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Abstract

Grain boundary (GB) roughness can affect electronic and mechanical properties of
two-dimensional materials. This roughness depends crucially on the growth process by which the
two-dimensional material is formed. To investigate the key mechanisms that govern the GB
roughening, we have performed kinetic Monte Carlo simulations of a simple model that includes
particle attachment, detachment, and diffusion. We have studied the closure of the gap between
two flakes during growth, and the subsequent formation of the GB for a broad range of model
parameters. The well-known near-equilibrium (attachment-limited) and unstable
(diffusion-limited) growth regimes are identified, but we also observe a third regime when the

precursor flux is sufficiently high to saturate the gap between the edges with diffusing species. This
high deposition rate regime forms GBs with spatially uncorrelated roughness, which quickly relax
to smoother configurations. Extrapolating the numerical results (with support from a theoretical
approach) to edge lengths and gap widths of some micrometres, we confirm the advantage of this
regime to produce GBs with minimal roughness faster than near-equilibrium conditions. This
suggests an unexpected route towards efficient growth of two-dimensional materials with smooth

GBs.

1. Introduction

The variety of applications of two-dimensional (2D)
materials such as graphene and transition metal
dichalcogenides (TMDs) has motivated several stud-
ies of their growth kinetics in the last two decades
[1-5]. The growth of large grains is frequently desired
to reduce the effects of grain boundaries (GBs) on
the electronic and mechanical properties. However,
in some materials, a large GB density may be a
minor problem; this is the case for the integration
of ultrathin MoS, films with Si substrates in some
devices that require low temperature deposition [6].
Moreover, large GB densities may be beneficial for
some applications of 2D materials, such as WS, in
sensors of Hg [7] and MoS, in the production of
memtransistors [8]. GBs of WS, may also be useful
as high conductivity channels [9].

Beyond the GB density, the GB roughness may
also affect the properties of 2D materials in nontrivial

© 2022 IOP Publishing Ltd

ways. Sinusoidal graphene GBs are advantageous over
atomically flat GBs because they increase the mechan-
ical strength and improve electronic properties [10].
The fractures of ReS, monolayers more easily occur
at GBs parallel to Re chains [11], so that disordered
GBs may improve their properties. In the case of
graphene, there is also evidence that the grain size at
the micrometer scale does not have relevant effects on
the electric conductivity [12] and that the mechanical
strength is not reduced in the presence of GBs [13].
The GB morphology is strongly related to the
growth conditions and several models were already
proposed to explain this relation [I, 3]. For suffi-
ciently slow graphene growth, the so-called attach-
ment limited (or near-equilibrium) conditions are
observed, which usually lead to formation of smooth
GBs. Models of step flow describe the edge propaga-
tion [14] and the GB structure can be determined
by the misorientation angle [15] in these conditions.
Similar models and other multi-scale approaches are
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used to describe the growth of 2D TMDs [16-18].
However, fast growth is frequently important for
applications. In this case, the so-called diffusion lim-
ited regime is frequently observed, in which GBs sig-
nificantly deviate from a straight profile [19]. Experi-
ments, phase field models, and kinetic Monte Carlo
(kMC) simulations show formation of grains with
fractal or dendritic morphologies that reproduce
experimental observations [3, 17, 20-25].

The recurrent observation of similar relations
between the GB morphology and the growth condi-
tions in a wide variety of materials is a motivation
for the study of models that only contain the essen-
tial physico-chemical mechanisms that are needed to
explain those relations. This reasoning has already
been successful in the description of the morpho-
logy of homoepitaxial metal and semiconductor films
by means of generic models including adatom dif-
fusion and attachment/detachment from islands and
terraces [26-31].

In this work, we introduce a model for the
propagation of two grain edges and for the relaxation
of the GB formed after the collision of those edges.
The aim of the model is to identify the generic con-
sequences of elementary microscopic processes such
as adatom surface diffusion, attachment, and detach-
ment from edges and GBs of a variety of 2d materi-
als, in contrast with approaches that focus on partic-
ular applications [15, 16, 25, 32, 33]. This modelling
approach allows one to investigate the effects of the
variations of the rates of those processes over several
orders of magnitude using kMC simulations.

The simulations reproduce the main features of
the regimes limited by attachment and diffusion
described above, respectively for low and high fluxes.
However, if the precursor flux is sufficiently high
for the concentration of diffusing species to reach
full saturation on the substrate surface, a nontrivial
regime is observed: after an uncorrelated growth of
the edges, the relaxation forms relatively smoother
GBs at relatively shorter times compared to the other
regimes. From the simulation results at nanoscale and
the support of a theoretical approach, extrapolations
to micrometre sized edges separated by micrometre
sized gaps are performed. They show the possible
advantages of increasing the deposition rate beyond
the diffusion limited regime for reducing the GB
roughness.

2. Model and methods

2.1. Model for deposition, diffusion, and
aggregation

The solid structure is modelled by a square lattice,
which differs from the geometry of most 2D mater-
ials, but is amenable to computational and analytical
calculations. Each lattice site may be empty or occu-
pied by a particle, which may represent a graphene
atom or a TMD molecule. The lattice constant is
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Figure 1. (a) Initial configuration of the grains A (yellow)
and B (red). (b) Two particles inside at the gap (magenta
arrows), the right one is accepted and the left one is rejected
(excluded volume). Possible hops of particles already
deposited in the gap are also indicated (black arrows).

(c) Rates of the processes that bring the configuration at the
left to the configuration at the right.

denoted as a. The atoms of the substrate below this
square lattice are assumed to be immobile.

Two solid grains have initially straight interfaces
(edges) of length L along the x direction and are sep-
arated by a gap of width [, as illustrated in figure 1(a).
Periodic boundaries are considered in the x direction.
Each aggregated particle is labelled with an index, A or
B, which depends on the grain. Once new particles are
incorporated in a grain, they receive the correspond-
ing label. These indices are kept even after the com-
plete filling of the gap and the attachment of all depos-
ited particles, so that the two grains do not coalesce
into a single grain.

The external particle flux F is the number of incid-
ent particles per site per unit time. If the incident
particle reaches an empty site above the substrate, it
becomes a mobile particle at that position; however,
if it reaches an occupied site, the deposition attempt
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is rejected. This process is illustrated in figure 1(b). A
mobile particle represents an atom or a molecule that
transports the constituents of the grains but which is
not bonded (attached) to a grain.

The mobile particles can diffuse on the substrate,
with a hopping rate to nearest neighbour (NN) sites
per unit time equal to D. A hop attempt is executed
only if the target site is empty, otherwise the mobile
particle remains in the same position. The process
is also illustrated in figure 1(b). The corresponding
tracer diffusion coefficient is Da® /4. The assumption
that the excluded volume is the only type of inter-
action between mobile particles implies that other
islands or grains are not formed in the gap.

The grains evolve via the attachment of mobile
particles and detachment of aggregated particles. To
facilitate the connection with kinetic roughening the-
ory and other analytical approaches, these processes
in each grain are restricted to the topmost point in
each lateral coordinate x (this is called the Solid-On-
Solid constraint in the kMC and kinetic roughening
literature [34, 35]). When a mobile particle is at the
site immediately above the topmost grain particle, its
attachment to the grain occurs with rate Q. Simul-
taneously, a topmost particle can detach from a grain
with rate Qe”, where n is the number of NN of that
grain and € <1 is termed the detachment probability
per NN. These processes are illustrated in figure 1(c).
With these rules, the attachment rate does not depend
on the local configuration of the grain edge. However,
the detachment is facilitated at edge tips (n=1) and
is more difficult at straight regions (n = 3).

After the edge collision, the boundary between
the grains A and B is formed. The above rules
for attachment and detachment are maintained and
the interactions between particles of different grains
are restricted to excluded volume interactions. This
means that the formation of bonds between NN
particles of different grains is neglected. This may be
a reasonable approximation if the actual inter-grain
bonds of a material are sufficiently weak in compar-
ison with the intra-grain bonds. In this approxima-
tion, the characteristic time scales of the grain edge
dynamics are not much different before and after the
collision.

The diffusion and detachment of particles are
expected to be temperature activated processes, so
that the rates D and € increase as the temperature
increases. In many systems, the attachment is also
activated, so Q also increases with the temperature.
These parameters may then be written in Arrhenius
forms (see section S.I of the supplementary mater-
ial). It defines a true thermodynamic equilibrium in
the model without deposition, which is enforced by
detailed balance. However, since our aim is to address
possible properties of several 2D materials, we do not
choose a set of activation energies for the simulations,
but study a large variety of possible relations between
those rates and the flux F.

F D A Aarao Reis et al

2.2. Scope of the model

Large scale and long-time properties of growth mod-
els are independent of the particular choice of the lat-
tice geometry [29, 34]. For instance, interface rough-
ness is one of the properties which are known to
exhibit such universal behaviour [34, 35]. Hence,
the regimes that emerge from our model based on
a simple square lattice should generalize to other
2D lattices. The present model also benefits from a
large number of previous theoretical investigations
(28] and we will build up on this body of knowledge
to derive some results analytically. These derivations
could guide future investigations of models for spe-
cific materials.

The growth of different 2D materials involves dif-
ferent, possibly complex mechanisms of transport
and reaction on surfaces. The model rules for the
particle flux, the formation of mobile particles on the
exposed substrate, their diffusion, and their attach-
ment to the grains are minimal ingredients that are
expected to catch the essential behaviours emerging
from those complex processes. This assumption is
based on the concept of separation of scales: when a
process is much slower than the other ones, the con-
centrations of some species can be eliminated and a
reduced set of mechanisms dictate the global dynam-
ical behaviour of the system [36].

For example, in the case of graphene growth from
methane gas, a sequence of reactions involving sev-
eral molecules occurs at the substrate surface [37]
and at the graphene edge [38]. The rates of diffusion
and reaction depend strongly on physical paramet-
ers such as temperature, surface oxygen concentration
[19, 25], and partial H, pressure [39]. In this con-
text, our model is directly applicable if the impinging
species reacts quickly when it is adsorbed on the sub-
strate, giving rise to growth units that diffuse up to
the grain edges, where they may react. Those growth
units are represented here by the mobile particles.
The model is also applicable when the reactions that
form the growth units occur in the vapor phase and
the only surface reactions are those of bond forma-
tion at grain edges; this is the case of ReS, growth if
the molecules are formed from mixed Re and S gases
[40]. Moreover, the model also applies if adsorbed
molecules quickly diffuse and are in equilibrium with
the vapour phase while releasing growth units homo-
geneously on the substrate surface. We therefore see
our one-species model as a simple paradigm that may
emerge from the growth of several 2D materials such
as graphene and TMDs.

The interactions between the deposited material
and the substrate are restricted to its catalytic effect
on the reactions of the precursors, which produce the
mobile particles, and to the presence of an energy bar-
rier for the diffusion of the mobile particles, which
sets the value of the coefficient D (section S.I of
the supplementary material). Substrate-grain interac-
tions are assumed to be sufficiently strong to prevent
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grain diffusion. Furthermore, we assume initially
straight and parallel grain edges because the model
aims at describing the late stages of edge propagation
and the subsequent relaxation of the GBs, but does
not aim at describing grain nucleation and growth.

Finally, the mechanisms of GB relaxation are sim-
plified because our aim is to determine large scale
and long-time features of GB reshaping in different
conditions of edge collision (e.g. to compare evolu-
tions after diffusion-limited and attachment-limited
growth). The absence of grain coalescence is a reas-
onable assumption in the case of grains with differ-
ent crystallographic orientations or with some mis-
match. Note that imperfect match of 2D grains may
also occur when they have the same orientation, as
observed in WS, growth on sapphire [18].

2.3. Simulations and quantities of interest
Simulations were performed in lattices with edge
length L varying from 128 a to 1024 a; most results
are obtained for L = 5124. The initial gap width [ var-
ies between 16 a and 128 a. The model rates in the
simulations are measured in terms of the flux rate F.
The ratios F/D and F/Q vary from 1078 to 10%; these
limiting values respectively represent very low and
very high fluxes for a given temperature. Most sim-
ulations are performed with € =0.1, which implies
that the detachment rates have a weak dependence
on the coordination number #; this is reasonable only
at high temperatures for most materials (kgT = 0.43
times the activation energy per NN). Additional sim-
ulations were performed with 0.01 < € < 0.07 to ana-
lyse the effects of this parameter.

For most parameter sets, average quantities are
calculated over 100 different configurations, but in
some cases 10°-2 x 10° configurations are con-
sidered. The kMC algorithm developed for these sim-
ulations is similar to that of previous works on sub-
monolayer growth [41-43].

The main quantity calculated here is the rough-
ness of the grain edges. Letting h (x,t) to denote the
height of an edge at position x and time f meas-
ured relatively to its initial position, the roughness is
defined as:

— 1/2
w=((h—h)") |, (1)

where the overbars denote a spatial average (over the
values of x in a given sample) and the angular brack-
ets denote a configurational average (over different
samples). Due to the symmetry of the grains A and
B, our configurational average also includes averaging
over the two grains of each growing sample.

The gap coverage is defined as the fraction of the
initial gap covered by deposited particles:

0= Way (2)
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where N is the total number of deposited particles,
mobile or aggregated, and LI is the initial gap area.
When the deposition begins, t =0, the gap cover-
age is # = 0, which shows that this quantity does not
account for the fraction of the substrate covered by
the initial grains (such a fraction is not defined in
the present model). Since deposition of new particles
can only occur in empty sites, the deposition stops
when the gap coverage is § = 1. However, observe that
particle attachment and detachment do not affect the
value of 6.

To characterize the transition from edge growth
(when attachment dominates over detachment) to
GB relaxation (when the grains evolve with balanced
attachment and detachment), we define an average
collision time ¢,. For each position x and a given con-
figuration of evolving grains, the local collision time
¢locah (x) is defined as the first time in which grains A
and B occupy NN sites at position x (with any value
of y). Observe that the GB is not frozen after collision,
so particles may detach from one of the grains, move
to NN sites, or reattach to one of the two grains. The
value of . is obtained by averaging 114 over all pos-
itions x and over different configurations of evolving
grains; this averaging also gives the standard deviation
of the collision times, At..

3. Results and discussion

3.1. Morphological evolution

Figures 2(a)-(c) show snapshots of the deposits
grown with different values of the incident flux but
with constant values of D, Q, and ¢, which are set to
Q/D=10"" and € =0.1. This is expected to mimic
constant temperature conditions with variable pre-
cursor fluxes. The growth times are shown in dimen-
sionless units of Dt.

For the lowest flux (F/D=10"°), figure 2(a)
shows that the roughness of the growing edges is
dominated by long wavelength fluctuations. The
peaks and valleys evolve from typical sizes 10a—30a at
Dt =5 x 10° to sizes larger than 30a at Dt = 2 x 10°,
but no significant change in the edge roughness is
visible. The particle density in the gap is very small
until the grain collision; this is confirmed by the mag-
nified view in figure 3(a) of the region highlighted
in figure 2(a). Similar evolution is observed for lar-
ger diffusion coefficients of the particles in the gap,
i.e. when Q/D and F/D decrease by the same factor, as
shown in section S.IT of the supplementary material.
These features are representative of the attachment
limited growth regime in this model.

As the gap is closed and a GB is formed, there
is a drastic decrease of the boundary roughness.
This decrease is also observed in models of collisions
of uncorrelated interfaces that propagate with finite
velocities and is independent of the detailed physics
of their short range interactions [44]. After the colli-
sion, the GB evolves slowly by detachment of particles
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(a)

(b)

(c) bpt-sxt

Figure 2. Snapshots of parts of the deposits grown with Q/D = 10~!, e =0.1, L = 10244, and | = 128a: (a) F/D = 10~%;
(b) F/D =1073; (c) F/D = 10. Light blue rectangles indicate the regions highlighted in figure 3.

5 x 10°

from one edge followed by reattachment to the other,
with apparently small changes in the roughness.

For the intermediate value of the flux
(F/D=107?), but the same ratio Q/D, figure 2(b)
shows spikes at the grain edges since early times. At
Dt =10, a high density of mobile particles is already
present in the gap. Note that this time is much shorter
than that of the first panel of figure 2(a). The magni-
fied view in figure 3(b) shows that the mobile particle
density is depleted only near the valleys of the grain
edges. For this reason, the spikes grow faster than
the valleys, as noticeable by comparing the snapshots
at Dt =10’ and 2 x 10? in figure 2(b). This is char-
acteristic of unstable growth in a diffusion-limited
regime.

The spikes that result from the unstable growth
are particular features of this model. They con-
trast with the fractal or dendritic shapes observed
in experiments and in other models with unstable

growth [3, 17, 25]. This difference is a consequence
of the condition that particle attachment occurs
only at the topmost site at each x, which prevents
the lateral attachment responsible for more complex
morphologies.

When the gap is completely filled, the spikes
remain, so the GB roughness is initially large. At
Dt =2 x 10%, figure 2(b) shows that the spikes are
transformed to shorter and thicker structures. A
smooth GB is achieved at Dt = 10°, which is a much
shorter time than that of the attachment-limited
mode shown in figure 2(a).

Figure 2(c) shows results for much higher flux,
F/D = 10, but with the same Q/D. Now the particle
attachment is very slow compared to the incoming
flux. At a short time, Dt = 5 x 10', the gap is com-
pletely covered with mobile particles (see the magni-
fied view in figure 3(c)) and so it remains until those
particles attach to the two edges, which collide and

5
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Figure 3. (a)—(c) Zooms of the regions indicated in figures 2(a)—(c), respectively.

form a GB. This contrasts with the diffusion-limited
regime, in which the density was depleted near the
edge valleys. In the present situation, the mobile
particles are effectively static. Their attachment to the
grain edges is equally probable at valleys and peaks
because all edge sites are in contact with one of those
particles. This gives rise to a spatially uncorrelated
edge growth. Figure 2(c) also shows edges with spikes,
but they are thinner and less protuberant than those
of the diffusion-limited regime (figure 2(b)).

The GB is formed at Dt~ 10’ with a non-
negligible roughness. The relaxation of the GB leads
to its smoothening. This process is comparably faster
than that reported in figure 2(b), although the only
relevant parameters, Q and ¢, are the same. Indeed, at
Dt =2 x 10%, the surface roughness in figure 2(c) is
smaller than that observed in figure 2(b).

In section S.II of the supplementary material, we
show that similar morphologies are obtained if the
ratio Q/D decreases by a factor 10?, corresponding to
a larger particle diffusivity. A full coverage of the gap
is also attained at short times for a high value of the
flux, which corresponds to the same ratio F/Q = 10?
of figure 2(c).

Thus, an apparently different growth regime is
observed when the precursor flux is sufficiently high
to fully cover the gap between the grains with mobile
particles before a significant edge displacement. In
this high deposition rate regime, where the substrate
surface is rapidly saturated with material not aggreg-
ated to the grain edges, the GB may have an initially
large roughness, but it attains smooth configurations
in shorter times than those observed in diffusion-
limited and attachment-limited regimes.

3.2. Roughness, coverage, and edge collision time
Figure 4(a) shows the time evolution of the rough-
ness W of the grain edges for Q/D=10"", ¢=0.1,
initial gap width [ = 644, edge length L = 5124, and
several values of F/D. For most of the flux values,
figure 4(a) also indicates the typical ranges of edge
collision times, which indicate the GB formation.
Figure 4(b) shows the gap coverage 6 as a function
of time for the same parameter sets.

In all cases, W increases during edge growth, as
expected for any kinetic roughening process start-
ing from a flat configuration [34, 35]. In most cases,
W attains a maximal value near the average collision
time (the only exception is the case with the lowest

flux, in which W seems to saturate after the initial
increase). That result parallels the previous observa-
tion of a decrease of the roughness during the colli-
sion of interfaces propagating with constant velocit-
ies, independently of their short range interactions
[44]; see also [45]. The smoothening or roughening
processes that take place after the formation of the GB
depend on the flux.

The lowest flux in figure 4(a), F/D = 107°, cor-
responds to the snapshots in figure 2(a). The plot
shows that the initial near-equilibrium growth occurs
with W~ ¢'/4. This is the roughening described
by the Edwards—Wilkinson equation [46] at coarse
grained scale, in which the surface tension and an
uncorrelated noise are the main mechanisms. The rel-
ative fluctuation of the collision time is not large,
as inferred by the width of the indicative bar in
figure 4(a). After the GB formation, there are small
changes in the roughness, which indicate that the GB
attains a stationary regime.

The stationary regime can actually be mapped to
a true thermodynamic equilibrium state, in which the
roughness depends only on the detachment probab-
ility € and on the edge length L; see details in section
S.III of the supplementary material. For all values
of the model rates (F, D, and Q) and of the initial
gap width, the roughness is expected to converge to
the same stationary value at sufficiently long times.
Thus, depending on the maximal roughness attained
before the grain collision, W may increase or decrease
after formation of the GB. For instance, figure 4(a)
shows that W increases towards the stationary value
for F/D =107 and F/D = 10~*; however, section
S.IV of the supplementary material shows that W
decreases towards the stationary value when the gap
width is smaller.

For the intermediate flux, F/D = 107, figure 4(a)
shows that the initial increase of the roughness is
faster than linear; it corresponds to the snapshots in
figure 2(b). The explosive increase of height fluctu-
ations confirms the unstable growth which is expec-
ted in a diffusion-limited regime. The range of col-
lision times is broader in this case, as a consequence
of the large dispersion in the local heights of the two
edges. When the edges collide, W decreases and can
reach much smaller values as the GB relaxes. After
reaching a minimal value, W increases again (it is
expected to converge to the stationary value at long
times). In previous studies of sudden changes from
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Figure 4. (a) Roughness evolution for constant Q/D = 10~ and variable flux. Dashed lines with the indicated slopes are drawn
for comparison with the slopes of the plots. Horizontal bars at W/a < 1 indicate the edge collision times (average plus and minus
one standard deviation). (b) Evolution of the gap coverage for the same parameter sets, with the same colour code of (a).

a first kinetics that produces faster roughening to
a second kinetics that produces slower roughening,
similar results were obtained, viz. rapid smoothen-
ing after the change and subsequent slow roughening
[47, 48].

For the largest flux (F/D = 10), the roughness in
figure 4(a) approximately increases as W ~ t'/2; the
corresponding snapshots are in figure 2(c). This is
consistent with random uncorrelated deposition at
both grain edges [34]. Figure 4(b) shows that full
coverage of the gap (6~ 1) is attained long before
the collision time, in contrast with the other regimes,
in which # ~ 1 only at times near the collision. This
means that each site of the gap is occupied by a mobile
(non-aggregated) particle at times so short that the
edges had negligible displacements from their initial
positions. Steric hindrance implies that the diffusion
of those particles is suppressed. Growth of the 2D
material then occurs via aggregation of those particles
at the edges, which leads to uncorrelated roughening
until some points of opposite edges collide.

In this high deposition rate regime, the maximal
W is also attained near the collision time and the sub-
sequent decrease is associated with the GB formation.
The range of collision times is small compared to the
other regimes. After the GB is formed, the roughness
attains a minimum value which is smaller than the
values obtained in the near-equilibrium and in the

diffusion-limited regimes. Moreover, this minimum
value is attained in a shorter time compared to those
regimes, as previously suggested by the snapshots of
figures 2(a)—(c).

A common feature of the regimes limited by
attachment and by diffusion is that the time of GB
formation (the average collision time) is roughly pro-
portional to the reciprocal of the flux rate: #, ~ 3/F.
The initial gap width and the mechanisms of particle
diffusion, attachment, and detachment determine the
edge morphology. However, in the high deposition
rate regime, the time of GB formation depends on the
rate Q but not on the flux F; for instance, compare the
datafor F/D = 1and F/D = 101in figure 4(a). Indeed,
as the gap is rapidly covered with mobile particles, the
attachment controls the edge propagation; the effect
of the diffusion rate is negligible because the mobile
particle positions are effectively frozen. Thus, the col-
lision time is inversely proportional to Q and propor-
tional to the gap width [; see details in section S.V of
the supplementary material.

Between the three regimes described above, the
roughness evolution shows crossover features. In
figure 4(a), F/D=10"" and 10~* represent the
crossover between the attachment-limited and the
diffusion-limited regimes, whereas F/D = 10~ and
10! represent the crossover from the latter to the
high deposition rate regime.



10P Publishing

2D Mater. 9 (2022) 045025 F D A Aarao Reis et al
(a> 10-* 0.01 0.1 1 10 102 103 104 10% 108
|||||I| T |||||||| T ||||||I| T ||||||I| T |||||||| T |||||||| T |||||||| T |||||||| T ||||||I| T ||||||I| T
- F/D=104 - = —_— F/D=1
F/D=103 K
10 = F/D=10 . F/D=10"3"
C - F/D=10-* ]
3 L _
g i 1/2/ \ .
- / .
/ N
Q/D=103
€=0.1
l = 1=64a
- g L=512a
_Ill?llll | R (RN | LI AL I 1 1111 1| | VI | L 1LIL | ||||||I| | ||||||I| 1]
(b) ! ]
> _
0 ol 1l T il el ol vl el
103 0.01 0.1 1 10 102 103 104 108 108
Dt
(c) 10 102 108 10* 10® 108 107 108  10°
||||||| T |||||||| T |||||||| T |||||||| T |||||||| T |||||||| T |||||||| T |||||||| T |||||||| T
10 b F/D=10 Q/D=10"1 _|
C 1, F/D=10-3 €=0.05 N
- - F/D=10" 1=64a .
L L=512a i
3 L _
~ L i
=
/
1 7/ ]
:|||||| Covndd A v vl el i il vl vl 1:
10 102 103 104 108 108 107 108 109
Dt
Figure 5. (a), (c) Roughness evolution for constant Q/D and variable flux. Dashed lines with the indicated slopes are drawn for
comparison with the slopes of the plots. Horizontal bars at W/a < 1 indicate the edge collision times (average plus and minus one
standard deviation). (b) Evolution of the gap coverage for the same parameters in (a), with the same colour code.

Qualitatively similar results are obtained for other
ratios Q/D. Figure 5(a) shows the roughness evolu-
tion for several values of the flux F when Q/D = 10°,
which represents systems with very slow surface diffu-
sion in comparison with the attachment and detach-
ment rates; the other parameters remain the same as
in figure 4(a) and the time scale of diffusion is also
used for the data presentation. The main difference
here is that the diffusion-limited (unstable) regime
spans a broader range of F, since the slow diffusion
favours the particle depletion near the edge valleys.

For this reason, no growth in the attachment-limited
regime is observed in figure 5(a). However, for the
highest flux F/D = 10* (corresponding to F/Q = 10),
the features of the high deposition rate regime are
also observed: long before the edges begin to move
and to roughen (W/a < 1), the gap coverage reaches
the value 1, as shown in figure 5(b); subsequently,
the edges show the W ~ t'/2 scaling of uncorrelated
growth; after the GB formation, W reaches a minimal
value smaller than those attained in the other regimes,
and this occurs at a shorter time.
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Much larger diffusion coefficients (compared to
the attachment rate) facilitate the particle redistribu-
tion in the gap and permit the observation of the
attachment-limited regime, but suppress the unstable
one (diffusion-limited). However, for the largest
fluxes, the features of the high deposition rate regime
are still observed because the diffusion is not effective
in those cases. This is illustrated in section S.VI of the
supplementary material for Q/D = 1077,

Changes in the gap width [ affect the crossover
between the diffusion-limited and the attachment-
limited regimes, but also do not change the features
of the high deposition rate regime. For smaller /,
the unstable growth may not have sufficient time
to develop, so the EW roughening of the edges is
observed for slightly larger fluxes; see section S.IV of
the supplementary material. Instead, for larger I, the
unstable growth extends to smaller fluxes because the
instability has longer time to develop before the edges
collide.

Changes in the detachment probability € (which
relates the detachment rates with the number of NNs)
lead to some relevant changes in the roughness evol-
ution, as shown in figure 5(c) for ¢=0.05 and the
other parameters kept the same as in figure 4(a).
First, a smaller e pushes the diffusion-limited regime
to lower fluxes because the detachment kinetics
of the edges is slower, but the attachment does
not change. For this reason, a clear EW scaling of
the roughness is observed only for F/D =107 (in
contrast with F/D =10"° for e =0.1; figure 4(a)).
Second, for the intermediate and the largest fluxes,
the smaller detachment rates lead to slower decays
of the roughness after the GB formation. Despite
these differences, the high deposition rate regime,
which is obtained with the highest flux (F/D = 10),
still provides the smallest GB roughness during the
relaxation.

For the largest flux in figure 5(c) (F/D =10), a
nontrivial feature is the appearance of shoulders in
the decay of the GB roughness. The decrease of the
roughness upon the collision is a stochastic effect
characteristic of interface collisions [44]. After that,
the roughness decreases by the elimination of the
thinnest spikes of the GB, which requires the detach-
ment of particles with n=1 NN, whose rate is Qe.
For small ¢, this rate is much smaller than that of
the initial growth (Q); the first shoulder is a con-
sequence of the longer time scale associated to this
process. Further relaxation of the GB depends on
kink detachment (see section S.III of the supplement-
ary material), whose rate is Qe2. This is smaller than
the rate of spike elimination by the factor €, which
explains the second shoulder. These features become
more pronounced for smaller ¢, as shown in section
S.VII of the supplementary material; however, the
highest deposition rate also provides the minimal
roughness in a shorter time than the other growth
regimes.
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Figure 6. Grain growth regimes as function of the kinetic
parameters for € = 0.1 and two gap widths.

3.3. Phase diagram of grain edge growth

In our simulations, we identify three regimes of
edge growth, i.e. before the edges begin to interact.
The attachment-limited or near-equilibrium regime
is charaterized by slopes of the logW x log (Dt) plots
near the EW value 1/4. The diffusion-limited or
unstable regime is characterized by slopes larger than
1 at some time interval before the maximal W. Finally,
the high deposition rate regime (or random growth)
is characterized by slopes of the log W x log (D) plots
near 1/2.

Figure 6 shows the phase diagram obtained with
these criteria for e =0.1 and gap widths / = 324 and
64 a. For materials such as graphene or TMDs, the
lattice constant is ~0.3 nm, so those values corres-
pond to widths ~10-20 nm. Intermediate behaviours
in figure 6 are considered as crossovers.

For very slow attachment-detachment kinetics in
comparison with diffusion (very small Q/D), the
unstable growth is not observed because the mobile
particles are uniformly distributed in the gap. The
unstable growth is typically observed for F/Q < 0.1
(to avoid the rapid uncorrelated growth), F/D 2
1072 (to avoid very slow deposition, which favours
near-equilibrium growth), and Q/D 2 1 (fast inter-
face kinetics compared to diffusion).

However, these conditions change as the gap
width [ or the detachment probability € change. For
wider gaps, the instability has longer time to develop
before the edge collision, so it can be observed for
smaller values of F/D. As € decreases, particle detach-
ment becomes slower, which also favours the instabil-
ities; thus, the unstable regime can also be observed
for smaller values of F/D.

The high deposition rate regime is more robust
against changes in the physical or chemical para-
meters. It typically appears for F/Q 2 10, which is
a condition in which the gap is almost completely
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filled before the attachment of a single layer of
particles at each edge. As explained before, the dif-
fusion coefficient D is not important because the
particles in the gap cannot move to the occupied
NNEs.

Experiments on 2D materials growth also reveal
the existence of attachment-limited and diffusion-
limited regimes [1, 3, 19-21, 24]. The rate limiting
processes of each of those regimes have a parallel with
those of our model [1]. The edge morphologies in
experiments are different from those presented here,
but the same qualitative trend of unstable roughening
in attachment-limited conditions is observed. This
confirms the reliability of the model for the qualit-
ative prediction of large scale growth features. How-
ever, to our knowledge, the features of the regime
of high deposition rates were not shown in pre-
vious models or in experiments on 2D materials
growth.

3.4. The minimal GB roughness
In the simulations with high deposition rates
(F/Q Z 10), we measured the minimal value of the
roughness obtained during the GB relaxation, Wy,
and the time in which this minimum was attained,
Frmin -

Whin does not depend on the parameters F, Q,
D, and L; it is affected only by the detachment rate
€ and the gap width I. Figure 7(a) shows Wy, /a as a
function of the scaling variable €l/a, i.e. the dimen-
sionless product of the above parameters. Since the
time of the minimal roughness rapidly increases as
€ decreases and the simulations become slower as [
increases, we considered restricted ranges for those
variables (0.05 < € < 0.1 and 16 << 64) to obtain
accurate estimates of Wi;,. The linear fit in figure 7(a)
gives the relation:

Winin & 0.87 (ea’l) ™.

(3)
The dependence of Wiy, on I can be explained by
scaling arguments [47, 48]. From the initial flat edge
condition to the edge collision, each of the grains is
displaced by an average length 1/2; thus, the average
number of particles attached to each column x of a
grain is N = (1/2)/a. The uncorrelated growth in this
regime leads to a maximal roughness of order [34]:

Winax ~ a\/IT]: \/?7 (4)

the characteristic rate of this growth is Q. As the GB
is formed, there is a sudden change from this uncor-
related growth to a correlated kinetics. If the charac-
teristic rate of attachment and detachment of the final
kinetics is the same as the initial one, the uncorrelated
fluctuations are rapidly suppressed and the roughness
rapidly reaches the same time evolution of the final
kinetics starting from a flat interface (see e.g. figure 6
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Figure 7. (a) Minimal roughness in the high deposition rate
regime as a function of €l/a. The dashed line is a least
squares fit with slope 0.25. (b) Scaled time of the minimal
roughness as a function of I/ (ae?). The dashed line is a
least squares fit with slope 0.16.

of [47]); here, this would be the case of € ~ 1. The
GB kinetics is EW (section S.III of the supplement-
ary material), in which the growth from a flat inter-
face leads to W ~ aN'/4, where a prefactor of order
1 is excluded [34, 46]. The minimal roughness is then
obtained by substituting the value of N at the collision
time in this relation, which gives Wy, ~ I'/4, consist-
ently with equation (3).

However, to describe the GB relaxation with smal-
ler €, a more powerful approach has to be used. We
developed a Langevin model [49] which assumes that
the GB evolution is controlled by kink site detach-
ment from one grain (with characteristic rate Qe?)
and attachment to the other grain. In section S.III
of the supplementary material, this model is solved
for an initial surface configuration with uncorrelated
roughness Wy and predicts:
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py(Lane) N AP
-] @9 e

min 1—¢

Since 1 — € & 1 is a reasonable approximation in our
simulations, equation (5) leads to the same scalingin /
and € of equation (3); the approximation gives a pre-
factor 0.75, which is not distant from the numerical
estimate 0.87 in equation (3).

The Langevin approach also predicts that the
minimum roughness is attained at:

(Lang) l (1 - 62)
X =— |14+ — 6
tmll'l zaQ [ 863 b ( )

where the first term accounts for the uncorrelated
growth of the edges of independent grains and the
second one accounts for the coarsening of the GB. For
€ < 1, the first term is negligible in comparison with
the second one, which gives tr(nLianng) ~ 1/ (16aQ¢€’); this
is expected to be a reasonable approximation even for
€=0.1, which was considered in most simulations.
Guided by this analytical result, figure 7(b) shows
Qtmin as a function of I/(ae’), which reasonably fits
a straight line. The slope of that fit is 0.16, which is
larger than, but of the same order of the theoretical
slope 1/16.

3.5. Possible application to 2D materials growth
Here we discuss the application of the growth in the
high deposition rate regime to produce 2D mater-
ials with small GB roughness. The notable proper-
ties of this regime do not seem to have been shown
in previous works, in contrast to the attachment-
limited and the diffusion-limited cases (which qualit-
atively parallel previous observations in experiments
and models).

Equations (3) and (5) show that decreasing
the growth temperature (so that e decreases) is
advantageous for obtaining a smaller GB roughness.
However, equation (6) shows that it is disadvantage-
ous for increasing the time to attain this minimal
roughness because Q and e decrease. Evidence on
this disadvantage is provided by the comparison of
figures 4(a) (¢=0.1) and 4(c) (¢ =0.05) with figure
S.6 of the supplementary material (e =0.01). The
advantage involves a factor ¢!/ and the disadvant-
age involves a factor 1/ (Qe?), so we generally expect
that higher temperatures will be more favourable for
obtaining smoother GBs. This implies that € and Q
are large. However, the condition F/Q 2 10 is also
necessary to allow the initial uncorrelated growth of
the separated grain edges (section 3.3).

For the application to a particular 2D mater-
ial, it is necessary that isolated grains nucleate and
grow to a configuration with smooth boundaries,
which is the initial condition considered here; observe
that the formation of this initial configuration is not
addressed by our model. In such configuration, a
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common situation is that the grains cover a frac-
tion of the substrate <0.1. The inspection of micro-
scopy images with visible and isolated islands (grains)
of 2D materials supports this estimate [1, 50-54].
Instead, with substrate coverages ~1, coalescence of
several islands are observed. Thus, if the separated
grains have typical boundary length L, the gap width
I is expected to be of a similar order of magnitude;
for simplicity, the approximation /~ L is considered
here.

Following the reasoning in the paragraphs above,
we also assume that: edge lengths L and initial gap
widths / are ~10 pm; the lattice constant of the mater-
ial is a~ 0.3 nm (which differs <20% from graphene
and several TMDs); € =0.1, meaning kink detach-
ment rate 10? times smaller than the attachment rate;
the condition F/Q < 10 is fulfilled.

From equation (4), the maximal roughness of the
grain edges in these conditions is ~40 nm. How-
ever, equation (3) predicts that the minimal rough-
ness attained by the GB is ~2 nm, corresponding to a
decrease by a factor ~20. The time to attain the min-
imal roughness can be determined from equation (6)
in terms of the attachment rate: Qfpi, ~ 4 x 10°.

For comparison, if near-equilibrium growth con-
ditions are chosen and the GB relaxes to its equi-
librium configuration, the approach of section S.IIT
of the supplementary material predicts the GB

roughness:
eal 1
— . 7
6 ( 11— E) @

With the above parameters, we obtain W, ~ 7 nm,
which is 3.5 times larger than the expected minimal
roughness. The time of crossover to the equilibrium
roughness is obtained from the EW kinetics of the GB
in section S.III of the supplementary material:

T (L\’1 [1+e¢
Q%:m(a)ez(le)' ®)

It gives Qt,q ~ 3 X 10%, which exceeds by three orders
of magnitude the time to obtain the minimal rough-
ness in the high coverage regime.

This comparison clearly shows that the advant-
ages of growing 2d materials in the high deposition
rate regime can be extrapolated from our nanoscale
simulations to typical experimental conditions with
microscale grains. The decrease of the GB rough-
ness up to the minimum can be observed in a
much shorter time than that necessary for the GB to
reach its equilibrium value, which is larger than that
minimum.

Our model has the limitation that the mobile
particle attachment is restricted to the topmost point
of each column x. This leads to unstable patterns that
look very different from those of experiments and
of models for specific materials. However, we believe
that this limitation does not have significant effect

Wy =




10P Publishing

2D Mater. 9 (2022) 045025

on our prediction of a minimal roughness for the
high deposition rate regime. If that condition for the
attachment is relaxed, then the aggregation of mobile
particles to the sides of the rough edges may lead to
overhang formation. Such overhangs will encapsu-
late mobile particles, but their positions are effectively
frozen and they will eventually attach at those posi-
tions to fill the overhangs. It is possible that this pro-
cess creates lateral correlations along the edges, but
such fluctuations, which are correlated at small scales,
can be suppressed approximately in the same way as
the totally uncorrelated fluctuations considered here.

4. Conclusion

A model for the propagation of two grain edges
of a 2D material and for the relaxation of the GB
formed after the collision of those edges was pro-
posed. Simple kinetic rules are considered for attach-
ment and detachment of particles from the edges and
for particle diffusion while there is a gap between
them. This allowed to perform kMC simulations for
broad ranges of parameters and investigate their con-
sequences on the geometry of the GBs. The model is
expected to be qualitatively applicable for growth with
unary precursors, such as methane vapour to pro-
duce graphene, but may also be applied to TMDs if
the precursor reactions form diffusing growth units
uniformly distributed in the gap between the grains
(precursor flux obeying the reaction stoichiometry is
a plausible condition for that).

The well-known near-equilibrium (attachment-
limited) and unstable (diffusion-limited) growth
regimes are recovered in the simulations, which shows
the reliability of the approach to predict qualitative
features of the grain evolution in 2D materials. The
simulations also show a distinct third regime when
the precursor flux is sufficiently high to fully cover
the gap between the edges with growth units (mobile
particles) before they begin to attach to those edges. In
this high deposition rate regime, an uncorrelated edge
roughening is observed until the edges collide. These
conditions may produce an initial GB with large
roughness, but we show that this boundary relaxes to
configurations with a roughness smaller than those of
the other regimes in a shorter time. Numerical pre-
dictions of the minimal roughness and of the time to
attain such configuration are in good agreement with
a theoretical approach for the GB relaxation.

To investigate the possible extension of the above
results to real grains of 2D materials, the simula-
tion results (obtained at nanoscale) were extrapol-
ated to edges and gaps sizes ~10 pm. It shows that
the high coverage regime can produce GBs with min-
imal roughness ~2 nm, which is ~3.5 times smaller
than the roughness obtained in a near-equilibrium,
stationary state. Moreover, the time to obtain that
minimal roughness is three orders of magnitude
smaller than the expected time for the GB to reach
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that stationary state. Thus, if the control of the
growth permits to reach a condition in which the gap
between neighbouring grains is fully covered by non-
aggregated material and if the relaxation dynamics
is similar to that proposed here, it is possible that a
novel route for efficient growth of that material with
very smooth GBs can be developed. Recent advances
in microscopy methods allow accurate measurements
of nanoscale fluctuations of GBs and may help such
studies [55, 56].
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