relative translational shift of PdPd2Se3 and PdPdSe2, indicated by the green circles in Figure 7f-h. In the long-range, the periodical lattice mismatch (δ4> δ3> δ2> δ1) gives rise to variant Moiré patterns. Figure 7i shows an example of type III heteroepitaxy but with rotational alignment. 2D FFT in Figure 7j shows a θ=45° between the principal diffraction spots (020)Pd2Se3 and (020)O-PdSe2, where the (110)Pd2Se3 ,(200)O-PdSe2, (210)O-PdSe2 and (220)O-PdSe2 were also clearly displayed. Figure 7k presents the magnified experimental ADF-STEM image showing the Moiré pattern, and the multislice simulated image and atomic models (Figure 7l-q) are in excellent agreement.
	The semiconductor/metal 2D heterostructures of PdSe2/Graphene and Pd2Se3/Graphene was demonstrated in Figure 1-7. These then spark our interest in the viability of growth on TMDs semiconductor substrates. Figure 8a displayed the 8mM sample that was selenized for one hour in the identical furnace settings. By comparison with the continuous film growth on graphene, the results show nanoflakes growth of palladium selenide on MoS2 with the size around few to one hundred nanometers. Figure 8b shows the large-area single domain Pd2Se3 on bilayer MoS2, where the inset shows the Pd2Se3 lattice extracted by applying a mask to 2D FFT (Figure 8c) to exclude the MoS2 reflexes. Furthermore, 2D FFT in Figure 8c indicates that the (020)Pd2Se3 aligned with MoS2 armchair direction. Detailed heteroepitaxy was shown in Figure 8d, confirmed by multislice ADF-STEM image simulation and atomic model in Figure 8e-f. It should be highlighted that two motifs of Pd2Se3 have been reported, the connected bulgy rectangle structure and the triangular-shaped with one straight line structure. The former is considered as the innate structure, whereas the latter is often experimentally observed. Intriguingly, both the Pd2Se3 nanoflakes grown on graphene (Figure 3c-d and Figure 4) or MoS2 in our study exhibited the triangular-shaped structure. To understand why the Pd2Se3 adopted the triangular-shaped structure when grown on the 2D hexagonal substrates, we compared the Moiré patterns formed from MoS2 and two structures of Pd2Se3. In Figure S15a-b, the atomic models display that the triangular-shaped structure has the shorter spacing between Pd atoms along [020]Pd2Se3 direction. In long-range commensurability, the triangular-shaped structure shows a higher lattice match on zigzag directions of 2D hexagons, illustrated by the relative lattice spacing between these two structures on MoS2 (Figure S15c-h). Notably, the size of Pd2Se3 grown on graphene is smaller than that on MoS2. This could be limited by the surrounding Pd precursors (0.1M). On the other hand, although these two substrates (Graphene(C), MoS2) are both 2D flat substrate without surface dangling bonds, the vdW interactions between Pd-Se-C and Pd-Se-Mo-S are different, which is generally described by the modified Lennard-Jones potential model.50, 51 This leads to the different surface diffusion energy for adsorbed species. Moreover, the lattice mismatch between graphene and Pd2Se3 are larger than that between MoS2 and Pd2Se3, which could give rise to larger strain energy and surface binding energy for the incorporation of species into Pd2Se3 lattice on graphene. Figure 8g shows a monolayer O-PdSe2 on monolayer MoS2 with inset the extracted PdSe2 lattice. 2D FFT in Figure 8h points out that (020)PdSe2 overlapped with the (100)MoS2, denoting the alignment of (020)PdSe2 on MoS2 zigzag direction. The magnified image was shown in Figure 8i, with its heteroepitaxial alignment confirmed by Figure 8i-k.
	Figure 9a-b presents a schematic illustration of the selenizing process from the top-view and the side view, depicting the evolution of film growth from pre-seeded precursors. The phase evolution is shown in the diagram of Figure 9c, which is based on the theory of kinetic versus thermodynamic reaction control. In principle, kinetic control favors shorter reaction time and lower temperature, whereas thermodynamic control occurs for longer reaction times and higher temperatures. The experimental results in the sample with one-hour selenization only showed the presence of bilayer O-PdSe2 and monolayer Pd2Se3, which concurs with the previous findings. These two phases are arguably the thermodynamic-control product under a sufficiently long timescale. Comparatively, the monolayers M-PdSe2 experimentally shown in the 15 min sample, for instance, the bilayer in Figure 6c and trilayers in Figure 6l, is the kinetic-control product. Such phase variations that exhibited features as a function of time can also be described by the state-to-state dynamics, where the monolayers M-PdSe2 with translational stacking was at the states that has lower activation energy whereas the bilayer O-PdSe2 has higher activation energy. Quantitative kinetic pathway of phase evolution can be further simulated by kinetic Monte Carlo method, in which each state corresponds to one structural motif of interlayer stacking with a energy basin.51, 52
	Conclusion
	The lack of practical approaches to systematically fabricate 2D materials hinders their integration into the current technology industry. It appears that too often, the fundamental knowledge is missing regarding precursor selection, nucleation placement, growth evolution, and substrate impact. This study provided microscopic characterization of growth in nanoscale, and insights of the kinetic phases and interlayer epitaxy at the atomic level. Equivalently significant, we established a selenization process with the merits of low-temperature, one-step growth that accomplished excellent coverage using pre-deposited precursors. The tunable nucleation of precursors was developed through a simple solution-based process using transition-metal allyl dimers. Few-layer PdSe2 and monolayer Pd2Se3 were robustly produced in different precursor concentrations and growth duration. Monolayers M-PdSe2 were favored under kinetic control reaction; however, the bilayer M-PdSe2 existed in AA stacking whereas the trilayer M-PdSe2 exhibited a translational stacking. Interestingly, Pd2Se3 adopted the triangular structure with a shorter spacing between Pd atoms. This indicated the increase of commensurability in lattice spacing between Pd2Se3 and substrates. In summary, this research has broadened the scope of 2D PdSe2 and Pd2Se3 for future applications. Although it is a long way to wafer-scale achievement, we directly synthesized pentagonal materials on hexagonal substrates as 2D van der Waals structures. Further predictive growth models, uniform precursor-distribution strategies, and exploitation of other transition metal complexes can be incorporated in the mono-bi-layer regime to accomplish the industrial-level synthesis.
	Methods
	Transfer of Graphene and MoS2 Grown by Chemical Vapor Deposition on TEM grid
	Associated Content
	Supporting Information
	Author Information
	Acknowledgment
	References

