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Mechanisms of the epitaxial growth of two-dimensional
polycrystals
Jichen Dong1,2,3, Yunqi Liu 2,3 and Feng Ding 1,4✉

In the epitaxial growth of two-dimensional (2D) materials on substrates, 2D polycrystals with various shapes have been broadly
observed, but their formation mechanisms are still highly elusive. Here we present a complete study on the formation mechanisms
of various 2D polycrystals. The structures of the 2D polycrystals are dependent on the symmetries of both the 2D material and the
substrate. We build four complete libraries of 2D polycrystals for (i) threefold symmetric 2D materials on two- or six-fold symmetric
substrates (i.e., family-III/II or -III/VI), (ii) threefold symmetric 2D materials on fourfold symmetric substrates (i.e. family-III/IV), (iii)
fourfold symmetric 2D materials on three- or six-fold symmetric substrates (i.e., family-IV/III or -IV/VI), and (iv) sixfold symmetric 2D
materials on fourfold symmetric substrates (i.e., family-VI/IV), respectively. The four libraries of 2D polycrystals are consistent with
many existing experimental observations and can be used to guide the experimental synthesis of various 2D polycrystals.
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INTRODUCTION
Two-dimensional (2D) materials are the most promising
materials for future nanodevices, because of their peculiar
properties1–5. To realize their practical applications, the con-
trollable synthesis of 2D materials is indispensable. Currently,
vapor deposition methods have been widely employed to
synthesize various 2D materials, and they were found to be
capable of controlling layer number6,7, domain shape8,9, and
crystallinity10,11. For the synthesis of a 2D material via vapor
deposition on a substrate, controlling its crystallinity is
fundamentally important. In most vapor deposition processes
for 2D materials growth, multiple nucleations of 2D grains are
ubiquitous and thus, the crystallinity of the synthesized 2D
material depends on the alignment of 2D grains on a substrate.
Our previous study has revealed a general epitaxial relationship
of the alignment of a 2D material on a substrate, that the
alignment of the 2D material is determined by a high symmetric
direction of the 2D material along a high symmetric direction of
the substrate. Based on the general relationship of epitaxy, we
have concluded that the unidirectionally aligned 2D material’s
grains on a substrate can be achieved if the symmetric group of
the substrate is a subgroup of that of the 2D material12 or

GSub � G2D; (1)

where GSub and G2D are the symmetric groups of the substrate
and the 2D material, respectively, so that wafer-scale single-
crystalline (WSSC) 2D materials can be obtained by seamless
coalescence of unidirectionally aligned 2D grains. In agreement
with this simple principle, experimentally, WSSC sixfold symmetric
graphene has been successfully synthesized on the twofold
symmetric Ge(110) surface13 and sixfold symmetric Cu(111)
surface14–16; WSSC threefold symmetric hBN has been recently
grown on vicinal Cu(110) and Cu(111) surfaces with step
edges17,18; the low symmetric vicinal Au(111) and Al2O3(0001)
surfaces have also been employed as substrates to synthesize
WSSC single-crystalline MoS219,20 and WS221 very recently.

It should be noted that for many cases of 2D materials’
synthesis, Eq. (1) no longer stands and thus multi-orientations of
2D grains on a substrate will be naturally seen. Our theoretical
study has revealed that a threefold symmetric 2D material has two
equivalent low-energy orientations on a two- or six-fold symmetric
substrate (Fig. 1a, b), and four equivalent low-energy orientations
on a fourfold symmetric substrate (Fig. 1c); a fourfold symmetric
2D material has three equivalent low-energy orientations on a
three- or six-fold symmetric substrate (Fig. 1d, e); a sixfold
symmetric 2D material has two equivalent low-energy orientations
on a fourfold symmetric substrate (Fig. 1f)12. Consequently,
various polycrystals of these 2D materials on various substrates
will be formed by the coalescence of misaligned 2D grains during
their growth.
Experimentally, triangular hBN grains with two and four

orientations were observed on twofold symmetric (110) (and/or
sixfold symmetric (111)) surfaces17,22–25 and fourfold symmetric
(100) surfaces22,24,26,27 of face-centered cubic (fcc) substrates,
respectively. Triangular transition metal dichalcogenides (TMDCs)
grains with two opposite orientations were frequently observed
on (0001) surfaces of Al2O3

28–30 and GaN31, of which the top
atomic layer has a near sixfold symmetry. Hexagonal graphene
grains with a 30o misorientation angle were also broadly observed
on Cu(100) surface32. All these observations are consistent with
the theoretical predictions.
During further vapor deposition growth of 2D materials, the

coalescence of these misaligned islands will form 2D polycrystals.
For example, four types of polycrystalline hBN islands, which show
both concave and convex corners around their circumferences,
have been observed on Cu(110) surfaces25. Polycrystals of the
exact same shapes were also seen during hBN growth on Cu(111)
surfaces23 and TMDCs growth on sixfold symmetric surfaces28–31.
In addition, more complex polycrystalline hBN islands were
formed on fourfold symmetric Cu(100) surfaces22. Up to now,
only the formation of polycrystalline TMDC islands from antipar-
allel grains is illustrated33. The systematic understanding of the
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formation mechanisms of 2D polycrystals is still illusive, which
hinders both our fundamental understanding of 2D material's
growth and their applications.
Phase-field theory (PFT) modeling has been employed to

investigate 2D crystal growth because of its capability in revealing
the kinetic evolution of 2D crystals coupled with precursor
concentration distribution at a large scale34. For instance,
Lowengrub et al. have used PFT simulations to investigate the
effect of anisotropic diffusion of precursors on the morphology
evolution of 2D single crystals35 and then further studied the
vertical growth of multilayer 2D single crystals36,37. Chen et al.
have successfully coupled chemical vapor deposition (CVD)
controlling parameters to the PFT model and mainly revealed
the effect of precursor concentration and distribution on the
coverage, shape evolution, and size of threefold symmetric 2D
crystals38–40. Yu et al. reported a PFT model to reveal the self-
coalescence of a 2D single crystal induced by the curvature of
substrate41.
Here, we present a systematic study on the formation

mechanism of 2D polycrystals. Based on the alignments of 2D
single crystals on a substrate and phase PFT simulations, a general
strategy of constructing various 2D polycrystals is proposed. We
have built four libraries of 2D polycrystals, which correspond to (i)
threefold symmetric 2D materials on a two- or sixfold symmetric
substrate, i.e., family-III/II or -III/VI, (ii) threefold symmetric 2D
materials on a fourfold symmetric substrate, i.e., family-III/IV, (iii)
fourfold symmetric 2D materials on a three- or six-fold symmetric
substrate, i.e., family-IV/III or –IV/VI and (iv) sixfold symmetric 2D
materials on a twofold symmetric substrate, i.e., family-VI/II,
respectively. Many of our predicted polycrystalline 2D materials

have been observed by experiments, which strongly validates our
theoretical predictions. This study greatly deepens our under-
standing of the 2D materials growth and the libraries are helpful
for the future experimental synthesis of 2D polycrystals by
choosing proper substrates.

RESULTS AND DISCUSSION
2D polycrystals of family-III/II or -III/VI
On a two- or six-fold symmetric substrate, threefold symmetric 2D
materials show two equivalent low-energy orientations with
opposite orientations (Fig. 1a, b)12,17,22–25. In addition, the
threefold symmetric lattices of these 2D materials lead to
anisotropic growth rates of their edges along various directions,
and these 2D material grains usually have triangular shapes
enclosed by three equivalent slowest-growing edges. We first
carried out phase-field theory (PFT) simulations to investigate the
kinetic coalescence behavior of two opposite triangular grains
(Fig. 2a, b), See Supplementary Methods for simulation details and
Supplementary Videos 1, 2 for the kinetic coalescence process. It is
found that if the second grain is nucleated near one of the three
edges of the first one, two vertices of the second grain disappear
and a flat grain boundary (GB) is formed between the two parallel
edges of the two triangular grains when they contact with each
other (Second panel in Fig. 2a). Further growth leads to the
formation of two GBs with a 60° angle to each other due to the
propagation of the intersecting edges of the two grains (Third and
fourth panels in Fig. 2a). Given the equal growth rates of these two
grains, the two GBs are twin GBs and bisect the concave corners42.
The polycrystalline island finally grows into a steady-state kite-like

Fig. 1 Schematics showing the equivalent low-energy alignments of various 2D materials on substrates. a–c A threefold symmetric 2D
material on a two-, six-, and four-fold symmetric substrate, respectively. d, e A fourfold symmetric 2D material on a three- and six-fold
symmetric substrate, respectively. f A sixfold symmetric 2D material on a fourfold symmetric substrate. The 2D materials’ edges that are
preferentially aligned to the high symmetric directions of the substrates are highlighted.
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shape with four convex vertices and two concave ones (Fifth panel
in Fig. 2a, also see Movie S1 for the whole coalescence process.). It
is noted that the formed GBs are dominated by the growth
kinetics of 2D crystals and GB migration in the polycrystal to
achieve the most stable GB structure requires a much longer time
than that of our simulations. Experimentally, migration of formed
GBs during the growth of a 2D material was rarely observed. If the
second grain is nucleated near one of the three vertices of the first
one (Fig. 2b), their coalescence will lead one of the three vertices
of both of the grains to disappear and the final polycrystal shows a
drum-like shape with four convex vertices and two concave ones
bisected by GBs. By analyzing the growth trajectories of the
convex vertices of the two grains, we can predict whether the
vertices will disappear during coalescence (See Supplementary
Methods for detailed analysis). Figure 2c shows the predicted
topography diagram for the coalescence of two opposite
triangular grains. The first grain is represented by the blue
triangle. If the second one (red triangle) is nucleated in area 1
(light gray), a polycrystal with shape 1 will be finally formed after
coalescence. If the second one is nucleated in area 2 (dark gray), a
polycrystal with shape 2 will be formed.
In practice, many grains will be nucleated on a substrate during

the growth of 2D materials. Coalescence between multiple grains
leads to the formation of polycrystals with complex shapes. Here,
we propose a general method of predicting all the possible
steady-state shapes of 2D polycrystals.
For a steady-state polycrystal formed from the coalescence of

misaligned 2D grains, its maximum number of convex vertices
Nmax should be Nmax = NO × NSV, where NO is the number of
different orientations of grains and NSV is the number of vertices
of one grain. If the growth rates of all grains on a substrate are
equal, which is a reasonable assumption because of the uniform
chemical environment in a small substrate area (usually at μm
scale) in a large CVD system, the distances from all the convex
vertices of a polycrystal to its center are equal after the growth
reaches to steady state. Therefore, the steady-state shape of a
polycrystal with a maximum number of convex vertices can be
constructed by superimposing single crystals of the same size
but different orientations. For threefold symmetric 2D materials
grown on a two- or six-fold symmetric substrate, Nmax= NO ×
NSV= 2 × 3= 6 and the steady-state shape is obtained by
superposing two opposite triangular grains, as shown in Fig.
3a. In the superimposed structure, there are six convex vertices
and six concave vertices. Since the concave vertices are bisected
by GBs between neighboring grains42, the superposed area is

divided into six sectors, which belong to the six convex corners,
respectively (Fig. 3b).
Based on the obtained most complex polycrystal, all other

possible steady-state polycrystals can be deduced. The number
of convex vertices, NV, of a polycrystal of a threefold symmetric
2D material on a two- or six-fold symmetric substrate should be
larger than that of a single crystal and no more than that of the
most complex polycrystal, thus NV ranges from NSV+ 1= 4 to
Nmax= 6. Here, we define n= Nmax− NV as the number of
convex vertices missing in a polycrystal as compared to the
most complex one. Therefore, n can change from 0 to 2, with
n= 0 corresponding to the most complex one. If n= 1, there is
only one choice for the missing convex vertex from the six
equivalent ones. The corresponding structure can be con-
structed by firstly deleting one sector from the most complex
island, and then intersecting the two edges of the two
neighboring convex vertices of the deleted one (Fig. 3c).
If n= 2, there are only two non-equivalent choices from the
six equivalent convex vertices, considering that GBs in a steady-
state polycrystal correspond to concave vertices and thus the
two missing convex vertices should not be neighbors to each
other (Third panel in Fig. 3d)10,42. Summarizing the cases for
n= 0, 1, and 2, there are totally four different types of
polycrystals for threefold symmetric 2D materials that can be
grown on a two- or six-fold symmetric substrate, which are
verified by Tay’s experiments on CVD growth of hBN on Cu(110)
surfaces25 (Fig. 3d), as well as many other experimental
observations, including hBN on Cu(111) surface23, hBN on Ge
(110) surface26, WSe2 on Al2O3(0001) surface28, MoS2 on
Al2O3(0001) surface29,30, and MoS2 on GaN(0001) surface31

(Supplementary Fig. 3 in Supplementary Information). The
existence of GBs in hBN islands with the same shapes as our
predicted ones has been verified by etching experiments17,43.
Finally, PFT simulations were performed to demonstrate the

formation of polycrystals with six and five convex vertices shown
in Fig. 3d. As shown in Fig. 3e, the polycrystal with six convex
vertices can be formed by coalescence between one large
triangular grain and three small opposite ones nucleated near
each edge of the large grain (See Supplementary Video 3 for the
coalescence process). Similarly, coalescence between a large
single-crystalline island and two small ones with opposite
orientations can lead to the formation of a polycrystalline island
with five convex vertices, as demonstrated in Fig. 3f (See
Supplementary Video 4 for the coalescence process).

Fig. 2 Coalescence of two triangular grains with a misorientation angle of 60o. a, b PFT simulations showing two coalescence processes
between two triangular grains with a 60o misorientation angle, respectively. Red dots represent the nucleation centers of the two triangular
islands. The GBs in polycrystals are denoted by red lines. The fourth and fifth panels in (a, b) are properly zoomed out for a better view.
c Topography diagram for the coalescence of two triangular grains with a misorientation angle of 60o. In the left panel, the blue triangle
represents the first grain, areas colored in a light gray and dark gray show where the second island nucleates. Shapes 1 and 2 in the right
panel show the shapes of the polycrystal formed by the coalescence of the first island and the second one that is nucleated in the light gray
area and in the dark gray area, respectively.
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2D polycrystals of family-III/IV
For threefold symmetric 2D materials grown on a fourfold
symmetric substrate, triangular grains have four equivalent low-
energy orientations, which have 30o, 60o, and 90o anti-clockwise
misorientation angles between each other (Fig. 1c). Polycrystals

formed from these misaligned grains are much more complex
than those grown on a two- or six-fold symmetric substrate.
Figure 4 shows the coalescence behaviors between two

misaligned triangular grains. Except for the case with a
misorientation angle of 60o (Fig. 4a, which is the same as that

Fig. 3 Formation of polycrystalline threefold symmetric 2D material islands from the coalescence of an arbitrary number of misaligned
triangular grains with 60o misorientation angles on a two- or six-fold symmetric substrate. a, b Schematics showing how to construct a
polycrystal with the maximum number of convex vertices. c Schematics showing the method of constructing polycrystals with five convex
vertices from the most complex polycrystalline 2D island. d A predicted library of 2D polycrystals of family-III/II or -III/VI. The lower panel
shows the experimental observation of polycrystalline hBN islands grown on a Cu(110) surface. Reproduced from ref. 25 with permission from
the Royal Society of Chemistry. e, f PFT simulation on the growth process of a polycrystalline island with six and five convex vertices,
respectively. The fifth panels in e, f are zoomed out for a better view.

J. Dong et al.

4

npj Computational Materials (2022)   109 Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences



Fig. 5 Formation of steady-state polycrystals formed from the coalescence of triangular grains on a fourfold symmetric substrate.
a Schematics on the construction of the steady-state polycrystal with the largest number (12) of convex vertices formed from the coalescence
of triangular grains with four different orientations on an fcc(100) surface. b, c Schematics on the construction of the steady-state polycrystals
with 11 and 4 convex vertices based on the polycrystal with 12 convex vertices, respectively. Convex vertices that are chosen to disappear are
denoted by dashed outlines. d PFT simulation showing an example of the formation of a polycrystal by coalescence of four single-crystalline
islands with different orientations. The fifth panel is zoomed out for a better view.

Fig. 4 Coalescence of two triangular grains on a fourfold symmetric substrate. a–c Topography diagrams for the coalescence of two
triangular grains with an anti-clockwise misorientation angle of 60o, 30o, and 90o, respectively. The blue triangular grain is chosen as the
reference. Light gray and dark gray areas denote where the second triangular grain is nucleated with respect to the first one, respectively.
Shapes 1–2, 3–4, and 5–6 show the steady-state polycrystals formed from the coalescence between two grains with different misorientation
angles. d, e PFT simulations showing the coalescence processes of two triangular grains with a 30o misorientation angle to form a polycrystal
with shape 3 and shape 4, respectively. The fourth and fifth panels in (d, e) are zoomed out for a better view.
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shown in the previous section.), we also obtained the topography
diagrams for the coalescence between two triangular grains with
30o and 90o misorientation angles, which are mirror to each other
(Fig. 4b, c, respectively. See Supplementary Methods for detailed
analysis). Phase-field theory simulations were performed to
demonstrate the coalescence processes between two triangular
islands with a 30o misorientation angle (Fig. 4d, e also
Supplementary Videos 5, 6), which are consistent with the
predicted topography diagram.
To obtain all possible steady-state polycrystals formed from

the coalescence of an arbitrary number of triangular grains with
four different orientations, the construction strategy proposed
in the previous section is adopted. In the current case, Nmax=
NO × NSV= 4 × 3= 12, and the shape of the corresponding
polycrystalline island can be obtained by superimposing four
triangular islands with different orientations (Fig. 5a). NV of any
polycrystals can thus range from 12 to 4. For NV= 11, the
polycrystal is constructed by deleting any one of the 12
equivalent convex vertices and then filling the vacancy by
connecting its two neighboring sectors, as shown in Fig. 5b.
Figure 5c demonstrates another example of constructing a

polycrystal with four evenly distributed convex vertices. Figure
5d shows a PFT simulation demonstrating the formation process
of the polycrystal in Fig. 5c from the coalescence of four grains
with different orientations (See Supplementary Video 7 for the
coalescence process.). During coalescence, four perpendicular
GBs are formed to separate the four grains. In addition, only one
convex vertex in each grain is maintained in the steady-state
polycrystal.
Following the above construction method, 9, 31, 59, 59, 42, 19,

and 6 different steady-state polycrystals can be obtained for NV

ranging from 4 to 10, respectively (See Supplementary Methods
for detailed analysis.). Figure 6a shows the library of 2D
polycrystals of family-III/IV. Some of our predicted polycrystals
have been observed in the CVD growth of hBN on Cu(100)
surfaces. As shown in the left panel of Fig. 6b, three types of
polycrystalline hBN islands with NV= 4 and one type with NV= 5
have been found in Song’s experiments44. In addition, four
types of polycrystalline hBN islands with NV= 4 and two types
with NV= 5 were also observed in Wang’s experiments (middle
and right panels in Fig. 6b)17.

Fig. 6 Structures of polycrystals in family-III/IV. a The library of polycrystals in family-III/IV. The polycrystals are classified by their number of
convex vertices. b SEM images of CVD grown hBN on Cu(100) surfaces. Polycrystalline hBN grains of different types are highlighted by dashed
circles with different colors. The corresponding theoretical models are added near these polycrystalline hBN islands. Left panel, copyright
from ref. 44. Middle and right panels, reprinted with permission from ref. 17, Copyright 2019 Springer Nature.
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2D polycrystals of family-IV/III or -IV/VI
For fourfold symmetric 2D materials grown on a three- or six-fold
symmetric substrate, 2D grains have three equivalent low-energy
orientations with 30o ×m (m= 0, 1, 2) misorientation angles (Fig.
1d, e). Here, we start with the coalescence of two square grains
with different orientations and then explore all the possible
polycrystals that are formed from the coalescence of an arbitrary
number of square grains.
Figure 7a, b show two PFT simulations demonstrating the

coalescence processes of two square grains with a 30o misor-
ientation angle, respectively. (See Supplementary Methods for the
simulation details, Supplementary Videos 8, 9 for the coalescence
processes). As shown in Fig. 7a, if the second grain is nucleated
near the edges of the first one, three of the four convex vertices of
the second grain disappear and only one vertex is left after
coalescence, leading to a polycrystal with five convex and two
concave vertices, respectively. When the second grain is nucleated
near one of the vertices of the first one, two vertices of the second
grain and one vertex of the first grain will disappear during the
coalescence (Fig. 7b). By a geometry analysis similar to that of
threefold symmetric 2D materials, it is found that the above two
types of polycrystals are the only polycrystals that can be formed
from the coalescence of two square islands with a 30o

misorientation angle, and the corresponding topography diagram
is shown in Fig. 7c (See Supplementary Methods for the analysis
details). In addition, it is seen that the probability of forming a
polycrystal with shape 1 is much lower than that of forming a
polycrystal with shape 2 because area 1 (light gray) for the
nucleation of the second grain to coalesce with the first grain to
form a polycrystal with shape 1 is limited by the size of the first
grain, while area 2 (dark gray) is infinitely large. If the second gain
shows a 60o anti-clockwise misorientation angle with respect to

the first one, the formed polycrystals are mirrors to those with a
30o misorientation angle, as demonstrated by PFT simulations
shown in Fig. 7d, e, Movies S10, S11, and the corresponding
topography diagram shown in Fig. 7f.
Similar to polycrystals of family-III/IV, the Nmax of a steady-state

polycrystal of family-IV/III or -IV/VI is also 12 (Fig. 8a). However, the
inner angle of the concave corner of this polycrystal is 120o rather
than 90o, as compared to the polycrystal with 12 convex vertices
of family-III/VI. Figure 8b shows an example of constructing a
polycrystal with eight convex vertices based on the most complex
polycrystal. Four evenly distributed convex vertices (outlined by
red dashed lines in the second panel in Fig. 8b) from the 12
equivalent vertices of the most complex polycrystal are chosen to
disappear (third panel in Fig. 8b). The growth of such a polycrystal
can be realized by nucleating one 30o-misoriented square grain
near each edge of large square grain, as demonstrated by the PFT
simulation shown in Fig. 8c (also Supplementary Video 12). Figure
8d shows another example of the construction of a polycrystal
with six convex vertices, where three pairs of convex vertices from
the twelve vertices of the most complex polycrystal are chosen to
disappear. PFT simulations show that this polycrystal can be
formed by three grains that show different orientations (Fig. 8e
and Supplementary Video 13).
To construct all the steady-state polycrystals, 7 to 0 convex

vertices of the 12 equivalent vertices of the most complex
polycrystal need to be deleted, leading to 6, 26, 38, 35, 18, 6, 1,
and 1 different kind of steady-state polycrystal shapes for NV

increasing from 5 to 12, respectively (Fig. 9, also see Supplemen-
tary Methods for details). Experimentally, the fourfold symmetric
square FeSe grains have been synthesized on a graphene surface
by MBE45, while polycrystalline FeSe islands were not reported yet.
More studies are needed to verify our theoretical prediction.

Fig. 7 Coalescence of two square 2D grains on a three- or six-fold symmetric substrate. a, b PFT simulations showing two coalescence
processes of two square grains with an anti-clockwise misorientation angle of 30o, respectively. The fifth panels are zoomed out for a better
view. c Topography diagram for the coalescence of two square 2D grains with an anti-clockwise misorientation angle of 30o. In the left panel,
the first grain is represented by the blue square. The second grain (small red square) is nucleated in either light gray area 1 or dark gray area 1.
Shape 1 or 2 in the right panel will be finally formed after coalescence between these two grains, with the second grain nucleated in area 1 or
area 2, respectively. d, e PFT simulations showing two coalescence processes of two square grains with an anti-clockwise misorientation angle
of 60o, respectively. The fifth panels are zoomed out for a better view. f Topography diagram for the coalescence of two square 2D grains with
an anti-clockwise misorientation angle of 60o.

J. Dong et al.

7

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences npj Computational Materials (2022)   109 



Polycrystals of family-VI/IV
Our previous study on graphene synthesis on liquid Cu surface
showed that, during the coalescence of the randomly oriented
graphene islands, these islands tend to be parallelly aligned with
each other or have a 30o misorientation angle between
neighboring ones to reduce the GB formation energy11. In that
study, we have predicted a family of 30 types of graphene
polycrystals and 27 of them were observed experimentally. On a
fourfold symmetric surface, the misorientation angle between two
misaligned 2D materials with sixfold symmetry is also 30o.
Therefore, a sixfold symmetric 2D material on a fourfold

symmetric substrate can also form 30 types of 2D polycrystals,
as shown in Fig. 4 in ref. 11.
It is worth mentioning that we used the inner angle of each

single-crystalline sector in a polycrystalline graphene island to
construct the shape of the polycrystalline island in ref. 11, because
the sector inner angle can fully define the single-crystalline sector
in that case. However, for three- or four-fold symmetric 2D
materials discussed above, there is no one-to-one correspon-
dence between the sector inner angle and the sector shape. For
instance, there are two types of sectors that have the same sector
inner angle but different shapes in the polycrystal shown in

Fig. 8 Formation of steady-state 2D polycrystals from the coalescence of square grains on a three- or six-fold symmetric substrate.
a Schematics on the construction of the steady-state polycrystal with the largest number (12) of convex vertices formed from the coalescence
of square grains with three different orientations. The relative orientation angle of each grain is provided. b, d Schematics on the construction
of the steady-state polycrystalline island with eight and six convex vertices based on the polycrystalline island with 12 convex vertices,
respectively. Convex vertices that are chosen to disappear are denoted by dashed outlines in the second panel. c, e PFT simulation showing an
example of the formation of a polycrystalline island in (b, d), respectively. The fourth and fifth panels in (c) and the fifth panel in (e) are
zoomed out for a better view.
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Fig. 8b. Therefore, using the sector inner angle to describe the
polycrystal is incomplete in such situations. The proposed
strategy for constructing steady-state 2D polycrystals in this
study can effectively solve this problem. In addition, this study is
focused on the formation mechanism of 2D polycrystals formed
from the in-plane coalescence of monolayer 2D crystals, which is
the most popular case of 2D materials synthesis.
In summary, the formation mechanism of polycrystals of

various 2D materials on different substrates has been thor-
oughly explored. The kinetics of 2D polycrystal growth leads to a
general strategy of constructing 2D polycrystals and four
libraries of 2D polycrystals are built, including a family of 4
types of polycrystals of threefold symmetric 2D materials on a
two- or six-fold symmetric substrate (family-III/II or –III/VI); a
family of 227 types of polycrystals of threefold symmetric 2D
materials on a fourfold symmetric substrate (family-III/IV); a
family of 131 types of polycrystals of fourfold symmetric 2D
materials on a three- or six-fold symmetric substrate (family-IV/III
or –IV/VI); a family of 30 types of polycrystals of sixfold
symmetric 2D materials on a fourfold symmetric substrate
(family-VI/IV). Our theoretical prediction of the formation of
polycrystalline 2D materials was consistent with many experi-
mental observations. For instance, all the predicted polycrystals
of family-III/II or –III/VI were observed in the chemical vapor
deposition of hBN on (110) and (111) surfaces of Cu, and seven
out of the family-III/IV have also been observed in hBN growth
on Cu(100) surfaces. This study provides an in-depth under-
standing of the formation of polycrystalline 2D materials, which

could help experiments for controllable synthesis of 2D
materials via choosing proper substrates.

METHODS
Phase-field theory simulations were carried out to simulate the coalescence
process of misaligned grains with different symmetries. A detailed
description of the phase-field model and the parameters used in the
phase-field theory simulations are given in the Supplementary Information. In
the PFT simulations, we have neglected the effect of precursor diffusion. Both
previous PFT simulations and other studies have shown that faceted 2D
crystals are grown under an attachment-limited regime, which is dominated
by the attachment kinetics of atoms to the edges of 2D crystals rather than
the diffusion of precursor35,46. If diffusion is the dominant factor, 2D crystals
will grow into fractal shapes35,46, making the formation of polycrystals much
more complicated, which needs further study in the future. In addition, we
have assumed that the substrate is flat. Yu et al. have shown that an
artificially made non-planar substrate with a large curvature can lead to the
self-coalescence of a 2D crystal and thus the formation of a GB41, while such
an effect is not observed in most CVD experiments. The topography
diagrams for the coalescence of two misaligned grains with different
symmetries are obtained by a geometry analysis, which is based on the
assumption that the growth rates of the two grains are the same. A detailed
description of the geometry analysis is also given in the Supplementary
Information. Derivation of the number of different polycrystals of 2D
materials with different symmetries on substrates with various substrates is
provided in the Supplementary Information.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
authors on request.

Fig. 9 The library of polycrystals in the family-IV/III or –IV/VI. The polycrystals are classified by the number of convex vertices.
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