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M
uch effort has been recently de-
voted to growing large defect-free
graphene sheets.1 Obtaining

either single layers or bilayers of uniform
thickness is desirable formany purposes.2-4

Controlling the relative stacking of multi-
layer graphene is also important since stack-
ing alters electronic properties.5-8 One
route to making such films is growth on
metals.9-15 There is a reasonable under-
standing of how single-layer graphene
forms on metals.15-17 On transition metals
such as Ru and Ir, the first layer grows
by supersaturation of a carbon adatom
gas.18-20 This growth mechanism is inde-
pendent of the C source and depends only
on the adatom concentration. Islands typi-
cally nucleate at defects on the metal
surface.
Synthesizing uniform defect-free multi-

layers is more difficult, and the growth
mechanisms are understood less. Growing
multilayers requires a source of C at slightly
higher chemical potential (larger carbon
concentration) than does the first layer.11

Chemical vapor deposition (CVD) is the
most common growthmethod onmetals.15

However, the rate of hydrocarbon decom-
position in CVD slows greatly once the
catalytic metal is completely covered by a
single graphene layer.19 Achieving the C
adatom supersaturations needed to nucle-
ate and grow multilayers is then difficult. In
contrast, multilayers readily grow if C seg-
regates from the substrate11 or if elemental
C is directly deposited, as discussed here.
Since significant amounts of C can dissolve
into many metals at CVD temperatures,21

understanding segregation has long been
recognized as being important.11 In fact,
this bulk C can segregate and form multi-
layers during cooling after the CVD process
ends.16 Such segregation makes single-
layer synthesis difficult on metals like Ni22

in which C is highly soluble. Unwanted
multilayer growth by segregation can be
avoided using metals with very low C solu-
bility, such as Cu,23 and a vapor source of C.
However, graphene growth from segrega-
tion can occur even for metals with rela-
tively low bulk solubility, like Ir24 and Ru.25

This paper's goal is determining how
graphene sheets are added to a metal al-
ready covered by one layer. The first ques-
tion we address is whether additional layers
nucleate from above, as in Figure 1a, or from
below, as in Figure 1b. Naively one might
expect that C diffusion through the existing
graphene sheet is difficult, so that segrega-
tion would lead to growth from below.
Similarly, deposition from abovewould lead
to growth from above. Tontegode and co-
workers provided evidence from Auger
electron spectroscopy that a second layer
grows under first-layer graphene during
segregation on Re and during C deposition
on Ir(111).26,27 On the basis of scanning
tunneling microscopy (STM) images from
bilayers on Ru(0001), Cui, Fu and Bao
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ABSTRACT We elucidate how graphene bilayers form on Ir(111). Low-energy electron

diffraction (LEED) reveals that the two graphene layers are not always rotationally aligned.

Monitoring this misalignment during growth shows that second-layer islands nucleate between the

existing layer and the substrate. This mechanism occurs both when C segregates from the Ir and

when elemental C is deposited from above. Low-energy electron microscopy (LEEM) and angle-

resolved photoemission spectroscopy (ARPES) show that second-layer nucleation occurs preferen-

tially under the first-layer rotational variants that are more weakly bound to the substrate. New-

layer nucleation tends to occur inhomogeneously at substrate defects. Thus new-layer nucleation

should be rapid on substrates that weakly bind graphene, making growth unstable toward mound

formation initiated at substrate defects. In contrast, stronger binding permits layer-by-layer growth,

as for Ru(0001). ARPES shows that bilayer graphene has two slightly p-doped π-bands. The work

function of bilayer graphene is dominated by the orientation of the bottom layer.

KEYWORDS: bilayer graphene . Ir(111) . Ru(0001) . low-energy electron microscopy .
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proposed that growth by segregation occurred from
below.28 However, the generality of this mechanism
and its implications for the quality of graphene bilayers
are unclear.
We use low-energy electron microscopy (LEEM) to

observe bilayer growth on Ir(111). The system is apt for
studying bilayer formation because several rotational
domains of graphene that differ in in-plane orientation
can coexist.24 By monitoring rotational misalignments
between the first and second layers, we unambigu-
ously deduce that the second layer grows underneath
the first layer. This “underlayer”mechanism (Figure 1b)
occurs both when the C is coming from below by
segregation and from above by C deposition. These
observations suggest that multilayer growth observed
on Ni during CVD might also occur from below.22,29

Because adding new layers requires existing layers to
debond, different factors control the film quality com-
pared to conventional growth. For example, using
LEEM and angle-resolved photoemission spectroscopy
(ARPES), we find large spatial variations in second-layer
nucleation rates that are correlated with the energy
needed to debond the first layer. Nucleation is suffi-

ciently rapid at certain points on the surface that new
layers start before the existing layers are completed.
Thus, on metals that weakly bind graphene, growth is
unstable toward making mounds rather than uniform
multilayers. ARPES also shows that bilayer graphene
has two slightly p-doped π-bands. Finally, we discuss
how the relative orientations of graphene bilayers
influence work function.

RESULTS AND DISCUSSION

New Layers Grow Underneath Existing Layers during Surface
Segregation. Figure 2 shows LEEM images as graphene
grows on Ir(111) by surface segregation (see Methods
for experimental details). At 1130 �C, monolayer gra-
phene nucleates and grows to cover the surface
(Figure 2a). During subsequent cooling, a second
graphene layer nucleates (Figure 2b), as determined
from the LEEM intensity variation with electron energy
(see Figure S1 of the Supporting Information). Unlike
graphene grown on Ru(0001), many rotational variants
of single-layer graphene occur on Ir(111). Their growth
and structure have been characterized using LEEM,
low-energy electron diffraction (LEED), STM, and
ARPES.19,24,30 Figure 2a contains an example of two
rotational variants labeled as R0/Ir and R22/Ir, which
have different contrast in LEEM. In the R0 variant, the
graphene and Ir lattices are aligned; that is, the [1120]
direction of the single-layer graphene lies along the Ir
[110] direction. In R22, the graphene lattice is rotated
22� from the R0 orientation.

The domain structure in the first layer allows us to
discriminate between second-layer growth fromabove
or below. If the second layer grows underneath, the
domain structure of the first layer is preserved as it
debonds from the substrate to become the uppermost
layer (Figure 1b). However, the domain structure of the
top layer could differ from the first-formed layer if the
second layer nucleates on top (Figure 1a). Which layer
is uppermost can be determined by the relative in-
tensity of diffraction features. The differences in LEED
can be observed where second-layer islands grow
across rotational boundaries in the first layer. When
crossing these boundaries, we do not expect the top

Figure 2. Single- and bilayer graphene on Ir(111) grown from segregating carbon. (a) LEEM image of R0 and R22 domains of
single-layer graphene at 1130 �C. (b) After cooling to room temperature. The R22 region now has bilayer graphene islands
with two contrasts, as indicated by red and blue arrows. Field of view is 20 μm.

Figure 1. Two scenarios for growth of the second graphene
layer on metal substrates. (a) Second layer grows on top of
the first layer. (b) Second layer grows between the first layer
and the substrate.
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graphene sheet to rotate to match the new orientation
of the underlying sheet;such rotations require creat-
ing new high-energy defects in the growing graphene.
Indeed, Sutter and co-workers showed that graphene
sheets preserve their in-plane orientations when grow-
ing across boundaries between Ru grainswith different
in-plane orientation.31 In the following, we identify the
uppermost layer with diffraction and show that the
original domain structure is preserved in the top layer,
providing concrete evidence that the second layer
grows under the first.

Figure 2b shows that the second-layer islands
grown in the R22/Ir area during cooling to 1080 �C
have two different contrasts. These two domains are
outlined in yellow and green, respectively, in Figure 3a.
We next show that the bilayer contrasts correspond to
different orientations of the second layer, analogous to
the contrast between rotational variants of first-layer
graphene. In Figure 3b-f, selective-area LEED is used
to identify the orientation of the first and second
graphene layers.24 Blue and orange show the R0/Ir
and R22/Ir first-layer domains, respectively. The areas
inside the yellow and green lines in Figure 3a arewhere
the second layer formed. Figure 3b shows LEED from
the single-layer R22/Ir region. The first-order (0,1)
diffraction spots from the R22 graphene and the Ir

are circled in orange and red, respectively. Figure 3c
shows LEED from the bilayer region outlined in yellow
in Figure 3a at the same low electron energy (45 eV).
The R22 graphene (0,1) spots, circled orange in
Figure 3c, are stronger than those in Figure 3b. The Ir
(0,1) spots and the double-diffraction spots from the
graphene and Ir lattices have disappeared. At themuch
higher electron energy (205 eV) of Figure 3d, diffraction
from Ir (red circles) is much stronger, consistent with
the greater electron penetration and escape depths.32

At electron energies between 30 and 500 eV, all
observed diffraction spots are assignable to R22 gra-
phene on the Ir substrate. Thus, we identify the yellow-
circled region in Figure 3a as two stacked R22 layers,
which we denote as R22/R22/Ir. At this stage, because
the two layers have the same orientation, we cannot
tell by diffraction whether the second layer formed
under or on top of the initial R22 layer.

This is not the case for the bilayer regions outlined
in green in Figure 3a. This region's diffraction pattern at
45 eV (Figure 3e) has pronounced first-order spots from
R22 graphene, showing that the upper sheet has R22
orientation. Higher energy (Figure 3f) reveals diffrac-
tion from R0 graphene (blue circles) and the Ir (red
circles). The diffraction from R22 at low energy and
from R0 at high energy provides persuasive evidence

Figure 3. Underlayer growthmechanism during segregation. (a) Upper panel is a color-coded image of Figure 2b. The bilayer
graphene islands in the R22 domain are outlined. Lower panel is a cross section of the graphene topography along the black
dashed line. (b) LEED at 45 eV from the bright single-layer R22/Ir area in Figure 2b. (c,d) LEED at 45 and 205 eV from the bilayer
area outlined in yellow. Both graphene layers are rotated 22� relative to Ir, as shown in the cross section. (e,f) LEED at 45 and
205 eV from the bilayer area outlined in green. One graphene layer is rotated 22� relative to Ir; the other is aligned with Ir.
Diffraction at 45 eV is dominated by the 22�-rotated graphene, showing that the rotated layer is on the top.
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that R0 graphene is below the R22 graphene.33 Since
we know that the R22 layer formed first (Figure 2a), we
conclude that the second layer nucleated under the
first layer, giving a R22/R0/Ir stacking. The schematic
cross section in Figure 3a illustrates, along the dashed
line in the LEEM image, the topography and the two
types of second-layer islands that nucleated under the
original R22 sheet.

Additional details in the diffraction patterns are
consistent with our assignment of the layer stacking.
Figure 3e has pronounced sets of 6-fold spots around
the specular beam (center) and the (0,1) graphene
spots of R22/Ir. The orientation and spacing of these
“rosettes” are the same as observed in single-layer R0/Ir
(see Figure S1c in Supporting Information). They are
characteristic of the periodicity of the moir�e formed by
the R0 graphene lattice next to the Ir lattice.34 An
additional example of rosettes from a bilayer with R0
next to Ir is shown in Figure S2.35 Thus, all of the
diffraction features support the conclusion that gra-
phene with two orientations grew under a top sheet.

Second-Layer Growth Occurs Underneath Even during Deposi-
tion of Elemental Carbon. We now show that the second
layer grows underneath the first layer even when
depositing C from above. The evidence comes from
observing how second layers grow across rotational
boundaries in complete first-layer sheets. Figure 4a
shows the starting configuration after segregation has
stopped. The boundary between two types of first-
layer graphene, R0/Ir and R26/Ir, is highlighted by the
red dotted line. Some second-layer islands (bright
features) exist in the R26/Ir region. Figure 4b shows
the evolution after 44 min exposure to a source of
elemental carbon. As established by LEED, most of the
R26/Ir region is now covered by a second layer of R26
orientation, giving a local R26/R26/Ir stacking. After
deposition, the original R0/Ir region has a finger-
shaped lobe, which lies along the dashed line in
Figure 4b. Inspection of movie S1 (Supporting
Information) shows that the lobe formed when the
second layer filled the R26/Ir region and then grew
across the rotational boundary and into the R0/Ir
region.

The lobe is outlined in orange in the higher-resolu-
tion, room-temperature image of Figure 4c. Its second
layer should have R26 orientation since it must be an
extension of one layer of the R26/R26/Ir configuration
from which it grew. The LEED pattern of the lobe in
Figure 4d shows in three ways that the topmost layer is
R0 graphene and the bottom layer is R26 (i.e., R0/R26/
Ir). First, the most intense graphene spots are aligned
with Ir, as seen by comparing their orientation with the
red-circled Ir spots in Figure 3b. Second, the first-order
spots associated with R26 are barely visible. Third, the
presence of the double-diffraction spots from the R26
and Ir lattices shows that R26 is next to Ir.35 The
schematics under Figure 4a,b give the cross sections

along the black dashed lines, showing how the R26
layer grew under the first layer and across the R26/R0
rotational boundary.

Our interpretation of the diffraction is reinforced by
analyzing the area outlined in green in Figure 4c. This
region grew from one of the bright second-layer
islands under R26/Ir in Figure 4a. In contrast to the
strong R0 diffraction in Figure 4d, diffraction from this
region (Figure 4e) shows strong R26 graphene spots
surrounded by 6-fold rosettes. Again, the latter arise
from R0 next to Ir. Thus, the green-circled region has
R26/R0/Ir configuration, as shown in the cross section
of Figure 4c. This region grew slower than the adjacent
R26/R26/Ir region.36

These observations strongly suggest that the sec-
ond-layer graphene grows between the first graphene
layer and Ir (Figure 1b), independent of whether the C
is coming frombelow by segregation (Figure 3) or from
above by deposition (Figure 4), as suggested by Ton-
tegode et al.27 We next discuss the consequences of
this atypical mechanism.

Implications of the Underlayer Growth Mechanism. Since
film growth typically occurs by nucleation on top
(Figure 1a),37 the underlayer mechanism of graphene

Figure 4. Underlayer growth mechanism during C deposi-
tion. (a,b) Upper panels are LEEM images (9.7 μm� 19.5 μm)
before and after depositing elemental C at 790 �C. Red
dotted line is the boundary between R26 and R0 domains of
first-layer graphene. Bright areas are bilayer islands. Lower
panels show the cross sections along the black dashed lines
before and after growth. (c) Same area at room temperature
after growth. The bilayer region inside the orange line was
created by a second layer growing from the R26 region
across the rotational boundary and into the R0 region. The
area inside the green line is a bilayer domain that slowly
expanded from a bilayer island present in the R26 domain
before C deposition. Field of view = 20 μm. (d) LEED pattern
from the orange area showing that its topmost layer is R0
graphene. (e) LEED pattern from the green area showing
that its topmost layer is R26 graphene.
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growth has unusual features. Inserting a new layer next
to the substrate requires debonding the existing gra-
phene from the substrate. We see direct consequences
of this debonding and nucleation next to the substrate.
Using LEEM, we find that the nucleation density of
second-layer islands is not uniform over the surface.
Instead, it strongly depends on the alignment of the
first layer with respect to the Ir. Figure 2b provides an
example where no second-layer islands nucleated
under R0 during segregation. Instead, all of the nuclea-
tion occurred under rotated first-layer graphene (R22).
During C deposition, Figure S4 shows second-layer
nucleation under rotated R30 but not under R0 gra-
phene. Surveying several square millimeters of area in
different films confirms a strong preference for the
second layer to nucleate under rotated (non-R0) first-
layer domains. Furthermore, Figure 5 and its movie
version (movie S3, Supporting Information) show sec-
ond-layer nucleation during repeated cycles between
∼1080 �C, where second layer nucleates, and ∼1110
�C, where it dissolves. Two to three second-layer
islands nucleate under ∼120 μm2 of R30 graphene.
No islands nucleate under ∼200 μm2 of R0 graphene.
In addition, ARPES (see next section) shows two π-
bands for rotated variants but not for R0, consistent
with there being second-layer graphene under rotated
first layer but not under R0 first layer.

In principle, a number of factors could control how
new layers nucleate under existing layers, including
differences in C diffusion under different rotational
domains and, as discussed below, the domain size.
However, an ARPES/Raman spectroscopy study has
established that the R0 variant interacts more strongly
with the Ir than a rotated (R30) variant.30 Thus, we
suggest that the rarity of nucleation under R0 gra-
phene is a consequence of the relative difficulty of
debonding this orientation from the Ir.

In the underlayer mechanism, the substrate plays a
much larger role in new-layer nucleation than in con-
ventional film growth. Figure 5 andmovie S3 show that
second-layer islands nucleate at the same sites in the
interior of a single rotated R30/Ir domain. This prefer-
ence for nucleation within first-layer domains suggests
that new layers originate at defects on the Ir surface

rather than at domain boundaries or other defects in
the first graphene layer. The substrate's effect is also
seen in the orientation of the second layer. On the basis
of six different films each surveyed over millimeter
distances, we find that the second layer has only two
orientations;that of the substrate or that of the first
layer.38 (In contrast, the first layer has at least six
orientations.) While the second-layer orientation de-
pends on the orientations of both the substrate and
the first layer, the fact that it depends at all on the
substrate is a unique consequence of the underlayer
mechanism.

The substrate's influence is also seen in the shapes
of the second-layer islands. As Figures 2b and 4c show,
the islands are markedly elongated along the direction
of the Ir steps, which run roughly vertically in the
images. The same elongation along steps occurs in
the first-layer islands19 and is a natural result of the
second layer growing next to the substrate. While the
substrate steps dominate the shape of the second-
layer islands, the relative orientation of the two gra-
phene layers also has a subtle effect: second-layer
islands aligned with the Ir have higher aspect ratios,
while rotated islands have lower aspect ratios. Aligned
islands also grow slower than rotated islands. During
heating, rotated second-layer islands (such as R22/R22/
Ir) dissolve first. Thus, rotated (non-R0) bottom-layer
graphene islands are less stable than R0 (nonrotated)
islands.

We occasionally find second graphene layers under
R0 even though it is themost strongly bound variant.30

R0 is also the most abundant variant, and its domains
can be very large. In such domains, not all C atoms
segregating from Ir can diffuse far enough to reach the
more loosely bound rotated domains. Supporting In-
formation Figure S1 shows that the second and third
layers under R0 have R0/R0/Ir and R0/R0/R0/Ir stacking,
respectively. Again, the islands are elongated along the
Ir steps, growth shapes that result from the underlayer
mechanism. We note that second-layer islands on
Ru(0001) are also aligned preferentially along sub-
strates steps.16 In fact, Figure S5 and movie S4
(Supporting Information) show that Ru steps influence
second- and third-layer growth at least as much as the

Figure 5. LEEM images after cooling three sequential times from∼1100 �C. The second-layer islands, marked by red arrows,
nucleated at the same locations within an R30/Ir domain. No second layers formed in the surrounding R0/Ir domainwithin the
field of view (20 μm).
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first layer. These observations suggest that the same
underlayer mechanism (Figure 1b) occurs in the Ru
system as reported in ref 28. Indeed, we speculate that
growth from below is important for many metal
substrates.

Debonding driven by segregation is possible be-
cause the graphene-metal interaction is relatively
weak (typically less than ∼100 meV/C39) compared to
typical C segregation energies (a few tenths eV/C11 to
several eV/C20). However, our C deposition experi-
ments (Figure 4 and Figure S4) reveal that C atoms
on top of the graphene have a remarkable ability to
penetrate a complete single-layer film and ultimately
lead to debonding. Our observations do not provide
insight, however, into where the carbon atoms go
through the first layer to form the second layer. The
rotational boundaries and other defects of the first
layer might provide a pathway. We note that C ada-
toms bind almost as strongly to Ir and Ru as C is bound
in graphene.19 Since C adatoms on top of graphene are
weakly bound, there is a strong energetic driving force
for these C adatoms to go underneath, either into
3-fold hollow sites of these substrates or into their
bulk. Hence, a route to minimizing multilayer forma-
tion may be using substrates that weakly bind C
adatoms, like Cu.40 Removing the driving force for
adatoms to go to the substrate would slow permeation
even if the substrate weakly binds graphene. Perhaps
this is another reason besides low solubility23 that aids
single-layer formation on Cu.

We end this section by discussing how the under-
layer mechanism affects the uniformity of multilayers.
Again, the key point is that debonding is required to
nucleate new layers even at defects such as bunches of
substrate steps. The debonding energy then critically
controls the rate at which new layers nucleate. If the
energy is sufficiently low, new layers will repeatedly
nucleate at substrate defects before prior layers ex-
pand to give uniform coverage. Figure S1 shows an
example of third-layer formation under the most
strongly bound variant (R0) while the second layer
only covers a fraction of the surface. Thus, metals that
weakly bind graphene are unstable toward making
multilayer mounds, as shown in the schematic in
Figure 6a. Such mounds have been observed on Pt-
(111)41 and Pd(111).42 At the other extreme, in systems
with stronger graphene/substrate binding, the under-
layer mechanism enhances layer-by-layer growth
(Figure 6b). Ru(0001) may be an example, as reported
by Cui, FU and Bao.28 Figure S5 and its movie version
(movie S4) provide another example of layer-by-layer
growth on Ru(0001).

Electronic Properties of Bilayer Graphene. In this section,
we use ARPES to evaluate independently the unifor-
mity of second-layer nucleation and to characterize the
electronic band structures of two different stackings of
bilayer graphene on Ir. We examined a sample covered

by one complete graphene layer and roughly 20% of a
second layer. The ARPES data are presented in Figure 7
with dashed green lines indicating the graphene
bands; all other bands are from the substrate. Analysis
around the K point of R0 graphene (Figure 7a) revealed
only a single π-band, characteristic of single-layer
graphene on Ir.30 In contrast, Figures 7c,e show the
two π-bands characteristic of Bernal-stacked bilayer
graphene6,43 around the K points of R22 and R30
graphene. While ARPES is only able to ascertain the
presence of rotationally aligned bilayers, the ARPES
analysis is still consistent with the LEEM result that
second layer nucleates preferentially under the first-
layer sheets rotated from the R0 orientation.44 In both
types of bilayers, R22/R22/Ir and R30/R30/Ir, the π-
bands are perturbed relatively little from the bands
of free-standing graphene. This result shows that the
film/substrate bonding is relatively weak, as also found
for single-layer R30 graphene.30 Figures 7b,d,fmap out,
in two momentum directions, the constant-energy
contours at a binding energy -0.75 eV below Fermi
level. The two concentric, circular π-bands from the

Figure 6. (a) New-layer nucleation occurring repeatedly at a
defect (labeledby x) on ametal thatweakly binds graphene.
Faster nucleation relative to expansion of the older layers
leads to nonuniform coverage. (b) Layer-by-layer growth by
the underlayer mechanism on a substrate that strongly
binds graphene.

Figure 7. ARPES of a graphene film containing bilayer
regions on Ir(111). Top panels: R0/Ir. Middle panels: R22/
R22/Ir. Bottom panels: R30/R30/Ir. Left panels: Energy vs
momentum along the direction between the Γ point and
the K point of the specific graphene variant; the K point is
set as the origin. Right panels: Map of states around the
graphene K points at a binding energy -0.75 eV below the
Fermi level. The Dirac cones are marked with dashes lines.
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bilayers are again marked by dashed lines. From these
maps, we calculate that both types of bilayers are
slightly p-doped to a level of 1 � 1011/cm-2.30

We previously reported that the work function of
graphene-covered Ir(111) changes by a small amount
with graphene's in-plane orientation.30 Here we report
how the work function changes with a second gra-
phene layer andwith the relative orientation of the two
layers. We measure work function differences by mea-
suring the energy at which incident electrons begin to
be injected into the surface, using the criteria at which

90% of the electrons are reflected.45 Figure 8 shows
that the work functions R22/Ir and R14/Ir are roughly
0.05 eV lower than R0/Ir, similar to the work function
lowering of R30/Ir relative to R0/Ir.30 Thus, the rotated
variants consistently have a slightly lower work func-
tion than R0/Ir. Figure 8 also demonstrates how the
second layer modifies the work function. Figure 8a
shows that the work function of R22/R22/Ir is essen-
tially the same as that of R22/Ir. Similarly, Figure 8b
shows that the work function of R14/R14/Ir is essen-
tially the same as that of R14/Ir. In other words, the
work function does not change with the addition of a
second layer of the same orientation. Furthermore,
Figure 8a shows that R22/R0/Ir and R0/Ir have essen-
tially the same work functions despite the fact that the
R0/Ir and R22/Ir values differ. These observations show
that the work function is dominated by the orientation
of the graphene layer closest to the Ir. Figure 8b
supports this conclusion;R14/R0/Ir and R0/Ir have
the same work function. The dominance of the lowest
graphene layer is consistent with the interpretation
that the work functions of graphene-covered metals
arise from effective electric dipoles formed by charge
transfer between the substrate and graphene.46 That is,
the charge transfer occurs mainly between the metal
and the closest graphene layer.

CONCLUSION

We find that the second graphene layer on Ir(111)
nucleates and grows next to the substrate when C is
segregating from the substrate or when C is deposited
on top of the first graphene layer. This underlayer
growth mechanism has significant implications. For
example, the nucleation and growth of the second layer
strongly depends upon how difficult it is to debond the
first layer from the substrate. For a weakly bonded
system, such as graphene on Ir, achieving simple
layer-by-layer growth is difficult because new layers
nucleate before prior layers are completed. On metals
that strongly bind graphene, more uniform layer-by-
layer growth is possible, as on Ru(0001).28 Our observa-
tion that new layers formed by C deposition growunder
existing layers implies that carbon readily intercalates
between the first-layer graphene and Ir, even if the
defect densities of the graphene films are quite low.17

METHODS

Graphene growth was observed in real time by LEEM. For
growth by segregation, the Ir(111) crystal at ∼1150 �C was
loadedwith C by exposure to∼1� 10-8 Torr of ethylene. When
majority of the surface was covered by single-layer graphene,
the ethylene was evacuated and the Ir was cooled over about 1
min to 950-1080 �C. In this temperature range, segregating C
completed the first layer and second-layer growth began. C was
deposited from exposure to a graphite rod heated by an

electron beam. To separate effects of segregation and C deposi-
tion, the latter was performed only under the conditions where
the rate of segregation was negligible, as determined by
monitoring the graphene growth rate prior to C deposition.
For some cases, this was achieved by removing some C from the
crystal prior to growth using oxygen to burn off graphene.47,48

Film thickness (Figure S1b) and work function changes
(Figure 8) were measured from the intensity of local regions
in a series of LEEM images as a function of incident electron
energy. Imaging during growth was performed at electron

Figure 8. Effect of layer thickness and bilayer orientation on
work function of graphene-covered Ir(111). (a) Electron
reflectivity vs energy from R0 and R22 single layers and two
different bilayer orientations under a top R22 sheet. (b)
Electron reflectivity vs energy from R0 and R14 single layers
and two different bilayer orientations under a top R14
sheet. Insets show the work function difference between
the stacking sequence labeled x and single-layer R0. Bilayer
work functions are controlled by the orientation of the layer
adjacent to the substrate.
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energies that gave significant contrast between different layer
thicknesses (Figure S1a) and between different in-plane orien-
tations (Figure 2a). Selected-area LEED patterns were obtained
using apertures to limit the size of the electron beam on the
sample to ∼0.5 or ∼2 μm in diameter. The analyzed regions
consisted of a single film thickness and a single configuration of
in-plane orientation of the graphene layers.
The sample characterized by ARPESwas a complete first-layer

film containing about 20% coverage of second-layer islands,
which were about 20 μm in size. After growth and characteriza-
tion in the LEEM chamber, the sample was transferred in air to
the Electronic Structure Factory endstation on beamline 7.0.1 at
the Advanced Light Source6 and annealed at ∼500 �C in
ultrahigh vacuum to remove adsorbates from the air exposure.
The ARPES measurements were conducted with the sample at
∼50 K using 130 eV photonswith an overall energy resolution of
∼25 meV.
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