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§Institut NÉEL, CNRS & Universite ́ Joseph Fourier, BP166, F-38042 Grenoble Cedex 9, France
∥Physics of Interfaces and Nanomaterials, MESA+ Institute for Nanotechnology, University of Twente, P.O. Box 217, NL-7500AE
Enschede, The Netherlands

ABSTRACT: Following graphene growth by thermal decom-
position of ethylene on Ir(111) at high temperatures we
analyzed the strain state and the wrinkle formation kinetics as
function of temperature. Using the moire ́ spot separation in a
low energy electron diffraction pattern as a magnifying
mechanism for the difference in the lattice parameters between
Ir and graphene, we achieved an unrivaled relative precision of
±0.1 pm for the graphene lattice parameter. Our data reveals a
characteristic hysteresis of the graphene lattice parameter that
is explained by the interplay of reversible wrinkle formation
and film strain. We show that graphene on Ir(111) always exhibits residual compressive strain at room temperature. Our results
provide important guidelines for strategies to avoid wrinkling.
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Graphene has been suggested as a material for a number of
applications, including radio frequency electronics1,2

high-speed applications,3 and transparent conductive
electrodes.4

This potential has created a tremendous research effort to
grow graphene layers and to characterize their morphological
and electronic properties. Epitaxial growth of graphene on
SiC,5−7 on single-crystalline thin films,8−12 or on substrates like
Ru13−15 and Ir16,17 single crystals is well suited in producing
large-area graphene, virtually without grain boundaries.18,19

Graphene growth, however, usually takes place at high
temperatures, while any device operation will be performed
close to room temperature. This implies that graphene layers
on a hot substrate have to be cooled down to room
temperature. Because of the mismatch in the thermal expansion
coefficients of graphene and the substrate, the graphene layers
become compressively stressed during cooling. Ultimately,
graphene locally delaminates and forms one-dimensional
defects (“wrinkles”). Such wrinkles are encountered in all
epitaxial graphene samples.17,20−25 They have been argued to
limit the thermal26 and electric27 conductivities, as well as the
inertness28 of graphene. Obviously, a thorough understanding
of wrinkle formation and the associated effects is mandatory.
In our previous work, we investigated the formation

dynamics of wrinkles using surface microscopy.23 We found a

sudden formation of individual wrinkles during cooling, while
these wrinkles were stretched out gradually during heating. In a
simple mechanistic model, we proposed an energy barrier for
the wrinkle formation and concluded that the graphene
between the wrinkles would have to remain compressed at
room temperature. Here, we report a hysteresis between
formation and disappearance of the wrinkles and present a
precise and quantitative in situ analysis of the temperature
dependence of the graphene lattice parameter on Ir(111) with
high-resolution electron diffraction during cooling and heating
of the substrate.
The experiments were performed in an ultrahigh vacuum

(UHV) chemical vapor deposition (CVD) reactor with a base
pressure of 1 × 10−10 mbar. The system was equipped with a
spot profile analysis low energy electron diffraction (SPA-
LEED) instrument.29−31 Spot positions in reciprocal space
were determined by fitting Voigt functions to high-resolution
SPA-LEED profiles. Furthermore, nonlinearities of the electron
optical system of the SPA-LEED were corrected by using the
constant separation of the moire ́ spots at different positions of
the diffraction pattern. This advanced analysis reduces the
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systematic error and provides us with an increased accuracy for
the determination of lattice parameters of ∼ ± 0.001 Å. The
sample preparation was similar to the one in our earlier studies
of graphene growth.18,19,32 A low-miscut Ir(111) sample
(Mateck GmbH) was cleaned by repeated cycles of Ar ion
sputtering at 1350 K and subsequent annealing to 1600 K until
the characteristic (1 × 1) LEED pattern of the bare Ir surface
was observed. Samples were mounted in a sample holder
(ELMITEC Elektronenmikroskopie GmbH) and heating was
performed with electron beam bombardment to the back of the
Ir crystal, with the Ir at ground potential. Temperatures were
calibrated using an infrared pyrometer.
Graphene was formed by the thermal decomposition of

ethylene at elevated temperatures (>1400 K) and an ethylene
background pressure of 5 × 10−6 mbar. The decomposition
dynamics is self-limiting to a single layer of graphene,33 and
under our conditions the surface is completely covered after
less than one minute of deposition.
After formation of graphene, the sample was cooled down to

room temperature for characterization of the morphology of
the graphene with SPA-LEED. Figure 1a shows a LEED pattern

of a graphene layer on Ir, recorded at room temperature. We
explain the LEED pattern by double diffraction of electrons at
the closed graphene layer and the iridium substrate below.18

LEED displays characteristic moire ́ spots surrounding the
integer order spots at positions G⃗Ir of the Ir reciprocal lattice.
We only observe the R0° phase of graphene and there are no
rotational graphene domains. The graphene is aligned with the
Ir lattice, that is, G⃗Ir∥G⃗gr. Thus, we can apply the 1D moire ́
condition34 kmoire ́ = Ggr− GIr to determine the graphene lattice
parameter agr(T) from the temperature dependent Ir lattice
parameter aIr(T). We use temperature-dependent values for the
Ir lattice parameter,35 since the moire ́ effect acts like a
magnifying mechanism for lattice constant differences (∼×10),
while the direct determination of the absolute Ir or graphene
lattice parameter would only be possible with insufficient
accuracy. By measuring the moire ́ spot separation kmoire ́ from
1D LEED profiles in [112 ̅] direction as shown in Figure 1b we
then obtain
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After sample characterization, we reheated the sample to the
growth temperature and allowed some time (∼1 h) for
thermalization. The sample temperature was then lowered in
small steps down to 600 K while recording 1D spot profiles at
each temperature step to determine kmoire(́T). The data point at
room temperature was measured after switching the heating off
and allowing the sample to thermalize for ∼12 h. The sample
was then gradually heated again, and a second set of 1D profiles
was recorded.
The measured values for kmoire ́ are shown in Figure 2a, where

blue downward triangles originate from the LEED profiles
recorded during cooldown and the red upward triangles
originate from the LEED profiles recorded during heating.
Obviously, the curves recorded during cooling and during
heating only coincide at room temperature and at temperatures
above 1200 K. The origin of the significant data scatter at high
temperatures becomes evident from the insets in Figure 2a,
where SPA-LEED profiles through the specular LEED spot are
shown at two selected temperatures. At 300 K strong moire ́
spots are clearly visible, while at 1232 K the Debye−Waller
effect causes a poor signal-to-noise ratio.
Figure 2b shows a more detailed analysis by calculating the

graphene lattice parameter agr(T) from the experimentally
accessible number for kmoire(́T) according to eq 1. The green
solid curve shows the aforementioned temperature dependent
lattice parameter aIr(T) for Ir from the literature36,37 with the
scale on the right abscissa. The graphene lattice parameter
agr(T) is plotted for the case of cooling down (blue) and
heating up (red) with the scale on the left abscissa. The left
abscissa is scaled with respect to the right abscissa so that the
lattice parameters of Ir and graphene are found at the same
vertical position at room temperature. In this way the deviation
of the values from the ones at growth temperature, marker “A”,
is quantified by the relative change ε = (a0(T) − a0(A))/a0(A)
of the lattice parameter (either thermally induced changes or
compression/expansion). Accordingly, an additional abscissa
for ε is given on the left which applies to both aIr(T) and
agr(T). The green dashed curves are shifted parallel to the curve
for aIr(T), shifted by ε = −0.25% and ε = −0.55% respectively.
Our experiment starts at high temperatures at marker A, where
the graphene lattice parameter agr(T) coincides with the almost

Figure 1. (a) SPA-LEED pattern obtained at RT after graphene
growth, displayed in a logarithmic intensity scale. All Ir integer order
spots are surrounded by a network of moire ́ spots. (b) One-
dimensional LEED intensity profile along the [112̅] direction. Ir
integer order spots are indicated. The graphene lattice parameter is
determined from the separation of the moire ́ spots.
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temperature independent graphite lattice parameter agraphite(T)
taken from literature38 (dotted gray line). Apparently, graphene
grows with the graphite lattice parameter. During cooling by
ΔT = 450 K (marker “B”) the iridium shrinks thermally by
εA→B = 0.36%. As the graphene data points between A and B
fall on the shifted Ir curve, the relative change in lattice
parameter of the graphene and the iridium lattice are identical.
At marker B we find agr(960 K) = 2.452 Å as a global minimum.
Surprisingly, upon further cooling by ΔT = 250 K from marker
B to marker C, the graphene lattice parameter increases by a
value of Δagr = ∼0.002 Å while the Ir continues shrinking. This
small increase is nevertheless significant, since it occurs over a
comparatively small temperature range and the change of the Ir
lattice parameter is of the same order. After cooling to room
temperature (marker D) we find the graphene lattice parameter
to be unchanged with respect to marker C while the Ir has
shrunk by an additional ε = −0.25%.
If the sample is heated up again, the behavior of the graphene

is different from the behavior during cooling. Initially, while
heating from room temperature to marker “E” at T = 650 K, the
graphene lattice parameter closely follows the expansion of Ir.
Further annealing up to marker “F” at T = 1200 K finds the

graphene almost unchanged with agr(T650→1200 K) = 2.458 Å.
The slight buildup of compressive strain between E and F
should not be over interpreted, as slight systematic errors in the
temperature measurement would correspond to a shear
operation on Figure 2b and would as such change the small
negative slope of the curve between markers E and F. The
nature of the observed hysteresis effect, however, and the
enclosed area, are not affected. Finally, during annealing above
T = 1200 K, the graphene follows the iridium expansion again.
At some temperatures, the graphene lattice parameter simply

scales with the thermal expansion of the Ir and builds up or
relieves strain, while in the intermediate temperature range, we
find deviating behavior. Apparently, a strain relief mechanism
exists for the graphene that enables the graphene to relax some
of its compressive strain. Moreover, the behavior during cooling
is different from the behavior during heating. Such hysteresis
indicates the presence of an activated relief mechanism.
The known phenomenon of wrinkle formation23 in graphene

on metals is well suited to explain the observed behavior as
sketched in Figure 3. During cooling from marker A to marker
B the graphene film builds up a large amount of compressive
strain of ε = −0.36% that leaves the graphene in a metastable

Figure 2. (a) Separation of moire ́ spots as function of temperature during a cooling and heating cycle. The right abscissa gives the real space
periodicity of the moire ́ pattern. Spot profiles are shown as insets for 300 and 1232 K. (b) The graphene lattice parameter agr(T) clearly exhibits a
hysteresis during the cooling−heating cycle. The Ir lattice parameter is shown as green solid line. Dashed green lines are shifted Ir curves and serve as
reference for the temperature dependent behavior. The graphite lattice parameter is shown as a dotted gray line.
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state. At marker B, the strain energy has become large enough
to overcome the activation energy for wrinkle formation, and
accordingly, the graphene starts to locally relax by forming
wrinkles. The finding that the onset of wrinkle formation (B) is
approximately 450 K below A agrees well with earlier
observations, where wrinkling has been found after a cooldown
of 410 K ± 40 K, independent of the graphene growth
temperature.23 Between markers B and C, the graphene lattice
continues to relax into wrinkles, while it remains compressed
with a remaining compressive strain of ε = −0.3% compared to
the graphite lattice constant at the same temperature. Assuming
that the energy barrier for wrinkle formation is at least as high
as the difference in strain energy before and after wrinkle
formation, and using the model from ref 23 we arrive at a lower
limit for the energy barrier of E = 1 eV/nm. Considering the
predicted upper limit for the energy barrier of 2.8 eV/nm,23 this
is a good agreement. We can only speculate whether new
wrinkles are formed between markers B and C or whether the
strain relief is accomplished by the widening of existing
wrinkles. However, the strain needed to form the first wrinkles
at marker B is larger than the remaining strain at marker C,
which is a hint that indeed for our experiment with a cooling
rate of 1 K/min, existing wrinkles become larger. Additional
compressive strain induced by the shrinking Ir is immediately
relieved by forming or enlarging wrinkles, so that the overall
strain in the layer between markers C and D remains constant.
In such case not only the formation but also the widening of
wrinkles is linked to an activation barrier.
During the entire cooling cycle from marker A to marker D,

the Ir lattice parameter has changed by εIr = −0.88% while the
total change of agr is only εgr = −0.33%. The wrinkles
accommodate εwrinkle = 0.55% of the strain, that is, ∼2/3 of the
compressive strain are compensated by wrinkles, while ∼1/3 of
the compressive strain remains in the graphene layer.
During heating, the Ir expands and the remaining

compressive strain of the unwrinkled parts of the graphene
layer can be simply relieved when the graphene expands with
the Ir lattice. No bond breaking or gliding is required, and the
wrinkles stay intact. If instead the graphene lattice parameter
followed the Ir lattice parameter beyond marker E, the
graphene film would experience buildup of tensile stress. But
the graphene lattice parameter remains almost constant beyond
marker E, while the wrinkles are stretched out and disappear.
Only at temperatures above the one at marker F, after all
wrinkles have disappeared, the graphene film is stretched out by

the still expanding Ir lattice; with temperatures above the
graphene formation temperature the graphene layer is
increasingly under tensile stress.
The interplay of strain and wrinkle formation is also reflected

in the behavior of the full width at half-maximum (FWHM) of
the graphene diffraction spots during the cooling and heating
cycle. At high temperatures, when the film is homogeneously
strained, the FWHM is constant and resembles the
instrumental resolution. During cooling, at temperatures
below the one at marker E the FWHM increases due to the
incoherent superposition of LEED spots from areas with
different strain states, that is, areas close to and further away
from wrinkles.
Our data suggests that graphene domains on Ir somehow

behave like a (wet) tablecloth that is pinned to the edges of a
table. If the tablecloth is pushed in from the sides (by a
shrinking table) the cloth will glide, but it will build up strain
that is accommodated by compression of the meshes within the
fabric. At some point wrinkles will form to partly relax the
strain. In the case of the tablecloth there is none, or very little,
activation energy necessary to form such wrinkles, while in the
case of graphene domains on Ir the adhesion or breaking of
bonds between the graphene and the Ir substrate during
wrinkle formation requires significant thermal activation. Once
wrinkles exist, for both the tablecloth and the graphene, the
wrinkles simply keep growing during further compression. For
such strain relaxation mechanism to work, it is necessary for the
graphene to be able to glide over the surface at little, but finite,
energetic expense, which is possible due to the incommensur-
ability of graphene on Ir. If the wrinkled layer is stretched out
again, first the compressive stress in the flat areas is relieved due
to coherent expansion. In the case of graphene on the
expanding Ir lattice, this can even occur without gliding.
Ultimately, after the wrinkles have been stretched out, tensile
stress must form, just as there is no elastic relief mechanism for
tensile stress in a flat table cloth.
Not surprisingly, our observation of a hysteretic evolution of

the lattice parameter has not been observed in molecular
dynamics simulations for the same system39 without taking
wrinkling into account. The hysteretic behavior of the graphene
lattice parameter is thus intimately linked to the hysteresis in
wrinkling and thus free-standing graphene layers will neither
show wrinkling nor a hysteretic behavior.40 In accordance with
our previous elastic model,23 we expect the interplay between
strain and wrinkles for graphene on Ir(111) to be similar for

Figure 3. Sketch of the interplay of strain and wrinkle formation of single layer graphene on Ir(111) during a cycle of cooling and heating (blue line
and blue arrows). The gray arrows indicate the compression/expansion in the graphene as induced by the thermal expansion/compression of the Ir
substrate.
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graphene grown by CVD at high temperatures on any substrate.
During cooling, depending on the balance between binding to
the substrate, bending, and elasticity, the thermally induced
elastic strain will be partly accommodated by wrinkles, and
partly be left as strain within the graphene. The use of thin
epitaxial metal films on substrates with small thermal expansion
coefficients are thus expected to reduce thermally induced
strain and suppress wrinkling.12 Strong binding also diminishes
wrinkling and favors residual strain in graphene.
Since the wrinkle formation can be reversed by heating, we

conclude that after releasing a strained and wrinkled graphene
film from the substrate, both the compressive strain and the
wrinkles can be relieved without leaving stress-induced
morphological defects behind. This implies that as long as
graphene layers are not fixed to another support prior to
releasing the graphene off the substrate, it might be possible to
transfer a completely relaxed and wrinkle-free graphene layer to
a new support, even if the graphene is strained and wrinkled on
the substrate.
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