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Graphene intercalation is a novel way to control graphene’s band structure and generate two-dimensional
quantum materials with unusual spintronic and electronic properties. Despite its importance, information about
the intercalation mechanism is lacking, especially the role of low density domain boundaries between regions
of graphene of different thickness. With high resolution surface diffraction we have systematically studied Pb
intercalation on epi-graphene grown on SiC, with domain boundaries between buffer and single layer graphene.
By examining the evolution of different diffraction spots as a function of tempertature, the location of Pb and
stability of the intercalated phases underneath were determined.
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I. INTRODUCTION

As the first two-dimensional (2D) material with the unique
band structure of massless electrons and linear energy dis-
persion, graphene has gained much attention because of its
unusual electronic properties [1,2]. One of the most com-
monly used types of high-quality graphene that has large
domain sizes is epi-graphene grown on SiC. It has been ex-
tensively studied over the last 15 years. Recently there has
been a strong interest to use intercalation to modify graphene’s
properties by controlling the intercalated metal and the elec-
tronic interactions at the graphene-metal interface. Originally
intercalation was applied to produce free-standing graphene
and to tune the Fermi level position with the intercalated cov-
erage [3-7]. For graphene on reactive metals, intercalation is
a robust method to protect them by passivation under ambient
conditions [8], harsh gas environments, or high temperature
treatment [9].

Intercalated metals have become promising to modify
graphene and engineer a large band gap in graphene via
spin-orbit (SO) coupling to realize the quantum-spin-Hall-
effect state at higher temperatures [10,11]. Intercalating heavy
atoms like Pb with large SO coupling was used to modify the
energy spectra and density of states of graphene [on Ir(111)]
so it becomes equivalent to the energy levels of a 2D electron
gas in a constant magnetic field [12]. In Ca-intercalated bi-
layer graphene, 2D superconductivity was observed [13], thus
extending the range of electronic phenomena that can be tuned
by intercalation [14,15].

For the case of modifying graphene’s properties and
generating novel electronic phases, the intercalated metal
coverage and location are very important. For example, in
Ca-intercalated graphene the intercalated amount should be
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the coverage of a well-ordered v/3 x +/3R30° Ca superstruc-
ture, with Ca between the top two layers of bilayer graphene.
Pb intercalation was performed in a few cases for graphene
on metals (Gr/Ru [9,16,17], Gr/Pt [18], Gr/Ir [12]) and also
Gr1/SiC (graphene on SiC) [19]. The Gr/SiC system offers
more possibilities because different initial graphene thickness
can be selected, with a range of intercalated locations (i.e.,
between buffer layer and SiC, between the top graphene layer
and buffer layer, etc.).

The goal of the current paper is to provide more infor-
mation about the kinetics of intercalation by studying Pb on
Gr/SiC for different coverage 6, temperature 7, annealing time
t4 using spot profile analysis low energy electron diffraction
(SPA-LEED). SPA-LEED provides good statistics about the
intercalated structures forming in different regions while giv-
ing depth profile information [20]. A mixed initial surface is
chosen where there is a coexistence between the graphene
buffer layer (BL) and single layer graphene (SLG) domains,
of large lateral extent, with a very low density of domain
boundaries in between. The two regions have different heights
because SLG domains consist of a BL plus a top layer of
graphene; hence, domain boundaries between BL and SLG
domains are steplike. Such domain boundaries can occur at
flat or stepped regions on the SiC surface, with changes in
the local graphene bonding that can promote intercalation.
Because of the high Pb mobility, these boundaries are acces-
sible even at relatively low temperatures. The importance of
domain boundaries for graphene intercalation was shown in
Ref. [21].

On this mixed Gr/SiC substrate, Pb intercalation happens
at a relatively low temperature of ~200 °C. This is indicated
by the disappearance of the Pb diffraction spot when the
initial Pb islands (formed during deposition) breakup as the Pb
moves below the graphene layers. Besides the disappearence
of the Pb(10) spot, the other diffraction spots do not recover
to their initial intensities of the clean surface. If the Pb atoms
had not intercalated but instead simply dispersed to distances
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outside the coherence length (the distance probed coherently
by SPA-LEED), the LEED diffraction pattern would be iden-
tical to the one of the clean surface and the other spots would
have recovered to their initial values. As we will demon-
strate, details of the SPA-LEED diffraction pattern (intensity,
diffraction spot shape, etc.) allow us to measure where the
Pb is vertically and its lateral structure. For example, in the
previous literature [2] (based on video LEED) superstructure
spots commonly referred to as 6+/3 x 6+/3 spots, indicate
the presence of BL graphene on the SiC surface. The loca-
tion and amount of the intercalated metal can be deduced
from changes in the intensity of such spots with annealing
temperature.

The amount of a given graphene phase (i.e., whether BL
or SLG) on the surface can be controlled by the anneal-
ing temperature and/or time. The average domain size for
each phase can be determined from the intensity and shape
of the diffraction spots corresponding to the phase. When
different phases coexist with domain boundaries separating
them, graphene bonding at the domain boundaries differs from
the ideal sp®> bonding, and intercalation will be easier. The
deposited atoms can diffuse to the domain boundaries and
move below graphene. These insights can be used even to
induce the intercalation of slow diffusing atoms, by reducing
graphene domain sizes on the initial surface or by increasing
the annealing temperature after metal deposition. Manipulat-
ing the metal atoms’ access to domain boundaries can thus be
a general approach to intercalate any metal in controlled and
predictive ways.

II. EXPERIMENT

Experiments were carried out in ultra-high vacuum (UHV)
at a pressure ~5 x 107! Torr. The growth of high quality
graphene on 4-H SiC(0001) was carried out at high tem-
peratures to desorb Si, while C diffuses and forms large
uniform domains [22]. By annealing within 1200 °C-1400 °C,
graphene of different thickness can form, starting with the first
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layer of graphene above the SiC surface (the BL graphene)
and finishing with up to a trilayer graphene. In the current
experiments short 15-s flashes at 1200 °C were used to control
graphene thickness.

Pb was deposited using a flux rate of ~1/25 ML/min at
a low sample temperature of —180°C (liquid nitrogen LN,).
Data were taken for two different coverages; 5 ML and 10 ML.
The Pb films were annealed using e-beam heating. Temper-
ature was measured with a Re-W (3%—-25%) thermocouple
that was calibrated based on the well-known Pb/Si(111) phase
transitions [23]. A completely restored clean graphene surface
was obtained by heating to 925 °C for 5 min.

The LEED scattering process used in these experiments is
described elsewhere [20]. The diffracted intensity is propor-
tional to

2

Ik, k) = 'ZAne“""ﬁkrz(rn)) "

where (r,, z(r,)) is the position of the n atom and A, its
scattering factor. The momentum transfer k is k = k; — k;
where k; and Ky are the incident and scattered electron mo-
mentum. In this work, we are interested in the momentum
transfer parallel to the surface, kj.

The electron energy used for the LEED was chosen in the
majority of the experiments to be either 100 or 62 eV. The
100-eV energy is optimal to record a 2D pattern with all spots
present, while the 62-eV energy maximizes the sensitivity to
intercalated Pb between graphene layers.

III. RESULTS

Diffraction pattern of Gr/SiC after Pb deposition.
Figure 1(a) shows a schematic of the 2D Brillion zone (BZ)
of the graphene-SiC system and the location of diffraction
spots from SiC and graphene. The graphene hexagonal BZ
is rotated 30° relative to the SiC BZ. Superstructure spots
are also visible. The origin of these spots is complicated and
has been actively investigated over the years, defining the

Pb(10)

FIG. 1. (a) Schematic of the diffraction pattern of graphene grown on SiC(0001). Red spots are the (1 x 1) graphene spots, green spots are
the (1 x 1) SiC spots, and blue spots are the superstructure spots of the graphene-SiC system. The black square shows the experimental area
probed in (b) and (c). Black dashed lines show profile directions, “ab” for the one in Fig. 3(b), “cd” for the ones in Figs. 2 and Fig. 3(a) and
“ef” for the one in Fig. 5. (b) Experimental diffraction pattern from a surface with a mixture of buffer layer (BL) and single layer graphene
(SLG) (E = 100 eV). The 2D area of the BZ is centered around the graphene 5/13 superstructure spot triangle. The SiC crystallographic
directions are marked and the 5/13 and 8/13 spots are circled. (c) Diffraction pattern [same region as (b)] after a 10 ML Pb deposition at
—180°C. (E = 100 eV). A Pb(10) arc from an orientational distribution of Pb islands is visible. The center of the arc is on the [1100] direction
indicating that this is the preferred island orientation.
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nomenclature used by the community. They were assigned to a
63 x 63 superstructure of commensurate (13 x 13)
graphene supercell on SiC, which also consists of three 6 x
6 unit cells oriented along the SiC directions. Recently it was
shown that the superstructure spots are due to an incommen-
surate structure between the BL and the top SiC bilayer with
deviations of graphene bonding distances at the graphene-SiC
interface [24]. The six spots around the SiC and the graphene
fundamental spots are referred to as the 6 x 6 spots. In this
paper, we will use the commensurate notation because it is
simpler. Regardless of the exact model for the BL-SiC inter-
face, different spots are sensitive to different phases present
and more importantly to the Pb location after it intercalates.

The first layer grown on SiC, the BL, is measured by the
intensity of the superstructure spots [see Fig. 1(b)]. Similarly
the intensity of the Gr(10) spot is proportional to the area
of the graphene layer above the BL in the SLG area. Finally,
the intensity of the Pb(10) spot is proportional to the Pb
island coverage on top. The Pb(10) spot extinction is a sign
of Pb intercalation between graphene layers. Monitoring any
given spot after the Pb(10) spot becomes extinct, allows us
to determine the intercalated area that is proportional to that
spot’s intensity. For example the SiC(10) spot is sensitive to
the BL-SiC interface area. Note that the Pb islands have a
distribution of orientations relative to graphene. This is shown
in Fig. 1(c) where the Pb(10) spot appears as an arc. The
center of the arc is on the [1100] direction indicating that
this is the preferred island orientation, i.e., the Pb unit cell is
along the graphene unit cell. The analysis of all the diffraction
spots allows us to extract key parameters [integrated areas,
full width at half maximums (FWHMs), and functional forms
used to fit the profile] that are used to determine the real space
morphology and the area covered by the different graphene
layers.

Controlling the initial graphene G/SiC morphology. Vary-
ing one of the three control variables 6, T, t4 can change the
total amount of Pb intercalation, its location, and its ordering.
Figure 1(b) shows a 2D BZ area centered at the triangle
formed by the 5/13 spot and its neighboring 6 x 6 spots.
These spots will attenuate faster as the fractional area of the
exposed BL is reduced; when the graphene monolayer grows
above it to complete the SLG. This transformation occurs
when the sample is annealed at ~1300°C. The (00) spot
and the surrounding 6 x 6 spots are seen at the bottom left
in Fig. 1(b). When the graphene thickness is several layers
(after annealing to ~1400°C), the intensity of these spots
decreases more slowly, but eventually disappears for multi-
layer graphene. Fig. 1(c) shows the surface after Pb deposition
at —180°C. To follow the structure of the Pb intercalation,
we will concentrate on diffraction line profiles along certain
paths through the BZ. Schematics of these paths are shown in
Fig. 1(a), “ab” for the profile in Fig. 3(b), “cd” for the profiles
in Fig. 2 and Fig. 3(a) and “ef” for the profile in Fig. 5.

Figure 2 shows scans along the [1100] direction [the “cd”
from Fig. 1(a)]. The lower scan in Fig. 2 (black) corresponds
to the starting graphene SiC surface (prepared at 1200 °C).
The diffraction from the starting surface consists of a strong
superstructure 5/13 spot and a weak Gr(10) peak. The narrow
Gr(10) component in Fig. 2, indicates the formation of SLG
areas above the BL that have well-separated BL-SLG domain
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FIG. 2. SPA-LEED profiles along the [1100] direction through
the (00) rod and the Gr (10) spot (E = 194 eV). The intensity scale
is logarithmic and the top (green) curve is shifted upwards relative to
the bottom (black) curve. The shift is marked by the long horizontal
(green and black) bars that correspond to the same intensity of 600
counts. The lower (black) curve is from the initial surface grown at
1200 °C used in the current studies that consists of a mixture of BL
and SLG. The green scan corresponds to heating SiC to 1300 °C with
essentially a complete SLG forming covering the BL below. The scan
shows a strong Gr(10) peak, strong BSC background (shaded), and a
weak 5/13 spot measured from the green bar on the ordinate axis.

boundaries. When the BL surface is heated to 1300 °C, the
Gr(10) peak becomes more intense while the 5/13 spot drops
in intensity (see the top scan in Fig. 2 in green. The top curve
is shifted with respect to the bottom one as shown by the small
bars of the same intensity on the ordinate axis). Note that the
buffer layer spot 5/13 is still visible even though the BL is
completely covered by graphene. This is because at the higher
194-eV electron energy, electron attenuation is low that the
LEED still probes the burried BL-SiC interface (the effect is
well known from other graphene growth studies [2]).

In addition to the peaks, a very broad background la-
beled the broad bell-shaped component (BSC) forms around
both the (00) and Gr(10) spots (shaded curve in Fig. 2).
As noted the top profile was grown under conditions which
are consistent with a completed graphene film as determined
previously [2]. Furthermore, we find that as the pristine BL
surface is annealed, both the Gr(10) and the BSC components
grow proportionally. Therefore, the BSC is both an indicator
of the growth of SLG patches and a measure of the amount of
SLG present on the surface [25].

Figure 2 demonstrates not only how the SLG+BL mixture
can be tuned by the annealing temperature, but also how
analysis of the diffraction spot profiles gives quantitatively
information about the structure and relative mixture of BL
and SLG. At the lower 1200 °C temperature, the Gr(10) spot
is weak compared to the 1300 °C growth temperature. The
Gr(10) spot in the predominantily BL film has a FWHM that
is three times larger than the FWHM of the Gr(10) spot from
the essentially complete SLG film. Since the inverse of the
FWHM is a measure of the average domain size, the larger
FWHM of the predominantily BL film suggests that the SLG
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FIG. 3. SPA-LEED profiles through different regions of the BZ. (Electron energy is 62 eV.) (a) Profiles along the [1100] direction [scan
“cd” in Fig. 1(a)]. The scans are for (black) starting surface, (red) after 5-ML Pb deposition at —180 °C, and the ones in-between after annealing
to 50 °C (green), 100 °C (blue), 150 °C (pink), 200 °C (violet) for 30 s; the last one indicates extinction of the Pb(10) spot. The spot to the
left of the 8/13 is a 5 x 5 spot commonly present when BL graphene has formed. (b) Profiles along the [1210] direction [dashed “ab” line in
Fig. 1(a)]. (Black) starting surface, (red) after 5-ML Pb deposition at —180 °C, and (blue) after 10-ML Pb deposition at —180 °C.

graphene domains in the BL film are ~1/3 the size of the
SLG grown at 1300 °C. These smaller SLG patches are sur-
rounded by uncovered BL regions. All of the Pb intercalation
experiments in this work were carried out on the mostly
BL graphene surface (bottom profile in Fig. 2). The analysis
of how the profile fitting is used to determine the detailed
morphology of the initial surface depending on growth tem-
perature and time will be published in a future publication.
None of the conclusions presented in the current work are
affected.

Annealing, intercalation, and recovery of the spot intensity.
Figure 3 shows scans along the “ab” and “cd” dashed lines
[marked schematically in Fig. 1(a)] for different Pb deposi-
tions. After 5 ML of Pb is deposited at —180°C, a Pb(10)
spot forms as seen in Fig. 3(a). The center of the spot is along
the [1100] direction at 88% of the BZ [consistent with the
Pb(111) lattice constant of @ = 0.35 nm]. The Pb(10) intensity
is distributed along a broad arc perpendicular to the [1100]
direction [see Fig. 1(c)]. The arc’s intensity is maximal where
it crosses the [1100]. Intensity along the arc decreases from
its center and still has finite intensity as it crosses the [1210]
direction close to the SiC(10) spot. The presence of the arc
indicates a distribution in the island orientation at this low
temperature [26]. Despite the low intensity of the Pb(10) arc
near the SiC(10) spot, the arc’s proximity to the SiC(10)
rod is very fortunate. This effect allows us to simultaneously
monitor the relative Pb and SiC diffraction signal as a function
of surface annealing.

Two Pb coverages, 5 and 10 ML, were used in these
studies. As known from Refs. [27,28] the growth of Pb
(and practically all other metals on graphene) is 3D with
multiheight islands forming, even at —180 °C deposition tem-
perature. No Pb wetting layer has ever been observed between
the islands. Figure 3(b) shows a scan along [1210] after low
temperature Pb deposition. The (00) and 6 x 6 spots decay in
intensity, as the Pb surface layer in the form of Pb(111) islands
on top, attenuates the electron beam. An electron energy of
62 eV was used because it makes the diffraction intensity
more sensitive to Pb coverage. At the same time Fig. 3(a)

shows that the Gr(10) and 5/13 spots also decay in intensity
as the Pb islands attenuate the electron beam.

Figure 3(a) shows the evolution of profiles along the [1100]
direction (through the Pb(10) spot) with annealing: for the
initial clean surface (black), after 5 ML deposition at —180°C
(red) and after annealing to 50°C (green), 100°C (blue),
150°C (pink), 200 °C (violet) for 30 s intervals. After the
200°C annealing step, the strong Pb(10) peak in Fig. 3(a)
disappears as seen from the intensity drop by a factor of
~15 from its initial value. This signifies that Pb has ei-
ther intercalated under graphene; or that the Pb islands have
coarsened to large, well-separated islands. As we now show,
only intercalation explains all of the diffraction data.

Diffraction collects information about the surface within
the coherence length L of the instrument; for SPA-LEED,
L ~ 300 nm. Because of the high Pb mobility at 200 °C, if the
Pb islands have coarsen they will be separated by macroscopic
distances larger than L. Such large multiheight Pb islands
would be very few within the illuminated area and would
not contribute significantly to the Pb(10) diffracted intensity.
In other words, any contribution to the diffracted intensity
from these well separated islands that formed on top of the
graphene film would be negligible and incompatible with the
observed intensity drops of the (00), Gr(10), 5/13, etc., spots
and the absence of the Pb(10) spot. The LEED pattern would
look identical to the initial clean surface and all the other spots
[00, Gr(10), 5/13 etc.] would have returned to their initial
clean values, since all the Pb atoms on the surface would be
outside L. Pb atoms outside L essentially are not included in
the diffracted intensity and thus would not remove intensity
from any of the spots. On the contrary as Fig. 3(a) clearly
shows, the Gr(10), 5/13, and 8/13 spot intensities are lower
at 200 °C from their clean values. This implies that the Pb
must have intercalated below either the BL or under the SLG
areas. To determine the most stable location of the intercalated
Pb, we carried out additional annealing experiments to higher
temperatures.

Figure 4 shows the effects of annealing a 5-ML Pb film
on the (00) profiles along the [1210] direction. Annealing was
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FIG. 4. Profiles of the (00) spot as a function of annealing tem-
perature 100, 450 °C. Scans were taken at an electron energy of 62
eV, along [1210]. Black is the profile from the clean surface and gold
is the profile after the last 450 °C annealing. Red is the profile after
5-ML Pb deposition at —180 °C. Blue is the profile after the first
100 °C annealing. The gold is identical to the black profile showing
partial deintercalation and surface recovery back to its clean surface
(00) intensity. The dashed lines are the fits to the central part of the
profile fitted with Gaussian function used to monitor the Pb coverage.
The profile shapes are similar and the profile FWHMs are constant.

done in 30 s intervals for a series of temperatures between
100 °C and 450 °C. We point out that the effect of annealing
on all diffraction spots G(10), 6 x 6, etc., except SiC(10) is
the same as on the (00) spot discussed below. Because these
spots evolve in a very similar way with annealing, they are
not included in the main text but are shown in Supplemental
Material Figs. S1, S2, S3. The initial SPA-LEED profile from
the clean graphene surface is shown in black in Fig. 4. After
5 ML of Pb was deposited at —180 °C, the profile intensity
drops (red curve in Fig. 4). When the film is annealed at
100 °C, the intensity begins to increase (blue curve in Fig. 4).
When the annealing temperature is raised to 450 °C, the (00)
spot intensity recovers to the clean surface value (gold profile
in Fig. 4).

It is common in diffraction to think of the spot profile
as consisting of two components; a broad component that is
sensitive to short-range order and a narrow central component
sensitive to the surface long range order. (For graphene there
is also contribution from the BSC). In this experiment the
broad component would be a measure of Pb islanding and the
narrow component is sensitive to the total Pb coverage [20].
Since all Pb present is below the surface, the narrow central
component in Fig. 4 is therefore a good indicator of how much
Pb intercalates.

Figure 4 also shows the Gaussian fits to the central peak
of the profiles (dashed lines). The range to extract the central
Gaussians is chosen to be 20% of the BZ and the back-
ground intensity is negligible [29]. We point out that the
FWHM of the central peak is constant in these fits. In the

Supplemental Material a different fit is used for the cen-
tral part of the profile; a Lorentzian-3/2 function, shown in
Fig. S4. The integrated intensity of the central part of the pro-
files as a function of annealing temperature is shown in Fig. S5
for the Gaussian and Lorentzian-3/2 functions. The variation
with temperature is identical for the two fits confirming that
either function is a good representation of the temperature
variation of the central component in Fig. 4. This is simply
because the central peak intensity is two orders of magnitude
larger than the background [29].

The (00) spot intensity drops with the initial Pb deposition,
but with increasing annealing temperature the central peak
intensity grows. This trend is consistent with the assertion
that more of the graphene surface is uncovered as Pb inter-
calates below. Full intercalation is completed by annealing to
200°C as already discussed in connection to the extinction
of the Pb(10) spot in Fig. 3(a) and that none of other spots
have recovered to their initial clean surface values. Further
heating to 450°C fully recovers the (00) spot to its clean
surface intensity [and as discussed below of all other spots
except SiC(10)]. This indicates that Pb has deintercalated at
least from all areas not contributing to the SiC(10) spot. The
temperature evolution of the (00) rod is shown in Figs. 4
and S5.

The observation that the FWHMs (used to fit the central
part of the profiles in Fig. 4) are independent of annealing
is also consistent with the conclusion that the Pb in the sur-
face has first intercalated below graphene, followed by partial
deintercalation. The constant FWHM for profiles measured
at an out-of-phase condition gives information about how the
lateral arrangement of Pb below graphene is changing. If the
intercalated atoms below graphene are in a disordered phase,
they can lower the (00) central component intensity without
affecting the FWHM. The same behavior is known to occur in
diffraction profiles from a lattice gas, that only show decrease
in the peak intensity without spot FWHM change. Even if the
intercalated atoms form clusters the FWHMs must still remain
constant. No matter what layer the Pb are intercalated in, the
Pb atoms are at nearly the same height z(r,) above that layer.
This means that the phase term f,, = k,(z(r,)) in Eq. (1) for
the n'" intercalated atom at location r, varies only by a small
amount as a function of location. From textbook diffraction,
the diffraction profile broadens in k;; and the FWHM changes
only if there is a wide distribution in Pb atom heights z(r,)
[20]. For example, since metal islands at the top of the surface
have different height z(r,,) from the substrate atoms, they can
cause destructive interference and can change the measured
FWHM. The FWHM will then depend on island size. For
intercalated atoms in the smooth graphene film, the height
variations must be small. Therefore, even for clustered in-
tercalated atoms the FWHM of the profiles in Fig. 4 will be
unchanged during annealing.

No Pb disordered phase after annealing. From previous
studies of metal growth on graphene the growth mode for
all deposited metals was found to be 3D, because the metal-
graphene interaction is much weaker than the metal-metal
interaction [28]. This favors the deposited metal atoms to
join the nucleated islands instead of wetting graphene. After
Pb deposition at —180°C, Pb forms 3D islands and all the
deposited atoms join the nucleated islands because the Pb
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FIG. 5. (a) Profiles of the SiC(10) along [1210] electron energy 62 eV as a function of annealing temperature for 5 ML of Pb in the range
100 °C—-450 °C with initial surface (black), —180°C (red) and after annealing to 150 °C (blue) 200 °C (gold).The SiC(10) spot is weak at
62 eV, so a linear intensity scale is shown. The higher intensity to the left (red, blue) is from the lower edge of the Pb(10) arc crossing the
[1210] direction confirming Pb(10) extinction at 200 °C. After heating to the highest temperature 450 °C, the SiC(10) does not recover and is
at ~80% its initial intensity. Figure 5(b) SiC(10) spot after 5-ML deposition measured at higher electron energy 186 eV initial surface (black),
—180°C (red) and after annealing to 250 °C (blue), 450 °C (gold), showing that after annealing to 450 °C the intensity is also at ~80% its

initial intensity.

mobility is extremely high. No adatoms are seen between the
islands [27]. The diffusion barrier of Pb on graphene was
measured to be less than 0.035 eV. Based on this barrier and a
normal diffusion prefactor vy = 10'3s~! the island separation
at 200 °C is found to be 360 nm, which is comparable to the
SPA-LEED coherence length. This essentially implies that at
200 °C all the Pb atoms are in Pb crystalline islands with no
adatoms in the region between the islands.

The very high Pb diffusion length means that after an-
nealing there are only three possible outcomes: either the
Pb islands coarsen to larger sizes, Pb partially desorbs, or
Pb partially intercalates. The extinction of the Pb(10) spot
[discussed in Fig. 3(a)] cannot be attributed to Pb still being
on top of graphene in a disordered state (such as a lattice
gas). Any diffusing lattice gas Pb adatom will easily find the
islands already present on the surface, and thus will not be the
reason for the decrease of the Pb(10) intensity. The diffusion
distance a Pb adatom travels (within the coherence length
L? area), is found from the standard relationship R = 4Dt /2.
Using t = L?/F = 1.5 x 10™*s (the time between arrivals of
two consecutive Pb atoms in L? with F = 1/25 ML/min as
the flux rate) gives R = 300nm at LN, and R = 0.5 mm at
200 °C. Since R > L at 200 °C this again implies a deposited
adatom will join the Pb islands already on the surface. This
simple estimate shows that no Pb will be on top in a disordered
phase to cause the extinction of Pb(10). It follows that Pb
atoms still present (as deduced from the spot intensities being
below their clean surface intensities) must be below graphene.
Although these estimates were made during island growth, it
is also seen that annealing experiments will not generate Pb
adatoms on graphene coexisting with smaller Pb islands, since
any released Pb adatoms are very mobile, will join islands, and
give rise to island coarsening [28].

Previous Pb desorption studies on graphene on Ru(0001)
in Ref. [9] found that Pb desorption from multilayer Pb is-
lands occur at ~340 °C while Pb desorption from single layer
Pb islands on graphene occurs at ~580°C. In the current

experiment, the diffraction evidence indicates that the inter-
calated Pb begins to deintercalate and desorb after annealing
at 450°C. This puts the Pb desorption temperature in this
experiment within the range of island desorption temperatures
in Ref. [9].

Preferred Pb intercalation under BL in the SLG area. As
already discussed, the SiC(10) spot behaves differently from
the other diffraction spots. Figure 5(a) shows the profile of
the SiC(10) spot after 5-ML Pb deposition. The SiC(10) spot
is weaker at an electron energy of 62 eV compared to an
energy of 186 eV [Fig. 5(b)]. At 62 eV, the SiC(10) peak
intensity is 100 times lower than when using 186 eV. This
is due to the shorter elastic mean free path at 62 eV. Since
the SiC(10) spot originates from the buried SiC-BL interface,
a drop of its intensity from the clean surface value indicates
the presence of intercalated Pb. The advantage of using 62 eV
in this study is that it enhances the relative intensity of the
Pb (10) spot. The intensity from the Pb(10) arc (that crosses
the [1210] direction) in Fig. 5(a) is clearly visible close to
the SiC(10) spot. The Pb(10) arc measures Pb on top and
the SiC(10) spot measures the BL-SiC interface. The Pb(10)
arc intensity in Fig. 5(a) is no longer visible by annealing at
200 °C. The scans support that 200 °C is the temperature when
the Pb(10) arc becomes extinct, as already deduced from the
scan along [1100] in Fig. 3(a). The extinction of Pb(10) and
the SiC(10) intensity being below its clean surface value show
that intercalated Pb is present at the BL-SiC interface, the area
measured by the SiC(10) spot.

Figure 5(a) shows that after annealing at 450°C, the
SiC(10) spot intensity does not return to the clean surface
value. Instead it remains at ~80% of its initial clean sur-
face intensity. An even lower drop in the SiC(10) intensity
(60%) is seen after annealing a 10-ML Pb film at 450 °C. The
SiC(10) spot only recovers to its clean surface value after the
sample is annealed to at least 700 °C. Figure 5 clearly demon-
strates that Pb has intercalated below graphene, attenuating
the elastically diffracted electrons from the SiC. We can go
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on to show that, not only has the Pb intercalated, we can
identify the most stable intercalation location, i.e., the one
that is occupied after the annealing to 450 °C. To show this,
we look at how intercalation at the other possible locations
can be ruled out based on the intensities of the other spots
measured.

First we assume that Pb intercalates between the bare BL
and SiC. By bare BL, we mean areas of the BL not covered
by graphene. Previous intercalation studies have shown that
intercalants between BL and SiC cause the BL to convert
to graphene, which would increase the Gr(10) intensity [7].
Since the Gr(10) has the same intensity at 450 °C as for the
clean surface, we can eliminate Pb intercalation below bare
BL. In addition since the 6 x 6 superstructure is associated
mainly with the BL, intercalation below bare BL at 450 °C
would cause the 6 x 6 spots to decrease, which also is not
observed.

Suppose on the other hand, that the Pb intercalates between
the BL and graphene in the SLG area. In this case, the inten-
sity from the SLG is no longer that of pristine SLG. We can
think of the Pb atoms as “defects” below monolayer graphene,
which interrupt the long-range order in SLG. The intensity
in Eq. (1) over the SLG contains terms A,e*", but now it
includes different scattering factors Ac for C and Ap, for
Pb atoms. These Pb “defects” would decrease the diffracted
intensity of the Gr(10) spot, so it would not be the same as
the clean surface. Since the Gr(10) intensity after annealing
to 450 °C recovers to the clean surface level, we can rule
out intercalation between the graphene top layer and the BL.
The only intercalation location consistent with the diffraction
data is for the Pb to be intercalated under the BL covered by
graphene, as discussed in connection to the SiC(10) drop for
Fig. 5. This spot at 450 °C has intensity below its clean value
and only recovers at 700 °C. The difference from its initial
value is a measure of the intercalated amount under BL in the
SLG area.

It is surprising that the 6x6 intensity at 450 °C fully re-
covers since the 6x6 phase is removed in the SLG area
(although as noted this area is a smaller fraction than
the BL area and also its intensity is attenuated from the
graphene layer on top). Possibly this means that some
of the Pb intercalated regions might have 6x6 regions,
since this periodicity is close to the periodicity of a
5x5 Pb(111) supercell; or there are still very few bare
6x6 regions of large lateral extent that add to the 6x6
intensity significantly and account for the full recovery.

A concise way to follow the evolution of each spot is to
plot the integrated area I(s)/1(0) ratio and the FWHM as a
function of annealing temperature 7, with I(s) the intensity for
intercalated Pb coverage s, and /(0) the intensity of the spot
for the clean surface. An example is shown for the (00) spot
in Fig. S5 in the Supplemental Material. In such a plot the
difference of the spot intensity from the clean surface value
is a measure of the intercalated amount with annealing, for
temperatures above 200 °C.

The current experiment uses an intensity of different
diffraction spots to follow the location of the deposited Pb
with annealing temperature from the very first deposition well
below room temperature. Further annealing to 450 °C shows
Pb has deintercalated from all locations except under BL in

the SLG area, which eventually deintercalates at 700 °C .
Besides determining the most stable binding location of the
intercalated metal, the experiment also maps out the tem-
perature pathway for the metal to move to this most stable
location.

IV. DISCUSSION

Candidate intercalation mechanisms. As already dis-
cussed, the mechanism of graphene intercalation still poses
open questions. It is hard to imagine how the deposited
atoms on top can break graphene’s in-plane sp? bonds and
go through the graphene lattice. There is no complete and
definite study to identify a universal process that aids inter-
calation, partially because intercalation is mainly a kinetic
process determined by key controlling barriers. It is common
in density functional theory studies to assume the presence
of defects that facilitate the transfer of atoms from above to
below graphene [30]. However, the defect densities required
in those studies are much higher than real defect densities in
graphene; otherwise such high defect densities would break
long-range order and domain homogeneity. This would de-
grade the promising electronic properties of graphene. A large
number of defects can modify its electronic band structure,
even causing deviations from the linear energy dispersion and
lower electron mobilities. No such high defect densities are
seen experimentally. For example mesoscale defects of much
lower densities have been identified in some systems using
low energy electron microscopy (LEEM). In Gr/Ir(111), ther-
mal stresses related to lattice mismatch and strong graphene
substrate interaction, generate “wrinkles” for Cs atoms to
move below graphene [31].

Intercalation through domain boundaries. Domain bound-
aries play a general role in intercalation for many systems,
especially ones with high diffusion rates like Pb. They
have been shown to be important for Pb intercalation in
Gr/Ru(0001) [9]. For graphene grown on metals the initial
surface is not fully covered by graphene. Using LEEM, it
was shown that a 2D Pb wetting layer forms at the bare
Ru(0001) areas and Pb moves from the wetting layer, through
the edges of finite graphene domains, to intercalate graphene.
This mechanism is only possible for an inhomogeneous sys-
tem, with incomplete graphene domains coexisting with a
partially exposed metal substrate.

Graphene on SiC completely covers the SiC surface, in-
cluding growing over steps, so that there are no exposed bare
regions for a similar mechanism to operate. However, for a
mixed system, at the boundaries separating the two phases
(BL and SLG), the bonding at the boundary atoms involves
both normal and lateral atom displacements from the ideal
hexagonal unit cell positions, which on flat areas have perfect
sp? configuration. These weaken the lateral C bonds at domain
boundaries and can lower the barrier for the metal atoms on
top to go through and bond to sites below graphene.

An STM study of such a mixed surface at LN, temperatures
has shown preferred island adsorption on the BL [32]. The
preferred adsorption is due to the stronger Pb bonding on BL
and higher mobility on the SLG areas that facilitates transfer
of material from the top of SLG to the top of the BL area.
[Although Ref. [32] focuses on Pb adsorption on top and not
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FIG. 6. Schematic of the intercalation process on mixed surface with coexisting single layer graphene (SLG) and buffer layer (BL). The
step structure is based on the one deduced in Ref. [33]. It includes a flat area at the edges of the stepped region, with BL at the top and SLG at
the bottom region. Graphene at the stepped area is decoupled which allows the metal atoms to move below graphene. Black balls are C, yellow
balls are Si, and blue balls are Pb atoms. Pb deposition at LN, temperature (left). Transfer of the Pb at 200 °C below seen by the extinction of
the Pb (10) spot (middle). Deintercalation after the surface is heated above 200 °C with most of the Pb recovered at 450 °C, except the amount
below the BL in the SLG area; since recovery of the SiC(10) spot to its initial value requires higher ~700 °C annealing (right).

on intercalation below graphene, it is consistent with the larger
intensity drop of the 5/13 spot at —180 °C seen in Fig. 3(a),
and the smaller drop of the G(10). The 5/13 spot measures the
area covered by the BL and since the BL collects more Pb on
top, the intensity drops more than the drop of the G(10) spot
which measures the graphene area].

For a mixed BL and SLG system there are complex
boundaries separating the two phases, especially the ones that
involve SiC steps. Detailed information about such bound-
aries exists in the literature that can be used to understand
the intercalation process. A real step structure spontaneously
generated on Gr/SiC (or seen in facetted areas grown litho-
graphically) shows flat regions at the top and bottom edges
of the steps, while in the middle decoupled graphene grows
[33]. Such a structure is sketched in Fig. 6 with BL at the
top, decoupled graphene at the middle and SLG at the bot-
tom. Different height steps can be in the facetted region
corresponding to different high index SiC planes. Because
graphene domains in the stepped areas are decoupled, with
weaker bonds to the substrate, they are ideal locations for
metal atoms to move below graphene and initiate intercala-
tion. Also as shown recently graphene (both the BL and SLG)
is incommensurate with SiC, so there must be either dangling
bonds or rehybridized bonds where graphene terminates into
the SiC steps, which further weaken the bonding at the domain
boundaries [34]. These defects either reduce the strength of
the lateral C bonds or insert vacancies at the graphene-SiC
step domain boundaries. The graphene-step boundary will,
therefore, lower the diffusion barrier for metal atoms above
graphene to diffuse to bonding sites below the graphene film.
Pb has very high mobility and it can reach these stepped areas
(even when they are only a fraction of all domain boundaries
and are well separated). These areas can be the entry portals
for metal atoms to move below.

A different study has shown that 3D protrusions develop at
various stages of the SiC graphitization [35] as gradually the
6+/3 x 6+/3 areas convert to SLG. The top of the protrusions
is draped by SLG and the lower side by BL domains. The
edges of the protrusions expand laterally and the draped SLG
layer grows as the 6+/3 x 6+/3 to SLG transformation pro-
ceeds to eventually complete the full SLG. A small fraction of
such protrusions can still remain on the surface as metastable,
kinetically limited structures, after the transformation is com-
pleted. Because edges of such protrusions are different types
of domain boundaries between BL and SLG and have inter-

rupted sp? bonding, this is another avenue for the metal atoms
to diffuse through them and move below graphene.

Figure 6 shows schematically the outcome of intercalation
at domain boundaries between BL and SLG on stepped struc-
tures identified in Ref. [33]. Initially Pb is deposited on top
and nucleates islands mostly in the BL area (left). Intercala-
tion can proceed through the stepped areas because graphene
is weakly coupled in these regions and metal atoms can move
underneath graphene (middle). After annealing to 450 °C the
intercalated Pb atoms are bonded mostly under the BL in the
SLG area as discussed earlier (right). This is evidenced by
the larger drop of the SiC(10) intensity which persists above
450 °C; while the intensity of the other spots being monitored
[(00), Gr(10), 6x6] recovers to its initial level of pristine
surface. Since these other spots measure Pb bonding to other
layers above the buried SiC interface in the SLG area, i.e.,
between BL and graphene in the SLG area and above BL in
the bare buffer layer area, one deduces the only possible Pb
location above 450°C is below BL in the SLG area. If Pb
was intercalated in the bare BL area, it would have converted
the BL to SLG in this area, which would have increased the
Gr(10) spot intensity; this is not observed since the Gr(10)
does not grow larger than its initial value. The last region to
be recovered is the region at the BL-SiC interface in the SLG
area, as seen by the SiC(10) intensity recovering to its initial
level at higher temperature ~700 °C.

By selecting the initial substrate morphology to be a
mixture of BL and SLG with domain boundaries between
the two areas, Pb intercalation is possible at relatively low
temperature ~200 °C. The importance of domain boundaries
for intercalation, has been shown for hydrogen intercala-
tion/deintercalation of Gr/SiC with LEEM [21]. At least two
different types of domain boundaries are possible, either be-
tween graphene layers of different thickness or antiphase
boundaries within the same layer thickness, but of different
stacking (AB or AC in adjacent areas) In Ref. [21]. these
antiphase boundaries were imaged and real time movies dur-
ing deintercalation show the receeding hydrogen front below
graphene, as hydrogen resurfaces to the top and desorbs.
Antiphase boundaries are naturally present in graphene and
generate domain walls. The atoms within these walls are at the
same height and distort the sp* bonding less than the domain
boundaries between layers of different thickness, discussed in
the current work. Because of the larger sp? distortion, domain
boundaries between graphene of different thickness will be
easier entry portals for intercalation.
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In addition the importance of domain boundaries are seen
when the current experiments are compared to the Pb inter-
calation experiments of Ref. [19]. Intercalation in Ref. [19]
was carried out on a homogeneous SLG phase, corresponding
to the top profile in Fig. 2, which has much stronger Gr(10)
spot. Higher annealing temperatures were used in Ref. [19]
than in our work since the SLG phase has a much smaller
number of domain boundaries. Intercalation was attributed to
Pb diffusion through graphene covering SiC steps and transfer
of Pb below graphene. In addition in Ref. [19] local patches
of an ordered +/3 x /3 Pb structure were found with STM
for the intercalated Pb. There is no evidence of this /3 x /3
ordered phase in our experiments, either because the domains
are small to be seen by diffraction or because the starting
surface is different.

In the current studies on the mixed SLG and BL surface,
shown by the bottom profile in Fig. 2 the full recovery of
the diffraction spot intensity implies both deintercalation and
desorption at 700 °C, so the surface returns back to its ini-
tial state. The temperatures where we observe this recovery
are consistent with thermal programmed desorption of the
Pb-intercalated Gr/Ru(0001) surface. After Pb moves from
below to the top of graphene, its desorption temperature is
determined by its bonding to the graphene layer irrespectively
of whether the graphene is grown on SiC or Ru(0001), so a
similar desorption temperature is seen in the current studies
as in Ref. [9].

V. CONCLUSIONS

In this work, we have studied the intercalation of Pb at
the epitaxial graphene-SiC interface. The intercalation was
studied as a function of annealing temperature using SPA-
LEED. The experiments presented here are on a mixed BL
plus SLG film. From changes in both the intensity and shape
of a number of diffraction spots from graphene, SiC, and the
interface buffer layer-SiC, we deduce the location and stability

of the intercalated Pb. We show that Pb deposited on the
surface of this mixed film fully intercalates at 200 °C. Further
annealing of the intercalated Pb to 450 °C causes the Pb to
deintercalate from all locations except from under regions of
the BL that are covered with a SLG film. This implies that the
most stable intercalation location for Pb is between the BL and
SiC in the SLG areas. At 700 °C, all of the Pb deintercalates
and desorbs from the surface.

By comparing with the intercalation literature of the pure
SLG, we deduce that most likely intercalation in the mixed
system is through the domain boundaries, especially the ones
at SiC steps. These BL+SLG domain boundaries are easily
accessible because of the high Pb mobility. Because the BL
graphene is incommensurate with the SiC, the graphene sp”
bonding is highly distorted lowering the intercalation barrier
when compared to the barrier for the flat, undistorted sur-
face. The sp® bond distortion at these boundaries is much
more likely to allow Pb intercalation at higher rate, than at
antiphase boundaries known to be entry portals for hydro-
gen intercalation. Absence of domain boundaries in studies
of Pb intercalation on a uniform SLG layer requires higher
intercalation temperatures. The results presented in this work
provide a general method of intercalation for any metal on the
graphene-SiC system. The domain boundary density can be
adjusted by the annealing temperature and time used to grow
graphene, so the distance between domain boundaries is com-
parable to the diffusion length of any deposited metal. This
will allow the metal to easily reach the domain boundaries and
use them as facile entries for intercalation below graphene.
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