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ABSTRACT Graphene is one of the most promising materials in nanotechnology. The electronic and
mechanical properties of graphene samples with high perfection of the atomic lattice are outstanding, but
structural defects, which may appear during growth or processing, deteriorate the performance of graphenebased devices. However, deviations from perfection can be useful in some applications, as they make it possible
to tailor the local properties of graphene and to achieve new functionalities. In this article, the present knowledge
about point and line defects in graphene are reviewed. Particular emphasis is put on the unique ability of graphene
to reconstruct its lattice around intrinsic defects, leading to interesting effects and potential applications. Extrinsic
defects such as foreign atoms which are of equally high importance for designing graphene-based devices with
dedicated properties are also discussed.
KEYWORDS: carbon · graphene · defects · vacancies · interstitials · point
defects · line defects · lattice reconstruction · electronic properties

t is the second law of thermodynamics
that dictates the presence of a certain
amount of disorder in crystalline materials. But it is also due to the imperfection of
material production processes that impurities and defects are always present in crystals. Such lattice imperfections have a
strong influence on the electronic, optical,
thermal, and mechanical properties of the
solid. In fact, many of the characteristics of
technologically important materials such as
the conductance of semiconductors or the
mechanical strength and ductility of metals
are governed by defects.1
Defects in bulk crystals have been studied extensively for many decades. Twodimensional crystals, however, have been
considered only recently. In fact, it was believed for a long time that they would be
structurally unstable because of longwavelength fluctuations according to the
Mermin⫺Wagner theorem.2 The situation
changed, however, when single-layers of
graphene were isolated for the first time by
mechanical exfoliation.3 Graphene consists
of a hexagonal monolayer network of sp2hybridized carbon atoms. Graphene and its
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structural counterpart, hexagonal boronnitride, are the only two-dimensional crystalline materials we know today.4⫺6 The
properties of graphene were expected to
be outstanding, based on calculations addressing graphene as the parent material
for carbon nanotubes. Therefore, the availability of graphene for experiments initiated
a massive body of research, especially after
large-scale synthesis methods like chemical
vapor-deposition7,8 and epitaxial growth9,10
on metal and SiC substrates were developed. Indeed, the predicted extraordinary
properties have now been confirmed in
many studies.4 Some of these properties
can only be observed at an extremely low
defect concentration, which, as we discuss
later, is possible because of the high formation energies of point defects in graphene.
Nevertheless, like in any other real material,
structural defects do exist in graphene and
can dramatically alter its properties. Defects
can also be deliberately introduced into
this material, for example, by irradiation or
chemical treatments.
At first glance, what is true for a threedimensional material seems to be valid for
graphene as well. The scattering of electron
waves at defects has an enormous influence on the electrical conductivity. Dopant
atoms change the local electronic structure
or inject charge into the electron system of
sp2-bonded carbon materials. Weaker
bonds around defects affect the thermal
conductivity and reduce the mechanical
strength. However, graphene remains
unique nevertheless; besides being truly
two-dimensional, it can host lattice defects
in reconstructed atom arrangements that
do not occur in any other material. This is
partly due to different possible hybridizations of carbon that allow different numbers
www.acsnano.org
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of nearest neighbors and lead to the occurrence of different stable structures (carbyne, graphite, and diamond). Perhaps even more importantly, sp2-hybridized
carbon atoms arrange themselves into a variety of different polygons, not only hexagons, to form different
structures. The nonhexagonal rings may either introduce curvature in the sheet or leave it flat when the arrangement of polygons satisfies certain symmetry rules.
This property does not appear in other bulk crystals,
for example, semiconductors such as silicon. The reconstructions in the atomic network permit a coherent defective lattice without under-coordinated atoms. Although they have no dangling bonds, these
reconstructed defects locally increase the reactivity of
the structure and allow adsorption of other atoms on
graphene.
Pure and structurally perfect graphene has shown
outstanding electronic phenomena such as ballistic
electron propagation with extremely high carrier mobilities (104 cm2 V⫺1 s⫺1 at room temperature3) or the
quantum Hall effect at room temperature.11 However,
the absence of a bandgap in perfect graphene does not
allow switching of graphene-based transistors with a
high enough on⫺off ratio. Hence, graphene has to be
modified even when making basic devices and, even
more, for manufacturing sophisticated circuits.
Several experimental studies have shown the occurrence of either native or physically introduced defects
in graphene. Transmission electron microscopy
(TEM)12⫺16 and scanning tunneling microscopy
(STM)17,18 have been used to obtain images of defective graphene with atomic resolution. The interpretation of the experimental results was simplified by the
fact that the theory of defects in graphene had already
been developed to some extent in the context of carbon nanotubes19⫺23 and graphite.24⫺26 Carbon nanotubes consist of cylindrically closed graphene layers,
and the behavior of defects in them was studied using
graphene as the limiting zero-curvature case. However,
the curvature in smaller nanotubes and the high aspect ratio of the tubes considerably affect the atomic
structure and properties of defects, so that not all results obtained for tubes are directly applicable to
graphene.
In this short review we present a survey of the
hitherto reported structural defects in graphene.
We will discuss the formation of defects and their influence on the properties of graphene. As will be
clear from the following discussion, an essentially infinite number of various lattice defects can exist
but we consider only the simplest ones. We will particularly focus on defects in single-layer graphene
because defects typical for bi- and multilayer
graphene also exist in graphite and have been discussed long before the graphene era.27⫺29

DEFECT TYPES
Defects in three-dimensional crystals are referred to
as intrinsic when the crystalline order is perturbed without the presence of foreign atoms. The latter are denoted as impurities and constitute extrinsic defects. In
macroscopic crystalline materials, intrinsic defects have
different dimensionalities. Point defects, typically vacancies or interstitial atoms, are zero-dimensional,
whereas the concept of dislocations is based on onedimensional lines of defects. Grain boundaries or stacking faults extend in two dimensions, while inclusions
and voids have a finite size in all three dimensions. Foreign atoms may exist as zero-dimensional defects when
they substitute individual atoms of the crystal or are located on interstitial sites. On
the other hand, agglomerations
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Point Defects. StoneⴚWales defect. As mentioned above,
one of the unique properties of the graphene lattice is
its ability to reconstruct by forming nonhexagonal
rings. The simplest example is the Stone⫺Wales (SW)
defect,30 which does not involve any removed or added
atoms. Four hexagons are transformed into two pentagons and two heptagons [SW(55-77) defect] by rotating
one of the C⫺C bonds by 90°, as shown in Figure 1.
The SW(55-77) defect has a formation energy Ef ⬇ 5
eV.31,32 When the transformation occurs via an in-plane
bond rotation by simultaneous movement of the two
involved atoms, the kinetic barrier is ca. 10 eV.31 The defected structure retains the same number of atoms as
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Figure 1. StoneⴚWales defect SW(55-77), formed by rotating a carbonⴚcarbon bond by 90°. (a) Experimental TEM image of
the defect (courtesy of J. Meyer, reprinted from ref 14. Copyright 2008 American Chemical Society); (b) its atomic structure as
obtained from our DFT calculations; (c) calculated energy barrier for bond rotation (courtesy of J. Robertson, reprinted with
permission from ref 31. Copyright 2005 American Physical Society).

pristine graphene, and no dangling bonds are introduced. The reverse transformation has an energy barrier of ca. 5 eV. The high formation energy of the SW defect indicates a negligible equilibrium concentration,
at least at typical experimental temperatures below
1000 °C. However, once the defect is formed under nonequilibrium conditions (e.g., rapid quenching from high
temperature or under irradiation), the 5 eV barrier for
the reverse transformation should warrant its stability
at room temperature. The SW defect shown in the TEM
image (Figure 1a) may have appeared due to an electron impact. Such transformations are possible even if
the electron beam transfers less than the threshold energy Td to carbon atoms for their displacements because bond rotation requires less energy than a
knock-on displacement (Td is the minimum energy
which has to be transferred to a carbon atom to leave
its lattice position without immediate recombination
with the vacancy). Theoretical first-principles estimates
of Td have given ca. 18⫺22 eV,33,34 whereas experiments have yielded 18⫺20 eV.35,36 Displacement
thresholds of 18⫺20 eV need electron energies of
roughly 90⫺100 keV as estimated within the
McKinley⫺Feshbach approximation.35,37
Single Vacancies. The simplest defect in any material is
the missing lattice atom. Single vacancies (SV) in
graphene (or in the outermost layer of graphite) have
been experimentally observed by TEM13,14 and STM.17
As can be seen in Figure 2, the SV undergoes a

Jahn⫺Teller distortion which leads to the saturation of
two of the three dangling bonds toward the missing
atom. One dangling bond always remains owing to
geometrical reasons. This leads to the formation of a
five-membered and a nine-membered ring [V1(5-9) defect]. The SV appears as a protrusion in STM images (Figure 2c) due to an increase in the local density of states
at the Fermi energy which is spatially localized on the
dangling bonds. It is intuitively clear that the formation
energy of such a defect is high because of the presence of an under-coordinated carbon atom. Indeed, calculations have given a value Ef ⬇ 7.5 eV,22,24 which is
much higher than the vacancy formation energies in
many other materials (e.g., 4.0 eV in Si38 or less than 3
eV in most metals39).
The calculated migration barrier for a SV in graphene
is about 1.3 eV.22,24 This already allows a measurable
migration slightly above room temperature (100⫺200
°C). Although the migration of point defects in
graphene and related materials has not been directly
accessible to observation, the annealing and reconstruction behavior, which is strongly influenced by defect migration, can be studied experimentally. For example, it has been noticed that structures related to
graphene (e.g., nanotubes) reconstruct in situ under
electron irradiation above a temperature of approximately 200⫺300 °C,40,41 so that the atomic network remains coherent.42 Irradiation with electrons or ions at
room temperature gives rise to a continuous formation

Figure 2. Single vacancy V1(5-9) (a) as seen in an experimental TEM image (courtesy of J. Meyer, reprinted from ref 14.
Copyright 2008 American Chemical Society); (b) its atomic structure obtained from our DFT calculations; (c) an experimental STM image of a single vacancy, appearing as a protrusion due to an increase in the local density of states at the dangling
bond (marked with a circle in panel b) (courtesy of I. Brihuega, reprinted with permission from ref 17. Copyright 2010 American Physical Society).
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Figure 3. (aⴚc) Atomic structures of reconstructed double vacancy defects in graphene as obtained from our DFT calculations; (dⴚf) experimental TEM images of the same structures (courtesy of J. Meyer; J. Kotakoski et al., submitted for publication). (a,d) Double vacancy V2(5-8-5); (b,e) V2(555-777) transformed from the V2(5-8-5) defect by rotating a bond (marked in
panel a); (c,f) V2(5555-6-7777) defect formed from V2(555-777) by another bond rotation (bond marked in panel b).

of defects, finally leading to the development of holes
and amorphization. This only occurs when the electron
energy is substantially above the displacement threshold for a carbon atom in the corresponding structure.36
Irradiation at electron energies close to the threshold
gives rise to bond rotations, that is, reconstructions of
the Stone⫺Wales type, even at room temperature (J.
Kotakoski et al., submitted for publication).
Multiple Vacancies. Double vacancies (DV) can be created either by the coalescence of two SVs or by removing two neighboring atoms. As shown in Figure 3a, no
dangling bond is present in a fully reconstructed DV
so that two pentagons and one octagon [V2(5-8-5) defect] appear instead of four hexagons in perfect
graphene. The atomic network remains coherent with
minor perturbations in the bond lengths around the defect. Simulations22,24 indicate that the formation energy Ef of a DV is of the same order as for a SV (about
8 eV). As two atoms are now missing, the energy per
missing atom (4 eV per atom) is much lower than for a
SV. Hence, DVs are thermodynamically favored over
SVs.
The V2(5-8-5) defect is not the only possible way for
a graphene lattice to accommodate two missing atoms. In fact, it is not even the energetically favored one.
Similar to the creation of a Stone⫺Wales defect, the rotation of one of the bonds in the octagon of the V2(58-5) defect (Figure 3b) transforms the defect into an arrangement of three pentagons and three heptagons
V2(555-777).43 The total formation energy of this defect is about 1 eV lower than that of V2(5-8-5). This defect is also frequently observed in electron microscopy
experiments (J. Kotakoski et al., submitted for publication). One step further would be the transformation of
the V2(555-777) into a V2(5555-6-7777) defect (Figure
www.acsnano.org

3c) by rotating another bond, which has experimentally been observed as well (J. Kotakoski et al., submitted for publication). The formation energy of this defect
is between those of V2(5-8-5) and V2(555-777).
The migration of a DV needs an activation energy
of ca. 7 eV,24 which is much higher than that for a SV
(ca. 1.5 eV). This makes DVs in practice immobile up to
very high temperatures at which DVs could migrate
either by atom jumps24 or by switching between different reconstructions, e.g., V2(5-8-5) ¡ V2(555-777) ¡
V2(5-8-5) (J. Kotakoski et al., submitted for publication).
The removal of more than two atoms may lead to
larger and more complex defect configurations. Generally, as an even number of missing atoms allows a full
reconstruction (complete saturation of dangling
bonds), such vacancies are energetically favored over
structures with an odd number of missing atoms where
an open bond remains.20 If a larger number of atoms
is instantly removed from a small area (i.e., by an impact of an energetic ion), a reconstruction requires
bending or warping of the layer because its surface
area is considerably reduced. In such cases, the formation of a hole with unsaturated bonds around its circumference may be more likely. The formation of large
holes has indeed been observed in electron microscopy
experiments.16 Another way of reconstructing a highly
defective graphene layer would be the (hitherto hypothetical) Haeckelite structure,44 which is a sheet consisting of pentagons and heptagons only. Yet another possibility would be an extended dislocation line,45 which
would result from a linear arrangement of vacancies
that close by saturating the dangling bonds over this
line. However, both of the last two possibilities require
a particular spatial arrangement of vacancies, and it is
difficult to imagine how such structures could be creVOL. 5 ▪ NO. 1 ▪ 26–41 ▪ 2011
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Figure 4. Carbon adatoms: (a, d) single adatom in the bridge; (b, e) single adatom in the dumbbell configuration; (c, f) the
Inverse StoneⴚWales defect I2(7557) formed by two close adatoms as obtained from our DFT calculations.

ated in a physical or chemical process. Intuitively, one
would expect to obtain a more-or-less random set of vacancies. Hence, it would seem more likely for the lattice to locally reconstruct around the vacancies and to
form a correspondingly random set of nonhexagonal
polygons. This is indeed what happens if the lattice is
given enough time to relax before a large number of atoms are removed from a small area.
Carbon Adatoms. Interstitial atoms, as they appear in
three-dimensional crystals, do not exist in graphene.
This is because placing an atom to any in-plane position, for example, in the center of a hexagon, would require a prohibitively high energy. Rather than straining
the local structure in two dimensions, additional atoms
use the third dimension. The energetically favored position is the bridge configuration (on top of a
carbon⫺carbon bond, as shown in Figure 4a). When a
carbon atom interacts with a perfect graphene layer,
the hybridization of the carbon atoms in the layer
changes. Some degree of sp3-hybridization can appear
locally so that two new covalent bonds can be formed
between the adatom and the underlying atoms in the
graphene plane. The binding energy of the carbon adatom is of the order of 1.5⫺2 eV.46,47
In addition to the bridge position, other metastable
configurations are possible.48 The small energy difference of about 0.3 eV between the local and global
minima indicates that adatoms migrate easily over the
graphene surface. Indeed, calculations47 have given a
migration barrier of about 0.4 eV. This means that carbon adatoms on flat graphene flakes migrate rapidly already at room temperature. Therefore, it should not be
possible to detect them with TEM or STM, and some experimentally observed defect structures12 should be interpreted in terms of adatoms on defective graphene.
When a vacancy is created, the displaced atom may
remain on the surface of the graphene layer. Since both
adatoms and vacancies are relatively mobile, such a
vacancy⫺“interstitial” pair (an analogue to a Frenkel
pair) is unstable against recombination even below
room temperature. However, as other possible reconstructions with the correct number of atoms exist (i.e.,
SW defects), it is not a priori clear whether the complete
or partial recombination occurs. Not only migration on30
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the-lattice, but also through-the-lattice is possible for
the adatoms by an exchange mechanism. To this end,
the metastable dumbbell configuration (Figure 4b),
which is higher in energy by 0.5 eV49 than the bridge
configuration, is important, especially in few-layer and
multilayer graphene. The migration barrier for such a
defect is about 0.9 eV49).
When two migrating adatoms meet each other and
form a dimer, they can be incorporated into the network of sp2-hybridized carbon atoms at the expense of
local curvature of the network50 (Figure 4c). As compared to separated adatoms, the combined defect
structure is energetically favored by approximately 2.6
eV. The defect, composed of two pentagons and two
heptagons [I2(7557) defect], was termed inverse
Stone⫺Wales (ISW) defect.50 The arrangement of nonhexagonal rings is different from that in the SW defect.
The total formation energy Ef ⬇ 5.8 eV is even higher
than for SW defects, so the concentration of such defects in otherwise flat carbon nanostructures should be
negligible. However, they can appear under nonequilibrium conditions when two carbon atoms are displaced
from their lattice positions and adsorbed on a
graphenic structure so as to form a dimer. Such defects are immobile under ambient conditions, and
when agglomerated, they may locally change the curvature of graphene flakes and even form hillocks. The
possibility of tailoring the electronic properties of
graphene by using such defects has been
discussed,50,51 although the control over the precise location remains a challenge.
Foreign Adatoms. The effect of a foreign (noncarbon)
atom on the properties of graphene depends on the
bonding between the atom and graphene.52 If the
bond is weak, only physisorption due to van der Waals
interaction occurs. If the interaction is stronger, covalent bonding between the foreign atom and the nearest carbon atoms leads to chemisorption. Various bonding configurations, normally corresponding to highsymmetry positions such as on top of a carbon atom,
on top of the center of a hexagon, or the bridge position, as discussed above, are possible.
A suitable way of studying the bonding between foreign atoms and graphene is to observe the migration
www.acsnano.org

of the atoms.53⫺55 However, only a few experimental
studies about the migration of foreign species have
been published to date. Most of the studies concentrated on the migration of impurity atoms on the surface of bulk graphite. For example, an activation energy
of 0.28 eV has been determined by in situ electron
microscopy for the diffusion of Au on graphite,56 demonstrating the weak bonding between a perfect
graphenic surface and metals. Theoretical studies have
confirmed the weak bonding (activation energies
0.14⫺0.8 eV) between graphene and transition metal
adatoms.57⫺61
In addition to positions on top of perfect graphene,
adatoms can be pinned by structural defects which normally serve as reactive sites due to the locally increased
reactivity of the -electron system. For example, the
V2(555-777) defect can trap metal atoms55 by forming
covalent bonds with them. The bonding energies are
about 2 eV, allowing detrapping at high temperature or
under particle irradiation. It has been found that the
strain field around such a defect leads to an attractive
interaction between the defect and a metal atom migrating on the surface over a scale of 1⫺2 nm.55 This is
shown in Figure 5 where a W atom jumps forth and
back between two defective sites on graphene that
both attract the W atom. A biaxial strain of 1% in the
graphene lattice increases the adsorption energy for
transition metal adatoms by 0.06⫺0.16 eV, depending
on the metal species and the adsorption site. This may
be of use for creating localization centers for metal atoms on graphene and for changing the electronic properties of graphene by charge injection from the attached metal atom.
It has been widely accepted that violations of the socalled “isolated pentagon rule”62,63 lead to particularly
reactive sites in carbon structures. One example is the
above-mentioned “inverse Stone⫺Wales defect”
I2(7557) which appears when a carbon dimer occupies
the open space over a hexagon and forms new bonds
between the atoms on opposite sides, as shown in Figure 4c. The controlled introduction of defects such as
V2(555-777) or I2(7557) significantly increases the reactivity of graphene, the inertness of which has caused
many problems in controlling its properties.
www.acsnano.org
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Figure 5. Jumping of a W atom (arrowed) on the surface of few-layer graphene at 480 °C (in situ high-resolution TEM). The
repeated jumping between two trapping sites (1 and 2) at a distance of 1.5 nm shows the attraction between a metal adatom and a reconstructed defect.55

Substitutional Impurities. Foreign atoms can also be incorporated into graphene as substitutional impurities. In
this case, the impurity atom replaces one or two carbon atoms. Boron or nitrogen serve as the natural
dopants in carbon structures since they have one electron less or more, respectively, but roughly the same
atomic radius. Much larger atoms such as transition
metal impurities have also received particular attention due to their ability to inject charge into the electron system of graphene.64 Owing to the different bond
lengths between carbon and other atoms (in general
longer than a carbon⫺carbon bond), most atoms are
located slightly off the layer when occupying the substitutional position.60
Replacing carbon by boron or nitrogen atoms is of
considerable interest because impurities not only move
the position of the Fermi level but also change the electronic structure of graphene.65,66 As nitrogen doping
has been shown to be an efficient way of introducing
reactive sites into other carbon sp2 structures (and thus
to functionalize these materials),67 one can expect a
similar behavior for N-doping of graphene, as simulations also indicate.66
Once created, substitutional dopants can be expected to be very stable due to strong covalent bonding. The migration of Au and Pt atoms, most likely on
substitutional sites in graphene layers, has been the
subject of an in situ study by electron microscopy.53 Activation energies of the order 2.5 eV were obtained,
but the diffusion might have been influenced by irradiation.68 Many transition metal (TM) atoms can form covalent bonds with under-coordinated C atoms at a
vacancy.60,69 The typical atomic configurations of
(TM)⫺SV/DV complexes are shown in Figure 6. As the
TM atomic radii are larger than those of the carbon
atom, the metal atoms are displaced outward from the
graphene plane. The binding energies Eb for the TMvacancy complexes are in the range of 2⫺8 eV,60,69 indicating strong bonding and pointing to a possible use
of such structures in catalysis. Intriguing magnetic properties have been reported for many TM impurities.69
The strong bonding (e.g., 8.6 or 8.9 eV for a tungsten
atom trapped in a single or double vacancy, respectively,55) shows that such defect complexes are stable,
VOL. 5 ▪ NO. 1 ▪ 26–41 ▪ 2011
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line of pairs of pentagons separated by octagons (Figure 7c). Obviously, such a defect can
be formed by aligning (5-8-5) divacancies
along the zigzag lattice direction of graphene.
Some one-dimensional defects in
graphene resemble the projection of a dislocation in a conventional crystal. However, the
conventional concept requires a Burgers vector and a dislocation line, which can only appear in a three-dimensional crystal.1 Screw dislocations require a three-dimensional strain
Figure 6. Typical atomic configurations of transition metal atoms adsorbed on single
field and can therefore not exist in graphene.
and double vacancies in a graphene sheet. Metal atom on a single vacancy: (a) side view;
However, an equivalent of an edge dislocation
(c) top view. Note that the metal atom is ⬃2 Å off the surface. Metal atom on a double
can be imagined in graphene, but only in its
vacancy: (b) side view; (d) top view. The small dark circles denote carbon atoms; big
lighter circles correspond to metal atoms.
projection onto a plane because no dislocation line normal to the layer exists. The conand the metal atoms cannot be removed thermally or
cept
of
a
dislocation in graphene has been described
by irradiation with sub-MeV electrons.
as
a
semi-infinite
strip of width b (b corresponds to the
Topology of Defective Graphene. Since the discovery of the
70
Burgers vector) introduced into the layer,74 as shown in
fullerenes in the 1980s, it has been known that nonFigure 8. The role of the dislocation core is played by a
hexagonal rings induce local Gaussian curvature in a
pentagon⫺heptagon pair which appears at the end of
graphene sheet. Pentagons lead to positive (spherical)
the strip and has no dangling bonds.
and heptagons to negative (saddle-like) curvature.
Line defects in graphene frequently separate doTwelve pentagons lead to a complete spherical clomains
of different crystal orientation. Several examples
sure, for example, in the C60 molecule. In defective
have
been
shown in the growth of graphene on metal
graphene, the arrangement of defects determines the
71,73
surfaces.
They arise because simultaneous nuclelocal deviation from planarity. Defect domains might be
51
ation of graphene at different points may lead to indecreated to induce hillocks or trenches in graphene.
pendent two-dimensional domains, corresponding to
On the other hand, in symmetrical arrangements of
grains in three-dimensional crystals. Normally, metal
pentagons and heptagons, like the V2(555-777) defect
and their more complex derivatives, positive and nega- surfaces of hexagonal symmetry [e.g., the (111) surface
tive curvatures cancel each other, and the total Gaussof cubic or the (0001) surface of hexagonal crystals] are
ian curvature of the structure remains zero, although
used to grow graphene by chemical vapor deposition.
small local deviations from ideally flat structure may be The misfit between metal and graphene may lead to
present in SW defects.32
differing lattice orientations for different grains. ThereOne-Dimensional Defects. Dislocation-like Defects. Onefore, a line defect appears when two graphene grains
dimensional defects have been observed in several ex- with differing orientations coalesce.
perimental studies of graphene.12,71⫺73 Generally,
The linear defect corresponding to grain boundthese line defects are tilt boundaries separating two do- aries in graphene should be of paramount importance.
mains of different lattice orientations with the tilt axis
It is well-known that the properties of polycrystalline
normal to the plane. Such defects can be thought of as materials are often dominated by the size of their grains
a line of reconstructed point defects with or without
and by the atomic structure of the grain boundaries,
dangling bonds45,74,75 as shown in Figure 7. One exbut the role of such structures should be pronounced
ample is a domain boundary which has been observed in two-dimensional materials such as graphene where
to appear due to lattice mismatch in graphene grown
even a line defect can divide and disrupt a crystal. In
on a Ni surface.73 This defect consists of an alternating

Figure 7. (a,b) Line defect formation from aligned vacancy structures (courtesy of G.-D. Lee, reprinted with permission from
ref 45. Copyright 2008 American Physical Society); (c) grain boundary defect structure consisting of pentagon-pairs and octagons in graphene grown on a Ni substrate (courtesy of M. Batzill, reprinted with permission from ref 73. Copyright 2010 Nature Publishing Group).
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Figure 8. Dislocations in graphene (courtesy of O. Yazyev, reprinted with permission from ref 74. Copyright 2010 American
Physical Society). (aⴚc) Atomic structures of (1,0) and (1,1) dislocations, and a (1,0)ⴙ(0,1) dislocation pair, respectively; (d,e)
atomic structures of the  ⴝ 21.8° large-angle grain boundary and the  ⴝ 32.2° symmetric large-angle grain boundaries;
(f) buckling of the graphene layer due the presence of a (1,0) dislocation.

particular, grain boundaries may govern the electronic
transport in such samples.74
Defects at the Edges of a Graphene Layer. Each graphene layer
is terminated by edges with the edge atom being
either free or passivated with hydrogen atoms. The simplest edge structures are the armchair and the zigzag
orientation. They can reconstruct76,77 as shown in Figure 9. Also any other direction in between these two
can be imagined. However, the zigzag and armchair orientations seem to be preferred, possibly because they
minimize the number of dangling bonds at the edge.
Defective edges can appear because of local changes
in the reconstruction type or because of sustained removal of carbon atoms from the edges. This can be
done by sputtering edge atoms16,78 with electrons having energies below the threshold energy for displacing
atoms from perfect graphene (about 80 keV36). Under
these conditions, armchair edges can be transformed to
zigzag edges.16 An intermediate structure can be considered as a defective edge. A simple example of an
edge defect is the removal of one carbon atom from a
zigzag edge. This leads to one pentagon in the middle
of a row of hexagons at the edge. Other edge reconstructions result in different combinations of pentagons
and heptagons at the edge as shown in Figure 9. Besides, hydrogen atoms and other chemical groups that
can saturate dangling bonds at the edge under ambient
conditions may be considered as disorder, dramatically
increasing the number of possible edge defects.
Defects in Bilayer Graphene. Although defects in multilayer graphene will not be addressed at length in this
review, some defect-related effects in bilayer graphene
are important and will hence be briefly mentioned. Biwww.acsnano.org

layer graphene consists of two stacked monolayers
which may or may not be shifted with respect to each
other. Similar to graphite, the interlayer distance in bilayer graphene is approximately 3.35 Å, as dictated by
the weak van der Waals interaction between the layers.
The electronic properties of a bilayer might be superior to monolayer graphene because a nonzero bandgap can be created.79,80 Although defects can exist in
both layers independently, there is a tendency to form
covalent interlayer bonds when adatoms are located
between the layers.24,81,82 Thus, the creation of a Frenkel pair (adatom⫺vacancy complex) in one layer may
lead to a locally changed hybridization in the neighboring layer so that opposite carbon atoms from the two
layers get connected via one extra carbon atom.
Figure 10 shows some configurations of defects in
bilayer graphene.81 Creating two vacancies in neighboring layers (interlayer double vacancy) leads to a
bridging bond with a length (depending on the configuration) between 1.38 and 1.43 Å (Figure 10a,b). Another possible bilayer defect is the “spiro interstitial”,
where the bridge atom is 4-fold coordinated (Figure
10c). Such defects appear to be important for controlling the morphology of graphene layers under particle
irradiation and heat treatment, as they prevent the coalescence of adjacent layers.83 Other defects such as
close metastable Frenkel pairs, sometimes referred to
as “Wigner defects”, exist in bilayer graphene.25,82
GENERATION OF DEFECTS
The high formation energy of a single vacancy in
graphene (7.5 eV) does not allow any detectable concentration of point defects in thermal equilibrium at
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Figure 9. Different edge reconstructions in graphene: (a) armchair
(AC) edge; (b) (677) reconstructed AC edge; (c) zigzag (ZZ) edge; (d)
(57) reconstructed ZZ edge. The edge atoms (shown in red) can be passivated with hydrogen. According to DFT calculations,76 the naked
(57) ZZ edge has the lowest energy, while the AC edge is energetically favorable if all the dangling bonds are passivated.

temperatures below the melting resp. sublimation temperature of graphite (3675 °C). However, there are three
mechanisms which can lead to nonequilibrium defects
in graphene: (1) crystal growth; (2) irradiation with energetic particles, for example, electrons or ions; and (3)
chemical treatment. Figure 11 shows an electron
microscopy image as an example of a graphene layer
where point and line defects from the growth process
as well as radiation-induced defects are visible.
Crystal Growth. Since the large-scale growth of a
graphene layer does normally not occur slowly atomby-atom from one nucleus but rather as a relaxation of
a metal⫺carbon system with many nuclei, for example,
in chemical vapor deposition (CVD), it is natural to expect defects in the as-grown material. Generally, high
temperature growth facilitates the relaxation toward
thermal equilibrium, and defects can anneal rapidly.
However, defects are a well-known problem in lowtemperature growth. Because of the high formation energy of vacancies and fast migration of adatoms in
graphene, it is unlikely that there are any isolated vacancies in graphene after growth. This has been confirmed by the high carrier mobility in CVD-grown
graphene,84 which would not be expected at a considerable density of vacancies.

Figure 10. Interlayer double vacancy structures in bilayer graphene
(courtesy of M. Heggie and C. Ewels, reprinted with permission from
ref 81. Copyright 2003 Nature Publishing Group): (a) V21(␤␤), (b)
V22(␤␤), and (c) spiro-interstitial (a four-coordinated carbon atom between the layers) .
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Line defects around two-dimensional domains can
be generated when the nucleation of graphene layers
occurs simultaneously at different locations on a substrate and coalescence of these domains. This corresponds to the formation of grain boundaries in the
growth of conventional crystals. For graphene this has
been observed on catalytically active metals, for example, on (111) surfaces of fcc crystals such as nickel.73
Since the adsorption energy of graphene on metals is
low, different orientations of graphene relative to the
metal surface are possible. For example, the epitaxial relationship between graphene and the (111) surface of
an fcc metal allows an hcp as well as an fcc geometry.
Coalescence of these two domains leads to the formation of a defect line, consisting of pentagons and octagons (such a grain boundary can also be constructed by
aligning a row of divacancies in the zigzag direction).73
Particle Irradiation. Irradiation of graphene with electrons or ions can generate point defects due to the ballistic ejection of carbon atoms.35,85,86 As mentioned
above, the threshold energy of approximately 18⫺20
eV has to be transferred to a carbon atom to leave its
lattice site. The atom can be sputtered away from
graphene or get adsorbed on the sheet and migrate
on its surface as an adatom. The effect of irradiation has
been studied in detail in electron microscopy
experiments6,12,13 where irradiation and imaging can
be done with the same electron beam, and the formation of defects is observable in situ at atomic resolution.
Uniform irradiation of larger areas leads to a generation of randomly distributed vacancies. However, due
to increased strain and/or under-coordinated atoms,
the defective areas, for example, where a vacancy already exists, show an increased rate of defect formation. Reconstructions of vacancies and Stone⫺Wales
transformations have been observed by in situ electron
microscopy (J. Kotakoski et al., submitted for publication).6 Defects can also be generated in preselected positions with a highly focused electron beam or by using masking techniques. Modern electron microscopes
with aberration-corrected condensers allow focusing an
electron beam onto a spot of approximately 1 Å in diameter thereby creating vacancies with almost atomic
selectivity.87
Another physical method which has been used for
defect production in graphene is ion irradiation.18,88⫺91
It can be used to selectively produce certain defects
(typically vacancies)92 or to pattern and cut graphene
with a precision down to 10 nm utilizing a focused ion
beam (FIB).93 In Figure 12a,b, the number of SVs and
DVs in graphene irradiated with different noble gas
ions is shown as a function of the ion energy. It is evident that for suspended graphene the number of sputtered atoms is about one for nearly all noble gas ions.
Graphene becomes essentially transparent for highenergy ions.92 Figure 12c presents the displacement
threshold in graphene (minimum energy for displacing
www.acsnano.org

PROPERTIES OF DEFECTIVE GRAPHENE
Chemical Properties. It is intuitively clear that defects associated with dangling bonds should enhance the reactivity of graphene. Indeed, numerous simulations66,97
indicate that hydroxyl, carboxyl, or other groups can
easily be attached to vacancy-type defects. The same
is true for graphene edges that are normally saturated
with hydrogen. Simulations also show that reconstructed defects without dangling bonds such as SW
defects or reconstructed vacancies locally change the
density of -electrons66,98 and may also increase the local reactivity.99 Indeed, experiments provide evidence
that the trapping of metal atoms occurs in reconstructed vacancies.55 Thus, the controlled creation of
defects with a high spatial selectivity can be used for
the local functionalization of graphene samples, the development of electrical contacts with metal electrodes,
and for the creation of graphene ribbons with the designed properties by various chemical methods.
Electronic Properties. Defects strongly affect the electronic properties of graphene. From a theoretical point
of view, the Dirac equationOwhich replaces the Schrödinger equation for electrons in grapheneOhas to be
modified when defects are in the lattice. This will naturally have an influence on the electronic structure. The
overlap of pz-orbitals determines the electronic properties but is altered in the vicinity of structural defects.
First, bond lengths in the strain fields of defects are different from those in the perfect lattice. Furthermore, defects lead to a local rehybridization of sigma and piorbitals which again changes the electronic structure.
A local curvature around defects (due to nonhexagowww.acsnano.org
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a carbon atom with the atom velocity in a certain direction) as a function of the incidence angle.94 Figure 12d
shows the evolution of the Raman spectrum for
graphene during continuous Ar⫹ ion irradiation, demonstrating the appearance of the so-called D peak, associated with defects.88
Chemical Methods. The reactions of carbon atoms in a
graphene layer with other species can lead to the loss
of atoms and hence to defects. However, the high inertness of graphene (apart from edge positions that are
highly reactive) only allows a very limited number of
possible reactions at room temperature. Oxidation is
the most common one, for example, in an oxidizing acid
(HNO3 or H2SO4). In such a treatment it is possible to attach oxygen and hydroxyl (OH) or carboxyl (COOH)
groups to graphene. When graphene is covered more
or less uniformly with hydroxyl or carboxyl groups, the
material is called graphene oxide, which is essentially a
highly defective graphene sheet functionalized with
oxygen groups.95 Plasma treatment and adsorption of
atomic hydrogen on a graphene surface followed by its
self-organization and hydrogen island formation96 can
also be referred to in the context of graphene treatment
by chemical methods.

Figure 11. Scanning transmission electron microscopy image (bright
field) of a single graphene layer with grown-in defects (e.g., the tilt
boundary) and defects due to electron irradiation in the microscope
(e.g., vacancies). Electron irradiation and imaging has been carried out
at 400 °C and an electron energy of 200 keV (STEM image by O. Cretu).

nal rings or adatom complexes created via chemical or
physical treatment) also has an influence on the rehybridization. All defects lead to scattering of the electron
waves and change the electron trajectories.100,101
Studies of the influence of structural defects on the
electrical properties of graphene have just begun,101
and there is still a lack of reproducible experimental results, as compared to the vast amount of the available
theoretical data. Therefore, the present survey is unavoidably incomplete, and just a snapshot of the
present activities can be given. Besides, the theoretical
aspects of the electronic properties of graphene with
defects have been addressed in detail in a recent review.5 Thus we will only briefly summarize the influence of structural defects on the electronic structure
and transport properties. We do not consider the effects originating from weakly attached organic102,103
or inorganic104 surface species on perfect graphene, because these are no structural defects, nor discuss the effects of ripples in free-standing or substrate-supported
graphene.
Electronic Structure of Graphene in the Presence of Defects.
The electronic structure of graphene with point and
line defects has been studied in a considerable number of papers.5,17,73,101,105,106 Point defects give rise to
localized states near the Fermi energy in sp2-bonded
materials, leading to the protrusions that appear in STM
images.17 Some vacancy-type107 and SW98 defects
open a local bandgap (up to 0.3 eV) in graphene, which
may be quite important for defect-mediated engineering of the local electronic structure. Some of these defects have already been generated by electron irradiation (J. Kotakoski et al., submitted for publication). The
results of calculations, however, strongly depend on the
technique of calculating the electronic structure, so
that the predictions on gap opening should be experimentally verified (e.g., by measuring local density of
states by STM) before moving forward along this avVOL. 5 ▪ NO. 1 ▪ 26–41 ▪ 2011
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Figure 12. (a,b) Probability for creating a single or double vacancy, respectively, due to irradiation with different noble gas
ions, as a function of the ion energy;92 (c) displacement threshold energy as a function of the space angle for a carbon atom
in graphene (courtesy of C. Ewels, reprinted with permission from ref 94. Copyright 2007 American Physical Society); (d)
ion irradiation effect on graphene as seen with Raman spectroscopy (reprinted with permission from ref 88. Copyright 2010
Elsevier). In panel d the evolution of the first-order Raman spectra of a monolayer graphene sample deposited on a SiO2 substrate is shown at different stages of Arⴙ ion bombardment using a  ⴝ 514 nm laser. The ion doses are indicated next to
the respective spectrum in units of Arⴙ/cm2.

enue for the development of graphene-based electronics. Stone-Wales defects in nanoribbons may already
create new states in the gap.66 The position of the
states can, in theory, be controlled by the location of
the defect with regard to ribbon edges and the defect
density.
Line defects composed of nonhexagonal rings73
should give rise to electronic states localized in the
transverse direction and extended along the line. Such
defects can enhance the conductivity along the line73
due to a larger number of conducting channels, which
may be used for building blocks in atomic-scale allcarbon electronics. Of importance in real systems is the
electronic transport through grain boundaries in polycrystalline graphene. These grain boundaries consist of
periodic arrays of dislocations. Reflection or perfect
36
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transmission of charge carriers, depending on the structure of the grain boundary, has been predicted.106 The
introduction of such arrays of dislocations could be
used to control charge currents in devices.
Defects as Scattering Centers. Point defects in graphene
act as scattering centers for electron waves. Thus, one
can expect that such defects will result in a drop of conductance through graphene ribbons, although defects
with/without dangling bonds and with different symmetry may affect the electronic transport in a different
way. Besides, defects in the inner part of the ribbon and
at the edges may have different effects.108 Numerous
simulations showed that vacancies, SW defects, and
adatoms including hydrogen and various ligands decrease the conductivity109⫺112 through the bulk conducting channels, while metallic edge states are more
www.acsnano.org
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TABLE 1. Formation and Migration Energies of Point Defects in Graphene. The Values Are Taken from Theoretical Work

a

The formation energy of the adatom can be calculated as a difference between the atomization energy of graphene (7.5⫺8 eV) and the adsorption energy (1.4⫺2 eV).
Note that two adatoms are involved.

b

robust under a variety of chemical environments.97
The effects of complicated defects, composed of nonhexagonal rings, on the conductance have not been
studied so far, but one may expect that they are less
pronounced as compared to those generated by defects with dangling bonds.
Charge Carrier Doping of Graphene by Defects. The doping
of graphene to change its electronic properties has to
be carried out by modifying the -electron system.
Such a doping can be done in two ways. The first is “selfdoping” where intrinsic defects modify the band structure locally. The other way would be doping in the conventional way, that is, by adding foreign atoms to
graphene that inject charge into the conduction or valence band.
Self-doping5 by intrinsic defects is due to a slight
electron⫺hole asymmetry in perfect graphene.113 This
causes a change of the Fermi energy of point defects
and leads to an injection of charge into the whole electron system. Line defects may have the same effect on
a larger scale. Self-doping has experimentally been successful for line defects such as rows of pentagons and
octagons that have been suggested to act as conducting metallic wires.73
Doping by foreign species has already been done
in several ways. An injection of charge into the electron system of graphene has been achieved from metal
contacts114 or by attaching organic molecules on a perfect graphene layer.102,115 However, the adsorption of
organic species is weak and desorption starts at temperatures below 100 °C.116 Nevertheless, the localization of dopants in graphene could be achieved on defects where an increased reactivity prevails. Foreign
atoms on substitutional sites appear to be unfavorable
because the strong scattering of the conduction electrons at such atoms might deteriorate the electronic
properties of graphene.5,117 Reconstructed defects,
however, could be more attractive because the coherence of the graphene lattice is preserved and the foreign dopant atoms are nevertheless firmly attached.55
Doping by substitutional impurities is quite straightforward if B atoms (p-doping) or N atoms (n-doping)
are used. However, these substitutional dopants lead
to resonant scattering effects118 that strongly depend
www.acsnano.org

on the distribution of the dopants and on the geometry of the graphene ribbons.
Magnetic Properties. Magnetism in pure carbon systems has recently been the subject of intense experimental and theoretical research (for an overview, see ref
119 and references therein). The driving force behind
these studies was not only to create technologically important, light, nonmetallic magnets with a Curie point
well above room temperature, but also to understand a
fundamental problem: the origin of magnetism in a system which traditionally has been thought to show diamagnetic behavior only. In addition to polymerized
fullerenes,120 nanotubes,121 graphite,122 and nanodiamonds,123 magnetism was recently reported for
graphene produced from graphene oxide.124 On the
basis of calculations, the observed magnetic behavior
in all these systems was explained in terms of defects in
the graphitic network (either native or produced by
ion irradiation) such as under-coordinated carbon atoms, for example, vacancies,125 interstitials,126 carbon
adatoms,47 and atoms at the edges of graphitic nanofragments with dangling bonds either passivated with
hydrogen atoms or free.127 Such defects have local
magnetic moments and may give rise to flat bands
and eventually to the development of magnetic ordering. Magnetism may also originate from impurity atoms
which are nonmagnetic by themselves (such as hydrogen or nitrogen), but because of the specific chemical
environment give rise to local magnetic moments. With
regard to magnetism in graphene,124 however, the
samples were produced by annealing of graphene oxides and, surprisingly, the saturation magnetization did
not correlate with the annealing temperature (a higher
value for higher temperature). Moreover, no ferromagnetism was found at any temperature down to 2 K in
very recent experiments128 on magnetization of
graphene nanocrystals obtained by sonic exfoliation.
No strong paramagnetism which has been expected
due to the large amount of edge defects was reported
either. Instead, above 50 K graphene showed strongly
diamagnetic behavior, similar to graphite. In addition, a
relatively weak but highly reproducible paramagnetic
contribution was found at lower temperatures, which
may be associated with the magnetic moments at the
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edges of small graphene crystallites. Overall, more studies are required to understand the origin of the observed magnetic effects in carbon systems and, first of
all, graphene, as it has a simpler structure than other
carbon nanomaterials. Here the controllable introduction of defects by irradiation followed by magnetic
measurements could be particularly useful to explore
the defect-mediated scenario.
Mechanical Properties. The influence of defects on the
mechanical properties of graphene has not yet been
studied experimentally. However, based on a large
body of experimental and theoretical data for carbon
nanotubes,129⫺132 one can expect that point defects, in
particular vacancies, will decrease the Young’s modulus and tensile strength of graphene samples. Conversely, an efficient reconstruction and healing of
vacancy-type defects should minimize their detrimental effects. Line defects (dislocations) should be important for plastic deformation of graphene ribbons under
tensile strain.
COMPILATION OF DEFECT ENERGIES IN
GRAPHENE
Table 1 gives an overview of the calculated formation and migration energies of the most common types
of point defects in graphene.
CONCLUSIONS
Although many outstanding properties of graphene
are due to the inherently low concentration of defects,
nanoengineering of graphene-based devices for dedicated functions needs the introduction of structural defects or impurities that allow us, like in conventional
semiconductors, to achieve the desired functionality.
The behavior of intrinsic zero- or one-dimensional defects in graphene such as vacancies or line defects is
governed by the reconstruction of the graphenic lattice around defects, which is a unique property among
all known materials. The high stability of the divacancy
in its different configurations is of particular importance. The study of the influence of intrinsic defects on
the electronic properties of graphene is still in its infancy, and experimental data relating defect concentration with the changes in electronic and optical characteristics are urgently needed. On the other hand, it is
clear that extrinsic defects such as foreign atoms on different positions have a strong influence on the
electron⫺electron interaction and thus charge distribution and the band structure of graphene. For example,
transition metal atoms with d- and f-electrons embedded into the graphene lattice may give rise to many interesting phenomena including Kondo effect, magnetism, or charge- and spin-density waves. Doping with
boron, nitrogen, or metals appears to become an important issue for the design of graphene-based devices
in nanoelectronics.
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