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ABSTRACT: Graphene has attracted intensive attention in the field of nanoelectronics due to its excellent electrical, thermal, and
mechanical properties, and graphene-based electronic devices emerge endlessly. However, with the miniaturization of devices and
the improvement of circuit integration, the contact resistance between the metal electrode and graphene in the conventional
graphene-based electronic devices largely reduces the carrier mobility and saturation drift speed due to the work function difference,
which will greatly deteriorate the transport performance of the device. The high contact resistance can also cause device overheating
and fast aging, consequently downgrading the upper bound of their performance. Therefore, hunting for an optimal electrode
material and fabrication approach have been essential goals in the field. Here, we report a newly developed scheme that uses e-beam
direct writing to make a high-performance three-dimensional graphene electrode, which can be applied in all carbon-based field
effect transistors; the whole process was conducted in a hot filament scanning electron microscope. We systematically investigated all
performance-processing parameter dependences and realized a resistivity of 8.85 × 10−4 Ω·cm of the graphene electrode, which has
great application potential in developing all-carbon electronics.
KEYWORDS: AZ5214, electron-beam-direct-writing, graphene electrode, three-dimensional, all-carbon electronics

■ INTRODUCTION
Graphene is a two-dimensional material with excellent
properties and broad prospects. It has been widely studied in
the field of nanoelectronics because of its unique bipolarity and
high carrier mobility.1−3 Graphene-based electronic devices are
considered as vital candidates for the postsilicon electronics.4

Major conventional graphene electronics are made of metal−
graphene−metal structures, where graphene serves as both
channel and wires. However, the working function difference
between the metal and graphene inevitably leads to the
accumulation of a large amount of space charge on the
interface between the two materials to generate a space charge
field, consequently leading to the bending of the energy band
and creating a so-called Schottky barrier. It creates an extra
contact resistance in such a case,5−7 which can seriously
deteriorate the device performance.8 Therefore, appropriate
electrode material selection is of great significance for realizing
the practical application of high-performance graphene
electronics. Among them, the carbon-based electrodes are
considered as potential alternatives to metallic ones due to

their excellent thermal stability and possibly low working
function difference to graphene and corrosion resistance
comparing to metals.9 Surely, a graphene-based electrode will
be the ideal one. Much effort has already been made toward
graphene-based all-carbon electronic devices. Park et al.10

realized the selective growth of graphene and graphite and the
control of the number of graphene layers using the patterning
of heterogeneous metal catalysts, thus preparing a graphene
transistor array with graphitic electrodes and interconnects.
Chen et al.11 reported a graphene-based field effect transistor,
whose patterned fossil graphitic electrodes were fabricated by
photolithography and oxygen plasma etching. Son et al.12 have
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reported the process of graphene hydrogenation with hydrogen
plasma and the scheme of converting the patterned fossil
graphene into an all-graphene circuit recently.
Among the techniques for carbon-based electrode fabrica-

tion, e-beam direct writing is a very promising one due to its
low power dissipation and nanoscale direct patterning
capability,13,14 which can fulfill the requirements for the
fabrication of highly integrated electronics. Besides, it can
avoid most of the steps in conventional lithography-based
techniques, thereby greatly improving the fabrication efficiency
and power usage. Conductivity and stability are two key
criteria to evaluate the potential performance of an electrode
material, and much work on seeking the best materials has
been conducted with keen interest in those two in the past
decade. McDermott et al.15 prepared a conductive carbon
nanostructure by combining e-beam direct writing and
carbonization. During e-beam irradiation, with the carbon-
ization of polymer, amorphous carbon forms, and the final
resistivity of the graphitic layer was about 1.08 × 10−3 Ω·cm.
Later, Chen et al.9 reported a back-gate field effect transistor
with graphitic electrodes fabricated by e-beam direct writing on
polymethylmethacrylate (PMMA); the resistivity of graphitic
electrodes was 4.8 × 10−3 Ω·cm, but the huge resistance (106

Ω) between source and drain electrodes remains an unsolved
problem in its way to be applied practically.
Here, we report a newly developed scheme that can succeed

in making a high-performance three-dimensional (3D)
graphene electrode by scanning electron microscope e-beam
direct writing with a photoresist AZ5214 thin film16 and
applying to an all-carbon-based top-gate field-effect transistor.
The formed 3D graphene electrodes show a resistivity of 8.85
× 10−4 Ω·cm, and fabricated transistors having on-state source
leakage electrode resistance of about 4.3 kΩ are comparable
with the one made of conventional metallic electrodes.

■ METHODS AND EXPERIMENTS
Figure 1 illustrates the flowchart of 3D graphene electrode
fabrication. Initially, diluted AZ5214 was spin-coated on the
surface of a SiO2/Si substrate [the rotating speed is 4000
revolutions per second (rps), and time is 40 s]. Then, a 5 nm
thick copper film formed on its top as the catalyst layer
through electron-beam evaporation deposition. The results
showed that copper can largely enhance the breakage of C−C
and C−H bonds in the photoresist molecule during e-beam
irradiation.17,18 The electron beam irradiation was conducted
using a scanning electron microscopy system with a beam

Figure 1. Flowchart of 3D graphene electrode fabrication.

Figure 2. (a) Schematic illustration of the mechanism of 3D graphene electrode formation through e-beam direct writing using a photoresist. (b)
The concentration and e-beam dose dependence of the thickness of graphene electrodes and the gradient of thickness change with beam dose
increase. The label in the figure represents the concentration and the minimum electrode thickness corresponding to the concentration.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://doi.org/10.1021/acsaelm.3c00917
ACS Appl. Electron. Mater. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/acsaelm.3c00917?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00917?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00917?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00917?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00917?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00917?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00917?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00917?fig=fig2&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.3c00917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


energy of 5−30 keV. After that, the sample was soaked in
potassium persulfate solution to remove the copper layer, and
then, acetone was used to dissolve the unexposed resist so that
the patterned parts were left. Finally, the sample was annealed
at 800 °C for 1 h with the protection of Ar. The sample
characterization was conducted using an atomic force micro-
scope (NX-10, Park), a Raman spectrometer (RTS-2, with
spectrometer Andor 500), and a probe station (Qianye probe
station with Keithley model 2450) for thickness and surface
roughness measurement, graphitic material recognition, and
electric transport property measurements, respectively.

■ RESULTS AND DISCUSSION
Mechanism of 3D Graphene Electrode Fabrication.

The fabrication of graphene electrodes by e-beam direct
writing mainly includes two consecutive processes, electron
beam irradiation or e-beam exposure and postannealing, as
shown in Figure 2a.
The AZ5214 hydrocarbon is irradiated by a high-intensity

electron beam that turns the large molecular chains into the

small molecular carbon chains and then recross-link to form
negative photoresist, producing a predefined 3D skeleton by
losing part of oxygen and hydrogen atoms.19,20 This is a typical
overexposure process of positive photoresist.21 Similarly,
limited by the maximum voltage of the scanning electron
microscope, the electron beam energy is insufficient to fully
graphitize the precursor. The subsequent annealing process
leads to a large number of cross-linked carbon−carbon bonds
and dehydrogenization, and at the same time, the hydrogen
and oxygen combination of volatile groups, such as CO2, H2,
and CH3O, escapes. The structure is expanded, and finally, a
3D graphene structure is formed with high electrical
conductivity.22,23

Figure 2b shows that the thickness of the graphene
electrodes increases initially and quickly reaches constant
values with the increase of electron doses. The thickness
increase of the irradiated resist is one of the key factors which
later highly influence the 3D structure formation. Meanwhile,
the high concentration of the precursor will lead to the high
density of molecular chains; therefore, the thick 3D skeleton

Figure 3. (a) Resistivity of the graphene electrodes under different beam energies. (b) Resistivity of the graphene electrodes under different
electron irradiation doses. (c) Conductivity and I2D/IG of graphene electrode dependence on the concentration of photoresist for spin-coating. The
horizontal coordinate represents the volume of AZ5214 dissolved in 20 mL of isopropyl alcohol. (d) Raman spectra measured for the grown
graphene electrodes using the spin-coated films with different photoresist concentrations. The wavelength of the irradiated laser was 532 nm (e)
Measured I−V relationship of the GFET with channel lengths of 5, 10, 15, 20, and 25 μm; the inset is the plots of total resistances versus channel
lengths. (f) Resistivity of reported graphitic electrodes prepared by different methods. (EBDW is e-beam direct writing; EBL is e-beam lithography;
CVD is chemical vapor deposition).
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structure was formed after electron-beam irradiation and
postannealing eventually.

Parameter Dependences of the Graphene Electrode
Performance. To gain a deeper understanding of this
technique, the parameter dependences of the graphene
electrode performance were investigated systematically. The
beam acceleration voltage or beam energy and dose are two of
the most important parameters. The beam energy determines
the maximum energy with which an electron can dissipate to
the resist molecule.24 As shown in Figure 3a, the resistivity of
the fabricated material decreases with the increase in the beam
energy. The collisions between the incident electrons and the
molecules of the precursor result in the kinetic energy transfer
of electron to the precursor molecule and lead to their
fragmentation;25 subsequently, the fragments cross-link and
form a larger molecule with specific size distribution that is
determined by both beam energy and dose. The whole process
coincides with the typical process of overexposure of the
positive photoresist.26 Additionally, the resistivity of the
electrode rapidly decreases with the increase in the beam
dose,27 but it will keep constant when the dose reaches or
exceeds 1000 C/m2, as shown in Figure 3b. The incident
electrons induced high stress inside the resist, causing local
plastic deformation. The aforementioned process leads to the
positive to negative photoresist conversion, also a carbonation
process,28 and generates a predefined 3D skeleton, which
prepares the needed precursors for the formation of a 3D
graphene network in the following thermal annealing step.29

The key to the optimization in this step is to seek the best
parameters to obtain the most proper size distribution of
negative photoresist and predefined deformation, which are
favored for forming the right 3D graphene with both the lowest
resistivity and the lowest annealing temperature required.
As shown in Figure 3c, with the increase of the

concentration of the precursor solvent, the electrical
conductivity of the electrode initially increases and then
decreases and reaches the maximum value when the content of
AZ5214 is 1500 μL. This could be interpreted as the
maximization of positive to negative photoresist conversion
(PVPC) and the optimized predefined structure for thermal
carbonization to form 3D graphene under the same beam dose
and energy. Under the same electron dose, the low-
concentration resist solution-coated layer eventually leads to
the formation of a thinner layer of 3D graphene, and
consequently, the higher resistance, while too much resist
may result in an unfavorable predefined structure for later 3D
graphene network formation due to the incomplete PVPC.

Figure 3d shows the Raman spectrum of the resist-based
electrode. A clear 2D characteristic peak formed at 2700 cm−1

indicates the critical feature of the multilayered graphene of the
electrode for all electron irradiated electrodes but not for the
one with solely annealing and without electron irradiation,
which indirectly exhibits the significance of copper catalysis in
graphene growth.30−32

Figure 3e shows the channel resistances of the fabricated
electrodes with channel lengths of 5, 10, 15, 20, and 25 μm
under the optimal fabrication parameters. Their nearly perfect
linearity in I−V curves indicates the great uniformity of the
electrode materials and a resistivity of 8.85 × 10−4 Ω·cm. As
shown in Figure 3f, it is the lowest among all the reported
results in respect of materials and is an order of magnitude
lower than that measured for the graphene electrode so
far.9,15,33−36

Fabrication of 3D Graphene Electrode-Based FET. In
order to further check the availability of this method, a 3D
graphene electrode-based top-gate FET has been fabricated as
shown in Figure 4a, where a piece of chemical vapor deposition
(CVD)-grown graphene was transferred onto SiO2/Si
substrate as the channel material.37 The perfect linear on-
state I−V relationship and nearly zero intercept indicate the
low contact resistance between the electrode and graphene
channel, which again indirectly prove the intrinsic nature of the
fabricated electrode in the 3D graphene network. The
measured on-state resistance is 4.3 kΩ, which coincides with
the measured resistivity within the order of 10−4 Ω·cm.9,15,38−

40 In Figure 4b, the P-type device character is exhibited by the
+8.5 V shift of the neutral point in the measured transfer curve
of the top-gate FET. It could rationally be attributed to the
photoresist residue on the graphene surface, which was
introduced in the device patterning process. The reason for
the curve rounding around the Dirac point is due to the defects
in graphene, which can be attributed to the top fabrication of
the electrode.41 The extracted carrier mobility of the FET is
3186 cm2/V s.42 All of these demonstrate the scheme’s
fulfillment of the requirements of fabricating the electrodes for
an all-carbon-based FET manufacture.

■ CONCLUSIONS
In this study, a high-performance 3D graphene electrode was
successfully fabricated using AZ5214 by e-beam direct writing
in the proposed scheme. Systematic studies of the electric
property dependences of the manufactured electrode on a
variety of fabrication parameters have been conducted, which
include beam energy and dose and precursor concentration.

Figure 4. (a) Optical microscopic image and I−V characteristic of 3D graphene electrode-based FET. The dielectric layer is a 30 nm Al2O3 layer
deposited by atomic layer deposition. (b) Transfer characteristics of the GFET.
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The 3D graphene electrode with a resistivity of 8.85 × 10−4 Ω·
cm was realized under the optimized condition, and the device
exhibits no contact resistance, denoting the capability of its
practical application. This photoresist-based scheme of nano-
scale direct electrode fabrication has merits of rather high
conductivity, zero graphene contact resistance, and simplicity
compared to both the conventional metal and existing carbon-
based electrodes for graphene electronics, which offers a highly
promising tool in the arsenal of developing future all-carbon
circuits.
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