
www.afm-journal.de

2554

www.MaterialsViews.com

FE
A
TU

R
E 

A
R
TI

C
LE
  Erin V.   Iski  ,     Esmeralda N.   Yitamben  ,     Li   Gao  ,     and   Nathan P.   Guisinger   *   

Graphene at the Atomic-Scale: Synthesis, Characterization, 
and Modifi cation
 Graphene is nature’s ideal two-dimensional conductor and is comprised of 
a single sheet of hexagonally packed carbon atoms. Since the fi rst electrical 
measurements made on graphene, researchers have been trying to exploit 
the unique properties of this material for a variety of applications that span 
numerous scientifi c and engineering disciplines. In order to fully realize the 
potential of graphene, large scale synthesis of high quality graphene and the 
ability to control the electronic properties of this material on a nanometer 
length-scale are necessary and remain key challenges. This article will review 
the efforts at the Center for Nanoscale Materials that focus on the atomic-
scale characterization and modifi cation of graphene via scanning tunneling 
microscopy and its synthesis on various materials (SiC, Cu(111), Cu foil, etc.). 
These fundamental studies explore growth dynamics, fi lm quality, and the 
role of defects. The chemical modifi cation of graphene following exposure to 
atomic hydrogen will also be covered, while additional emphasis will be made 
on graphene’s unique structural properties. 
  1. Introduction 

 Since the fi rst experimental isolation of a single sheet less than 
a decade ago, [  1–3  ]  graphene has become one of the most studied 
systems in modern materials science as well as several other 
scientifi c disciplines. There are several physical and chemical 
properties that make this material extremely attractive and 
promising for a wide range of both fundamental and applied 
applications. It is a sheet of hexagonally packed carbon atoms 
that are sp 2  bonded, and this sheet is only one atom thick, as 
illustrated in the schematic of  Figure    1   a. Graphene is one of 
carbon’s many allotropes, like diamond etc. Bernal stacking of 
graphene results in a three-dimensional graphite crystal, while 
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rolling graphene into a cylinder gives the 
structure of a one-dimensional carbon 
nanotube. Graphene itself is an ideal 
two-dimensional material. As a relatively 
new material system, the initial efforts by 
numerous scientists have helped to over-
come many obstacles related to charac-
terization, synthesis, and processing while 
at the same time expanding graphene’s 
potential and introducing a new set of 
challenges.  

 The fi rst material challenge was iso-
lating a single sheet of graphene, which 
was accomplished through mechanical 
exfoliation from a graphite crystal. [  1–3  ]  
This simple technique has made the 
experimental investigation of graphene 
accessible to almost any interested 
research group regardless of scientifi c 
discipline or available resources. The only 
drawback is that mechanical exfoliation is 
not scalable beyond one small fl ake of graphene. However, sig-
nifi cant advances have been made in the scalable synthesis of 
large-area graphene sheets. The two main forms of large-scale 
synthesis involve the thermal decomposition of silicon carbide 
or CVD (chemical vapor deposition) growth, i.e., the thermal 
decomposition of hydrocarbons on transition metals, as illus-
trated in Figure  1 b. The synthesis and characterization of these 
two processes will be discussed in more detail in the next sec-
tion. The two-dimensional nature of graphene makes this 
material extremely compatible with existing planar processing 
techniques. One of the main challenges still remaining is the 
quality of the graphene that results from large-scale synthesis 
techniques. 

 Of its numerous exciting properties, the one material prop-
erty that stands out is graphene’s very unique band structure. 
It is a zero-gap material whose band structure is linear at low 
energies, resulting in massless carriers that behave relativisti-
cally and are defi ned by the Dirac equation. Combined with 
symmetry and scattering rules, the carriers (electrons and 
holes) have long coherence lengths that for practical applica-
tions result in extremely high mobilities. This article will not 
delve deep into the rich fundamental physics of graphene, 
which have been well described in several other reviews. [  4  ,  5  ]  
The zero-gap around the Dirac point makes it very easy to elec-
trostatically gate graphene and change the carriers from elec-
trons to holes. On the other hand, this same property makes 
it very diffi cult to turn transport off when trying to mimic a 
conventional switch or transistor. As a result, many efforts are 
underway to create a controlled bandgap in graphene, which 
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     Figure  1 .     Schematic illustration of graphene synthesis. a) Schematic model of graphene 
showing the hexagonal arrangement of a one atom thick sheet. b) Two different types of large 
scale synthesis. The schematic on the left represents the thermal decomposition of SiC when 
heated to 1250  ° C. The schematic on the right depicts CVD growth on heated transition metals 
(in this case copper).  
can be done through size confi nement (nanoribbons) or chem-
ical modifi cation. [  6–11  ]  The latter is hampered by the chemical 
inertness of the material. Graphene is very chemically robust 
allowing it to maintain its material integrity through conven-
tional planar processing. Graphene also has an extremely high 
coeffi cient of thermal conductivity, [  12  ,  13  ]  which can be extremely 
benefi cial due to the challenges of thermal management in 
conventional electronics. 

 The sheer range of material properties attributed to graphene 
has enabled graphene studies to extend beyond the potential 
advancement of conventional transport devices. Graphene is 
also biologically compatible and is being utilized as a cell sup-
port with several sensing applications. [  14–16  ]  A single sheet is 
over 90% transparent and several studies are utilizing graphene 
as an advanced transparent conductor. [  17  ,  18  ]  Others are utilizing 
graphene in fuel cells, [  19  ]  catalysis, [  20  ]  and lithium ion technolo-
gies. [  21  ]  As will be discussed later in the article, graphene is also 
an impenetrable membrane, even to atomic hydrogen, which 
introduces other potential applications such as corrosion resist-
ance. Suspended graphene is being explored as a mechanical 
resonator, [  22  ,  23  ]  as well as a membrane to encapsulate chemical 
reactions. [  24  ]  In almost all of these studies and applications, the 
one universal challenge is the ability to precisely engineer and 
control graphene’s unique material properties. 

 Scanning tunneling microscopy (STM) and spectroscopy 
(STS) have been invaluable tools for characterizing the struc-
tural, chemical, electrical, and even magnetic properties of 
graphene. [  25–28  ]  This article will review aspects of graphene syn-
thesis and modifi cation and our role in the characterization of 
graphene at the atomic-scale. The main synthesis focus will be 
on CVD growth on both single crystal Cu(111) and polycrystal-
line Cu foil. These studies helped to identify defects and domain 
boundaries and their role in signifi cantly reducing graphene’s 
electrical mobility. The growth of graphene on SiC(0001) was 
utilized as a template for hydrogen modifi cation and molecular 
self-assembly. The hydrogen saturation of graphene results in 
an altering of its electronic properties making it insulating by 
opening a bandgap. Furthermore, graphene is found to act as a 
shielding layer between physisorbed molecules and the under-
lying substrates. These topics will be discussed in detail in the 
following sections which review the STM efforts at the Center 
for Nanoscale Materials (CNM) to characterize the synthesis 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 2554–2564
and chemical modifi cation of graphene. All 
of these studies were performed with com-
mercial and homebuilt instruments that are 
within an ultrahigh vacuum environment 
and are part the CNM’s User Program.   

 2. Synthesis and Characterization 

  2.1. Epitaxial Growth on SiC(0001) 

 The fi rst studies of graphite formation on 
6H-SiC(0001) demonstrated that a carbon 
rich surface could be formed through the 
sublimation of Si by heating the C-face or 
Si-face in ultrahigh vacuum (UHV) at temperatures ranging 
from 1000 to 1500  ° C. [  29  ]  The resulting carbon layers have a 
graphene-like structure with sp 2  bonding, which is in align-
ment with the SiC substrate. [  29–40  ]  Importantly, the growth of 
graphene on the two different faces, C or Si, is substantially 
different in terms of the growth kinetics with the growth on 
the C-face occurring much faster than on the Si-face. [  29  ,  31  ,  33–35  ]  
Also, the graphene grown on the Si-face is epitaxial with a 30 °  
rotation of the carbon atomic lattice relative to the SiC lattice, 
while the fi lms on the C-face show a variety of phases with dif-
ferent orientations. [  29  ,  35  ]  Much of the experimental and theo-
retical studies have focused on the Si-face growth, due to the 
variety in orientations on the C-face, however, it also been 
shown that the quality of C-face graphene may be superior 
to that of Si-face graphene. [  41  ]  Conversely, multilayers fi lms 
with an azimuthal disorder between the different layers have 
also been observed when growing on the C-face. [  42  ,  43  ]  Overall, 
graphene grown on SiC by in situ heating consisted of small 
fl akes with an inhomogeneous graphene thickness. [  44  ]  Similar 
to some of the graphene growth on metal surfaces, it is pos-
sible to use an inductively heated furnace to grow graphene 
on SiC with different research groups using slightly different 
recipes. One group used isothermal conditions at 2000  ° C with 
an ambient argon pressure of 1 atm. [  45  ]  Another group used the 
same ambient gas, but went to 1650  ° C; [  46  ]  while, a third group 
used disilane as the ambient gas and went to a range of tem-
peratures from 800 to 1300  ° C. [  47  ]  

 There is some minor confusion and/or debate over the tran-
sition from the SiC surface reconstruction to a single sheet of 
graphene and on to thicker layers. When the SiC is heated in 
UHV the process begins with Si sublimating from the surface. 
Prior to graphitization, the surface undergoes several different 
surface reconstructions as a function of Si depletion, which has 
been well documented via STM studies. [  30  ,  45  ]  This depletion is 
not only from the fi rst layer but involves multiple layers. The 
fi nal reconstruction before graphene synthesis seems to be a 
(6√3  ×  6√3)R30 °  surface reconstruction, which is very compli-
cated because of its large unit cell and is comprised of multiple 
layers before reaching the bulk. The STM images of  Figure    2  a,b 
show the transition from the graphene “buffer” layer to the 
(6√3  ×  6√3)R30 °  SiC surface reconstruction. The “buffer” layer 
is the graphene sheet closest to the SiC substrate, as illus-
trated in Figure  2 c. Although it is structurally and chemically 
2555wileyonlinelibrary.comheim
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     Figure  2 .     Atomic-scale characterization of epitaxial graphene on 
SiC(0001). a) This STM image shows regions of exposed (6√3  ×  6√3)
R30 °  SiC surface reconstruction and epitaxial graphene labeled as the 
“buffer” layer. (Imaging conditions:  I   =  100 pA,  V   =  1.5 V). b) Atomic 
resolution image showing the transition from the graphene “buffer” layer 
to the SiC surface reconstruction. (Imaging conditions:  I   =  100 pA,  V   =  
0.5 V). c) Schematic illustration to clarify our nomenclature of a “buffer” 
layer of graphene vs. the (6√3  ×  6√3)R30 °  reconstruction.  
identical, we distinguish this layer from the thicker graphene 
layers, because this sheet is electronically different due to a 
strong interaction with the substrate. The confusion lies in 
the fact that some argue there is an invisible graphene sheet 
above the area we label as (6√3  ×  6√3)R30 ° , and they name this 
invisible region as the “buffer” layer. We do not dispute this 
interpretation, but it is not supported by the STM experiments. 
We can resolve the atoms within the (6√3  ×  6√3)R30 °  region 
and would easily resolve any additional atomic structure. Fur-
thermore, the area that we identify as the (6√3  ×  6√3)R30 °  SiC 
surface reconstruction is structurally, chemically, and electroni-
cally different from any of the graphene regions. Regions of 
the (6√3  ×  6√3)R30 °  reconstruction are much more reactive 
and will saturate with atomic hydrogen before any is detected 
on the graphene. As you will see at the end of the review, the 
ordering of physisorbed molecules is strongly affected by this 
region as well.    

 2.2. CVD on Transition Metals 

 The use of CVD achieved through the high temperature 
decomposition of various hydrocarbon sources to produce thin, 
graphitic layers on transition metal surfaces and metal carbides 
have been studied for over 40 years. [  46–48  ]  The CVD growth 
56 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
process involves the thermal decomposition of a hydrocarbon 
source on a heated substrate. Depending on the substrate, the 
process can be catalytically enhanced. In most cases, the carbon 
will diffuse/dissolve into the heated substrate according to 
the carbon solubility of the transition metal. As the substrate 
cools, the dissolved carbon will segregate to the surface to form 
sheets of graphene. For most transition metals, the ability to 
control the thickness of the graphene layers and the uniformity 
of the sheets are the main challenges to the formation of pris-
tine graphene. These techniques have been perfected over time 
as the early experiments resulted in thick graphitic crystals 
instead of the currently desired graphene fi lms. Improvements 
to the technique include using thin fi lms of transition metals 
on SiO 2 /Si substrates and subsequently growing the graphene 
in quartz tubes contained within high temperature furnaces 
under an argon atmosphere. [  49  ]  Importantly, this type of growth 
procedure allows fi ne control over the amount of graphene 
grown as it possible to subtly change the growth parameters, 
like temperature and the amount of reactive gases that are used 
as precursors and reactants in the deposition process. Further-
more, CVD growth of graphene has been extended to a variety 
of metals and has been thoroughly outlined in a recent and 
excellent review by Matthias Batzill. [  50  ]  

 One of the more relevant systems for graphene growth in 
the recent years has been on polycrystalline Cu foil and sub-
sequently on Cu single crystals. [  18  ,  51–60  ]  The growth mode of 
these systems is dictated by the low carbon solubility on Cu, 
which facilitates the formation of graphene platelets that ulti-
mately coalesce to form a complete fi lm and also leads to self-
limiting growth of a single monolayer. Polycrystalline Cu foil, 
an amenable substrate for industry and/or scale-up opportuni-
ties, was shown to be an excellent substrate for the CVD growth 
of graphene. [  51  ]  The authors were able to grow large-area gra-
phene fi lms on the order of centimeters on copper foil sub-
strates using the decomposition of methane. Throughout the 
recent literature, the quality of the fi lms on Cu foil has been 
verifi ed with continuous growth over Cu surface steps and 
grain boundaries and with the determination that the amount 
of multi-layer regions of graphene comprises a very small 
overall percentage. [  50  ,  61–70  ]  Importantly, the electronic struc-
ture of graphene on Cu closely resembles that of free standing 
graphene, furthering the exploration of graphene on this sub-
strate. [  50  ]  With that being said, it was also discovered that CVD-
grown graphene had a lower mobility, greater impurity doping, 
and higher asymmetry among electron and hole conduc-
tion. [  51  ,  53  ,  71–75  ]  Initially, it was postulated that possibly the low 
mobility was due to the etching or chemical contamination of 
graphene during the transfer process. [  49  ,  51  ,  71  ,  72  ,  76  ,  77  ]  

 The epitaxial growth of graphene on a Cu(111) single crystal 
was originally devised as a mechanism to further understand 
the reduction in mobility of charge carriers in graphene grown 
on Cu foil and as a fundamental study of graphene mor-
phology. [  54  ]  The graphene growth on the crystal was accom-
plished through thermal decomposition of ethylene in an 
ultrahigh vacuum system. Using STM and STS to characterize 
both the morphology and electrical properties, respectively, the 
authors were able to study how the nucleation of monolayer 
islands with two different domain orientations led to the for-
mation of numerous domain boundaries with increasing 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2554–2564
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     Figure  3 .     Series of STM topography and differential conductance ( dI/dV ) 
images of graphene islands grown on Cu(111). a) Large-scale topography 
image showing the graphene islands (0.35 ML) on the copper surface, 
demonstrating how the domains are spotted across the metal surface 
and are not part of one domain. b) Corresponding dI/dV map of the 
same area in (a) indicating the electrical contrast of the graphene islands 
relative to the copper and emphasizing the continuous growth over step 
edges. c) Zoomed-in topographic image from the white, dotted box in 
(a). d) A differential conductance image of the same area in (c) can be 
used to see the emerging Moiré pattern of those areas of copper which 
are covered with graphene. e) Small-scale STM image of the area from 
the white, dotted box in (c), where the inset shows the Moiré pattern of 
the graphene within that region. f) Simultaneously derived  dI/dV  image 
of the area in (e), clearly indicating the honeycomb structure of the gra-
phene Moiré and the extent of those regions. Depending on the rotation 
of the graphene lattice relative to the copper and the STM tip state, not 
all of the graphene regions reveal a strong Moiré pattern. (Imaging condi-
tions for all images:  I   =  6nA, and  V   =  –0.2 V).  
coverage, as shown in  Figure    3  . In many ways, the growth of 
graphene on Cu(111) resembles a patchwork-like growth with 
many islands covering the surface with different orientations. 
It is possible to use differential conductance maps to examine 
the electrical properties of the graphene ( Figure    4  ) and to see 
how the domain boundaries promote electron scattering and 
disrupt electrical continuity. [  54  ,  62  ]  As the electrical properties 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 2554–2564
of graphene are intimately connected with defects in the fi lm, 
like domain boundaries, this study was important in indicating 
a major challenge in using Cu to grow high quality graphene. 
Finally, it was one of the fi rst examples of graphene growth on 
a Cu single crystal. [  54  ,  78  ]    

 The STM studies of the graphene grown on Cu(111) 
prompted the fi rst STM investigation of graphene on Cu foil as 
the early papers did not include a surface characterization with 
the resolution of STM. [  55  ,  79  ]  One of the fascinating results from 
the STM studies of the graphene grown on polycrystalline Cu 
foil, beyond the resolution of the imaging itself, was the ability 
to probe the inert behavior of the graphene fi lm in regards to 
both oxidation and thermal treatments. [  55  ,  61  ]  The resolution 
of the imaging is facilitated by several large regions of single 
crystal domains. In  Figure    5  , it is evident how the areas of the 
sample which contain graphene remain impermeable to oxida-
tion, which is clear in the corresponding differential conduct-
ance map, in direct opposition to those areas which are bare 
Cu and have subsequently become completely oxidized. [  55  ]  Per-
forming XRD on the graphene areas showed that those areas 
were predominantly composed of the (100) facet, however, that 
is not a universal rule as both the (111) and (110) facets can also 
be formed in a majority on other samples. The rigidity of the 
sample extends beyond protection against oxidation. As shown 
in  Figure    6  , the graphene fi lm can withstand a thermal treat-
ment of 800  ° C for 30 min. In the STM image, it is clear that 
the copper oxide has been removed with the high temperature 
treatment and clean Cu steps have been regained. Addition-
ally, and most importantly, the graphene is maintained on the 
surface and is mostly unaltered with the possibility of some 
etching at the edges. These results emphatically reemphasize 
the special properties of graphene, especially its inert behavior 
and incredible stability, and how it could be used to protect 
metal surfaces from oxidation and degradation. [  61  ]    

 Very recently, the CVD growth of graphene on plasmonic 
surfaces has been extended to include growth on Au foils and 
Au single crystals. [  63–65  ]  The presence of graphene was verifi ed 
with Raman spectroscopy and the morphology was studied 
using SEM. Due to the similarities in the carbon solubility 
values between Cu and Au, 0.04% and 0.06% respectively, the 
authors hypothesized that the growth mechanism of graphene 
on the gold surface should be similar to copper, specifi cally that 
the mechanism is based on surface adsorption. In an effort 
to characterize the graphene on Au further, the graphene was 
transferred to insulating substrates to ultimately form fi eld 
effect transistors for potential device applications. 

 CVD graphene growth on a wide variety of other, transition 
metal surfaces has been investigated thoroughly by a large 
number of research groups. On Ru(0001), graphene grows 
epitaxially across the surface over large lateral distances. [  66  ]  
Furthermore, the layer, which is physisorbed to the underlying 
metal, is periodically rippled and shows inhomogeneities in 
charge distribution. Using both experimental and theoretical 
techniques, the presence of electron pockets at the peaks of 
the ripples was revealed; however, the exact origin of the cor-
rugation remains controversial. [  50  ]  Considerable work on both 
the nature of the electronic interaction between the Ru sub-
strate and the graphene and the quantifi cation of the unit cell 
and superstructure has been conducted, but the full details go 
2557wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  4 .     a) 3D rendering of an STM image focusing on a domain 
boundary in the graphene layer on Cu(111). b) Topographic STM image 
in which white dotted lines show both a Cu step edge and a domain 
boundary in the graphene fi lm. It is also possible to see the electron scat-
tering from the step edge in the image. c) Differential conductance image 
of the same area as (b), clearly indicating the electron scattering from the 
step edge and the domain boundary. These types of defects hinder the 
electrical properties of the epitaxial graphene grown on Cu(111).  

     Figure  5 .     A compilation of STM images indicating the inertness of the 
graphene relative to oxidation. a) 3D STM image showing the results of an 
oxygen treatment. It is clear that the graphene fi lm remains intact, while 
the area of bare metal becomes completely oxidized. b) Large-scale STM 
image focusing on the boundary between a graphene region and a cooper 
oxide region. c) The clear distinction between the two regions is empha-
sized in the  dI/dV  map of the same area, in which it is possible to see how 
the electronic behavior of the two areas differs due to their very different 
composition. d) Areas of clean graphene surrounded by large regions 
of oxidized copper can be observed in this topographic STM image. 
(e) Zoomed-in image of the area from the black box in (d) where it is 
possible to see the Moiré pattern of the graphene within that region. XRD 
studies indicate that this region is primarily composed of (100) facets. 
(Imaging conditions: (a-d):  I   =  100 pA,  V   =  –1 V, I:  I   =  500 pA, –0.5 V).  
beyond the scope of this review. The concept of a strongly cor-
rugated graphene sheet extends to graphene grown on Rh(111). 
The different adsorptions sites of the carbon within the Moiré 
pattern of the only domain that is formed, causes different 
bonding and leads to a rippled surface structure. [  67  ,  68  ]  Both 
theoretical and experimental evidence converge to agree on the 
existence of a buckled surface with the strongest adsorption 
occurring in the areas where the carbon atoms sit on the bridge 
sites of the underlying metallic layer. 

 In many ways similar to Ru, graphene growth on Ir(111) has 
been achieved via CVD growth, the structure of which exhibits 
a Moiré pattern due to the lattice mismatch between the Ir and 
graphene atomic distances. [  69  ,  80  ]  Drawing on the fact that carbon 
is known to have a low solubility in Ir, the graphene grows in 
a self-limiting fashion. Importantly, it has been observed that 
graphene can grow up to two layers on the Ir surface, which 
indicates that some bulk segregation may also be occurring. [  81  ]  
The epitaxial growth shows a preferred orientation with the 
atomic rows of the carbon aligning with the close-packed direc-
tions of the Ir atoms. [  70  ,  80  ,  82  ]  Unlike the Ru system, the Moiré 
structure on the Ir surface is less well-characterized with key 
surface studies not completed. Finally, like most graphene-
transition metal systems, the level of interaction between the 
graphene and the Ir falls into the physisorbed realm with only 
local charge accumulation occurring at certain points in the 
superstructure. [  83  ]  

 The weak interaction between the metal substrate and the 
graphene continues for the Pt(111) system, which leads to 
the formation of many rotational domains. The graphene can 
be formed in two ways either via bulk segregation or by CVD 
through the decomposition of hydrocarbons. According to both 
a theoretical model and experimental observations, the Moiré 
superstructures with a small mismatch are more energetically 
favorable and therefore occur with more frequency. [  84  ]  The situ-
ation for Pd(111) is unsurprisingly similar to that of Pt(111) 
with a weak interaction dominating and resulting in the crea-
tion of several rotational domains. There is some indication 
from STS studies that a 0.3 eV band gap may exist, [  85  ]  however, 
suggesting a strong hybridization, but further, global studies 
are needed to solidify this claim. 

 In contrast to some of the more recent studies of graphene 
on the plasmonic metals, graphene on Ni(111) has been studied 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verla
since the early days of graphite research. [  86  ]  The early growth 
mode for graphene on Ni was carbon segregation from the 
bulk. Initially, it was believed that graphene on Ni only formed 
translational domains and not any rotational domains due to 
the close atomic lattice match between the two surfaces. Impor-
tantly, these translational domains have been verifi ed with a 
variety of techniques including both DFT and STM. The STM 
studies showed how the non-equivalent atoms in the graphene 
g GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2554–2564



www.afm-journal.de
www.MaterialsViews.com

FEA
TU

R
E A

R
TIC

LE

     Figure  6 .     The continuous growth of graphene over atomic steps on Cu 
foil and the thermal stability of graphene is confi rmed with STM imaging 
and spectroscopy. a) Topographic image of the graphene on Cu foil after 
an anneal to 800  ° C for 30 min. The graphene clearly remains intact and 
continuous, while the heat has returned the copper to a metal state after 
removing the oxide layer. b) The maintenance of the graphene is veri-
fi ed with the differential conductance map, which is identical to graphene 
 dI/dV  signatures prior to the thermal treatment. (Imaging conditions:  I  
 =  100 pA,  V   =  –0.6 V).  
lattice appeared with a different contrast in the images. [  87–89  ]  
Recently, rotational graphene domains with Moiré patterns 
have been shown to exist under specifi c growth conditions. [  89  ,  90  ]  
In terms of the electronic interaction between the graphene 
fi lm and the Ni, ARPES studies indicate a strong interaction 
between the two. [  91–93  ]  Similarly, the story of graphene on 
Co(0001) closely resembles that of graphene on Ni(111) due to 
the fact that the lattice mismatch is only slightly larger in the 
case of Co. [  94  ]  STM images indicate that the graphene is com-
mensurate with the underlying Ni and that non-equivalent, 
adjacent, carbon atoms exist within the graphene fi lm. Finally, 
the electronic structure of the graphene on Co is quite analo-
gous to that of graphene on Ni. 

 A somewhat missing piece of the graphene growth picture 
exists in regards to the growth on metal carbides, which have 
not been thoroughly studied since the discovery of graphene in 
explicit terms. Graphitic layers are known to exist on the top 
layer of metal carbides residing in the early transition metal 
series in the periodic table. The growth of graphene achieved 
through the exposure of these surfaces to ethylene in UHV 
appeared to be more easily achieved on the (111) plane rather 
than the (001) plane of the respective surfaces. [  95–98  ]  A revival of 
metal carbide science may be on the horizon due to the expo-
nential growth of graphene research.    

 3. Processing and Modifi cation 

  3.1. Transferring CVD Graphene 

 Once a graphene fi lm is grown, it is sometimes necessary to 
transfer the graphene to an alternative substrate, such as an 
insulator which is required for most device applications, [  49  ]  and 
over time the process for graphene transfer has evolved sub-
stantially. Since the fi rst “scotch tape transfer” by Geim and 
Novoselov, which ultimately led to a Nobel Prize, the transfer 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2554–2564
of single layer graphene has been performed using mechanical 
exfoliation. [  1–3  ]  The chemical reduction of exfoliated graphite 
oxide layers was also used to produce reduced graphene oxide 
platelets, but the electrical properties of such fi lms were not 
suffi cient. [  99  ]  Additionally, graphite has been partially exfoliated 
and then dispersed in a solvent; however, this technique pro-
duces a low yield and discontinuous fi lms. [  17  ,  100  ]  More recently 
in the work by Ruoff et al. on the CVD growth of graphene on 
Cu foil, the transfer of the fi lm was accomplished through an 
etching process of the Cu foil and subsequent removal of the 
graphene fi lm by various means as explained in detail below. [  51  ]  
This method of graphene transfer has been perfected to result 
in the transfer of up to 30 inches of single layer graphene by a 
Korean team in 2010. [  72  ]  

 Mechanical exfoliation is a technique which consists of the 
micro-mechanical alleviation of graphite, whereby graphene 
layers are removed from a graphite crystal with decreasing 
thickness; however, the largest graphene sheets made from this 
technique have only been  ∼ 1 mm 2  in surface area. [  2  ,  3  ,  101  ]  For 
applications purposes, such as the use graphene as a replace-
ment for silicon in the current semiconductor industry, the 
large-scale transfer of graphene will be necessary. Although 
mechanical exfoliation is a relatively simple technique, it can be 
tedious and not very reliable as it yields randomly placed gra-
phene sheets. 

 In a recently devised technique, single sheets of graphene 
were transferred from Cu foil to different substrates, [  51  ,  72  ]  and 
later this process was extended to include graphene grown on 
other metallic foils. [  18  ,  47–49  ,  77  ,  102–104  ]  In this case, the graphene is 
typically grown by the CVD method described in the previous 
section, after which the sample is placed in a solution of FeNO 3  
that etches the Cu foil, leaving suspended graphene fl oating in 
the solution. The bare graphene fi lm can then be transferred 
onto any substrate of choice with some exceptions. This process 
will not work for hydrophobic materials and requires all mate-
rials to be water resistant as it is a solution based technique. If 
this is not the case, the graphene can be transferred to a sub-
strate using thermal release tape (Nitto Denko) which releases 
at temperatures between 90–120 ° C. [  105  ]  Recently, the thermal 
release tape was used to transfer 30 inches of graphene. [  72  ]  
In examining the qualities of the transferred graphene, the 
sheet resistance has been shown to be as low as  ∼ 125  Ω  with 
a 97.4% optical transmittance as well as a half-integer quantum 
hall effect, indicating the high quality of these fi lms. [  72  ]  When 
stacked together, these fi lms show superior qualities compared 
to current, commercial, transparent electrodes such as indium 
tin oxide. As such, these graphene fi lms show great prom-
ises for the transparent electronics fi eld with the hope of sup-
planting the current materials like indium and tin, which are 
becoming scarce. Although the etching and suspension tech-
nique has become quite reliable, it is not quite robust enough 
for the transfer of large-scale materials, where the thermal 
release tape has shown greater promise. [  72  ]  

 Rather than removing the bare graphene fi lm from the solu-
tion as described above, the graphene grown on the Cu foil 
can also be transferred using polydimethylsiloxane (PDMS) 
or polymethyl methalcrylate (PMMA) stamps to provide some 
fi lm rigidity to the graphene layer. [  18  ,  47  ,  51  ]  Unfortunately, this 
transfer-printing method caused the graphene to form cracks 
2559wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  7 .     Hydrogen passivation of graphene on SiC. a) STM image 
showing a clean graphene surface, which was epitaxially grown on 
4H:SiC(0001) (Imaging conditions:  I   =  0.1 nA, and  V   =  0.3 V). b) Sche-
matic model of the lowest energy hydrogen pair confi gurations. c) Image 
showing a graphene surface fully saturated with hydrogen at room tem-
perature (Imaging conditions:  I   =  0.1 nA, and  V   =  2 V). d) Topographic 
image showing a patterned area on the graphene. As the bias is increased 
to  + 4.5 V, the hydrogen easily desorbs from the surface in a controllable 
manner and leaves behind pristine graphene. It is also possible to pat-
tern the graphene via this controllable desorption mechanism: the image 
shows the logo of Argonne National Laboratory. The inset shows the pris-
tine graphene area, which is left behind after patterning. e) STS shows a 
characteristic dI/dV curve over clean, bilayer graphene (in red) with the 
Dirac point shifted from the Fermi level to a value of –260 meV, which is 
inherent to epitaxial graphene grown on SiC. This curve is overlaid with 
the  dI/dV  curve from a hydrogen passivated surface (black).  
during the transfer, due to the nature of the mechanical proper-
ties of the graphene itself. In 2009, Ruoff et al. devised a pro-
cess whereby once the PMMA/Gr sample is placed on a SiO 2 /
Si substrate, more PMMA is deposited and recurred. [  49  ]  The 
PMMA is then removed with acetone and the resulting fi lm is 
of high quality.   

 3.2. H-Passivation for Bandgap Engineering 

 One of the biggest obstacles for graphene in the quest to sup-
plant silicon in the multibillion dollar semiconductor industry 
is the fact that it is a gapless semiconductor, and thus, it cannot 
be directly used for digital electronics. As previously men-
tioned, various methods can be employed to open a band gap 
in graphene, including the quantum confi nement of charges 
in graphene nanoribbons (GNRs) or through the chemical 
modifi cation of graphene by either passivating it with atomic 
hydrogen or through solution chemistry. Hydrogen passivation 
of graphene affects the electronic properties of the fi lm by con-
verting it to a two-dimensional insulating material. Atomic 
hydrogen binds to the graphene, saturates the sp 2  bonds and 
converts them into sp 3  bonds which removes the conducting 
 π -bands and opens an energy gap, subsequently leading to an 
insulating material known as graphane. [  106–108  ]  

 In the case of hydrogen passivation, the graphene is grown 
on the Si face of a SiC(0001) sample after a cycle of high tem-
perature fl ashes at 1250  ° C as shown in  Figure    7  a. Once the 
graphene fi lm is grown, the sample is annealed and exposed 
to a source of molecular hydrogen, which is cracked in a hot 
tungsten tube within a commercial, atomic hydrogen source. 
Hydrogen adsorption on epitaxial graphene leads to H-pair 
formation, which can have two confi gurations as schematically 
outlined in Figure  7 b. Exposure to atomic hydrogen completely 
saturates the graphene surface (Figure  7 b), however, hydrogen 
does not diffuse through the graphene monolayer or its edges, 
since the graphene is believed to be chemically bound to the 
SiC(0001)-(6√3  ×  6√3)R30 ° . [  109  ,  110  ]  The passivation is also tem-
perature dependent in the sense that below 400  ° C passivation 
is observed, while above that temperature the hydrogen ther-
mally desorbs. Furthermore, we have been able to use hydrogen 
passivation for nano-patterning the graphene grown on SiC, as 
well as for modifying the electronic properties and morphology 
using STM (Figure  7 c–e). [  111  ]  The patterning process consists of 
“writing lines” on the surface via electron stimulated desorption. 
This is achieved by increasing the applied bias at a constant tip 
current; biases above  + 3.75 V desorb the hydrogen on the sur-
face leaving pristine graphene areas, which recover their native 
electronic properties depending on the size of the pattern. In 
that same experiment, STS was used to study the local density of 
states of bilayer graphene grown on SiC which showed a dip in 
the spectra at –260 meV, as observed in Figure  7 e. This observed 
dip is that of the shifted Dirac point relative to the Fermi level, 
which arises due to the graphene’s interaction with the under-
lying surface states of the SiC. [  111  ,  112  ]  The  dI/dV  measurement 
taken over the hydrogen-saturated surface shows a featureless 
spectrum with no sharp increases in the LDOS followed by a dip 
around the Dirac point, which indicates that hydrogen passiva-
tion does indeed affect the electronic structure of the graphene.  
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
 In addition to graphene grown on SiC, it is also possible to 
hydrogen passivate graphene grown on Cu foil, which is shown 
in  Figure    8  . The hydrogen does not adsorb on the bare Cu foil, 
most likely due to the presence of oxides on the exposed Cu 
area; however, the hydrogen does absorb on the areas of the 
surface covered with graphene (Figure  8 a left). Once the gra-
phene region is saturated with hydrogen, patterning could 
follow just as in the case of graphene on SiC (Figure  8 a right). 
Importantly, each region of the surface (Cu foil, H on graphene 
on Cu, patterned graphene) has a clear signature in the  dI/dV  
conductance map as indicated in Figure  8 b.    
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2554–2564
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     Figure  8 .     It is possible to hydrogen passivate graphene grown on Cu 
foil and to subsequently pattern it. a) STM image showing bare Cu foil 
(left) with an area of graphene that was hydrogen passivated (right) and 
subsequently patterned. b) Conductance map showing the same area as 
it appears with spectroscopy, where you can clearly see the difference in 
the local density of states between the two regions.  
 3.3. Molecular Self-Assembly on Graphene 

 In addition to the atomic passivation of surfaces, many surface 
studies are concentrated on the ability to decouple molecules 
from metallic substrates in an effort to isolate the molecule 
rather than probing a molecule-metal hybridized state. Recently 
Repp et al. used an insulating NaCl fi lm to successfully decouple 
molecules from a metallic substrate, while still allowing a meas-
urable tunneling current to pass through. [  113  ]  This molecular 
isolation ensured that the molecular orbitals of the pentacene 
molecules could be directly imaged and also allowed for bond 
information and geometry. [  113–115  ]  Graphene, a gapless material, 
also enables the study of non-hybridized molecules irrespective 
of the underlying substrate as it will essentially decouple the 
molecules, in a similar manner to the NaCl insulating layer. 
One of the fi rst examples of molecular adsorption on graphene 
was the study of perylene-3,4,9,10-tetracarboxylic dianhydride 
(PTCDA) molecules which demonstrated the robust function-
alization of graphene at room temperature. [  116–118  ]  Further 
molecular studies used graphene as a template for the study of 
Kagomé lattices with magnetic molecules. [  119  ]  

 Recently, two studies of C 60  molecules on graphene on 
Ru(0001) [  120  ]  and on SiC(0001) [  121  ]  were conducted in order to 
© 2013 WILEY-VCH Verlag Gm

     Figure  9 .     Molecular adsorption on graphene. a) STM image of C 60  on graphe
of the initial stages of growth of C 60  molecules adsorbed on a submonolaye
morphologies: single and bilayer graphene and C 60  on graphene. c) Image of
d) Representative  dI/dV  curve measured at 45 K on top of C 60  molecules a
180 individual spectra including forward and backward sweeps. The energ
tions for all images:  I   =  1.5 nA, and  V   =  1.7 V).  

Adv. Funct. Mater. 2013, 23, 2554–2564
examine the molecule-surface interaction in graphene-based, 
organic photovoltaics. In the case of C 60  on graphene/Ru(0001), 
the C 60  molecules pack in a commensurate manner to form a 
supramolecular structure with a perfect and continuous perio-
dicity with few defects. Even though it is reported that graphene 
decouples the C 60  molecules from the underlying Ru, no study 
of the molecular orbitals or energetics were conducted. [  120  ]  

 For the case of C 60  on graphene/SiC(0001), the technological 
avenues are endless as the use of the underlying SiC makes the 
system readily available and transferrable to the current semi-
conductor industry. In this case, as in the case of C 60 /graphene/
Ru(0001), we found that the C 60  molecules form a well-ordered, 
hexagonal, close-packed arrangement on the graphene surface 
as seen in  Figure    9  a–c, but they have no epitaxial relation-
ship to the underlying substrate’s orientation. [  121  ]  On the SiC 
reconstruction, the C 60  molecules form superlattice patterns 
which are disordered in comparison to those on the graphene 
(Figure  9 b,c). As was suggested by previous studies, the gra-
phene essentially decouples the molecules from the surface, 
leading to a large HOMO-LUMO gap of 3.5 eV, which is shown 
in Figure  9 d. This is the largest gap reported for C 60  adsorbed to 
a substrate [  122–125  ]  and shows that graphene suffi ciently shielded 
the C 60  molecules from the substrate ensuring that there was 
very little charge transfer or any substrate-induced screening.     

 4. Conclusions 

 The focus of this article was to review some of the key advances 
in graphene synthesis, characterization, processing, and modi-
fi cation, while highlighting the role of the STM and its impact 
on each of these areas. However, specifi c attention was given to 
the various methods of large-scale synthesis, and the atomic-
scale studies of graphene growth on single crystal Cu(111) 
and polycrystalline Cu foil. Processing and modifi cation were 
discussed with an emphasis on graphene transfer, hydrogen 
passivation, and organic self-assembly. The STM is a powerful 
tool for characterizing hydrogen adsorption and the resulting 
modifi cation of graphene’s electronic properties and can also be 
used as a nano-patterning tool. This is by no means a thorough 
review of all graphene efforts, and the STM examples are spe-
cifi c to ongoing graphene research at the CNM.  
2561wileyonlinelibrary.combH & Co. KGaA, Weinheim

ne with a C 60  fullerene molecular model aside. b) STM topographic images 
r of epitaxial graphene on SiC with a structural assignment of the observed 
 C 60  covering areas of single layer, and bilayer graphene, as well as bare SiC. 
dsorbed onto monolayer graphene on SiC. All spectra were averaged over 
etic positions of the HOMO-LUMO of C 60  are indicated. (Imaging condi-
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