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Establishing Epitaxial Connectedness in Multi-Stacking:
The Survival of Thru-Holes in Thru-Hole Epitaxy

Youngjun Lee, Seungjun Lee, Jaewu Choi, Chinkyo Kim,* and Young-Kyun Kwon*

Thru-hole epitaxy has recently been reported to be able to grow readily detachable
domains crystallographically aligned with the underlying substrate over 2D mask
material transferred onto a substrate. [Jang et al., Adv. Mater. Interfaces 2023, 10,
2201406] While the experimental demonstration of thru-hole epitaxy of GaN over
multiple stacks of h-BN was evident, the detailed mechanism of how small holes
in each stack of h-BN survived as thru-holes during multiple stacking of h-BN
was not intuitively clear. Here, Monte Carlo simulations is used to investigate the
conditions under which holes in each stack of 2D mask layers can survive as thru-
holes during multiple stacking. If holes are highly anisotropic in shape by

connecting smaller holes in a particular direction, thru-holes can be maintained
with a high survival rate per stack, establishing more epitaxial connectedness.
Our work verifies and supports that thru-hole epitaxy is attributed to the epitaxial
connectedness established by thru-holes surviving even through multiple stacks.

1. Introduction

Remote epitaxy has attracted much attention because of its fas-
cinating epitaxial growth of readily detachable crystalline
domains, which are crystallographically aligned with the under-
lying substrate over 2D material without any form of direct bond-
ing between the material grown and the substrate.'” Tt was
argued that remote epitaxial growth was possible because crys-
tallographic information of the substrate is well transferred
through ultrathin 2D layers especially if the underlying substrate
has a strong ionic or polar character. Crystalline films without
direct chemical bonding with the substrate are consequently
shown to be readily detached. Although remote epitaxy opened
a new possibility for the growth of 3D materials with barely any
constraints to the lattice match with the substrate, it is still not
straightforward to carry out remote epitaxy because it requires
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stringent conditions: 1) defect-free 2D
layers, 2) precise controllability for the
number of 2D layers, and 3) polar charac-
ters of materials to be grown, to name a
few.'?] While current 2D material growth
and transfer techniques have greatly
improved, it is still difficult or impossible
to transfer completely defect-free graphene
onto a substrate.

It is evident that not only do 2D materi-
als, prepared by current techniques,
contain structural defects such as holes
and small cracks but they can also be
degraded.™® Thus, during its transfer
process, such structural defects would
be extended in a specific direction!”?
Because the substrate is well exposed to
the growth environment as a consequence,
such a degraded 2D material will act as a
mask for epitaxial lateral growth rather than as a transparent
overlayer of substrate potential for remote epitaxy.’™"!
Furthermore, it can be inferred that even the film grown through
holes in 2D material can also be readily detached since the 2D
material mostly acts as a mask over a crystalline substrate.'? We
indeed showed that this can be possible without those stringent
conditions required for remote epitaxy by demonstrating not only
the growth of crystallographically aligned GaN domains over a
2D material, such as h-BN, but also the facile detachment of
those grown and merged GaN domains."®! This epitaxial
approach was named thru-hole epitaxy. Note that the term
“thru-hole” is used to refer to a hole connected all the way from
the top-most 2D material to the substrate resulting in the estab-
lishment of the epitaxial connectedness between the material
grown and the substrate. The same thru-hole epitaxy was also
successfully applied to grow GaN and ZnO over graphene and
MoS,, respectively.!'*! There was another report showing epitax-
ial growth of GaSb films on graphene-terminated surface by a
similar approach called pinhole-seeded lateral epitaxy.!”!

The growth mechanisms of remote and thru-hole epitaxy are
completely different. This distinction stems from whether or not
there are thru-holes, through which atomic species adsorbed on
the 2D material can diffuse into the substrate, as illustrated in
Figure 1. In remote epitaxy, the substrate potential should be
sneaked out through the 2D material because there are no
thru-holes (see Figure 1a). In thru-hole epitaxy, in contrast,
the adsorbed atoms on the 2D material can permeate into the
substrate via thru-holes and form the nuclei directly on the sub-
strate, as displayed in Figure 1b. Unlike remote epitaxy, which
stringently requires a defect-free graphene monolayer, we
observed that thru-hole epitaxy can be successfully carried out
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Figure 1. Schematic illustration of a) remote epitaxy and b) thru-hole epitaxy occurring on a 2D material transferred onto a substrate. In the former
process, nucleation occurs on a defect-free 2D monolayer, while in the latter process, nucleation occurs directly on the substrate after diffusion via
thru-holes in a bilayer with some defects. In (b), the areas colored in blue and red represent defects or holes in the first and second layers, respectively.
This bilayer has a maze of thru-holes from the top surface all the way down to the substrate.

with tens of nanometers thick (multiply-stacked) h-BN layers or
even thicker SiO, as long as thru-holes are maintained.!"*! Here,
a “stack” represents a transfer unit consisting of multiple layers
of h-BNs grown together at the same time. Crystallographically-
aligned GaN domains were successfully grown over multiply-
stacked h-BN transferred onto the sapphire substrate and easily
detached with a thermal release tape. Despite this clear and
evident experimental demonstration of thru-hole epitaxy, there
remains still one important issue, which is not intuitively
convincing. How can small holes in each layer or stack of h-BN
survive as thru-holes without being sealed during multiple
stacking? This question naturally arises because our intuition,
at first sight, would say that the probability of the survival of holes
as thru-holes in multiple stacking would quickly drop close to
zero even by a few times of stacking of 2D materials containing
a moderate concentration of structural defects.

This is a critical question to answer in order to validate
thru-hole epitaxy in multiply-stacked 2D materials because, in
thru-hole epitaxy, the epitaxial connectedness between the film
to be grown and the underlying substrate can only be established
by thru-holes. In other words, if such holes are completely sealed
in multiple stacking, thru-hole epitaxy will not occur. However,
the successful observation of the thru-hole epitaxy of GaN on
eight-time stacked h-BN!"*! remained puzzling enough that we
had to look for convincing evidence that holes survive as thru-
holes even with multiple stacks. If the holes in each stack are
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isolated from each other, we can expect the number of thru-holes
to decrease exponentially with the number of stacks. However, if
the holes in each stack are not well isolated, the decrease rate of
thru-holes with the number of stacks can be reduced. The h-BN
samples used in our previous study were fabricated without a
growth optimization process, so it is likely that structural defects
such as cracks were present.'*! These cracks in particular can
act as laterally connected holes rather than isolated ones.
Furthermore, thru-holes do not need to be vertically straight
but can be meandering and crooked like a maze of connecting
paths, as shown in Figure 1b, as long as they simply run all the
way from the top to the bottom stack, and thus to the substrate, to
establish epitaxial connectedness.

In this study, we present the results of Monte Carlo simula-
tions that show how holes present in each stack of a 2D material
survive as thru-holes during multiple stacking and how their
survival probability depends on the hole configuration in the
2D material. In our Monte Carlo simulations, we considered
different hole configurations, such as isolated holes, short con-
nected holes, linearly connected holes, and so on. We also eval-
uated the survival rate of thru-holes while varying the areal
fraction, or concentration, of holes in each 2D stack. The results
show that in certain configurations where holes are more like
long and narrow in shape, more holes survive as thru-holes dur-
ing multiple stacks, even at low hole concentrations, confirming
our previous experimental observations.*!
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2. Experimental Section

To more realistically estimate the survival ratio of holes that even-
tually become part of a thru-hole during h-BN stacking, we per-
formed Monte Carlo simulations while varying the distribution
of holes and the configuration of individual holes in each stack of
2D material. A monolayer or single stack of 2D material was
modeled as consisting of a 1000 x 1000 grid of hexagonal unit
cells, as partially shown in Figure 2 and 3. Each hexagonal unit
cell can be either open or closed. Each open cell represents a hole
or a part of a larger hole. These hexagonal unit cells do not cor-
respond to the crystallographic unit cells of a hexagonal 2D mate-
rial, but rather to a minimum size hole through which atoms can
diffuse, so they can be part of a thru-hole. Therefore, a larger hole
formed by connected open hexagonal cells can act as part of a
thru-hole, which is better for diffusing atomic species into the
substrate. The size of such a minimum unit cannot be uniquely
determined because it depends strongly not only on the 2D layers
with holes but also on the substrates and target materials to be
grown. We considered several different distributions of holes in a
single stack or monolayer of 2D material by categorizing holes
into seven configurations as described in Figure 2. We then
repeated the simulation with these seven configurations to see
how the size and shape of the holes affect the areal fraction
of thru-holes Ay, as the number of stacks n increases. The areal
ratio of thru-holes is evaluated as follows: 1) counting the num-
ber of open cells in the top stack that connect through all stacks to
the bottom substrate, and 2) dividing this number by

www.aem-journal.com

1000 x 1000, the total number of hexagonal cells in the model
stack. Note that, as mentioned above, holes do not have to be
connected vertically in a straight line to survive as part of a
thru-hole. Instead, they can be meandering and crooked, like
a connected path in a maze. To evaluate how the survival proba-
bility of a thru-hole depends on the configuration of holes and the
areal fraction of holes a created in each stack, we ran Monte Carlo
simulations while independently varying these two conditions.
For each set of these two conditions, we estimated the
corresponding thru-hole areal fraction value (Agy) by taking
the ensemble average over 1600 samples. We also used the
breadth-first search method to accurately count thru-holes with-
out missing any.['®

Figure 2 shows the construction schematics of seven different
hole configurations, (HC1) through (HC?7), in each stack. The
first three configurations, (HC1), (HC2), and (HC3) represent
the size variation of a single hole as shown in Figure 2a.
Suppose a hexagonal cell a was randomly chosen to be open
at the beginning. For (HC1), the next open cell was then chosen
completely independently. For (HC2) and (HC3), three and six
cells, respectively, were selected as open among the six nearest
neighboring hexagonal cells I~VI surrounding the « cell. The
sizes of most holes in these configurations correspond to those
of one, four, and seven hexagonal cells, respectively. Note, of
course, that there is still a chance that larger holes can be formed
by merging two or more independently generated holes, as
shown in Figure 3a. Note also that four-cell-sized holes generated
in (HC3) may have different shapes depending on the choice of
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Figure 2. Construction schematics of different hole configurations. a) Size variations: (HC1) a hole with one randomly selected hexagonal unit cell @
open, (HC2) a hole with a as in (HC1) and three additional cells selected from the six gray-shaded nearest neighboring cells, I~VI, of a, and (HC3) a hole
with a and all six neighboring cells (I=VI) selected to be open. Note that a hole in (HC2) can have a different shape depending on the selection of the
nearest neighboring cells, e.g., a hole composed of a and three additional cells (1, Il, and 11), (I, 1], and IV), or (1, IIl, V). Note also that even in the case of
(HC1), a hole consisting of two or more connected hexagonal cells can exist, because, although it is very small, there is still a chance of selecting an
adjacent cell on the next trial, as shown in Figure 3a. b) Shape variations: Suppose that three cells , , and y are selected as open in sequence. The next
open cell is selected with probability Py from the five gray-shaded cells surrounding the y cell (I=VI, excluding V, which is the already selected j cell). The
same process was used when the y cell was selected from the f cell. Note that there is still a non-zero probability of 1 — 5P, that an independent cell other
than the surrounding cells will be selected as open, and so this process is repeated until either an independent cell or one of the already selected open
cells is selected. In our simulations, we considered two cases of (HC4) and (HC5) with Py = 0.14 and P, = 0.18, respectively. c) Directionality variations
to mimic a realistic crack propagation: Once three linearly connected hexagonal cells a, 5, and y have been sequentially and consecutively chosen open, a
next open cell is chosen among five surrounding cells with different probabilities P; > P, > P;, weighted by their straightness. In our simulations, we
considered two cases of (HC6) and (HC7) with (P;, P, P;) = (0.45,0.18,0.045) and (P, P,, P3) = (0.63,0.09, 0.045), respectively. The scale of the gray
shading in the cells is an indication of directionality. It is clear that (HC7) will produce more straight-looking holes than (HC6), as shown in Figure 3c.
Note that there is a probability of 0.1 that a cell other than the surrounding cells (I=VI) is selected as open.
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Figure 3. lllustration of an open hole distribution generated with a hole ratio of 10% in a single stack for each of the different hole configurations of
a) (HC1), (HC2), and (HC3) (size variations), b) (HC4) and (HCS5) (shape variations), and c) (HC6) and (HC7) (directional variations). Note that the hole
distributions are shown only in a sub-region, not in the entire simulation domain with 100000 holes selected from 1000 x 1000 hexagonal cells.
The earlier selected open cells are more reddish and the later selected ones are more black.

the three nearest neighboring cells, while those in (HC3) have
the same shape. The next two configurations, (HC4) and
(HCS5), represent shape variations of a single hole, as shown
in Figure 2b. Suppose three cells a, f, and y are selected to be
open in that order. The next open cell is selected with probability
P, from the five gray-shaded cells surrounding the y cell (I~VI,
excluding V, the already selected f cell). The same process was
used to select the y cell from the g cell. Note that the probability of
an independent cell other than the surrounding cells being
selected as an open cell is still non-zero at 1 — 5P, so the process
is repeated until either an independent cell or an already selected
open cell is selected. In our simulations, we used Py = 0.14 and
Py =0.18 for (HC4) and (HC5), respectively. In particular, the
holes in (HCS5) exhibit shape anisotropy, as shown in
Figure 3b. The last two configurations (HC6) and (HC7) repre-
sent directional changes to mimic real crack propagation, as
shown in Figure 2c. When three linearly connected hexagonal
cells a, B, and y are selected to be open in sequence, the next
open cell is selected with different probabilities P; > P, > P;
from five neighboring cells weighted by their straightness. In
our simulations, we used (Py, P,, P3) = (0.45,0.18,0.045) and
(Py, Py, P3) = (0.63,0.09,0.045) for (HC6) and (HC7), respec-
tively. The scale of the gray shading in the cells indicates
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directionality. It is clear that (HC7) produces more holes that
appear to be straight lines than (HC6), as shown in Figure 3c.
Note that there is a probability of 0.1 that a cell other than the
surrounding cells (I~VI) will be selected as open.

3. Results and Discussion

To explore how the holes in each layer (stack) survive as part of
thru-holes after stacking multiple layers, we first prepared a sin-
gle layer or stack, with holes created according to one of seven
hole configurations (HC1) to (HC?7), described above, with a spe-
cific hole areal fraction a (€ [0.01, 0.15]). Figure 3 shows how dif-
ferently these seven hole configurations distribute the holes in a
single stack, as a demonstration, with a = 0.1. In this figure, the
hole distributions are shown only in a sub-region, not in the
entire domain having 100 000 holes selected from 1000 x 1000
hexagonal cells. Note that the earlier selected open cells are more
reddish and the later selected ones are more black. Then, we
placed another layer prepared with the same hole configuration
and a on top of the first layer. This process was repeated until the
number of stacks reached a target number of stacks, N(€ [1, 10]).
For example, Figure 4 demonstrates thru-hole formation in
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Figure 4. Thru-hole formation through two layers (or stacks) with a) (HC1), (HC2), and (HC3), b) (HC4) and (HCS5), and c) (HC6) and (HC7). In each
layer, holes were created to have the same areal fraction of a = 0.1¢, or 10% for demonstration and comparison. The red and orange colors represent
holes present in the first and second layers, respectively, while the blue color indicates thru-holes that survived after stacking two layers. It is noted that
there are more overlapped holes or thru-holes in (c) than in (a) and (b), indicating that more thru-holes survive through stacks with a directional hole

configuration, such as (HC6) or (HC7).

double-layered (N =2) 2D material with seven different hole
configurations (HCl) to (HC7) and with a = 10%. In the figure,
holes in the first or bottom layer and the second or top layer are
colored red and orange, respectively. A thru-hole that guarantees
epitaxial connectedness can be established as long as a hole in the
second layer overlaps, even partially, with another hole in the first
layer. These thru-holes are colored blue in Figure 4.

In Figure 4a, the average sizes of thru-holes were estimated to
be 1.89, 7.40, and 11.18 hexagonal cells in the respective hole
configurations (HC1), (HC2), and (HC3) described in
Section 2 and Figure 2a, indicating that the average size of
thru-holes increases with the average size of individual holes
in each stack, which is reasonable to understand. In the case

of (HC1) with two layers, the areal fraction of surviving thru-

holes was estimated to be A, (HCY) _ = 0.017, which is quite close

to the intuitive estimate of a? = 0.01. Note that the intuitive
estimate is based on an ideal situation where each hole in each
layer is a single hexagonal cell completely isolated from the

others. For (HC2) and (HC3), in contrast, it was estimated to

(HC3)

be At}? €2 —0.034 and Ath = 0.0314, respectively. However,
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there are two critical surprises in the trend of the areal fraction
of surviving thru-holes in (HC1)~(HC3). The first surprise is
that the areal fractions of thru-holes for (HC1)~(HC3) are differ-
ent, even though the areal fractions of holes in each stack of
(HC1)~(HC3) were set equal to @ = 0.1. This is because the sur-
vival probability of holes as thru-holes during stacking increases

with hole size. The second surprise is that Atff D = 0.034 is

slightly larger than A (HC3) — 0.0314, although the average hole
size in (HC3) is larger than that in (HC2). To understand this
surprise, we first noticed a difference in the shape anisotropy
or aspect ratio of the holes between the two configurations.
Holes composed of four hexagonal cells in (HC2) mostly have
shape anisotropy, as shown in Figure 2a, while those composed
of seven hexagonal cells in (HC3) form an isotropic hexagon. It is
the shape anisotropy that caused this surprise. Suppose we can
roughly simplify the holes as ellipses. Some holes in (HC2) are
modeled by an ellipse with a semi-major axis equal to the radius
of a circle representing holes in (HC3). Therefore, there is a pos-
sibility that holes in (HC2) overlap with holes in the other layer
within the same spatial range as holes in (HC3) do, even though
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the former are on average 4/7 times smaller in size than the lat-
ter. Moreover, since the areal fractions of holes created in both
(HC2) and (HC3) are the same at a = 10%, there are about 7/4
times more holes in (HC2) than in (HC3), increasing the chance
that a hole in one layer overlaps with holes in an adjacent layer in
(HC2). As a result, the areal fraction of thru-holes became
slightly larger in (HC2) than in (HC3). This shape anisotropy
effect on thru-hole survival during multiple stacking becomes
even more pronounced in the other hole configurations,
(HC4) through (HC7), as discussed below.

In the case of Figure 4b, corresponding to the hole configu-
rations (HC4) and (HCS5), in which holes were created by select-
ing hexagonal cells to be open with two different weighted
probabilities of P, as described in Section 2 and Figure 2b.
Our simulations revealed that the average sizes of surviving
thru-holes in (HC4) and (HCS5) were estimated to be 9.05 and
21.9 hexagonal cells, respectively, and Agjcz‘) =0.039 and

Agl ) = 0.052. As shown in Figure 4b, not only did the average

areas of the holes increase, but the holes also became more ani-
sotropic in shape than those in (HC1) through (HC3), resulting
in an increase in the areal fractions of surviving thru-holes in
(HC4) and (HC5), even though the areal fraction of holes gener-
ated in each layer was the same at a = 0.1 for all hole configu-
rations. This trend was even more pronounced for (HC6) and
(HC7), where holes were generated with open hexagonal cells
selected with unequal probabilities of P; (i =1,2,3) to impart
a certain directionality, as described in Section 2 and
Figure 2¢, which increased the shape anisotropy or aspect ratio.
From Figure 4c, it can be seen that significantly more thru-holes
survive in (HC6) and (HC7) compared to that in (HC1)~(HCS5).

In fact, the surviving thru-holes in (HC6) and (HC7) were esti-

mated to have Aglc@ = 0.0583 and At(}?c” = 0.0587, respec-

tively. It was verified that the shape anisotropy enhanced by
directionality allows more thru-holes to survive. Therefore, we
confirm that naturally occurring linear-like cracks play an impor-
tant role in the formation of thru-holes.

We then ran our Monte Carlo simulation to explore how holes
can survive as thru-holes during multiple stacking for the seven
different hole configurations. The areal fraction of the surviving
thru-holes Ay, was evaluated as a function of the number of
stacks or layers n. Figure 5 shows the Ay, evaluated for different
hole configurations, all of which have the same areal fraction of
holes of a = 10% in each stack. In each case, it decreases expo-
nentially with the number of stacks, but with a different slope. In
the case of (HC1), which is the hole configuration consisting
essentially of isolated minimum size holes or hexagonal unit
cells, it was expected that Ay, would decrease as r”* with a survival
rate of r = 0.1, which is the same as 4, every stack. In our real
simulation, however, the survival rate was estimated to be
r =0.17 from Figure 5, because there were holes larger than
a single hexagonal cell even for (HC1). Nevertheless, this survival
rate is still small enough that Ay would quickly decrease
during multiple stacking. For the other hole configurations
(HC2)~(HC7), Ay, decreases much more slowly than for
(HC1), similar to the case of two stacks shown in Figure 4.
Surprisingly, for the case of ten stacks, Ay, for (HC7) is five
orders of magnitude higher than that for (HC1). This result
strongly supports that the survival probability of holes as
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Figure 5. Areal fraction of surviving thru-holes as a function of the number
of stacks or layers for seven different hole configurations (HC1)~(HC7)
described in Figure 4 with the same areal fraction of holes of a = 10% in
each stack. Red, orange, yellow, green, blue, purple, and black lines rep-
resent the seven different hole configurations as indicated in the legend.
The symbols are the simulation data. Note that the purple curve for (HC6)
is barely visible because it is drawn just below the black curve for (HC7).

thru-holes is much greater when the shape of the holes is much
more anisotropic than when it is isotropic.

So far, we have kept a = 10% constant. To further investigate
the effect of a on thru-hole survival during multiple stacks, we
also performed our Monte Carlo simulations while changing a.
Overall, our simulation revealed that the higher the a, the higher
the Ay,, as expected. Figure 6 shows Ay, as a function of n while
increasing a from 1% to 15% for only two cases of (HC1) and
(HC7) for comparison, since these two hole configurations
yielded the smallest and the largest thru-hole survival probabili-
ties at a = 10%, respectively. For both (HC1) and (HC7?), it is
shown that Ay on logarithmic scale decreases linearly with
the number of stacks n for every a value. So these data were fitted
with Ay, = Ayr", where A, is a proportional constant and r is the
survival rate. For example, with a = 1% and 15%, we obtained
r=10.011 and 0.313 for (HC1) and r = 0.072 and 0.897 for
(HC?), respectively. In other words, the survival rate of thru-
holes strongly depends not only on the hole configuration, but
also on the areal fraction of holes a created in each stack for a
given hole configuration, as shown in Figure 6. Thus, this depen-
dence can be used to estimate the areal fraction of holes in each
stack as explained in the following paragraph. It is worth noting
that thru-hole epitaxy is composed of two processes through
nanoscale thru-holes sparsely distributed in the space layer:
nucleation on the exposed substrate and lateral growth over
the space layer. Therefore, due to lateral overgrowth, the size
of the grown domains can be much larger than a nucleation site
formed by a thru-hole, as shown in our previous work."*! This is
why we were able to easily detach the grown crystalline domains
for transfer. In addition, there is a possibility that two or more
adjacent domains may merge into a single larger domain during
lateral overgrowth.

Based on the results of our computational simulations
described above, we tried to estimate what the areal fraction
of holes in each stack of h-BN would be in a real experimental
situation. In our previous work on thru-hole epitaxy of GaN over
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Figure 6. Areal fraction of surviving thru-holes Ay, as a function of the
number of stacks n for a) (HC1) and b) (HC7) while increasing the areal
fraction of holes a created in each stack by 1% from 1% to 15%. A rainbow-
colored scale was used to represent the a values in each stack, with 1%
being red and 15% being purple, as indicated in the legend on the right.

multi-stacked h-BN on sapphire, the areal fraction of GaN
domains grown over h-BN stacks decreased as the number of
h-BN stacks increased."! Note that the areal fraction of GaN
domains is closely related to the areal fraction of surviving
thru-holes, but not exactly the same, because GaN domains were
grown laterally over the thru-holes. However, the survival rates
of the GaN domains and thru-holes can be considered essentially
the same. From our previous experimental data,*! we evaluated
the areal fraction of GaN domains grown over h-BN stacked 1, 2,
4, and 8 times and obtained r = 0.874 by fitting the evaluated
data to Ay, = Ayr", as shown in Figure 7a. We then estimated

www.aem-journal.com

a, the areal fraction of holes created in each stack for (HC1)
and (HC7), yielding this r value, which corresponds to the
thru-hole survival rate per stack in our experiment. Monte
Carlo simulations were performed to generate Ay, as a function
of n in the extended range of a up to 30% in addition to the data
sets shown in Figure 6. For each a value, we obtained the survival
rate r by fitting the data set of (n, Ay,) to Ay, = Apr", as shown in
Figure 7b. For the given value of r = 0.874 marked by the blue
arrow with a horizontal dashed line, the areal fraction of holes a
in each stack was estimated to be r = 28.4% and 14.4% for (HC1)
and (HC7) marked by the red and black arrows with vertical
dashed lines, respectively. This indicates that the thru-hole sur-
vival rate r is not equal to the areal fraction of holes a, unlike the
ideal case where r = a. More surprisingly, r can even quickly
approach 1 as a increases, especially in certain configurations
where the holes are highly anisotropic in shape, such as
(HC7), as shown in Figure 7b. It is worth noting that although
most of the hole configurations discussed in this work are
expected to be observed in real samples, the hole configurations
containing the elongated holes with shape anisotropy, such as
(HC5)~i(HC?7), are the majority." Tt is also noted that the holes
or cracks formed in other 2D materials may be slightly different
from those in h-BN.['*® Thus, our approach can be applied to
various other 2D materials in the same way that we have applied
it to other hole configurations. This prevalence of specific hole
configurations explains the robust survival of thru-holes in our
experimental results and provides strong justification for the
feasibility of thru-hole epitaxy over 2D materials subjected to
multiple transfers.

4. Summary and Conclusions

We investigated the effect of hole configuration on the survival of
holes as thru-holes by carrying out Monte Carlo simulations in
various hole configurations. The survival rate of holes as thru-
holes was found to be critically dependent on both the shape
of the holes and their areal fraction in each stack. In particular,
we showed that much less areal fraction of holes is required to
produce a given level of the areal fraction of thru-holes than intu-
itively estimated when the holes are highly anisotropic in shape
with a moderate areal fraction of holes in each stack. Our sim-
ulations validate thru-hole epitaxy by showing that it does not

a) 1.0 b)1.0 T T
@ [ 1 1 1 T T T 3 (b) P T .‘..W" 7
L b L o' @ |
[ ] 0.8 o o
\ ] o ! o*
P~ Ay < . 06} ' ° -
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Figure 7. a) Areal fraction of thru-holes Ay, as a function of stacks n, estimated from our previous experimental data of grown GaN domains!"® and fitted
with a fitting function of Ay, = Aor”, yielding r=0.874. b) Thru-hole survival rate r plotted as a function of the areal fraction of holes a for configurations
(HC1) and (HC7). The blue arrow with a horizontal dashed line indicates the survival rate of r = 0.874 estimated in (a), and the red and black arrows with
vertical dashed lines indicate the areal fraction of holes a = 28.4% and 14.4% for (HC1) and (HC7), respectively, to realize the experimental result.
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require an unreasonably large areal fraction of holes in each stack
to maintain the areal fraction of thru-holes in multiple stacks as
long as the holes in each stack are highly anisotropic in shape.
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