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The complementary graphene growth and etching revealed by
large-scale kinetic Monte Carlo simulation
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To fully understand the kinetics of graphene growth, large-scale atomic simulations of graphene islands evolution up to macro sizes
(i.e., graphene islands of a few micrometers or with billions of carbon atoms) during growth and etching is essential, but remains a
great challenge. In this paper, we developed a low computational cost large-scale kinetic Monte Carlo (KMC) algorithm, which
includes all possible events of carbon attachments and detachments on various edge sites of graphene islands. Such a method
allows us to simulate the evolution of graphene islands with sizes up to tens of micrometers during either growth or etching with a
single CPU core. With this approach and the carefully fitted parameters, we have reproduced the experimentally observed evolution
of graphene islands during both growth or etching on Pt(111) surface, and revealed more atomic details of graphene growth and
etching. Based on the atomic simulations, we discovered a complementary relationship of graphene growth and etching—the
route of graphene island shape evolution during growth is exactly the same as that of the etching of a hole in graphene and that of
graphene island etching is exactly same as that of hole growth. The complementary relation brings us a basic principle to
understand the growth and etching of graphene, and other 2D materials from atomic scale to macro size and the KMC algorithm is
expected to be further developed into a standard simulation package for investigating the growth mechanism of 2D materials on

various substrates.
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INTRODUCTION

Graphene is a two-dimensional carbon allotrope that was firstly
isolated in 2004 by Geim and Novoselov and their colleagues, and
then has attracted intensive studies for >15 years'. Monocrystal-
line graphene has excellent properties, such as very high
mechanical strength, thermal conductivity, carrier mobility and
emergent Dirac excitations, and many consequent potential
applications®™®. To realize the vast applications of graphene, a
mass of physical and chemical methods, such as mechanical and
chemical exfoliation”'°, epitaxial growth''™'3, thermal decom-
position of silicon carbide'*'® and chemical vapor deposition
(CVD)'7"*’, was developed to synthesize various graphene
samples. Among them, the CVD method is the only one that
enables the production of high-quality single-layer graphene films
in macro sizes, such as the wafer-scale single-crystalline graphene
grown on Cu surface. In real experiments, by tuning the
experimental parameters, such as concentrations of carbon
precursor and carrier gases, temperature, substrate type, and
morphology, graphene islands of various shapes have been
broadly observed®®”. At atomic scale, graphene CVD growth
involves many physical and chemical steps, such as feedstock
molecules decomposition, precursor diffusion on the substrate,
carbon attachment, and detachment at the graphene edge. To
realize the controllable synthesis, it is crucial to understand the
mechanism of graphene CVD growth, and identify the threshold
step and the key factors that control the growth®*™*8 Thus, the
large-scale atomic simulation of graphene growth is highly
desirable, and, besides graphene, such a simulation method is
also urgently needed for understanding the growth mechanism of
various 2D materials and their controllable synthesis.

Theoretically, the kinetics of graphene growth or etching has
been understood based on the theory of kink nucleation and
propagation®*38, in which kink nucleation at an armchair (AC) or
zigzag (ZZ) edge is considered as the threshold step of edge
propagation, and the existing kinks propagate rather fast. Based
on this theory, the growth rate of any graphene edge can be
estimated, and the graphene shape evolution during growth or
etching can be predicted by applying the theory of kinetic Wulff
construction. Such theory has been applied to explain and predict
the graphene morphology evolution during CVD growth or
etching and qualitative agreements with experimental observa-
tions were broadly reported®*>*. While, to explore more atomic
details during graphene growth or etching, such as the effect of
concentration gradient of carbon precursors on the substrate, the
effect of substrate inhomogeneity, the lattice mismatch between
graphene and the substrate, the previous theory must be
extensively modified, and many of these effects can only be
revealed by atomic simulations.

Phase field theory allows us to explore the overall shape
evolution of an island of graphene or other 2D materials on
various substrates with a concentration gradient®®3749>2_ But it
ignored the atomic structure details in the simulations. Molecular
dynamic simulation includes all the atomic details, but the very
short simulation time mostly leads to defective graphene islands
of a few nm or less and, thus, it cannot offer a complete scenery of
graphene growth from the nucleation of a nanometer-sized island
to a macro-sized graphene film*3. Recently, some kinetic Monte
Carlo (KMC) methods were developed to explore the growth and
etching of graphene and other 2D materials, but the maxim sizes
of the simulated islands of graphene or 2D materials were
generally <10 nm (refs. **>’), which was far from sufficient to
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Structure of a local site in a graphene island and some key events used in the KMC method. a Six nearest neighbors (yellow) and 12

second-nearest neighbors (blue) of a hexagon in a graphene lattice. b Representative events (red) in graphene growth or etching with their
corresponding indexes (m, n) shown below each event. The blue atoms are those to be added or removed during the event of adding or
removal. 1 and 2 are nucleation at zigzag edge during growth and etching, respectively; 3 and 4 are kink propagation at the ZZ and AC edges,
respectively; 5 and 6 are armchair nucleation at an armchair edge during growth and etching, respectively; 7 and 8 are events at a convex

corner; and 9 and 10 are events at a concave corner, respectively.

reveal the size-dependent growth behavior or graphene, such as
the fractal-shaped graphene islands grown with a precursor
concentration gradient on the substrate surface.

In this paper, we present a large-scale KMC method for the
simulation of graphene growth/etching on a transition metal
surface. The order-N algorithm allows us to explore the graphene
growth up to the size of tens of um with a single CPU core, and to
reveal the morphology evolution of a graphene island as the
dimension crossing many orders of magnitude, from a single
hexagon to that with billions of atoms. With this simulation
package, we have reproduced the experimentally observed shape
evolution of graphene and holes in graphene on Pt surface, during
both growth and etching processes, and insights into the
mechanism of graphene growth on Pt has been achieved. Our
study reveals a very important complementary principle of
graphene growth and etching. Besides, our algorithm is efficient
in the scale of experimental observations and each event has a
clear physical meaning, which are very beneficial for under-
standing the mechanisms of the growth and etching of 2D
materials precisely. Therefore, it is expected to be a general
method for the simulation of various 2D materials.

RESULTS AND DISCUSSION

Algorithm of large-scale kinetic Monte Carlo simulation

The framework of our method is same with general KMC
algorithm (see Supplementary Material for the process of general
KMC and our method). Here, we briefly introduce the key events
of our simulation, the calculation of the corresponding energy
barriers, and the algorithm for fast simulation.

The initial configuration is a graphene island with certain
number of hexagons, and the events are defined as adding or
removing one hexagon to or from an edge of the graphene island.
We used 0 or 1 to record the existences of nearest and second-
nearest hexagons, and the numbers of nearest and second-
nearest hexagons, (m, n), around the active hexagon to
characterize the type of the event, as shown in Fig. 1a. The
number of nearest hexagons, m, could be an integer from 1 to
4 since m=0 corresponded a nucleation event, which is not
considered in this study and m =5 or 6 corresponded an existing
hexagon in the central of graphene lattice and was hardly to be
removed. Likewise, the number of second-nearest hexagons, n,
ranged from 1 to 10. According to the kink nucleation and
propagation theory, three kind of events are critical for graphene
growth or etching, which are kink nucleation at a ZZ edge, kink
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nucleation at an AC edge, and kink propagation. Besides the four
events on straight ZZ and AC edges, adding and removing
hexagons at various types of convex and concave sites of a
graphene island must be considered and, in general, adding
(removing) a hexagon at a concave (convex) site is energetically
more favorable than that at a straight edge, while adding
(removing) a hexagon at a convex (concave) site is energetically
less favorable than that at a straight edge. Some typical types of
events were shown in Fig. 1b, and more types of events were
listed in the Supplementary Materials, Supplementary Fig. 2.

Each unit of a hexagon graphene lattice has two carbon atoms
and thus there are two steps of forming a new hexagon, one of
them corresponds an intermediate state and another one is the
global minimum. The events of adding or removing a hexagon
should correspond the global minimum and the barrier of the
event should be the highest energy of the whole process. This
ensures the correct kinetics of adding/removing carbon to/from a
graphene edge. The Gibbs free-energy barrier of adding a new
hexagon at the site of (m, n) is

(m,n) _ p(m.n)
Gb,j_n — glmn

b= Ny, M

where Eém’") is the barrier of the reaction, u is the chemical

potential of a carbon atom, which is a function of the
concentration of carbon precursor on the substrate, and nc is
the number of carbon atoms required to form a new hexagon at
the (m, n) site. Consequently, the removal of such a hexagon has a
barrier of

G = B — AE™) 4 nep, b)

where AE™" is the energy difference between the final and initial
states or the reaction energy. As an example, we consider the
graphene growth on a Pt(111) surface. We calculated the reaction
energies of key events during graphene growth and etching on
the substrate by density-functional theory (DFT). The results of ZZ
edge nucleation, AC edge nucleation, 120° convex corner growth,
and 60° concave corner growth are AE%> =248 eV, AE®> =1.19
eV, AE"® =309 eV, and AE*?) = —1.95 eV, respectively. The order
of these reaction energies agrees well with our intuition that
adding precursors to a concave (convex) site is the easiest
(hardest) and the kink nucleation on a ZZ edge is more difficult
than that on an AC edge®**®®, Besides, the consideration of the
reverse processes ensures correct thermodynamics of the system
during the evolution. In Fig. 2a, we listed these calculated events
and their reverse events with their indexes, barriers, structure
sketches, and reaction energy profiles in a table.

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences



npj

X. Kong et al.
(a) ZZ edge nucleation F: Eéz's) —8ii o8 3, (b) 4
feh) R: EC9) _ aEC9) 4 3, seskdecee s —1.58m + 5.4(eV)
] AE®S) = 2.48eV o2 *
77 edge completion L p(25) _ Ap@25) _ (25) _
I p F: By AE u ES® = 2.98¢ev o, 288 34 13

4.7 . p25) )

RiES +pu >
AC edge nucleation F:Eés's) —2u g2 1Y (]
65) EGD _ ARG = >~ 21

R:E —AEGR) 42 ~

b E | AEGS = 119ev =
AC edge completion | F:EP — AEGS) — 2 | ES = 1.69eV B = £5h Q.
: -
3.7) R;E,E”)+2y 3 253 I 1 o
Kink propagation F;ES'(’) —2u AEGS) = 0ev : oo &%)
G6) _ eseidocs
(3.6) RES® + 2 Ey” = 0.5ev 20ee s < O
o —/ |
Convex corner growth FZESB) — 4y AE(3) = 3.09eV g; - eson
(13) _ eges ?bf-é, ¢
(13) REDD — AECD) 44y | B = 3.59%V “3& = 8%;; 47
= 1 7 ( ) )
Concave corner growth F:Elg"v") +u AE@) = —1.95¢V
4.9 RES — aAEG9) EX? = 0.5ev v 1 T T
0 1 2 m 3 5

Fig. 2 Key events and corresponding reaction barriers. a List of some key events and the calculated reaction energies and the estimated
reaction barriers. The first column lists the types of atomic steps and corresponding forward event indices (m, n). The second column is Gibbs
free-energy barrier of forward (F) and reverse (R) reactions. In the third column, we list the calculated reaction energy and estimated barriers of
these events on a Pt(111) surface. In the fourth column, we show local structure of these events, where blue and red arrows indicate forward
and reverse reactions, respectively. In the fifth column, we sketch the reactions, where the reaction energies AE and barriers E,, of them are
also shown. b Linear fitting of reaction energy (after taking 8 = 0.1 eV) with number of nearest neighbors m.

To complete the reaction energy list for all considered events,
such as adding or removal a hexagon with the index of (2, 7), (4, 3)
..., we construct a formula to fit their reaction energies as:

AE™M) = am + Bn + AE©), ?3)

where AE?Y =54eV is a constant, fitting parameter a =-1.58 eV
represents the interaction between the hexagon and its first
nearest neighbors and = —0.1eV represent the interaction of
the hexagon and its second-nearest neighbors. Besides, following
cases were considered in the fitting:

(i) The reaction energy of kink propagation (3, 6) must be 0 eV,
AE®® = 0, because the local structure was not changed by
the reaction.

(i) The reaction energy of annihilating two kinks is the negative

of nucleating two kinks. So, we have AE*7) = —AF(25) for

ZZ edge and AEG7) = —AF35) for AC edge.

The nucleation energies on an AC-like edge, such as (3, 3),

(3, 4), (3, 8), and (3, 9)..., have large errors from the DFT

calculated event, AC nucleation (3, 5). So, we reconsidered

these events based on the DFT result (see SI).

(iii)

It is important to note that the simulated results are generally
very similar in quite large ranges of these parameters and,
therefore, the insights of graphene growth revealed by the KMC
simulation are robust.

Next, let's consider the difference between the reaction energy
and the barrier of an event, £™" — AE(™)_ Generally, the barrier
of a reaction highly depends on the initial, final configurations, the
intermediate states, and the specific configuration of the
graphene site on the catalyst surface and its precisely calculation
is very challenging. In a recent calculation, Wang et al., proved that
the barrier of a nucleation event can be estimated by summation
of the formation energy of the nucleus and the barrier of kink
propagation®. So, we consider the energy difference between a
transition state and the initial or final state, whichever is higher, is
a constant, 0.5eV. Such a constant energy barrier for all events
keeps the central idea of the theory of kink nucleation and
propagation, and the exact value will not have much impact on
the evolution of graphene because the probabilities of most
events are changed by a same factor.

The list of energy barriers can be used to simulate the graphene
growth or etching in a homogeneous environment. In this paper,
we focus on studying the general behaviors of graphene growth
and etching in CVD experiments. Here, we assumed that the

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

concentration of carbon adatoms on the whole substrate is a
constant, which is applicable for the attachment limit of graphene
growth®*7374° The lattice mismatch between graphene and
substrate is one of the key factors in understanding growth
mechanism of graphene. The effect of substrate contains several
parts. Firstly, the activity of substrate determines the bonding
between the graphene edge and substrate, and therefore
determines the reaction energy of different events, this part has
been considered in our calculations. Secondly, the reaction energy
of an event is a function of the relative coordinates on substrate
lattice, which may lead to the change of growth mode from kink
nucleation and propagation (on less active and lattice matched
substrates) to growth in unit of Moire pattern (on more active and
lattice mismatched substrates)®. To fully understand the effect of
substrate is our ultimate goal, but tremendous further efforts are
required to obtain the functions of these events on a specific
substrate®. In this manuscript, the fluctuation of van der Waals
(VDW) interaction from the lattice mismatch between graphene
and the substrate is neglected. As we discussed in the
introduction, these effects can be further explored by modifying
the barriers of these events as functions of the local environment.
We further optimized the algorithm to simulate the growth or
etching of very large graphene islands. Firstly, we ignore the bulk
part of a graphene island and only recorded the hexagons of its
edge because the bulk part is highly robust, and all the events of
adding new hexagons or hexagonal removal occurs on the edge.
Secondly, after a reaction, we only update very few events of the
event list occurred in the vicinal of the added or removed
hexagon. These approaches, together with applying advanced
computational algorithms, greatly reduced the computation cost,
and allow us to simulate graphene islands with billions of
hexagons or with lateral size up to tens of micrometers.

KMC simulations of graphene on Pt(111) surface

With the developed KMC algorithm and fitted parameters, now
let's simulate the evolution of graphene islands and holes in
graphene on Pt(111) surface during both growth and etching
processes, respectively. Such processes have been systematically
studied in experiments and the theory of kink nucleation and
propagation has been applied to explain the experimentally
observed graphene islands and the holes in graphene®*. It was
found that a growing graphene island always presents a
hexagonal shape with six straight ZZ edges and six sharp convex
corners, while an etched graphene island will finally reach a steady
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Fig. 3 Growth simulation of a graphene island. The simulation condition is u=0.2eV and kg7 =0.1 eV. a Representative snapshots of a
trajectory of KMC simulation for graphene growth. The evolution time is labeled below each snapshot in the unit of t,, where t, = h/kgT. The
scale bar is 2.0 um for all snapshots. b Atomic edge structures in simulation (a), a1 is a rounded corner near the crossover region from zigzag
edge to armchair edge during the initial stage of the evolution, a2 is a straight zigzag edge, a3 is a straight armchair edge, and a4 is a sharp
corner between a zigzag edge and an armchair edge, respectively. ¢ Representative snapshots of a growth simulation of zigzag graphene
island. The evolution time is labeled below each snapshot in the unit of t,, where ty = h/kgT. The scale bar is 1.0 um for all snapshots. d Plot of
the island size in ¢ with growth time by linear and logarithmic scale (inset).

state with a dodecagon shape with 12 19° edges. In contrast, a
hole in graphene presents straight ZZ edges and sharp concave
corners during etching, but its circumference generally becomes
rounded during growth. In order to verify the simulation method
and reveal further details of graphene growth and etching on Pt
(111) surface, we will explore this system with the developed KMC
method.

We firstly investigated the growth of graphene. The growth rate
of an edge x can be approximatively expressed as>®°'

65'5)*5?5)
_ bt b+ _
v(x) ocsk(x) +salx)e BT 4 sz(x)e

where sk(x), salx), and sz(x) are concentrations of kink, AC and ZZ

sites of the edge, respectively, Gf)zf), Géaf), and Géi’f) are the free-
energy barriers of adding a hexagon to a ZZ edge, an AC edge,
and a kink site, respectively. Since in generally, we have
e ® <1 and e ® <1, the propagation rate is
approximately proportional to sk(x) or the kink concentration of
the graphene edge. Among all possible graphene edges, the 19°-
edges are the edges with the highest kink concentration, and thus
generally are the edges that propagate fastest®*2,

According to the theory of kinetic Wulff construction, the shape
of a graphene island during growth is determined by the slowest
propagating edges, which always leads to hexagonal graphene
island with straight ZZ edges. We performed our method in
simulating the growth behaviors of graphene islands, the KMC
condition was u=0.2 eV and kg7 = 0.1 eV. Figure 3a presents the
evolution of a graphene island during a KMC simulation from a
circular shape of ~5 um in diameter to a hexagon of ~8 um. From
which, we clearly see that all the edges with high concentration of
kinks disappear quickly because of their fast propagation rates. As
a result, graphene island firstly became a dodecagonal shape with

625 _4(36)

b+ kBTb+ 7 (4)
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six ZZ and six AC edges. Then, the AC edges gradually became
shorter and shorter because they propagate faster than ZZ edges.
Finally, a hexagonal graphene with six straight ZZ edges was
formed and the shape remained same during further evolution
despite the increase of the size. The atomic details of these
structures were shown in Fig. 3b. In Fig. 3c and Supplementary Fig.
5, we present the evolutions of graphene islands with two
different initial shapes during simulation. As can be clearly seen,
both quickly evolved into a hexagonal graphene island with six ZZ
edges. This simulation reproduced the results of kinetic Wulff
construction®***® and presented more details of graphene shape
evolution during growth and, thus, validated the KMC algorithm.
Furthermore, a small size graphene island with circle shape and a
Cy4 cluster were also simulated in Supplementary Fig. 5. The
similar process of shape evolution indicates that it is a general
behavior regardless the lateral size of the island.

The lateral size of a hexagonal graphene island as a function of
the simulation time is presented in Fig. 3¢, d. It is found that the
size of the graphene increases exponentially with the growth time,
which implies that the island grows faster and faster or the growth
rate is size dependent. This is a typical feature of nucleation-
mediated crystal growth, which was broadly observed during the
growth of nanomaterials, such as the CVD growth of nanowires®?,
In our simulation, the probability of kink propagation is
e22eV/keT ~ 3% 10° times larger than that of the nucleation on
ZZ edge. On a short edge, the kink propagation time is much
smaller than the nucleation time and, therefore, such a short edge
has zero kink during most of its growth time and the growth rate
will depend on the probability of the kink nucleation on the edge,
which is proportional to the number of ZZ sites of the edge or the
length of the edge. As shown in SI, we have

dL
~Lor—~ L 5
v or g~ L (5)

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences



(b)

@
o

angle/degree
g &

n
-
«a

X. Kong et al.

(7):t=11x10° (6):t=8.7x10° (5):¢t

\//
=4.66 x 10°

0 50 100 150 200
t(10%,)
(c)
N (d)
£21
=]
S~
~J
14
0 . . . .
0 40 80 120 160
t(10°t,)

Fig. 4 Etching of a graphene island. The simulation condition is y= —0.2 eV and kgT = 0.1 eV. a Representative snapshots of a trajectory of
KMC simulation for graphene etching. After dodecagon formed, the angles a;(green) and a,(red) are measured. The scale bar is 1 um for all
snapshots. b Plot of a; and a, along with etching time. The dash lines correspond to the 19° edges. ¢ Plot of the island size in a with growth
time. d Atomic details during the simulation, where a1l and a2 are corners between adjacent edges, a3 and a4 are edge with high kink

concentration.

The solution of Eq. (5) is L=exp(at) where a=
0.66(kgT/h)e % 29/kT ~ 16005~ agrees with our fitting in
Supplementary Fig. 4. So far, the in situ observation of graphene
CVD growth is very limited and there’s no direct evidence of the
edge length-dependent growth rate of graphene.

Next, we studied the etching of graphene islands on a Pt(111)
surface. Different from graphene island growth, the fast propagat-
ing edges should survive while the slow propagating ones should
disappear during an etching process**. According to Eq. (4) and
the theory similar to the kinetic Wulff construction for crystal
growth, the final shape of a graphene island during etching
should be a dodecagon with twelve 19°-edges®*. We performed
our method in simulating the etching behaviors of graphene
islands, the KMC condition was y= —0.2eV and kgT=0.1¢€V. As
shown in Fig. 4a, the evolution of a graphene island during
etching starts with a regular hexagon with six ZZ edges. Firstly, the
angles of the six sharp corners became larger and larger, and the
six straight edges gradually became six smooth curves because
the continuous kinks generation and propagation from the six
sharp corners gradually reshaped the outline of the graphene
island. Later, 12 straight edges along the crystallographic
directions of ~10.5° from the six ZZ edges formed the
circumference of the graphene island. It is surprising that
the crystallographic alignments of these edges are not 19° from
the three ZZ directions as predicted by the kink nucleation and
propagation theory. During further evolution, the tilt angles of the
12 edges of the circumference became larger and larger,
approaching to 19° gradually. We measured angles of two corners
a; and a,, and plotted their evolution with time in Fig. 4b. a, was
starting from 21° and gradually approaching to 38°, which is the
angle between two 19° edges. This evolution of corners has been

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

observed in experiment®®. However, the theory of kinetic Wulff
construction didn’t predict this observation.

The etching rate was also studied by plotting the diameter of
dodecagon with the etching time in Fig. 4c. In sharp contrast to
the graphene growth, it is found that the size of the island, L,
decreases linearly with the etching time after a dodecagon
formed. The linear relationship is originated from the kinetics of
etching. In an etching process, most kinks nucleation events
started from the corners of the islands, which is as easy as the kink
propagation. Therefore, the etching rate is mainly contributed by
the concentration of kinks at the edge and the whole
circumference will be evolved into a shape enclosed by edges
with highest kink density. This leads to a constant etching rate
after a short period.

In Fig. 4d, we showed the atomic structures of the edges and
corners of the dodecagonal graphene island, from which we can
see that the edge is not atomically straight and, therefore the
numbers of the kinks of these edges are different from that used
in previous studies. So, we believe that the kink nucleation and
propagation theory, which is based on the propagation of regular
and straight graphene edges, is not accurate enough for the
prediction of the shape evolution of graphene islands during
etching or regrowth, and the atomic details can be caught by
large-scale atomic simulations only.

The simulated growth and etching of a hole in graphene are
presented in Fig. 5. The KMC conditions were y=0.2 eV and kgT =
0.1 eV for growth, and y = —0.2 eV and kg7 = 0.1 eV for etching. As
shown in Fig. 5a, during graphene growth, the hexagonal hole
starts to be filled nearby the six concave corners and the six sharp
corners become rounded in large scale and, atomic details show
that the angle quickly becomes larger and larger and then
gradually approaching to 158°, the angle indicated by the theory

npj Computational Materials (2021) 14
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Fig.5 Growth or etching of a hole in graphene. The KMC conditions were u= 0.2 eV and kg7 = 0.1 eV for growth, and u= —0.2 eV and kgT =
0.1 eV for etching. a Growth of a hexagonal hole with all zigzag edges. The red contours are circumferences of a graphene island during
etching shown in Fig. 4a, from which one can see that the hole shape evolution during growth is similar to that of island etching. The scale bar
is 150 nm for all snapshots. b Evolution of a; and a, along with the etching time. The dash lines are corresponding angles be of dodecagon

with we 19° edges. ¢ The evolution of a hole during graphene etching.

of kink nucleation and propagation. Later, another angle appears
at the center of each edge and then gradually approaching to
142°. The evolution of two complementary angles of them is
shown in Fig. 5b. In Fig. 5c, we can see that the hole keeps its
original hexagonal shape with six ZZ edges during the graphene
etching, which reproduces the shape evolution of graphene island
during growth is very similar to that of graphene islands growth.

Complementary relationship of graphene growth and etching

To further demonstrate similarities and differences of graphene
island and hole shape evolution during growth and etching, we
plot the schematic diagrams of graphene and hole growth and
etching in Fig. 6.

Figure 6a represents the atomic structure of a graphene island
and a hole near a corner of them. The straight edge of both have
exactly same atomic structure, but the structures of the corners of
them are complementary—the coordination number of the
hexagon at the corner of a graphene island is less than that of
a hexagon of a flat edge, while the coordination number of a
hexagon at the corner of a hole in graphene is larger than that of
a hexagon of a flat edge. So, in an etching process, removing a
hexagon from a ZZ edge has a smaller reaction energy than that
from a concave corner of a hole (Fig. 6b). Thus, the nucleation on
a ZZ edge is a threshold step of the hole evolution during
etching. Such a kinetics is exactly same as the growth of
hexagonal graphene island with six ZZ edges, where adding a
hexagon on the convex corner is less favorable than that on a flat
Z7Z edge (Fig. 6b). So, the hole shape evolution during etching is
exactly same as that of a graphene island during growth. During
graphene growth, adding carbon atoms to a concave corner of a
hole is energetically more favorable than that near a straight ZZ
edge (Fig. 6¢), which is similar to the etching of a graphene island,
where the hexagons at the convex corners can be easily removed

npj Computational Materials (2021) 14

(Fig. 6¢). The complementary relation of graphene growth and
etching is not a surprise because the hole actually becomes larger
and larger during graphene etching, and smaller and smaller
during growth, which is exactly opposite to the evolutions of
graphene island during growth and etching.

Above KMC simulations and kinetics analysis clearly showed a
fundamental principle of graphene growth and etching that the
growth and etching of a graphene island and a hole in graphene
are complementary, or the graphene island shape evolution
during growth is same as that of hole in graphene during etching,
and that of graphene etching is same as that of hole growth.
Furthermore, consider the generality of the theoretical analysis,
such a principle can be applied to the growth and etching of all
2D materials and even 3D materials. In is worth to note that, in
ref. 8!, Stehle and coauthors have reported a similar behavior of
hexagonal boron nitride during the growth and etching.

The complementary relationship can also be understood in
macroscopic scale. In macroscopic scale, the shape evolution
during growth/etching are all described by the evolution of the
boundary. We considered two complementary cases, growth of a
hexagonal graphene island and etching of a hexagonal hole, as
example. In these two cases, the shapes of boundary are
determined by the slowest propagating edges, which is the
concept of kinetic Wulff construction. Since the initial shape of
boundaries and the slowest edge are both same, the evolution
route would be exactly same in two cases.

In summary, we introduced a large-scale KMC method to
simulate the growth and etching of graphene island, and holes
in graphene. The KMC algorithm allows use to perform large-
scale simulations to understand the evolution of graphene up
to 10-micrometers in sizes without losing atomic details.
Benefited by the large-scale simulation, we have revealed a
complementary relationship of graphene growth and etching
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Fig. 6 Schematic illustration of the mechanism of the growth and etching of graphene island and hole, respectively. a Geometric
structure of corners of graphene island and hole and the reaction energies of corresponding events during growth and etching. The events
pointed by green arrows are energetically more favorable than those pointed by red arrows. b Similarity between graphene island growth and
hole etching. ¢ Similarity between graphene island etching and hole growth, and two snapshots taken from KMC simulations of island etching

and hole growth, the scale bars are 1 pm and 150 nm, respectively.

—that the shape evolution of a graphene island during growth
is exactly same as that of a hole during etching, and that of a
graphene island during etching is exactly same as that of a
hole during growth. Such a complementary relationship can be
easily extended to understand the growth and etching of other
2D and 3D materials, which provide a theoretical basis to
understand the relationship of materials growth and etching.

METHODS

First-principle calculations

The reaction energies of key events are obtained by using first-principle
calculations, the atomic models are introduced in the Supplementary
Materials.

The Vienna ab initio simulation package is employed for all first-principle
calculations®®. The Perdew-Burke-Ernzerhof parameterization of general-
ized gradient approximation (GGA) is used for the exchange-correlation
function®. The projector-augmented wave potentials are used for
ion—electron interactions®. The DFT-D2 VDWSs density functional is used
for the corrections of the interlayer VDWs interaction®. The electronic self-
consistency criterion is set to 10 *eV. For geometry relaxation, the force
on atoms is converged below 0.01 eV A~". A vacuum layer of 15 A is used.
The substrate contains three layers atoms with bottom two layers fixed. For
graphene bulk energy on substrates, all calculations are sampled by 4 x
4% 1 k-mesh. For step energy calculation, all the calculations are sampled
with 1x1x 1 k-point.
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