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ABSTRACT: The interfacial interaction of 2D materials with the substrate leads to striking surface faceting affecting its electronic
properties. Here, we quantitatively study the orientation-dependent facet topographies observed on the catalyst under graphene
using electron backscatter diffraction and atomic force microscopy. The original flat catalyst surface transforms into two facets: a
low-energy low-index surface, e.g. (111), and a vicinal (high-index) surface. The critical role of graphene strain, besides anisotropic
interfacial energy, in forming the observed topographies is revealed by molecular simulations. These insights are applicable to other

2D/3D heterostructures.
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he optical and electronic performance of 2D materials

synthesized by chemical vapor deposition (CVD) is
deeply rooted in its structure, strain state, atomic-scale defects,
and interfacial interactions. The emergence of semiconducting
graphene,l’2 surface faceting,3 and moiré superstructures“’5 isa
manifestation of the strong interfacial interactions. Faceting, in
particular, is commonly observed under large single crystals of
graphene synthesized on metal catalysts using CVD [Figure
1(a)]. The faceting phenomenon defines the length scale for
devices,”” strongly impacting the technological significance of
the material.

The faceted structures are ubiquitous—observed on all
catalysts, irrespective of their composition or thickness.* ™"
They also have a variety of morphologies, showing strong
dependence on the surface texture of the substrate. Exhibiting
average heights of 40 nm and widths ranging between 100—
300 nm, the facets are smooth and planar showing minimal
roughness on analysis using Atomic Force Microscopy (AFM).
Wang et al.'* show that these facets form during cooling of the
system in CVD, while Ananthakrishnan et al."> reveal that
graphene preserves facets postgrowth. Faceting has also been
observed during growth of other materials.'*"> The two
commonly observed types of faceting in experiments are shown
in Figure 1(b). The left figure shows a unidirectional
morphology where two inclined planes form a triangular-
shaped corrugation. The right figure, referred to as pyramidal,
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has one of the two inclined planes being hierarchically faceted,
resulting in three planes forming the final surface reconstruc-
tion.

The creation of these large, faceted structures is sometimes
said to occur by step bunching. This refers to the aggregation
of small atomic steps into large steps, while faceting describes
the formation of crystalline hill-valley morphology from an
arbitrary surface. Step bunching under graphene has been
attributed to a variety of factors. Hayashi et al® report a
pressure-driven step bunching process due to the evaporation
of copper during CVD. A similar kinetic model due to
decelerated sublimation of copper atoms is proposed by
Wofford et al.'® Meanwhile, Kang et al’ and Deng et al.'?
report the effect of compressive strain due to thermal
expansion mismatch between graphene and the substrate
driving facet formation. However, Yi and co-workers'! argue
that no strain is released due to step bunching and propose
that the fast diffusion of metal atoms under graphene and the
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Figure 1. Faceted surfaces and facet terminology. a) Faceted
structures imaged using Scanning Electron Microscopy (SEM)
observed under graphene flakes after synthesis on different substrates.
All scale bars are 1 ym. b) Schematic representation of facets. S,/Z
represents the crystal orientation of the substrate surface. Left:
Unidirectional structure with two facets — S, and S;. Right: Pyramidal
structure with three facets — S,, S5, and S,.

local bending energy of graphene drive step bunching. Despite
the importance of this phenomenon, limited quantitative
studies analyzing the orientation of the facets have been
reported, typically using electron diffraction methods.!”*®

In this work, we use a novel algorithm for fast non-
destructive investigation of the crystallographic morphology
employing AFM along with Electron Backscatter Diffraction
(EBSD). Characterization of the facet orientations enables us
to unravel the mechanisms driving faceting of the graphene-
covered metal surface. We use the following terminology to
define surfaces: S; denotes the crystallographic orientation of
the flat (basal) plane of the substrate, as shown in Figure 1(b).
S, denotes the i decomposition of S;. For unidirectional
faceting, S transforms to S, and S; [Figure 1(b) - Left]. For
pyramidal faceting, S; reconstructs into three new facets S,, S,
and S, [Figure 1(b) - Right].

Figure 2 shows the Facet Orientation Analysis (FOA) used
to calculate the orientation of the facets using EBSD and AFM.

Owing to the inherent limitations of EBSD, we obtain only Z-
orientation, S, of the crystal grain under graphene [Figure
2(a)]. This is followed by topographical scan of the faceted
metal surface using AFM. We extract height profiles from the
scan [Figure 2(b)] which are in the reference system of the
AFM (RS,py). Height profiles are taken along the profile axis
direction, while the direction of the surface peaks is referred to
as the step axis direction. Normals of the facets-planes are
calculated using their slopes in RS,py. These indices are
transformed from RS,py to the sample reference system
(RSgmple) in EBSD [Figure 2(c)]. The rotation is done using
angle (0) calculated from the SEM image of graphene between
the profile axis direction and Xj,,.. We use the orientation
mapping matrix ‘g’ to transform facets from RS to the
RS,y shown in [Figure 2(d)] (See Supporting Information
for more details on experimental procedure). Thus, with the
above information, we can calculate indices of S; in the crystal
system with eq 1.

[g]sxs[T;nplane]sxs[SiAFM]sxl = [Sicrystal]_?;xl (1)

[Figure 2(e)] shows a 2D illustration of unidirectional
faceting. To visualize this geometric transformation, we use the
Inverse Pole Figures (IPF) [Figure 2(f)], traditionally used in
crystal orientation studies. A “star” marker denotes initial
orientation S;, and “circular” markers represent the S,, S;
surfaces.

Twenty-seven different systems were analyzed using the
FOA method to study both unidirectional and pyramidal
faceting. Figure 3 reports four such systems and their
transformations in the form of IPFs. Invariably, S; continu-
ously evolves into a broad range of orientations. One of the
facets (S,) is usually seen to be rotating toward a low-index
surfaces (e.g., 111 or 001). But the other facet, S;, surprisingly
appears to rotate toward a high-energy vicinal orientation.
These FOA measurements are corroborated using diffraction
patterns of transmission electron microscopy (TEM) [Figure
3(a,b): Right]. The accuracy of the FOA method in
determining the facet orientations is +3° (see Supporting
Information). Figure 3(c) shows an interesting, but commonly
observed example of a graphene flake growing on two metal
grains of different orientations with unidirectional [Figure 3(c)
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Figure 2. Facet Orientation Analysis (FOA). a) SEM image of a graphene flake on a (323) copper surface obtained from Electron Backscatter
Diffraction (EBSD). Magenta arrow - Profile axis direction. b) Height profile from Atomic force microscopy (AFM) along the arrow in (a). c)
Schematic of AFM and Sample (EBSD) reference systems. 0 - angle between the two reference systems. Dotted magenta arrow - Step axis
direction. d) Schematic of Sample and Crystal reference systems. e) Schematic of unidirectional faceting (2D). ¢ - angle between S, and S;. f)
Inverse Pole Figure (IPF) showing S; (star), S,, and S; for the image in (a), based on FOA.
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Figure 3. FOA for graphene-copper systems. a, b) From left to right: SEM image of the region analyzed; Miller indices of S, (red), approximate S,
and S; (black); 3D AFM scans (inset); IPF plots with S; (star), S, and S; (circles) in standard IPF color scheme. Validation using Transmission
electron microscopy (TEM) for respective systems, inset: Diffraction pattern. c) Left: SEM image of graphene on two grains showing unidirectional
(above grain boundary) and pyramidal (below grain boundary); Miller indices, AFM scan (inset) and IPF plots of unidirectional (Middle) and
pyramidal faceting (Right). Terminology and color convention followed as above. Scale bars for SEM images are S ym.

- Middle] and pyramidal faceting [Figure 3(c) - Right]. The S,
and S; orientations both appear to be going in random
directions on the IPF plots in unidirectional case, while in the
pyramidal case of Figure 3(c), S, appears to be nearly (011),
which is a low index surface. Typically, large, consistently
oriented facets are observed only under graphene. In some
cases, small facets are also observed on the bare copper surface
outside the graphene flakes. These facets appear to have
consistent size, but unknown orientation uniformity. In some
cases, the Cu facets appear to be parallel to those under the
graphene as in Figure 3(a). FOA measurements and TEM
analysis show that, even when they appear parallel, the facet
orientation angles on bare copper surface are different than the
graphene-covered surfaces (see Supporting Information Figure
S3). We hypothesize that the specific orientation of Cu facets
outside graphene is governed by the interplay between
impurities and surface energy.

By resolving the crystallographic orientation of the facets,
FOA highlights an unexplored energy balance governing these
transformations. In a polycrystalline foil produced by rolling
processes, the S; surface is usually a vicinal orientation with
high surface energies. Due to the high temperature growth, the
rotation of the S, surface to form a low-energy S, facet such as
(001) or (111) is intuitively favored, indicating the role of
surface energy minimization. However, the formation of
another vicinal, high-index S; orientation as seen in cases (a)
and (b) of Figure 3 is intriguing. This has never been reported
previously, and in fact contradicts some of the MD simulations
in the literature that assume that the facets are low-energy
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surfaces.'’ Continuum analysis'® of the effect of surface energy
anisotropy and bending rigidity demonstrates faceting
qualitatively, but the formation of these vicinal facets is still
unclear.

We explore the role of graphene strain on the energy of the
graphene-metal system to understand the formation of these
high-index orientations calculated using FOA. The mismatch
in thermal expansion of graphene and metal substrates during
growth causes large interfacial stresses and strains. Moreover,
owing to the large size of the graphene domains (>10 ym), we
expect the accumulation of large shear stresses at the interface
which can constrict relative slip movements, effectively pinning
graphene to the substrate.”® This effective pinning induces a
macroscopic strain in graphene. Hence, in addition to the
surface energy minimization driving faceting, we hypothesize
that the macroscopic strain, plays a critical, so far hidden, role
on the final configuration of faceting.

Molecular statics simulations were performed using
LAMMPS*" with a hybrid formulation of the interatomic
potentials (see Supporting Information). Copper with (323)
orientation is used as the substrate in accordance to the
experimental observation shown in Figure 2(a). Six facet plane
combinations (S, - S;) have been simulated by varying the
angle ¢ [Figure 2(e)] between S; and S, orientation from
60.5° to 0°. Thus, S, varies from (111) to (1 0.67 1), the latter
being the (323) orientation. S, is fixed to (111), mimicking the
FOA-calculated low-index orientation. Step height, defined as
the number of monatomic steps bunched together to form a
large step,'" is constant and equal to 9 monatomic steps. This
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Figure 4. a) Molecular statics simulation of different preliminary macroscopic strains of graphene on copper. S; = (323), S, = (111), S; changes
from (111) to (323) across the columns. The rows indicate the macroscopic strains in the graphene to pin its edges to the cell. The boxed cells
show least-strain cases, while the simulation cells (i—vi) represent the S; orientation corresponding to the lowest total energy for that specific
pinning length. The graphene strains after relaxation are denoted using a colormap: Positive (tensile) in red, and negative (compressive) in blue.
b—e) Total energy, Leonard-Jones (L]) energy between graphene and copper, graphene strain energy and total copper surface energy, per S,
length, plotted against S; orientations for each pinning length, respectively. The lower horizontal axis in plots (b—e) is the x in the (1x1) plane,
calculated using the angle ¢ between S, and S; as indicated on the upper horizontal axis.

allows comparison of trends in energy with respect to S; denote the minimum total energy configurations for each
orientation. The columns in Figure 4 are the Miller indices of induced strain. (See Supporting Information for more details
S; in each facet combination. These are represented in further on the simulation setup.)
discussions as (1x1). To apply macroscopic strain on The lowest energy configuration is found to vary with
graphene, we define pinned length as the total arc-length of macroscopic strains. Starting with the longest pinned length,
graphene which will be compressed and pinned to create the (111) and (111) facet combination exhibits the lowest energy
flat S length. Graphene is free to move on the surface of the [Figure 4(a)-(i)], which is as expected from a freely sliding
metal within this length. The pinned length is normalized with graphene (Figure S7 shows the total energy for unpinned
the flat S; length, and six normalized pinned lengths are graphene on different facet combinations). As the pinned
selected to induce strains ranging from tensile to compressive length is reduced, the total energy minima shifts. The shift is
after faceting and energy minimization. The macroscopic strain seen toward a lower ¢, or a configuration with a vicinal, higher
is defined as (1 — normalized pinned length) and is tabulated surface energy S; facet - (101) shown in Figure 4(a)-(ii),
as rows in Figure 4(a). Pinning is implemented using two rows followed by stabilization at (313) for all smaller pinned lengths
of graphene atoms that are pinned in the horizontal direction, [Figure 4 (a)-(iii-vi)]. Importantly, the lowest energy system is
at the intersection of S; (323) surface with each of the S,—S, not necessarily the configuration with the least strain in
(111)-(1x1) plane combinations along the step direction graphene. The system is rather reaching a tensile strain, with
[101]. The energy of the system is statically minimized for tension increasing as the pinned length reduces for the same
each combination. The total energy, and its components, configuration. In general, faceted surfaces with larger ¢ require
divided by the S, length, are plotted for each macroscopic larger lengths of graphene for better adhesion. For compressive
strain against the six S; orientations in Figure 4(b)—(e). The cases seen above the boxed diagonal in Figure 4(a), the strain
final strain in graphene is determined for the energy minimized is released by buckling to form wrinkles in longer pinned
configurations and is represented by the colormap in Figure lengths. In the tensile cases seen below the boxed diagonal,
4(a). The boxed cells correspond to the facet combination relaxation occurs by delamination and nonconformality,
where graphene has least strain, while the cells marked (i)-(vi) evident in the (111) - (111) column for small pinned lengths.
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The comparable range of L] interaction energy [Figure 4(c)]
and the strain energy [Figure 4(d)] reveals the competition
between the two when determining the energy minima of the
system, especially looking from (101) to (323) orientation.
With increasing tension, graphene can either adhere to the S, -
S; facets maximizing the interfacial binding at the cost of taking
on strain, or it can delaminate and release tension at the loss of
interfacial interaction. The (313) S; configuration shows a
balance in the amount of strain and LJ interaction, resulting in
the minimum total energy configuration observed both in
simulation and experimentally. The effect of total Cu surface
energy, which includes both strain and surface energy of the
faceted copper, is small on the total energy of each
configuration [Figure 4 (e)]. Owing to the complex nature
of the energy landscape, we perform dynamic simulations only
for configurations with a normalized pinned length of 1.04.
These simulations involve annealing the systems at 1350 K and
subsequent cooling to 0 K. Videos S1, S2, and S3 show the
transformation from initial facets of (212), (525) (111)
respectively to (111) and approximately (313) under
graphene, as expected. The (111)-(313) configuration remains
stable as shown in Video S4 (Figure S8 shows the snapshots
and Miller indices of final orientations). MD simulations are
limited by time to show the transformation of (323) surface to
large (111)-(313) facets. Regardless, these simulations confirm
that graphene strain mediates faceting. Experimentally, Raman
spectroscopy shows the presence of compressive (also reported
in literature ”'®) and tensile strains in graphene postgrowth at
room temperature [(Figure S4 shows strain present in
graphene on copper shown in Figure 2(a)].

We propose a mechanism where final strain in graphene
results from both surface energy anisotropy and thermal
expansion mismatch. Figure 5 schematically illustrates the

Case 2

A’ﬁ

Compression released
through folds

[

Ripple formation

Case 3

Case 1

Time
Room T Intermediate T Growth T

Faceting due to surface
energy anisotropy

Total strain defined
by combination of
cases 1 and 2

Facets grow and
change orientations

Final state of Tension
strain in Gr £

Compression
&

Compression, if g, < ¢,
Tension, if &, < g,

Figure S. Schematics of strain (&) build-up. Case 1: Increase in
surface area due to faceting at growth temperature induces tension.
Case 2: Postgrowth cooling induces compression due to thermal
mismatch. Case 3: Strain state of graphene (tension/compression) is
due to the combination of cases 1 and 2.

faceting observed in graphene during CVD on metal
substrates. Starting with graphene pinned at growth temper-
ature, we consider three cases of graphene-metal interaction.
Case 1 explores the pure effect of the geometry of faceting on
strain, without the effect of thermal mismatch. Given enough
energy and time, facets form by surface specific diffusion in
metal * as the system lowers its energy. Since graphene is
pinned, macroscopic strains are induced. Depending on the
availability of thermal energy, these facets may coalesce to
release some bending strain, ~ consistent with previous step
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bunching studies. Regardless, graphene will have some amount
of tensile strain at room temperature (RT). In Case 2, the
strain in graphene is considered only due to thermal expansion
coefficient mismatch. Graphene has a negative expansion
coefficient, while copper contracts during cooling. Owing to
this mismatch and graphene being pinned, an overall
compressive strain develops in graphene. According to Wang
et al,” graphene releases most of this strain by the formation
of folds at an intermediate temperature of ~750 °C or ripples
at lower temperatures. However, at RT, graphene will either be
in low compressive stress, or nearly stress-free, if all the strain is
released due to rippling.

In a more realistic situation (Case 3), the two competing
effects occur simultaneously. Pinned graphene on cooling
releases compressive strain due to the thermal mismatch by the
formation of both facets and folds, with folds usually forming
in a direction perpendicular to the facets. Faceting reduces at
lower temperatures due to lesser diffusion, but compressive
strain due to thermal mismatch continues to develop which
can be released through wrinkling in both directions. Finally, at
room temperature, if the total tensile strain due to facets is
greater than the final compressive strain, then graphene will be
in tension at RT. If the converse is true, graphene will be under
compressive stress. Thus, we establish that the presence of
strain in graphene at room temperature is a result of the
interplay between thermal mismatch and faceting-induced area
increase during cooling.

To conclude, the intriguing faceting phenomena observed
during graphene growth are studied by a new FOA method
combining EBSD, SEM, and AFM, and validated with TEM.
Molecular simulations reveal the delicate balance between the
anisotropic interfacial surface energy minimization and the
graphene strain. Starting with a vicinal surface, the system
transforms into facets with at least one low-index low-energy
surface. The strain induced in the pinned graphene, developed
as a result of surface faceting and thermal mismatch, is
responsible for the other facets having an unexpected vicinal
orientation. A typical polycrystalline foil has many grains
having vicinal surfaces. Graphene growth on each grain is
affected by the above-mentioned factors, resulting in the
varying morphology observed across the different grains.
Regardless, this anomalous faceting improves the interfacial
interaction at the cost of graphene strain. We have not
examined the effect of kinetics, number of layers, or the size of
the facets in our analysis. These topics are worthy of further
studies owing to their applicability to charge mobility in
devices,’ catalysis,”* and remote epitaxy.
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procedures Table S1. CVD growth recipes for different
substrates used in the study. Figure S1. 3D scan of the
facets taken using AFM, showing line scan and planar
analysis. Figure S2. Comparison between planar and line
analysis for two example systems. Figure S3. Facet
orientations in the presence and absence of graphene
using TEM analysis. Figure S4. Raman scans showing
negligible amplitude of D peak of graphene grown on
copper. Figure S5. Raman scans showing compressive
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and tensile strain present in graphene grown on copper.
Figure S6. Simulation cell and schematic showing S,, S,,
and S; Figure S7. The six faceted combinations, their
simulation cells, normalized graphene pinned length, and
macroscopic strains present in the system owing to
pinning. Figure S8. Molecular dynamic (MD) simu-
lations performed for different initial and final facet
configurations with normalized pinned length = 1.04.
Figure S9. Effect of step height on the energy of freely
sliding graphene on copper for three different
orientations (PDF)

Video S1. Dynamic simulation at 1350 K showing the
transformation of a large step under graphene with
macroscopic strain of —0.04 with S; orientation (212) to
expected S, orientation (313) (MP4)

Video S2. Dynamic simulation at 1350 K showing the
transformation of a large step under graphene with
macroscopic strain of —0.04 with S; orientation (525) to
expected S; orientation (313) (MP4)

Video S3. Dynamic simulation at 1350 K showing the
transformation of a large step under graphene with
macroscopic strain of —0.04 with S; orientation (1 (1)1)
to expected S, orientation (313) (MP4)

Video S4. Dynamic simulation at 1350 K showing the
stability of a (111)-(313) facet orientation under
graphene with macroscopic strain of —0.04 (MP4)
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