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ABSTRACT

One of the reasons why graphene attracts so much attention is its large ballistic

transport mean free path, which could lead to novel electronic devices with very

low power dissipation, breaking one of the key barriers that currently limit

further electronics miniaturization. In particular, epi-graphene with scalable

growth and high compatibility with modern semiconductor fabrication proce-

dures, make it the most promising candidate for graphene based integrated

circuits. However, in order to preserve that power advantage, it is essential to

create interconnections with low contact resistance. This has been a long-s-

tanding challenge as metal contacts directly deposited on graphene tend to form

weak interfaces, and any impurities and processing residues on graphene can

deteriorate its electrical properties. In this work, side contacts with low resis-

tance are fabricated to connect to the edge of epitaxial graphene grown on the

non-polar face of silicon carbide. The procedure starts by depositing aluminum

oxide on graphene, which serves both as protective coating and dielectric layer,

before device fabrication. To assure obtaining a high quality Al2O3 layer using

Atomic Layer Deposition (ALD), graphene is treated by hydrogen through

plasma enhanced chemical vapor deposition forming reversible hydrogen

functionalization. This is followed by ALD to grow a 15 nm-thick oxide, which

covers the epitaxially grown graphene on SiC. Finally, the edge contact is built

to connect to the single layer graphene, reaching remarkably low contact

resistance width of about 340 X lm.

In the past decade, silicon carbide has become one of

the most promising candidates for the next genera-

tion of high temperature, frequency and power elec-

tronic circuits and systems [1–4]. In addition, high-

quality crystalline SiC has been used as substrate for

growing epitaxial graphene (epi-Gr), potentially

considered for the next generation of field effect

transistors (FETs) by taking advantage of its excep-

tional transport properties. Among the graphene

family, epi-Gr has been highly regarded to establish
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post-CMOS electronics, not only because using epi-

Gr can avoid contamination and damage due to extra

transfer process, which is unavoidable for exfoliated

and CVD graphene, but also for its unique tunability

through substrate orientation [5–7]. Integrating epi-

Gr devices in electronic circuits requires establishing

reliable connections with low resistance.

The conventional method to connect two dimen-

sional-materials and three- dimensional electrodes is

by depositing 3D metal electrodes directly on the 2D

materials, but graphene has weak out-of-plane bonds

and strong orbital hybridization, resulting in large

contact resistance. This severely hinders the devel-

opment of graphene based electronic devices. Factors

affecting this resistance include dipoles formation at

the interface due to charge transport, perturbation of

the graphene beneath the metal and contamination of

the metal/graphene interface [8–10]. The lack of

bonding sites on graphene, which make the contact

resistance large, curtains its outstanding properties.

Therefore, it is critical to find a way to reduce the

contact resistance. One initial idea that was explored

was looking for a metal with the right work function

to match the one of graphene and enhance their

interaction. This included interface functionalization

and modifications, which guided research in the last

decades. Results showed low contact resistance with

Cr/Au electrodes and improvement with Ti/Au

[10–15]. An ultraviolet ozone treatment has been

introduced to modify the metal/graphene contact

interface, which reduced the contact resistance (Rc) to

184 X lm by enhancing the interaction energy of M-G

(Metal-Graphene), it also effectively removed the

PMMA originating from the process of transfer, and

preserved the intrinsic properties of graphene in a

large extent [16]. Xia et al.used palladium as electrode

to contact with graphene, which exhibits an anoma-

lous temperature dependence, and the contact resis-

tance dropped significantly to 110 ± 20 X lm at 6 K.

This can be attributed to the interfacial effect between

graphene and the Pd electrode, since the mean free

path of charge carriers exceeds the Pd–graphene

coupling length at low temperature, which leads to a

semi-ballistic transport with an efficiency of * 75%.

With increase in temperature, the mean free path

decreases rapidly and the carrier transport becomes

less ballistic, resulting in a considerable reduction in

transport efficiency [17]. Pd produces low contact

resistance with graphene due to its n-doping [18]

caused by its large work-function difference that

matches the large graphene DOS [11]. A few years

ago, the first proposed side contact approach reached

Rc of nearly 100 X lm in an hBN graphene

heterostructure [19]. Here, we introduce a new

approach to fabricate such contacts with epitaxial

graphene grown on SiC directly.

Graphene-based devices are very sensitive to con-

tamination which will lead to electron doping, scat-

tering and charge carriers trapping, thereby

dramatically reducing their mobility. In order to

make full use of the graphene on the entire surface,

keep its intrinsic properties intact and improve the

performance of devices, a thin high- j dielectric layer

is preferentially selected for coating. However, it

remains a challenge to directly grow high quality

metal oxide dielectric layers on graphene due to the

weak out-of-plane bonds in its sp2 lattice. Much effort

has been devoted to find a proper solution in past

decades, such as post-oxidation after direct metal

deposition through thermal and electron-beam

evaporation [20–22], chemical vapor deposition of

dielectrics in a water vapor environment [23] and

polymers or macro-molecules [24]; Selection of sub-

strates that enhance nucleation [25]; The use of ozone

or other plasmas to form functional groups on gra-

phene or sacrificial graphene [26, 27], which in turn

bring changes to the electrical properties, because this

method can convert the carbon sp2 bonds into sp3,

deteriorating graphene [28–30]. Here, a method is

introduced that makes it possible to obtain high

quality and uniform dielectric layers on hydrogen

functionalized graphene treated by H2 plasma, which

protects the properties of graphene. Moreover, it has

been shown that the properties of pristine graphene

treated by H2 plasma can be recovered after anneal-

ing in an Ar atmosphere at high temperature [31–33].

ALD is an ideal method to grow Al2O3 on surfaces,

owing to its ability to provide atomic thickness con-

trol with extremely high quality and uniformity.

After graphene is coated with Al2O3 to form a

heterostructure of SiC/graphene/Al2O3, the tech-

nique of metalized side contacts can be applied, with

structure similar to conventional field-effect transis-

tors (FETs). The topology is such that the metal

electrodes interconnect to graphene along its edge.

Theoretical analysis point that this contact leads to

shorter bonding distance and larger orbital overlap

than surface contacts [34].

We report the reliable edge contact formation of

Al2O3 coated epitaxial graphene by optimizing the
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conventional device fabrication process reaching a

very low contact resistance. Dry etching by RIE

(Reaction Ion Etching) with SF6 and Ar? is conducted

to expose the edge of graphene and then deposit Cr/

Au (20 nm/10 nm) by electron-beam evaporation to

realize the metal electrode contact with graphene

along its edge. Our work presents an approach to

make a better contact to encapsulated graphene

which is sensitive to air and PMMA.

It is different from any previous reported attemp-

ted side contact approach, standing out with com-

plete graphene transfer-free and compatible to the

conventional semiconductor fabrication procedure as

well as the lowest contact resistance in that kind [35].

1 Results and discussion

1.1 H2 functionalization of grapheme

Hydrogen plasma treatment is known as an efficient

way to modify the surface of single-layered graphene

because its band gap can be tuned by hydrogenation

and the reaction is reversible. The original metallic

state and the lattice spacing can be restored by

annealing, as evidenced by the recovery of the

quantum Hall effect [33, 34]. PECVD (Plasma

Enhanced CVD) is performed with 10 W RF power

and under 8 9 10–2 torr pressure at 50 �C with flow

of 25 sccm of H2 and then transferred to ALD, which

is conducted at 100 �C using H2O and trimethylalu-

minum (TMA) to grow Al2O3. The time sequence is:

0.02 s, 20 s, 0.015 s and 20 s during H2O, purge, TMA

and purge, respectively. After ALD, the sample was

annealed at 400 �C under an Ar/ H2 (500/10 sccm)

flow for 2 h in a tube furnace. The quality of the

graphene was characterized using Raman Spec-

troscopy (532 nm) before and after plasma treatment,

following ALD and after annealing. The uniformity

of Al2O3 is characterized by atomic force microscopy

and its electrical properties are tested with an electric

probe station.

1.2 Quality of graphene: Raman
characterization

The main features in the Raman spectra of carbon-

based materials are the G and D peaks that lie around

1580 and 1350 cm-1, respectively. The G peak corre-

sponds to optical E2g phonons at the Brillouin zone

center, whereas the D peak is caused by breathing-

like modes (corresponding to transverse optical

phonons near the K point) and requires a defect for

its activation via an intervalley resonance Raman

process. Both the G and D peaks arise from vibrations

of sp2 hybridized carbon atoms. The D peak intensity

provides a convenient measure of the amount of

disorder in graphene [33, 34, 36–38]. Its overtone, the

2D peak, appears around 2700 cm-1 and its profile

identifies monolayer graphene. The 2D peak is pre-

sent even in the absence of any defects because it is

the sum of two phonons with opposite momenta.

It is generally understood that graphene can be

damaged by H2 plasma leading to the change from

sp2 to sp3 [31], which is most likely related to the

formation of C-H bonds [33]. The quality of graphene

has been studied with Raman spectroscopy after

plasma treatment, and annealing at 400 �C. The

Raman spectrum measurements are acquired after

every step in the same sample. The Raman D-band

indicates the defects of graphene or the functional-

ization of graphene by covalent bonding. As shown

in Fig. 1 and Table 1, during the hydrogenation

process, the D and D’ (* 1620 cm-1)peaks increase,

accompanied by decrease of the 2D and G peaks and

the redshift of the 2D peak. Hydrogen plasma treat-

ment resulted in the appearance of the D peak, which

can be attributed to breaking the translational sym-

metry of C–C sp2 bonds after the formation of C-H

sp3 bonds. However, after annealing, the Raman

spectrum recovers its original shape, with very little

residual D peak, signifying slight structural disorder

[33, 38]. It should be noted that intrinsic structural

defects are not likely being remedied with annealing

at this temperature, therefore, the D-band is certainly

related to C-H bonds. In conclusion, a uniform layer

Fig. 1 Raman spectra of graphene samples after H2 plasma

treatment and annealing
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of Al2O3 can be obtained by atomic layer deposition

(ALD) on graphene with C-H bonds, while the gra-

phene will recover its pristine properties after 400 �C
annealing.

1.3 Quality of Al2O3: AFM characterization
and breakdown voltage test

The use of high-k dielectric layer (Al2O3) on graphene

may result in better graphene transistor performance

than SiO2, the ALD of Al2O3 has been widely inves-

tigated owing to its wide ALD window, high vapor

pressure, inexpensive precursor, and the wide

applicability [39]. To research the effect of growing

Al2O3 on graphene with functional groups, a 15 nm-

thick Al2O3 layer is deposited on both pristine gra-

phene and plasma treated graphene. The uniformity

of the resulting layers is tested by AFM imaging

which are presented in Fig. 2. Uniformity of the oxide

directly grown on pristine graphene is not ideal with

holes and discontinuities uncovered in the corre-

sponding AFM image (Fig. 2a). Instead, the oxide

layer grown on H2 plasma treated graphene displays

continuous structures and no pinholes (Fig. 2b)

indicating its high quality. Histograms of the corre-

sponding hight distribution over the 10 � 10 lm2

regions of the Fig. 2a (red squares) and Fig. 2b are

presented in Fig. 2c, which reflect the numbers of

pixel points at different heights.After comparing, the

fluctuation of the sample surface on graphene treated

by H2 plasma is smaller than that on pristine gra-

phene. In conclusion, the formation of C-H bonds

improved the deposition of ALD precursor on gra-

phene which is beneficial to the quality and unifor-

mity of the oxide layer. Besides, the breakdown

voltage is more than 8.8 V for 15 nm thick Al2O3 on

H2 plasma treated graphene as shown in Fig. 2d. The

insulation performance of Al2O3 grown on graphene

treated by H2 is better than that on pristine graphene,

the leakage current is completely negligible, which

provides a good foundation for the subsequent

preparation of field effect transitor (FET).

1.4 Edge contacts fabrication

The procedure of fabricating edge contacts is illus-

trated in Fig. 3. It starts from a fully oxide-covered

epitaxial graphene on SiC according to the process

afore-discussed. Clean and uniform areas are chosen

to pattern into PMMA coated strips as channels by

e-beam lithography (EBL). Then the rest is etched

away by RIE, exposing both ends of the rectangles

with PMMA during a second EBL step. Finally, gra-

phene is exposed to create the contacts with its edge.

Then, Cr/Au (20/10 nm) film is deposited using

e-beam evaporation under background pressure of

5 9 10–6 torr. The role of the metal Cr is to provide a

good adhesion layer to the sidewall of graphene, as

depicted in Fig. 3a–c.

The process of moving from the RIE chamber to the

e-beam evaporator is a critical step since the etching

of graphene edge creates dangling bonds and defects

that are apt to adsorb molecules from the environ-

ment. Therefore, it is critical to add one more step to

clean the edge of graphene by Ar? right after etching,

and then move to the e-beam evaporator immedi-

ately. Figure 3d shows the detailed topographic

image of the side contact between electrodes and

graphene.

1.5 Electrical characterization

The quality of the edge-contact is characterized

through contact resistance measurements. The

transfer-length method (TLM) was used to test gra-

phene devices consisting of different channel lengths

and same width, and the results are shown in Fig. 4a.

They are all Ohmic contacts, with total resistance in

the two terminal measurements that can be expressed

as Rt = 2RC(W) ? q L/W, where L is the device length,

W is the width of device, and RC is the contact

resistance which can be extracted from the intercept

of RC(W). Rt for each device is characterized in a

probe station, with measurements carried out at

ambient conditions. The RC�W can be as low as about

334 X lm (Fig. 4c). The I-V curve of each point in

Fig. S1a is shown in Fig.S1b, which demonstrates

typical Ohmic contacts. The data extracting RC in

devices with different channel widths is shown in

Fig. S1.

The side contact between metal and 2D materials

can generate a strong orbital overlap with Schottky

contact, hence, it can effectively increase the electron

Table 1 Raman results of

graphene samples after H2

plasma treatment and

annealing

2D/G D/G

Pristine 3.1 0.2

H2 plasma 2.8 1.0

400 �C anneal 3.3 0.5
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density in the contact region and inject a large

amount of charge carriers into the conduction or

valence band of the semiconductor from the con-

tacting metal, further yielding very low contact

Fig. 2 AFM images of the 15 nm Al2O3 grown at 100 �C on

pristine graphene (a), and on graphene treated by H2 plasma (b),

height histograms for Al2O3 of the red square region of pristine

graphene (red line) and graphene treated by H2 plasma (black line),

x axis represents the hight of measurent point on the surface and y

axis represent the number of measured pixel points in AFM image

(c), break down voltage test of 15 nm Al2O3 on graphene which is

treated by H2 plasma (d). Inset shows the enlarged view of the left

turning point. As shown in Fig. 2C, measured height distribution

within 10 9 10 ml2 area clearly demonstrates much better

smoothness of Al2O3/Pristin Graphene (red line) than Al2O3/

Graphene treated by H2 plasma (black line)

Fig. 3 Growing Al2O3 on

graphene treated by H2 plasma

(a). Schematic fabrication

process of the edge contact (b,

c). The silicon carbide (SiC)-

graphene- Al2O3

heterostructure is patterned by

EBL and RIE to expose the

graphene edge (b). Deposition

of Cr (20 nm) and Au (10 nm)

to form edge contact (c). SEM

image showing the details of

the edge-contact structure (the

bean-like materials are those

leftover of photoresist) (d)

J Mater Sci: Mater Electron



resistance [40]. Most epi-graphene exhibit p-type

doping due to water, air and PMMA adsorption, but

as shown in Fig. 4d, the neutral point of this device

shown in Fig. 4b is at negative 0.32 V, which results

from the dramatic reduction of external molecule

adsorption due to the alumina encapsulation and

slightly n-doping from aluminum atoms. This is

highly superior than most top-contact structured

graphene devices with greatly simplified fabrication

procedure due to the complete elimination of those

unavoidable photoresist depletion process in the

conventional recipe.

2 Conclusions

In summary, a new encapsulated SiC-graphene-

Al2O3 heterostructure has been introduced to effec-

tively realize low resistance side contacts. It can

completely avoid polymer contamination of gra-

phene during their transfer process. Besides, gra-

phene is coated with Al2O3 immediately after

growth, which also can vastly preserve its intrinsic

properties. Compared to the conventional top-contact

structure with a transfered boron nitride obtained by

mechanical exfoliation, this side contact configuration

design makes nearly all dielectric layer grown by

ALD usable with thickness control which is naturally

compatible to the modern semiconductor fabrication

procedure.

3 Methods

3.1 H2 functionalization of grapheme

The epitaxy graphene is annealed in a vacuum at 400

�C for 10 min to remove impurities such as water

molecules and air molecules on the surface, transfer

the sample to PECVD (Plasma Enhanced CVD)

immediately, PECVD is performed with 10 W RF

power and under 8 9 10–2 torr pressure at 50 �C with

flow of 25 sccm of H2.

Fig. 4 Optical image of a

TLM device with edge-

contacts (a), and field effect

transistor (FET) (b). Total

resistance versus channel

length, tested on a graphene

device made in TLM geometry

with side contacts (a, c). Inset

shows the enlarged view of the

intercept. Transfer

characteristics at VDS = 1 V

for the device using top gate

shown in d. Inset shows an

enlarged view of the Dirac

point
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3.2 Dielectric layer fabrication

Transfer the graphene treated by H2 plasma to ALD

chamber, which is conducted at 100 �C using H2O

and trimethylaluminum (TMA) to grow Al2O3. The

time sequence is: 0.02 s, 20 s, 0.015 s and 20 s during

H2O, purge, TMA and purge, respectively. After

ALD, the sample was annealed at 400 �C under an

Ar/ H2 (500/10 sccm) flow for 2 h in a tube furnace.

3.3 Edge contacts fabrication

Clean and uniform graphene with dieletric areas are

chosen to pattern into PMMA coated strips as chan-

nels by e-beam lithography (EBL). Then the rest is

etched away by RIE, exposing both ends of the rect-

angles with PMMA during a second EBL step.

Finally, graphene is exposed to create the contacts

with its edge. Then, Cr/Au (20/10 nm) film is

deposited using e-beam evaporation under back-

ground pressure of 5 9 10–6 torr.

3.4 Characterizations

Raman spectroscopy was carried out Raman micro-

scope with an Andor Shamrock 500i imaging spec-

trometer integrated with a Leica DM2700 M

microscope. AFM images were measured on a com-

mercial AFM (Park) that boasts a wide range of

scanning modes and the lowest noise. I-V curves of

resistance and transfer characteristics were measured

by the Model TTPX probe station from lakeshore and

Keysight B1500A semiconductor device parameter

analyzer in ambient conditions.
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