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ABSTRACT: Epitaxial growth of in(')rganic crystals on 21? materials is  Spin coating \\\‘:_\\-:\'-';'\,_%’_/\E\—\—
expected to greatly advance nanodevices and nanocomposites. However, ) / \’;;\; Zigzag-lattice Jr =
because pristine surfaces of 2D materials are chemically inert, it is difficult sy ;’:_/' e lectite=/ /58

successful results were achieved only by vapor-phase deposition at high AgCN
temperature, and solution-based deposition including spin coating made AR | microwireg
the epitaxial growth unaligned, sparse, or nonuniform on 2D materials. ’
Here, we show that solvent-controlled spin coating can uniformly deposit
a dense layer of epitaxial AGCN microwires onto various 2D materials.
Adding ethanol to an aqueous AgCN solution facilitates uniform
formation of the thin supersaturated solution layer during spin coating,
which promotes heterogeneous crystal nucleation on 2D material surfaces over homogeneous nucleation in the bulk solution.
Microscopic analysis confirms highly aligned, uniform, and dense growth of epitaxial AGCN microwires on graphene, MoS,,
hBN, WS,, and WSe,. The epitaxial microwires, which are optically observable and chemically removable, enable
crystallographic mapping of grains in millimeter-sized polycrystalline graphene as well as precise control of twist angles
(<~1°) in van der Waals heterostructures. In addition to these practical applications, our study demonstrates the potential of
2D materials as epitaxial templates even in spin coating of inorganic crystals.

to grow inorganic crystals epitaxially on 2D materials. Previously, \i/ __ /‘z;\.J
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eteroepitaxial growth on 2D materials is a promising incubation is suitable for the nanoparticle growth nucleated at
H approach for producing nanoelectronic devices and defects of 2D materials,” while is unsuitable for the epitaxial

nanocomposite materials such as 2D/2D or 2D/3D growth on pristine surfaces of 2D materials.
heterostructures.' > The atomic alignment between an Spin coating and drop casting are efficient alternatives for
epitaxial crystal and the underlying 2D material often leads depositing solid materials from solution-phase precur-
to an advanced class of functionalities, as has previously been sors,””*”*° but these two methods, in which solvent
demonstrated with organic molecules epitaxially aligned on 2D evaporation drives the process rather kinetically than
materials.>* However, because pristine 2D materials have thermodynamically, are also considered unsuitable for the
chemically inert surfaces without any dangling bond, it is epitaxial growth on 2D materials. A few previous reports have

presented that spin coating and thermal incubation of
perovskites on 2D materials form epitaxial films,”’ > whose
alignments are clearly poorer than those of perovskite films
spin-coated on bulk material surfaces (metal or strontium
titanate substrates).” Drop casting of epitaxial inorganic
crystals on 2D materials has been achieved in only two types
of previous studies. The first one is gold nanowire epitaxy on
MoS,,*" in which large deviations of crystallographic

difficult to grow inorganic crystals epitaxially on 2D materials.
In the traditional heteroepitaxy (such as silicon or II-V
compound epitaxy on sapphire), bulk material surfaces
periodically exposing dangling bonds provide a large free-
energy difference for spontaneously driving the epitaxial
growth,>™” but heteroepitaxy on 2D materials requires a
relatively high energy supplied into the epitaxial growth
reaction. As a result, successful cases of heteroepitaxy on 2D
materials, so-called van der Waals epitaxy,” have been mostly
achieved by vapor-phase deposition at high temperature.”” "¢ Received:  July 14, 2022 AN
Solution-phase synthesis, incubating 2D materials immersed in Accepted:  December 2, 2022
or floated on precursor solutions, shows only a few examples of Published: December 7, 2022
the epitaxial growth,'’~>* and moreover, the synthesized

crystals are either poorly aligned or sparsely distributed on

2D materials. A general consensus is that solution-phase
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Figure 1. Epitaxial growth of AgCN microwires on various 2D materials. (A) Schematic of the spin-coating process using a AgCN solution
dissolved in an aqueous ethanol mixture. (B) Atomic configuration (left) and SAED pattern (right) of AgCN epitaxially aligned on graphene.
(C) Growth methods and optical images of AgCN microwires grown on graphene (top), MoS, (middle), and hBN (bottom) by three
synthesis methods: drop casting of an aqueous solution (left), drop casting of an aqueous ethanol mixture (middle), and spin coating of an
aqueous ethanol mixture (right). Microwires grown on WS, and WSe, are shown in Figure S2. (D) Areal coverages versus averaged lengths
of AgCN microwires grown on graphene by the three synthesis methods. (E and F) Optical and SEM images of a graphene sample before (E)
and after (F) microwire growth on four different surfaces (pristine graphene, graphene edges, amorphous carbon, and silicon oxide).

orientations are observed. The other type is the epitaxial
growth of metal cyanide complexes on 2D materials.”*~* After
the discovery of solution-phase epitaxy of gold(I) cyanide
(AuCN) on graphene,'” five kinds of metal cyanides
(AuCN,**™** AgCN,”™* CuCN,” CugsAuysCN,* and
Au, ,Ag; /ZCN)"’8 have been confirmed to grow epitaxially on
various 2D materials (graphene, MoS,, hBN, and so on) using
drop casting of aqueous solutions. However, all the growth
results of this metal cyanide epitaxy are highly unstable and
nonuniform due to intrinsic limitations of drop casting: Most
of the substrate areas either contain a few epitaxial crystals with
extremely low areal densities or are covered by highly
concentrated aggregates of nonepitaxial crystals formed from
the bulk solution. Therefore, it is fair to say that spin coating
and drop casting show poor alignments, low areal densities, or
nonuniform deposition in the epitaxial growth on 2D materials.

Here, we demonstrate that a dense layer of epitaxial AgCN
microwires can be deposited uniformly onto various 2D
materials by spin coating of a water—ethanol mixed solution.
Both controlling solvent properties with the ethanol addition
and applying the spin-coating method facilitate uniform and
conformal formation of the thin supersaturated solution layer,
promoting heterogeneous crystal nucleation on 2D material
surfaces over homogeneous nucleation in the bulk solution.
We compare the present method to drop casting of aqueous or
water—ethanol mixed solutions and thus confirm that our
method offers highly aligned, uniform, and dense growth of
epitaxial AgCN microwires on various 2D materials (graphene,
MoS,, hBN, WS,, and WSe,). Because the spin-coated
microwires are observable with conventional optical micros-
copy and removable with simple wet chemistry, we can apply
our method to large-area crystallographic mapping of grains in
millimeter-sized polycrystalline graphene as well as precise
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control of twist angles (<~1°) in the fabrication of van der
Waals heterostructures. In addition to these two practical
applications, our study demonstrates the possibility of using
2D materials as templates for the epitaxial growth, even with
spin coating of inorganic crystals.

RESULTS AND DISCUSSION

Spin Coating of Epitaxial AQCN Microwires on 2D
Materials. The main claim of this study is that spin coating of
AgCN dissolved in an aqueous ethanol mixture (Figure 1A)
can form a dense layer of epitaxially grown microwires on
various 2D materials, which is clearly verified from microscopic
images of typical samples (Figure 1C; Figures S1 and S2).
Figure 1C and Figure S2 show AgCN microwires synthesized
on five types of 2D materials (graphene, MoS,, hBN, WS,, and
WSe,) using three different methods (drop casting of an
aqueous solution, drop casting of an aqueous ethanol mixture,
and spin coating of an aqueous ethanol mixture). Although all
three methods applied onto the five 2D materials can form
AgCN microwires preferentially oriented with 3-fold rotational
symmetry (Figure 1B and Figure S3 describe the epitaxial
relationship), their uniformities and areal densities are largely
different. Drop castin§ of an aqueous AgCN solution, the
conventional method,” " leads to sparse and nonuniform
growth of microwires on all five 2D materials (left images in
Figure 1C; Figures S1A and S2A). In addition, there exist
defocused or irregularly shaped particles on the 2D materials,
and these particles are nonepitaxial crystals formed by
homogeneous nucleation in the bulk solution. The above
limitations come from water being a poor solvent for drop
casting due to its low vapor pressure, inconsistent surface
affinity, and large surface tension.” Mixing organic solvents
into an aqueous solution can control these solvent properties
suitable for the evaporation-driven deposition process.””*
Therefore, we change the solvent to an aqueous ethanol
mixture, and then the drop-casting results show improved
uniformities and areal densities (centered images in Figure 1C;
Figures SI1B and S2B). However, these samples still have
empty areas on 2D materials and nonepitaxial crystals formed
by homogeneous nucleation (defocused particles in the
images). Spin coating of an aqueous ethanol mixture uniformly
forms AgCN epitaxial microwires which cover almost entire
areas of the underlying 2D materials (right images in Figure
1C; Figures S1C, S2C, and S4A). The quantitative comparison
using 11 graphene samples in Figure 1D clearly shows this
improvement, where coverage ratios (the ratios of microwire
areas to entire graphene areas) are 35.1 + 3.2%, 75.2 + 3.3%,
and 98.5 + 3.9% for the three growth methods, respectively.
We also investigate the present spin-coating method under
various conditions such as the number of graphene layers,
substrate types, rotational acceleration, and ethanol contents,
which are described in the subsection “Effects of Microwire
Growth Conditions”. In particular, we note that spin coating of
an aqueous AgCN solution synthesizes no microwire onto 2D
materials (Figure SS). The combination of spin coating and an
aqueous ethanolic solvent is a key part for the dense and
uniform growth of epitaxial microwires on 2D materials.

Underlying Mechanisms of Spin Coating and Epitax-
ial Alignment. The mechanistic understanding of the spin-
coating process enables us to explain underlying principles of
dense and uniform growth of epitaxial AgCN microwires
(Figure S6). In either drop casting or spin coating,
heterogeneous crystal nucleation occurs first at the interface

between a dropped solution and a 2D material surface, and
then the crystalline nuclei on the surface continue to grow until
the solvent completely evaporates. We experimentally evaluate
the effects of these two steps of nucleation and growth by
measuring areal densities of nucleation sites (Figures S7 and
S8) and microwire sizes (Figure 1D). The areal density of
nucleation sites is increased in the present spin-coating method
(0.378 =+ 0.050 ea/um?), compared to those in the two drop-
casting methods (0.074 + 0.020 ea/um” and 0.179 + 0.035
ea/um?). On the other hand, the microwire sizes, which are
decided by the growth stage, present no noticeable difference
among the three deposition methods, as shown in the lengths
(3.2 £ 0.8 ym, 3.3 + 0.7 ym, and 3.9 + 0.9 ym, respectively)
and the 2D-projected areas (2.5 + 1.0 um?, 2.6 + 0.9 um?, and
2.8 + 0.9 um? respectively). The above observations indicate
that the improved density and uniformity in the present spin-
coating method originate from the nucleation stage, not from
the growth stage. This improved nucleation can be driven by
the following two mechanisms, which were presented in the
previous study’ originally demonstrating spin-coated epitaxial
films on bulk material substrates. First, the thin supersaturated
solution layer formed during spin coating promotes heteroge-
neous crystal nucleation on 2D material surfaces over
homogeneous nucleation in the bulk solution.” Compared to
spin coating, drop-casting results (Figure S9) present many
aggregates of irregularly shaped crystals from the bulk solution.
Adding ethanol to the aqueous AgCN solution further
facilitates uniform formation of the thin solution layer in the
spin-coating process. The aqueous ethanolic mixture has a
decreased kinematic viscosity, which reduces the solution
thickness during spin coating. For example, kinematic
viscosities of 0.01 cm? s™! (water at 20 °C) and 0.03 cm?
s™! (4:6 aqueous ethanolic mixture at 20 °C) at a rotation rate
of 3000 rpm generate hydrodynamic boundary layers of ~200
pum and ~120 pm, respectively. The aqueous ethanolic mixture
also indicates improved affinities to both SiO, and graphene
surfaces, as confirmed by contact angle measurements (water
vs mixture = 65.3° vs 19.7° on SiO, and 73.2° vs 24.6° on
graphene) in Figure S10. The low affinities of the aqueous
solution would prevent spin coating from synthesizing
microwires on the surfaces (Figure SS). Second, the other
mechanism for promoting nucleation is that anion adsorption
onto 2D material surfaces may lower the activation energy for
heterogeneous nucleation.” In our reaction system, Ag(CN)z_
anions, which are dominant among silver cyanide species in the
solution,* are expected to be preferentially adsorbed and then
to grow to linear Ag,(CN),,,;” chains on pristine graphitic
surfaces.*"** Specific adsorption of these anion families is likely
to provide nucleation sites for heterogeneous crystallization,
which is indirectly supported by the following control
experiment (Figure 1E and F; Figure S11). We prepare a
specimen providing four different types of surfaces for
microwire growth (Figure 1E): pristine graphene in the
middle of graphene flakes, graphene defects at the edge of the
flakes, and two bulk materials presenting many dangling bonds
(amorphous carbon and silicon oxide). After the spin coating,
no microwire is formed on either amorphous carbon or silicon
oxide surfaces, and the microwire density is uniform
throughout the graphene domains and edges (Figure 1F).
This result coincides well with the previous expectation that
Ag(CN),” anions strongly interact with pristine graphitic
surfaces. In addition, the result implies that the present spin-
coating method can strengthen pre-existing affinity to promote
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Figure 2. Optical observation of crystallographic orientations in three different 2D materials (graphene, MoS,, and hBN) using spin-coated
microwires. (A) Optical image of microwires grown on two grains of multilayered graphene separated by a wrinkle. (B) 2D fast Fourier
transform (FFT) of microwire images on two grain areas in (A). Six-pointed asterisk (*) patterns indicate armchair lattice directions of the
underlying graphene (orientations orthogonal to microwire axial directions). (C and D) Radial pixel intensities of (B), averaged along from
the center at different angles. The angular directions are transformed from 0°—180° (C) to 0°—60° (D) based on the hexagonal symmetry.
(E) TEM image of the graphene sample in (A) which is transferred onto a TEM grid after microwire removal. (F) SAED patterns from the
two areas in (E). The yellow circles and the red arrows indicate armchair and zigzag lattice directions of graphene, respectively. (G and H)

Identical experiments performed with MoS, (G) and hBN (H).

epitaxial growth but cannot generate epitaxial growth between
two materials that have low affinity to each other. The
expected mechanism of the present spin-coating process,
discussed in this paragraph, is summarized in Figure S6.
Figure 1E and F also indicate that the AgCN microwires
grow directly on chemically inert surfaces of pristine graphene,
not on graphene defects, although most inorganic materials
preferentially attach to dangling bonds such as 2D material
edges and defects.”” This uncommon characteristic can be
explained with van der Waals epitaxy,® which is a
heteroepitaxial relationship between two surfaces having no
dangling bond. AgCN is named as a quasi-1D (quasi-one-
dimensional) material: The atoms in a 1D chain of [Ag—C=
N-—], are bound to each other with strong covalent bonds,
whereas the chains are held together via van der Waals forces
to form a hexagonal crystal (Figure 1B; Figure $3).*

20524

Therefore, the AgCN surface along the 1D chains exposes
no dangling bond, and this surface can generate van der Waals
epitaxial interaction onto pristine surfaces of 2D materials. The
observation of the 3-fold rotational symmetry in microwire
orientations (Figure 1B, C, and F) clearly confirms the
epitaxial alignment of AgCN onto lattice structures of pristine
2D material surfaces. The mechanism of this epitaxial
alignment needs to be discussed further, because lattice
matching, unlike conventional epitaxy, is generally not a
main cause of van der Waals epitaxy.” Previous studies have
shown that various metal cyanides including AuCN, AgCN,
CuCN, CuysAgysCN, and Au,,Ag,,CN present the align-
ment of 1D cyanide chains along the zigzag lattice directions of
various 2D materials including graphene, hBN, MoS,, WS,,
MoTe,, and WTe,."”**~** The previous studies explained that
the epitaxial alignment originates from orientation-dependent
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Figure 3. Large-area identification of crystal structures in single-layered polycrystalline graphene based on conventional optical microscopy
of spin-coated AgCN microwires. (A) 1 X 1 mm?” graphene sample on which epitaxial AgCN microwires are uniformly synthesized. (B)
Crystal orientation map of polycrystalline graphene in (A). The optical microscopic image is shown with an overlay of a colormap indicating
zigzag lattice orientations of the underlying grains. (C) Optical and SEM images from the square areas in (B). (D) Histogram of grain sizes,
which are defined as square roots of grain areas. The average size and standard deviation of 346 grains are 12.4 ym + 5.3 ym. (E) Scatter
plot showing correlation between circularities and sizes of grains. (F) Histogram (gray bar) and weighted probability density function (red
line, weighting factor: boundary lengths) of tilt angles between neighboring grains measured from 930 grain boundaries.

interactions of the 1D cyanide chains to hexagonal lattices.**”

Energetically favorable locations for metal cyanide adsorption
onto 2D materials are hexagonally arranged, and because of
this hexagonal arrangement, energetically favorable orienta-
tions of a straight molecular chain are along zigzag lattice
directions of 2D materials (see Figure S12 for details).*
Therefore, microwire axial directions, which are 1D chain
directions of AgCN, are preferentially oriented along zigzag
lattice directions of the underlying 2D materials.

Epitaxial AQCN Microwires for Visualizing Crystal
Structures of 2D Materials. From the epitaxial AgCN
microwires observable with conventional optical microscopy,
one can come up with an idea to use the microwire directions
as visualization markers of crystal structures (crystallographic
orientations and grain boundaries) of underlying 2D materials.
For metal cyanide nanomaterials, this idea has been suggested
and experimentally verified with scanning electron microscopy
(SEM) of AuCN nanowires'”*> and optical microscopy of
AgCN  microwires.”” >’ While these previous works were
limited to provide a proof-of-concept in small areas due to
nonuniform and sparse growth characteristics, the spin-coating
method in this study further improves reliability and
practicality of the crystallographic identification. First, we
quantitatively evaluate how precisely crystal orientations of 2D
materials can be measured from optical images of the spin-
coated AgCN microwires. Figure 2A shows an optical
microscopic image of AGCN microwires spin coated on two
grains of multilayered graphene separated by a wrinkle. The
microwire orientations with the 3-fold symmetry are expected

to indicate zigzag lattice orientations of the graphene grains. In
the previous studies,'”*>*>~*” the crystallographic identifica-
tion is performed with manually measuring the orientations of
many individual wires. Dense and well-ordered growth of
microwires in this study simplifies the analysis protocol based
on 2D fast Fourier transform (FFT). Figure 2B clearly shows
six-pointed asterisk (*) patterns in 2D FFT images of the two
grains in Figure 2A, and the six bright lines indicate armchair
lattice directions of the underlying graphene (the orientations
orthogonal to microwire axial directions). Therefore, averaged
radial intensities (Figure 2C and D) obtained from the FFT
images enable us to estimate armchair lattice directions of the
grains 1 and 2 (24.9° and 27.5°, respectively). The precision of
this estimation can be evaluated with reference values of the
armchair lattice directions (25.1° + 0.2° and 27.5° + 0.2°,
respectively). These values are measured from SAED (selected
area electron diffraction; Figure 2F) patterns of the graphene
sample, which is transferred onto a TEM (transmission
electron microscopy) grid after dissolving AgCN microwires
(Figure 2E). We note that the measurement precision in this
reference SAED analysis is estimated as ~0.2° (Figure S13).
The above results show that the present optical identification
method has small measurement errors of 0.2° + 0.2° and 0.0°
+ 0.2° for grains 1 and 2, respectively. Additional graphene
samples are also analyzed as shown in Table S1, presenting that
the arithmetic mean and standard deviation of measurement
errors for seven graphene samples are 0.48° + 0.56°. The
identical method can be applied for optically measuring
armchair lattice directions of MoS, (Figure 2G) and hBN
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Figure 4. Removal and growth characteristics of AgCN microwires. (A) Schematic of the removal process using a simple wet chemistry. (B)
Optical images of a graphene sample before growth, after growth, and after removal of AgCN microwires. The graphene sample contains
single- and double- layered areas. (C) Raman spectra of pristine graphene (black), after microwire growth (red), and after microwire
removal (blue). (D) Average lengths and coverages of AgCN microwires on graphene as a function of the number of graphene layers. (E)
Optical images of spin-coated microwires on graphene supported on three different substrates (sapphire, CaF,, and Si after native oxide
removal). (F) Microwire growth characteristics depending on angular accelerations (rev/s”) of the spin-coating process. (G) Average lengths
and coverages of AgCN microwires on graphene as a function of angular accelerations. (H) AFM image of AgCN microwires on graphene.
(I) Height profile along the dashed line in (H). The inset shows a 3D AFM image of the red square area in (H).

(Figure 2H), whose measurement errors are estimated as 0.6°
+ 0.2° and 0.6° + 0.2°, respectively. We would note that the
epitaxial alignment of AgCN microwires was also confirmed on
WS,, WSe,, MoSe,, 2H-MoTe,, 1T'-MoTe,, Td-WTe,, and
1T'-ReS,.***” Taken together, optical observations of spin-
coated AgCN microwires can precisely measure crystal
orientations of various 2D materials.

Crystallographic Mapping of Large-Area Graphene
Using Spin-Coated Microwires. The present spin-coating
method enables the large-scale optical identification of crystal
structures in 2D materials because of the uniform and dense
growth characteristics on a large area of 2D materials. We
verify these abilities using single-layered polycrystalline
graphene that is synthesized by CVD (chemical vapor
deposition) and then transferred onto a SiO,/Si substrate.
Figure 3 shows a typical example for the large-scale
identification, and two additional examples are presented in
Figures S14 and S1S5. Uniform and dense growth of epitaxial
AgCN microwires is experimentally confirmed on millimeter-

scale graphene areas, as shown in a ~1 mm by ~1 mm area of
a graphene sample on which AgCN microwires are spin coated
(Figure 3A; Figure S1C). Cross validation of optical
microscopic and SEM images captured in multiple areas
(Figure 3C; Figure S16) demonstrates that AgCN microwires
retain their 3-fold symmetric orientations and uniform areal
densities. As shown in the previous paragraph, the microwire
axial directions represent zigzag lattice directions of the
underlying graphene directly, and the changes in the microwire
directions also indicate tilt grain boundaries in the polycrystal-
line graphene. Therefore, a large-scale map of grain
orientations (Figure 3B) can be obtained from simply
analyzing the optical microscopic image with an in-house
Matlab code based on 2D FFT. In the grain orientation map,
zigzag lattice directions of 346 individual grains are indicated
in the polycrystalline graphene area of ~250 ym by ~250 pm,
and these grains form 930 grain boundaries with each other.
The statistical analysis from the map shows that the grain sizes,
defined as square roots of grain areas, have an average value of
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124 pm =+ 5.3 pm (Figure 3D). This size is much smaller than
the average grain size (110 ym =+ 10%) presented in the
specification table™ of the commercial “large grain” graphene
we use here, while our method can overestimate (is very
unlikely to underestimate) grain sizes. We additionally check
two grain maps containing 204 grains (Figure S14B) and 310
grains (Figure S15B) by analyzing two different areas of the
identical graphene sample and confirm that their grain sizes are
also significantly smaller than the specification (14.2 + 8.5 ym
in Figure S14D and 12.4 + S.1 pm in Figure S1SD). This
unsatisfied specification found in the commercially purchased
graphene means that monitoring processes such as the grain
identification are mandatory for manufacturing commercial
products from 2D materials. We also analyze statistical
relationships between grain sizes and shapes (Figure 3E):
Small grains show high probabilities to have convex areas
(circularities &~ 1), while large grains tend to have irregular
shapes (circularities << 1). Figure 3F shows a histogram of the
misorientation angles of grain boundaries between adjacent
grains and also shows a probability density function obtained
from the histogram by adding grain lengths as a weighting
factor. These two statistical analyses about grain boundaries
show low frequencies (or low probabilities) in small
misorientation angles (<~5°), which should be an artifact of
the present identification method. The present method based
on orientational changes in microwires cannot easily detect a
grain boundary whose misorientation angle is small, and two
constituent grains can be misidentified as a single grain. A
solution to overcome this limit might be combining the
present method with previous methods suggesting the direct
decoration and identification of grain boundaries.””~*” We also
note that the present spin-coating method works successfully
ona~1cm by ~1 cm area of a graphene sample (Figure S1C),
which is achieved with manual dropping of the solution and
spinning of the preheated substrate. Uniform microwire
growth in a larger area such as a wafer scale might be possible
with spray loading of the solution and spinning with in situ
heating. Once the uniform growth in a larger area is achieved,
it is straightforward to generate a grain orientation map that
offers various statistical analyses (Figure 3D, E, and F; Figure
S17). Therefore, our results show great potential for
investigating as well as monitoring statistics in crystallographic
properties of grains in a large area of 2D materials.

The above results experimentally verify that the present
method provides an engineering tool to monitor crystallo-
graphic information (crystal orientations and grain boundaries)
in a “large area” of 2D materials supported on a “SiO,/Si
substrate” using conventional optical microscopy. In addition,
whether this monitoring method is “nondestructive” is
important for engineering applications.” We therefore confirm
that AgCN microwires can be easily etched out from graphene
substrates using an aqueous ammonia solution (Figure 4A and
B). The Raman spectra of graphene before and after microwire
etching maintain very low D peaks (Figure 4C), confirming
that measurable defects are not generated in the underlying
graphene during the removal process (as well as the synthesis
process) of AgCN microwires. This simple removal is an
important factor as marker materials for the nondestructive
monitoring process. Therefore, we can verify that the present
method is an advanced tool for the crystallographic
identification of 2D materials, compared to previous methods
including TEM,*°° STM (scanning tunneling microscopy) !
LEED (low-energy electron diffraction),”' ~>* POM (polarized

optical microscopy) of liquid crystals,”* ">’ spectroscopic

approaches based on nonlinear optical properties,”* ** and
direct imaging of epitaxial materials'>'®'*3>357376470% (cee
Table S2 for details). For example, TEM**~" and LEED>' >’
are suitable only for conductive or ultrathin substrates, POM of
liquid crystals cannot measure absolute crystallographic
orientations,”* ™’ and many epitaxial materials cannot be
easily removed.'”'®*® One can be concerned that crystallo-
graphic identification might become unnecessary because of
the recent progress on wafer-scale synthesis of single-crystalline
2D materials. However, wafer-scale single crystals can be
synthesized with limited es of 2D materials such as
graphene, hBN, and MoS,.°”” Wrinkles of 2D materials are
also a main source for disturbing crystallogra};hic control, but
wrinkle-minimized synthesis’> and transfer’* methods are
achieved only for graphene. Even if we assume that the above
technologies are fully realized in a laboratory scale in the
future, mass production on an industrial scale still needs
monitoring processes for quality control.”' The present
method, therefore, has a potential to be a step of engineering
procedures of 2D material device fabrication, because it shows
nondestructive monitoring of crystal structures in a large area
of 2D materials on a SiO,/Si substrate.

Effects of Microwire Growth Conditions. We also
investigate detailed effects of spin-coating conditions on
growth characteristics of the AgCN microwires. First, the
number of graphene layers on the SiO,/Si substrate does not
affect the microwire growth characteristics. Noticeable changes
are not observed in lengths, coverages, and epitaxial alignments
of the AgCN microwires spin-coated on single- and few-
layered graphene (the number of graphene layers: 1—6 and
>10), as shown in Figure 4B and D and Figures S18 and S19.
This independency may be an unusual phenomenon because
growth characteristics of inorganic materials are generally
dependent on the number of graphene layers’™'" and, in an
extreme case, remote epitaxy is possible through single-layered
graphene.”” In these previous cases,””'"’* the substrates below
graphene still interact with the epilayers as in the case of
wetting transparency of graphene.””~”® However, the system in
our study shows that the van der Waals potential of graphene
to AgCN seems strong enough to screen the potential field of
underlying SiO,. In addition, the observed independency
explains the consistency of our growth results, which are
obtained using two different types of graphene, multilayered
graphene mechanically exfoliated from graphite (experimental
results in Figures 1 and 2) and single-layered graphene
synthesized by CVD (experimental results in Figure 3).
Second, we test several different examples of substrate
materials (sapphire, CaF,, and Si), and the microwire growth
characteristics are consistent on graphene supported on these
substrates. The substrate mainly used in this study is a 300 nm
SiO, layer on a Si (100) wafer, which is the most common
substrate for 2D materials. The three substrates have different
surface characteristics compared to SiO,: Sapphire is a highly
crystalline substrate, CaF, is an ionic substrate, and Si after
native oxide removal is relatively hydrophobic. Optical images
of spin-coated microwires (Figure 4E) do not show any
noticeable differences from the SiO, case and between each
other. This consistency may be because the ethanol-mixed
solvent used in this study has relatively high affinities to all four
of the substrates (although the affinities of aqueous solutions
to the substrates are largely diverse), as indicated in Figure
§20. Third, rotational acceleration of the spin-coating process
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Figure S. Fabrication of graphene-MoS, heterostructures with controlled twist angles. (A) Schematic views and corresponding optical images
showing the heterostructure fabrication process. Spin-coated epitaxial microwires are used for controlling crystal orientations of 2D
materials as well as providing a sacrificial layer in the 2D material transfer. (B to E) Graphene-MoS, heterostructures with three different
targets of twist angles: 0° (top row), 3° (middle row), and 23° (bottom row). Optical images of epitaxial AgCN microwires on graphene and
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FFT images. For experimental verifications, the fabricated graphene-MoS, heterostructures are transferred onto TEM grids (D), and twist

angles are measured from SAED patterns (E).

strongly affects lengths and coverages of the AgCN microwires
(Figure 4F and G). Interestingly, it is hard to find stable effects
from rotational speed and time (Figure S21), while these two
conditions are generally assumed important to control spin
coating processes. It is because the AgCN microwire growth
via solvent evaporation is done in the first few seconds of the
spin-coating process, during which rotational acceleration
governs centrifugal forces. The rotational acceleration of
10.5—20.9 rev/s* gives optimal lengths and coverages of the
microwires (Figure 4G); thus we use this condition in our
study. In addition, we test the effects of ethanol content in the
precursor solution (Figure S10) and use the ethanol content of
60—70% in the spin-coating process. The spin-coating
conditions discussed in this paragraph are used to synthesize
AgCN microwires in our study, and we show vertical
geometries of the synthesized microwires observed with
AFM (atomic force microscopy) in Figure 4H and I The
microwires seem to have multiply stacked structures (usually,
two layers): The thicknesses of the first and second layers are
observed as ~250 nm and ~150 nm, respectively. The heights
in AFM measurements can be correlated with the pixel colors
in microscopic images; thus we might be able to further
improve the precision of crystal orientation measurements

using a color-based analysis of microscopic images (Figure
S22).

Fabrication of van der Waals Heterostructures with
Controlled Twist Angles. We apply our method to the
fabrication of van der Waals heterostructures that present
desired twist angles between vertically stacked 2D materials.
Dense layers of epitaxial AgCN microwires obtained by our
method serve as not only visualization markers for controlling
the crystallographic orientations but also sacrificial layers for
minimizing polymer residues in the 2D material transfer. Van
der Waals heterostructures have received significant interest
due to their unique physical properties and advanced
functionalities."””'*”® In particular, the twist angle between
2D materials constitutes a critical parameter in manipulating
electrical band structures of van der Waals heterostruc-
tures,”®”’ but it is still challenging to reliably control the
twist angle as a desired value.”® The present fabrication process
(Figure SA) solves this problem by including spin-coating
steps of AgCN microwires on top and bottom 2D materials for
optically visualizing crystallographic orientations. The densely
coated microwires are also used as an interlayer between
polymers such as PMMA (poly(methyl methacrylate)) and 2D
materials and then are etched out during the transfer process.
Therefore, we can prevent direct contact between the two
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materials to minimize polymer residues that are one of the
major concerns in the fabrication of van der Waals
heterostructures.”® This is why we can use a sticky PDMS
(polydimethylsiloxane) layer whose component proportion is
adjusted (prepolymer:cross-linker = 30:1) in our transfer step
of 2D materials (Figures S23 and S24 and Movie S1). As
shown in microscopic images in Figure SA, we fabricate
examples of van der Waals heterostructures using graphene and
MoS, layers. Vertical stacking of the two materials is confirmed
with Raman spectroscopic analyses (Figure S2S), which are
based on ElZg and A, peaks of MoS, and G peaks of graphene.
The fabricated heterostructures of graphene and MoS, have
three different target values of twist angles (0°, 3°, and 23°).
Epitaxial AgCN microwires synthesized on graphene and MoS,
(Figure SB) indicate armchair lattice directions (insets of
Figure SB), thus enabling us to finely control crystallographic
orientations of the two layers during the stacking process. The
optical identification method indicates that the fabricated van
der Waals heterostructures respectively have twist angles of
0.2° 2.6° and 22.5°, which are slightly different from the
target angles due to motional errors of microstages. To
measure reference values of twist angles, we transfer the
fabricated van der Waals heterostructures onto TEM grids
(Figure SD) and observe SAED patterns of the hetero-
structures (Figure SE). The twist angles are measured as 1.0°,
2.3°% and 22.9°, which respectively have differences of 1.0°,
0.7°, and 0.1° compared to the target twist angles. Although
the previous studies’®®” claimed that epitaxial markers enable
us to achieve angular alignment accuracies of <0.1° or <0.2°
(they claimed it using only a single example of the fabricated
heterostructures), it would be fair to say that this method has
the alignment accuracy of <~1.0° when realized with
laboratory-made tools and samples. By engineering optimiza-
tions of alignment stages and image analyses, this method can
reliably achieve the ultrahigh alignment accuracy that the
previous studies claimed. Adding the fact that various 2D
materials (confirmed for graphene, MoS,, hBN, WS,, WSe,,
MoSe,, 2H-MoTe,, 1T’-MoTe,, Td-WTe,, and 1T’-ReS,)
allow the epitaxial alignment of AgCN microwires, we expect
to realize a wide range of van der Waals heterostructures that
have desired stacking sequences and crystal orientations.

CONCLUSION

In this study, we have shown that spin coating of AgCN
dissolved in an aqueous ethanolic mixture can uniformly
deposit a dense layer of epitaxial AgCN microwires onto
various 2D materials including graphene, MoS,, hBN, WS,,
and WSe,. The aqueous ethanolic solution with controlled
solvent properties facilitates uniform and conformal formation
of the thin supersaturated solution layer during spin coating,
which promotes heterogeneous crystal nucleation on 2D
material surfaces over homogeneous nucleation in the bulk
solution. Our experimental study confirms that spin-coated
AgCN microwires are epitaxially aligned along zigzag lattice
directions of 2D materials, grow to cover 98.5 + 3.9% of the
underlying graphene area, and can be simply etched out
without degrading graphene’s quality. Conventional optical
microscopy of the spin-coated microwires enables large-area
crystallographic mapping of grains in millimeter-sized poly-
crystalline graphene. We also have fabricated van der Waals
heterostructures using the spin-coated microwires, which serve
as not only visualization markers for controlling the crystallo-
graphic orientations (<~1°) but also sacrificial layers for

minimizing polymer residues in the 2D material transfer. In
addition to these two practical applications, our study
demonstrates the possibility of using 2D materials as templates
for the epitaxial growth even with spin coating of inorganic
crystals.

METHODS

Preparation of 2D Material Samples. A Si (100) wafer with a
300 nm SiO, layer is cleaned with acetone (99.8% purity, Daejung)
and ethanol (99.9% purity, Daejung) for 10 min in an ultrasonic bath
and rinsed with isopropyl alcohol (IPA, 99.5% purity, Sigma-Aldrich)
and deionized (DI) water several times. The wafer is annealed at 200
°C for 2 h in the oven to remove any residual moisture. Graphene,
MoS,, hBN, WS,, and WSe, flakes (purchased from NGS, graphene
supermarket, and 2D semiconductors) are mechanically exfoliated on
a 300 nm SiO,/Si wafer using adhesive tape (Nitto, PVC). Single-
layered large-grain CVD graphene on a 300 nm SiO,/Si wafer
(model: 920126, 4 in diameter, grain size: 110 ym X 110 ym + 10%)
was purchased from Sigma-Aldrich.** Sapphire and CaF, substrates
(purchased from Green Optics and Edmund Optics) are cleaned with
methanol and acetone in an ultrasonic bath for 10 min and then
rinsed with IPA and DI water. A bare Si substrate is prepared by
removing the native oxide layer in buffered oxide etch (BOE,
Samchun).

AgCN Microwire Synthesis and Removal. Three different
methods to synthesize AgCN microwires on 2D materials are
described here: (i) Drop casting of an aqueous solution is a
conventional approach used in the previous reports.’* >’ A AgCN
aqueous solution is prepared by dissolving AgCN (13.3 mg, 2 mmol,
99% purity, Sigma-Aldrich) in an ammonia solution (50 mL, 14.8 M,
Samchun). A S mL amount of an aqueous solution is dropped on the
surface of 2D materials and dried at 150 °C on a hot plate for 10 min
in air. (ii) Drop casting of an aqueous ethanol mixture uses a water—
ethanol binary mixture. Typically, a saturated AgCN aqueous solution,
which is made by dissolving AgCN in ammonia solution (10 mL, 14.8
M) until no additional AgCN is dissolved at room temperature, is
added to ethanol at different ethanol volumetric ratios of 60—70%.
After vigorous stirring for 2 min, S mL of an aqueous ethanol mixture
is dropped on the surface of 2D materials and dried at 150 °C on a
hot plate for 10 min in air. (iii) Spin coating of an aqueous ethanol
mixture combines the above binary mixture and a spin-coating
process. In a typical procedure, SiO,/Si substrates on which various
2D materials are placed are adhered onto an aluminum plate. After
heating the plate at 150 °C for S min, the hot substrates are quickly
loaded on a spin coater (ACE-200, DongAh). A 10—30 mL amount of
an aqueous ethanol mixture is dropped and then is spun at 2000—
3000 rpm for 10 s with the rotational acceleration of 10.5—20.9 rev/
s*. The detailed parameters for spin coating are described in Table S3.
Due to the high solubility of AGCN in ammonia solution, AgCN
microwires are etched out by immersing the sample in an ammonia
solution for 5 min at room temperature. The etching time and
temperature can be increased up to ~2 h and ~80 °C, respectively, if
there is an additional concern about clean surfaces. Then, the sample
is rinsed 2 or 3 times in DI water for S min.

Fabrication of Van der Waals Heterostructures. For the
fabrication of graphene-MoS, heterostructures, a sticky PDMS stamp
is prepared by drop casting of 30:1 (weight ratio, prepolymer to cross-
linker) PDMS resin onto a glass slide. In a typical curing procedure at
80 °C for 30 min, a hemispherical PDMS stamp is naturally formed by
suspending the glass slide upside down on a Petri dish (Figure $24).
Next, AgCN microwires are spin coated on graphene and MoS,
samples prepared on SiO, wafers. After measuring crystal orientations
using the spin-coated microwires, the microwires on MoS, are clearly
removed by the wet-etching procedure. Thereafter, graphene and
spin-coated microwires are transferred onto the as-prepared PDMS
stamp using laboratory-made tools (Figure S23; Movie S1). Note that
sandwiched microwires between graphene and the PDMS stamp act
as sacrificial layers, preventing the direct contacts between the
graphene and the polymer. In an angular alignment procedure, the
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bottom MoS, and top graphene layers are twisted depending on
premeasured crystal orientations. The bottom MoS, layer is lifted and
attached onto the top graphene layer. After a baking process at 80 °C
for 30 min to enhance the adhesion between graphene and MoS,, the
AgCN microwires are dissolved in an ammonia solution while the
PDMS stamp is gradually separated. The graphene-MoS, hetero-
structure is rinsed in DI water several times and dried in air.

TEM Sample Preparation. Two-dimensional materials on TEM
grids (Au 200 mesh, EMS) are prepared using the PMMA-assisted
transfer method. In detail, a PMMA layer is spin coated (500 rpm, 30
s) on 2D materials placed on a SiO,/Si substrate and is sequentially
heated at 80 °C for S min and at 120 °C for 20 min. The edge of the
PMMA film is scratched by a sharp tip tweezer, and then the PMMA-
coated substrate is ultrasonicated for S min in DI water to exfoliate
the PMMA layer from the SiO,/Si substrate. Then, TEM grids are
attached on the 2D materials side of the PMMA layer, and 2D
materials are transferred by removing the PMMA layer in acetone for
1h

Characterization and Data Presentation. The cyclic colormap
of vikO” is used for the crystal orientation maps in Figure 3B, Figure
S14B, and Figure S15B, in which two angles differing by 60° indicate
the same crystal orientations due to the hexagonal symmetry of
graphene. Atomic configurations of epitaxial A§CN crystals on
graphene are generated using the software VESTA.*” TEM images are
captured using a JEOL 2100F TEM operated at 200 kV. Optical
microscopy (BXS3M, Olympus) and field emission scanning electron
microscopy (FE-SEM) (MIRA3, TESCAN) are used to capture
microscopic images of AGCN microwires. The height profile of spin-
coated AgCN microwires is obtained using AFM (XE-100, Park
Systems), and Raman spectra are acquired using a LabRAM ARAMIS
Raman microscope with a 532 nm excitation wavelength.
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