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Graphene is fabricated by thermal decomposition of silicon carbide (SiC) and Pb islands are

deposited by Pb flux in molecular beam epitaxy chamber. It is found that graphene domains and

SiC buffer layer coexist. Selective growth of Pb islands on SiC buffer layer rather than on graphene

domains is observed. It can be ascribed to the higher adsorption energy of Pb atoms on the 6
ffiffiffi

3
p

reconstruction of SiC. However, once Pb islands nucleate on graphene domains, they will grow

very large owing to the lower diffusion barrier of Pb atoms on graphene. The results are consistent

with first-principle calculations. Since Pb atoms on graphene are nearly free-standing, Pb islands

grow in even-number mode. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4908013]

INTRODUCTION

Graphene, a two-dimensional (2D) carbon-based material

with honeycomb lattice, has attracted great interests in recent

years because of excellent electronic and mechanical proper-

ties.1–6 Thermal decomposition of 6H-SiC in high-vacuum

environment is accepted as a simple method to fabricate

large-scale high-quality graphene.7–9 As reported previously,

SiC buffer layer exhibits the long-range order but disorder in

short range at the initial heating stage and the buffer layers act

as the template for graphene growth.10 Practically, ð6
ffiffiffi

3
p

�6
ffiffiffi

3
p
ÞR30� (6

ffiffiffi

3
p

) reconstruction of SiC and graphene

domains can exist at the same time under an appropriate ex-

perimental condition. This multi-domain configuration pro-

vides us a platform for studying the growing behavior and

thermal stability of foreign materials grown on. In fact, exten-

sive research works have been conducted to study the adsorp-

tion of exotic metal atoms and the growth of metal islands on

graphene.11–15 It was demonstrated in both experimental and

theoretical aspects that the growth behavior of islands on gra-

phene was significantly metal sensitive. For instances, Pb has

a weak interaction with graphene but Dy exhibits a strong

interaction.12 Thermal stability of Eu on graphene is much

different from those of Fe, Gd, and Dy though they all exhibit

apparent islands growth morphology.11 However, the compet-

itive adsorption of metal atoms and the island growth mor-

phology on graphene and SiC buffer layers (G/SiC) should be

another question. Though Co has been used to probe the dis-

tribution of graphene in the growing process, the mechanism

needs to be clarified.16,17

The growth of Pb islands in molecular beam epitaxy

(MBE) has been widely studied and “electronic growth”

mode is extensively evidenced.18–21 Pb islands usually ex-

hibit a bilayer-to-bilayer growth mode on semiconductor

substrates due to quantum size effect.18–24 It is recently

illustrated that Pb islands could be epitaxially grown on gra-

phene and the interaction between Pb and C atoms is

extremely weak.12,14,15 In this work, low-temperature scan-

ning tunneling microscopy (LT-STM) is adopted to study the

growing status of Pb islands on G/SiC substrates. It is found

that Pb atoms prefer to adsorb on SiC buffer layer rather

than on graphene domains, resulting in selective growth of

Pb islands. First-principle calculations are conducted to ana-

lyze the adsorption energy and diffusion barriers and to dis-

close the mechanism from thermodynamic and kinetic

aspects.

EXPERIMENTAL AND CALCULATION DETAILS

The experiment was performed in a commercial

USM1400 system (Unisoku) in which ultra-high vacuum

(UHV) MBE and in situ LT-STM are involved. Si-

terminated 6H-SiC(0001) wafers from Tanke Blue

Semiconductor Co. Ltd. were used.10,25 The G/SiC substrates

were obtained by thermal decomposition and Pb overlayers

were deposited by Pb flux both in MBE chamber at a base

pressure of 10�10 Torr. In order to remove impurities on sur-

face, SiC samples are usually degassed at 550 �C by direct

current heating for at least 8 h. G/SiC surface could be

obtained upon heating under Si flux at 1250 �C for 10 min. A

direct current of about 1.6 A was adopted to elevate the tem-

perature and was monitored by an optical pyrometer. Pb was

evaporated from a water-cooled Knudsen cell with a flux

rate of about 1 ML/min, while the G/SiC substrate was held

at 77 K. 0.5-min duration was used for low-coverage over-

layers, but 3-min duration for high-coverage overlayers.

Besides, room-temperature annealing was processed for an

hour before transferring the samples into STM chamber. All

the in situ STM images were acquired in the constant current

mode with a tunneling current of 100 pA at 77 K and electro-

chemically etched W tips were used. The STM images and

scanning tunneling spectroscopy (STS) curves were
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processed using WsXM software. Reflection high-energy

electron diffraction (RHEED) was conducted at a voltage of

15 kV and a filament current of 29 lA.

First-principles calculation based on density functional

theory (DFT) is performed in the VASP (Vienna Ab Initio
Simulation Package) code. The generalized gradient approxi-

mation with Perdew-Burke-Ernzerhof exchange-correlation

potential (GGA-PBE) is used with an energy cutoff of

500 eV. Pb on graphene and SiC are both modeled by a 4� 4

supercell with periodic boundary conditions. A vacuum

region 12 Å in thickness is added perpendicular to the sur-

face to avoid the interaction between the supercell and the

image. A k-point sampling of 9� 9� 1 Monkhorst–Pack

grids in the first Brillouin zone and a Gaussian smearing

with a width of s¼ 0.02 eV is used. All the atoms in the

supercells are fully relaxed until the forces on each atom are

smaller than 0.01 eV Å�1. The 4� 4 supercells of graphene

and SiC substrates are frozen in the calculations of adsorp-

tion energy and diffusion barriers.

RESULTS AND DISCUSSION

Fig. 1(a) displays a 200 nm� 200 nm STM image of

G/SiC sample in which several steps can be distinguished

according to the color contrast, and Fig. 1(c) shows a

150 nm� 150 nm STM image of the surface morphology af-

ter evaporation of Pb. It is evidenced that hexagon-shaped

Pb islands are densely distributed on the right side of the fig-

ure, but nearly nothing on the left side, with two domains di-

vided by a curved edge. Hence, it is supposed that Pb islands

exhibit selective growth on G/SiC surface. Figs. 1(b) and

1(d) display the RHEED patterns of Figs. 1(a) and 1(c),

respectively. Since graphene layers are too thin to be illus-

trated by RHEED, the 6� 6 diffraction circles in Fig. 1(b)

prove the existence of SiC 6
ffiffiffi

3
p

reconstruction. On the other

hand, bright spots in rows are evidenced in Fig. 1(d), indicat-

ing the formation of three-dimension (3D) islands.26

However, 6� 6 pattern characteristic of the buffer layer

surface cannot be identified in Fig. 1(d) since RHEED can

only measure the lattice structure in surface region several

atomic layers in depth and Pb islands covered on the buffer

layer might block the reflected electron beam. It should be

noted that RHEED patterns reflect only the morphology

change, but not the details of surface covering.

Fig. 2(a) shows another image of Pb islands distribution

on G/SiC substrates and Fig. 2(b) displays the 3D topogra-

phy accordingly. Since the deposition duration is short, Pb

islands are so small but the site selectivity is clearly evi-

denced. The highest terrace in Fig. 2(a) can be divided into

two regions highlighted by solid black lines and marked “G”

and “B” representing graphene domain and the buffer layer

of SiC surface reconstruction, respectively. Fig. 2(c) presents

the high-resolution STM image of the region marked by the

solid square in Fig. 2(a). A clear 6� 6 moir�e pattern due to

lattice misfit of graphene overlayer and SiC substrate10,25,27

can be observed at the bottom left corner and, a red rhombus

is used to denote a unit cell of the moir�e pattern. The SiC

6
ffiffiffi

3
p

reconstruction at the upper right part is also scanned.

Fig. 2(d) shows the atomically resolved image of the region

marked by a black square in Fig. 2(c), proving the single-

layer graphene lattice indicated by black hexagons. The

edges of the graphene domain are also confirmed to be along

armchair directions.25 Hence, it can be concluded that Pb

islands prefer to nucleate and grow on SiC buffer layer rather

than on graphene domains. What’s more, no wetting layer

exists on the substrate since a clearly resolved pattern is

observed in Fig. 2(c). Therefore, the influence of wetting

layer on the growth of Pb islands is ignorable.

The selective growth of Pb islands should be related to

the difference of adsorption energy on graphene and SiC

buffer layers. The adsorption energy Ea is indeed the

FIG. 1. (a) 200 nm� 200 nm STM image of G/SiC (at bias voltage of

Vs¼�3.5 V), (c) 150 nm� 150 nm STM image of Pb islands on G/SiC sub-

strate (Vs¼ 4 V), (b) and (d) the corresponding RHEED patterns of panel (a)

and panel (b), respectively.

FIG. 2. (a) 300 nm� 300 nm STM image of Pb islands on G/SiC substrate

(Vs¼ 5 V) in which the SiC buffer layer and graphene domains are marked

by “B” and “G,” respectively, (b) the corresponding 3D topography of panel

(a), (c) the enlarged 40 nm� 40 nm STM image of the regions marked by

yellow square in panel (a) (Vs¼�4 V), (d) the atomically resolved image of

the region indicated by black square in panel (c) (Vs¼�100 mV).
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difference between the energy of the relaxed adatom-

substrate system and the total energy of the isolated perfect

substrate and a Pb atom.13 Ea for Pb adsorbed on graphene is

small because of the weak Pb-C coupling, as often evidenced

in “drag-up phenomenon” by STM tip.14 Therefore, it is dif-

ficult for Pb islands to nucleate on graphene. On the contrast,

the SiC 6
ffiffiffi

3
p

reconstruction provides a better template for

the formation of Pb islands owing to the higher adsorption

energy and stronger binding. SiC 6
ffiffiffi

3
p

construction is framed

by silicon clusters and filled with amorphous carbon atoms,

and thus it is more complicated than graphene.2,10,28

Essentially, the adsorption capability of materials is associ-

ated with the dangling bond density.29 On the surface of SiC

6
ffiffiffi

3
p

construction, one Si atom on clusters can provide a dan-

gling bond, but there is no dangling bond on perfect gra-

phene surface. Hence, adsorption and nucleation of Pb

islands prefer to take place on silicon clusters, the same as

the growth of graphene.10 Moreover, Pb adatoms on gra-

phene domains will diffuse extraordinarily fast towards SiC

buffer layer regions because of the low diffusion barrier

(DE).13,15

First-principle calculation is conducted to have the

adsorption energy of Pb on graphene and SiC buffer layer.

Fig. 3(a) shows the top view of Pb-graphene system and red

rhombus represents a primitive unit cell of graphene in

which two carbon atoms are involved. The most stable

adsorption site on graphene is confirmed at the top of a car-

bon atom, labeled as site “T,” which is also in agreement

with reported results.13,15,30 The adsorption energy on this

site is 0.6048 eV. Because of the complexity of SiC 6
ffiffiffi

3
p

reconstruction,2,10 a periodic array of silicon clusters instead

of SiC 6
ffiffiffi

3
p

reconstruction is established to calculate the

adsorption energy of Pb on SiC buffer layer in our simula-

tion. Taking into account the centrosymmetry, 4� 4 super-

cell of 6H-SiC unit cell with three Si-C bilayers is used for

Pb-SiC system. Fig. 3(b) displays the top view of Pb adatoms

absorbed on SiC supercell. Green, yellow, and black dots

represent Pb, Si, and C atoms, respectively. A red rhombus

is used to indicate the unit cell of SiC, in which one Si atom

and one C atom are contained. The tops of C atoms are

demonstrated as the preferred adsorption sites for Pb ada-

toms. The adsorption energy is about 4.41 eV, seven times

larger than that on graphene. So, Pb islands should nucleate

preferably on SiC 6
ffiffiffi

3
p

reconstruction but not on graphene

domains, which is consistent with experimental results.

Fig. 4(a) displays another STM image of Pb islands on a

terrace. According to the above statement, the upper right

step with homogeneously distributed Pb islands should be

SiC buffer layer regions, while the other regions should be

FIG. 3. Top views of (a) Pb-graphene

system and (b) Pb-SiC system in which

only the first Si-C bilayer is contained.

They are both modeled by having one

Pb adatom in a 4� 4 parallelogram

supercell and with periodic boundary

conditions. Green, yellow, and black

dots represent for Pb, Si, and C atoms,

respectively. The unit cells of graphene

and SiC are both marked by red rhom-

buses. The diffusion barriers of (c) Pb

on graphene and (d) those along path

C-D and C-E-D on SiC buffer layers.

FIG. 4. (a) 490 nm� 180 nm STM image of Pb islands on G/SiC substrate

with low Pb coverage (Vs¼ 4 V), (b) 500 nm� 235 nm STM image of Pb

islands on G/SiC substrate with high Pb coverage (Vs¼ 1 V), (c) and (d)

unique morphologies made up of Pb islands, which are scanned at bias vol-

tages of 1 V and 5 V, respectively.
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covered with graphene. If the deposition duration of Pb flux

is elongated, the coverage of Pb will be increased. As shown

in Fig. 4(b), the selective growth of Pb islands is also evi-

dent. Accordingly, it is easy to distinguish the SiC buffer

layer and graphene domains and they are marked by “B” and

“G,” respectively, and separated by solid black lines. Some

sparse Pb islands appear on graphene domains, but they have

much larger size than those on SiC buffer layer. Generally,

there are atomic steps at the boundaries of graphene and

buffer layer. Hence, Pb islands are preferred to nucleate at

such defect locations and then grow larger and larger on gra-

phene surface because of the lower diffusion barrier, which

will be addressed in the following. So, larger Pb islands are

also observed near the boundaries. Some interesting patterns

composed of Pb islands are noticed, for instance, the Arabic

numbers “9” and “7,” as highlighted by solid black lines in

Figs. 4(c) and 4(d). It is suggested that special nano-

structures might be fabricated by patterning the SiC sub-

strates as well as the layout of the buffer layer.

Essentially, the island distribution and morphologies are

mainly controlled by the ratio of the adsorption energy to the

bulk cohesive energy (Ea/Ec). Pb islands rather than thin

films are preferential because of low Ea and high Ec on

G/SiC substrate.11,13,15 Diffusion barrier (DE) is also crucial

to the growth of islands, the lower the diffusion barrier is,

and the fast the atomic diffusion is.13,15 The diffusion barrier

is lower for Pb on graphene. As a result, the islands on gra-

phene are sparsely distributed larger ones in Fig. 4(b). The

growth of Pb islands is different from the formation of metal

nanoclusters at the specific sites of graphene moir�e patterns

because the interaction between Pb atoms is stronger than

that of Pb and C atoms.11,15

Then, diffusion barriers of Pb adatom on graphene and

SiC surfaces are also calculated by first-principle study. On

both graphene and SiC substrates, the diffusion paths are

from one stable adsorption position and end at another

nearest one. In Fig. 3(a), the olive straight line shows the

diffusion path of Pb adatoms on graphene, along which 16

positions are involved to calculate the system energy.

Fig. 3(c) shows the energy along the path. The maximum

energy value is near point “A,” and the energy barrier, DEG,

of about 0.01879 eV can be deduced accordingly. As shown

in Fig. 3(b), two diffusion paths are selected to calculate the

diffusion barrier of Pb adatom on SiC, DESiC. 13 points are

involved for the calculation of energy along the shorter path

CD. The red curve in Fig. 3(d) displays the results. The

peak energy value, i.e., the energy barrier is about

0.9543 eV. However, the energy barrier is considerably

lowered down to 0.5458 eV if the atom diffusion is along

the C-E-D path, as shown by olive curve in Fig. 3(d).

Hence, the diffusion barrier of Pb on SiC, DESiC, is

0.5458 eV, about 30 times higher than that of Pb on gra-

phene, DEG. The extremely small diffusion barrier of Pb on

graphene results in extraordinarily large islands, as

observed in experiments.

Fig. 5(a) displays a high-coverage Pb islands, and

Fig. 5(b) shows the height profile along the straight line

across islands A, B, and C in Fig. 5(a). Islands A, B, and a

part of island C are located on the same terrace M. Pb islands

are sparsely distributed on the terrace M. Hence, it should be

covered by graphene. On the contrary, the terrace U and D

are covered by reconstructed SiC buffer layer on which small

Pb islands are densely distributed. As shown in Fig. 5(b), the

height difference of the islands is clear. Two lines are plotted

parallel to the baseline in order to eliminate the influence of

the small angle relative to the X axis and to get the absolute

height difference. Then, the layer numbers of Pb islands are

calculated. As well known, the close-packed (111) planes in

face-centered-cubic metals usually have the lowest surface

energy and are consequently the preferred orientation in thin

films. (111) orientated Pb islands on graphene have been

commonly observed.12,14,31 Pb (111) planes have a plane

spacing of 0.286 nm, but a value of about 0.3 nm is always

used to estimate the layer numbers in experiments.14,31 In

the results presented in this paper, the single-layer thickness

of Pb islands is always in the range of 0.33 nm–0.36 nm,

about 15%–30% larger than the ideal value. However, the

errors are acceptable for rough estimation. The height differ-

ence between islands A and B is about 1.32 nm, 4 times the

thickness of monolayer Pb. The height difference between

island A and the baseline is about 2.15 nm, hence, islands A

and C include six layers of Pb but island B has ten layers.

Obviously, the islands growth exhibits the even-number

growth mode, which further confirms the validity of the

selected plane spacing. It is well known that the electronic

states of Pb islands are extremely sensitive to the parity of

layer number due to quantum confinement effect.24,32,33 In

experiments, if the Pb islands have the same parity of layer

numbers, the STS peaks will appear at almost the same bias

voltages. Accordingly, as indicated by nearly the same posi-

tions of STS peaks, the two Pb islands in Fig. 5(c) should

FIG. 5. (a) 300 nm� 140 nm STM image of Pb islands on G/SiC substrate

(Vs¼ 5 V). Three steps are marked by red “U,” “M,” and “D” for up, middle,

and down ones, respectively. A, B, and C are used to indicate three Pb

islands on one buffer layer step M, (b) the corresponding height profile along

the blue straight line in panel (a), and (c) the STS curves on islands A and B

in panel (a).
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display the similar quantum well states and have the same

parity in layer number. This even-number growth mode of

Pb islands or thin films is also evidenced on epitaxial graph-

ite.20,33 But it is different from that on Si(111) 7� 7 sub-

strate in which Friedel-typed oscillation with a small 2 ML

period and a big 9 ML period is usually observed.26 The dif-

ference may be due to distinctive adsorption energy of Pb on

graphene and Si(111) 7� 7 substrates. The interaction

between Pb atoms and graphene is weaker than that between

Pb atoms and Si(111) 7� 7 substrates because of few dan-

gling bonds on graphene surface. As a result, the charge

transfer between Pb atoms and graphene is reduced, Pb

islands on graphene are almost free standing and the sub-

strate effect is significantly weakened. Moreover, the stron-

ger Pb/Si interaction should change the surface energy and

lead to a larger phase shift of layer number.20,33 In such a

case, the even-number growth mode rather than the Friedel-

typed oscillation mode is preferred for Pb islands on gra-

phene, which is different from that on Si(111) 7� 7

substrates.

SUMMARY

In summary, the growth of Pb islands on G/SiC sub-

strates fabricated by thermal decomposition is carried out.

Both graphene domains and SiC buffer layer region exist.

Because of dangling bonds of Si clusters, Pb atoms have

higher absorption energy on SiC buffer layer than those on

graphene domains, and thus prefer to nucleate on SiC buffer

layer. However, once Pb islands are nucleated on graphene

domain by increasing sputtering time, the islands will grow

extraordinarily larger due to the low diffusion barrier. The

results are consistent with the first-principle calculation.

Moreover, Pb islands on graphene exhibit even-number

growth mode.
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