
AIP Advances 4, 067129 (2014); https://doi.org/10.1063/1.4884305 4, 067129

© 2014 Author(s).

Residue-free fabrication of high-performance
graphene devices by patterned PMMA
stencil mask
Cite as: AIP Advances 4, 067129 (2014); https://doi.org/10.1063/1.4884305
Submitted: 09 April 2014 . Accepted: 06 June 2014 . Published Online: 16 June 2014

Fu-Yu Shih, Shao-Yu Chen, Cheng-Hua Liu, Po-Hsun Ho, Tsuei-Shin Wu, Chun-Wei Chen, Yang-Fang
Chen, and Wei-Hua Wang

ARTICLES YOU MAY BE INTERESTED IN

The effect of chemical residues on the physical and electrical properties of chemical vapor
deposited graphene transferred to SiO2
Applied Physics Letters 99, 122108 (2011); https://doi.org/10.1063/1.3643444

Comparison of mobility extraction methods based on field-effect measurements for graphene
AIP Advances 5, 057136 (2015); https://doi.org/10.1063/1.4921400

Improvement of graphene–metal contact resistance by introducing edge contacts at
graphene under metal
Applied Physics Letters 104, 183506 (2014); https://doi.org/10.1063/1.4875709

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/922521658/x01/AIP/HA_ADV_PDF_AQS_2019/HA_ADV_PDF_AQS_2019.jpg/4239516c6c4676687969774141667441?x
https://doi.org/10.1063/1.4884305
https://doi.org/10.1063/1.4884305
https://aip.scitation.org/author/Shih%2C+Fu-Yu
https://aip.scitation.org/author/Chen%2C+Shao-Yu
https://aip.scitation.org/author/Liu%2C+Cheng-Hua
https://aip.scitation.org/author/Ho%2C+Po-Hsun
https://aip.scitation.org/author/Wu%2C+Tsuei-Shin
https://aip.scitation.org/author/Chen%2C+Chun-Wei
https://aip.scitation.org/author/Chen%2C+Yang-Fang
https://aip.scitation.org/author/Chen%2C+Yang-Fang
https://aip.scitation.org/author/Wang%2C+Wei-Hua
https://doi.org/10.1063/1.4884305
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.4884305
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.4884305&domain=aip.scitation.org&date_stamp=2014-06-16
https://aip.scitation.org/doi/10.1063/1.3643444
https://aip.scitation.org/doi/10.1063/1.3643444
https://doi.org/10.1063/1.3643444
https://aip.scitation.org/doi/10.1063/1.4921400
https://doi.org/10.1063/1.4921400
https://aip.scitation.org/doi/10.1063/1.4875709
https://aip.scitation.org/doi/10.1063/1.4875709
https://doi.org/10.1063/1.4875709


AIP ADVANCES 4, 067129 (2014)

Residue-free fabrication of high-performance graphene
devices by patterned PMMA stencil mask

Fu-Yu Shih,1,2,a Shao-Yu Chen,2,a Cheng-Hua Liu,1 Po-Hsun Ho,3

Tsuei-Shin Wu,2 Chun-Wei Chen,3 Yang-Fang Chen,1

and Wei-Hua Wang2,b

1Department of Physics, National Taiwan University, Taipei 10617, Taiwan
2Institute of Atomic and Molecular Sciences, Academia Sinica, Taipei 10617, Taiwan
3Department of Materials Science and Engineering, National Taiwan University,
Taipei 10617, Taiwan

(Received 9 April 2014; accepted 6 June 2014; published online 16 June 2014)

Two-dimensional (2D) atomic crystals and their hybrid structures have recently at-
tracted much attention due to their potential applications. The fabrication of metallic
contacts or nanostructures on 2D materials is very common and generally achieved by
performing electron-beam (e-beam) lithography. However, e-beam lithography is not
applicable in certain situations, e.g., cases in which the e-beam resist does not adhere
to the substrates or the intrinsic properties of the 2D materials are greatly altered and
degraded. Here, we present a residue-free approach for fabricating high-performance
graphene devices by patterning a thin film of e-beam resist as a stencil mask. This
technique can be generally applied to substrates with varying surface conditions,
while causing negligible residues on graphene. The technique also preserves the de-
sign flexibility offered by e-beam lithography and therefore allows us to fabricate
multi-probe metallic contacts. The graphene field-effect transistors fabricated by this
method exhibit smooth surfaces, high mobility, and distinct magnetotransport proper-
ties, confirming the advantages and versatility of the presented residue-free technique
for the fabrication of devices composed of 2D materials. C© 2014 Author(s). All ar-
ticle content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4884305]

Two-dimensional (2D) atomic crystals, such as graphene and transition metal dichalcogenides,
have attracted intensive interest in recent years due to their novel transport, optical, and mechanical
properties.1–6 To fabricate metallic contacts or nanostructures on these 2D materials, electron-beam
(e-beam) lithography is the most conventionally used tool.7–10 The technique offers great flexibility
in device design and nanometer-scale feature size. However, e-beam lithography is not applicable
in certain situations, e.g., cases in which substrates with hydrophobic surface or flexible substrates
or samples susceptible to chemical reactions during the lithographic processes are used. Moreover,
e-beam lithography typically causes resist residues on these 2D materials,11 which can greatly affect
the physical properties of the materials. Numerous approaches, such as post-fabrication annealing,
mechanical cleaning, and acetic acid dissolution, have been developed to resolve this issue.12–14 In
addition, residue-free fabrication approaches have been demonstrated for the fabrication of graphene
devices.15, 16 However, these residue-free techniques are either limited to the fabrication of two-probe
geometry or require complex process and considerations.

Here, we demonstrate a simple, residue-free technique that allows for the fabrication of multi-
probe metal contacts on 2D materials with a stencil mask composed of a thin film of e-beam resist.
Notably, the e-beam resist is patterned and then used as a stencil mask directly, without the need
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FIG. 1. Device fabrication by patterned PMMA stencil mask. (a) A schematic of sample structure for the preparation of the
PMMA stencil mask. (b) OM image of a PMMA film on a substrate that is exposed and developed. The scale bar is 10 μm.
(c) A schematic of the water bath process through which the sacrificial PVA film is dissolved and the PMMA film is separated
from the substrate. (d) OM image of a patterned PMMA film that is suspended and ready to be used as a stencil mask. The
scale bar is 10 μm. (e) A schematic of metal deposition performed after the stencil mask and graphene are aligned. (f) OM
image of the graphene device fabricated by the PMMA stencil-mask technique. The monolayer graphene flake is outlined in
red. The scale bar is 4 μm.

to transfer the pattern to another material to create a stencil mask. This novel fabrication procedure
allows for the residue-free fabrication of graphene devices, while preserving the versatility and
flexibility of e-beam lithography. Moreover, our technique can be applied to various substrates,
including those that are not adhesive to e-beam resist. We applied this novel fabrication method to
fabricate high-quality graphene field-effect transistors. By fully utilizing the advantages of e-beam
lithography, four-probe contacts were patterned to match the specific geometry of each graphene
flake. Due to the residue-free nature of this technique, we observed smooth graphene surfaces
and distinct transport/magnetotransport behavior, confirming the high quality of the graphene field-
effect transistors and thus demonstrating the feasibility of this stencil-mask technique for the versatile
fabrication of 2D material devices.

We first fabricated a patterned poly(methyl methacrylate) (PMMA) film as a free-standing
stencil mask in four steps: PMMA film preparation, exposure, suspension, and drying. Figure 1(a)
shows a schematic of the sample structure used to prepare a stencil mask from the PMMA film.
First, a layer of 5% polyvinyl alcohol (PVA) in water was spin-coated onto a SiO2/Si substrate at
100 rpm for 10 seconds, followed by 5,000 rpm for 50 seconds, and then baked for 90 seconds
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at 110 ◦C. The PVA layer was intended to serve as a sacrificial layer that could be dissolved in a
water bath afterward to detach the PMMA resist layer from the substrate. Second, the PMMA resist
was spin-coated on top of the PVA layer at 100 rpm for 10 seconds, followed by 5,000 rpm for
50 seconds, and baked for 90 seconds at 110 ◦C. We then placed a TEM grid (EMS Gilder Thin
Bar Grids T400-Ni) on top of this PMMA layer and spin-coated another PMMA layer to enhance
the rigidity of the PMMA stencil mask and its adhesiveness to the TEM grid. The specification of
the TEM grid (pitch: 62 μm; hole: 37 μm; bar: 25 μm) was chosen to match the designed pattern.
The PMMA film was reasonably uniform at the center of the grid but thickened around the bars,
based on color contrast. After spin-coating the PMMA film, we defined the designed pattern by
standard e-beam lithography procedures. Figure 1(b) shows an optical microscopy (OM) image of
the PMMA resist layer on top of the substrate after it was developed. The conditions for exposure
(area dose 660 μA/cm2) and development were the same as those used for the PMMA film on the
SiO2/Si substrates. We then placed the sample in water at 50 ◦C for 2 hours to dissolve the PVA
layer and to separate the PMMA layer from the substrate (Figure 1(c)). We lastly baked the PMMA
film on a hotplate to remove residual water. Because the PMMA stencil mask is fragile when it is
kept horizontally during the baking process, the mask holder is settled vertically on the hotplate to
prevent the PMMA film from breaking. Thus, the PMMA stencil mask, shown in Figure 1(d), was
ready to be used for the fabrication of graphene devices. We could reliably achieve a feature size of
1 μm using this method.

To demonstrate the feasibility of the e-beam-defined stencil mask, we then applied this technique
to fabricate graphene field-effect transistors. Monolayer graphene was mechanically exfoliated from
graphite flakes onto octadecyltrichlorosilane (OTS)-functionalized SiO2/Si substrates17 and exam-
ined by optical microscopy and Raman spectroscopy.18 We utilized e-beam lithography to design
the electrode pattern, which matched the specific shape and size of each graphene flake. The sten-
cil mask was then mounted on a home-made aligner under an optical microscope. Because the
PMMA stencil mask was transparent, it could be easily aligned with the graphene flakes under-
neath without additional alignment windows and markers. After alignment, Ti/Au metal contacts
(5 nm/55 nm) were deposited by electron-beam evaporation at a base pressure of 1 × 10−7 Torr.
Figure 1(f) shows an OM image of a typical graphene device fabricated by the PMMA stencil-mask
technique.

We measured the surface topography of the fabricated graphene devices by atomic force mi-
croscopy (AFM) after metallization. Figure 2(a) (upper panel) shows a topography image of a typical
graphene device fabricated by the proposed technique. The step height of the exfoliated graphene
flake on the OTS-functionalized SiO2 substrate was 0.85 nm, confirming that the graphene flake
was monolayer. Moreover, the surface roughness of the graphene sample was 0.29 nm, comparable
to that of the OTS-functionalized substrate (0.29 nm), suggesting a very clean surface as a result
of the residue-free fabrication. These surface features are different from those of graphene sur-
faces after e-beam lithography, which are usually rougher due to resist residue and require further
cleaning.16 For comparison, a topography image of a typical graphene sample fabricated by e-beam
lithography is shown in Figures 2(a) (lower panel), in which the roughness of the graphene flake is
0.41 nm, indicating a rougher graphene surface due to PMMA residue. Moreover, the step height
of the graphene flake was measured to be 2.5 nm, larger than typical step height of monolayer
graphene ∼1 nm.

Our approach is readily adaptable to various geometries, in addition to exhibiting the afore-
mentioned residue-free feature. To demonstrate this flexibility in pattern design, we employed a
four-probe geometry for resistivity measurement (Figure 1(f)), which is essential to eliminating
the effect of contact resistance in graphene devices.19–21 The SiO2/Si substrates were functional-
ized with an OTS self-assembled monolayer (SAM) to ensure the enhanced transport properties of
graphene.17 Because the surface of the OTS SAM is hydrophobic, achieving the adhesion of any sub-
sequently deposited layers, such as e-beam resist, is difficult. Therefore, the stencil-mask approach
becomes essential and valuable in defining electrode patterns on the OTS-functionalized substrates. In
Figure 2(b), we compare the conductivity (σ ) vs. gate voltage (VG) curves measured with two-probe
and four-probe geometries for sample A. The field effect of the graphene device measured by the
four-probe geometry, which represents the intrinsic transport properties of the graphene channel, is
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FIG. 2. (a) Topography images of a graphene device fabricated by the PMMA stencil-mask technique (upper panel) and by
e-beam lithography (lower panel). The scale bar is 1 μm. (b) Comparison of the conductivity vs. gate voltage of sample A
measured with two-probe and four-probe geometries. (c) Gate-voltage dependence of resistivity of sample B shows a typical
field effect at T = 2 K. (d) The distribution of carrier mobility and VC N P at room temperature for all 5 samples.

much greater than that measured by the two-probe geometry. For the two-probe geometry, the con-
tact resistance contributes an additional voltage drop at the interface between the metallic contacts
and graphene which leads to overestimate of the channel resistance of graphene. By subtracting
the four-probe resistivity from the two-probe resistivity, the contact resistance is estimated to be
approximately 600 � μm at high carrier density for sample A, which is comparable to that of a
titanium-graphene junction.22

Due to the smooth graphene surface afforded and the implementation of a multi-probe geome-
try, our residue-free approach also leads to good transport characteristics of the graphene channel.
Figure 2(c) shows resistivity vs. VG curve of a typical graphene device (sample B) at T = 2 K.
To understand the transport behavior, we fit the data with a self-consistent Boltzmann equation23

ρ = σ−1 = (neμC + σo)−1 + ρS , where μC is the density-independent mobility due to long-range
scattering, ρS is the resistivity contributed by short-range scattering, and σo is the residual con-
ductivity at the Dirac point. The hole and electron mobilities of sample B at T = 2 K are
17,000 cm2/Vs and 9,000 cm2/Vs, respectively. Figure 2(d) shows the distribution of carrier mobility
and the charge neutrality point (VC N P ) at room temperature for all 5 samples that we fabricated. It
can be observed from the plot that VC N P is scattered between −5 and 10 V for all samples, which
indicates that various degrees of doping were caused by the substrates. Nevertheless, the level of
doping was smaller than that observed for graphene devices on unprocessed SiO2/Si substrates.17 In
addition, samples with low levels of residual doping (VC N P close to zero) exhibited higher mobility.
This trend is consistent with mobility degradation due to charge-impurity scattering.24–27

We further performed magnetotransport measurements to confirm that high-quality graphene
devices were fabricated by the PMMA stencil-mask technique. Figure 3(a) shows the longitudinal
resistance (RX X ) as a function of VG for sample C at B = 9 T and T = 2 K. A distinct quantum Hall
effect is observed, and the longitudinal resistance RX X exhibits a series of quantum Hall plateaus
corresponding to filling factors of v = ±2, ±6, ±10, etc. Figure 3(b) shows the magnetoresistance
of sample C at different values of VG , where pronounced Shubnikov-de Haas (ShdH) oscillations
are observed. The observation of the quantum Hall effect and ShdH oscillations are consistent with
intrinsic characteristics of graphene, therefore confirming the high-quality of the graphene devices
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FIG. 3. Magnetotransport properties of a graphene device (sample C) on OTS-functionalized substrate at B = 9 T and
T = 2 K. (a) Gate-voltage dependence of longitudinal resistance RX X of sample C showing a series of quantum Hall plateaus.
(b) Strong ShdH oscillations in the hole-transport regime at VG = −10, −20, −30, −40, −50, −60 V. (c) A fan diagram
composed of the Landau index vs. 1/Bn plotted at different gate voltages.

made by the proposed technique. Based on the ShdH oscillations in Figure 3(b), we can deduce the
value of 1/Bn at the nth minimum in RX X to construct a fan diagram at different values of VG for the
hole-transport regime, as shown in Figure 3(c). The linear trend is extrapolated to the y-axis at −0.5,
which is consistent with the nonzero Berry’s phase of the monolayer graphene.28 The presented
transport and magnetotransport characteristics therefore indicate the high quality of the four-probe
graphene devices fabricated by the PMMA stencil-mask technique.

In summary, we developed a PMMA stencil-mask technique for the fabrication of high-
performance four-probe graphene devices. This technique can be applied to various substrates,
including those that are not adhesive to e-beam resist. The method combines the design flexi-
bility offered by e-beam lithography and the advantages of residue-free fabrication. By employ-
ing this method, we fabricated graphene field-effect transistors with a four-probe geometry on
OTS-functionalized substrates. The graphene devices exhibited smooth surfaces, high mobility,
and distinct magnetotransport properties, confirming the advantages of the proposed method. The
presented residue-free technique provides an alternative approach to fabricating high-performance
devices composed of 2D materials on various substrates.
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