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Abstract  Graphene, with a carrier mobility achieving up to 140,000 cm2/Vs at room temperature, makes it an ideal

material for application in semiconductor devices. However, when the metal comes in contact with the graphene sheet,

an energy barrier forms at the metal-graphene interface, resulting in a drastic reduction of the carrier mobility of

graphene. In this review, the various methods of forming metal-graphene covalent contacts to lower the contact

resistance are discussed. Furthermore, the graphene sheet in the area of metal contact can be cut in certain patterns,

also discussed in this review, which provides a more efficient approach to forming covalent contacts, ultimately

reducing the contact resistance for the realization of high-performance graphene devices.
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I. Introduction

Ever since the discovery of the exceptional optical [1-3],

electrical [4-6], mechanical [7,8], and thermal [9,10]

properties of graphene, it was immediately applied to the

areas such as transparent electrodes [11-13], photovoltaic

devices [14,15], and electrochemical sensors [16]. Also, the

application areas include graphene transistors [17-19] since

graphene has a high carrier mobility of up to 140,000 cm2/Vs

at room temperature [20]. Because of the high carrier

mobility of graphene, it should ideally have exceptional

device performance. However, the two-dimensional material

experiences a severe drop in its carrier mobility when realized

as the semiconductor channel layer because experimental

graphene exhibits several problems that strays it from ideal

graphene. Some of those problems are the presence of

defects and impurities in the lattice [21], the presence of

wrinkles in the sheet [22,23], its interaction with the

substrate [24,25], and the presence of photoresist residues

[26,27] from imperfect photoresist etching during device

fabrication. Because already various effects exist that

reduce the mobility, a further decrease should be prevented

to take advantage of graphene’s exceptional transport

properties.

However, the carrier mobility is further reduced during

metallization, when the metal electrodes are deposited. The

decrease in the mobility is due to the energy barrier that

exists at the metal-graphene interface, where the metal

comes in contact with the graphene. Hence, contact

resistance forms at the interface, which lowers device

performance. Contact resistance forms due to the presence

of π-bonds in the z-direction in the graphene lattice from

the sp2 hybridization of graphene, the bonds which restrict

the metal from strongly binding to the semiconductor sheet

during metallization. Hence, when the metal is deposited

on graphene using a top-contact mechanism, the metal

binds onto the underlying sheet with large coupling length

via van der Waals forces because of the presence of the

stable π-bonds [28]. The weak adhesion of the metal to the

graphene results in the formation of an energy barrier at the

interface, which limits carrier transfer and hence lowers the

carrier mobility of the device, all effects of contact resistance.

Thus, to realize high-performance graphene devices,

contact resistance must be reduced. Throughout the years

of graphene research, researchers have discovered various

methods to reduce the contact resistance, including work-

function engineering [29,30], ultraviolet ozone treatment

[31,32], alteration of the device geometry [33,34], and

improvement of the surface roughness of graphene [35].

However, these methods are all approaches to strengthen

the metal adhesion to the graphene sheet while the device

is in a top-contact structure, which is still limited by the

weak van der Waals forces at the metal-graphene interface.

So, a better approach would be to overcome the energy

barrier by eliminating those limiting forces.
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That very approach is the formation of metal-graphene

covalent contacts at the interface of the device. Covalent

contacts are the covalent bonding of the metal to the

graphene sheet, and they are made possible by removing a

carbon atom from the graphene lattice, exposing dangling

σ-bonds to which the metal can bind. Thus, in covalent

contacts, because the metal no longer binds to the graphene

through van der Waals forces as in top contacts, a shorter

bonding distance with large orbital overlap results [20]. By

such, the energy barrier at the metal-graphene interface is

lowered, and electrons from the metal electrodes can transfer

more efficiently to the graphene channel via overlapping

orbitals. Consequently, the transmission efficiency (TE) of

the carriers is increased, and the contact resistance (RC) is

decreased, as shown in Equation 1:

(1)

where FT is the thermal broadening function, E is the

electron energy, and μ is the chemical potential [36]. The

contact resistances are generally measured using a

transmission line method (TLM), method, in which the

channel lengths of the devices vary to obtain a TLM graph

that is composed of the resistance values between each

metal-semiconductor contact. The contact resistance value

can be extracted from Equation 2 below:

(2)

where RC is the contact resistance, W is the channel

width, L is the channel length, and r is the channel

resistivity [28]. Hence, from the graph of the total

resistance versus channel length, since the y-intercept of

the graph is twice RC, the contact resistance in the unit  can

be calculated easily. To obtain the units of Ω·μm, the value

is multiplied by the channel width.

In this review, the different methods of forming

covalent contacts, from the formation of defects by

particle irradiation, annealing, formation of edge contacts, to

patterning, are reviewed. Additionally, since covalent

contacts are crucial for the lowering of the energy barrier by

providing orbital hybridization and for reducing the contact

resistance at the metal-graphene interface, the resulting

contact resistances gathered from the different methods are

also reviewed. Finally, this review also provides the

limitations of each method of forming covalent contacts.

II. Formation of Defects by Particle Irradiation

In order to create unstable dangling carbon bonds in the

graphene lattice for metal-graphene covalent bonding, the

carbon atoms are removed by particle irradiation, creating

defect sites, or vacancies. When high-energy particles

collide with the carbon atoms of graphene, they transfer

energy to the target atoms, allowing them to acquire

sufficient energy for their extraction from the lattice site

[37,38]. Fig. 1(a) shows a graphene lattice with a missing

carbon, which has been ejected by proton irradiation. This

type of defect site is called an unreconstructed monovacancy

[39], in which the dangling bonds do not bond with each

other and remain free. Thus, with defects induced in the

lattice, these free dangling bonds remain for the covalent

bonding to the metals. As a result, covalent contacts can be

formed at the defect sites, thereby reducing the contact

resistance. The improvement in device performance has

been shown by Meersha et al., where a metal-graphene

contact resistance of 700 Ω·μm is obtained from a CVD-

grown graphene device under Ar ion bombardment at an

exposure time of 20 s [40].

Another example is the “gentle” low-power O2 plasma

treatment of the device for the creation of defects on the

graphene site. O2 plasma treatment is the exposure of the

target to a high-energy O2 plasma, a process much similar

to particle irradiation. Except, in this case, when the O2

plasma hits, the oxygen molecules bond with the carbon

atoms of graphene and form CO2 molecules as a

byproduct, as well as C-O bonds in the graphene sheet in

place of C-C bonds. Thus, during metallization, the metals

are able to chemically bond with the oxygen atoms and

ultimately form C-M bonds. Consequently, covalent

contacts are achieved at the metal-graphene interface.

Using this mechanism, Robinson et al. found that

increasing the O2 plasma treatment time up to 90 s

improved the specific contact resistance due to the creation
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Figure 1. (a) Schematic representation of an unreconstructed
monovacancy in the graphene lattice. (b) Vacant sites created
in the graphene sheet from the dissolution of carbon atoms
into the metal due to annealing. The metal is one that allows
for chemisorption at the interface. (c) Ni electrodes deposited
on top of the previous structure, which contains etched pits
from annealing the previous Ni-graphene device. (Part a
reprinted with permission from 38, copyright © 2017 Royal
Society of Chemistry. Part b reprinted (adapted) with
permission from 44, copyright © 2017 American Chemical
Society. Part c reprinted (adapted) with permission from 45,
copyright © 2017 American Chemical Society.)
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of the defect sites that lead to covalent bonding of the metal

to the underlying graphene [41].

However, the downside to these techniques is the

introduction of too many defects into the graphene lattice,

which can occur if the sheet is exposed to the high-energy

source for too long. Because defects are randomly

distributed when formed by particle irradiation of the target

over large areas, and because they are more likely to be

generated in already-existing vacancies due to increased

strain in those areas [42], there is a risk of over-generating

defects in the lattice. Defects impede carrier transfer

because they scatter electrons. Hence, when there are too

many vacancies in the graphene site, too much scattering

occurs. From the previous example, Meersha et al. also

showed that with an increase in Ar ion irradiation time, an

upturn in the contact resistance graph was shown, where

the contact resistance first decreased and then increased;

and Robinson et al. discovered that an exposure time of

over 90 s resulted in a higher specific contact resistance.

Ultimately, the contact resistance increases when defects

dominate. Because particle irradiation leads to an upturn in

the contact resistance beyond the optimal exposure time

due to the eventual creation of too many defects into the

graphene lattice, it is not an efficient approach to lowering

the contact resistance of the device.

III. Formation of Covalent Contacts by Annealing

Annealing previously has been known to improve metal-

graphene adhesion by removing surface contaminants at

the interface. For instance, Lin et al. discovered that

annealing the graphene surface at 200 oC for 2 h decomposed

the PMMA residues that remained from imperfect PMMA

etching [43]. However, it has been discovered thereafter

that annealing the graphene while it is in contact with the

metal results in the formation of covalent contacts by

dissolving the carbon atoms in the graphene lattice. The

carbon atoms can be dissolved when in contact with certain

metals, like Ni, Pd, and Ti, due to chemisorption at the

interface, where the metal’s d-orbitals and graphene’s π-

orbitals become hybridized, resulting in a strong interaction

[44]. Thus, when the graphene is annealed while in contact

with the metals that allow for chemisorption, the chemical

reaction of the graphene and the Ni is enhanced, so carbon

atoms dissolve into the metal, leaving behind vacancies. Fig.

1(b) shows the formation of unreconstructed monovacancies

from annealing the device. During metallization, covalent

contacts are formed at the vacant sites, whereas top contacts

are formed in the remaining areas. The phenomenon of

carbon dissolution due to annealing was explained by

Leong et al. in their study on the effect of annealing on

metal-graphene interfaces [45]. Annealing their Ni-contacted

graphene device at 300 oC for 1 h showed a much higher D-

band Raman intensity than just annealed graphene and Ni-

contacted graphene without anneal, which correlates to the

carbon dissolution.

Additionally, Leong et al. in a prior experiment described

the annealing phenomenon in terms of metal etching of the

graphene [46]. As a result of annealing their Ni-contacted

graphene device at 580 oC for 0.5 h, pits in the graphene

sheet were etched by the Ni that became isolated into small

particles. By etching the graphene, the dangling bonds

became exposed at the etched sites; so, the pits became areas

of covalent contacts. Fig. 1(c) shows the device schematic,

where the Ni electrodes are deposited on top of the annealed

structure. The newly-deposited Ni is in covalent contact with

graphene in the etched areas and top contact in the others. As

expected, annealing showed an improvement in the device

performance, with a contact resistance of 89 Ω·μm with

treatment compared to that of 294 Ω·μm without treatment.

However, both experiments by Leong et al. showed that

extending the annealing time does not further reduce the

contact resistance significantly. This is simply due to the

nature of graphene, as defects in the sheet, as well as the

area of graphene, limit the amount of dangling bonds that

can be formed.

IV. Formation of Edge Contacts by O2

Plasma Treatment

So far, the formation of covalent contacts by high-energy

and high-temperature means has shown to reduce the

contact resistance of the graphene device, but only up to

the optimal exposure time or temperature. Because finding

the optimal condition in each case for device fabrication is

troublesome, researchers have looked for new ways to

achieve covalent contacts. Of those researchers, Wang et

al. has discovered a new contact geometry, where the

metals bind to the graphene just at its edge [20]. This type

of contact geometry leads to a type of metal-graphene

covalent contact called one-dimensional or edge contacts,

where the metals are bonded to the graphene just at the

Figure 2. Edge contact of the metal to the BN/graphene/BN
heterostructure. The three-dimensional metal is in contact
with the two-dimensional graphene just at its edge. (Reprinted
with permission from 20, copyright © 2017 The American
Association for the Advancement of Science.)
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edge of the graphene sheet. In order to achieve these

contacts, the graphene sheet is first encapsulated in boron

nitride in a BN/graphene/BN heterostructure before the

plasma-etching of the edges at opposing sides; then, the

metal is deposited just at the exposed edges by electron

beam evaporation for the successful formation of metal-

graphene edge contacts. Fig. 2 shows the device structure,

where the metal electrodes are in contact with the

heterostructure just at its edge. The resulting performance

of this device is exceptional, with a room-temperature

mobility of 140,000 cm2/Vs and a contact resistance of

about 150 Ω·μm at large carrier densities, which, at its

time, was about 25% lower than the value achieved by the

device in traditional top-contact configuration [20].

However, because of the complexity of the heterostructure,

the efficiency of this device fabrication is not great.

Conversely, Yue et al. has discovered a method utilizing O2

plasma treatment to create edge contacts without the need

for the complex heterostructure [28]. By etching graphene

in the areas for the metals to be deposited, edge contacts

can be achieved. Fig. 3 shows the schematic of etching the

graphene via O2 plasma treatment for the creation of edge

contacts. In Fig. 3(a), when graphene is exposed to the

treatment for over 5-10 s and under 35 s, the area of the

graphene that is not protected by the photoresist becomes

etched, and the exposed length, Lexposed, becomes shorter;

hence, if the metal were deposited, a complete edge contact

would not be achieved, as there would be graphene

remaining under the deposited metal. In Fig. 3(b), however,

edge contacts are achieved when graphene is exposed to the

treatment for over 35 s and under 45 s, since the graphene

in the area for metal to be deposited is completely etched.

Thus, when the metal is deposited, it covalently bonds to

the graphene at its edge, resulting in orbital hybridization at

the interface. Additionally, due to the faster carrier transfer

from the shorter bonding distance achieved by edge

contacts, the device showed its best contact resistance of

270 Ω·μm at room temperature when exposed for 45 s.

Yet, since the O2 plasma treatment creates defects, as do

particle irradiation, optimal exposure time must again be

considered for the best device performance yield. In the

aforementioned study, an exposure time over 45 s has led to

over-etching of graphene, in which metal-graphene contact

was decreased, and an exposure time under 5 s has led to

under-etching, in which not enough covalent contacts were

formed for a significant decrease in the contact resistance.

Chen et al. has expanded on this O2 plasma mechanism

of creating edge contacts by etching the graphene sheet and

directly growing MoS2 via CVD for the fabrication of a

device geometry in which graphene acted as the electrodes

[47]. Thus, by this mechanism, the interface contains

graphene and another two-dimensional material rather than

a three-dimensional metal. Previously, it has shown that

CVD growth of MoS2 is possible on SiO2 substrate

[48,49], yet this method has not been used before for the

implementation of MoS2 in edge-contact geometry to

graphene. To fabricate this graphene-MoS2 heterojunction-

based FET device, O2 plasma treatment is used to etch

away the graphene sheet only at the center before CVD-

growth of MoS2. As a result, the MoS2 layer grows at the

exposed center on the SiO2 and forms the channel, and the

graphene at the opposite ends becomes the electrodes, as

shown via optical image in Fig. 4(a) and via schematic

illustration in Fig. 4(b). Although this device showed

typical electrical performances of n-type devices, the field-

effect mobility of only about 0.46 cm2/Vs was obtained

due to the small grain size of MoS2. Even with poor device

performance, this approach still has the potential for

improvement since O2 plasma treatment was used for the

fabrication of a more advanced device geometry that

utilizes electrode-channel edge contacts.

V. Patterning the Graphene at the Device Interface

Covalent contacts can also exist under the area of metal-

graphene contact, rather than only at the edges of graphene.

This contact geometry is achieved by directly patterning

the graphene sheet in the areas where the metal will later

be deposited. Patterning is done by exposing certain areas

of graphene to O2 plasma in order to etch graphene in a

specific pattern for the reduction of contact resistance via

covalent contacts. Although various device patterns are

possible for fabrication, this review will focus on the holes,

comb, rail, and snake patterns. Song et al. etched holes, or

antidot arrays, of varying radii in the graphene sheet under

the metal-graphene contact area using O2 plasma treatment

Figure 3. O2 plasma treatment of graphene to etch the
material for the creation of edge contacts. Treatment times are
(a) 5-10 s to 35 s, where the shortening of the exposed
graphene contact length (Lexposed) is seen; and (b) 35 s to 45 s,
where the exposed graphene is completely etched. (Parts a and
b reprinted with permission from 46, copyright © 2017 Royal
Society of Chemistry.)

Figure 4. Graphene-MoS2 heterojunction-based, back-gate
FET device shown (a) under an optical microscopy and (b) as
a schematic illustration, both showing edge contacts of MoS2

channel layer to the graphene electrodes. (Parts a and b
reprinted with permission from 47, copyright © 2017 Royal
Society of Chemistry.)
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[50]. Fig. 5(a) shows the schematic of the device, where

graphene lies under the metals, except in the areas of the

holes, which are etched. At the etched sites, the metal is

able to covalently bond with the graphene via the dangling

σ-bonds that exist at the perimeter of the holes, shown as

the blue dots; at the areas outside of the holes, however, the

metal binds to the graphene via van der Waals forces.

Hence, both top contacts and covalent contacts exist

simultaneously for patterned devices. The holes are more

accurately shown in Fig. 5(b), where they are evenly-

distributed at the interface of the device. Again, by etching

the graphene in certain patterns, the metal is able to bind

more strongly to the underlying graphene, thereby

lowering the energy barrier at the patterned areas and

resulting in a more efficient carrier transfer. In the study, a

contact resistance of around 250 Ω·μm was obtained for

the devices with holes of 0.38 μm radius, compared to

around 650 Ω·μm for the devices without holes. Further,

Passi et al. also etched holes in their devices using O2

plasma treatment [51]. With a stronger metal adhesion to

the graphene sheet from covalent contacts at the areas of

the holes, a contact resistance of 456 Ω·μm was obtained

for the device with holes of 500 nm when distributed

evenly under the entire contact area, an improvement from

1518 Ω·μm for the devices without holes. However, this

device pattern does not provide enough areas for covalent

contacts for a more significant reduction of the contact

resistance. So, other device patterns that allow for more

covalent contacts should be utilized.

More efficient cuts can be made using the comb pattern,

shown in Fig. 6(a) and (b), where parts of the graphene

sheet, shown in dark gray, is cut in one end using a similar

O2 plasma etching process. Cho et al. fabricated this

pattern to study the dependence of device performance on

the peripheral length of graphene [52]. The peripheral

length of graphene was increased by increasing the number

of cuts, which yielded more dangling bonds bonds at the

perimeter of graphene for the formation of covalent

contacts at the interface. As the peripheral length increased

from 312 mm to 792 μm, a 60% decrease in the contact

resistance was shown, and a value of 0.8 kΩ·μm was

obtained. This result proves that inducing more cuts

improves the strength of the metal-graphene contact for a

more efficient device performance.

A pattern similar to the comb geometry is the rail pattern,

in which horizontal cuts, shown as light gray, are made in

the middle of the graphene sheet, shown as dark gray, at

the metal contact area as shown in Fig. 6(c). Hence,

dangling bonds exist at the perimeter of the cuts, where the

metal can bind covalently. It is notable that the cuts are not

extended to the end of graphene, which would result in a

comb pattern. Smith et al. fabricated the rail-patterned

graphene device using different number of cuts to increase

the perimeter length of graphene for their study on the

device performance based on the amount of cuts made [53].

Their TLM measurements yielded a contact resistance of

125 Ω·μm post-anneal with 10 cuts under Cu contact,

compared to 184 Ω·μm post-anneal without any patterns,

which proves that the patterns provide a better device

performance via covalent contacts. This proof is shown as

the device schematic in Fig. 6(d), where covalent contacts

only exist at the edge of the cut areas, providing a fast

carrier injection from the metal to the underlying graphene

due to a shorter bonding distance. Furthermore, their study

showed that as the perimeter length increased, more areas

Fig. 5. (a) Device schematic, in which the holes are etched only
in the areas of metal contact. Covalent contacts are achieved at
the perimeter of the holes, and top contacts exist in the
remaining areas. (b) Schematic of the hole pattern of the
graphene device, in which the holes are arranged evenly under
the contact area. Lm is the length of the metal, W is the width
of graphene, and rh is the hole radius. (Parts a and b reprinted
with permission from 50, copyright © 2017 AIP Publishing
LLC.)

Fig. 6. Comb pattern of the graphene device, in which the
peripheral lengths are (a) 312 and (b) 472 µm, respectively.
The patterns are made under the metal contact areas, where
covalent contacts occur at the edges of the cuts. (c) and (d)
Rail pattern of the graphene device, in which the cuts, shown
as light gray in the inset, are made under the source and drain
areas. Covalent contacts are achieved via dangling bonds at
the perimeter of the cuts, whereas top contacts exist in the
areas that have not been etched. (Parts a and b reprinted with
permission from 52, copyright © 2017 AIP Publishing LLC; and
parts c and d reprinted with permission from 53, copyright ©
2017 American Chemical Society.)
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of graphene become available for covalent contacts, and a

decrease in the total resistance of the device post-anneal

was first seen. Yet, as the number of cuts increased beyond

8, an upturn of the resistance was shown because extreme

narrowing of the width of the graphene nanoribbons by

making too many cuts had led to quantization effects that

impeded carrier transfer at the interface [53]. Because this

pattern works best under optimal conditions, in which the

perimeter length is kept as large as possible while

maintaining a large enough graphene nanoribbon width, a

significant limitation exists for this device pattern.

Another type of pattern geometry is the snake pattern,

where horizontal cuts are made to connect the long vertical

cuts in a snake-like fashion as shown in Fig. 7(a). Park et

al. fabricated this pattern on the graphene sheet at the

interface of the device, and when the width of the gap

between the cut graphene nanoribbons was decreased to 1

μm, a contact resistance of 484 Ω·μm under Pd contact was

obtained [54], compared to 1.4 Ω·μm without patterning.

Again, the reduction in the contact resistance is due to the

dangling bonds that exist at the etched areas, as shown in

Fig. 7(b), resulting in covalent contacts at the interface.

VI. Conclusions

This review has discussed the different methods of

forming covalent contacts for the reduction of the contact

resistance, essentially to realize high-performance graphene

transistors. Defects in the graphene sheet created by particle

irradiation provide dangling bonds for metal-graphene

covalent bonding at the interface of the defect sites.

Additionally, annealing enhances the chemical reaction at

the chemisorption interfaces and results in the dissolution

of the carbon atoms to the metal, as well as a strong orbital

hybridization.

This review has also discussed the reduction of the

contact resistance by altering the contact geometry of the

device. By depositing the metal just at the edge of the

graphene layer, edge contacts are achieved that provides

covalent bonding of the metal to the graphene. Furthermore,

patterning the graphene at the interface strengthens the

metal adhesion through covalent contacts provided by the

etched areas.

The contact resistance values obtained by the various

methods of forming covalent contacts are summarized in

Table 1. It is conclusive that covalent contacts are

fundamental for the reduction in the contact resistance and the

realization of high-performance graphene-based transistors.
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