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In this work the influence of film-substrate misorientation on the strain-induced ordering of
graphene films on various metallic surfaces is examined using a mesoscopic continuum model and
first-principles atomistic calculations. The periodicity and free energy of the moiré patterns that
emerge are studied as a function of film-substrate adhesion strength for misfit strains far from and
close to an incommensurate-commensurate phase transition. Interestingly the lowest energy states
are found to be at small but finite misorientation even though these states have a higher domain wall
density than the zero-misorientation states. First-principles density functional theory calculations
are used to connect the results with experimental findings in graphene epitaxy. This combination
of mesoscopic and atomistic approaches can be applied to the study of a wide range of strained 2D
material systems including the III-Nitride monolayer systems.

I. INTRODUCTION

The ordering of two-dimensional (2D) thin films on
compact crystalline surfaces has been a topic of great
interest for decades. From a fundamental point of
view the coupling between the film and substrate of-
ten leads to strain induced instabilities that give rise
to interesting self-organized spatial patterns that are
delineated by regions of commensurability between the
adatoms and substrate separated by incommensurate do-
main walls. Many studies have been conducted to un-
derstand the emergence of such patterns and the na-
ture of incommensurate-commensurate (IC) phase tran-
sitions. Examples include studies of IC transitions in
Kr on graphite!, the ordering of reactants on patterned
surfaces?, the organization of 2D vacancy islands on het-
erogeneous metal interfaces®?*, and surface patterning
in heteroepitaxial systems® 2. These phenomena are
driven by the subtle interplay of adhesion and strain en-
ergy contributions. From a technological point of view
the resulting film patterns often alter magnetic, elec-
tronic, catalytic and transport properties of the system.
Most recently a great deal of research has been driven
by the finding that 2D graphene sheets can be obtained
from monolayer carbon films grown epitaxially on metal-
lic surfaces'323.

Interest in graphene-type 2D materials arises from
their extraordinary electronic and mechanical properties
and the potential for a myriad of electronic device appli-
cations such as field effect transistors, microwave and ter-
ahertz photonics, sensors and supercapacitors?#25. How-
ever the development of such devices has been hindered
by the difficulty in producing large scale defect-free sam-
ples in a low-cost and reliable fashion'#26. Perhaps the
most reliable growth method for large scale sheets is
chemical vapor deposition which typically leads to poly-
crystalline films that contain many defects and grain
boundaries?”. It is thus apparent that predicting and
controlling the growth of such films is of both technolog-
ical and fundamental importance.

Two of the crucial factors controlling the 2D mate-
rial heteroepitaxy are the effects of the film-substrate
adhesion strength and mismatch strain which greatly in-
fluence the growth and the resulting properties of the
system. A variety of substrates have been adopted in
experiments, but a systematic understanding of the cor-
responding effects is still lacking. In this work differ-
ent film-substrate systems are characterized via their dis-
tance from the IC phase transition of film patterns, such
that system structural properties can be efficiently iden-
tified and predicted.

A specific property examined here is the role that film-
substrate misorientation plays in the ordering of a 2D
honeycomb film on compact fec (111) surfaces of triangu-
lar symmetry, as would be relevant for graphene on many
metallic substrates. The role of misorientation is partic-
ularly important for controlling the growth of graphene
films as the film-substrate coupling is often quite weak
(on the order of meV/A?) and thus it is possible for
graphene to nucleate and grow in various lateral ori-
entations with respect to the substrate. However, the
corresponding mechanisms of film misalignment are still
poorly understood, given large length scales of the re-
sulting ordering patterns that are far beyond the accessi-
ble range of atomistic modeling methods (e.g., molecular
dynamics and density functional theory (DFT)). In ad-
dition, these atomistic methods usually require a priori
knowledge of film orientation, which impedes the study of
misaligned, non-commensurate structures and patterns.

Here a complex amplitude version of the phase field
crystal (APFC) model is used to examine and predict
the properties of moiré patterns in 2D films of various
misorientations. This APFC approach solves the criti-
cal issue of large length scales by allowing the examina-
tion of systems up to 19.6 pm x 33.9 pum size. Two spe-
cific film-substrate misfit strains that are representative
of graphene epitaxy are studied in detail. They corre-
spond to two of the most commonly used substrates in
experiments, Cu(111) and Pt(111), and importantly, rep-
resent two distinct limits, one (Cu) close to the IC phase



transition and the other (Pt) far from it. To place this
work in context, first-principles DFT calculations are also
conducted to parameterize and compare the results with
experimental work, leading to a combination of APFC
and DFT studies across atomistic to micron scales.

II. AMPLITUDE PHASE FIELD CRYSTAL
MODEL

The starting point of the PFC model is a free en-
ergy functional of the dimensionless atomic number den-
sity n, written as F' = Fppc + Fgyrs, where Fppc is
the traditional PFC free energy as described in many
prior publications?® 3%, and Foury represents the cou-
pling of the density field to a rigid substrate potential,
V, which for simplicity is given by Fyu.y = [dif Vn.
In the corresponding complex amplitude formulation,
n =3, miexp(iG3, - 7) + c.c., where G, = aG{, given
a misfit strain ¢ = 1 -, G, = k@i +1G with (i, ) the
principle reciprocal lattice vectors, and kil are the Miller
indices in two dimensions. As shown in Ref. 23 a honey-
comb lattice can be described by this amplitude expan-
sion using three terms corresponding to kI = 10, 01 and
11 with vectors 1 = —qo(v/3,1)/2 and ¢> = qo(0, 1). The
potential of a triangular substrate surface is represented
in a similar fashion, i.e., V.= Vo Y, v exp(iézl~F)+c.c.,
where V} is the magnitude of the adhesion strength and
Vg = exp(idékl -7) takes into account the rotation of the
substrate with respect to the film. Here 5@21 = éi}—ézl,

and (jz'l denotes a rotation of the potential through an
angle 6, i.e.,

(G3)x = (G3))0 cos — (G3,)ysin b,
(Gr)y = (Gi)asin € + (Gyy)y cos . (1)

The APFC free energy functional can then be written as

. 3v
E, = cA/dr Z <Bx|gkl77kl|2 - 2|77kl|4)

kl

AB , 3v

Kl
+Vo (Z Vit + c.c.)
Kl

where A2 =23, [nul?, G = V2 + 2iaé£l V+1-a?,
and cq4 = 7.95 eV was chosen to match graphene®!.
The phenomenological parameters AB, B*,t and v have
been discussed in prior publications3? and take the value
(AB, B* t,v) = (0.02,0.98, —1/2,1/3) in this work. The
main parameters of interest here are the misfit strain e,
Vo and @ which control the elastic energy stored in the
film, the film-substrate adhesion energy and misorienta-
tion respectively.

In the limit of small displacements this model reduces
to a 2D sine-Gordon model that can be solved exactly for

: (2)

the one-dimensional stripe-commensurate transition2?.

In this latter case the free energy can be written as

2
F1Dw/df’[}2( (?—5) +Wcos<1>1, (3)
x

where x is the coordinate normal to the stripe domain
walls, ® = (2k 4+ 1)7 (with k an integer) in the commen-
surate state and ® = ez in the incommensurate state,
W and K are the adhesion and elastic energies per unit
area. In this limit the system property only depends on
the dimensionless ratio W/ K, where W = 4Vyca¢ (with
¢~ (t —Vt2 — 15”UAB)/15’U) and K = (Cll + 012)2/C11
with Cj; the elastic constants. It can be shown that the
IC transition from a stripe to commensurate state occurs
when W/K = 72¢%/16.32

The full phase diagram of W/K vs misfit strain can
be determined from the free energy functional given in
Eq. (2). The phase boundaries at zero misorientation
have been calculated in Ref. 23, and are redrawn in
Fig. 1(a). At small adhesion strengths the lowest en-
ergy state corresponds to a 2D moiré pattern showing as
a honeycomb network of domain walls or alternatively a
triangular pattern of commensurate regions if W/K <
722 /16, and a commensurate state if W/K > 722 /16.
At high e and W/K there exists a small region between
the 2D moiré pattern and commensurate states in which
the stripe phase is the lowest energy state. As discussed
before?® the generic features of the phase diagram (i.e.,
lack of stripe state at low strains) can be ascribed to the
relative energy of domain walls and junctions.

III. DENSITY FUNCTIONAL THEORY
CALCULATIONS

In order to match the APFC results with experimental
systems of graphene on various fcc (111) substrate sur-
faces, the ratio W/K was determined via first-principles
calculations. The DFT computations were performed
with the use of projector-augmented wave method as im-
plemented in the plane-wave code VASP33736 employing
the vdW-DF-optB88 functional®” 3. The fcc (111) sub-
strate surfaces were modeled as slabs consisting of five
layers, as illustrated in Fig. 1(b). A vacuum of 12 A
is maintained perpendicular to the slab surface to avoid
any interaction between the periodic images. The atoms
in the bottom three layers were fixed to their bulk po-
sitions. An energy cutoff of 650 eV and k-point mesh
of 18 x 18 x 1 result in an accuracy for the total en-
ergies within 1 meV/A2. The energies per unit area
were calculated for a) a completely commensurate state
of graphene on the substrate slab (Fig. 1(b)), E'°!, b) the
substrate itself, E**, c) a free-standing or completely
incommensurate (i.e., W/K = 0) graphene layer at the
same strain e, £*, and d) a free-standing graphene layer
at ¢ = 0, E™". Defining the graphene strain energy
density E* = E' — E™" and the commensurate-state
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FIG. 1. (a) Phase diagram at zero misorientation, with

boundary lines redrawn from APFC calculations in Ref. 23
and blue points determined by the DFT results given in Table
I for various graphene/substrate systems. The other points
correspond to the DFT data for predictions of 2D III-Nitride
films on various substrates (given in Appendix A). The color
scale in the moiré patterns is proportional to the local free
energy density and the dashed line to W/K = m%¢?/16. (b)
Schematic representation of the slab geometry of graphene
adsorbed on the fcc (111) metal substrate, as used in DFT
calculations. The red spheres denote carbon atoms and sub-
strate atom colors and sizes are varied with their distance
from the graphene/substrate interface.

energy density E¢ = Bt — Esub
energy per unit area, W, is then

E™"  the adhesion

W = E° — E°. (4)

The elastic moduli of graphene were also computed by
straining the graphene sheet by less than +0.5% and fit-
ting a polynomial equation of state to the resultant en-
ergies. This gives C; = 352.53 N/m and C13 = 62.19
N/m, which are consistent with previous MD* and ab
initio™ calculations and also experiments*?. This leads
to K = 30.45 eV/A2. Estimates of W/K are given in

Table I for graphene on various metallic substrates.

TABLE I. Results of DFT calculations for graphene on various
metallic substrates.

substrate|strain E° E° w W/K
(111) | (%) |(meV/A?)|(meV/A?)|(meV/A%)|(x1073)
Ni 0.93 -23 1.9 24.9 0.82
Cu 3.92 12 34.4 224 0.74
Pd 11.73 222 251.4 29.4 0.97
Pt 12.55 255 281.2 26.2 0.86
Al 14.38 320 347.7 277 0.91
Ag 15.83 377 401.6 24.6 0.81
Au 16.45 403 425.4 22.4 0.74

Using these values of W/K the locations of various
graphene/substrate systems in the phase diagram are in-
dicated in Fig. 1(a). With the exception of Ni, all the
substrate elements are in the incommensurate 2D tri-
angular region of the phase diagram, which is consis-
tent with the moiré patterns that have been observed
experimentally. In contrast, for graphene on Ni(111) the
value of W/K is in the commensurate region of the phase
diagram implying that moiré patterns should not form,
which is also consistent with experiments*344, In addi-
tion, these results indicate that the graphene film is only
weakly coupled to most metallic substrates other than Cu
and Ni, implying that film misorientations are more likely
to occur in most systems. The fact that the graphene/Cu
system is very close to but below the IC transition line
implies a relatively strong coupling strength and a more
significant cost for large misorientations of the film moiré
pattern, as verified in the APFC calculations described
below (see Figs. 5 and 6).

Fig. 1(a) also includes the data points for some single-
layer ITI-Nitride materials of 2D honeycomb symmetry on
various substrates with triangular-lattice surfaces, based
on recent DFT calculations®®#6. These predictions show
that III-V 2D materials would be strongly bound to the
substrates, resulting in a commensurate state of the film
and the absence of moiré patterns. The related DFT
results are summarized in Appendix A.

IV. ROLE OF FILM/SUBSTRATE
MISORIENTATION

The phase diagram shown in Fig. 1(a) was obtained
assuming that the film has the same orientation as the
substrate surface (§ = 0). To examine the misaligned
growth of the film, numerical simulations were conducted
to determine the lowest energy states as a function of
film-substrate misorientation. Sample portions of config-
urations are given in Fig. 2 for e = 3.906%, and detailed
results are presented in Figs. 3-6 for two misfit strains
of ¢ = 3.906% and 11.19%, corresponding to graphene
on Cu(111) and Pt(111)47 respectively, which represent



two distinct limits of relatively strong and weak film-
substrate coupling. All the simulations were carried out
on a periodic lattice using semi-spectral methods and de-
pending on 6 and e, contain the equivalence of 3000 to
2.5 x 1019 atomic positions (i.e., 6 nm x 10.4 nm to 19.6
pm X 33.9 pm size systems; see Appendix B). An ex-
ample of the moiré patterns simulated is given in Fig.
2, where in (a) and (c) the positions of the film atoms
relative to the substrate are illustrated, while in (b) and
(d) a comparison of the energy profiles are shown for
6 = 0° and 5.36°. The pinning is much stronger in the
former case as more regions are commensurate with the
substrate and the domain walls are much sharper. In
the latter case the energy is lower in the commensurate
regions (due to lower strain), while the amount of incom-
mensurate regions or domain walls is much greater.

FIG. 2. Sample configurations at € = 3.906% for # = 0° and
0 = 5.36° in a), b) and c), d) respectively. In a) and c¢) the
graphene atoms are displayed in red and the surface potential
atoms in black, such that commensurate (incommensurate)
regions appear red/black (red/white). In b) and d) the local
free energy density is shown for a 2.71 nm x 2.71 nm portion
of the simulation cell. The energy color scale from yellow (low
energy) to cyan (high energy) is shown on the right.

As shown in Figs. 3 and 4, for both misfit strains
the periodicity A of moiré patterns decreases with in-
creasing misorientation 6 and increases with larger W/ K.
The former dependence can be explained by a simple
geometric argument, i.e., at the limit of W/K = 0,
A = afim/\/e2+2(1 —€)(1 — cosf),*® which has been
included for comparison. The increase in A\ with re-
spect to W/K occurs since a stronger adhesion force
leads to larger commensurate regions and a divergence
in A at the IC transition. Also included in Fig. 4 is
the experimental data summarized in Merino et al.'®
for graphene/Pt(111), consistent with the scenario of a
very small adhesion (compared to the IC transition line)

predicted in the DFT calculations. The DFT value for
Cu(111), 0.74 x 1073, is slightly above the largest value
(0.72 x 10~?) examined numerically in Fig. 3, indicating
that the periodicity of the corresponding moiré patterns
should be significantly (1-2 nm) larger than that of the
zero adhesion limit at small #. This is consistent with the
result of phase diagram given in Fig. 1(a) which shows
that the adhesion strength of graphene/Cu(111) is close
to the IC transition.

(o))

periodicity, A(nm)
N

o

Jlllllllllllllll

0 2 4 6 8
misorientation, 6

FIG. 3. Periodicity of moiré patterns as a function of € for e =
3.906% (as for graphene/Cu(111)), where the blue, green and
red solid points correspond to W/K = 0.72x 1072, 0.43x 1073
and 0.29 x 10~3 respectively. The solid black line corresponds
to the W/K = 0 limit.

In Figs. 5 and 6 the free energy difference from
the incommensurate state (i.e., W/K = 0) per unit
area, AF/A, is shown for the graphene/Cu(111) and
graphene/Pt(111) systems respectively. The free energy
is a smooth function of # and does not contain special
coincident angles for which AF/A dips as suggested by
Merino et al.'>. Surprisingly the lowest energy states are
at a finite value of # which corresponds to a smaller pe-
riodicity (see Figs. 5 and 6) and correspondingly higher
density of domain walls as compared to # = 0. The mis-
orientation angle for which AF/A is a minimum, 6.,
is shown in insets of Fig. 5 and 6. As indicated in the
figure, given the DFT values of W/ K, 0,,;, for the lowest-
energy graphene moiré patterns are approximately 3.22°
and 0.88° for Pt(111) and Cu(111) respectively. This
prediction implies a distribution of misorientations with
a peak near but not centered at § = 0 and that the width
of the distribution should be broad for graphene/Pt(111)
as it is far from the IC transition line, which is consis-
tent with experiments!®. Since the graphene/Cu(111)



2.0
E]
a
—

< 2
>
=
Q
:8

15
v—
-
Qo
o,

1

0 S 10
misorientation, 0
FIG. 4. Periodicity of moiré patterns as a function of 6

for ¢ = 11.19% (as for graphene/Pt(111)), where the ma-
genta, cyan, blue, green and red solid points correspond to
W/K =5.75x 1073, 4.31 x 1073, 2.88 x 1073, 1.44 x 1073
and 0.72 x 10~2 respectively, and the open circles correspond
to the experimental data summarized in Ref. 15. The solid
black line corresponds to the W/K = 0 limit.

system is close to the IC transition, it is likely that the
distribution would be much sharper, as can be deduced
from the results of large W/K given in Fig. 5. The re-
lated experimental results are mixed, with one group’
reporting misorientations of only 0° and 7°, others®%:5!
reporting only 0°, and a very recent study obtaining a
broader array of misorientations®2, all of which indicate
that processing conditions may play an important role.
Considering that many substrates (Pd, Al, Ag, Au) are
far from the IC line (see Fig. 1(a)), it is expected that
they should exhibit properties very similar to that of Pt.

V. SUMMARY

In summary, the competition of film misorientation
and substrate adhesion on the ordering of graphene moiré
patterns was examined using an amplitude PFC model
and density functional theory. Pattern properties and
their variation with film-substrate coupling and mis-
match are identified through a classification based on
the distance from IC phase transitions. This work shows
that the competition leads to an angular dependence of
the moiré pattern periodicity that is consistent with ex-
perimental results, and also provides predictions for free
energy costs of different misorientations. This combina-
tion of ab initio atomistic calculations with a mesoscopic
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FIG. 5. Free energy density difference for € = 3.906%. Color
indications are the same as Fig. 3. In the insets 0,,in is
plotted as a function of rescaled adhesion strength. The arrow
indicates the value of adhesion strength predicted by DFT.
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FIG. 6. Free energy density difference for 11.19%. Color
indications are the same as Fig. 4. In the insets 0,,in is
plotted as a function of rescaled adhesion strength. The arrow
indicates the value of adhesion strength predicted by DFT.

modeling method provides an efficient and viable route
for the quantitative study and predictions of complex
growth phenomena on large micron length scales that are
typically not accessible using traditional atomistic meth-
ods. Given these results it would be worthwhile to extend
this combined approach to multi-component systems for



the study of other classes of 2D materials, such as the
semiconducting transition metal dichalcogenides, photo-
catalytic group-IV monochalcogenides, and various I1I-V
monolayers for which their commensurate phase behav-
ior on a variety of substrates has been identified in this
work.
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Appendix A: DFT results for ITI-V 2D materials

The quantities needed to calculate the ratio W/K for
various physical systems are given in Table II below.
These include DFT results for I1I-V 2D materials on var-
ious substrate surfaces that are of triangular symmetry.
All the III-V single layers (AIN, GaN, InN, GaP) are of
2D honeycomb structure, while there are 3 types of trian-

gular substrate surfaces including (i) hep (0001) for Zr,
Hf, Lu, Tm, Er, Ho, Dy, Tb, Gd, Ce, Y, (iii) (0001) sur-
faces of transition metal dichalcogenides (TMD) MoSa,,
MoSesz, NbSq, TaSy, WSes, and (ii) diboride (0001) with
metal cation-termination, for ZrBy, HfBs, DyBs, ErBs,
HoBs, TmBs. Note that the systems of GaN on TMD
substrates (shown as 5 red points at the bottom-left
corner of phase diagram Fig. 1) are metastable as re-
cent DFT calculations show that the adsorption energy
is smaller than the energy needed to make single-layer
GaN, leading to large positive formation energy on the
substrate, while all other systems can be stabilized as
predicted by DFT45:46,

Appendix B: Sample system sizes used in APFC
calculations

In the following Tables III and IV some sample sys-
tem sizes used in various amplitude PFC simulations for
graphene on Pt(111) and Cu(111) substrates are given.
In these tables 6 is the film-substrate misorientation an-
gle, L, is the z-direction length of 2D simulation box
(with L, = v/3L,), and N is the corresponding number
of atomic positions contained in the box. N is estimated
by considering that the area taken up by one graphene
atom is ﬂagraphme/él. Larger simulation boxes are
needed for smaller 6, as the rotated pattern has to be per-
fectly periodic within the box due to the periodic bound-
ary condition. Note that § = 0 can be simulated with
smaller system sizes.
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