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Abstract
Mass production and commercial adoption of graphene-based devices are held back by a few crucial technical challenges related to
quality control. In the case of graphene produced by chemical vapor deposition, the transfer process represents a delicate step that
can compromise device performance and reliability, thus hindering industrial production. In this context, the impact of poly(methyl
methacrylate) (PMMA), the most common support material for transferring graphene from the Cu substrate to any target surface,
can be decisive in obtaining reproducible sample batches. Although effective in mechanically supporting graphene during the
transfer, PMMA solutions needs to be efficiently designed, deposited, and post-treated to serve their purpose while minimizing
potential contaminations. Here, we prepared and tested PMMA solutions with different average molecular weight (AMW) and
weight concentration in anisole, to be deposited by spin coating. Optical microscopy and Raman spectroscopy showed that the
amount of PMMA residues on transferred graphene is proportional to the AMW and concentration in the solvent. At the same time,
the mechanical strength of the PMMA layer is proportional to the AMW. These tests served to design an optimized PMMA solu-
tion made of a mixture of 550,000 (550k) and 15,000 (15k) AMW PMMA in anisole at 3% concentration. In this design, PMMA-
550k provided suitable mechanical strength against breakage during the transfer cycles, while PMMA-15k promoted depolymeriza-
tion, which allowed for a complete removal of PMMA residues without the need for any post-treatment. An XPS analysis con-
firmed the cleanness of the optimized process. We validated the impact of the optimized PMMA solution on the mass fabrication of
arrays of electrolyte-gated graphene field-effect transistors operating as biosensors. On average, the transistor channel resistance de-
creased from 1860 to 690 Ω when using the optimized PMMA. Even more importantly, the vast majority of these resistance values
are distributed within a narrow range (only ca. 300 Ω wide), in evident contrast with the scattered values obtained in non-optimized
devices (about 30% of which showed values above 1 MΩ). These results prove that the optimized PMMA solution unlock the pro-
duction of reproducible electronic devices at the batch scale, which is the key to industrial production.

796

https://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:andrea.capasso@inl.int
mailto:pedro.alpuim.us@inl.int
https://doi.org/10.3762/bjnano.13.70


Beilstein J. Nanotechnol. 2022, 13, 796–806.

797

Introduction
Graphene and two-dimensional (2D) transition metal dichalco-
genides (TMDCs) have been the focus of an intense research
effort aimed at developing a new class of innovative devices
and applications [1-3]. Among the production methods, chemi-
cal vapor deposition (CVD) made substantial progress over the
years and now guarantees high-quality standards for the growth
of batches of graphene samples over wafer-scale areas [4-6].
This progress allowed for the fabrication of a wide range of 2D
material-based devices and heterostructures, especially in opto-
electronics [7-9]. At present, one of the remaining challenges in
the fabrication of graphene-based devices lies in the repro-
ducibility: More than the CVD itself, the transfer process from
the growth substrate (e.g., Cu or Ni) to the desired target sub-
strate (e.g., SiO2/Si, glass, or flexible polymers) often intro-
duces inconsistencies among devices [10]. Various approaches
have been developed to address this issue and establish a repro-
ducible transfer process [11-17]. Among the many, the
poly(methyl methacrylate) (PMMA)-assisted process remains
the most reliable and most commonly used approach [18]. The
chemical structure of PMMA features long polymer chains,
whose length is proportional to the average molecular weight
(AMW) of the polymer. During the transfer of graphene, the
polymer serves as a supporting layer to (i) retain the integrity of
graphene during the wet-etching bath required to dissolve the
metallic substrate and (ii) provide mechanical stability when
transferring graphene to the target substrates. During this
process, two primary external sources of contamination need to
be considered: (i) metallic particles from the Cu or Ni etching
process and (ii) PMMA residues after the removal and rinsing
processes. Both contaminations are leading causes of undesired
p-type doping in CVD graphene, accompanied by a deteriora-
tion of its electrical properties [19-22]. The metallic contamina-
tion from etchants such as FeCl3 can be substantially reduced
by rinsing PMMA-coated graphene in DI water solution with
1–2% HCl [12]. Concerning the PMMA residues, several ap-
proaches were implemented to dissolve them, primarily by
disrupting their chemical bonds. The chemical bond breakage is
crucial, considering that PMMA solutions with higher weight
percentage (wt %) are usually preferred as they form thicker
supporting layers by spin coating: Such layers are mechanically
more robust, yet leave behind significant residues [20].
Annealing processes (usually 200–450 °C, under an inert atmo-
sphere or vacuum) were proposed [20], enabling depolymeriza-
tion by breaking the molecular backbone bonds of PMMA
[19,22,23]. Similarly, UV radiation can break the ester groups
of PMMA, thus weakening the intermolecular interactions with
graphene [24]. PMMA with higher AMW is harder to depoly-
merize due to strong van der Waals and London attractive
forces among the long polymer chains [13]. It must also be
considered that thermal treatments can often be counterproduc-

tive as they intensify polymerization, harden the PMMA
residues, and complicate the removal.

Therefore, the way toward clean graphene processing appears to
lie in the optimization of the PMMA-assisted transfer. In this
context, we propose an optimized approach for a clean mass
transfer of graphene samples over wafer-scale areas. A PMMA
mixture was developed by balancing the AMW and weight per-
centage in anisole to guarantee a reliable transfer at a negligible
contamination level, even without any post-treatment at high
temperature. The supporting layer formed by spin coating
presents high mechanical flexibility and strength for the transfer
process and appears easy to dissolve afterward. We validated
the impact of the optimized process in the mass fabrication of
arrays of receded-gate graphene field-effect transistors for
biosensing applications.

Results and Discussion
We transferred graphene by using PMMA with two AMWs
(15k and 550k), which were dissolved in anisole at two weight
ratios (2 and 4 wt %). PMMA with 950,000 (950k) AMW (at
4 wt %), commonly used for microfabrication processes as an
e-beam resist, was used for further comparison (see Experimen-
tal section, “Graphene transfer“). Optical microscopy analysis
was carried out to visually evaluate the presence of PMMA
residues after the transfer process of graphene single crystals
using PMMA with different weight percentages and AMWs
(Figure 1a–g). As detailed in the description of the graphene
transfer process, after the Cu etching process (Supporting Infor-
mation File 1, Figure S1b, step II), the PMMA-coated graphene
is rinsed in a DI water bath at least three times (Supporting
Information File 1, Figure S1b, step III). Each cycle includes
two actions, namely (i) scooping up the sample and
(ii) releasing it into the water bath. After the rinse process, the
sample must be moved to a target substrate, which takes one
more transfer cycle. Therefore, the wet transfer process entails
at least four cycles. A sufficiently high mechanical strength of
the supporting PMMA layer is the key requirement for a suc-
cessful transfer. Figure 1g shows our experimental observa-
tions on the cleanness level and maximum number of transfer
cycles afforded by each PMMA solution. For statistical
purposes, the number of cycles for each test was extended to
eight by transferring the PMMA/graphene between two aqueous
solutions. A1 and C1 PMMA solutions (see Table 1 below for
the sample denominations) allowed for less than four cycles
without breakage, demonstrating a low mechanical strength.
The strength appears to reach a proper level for A3 PMMA,
which allowed for up to six complete cycles. C3 and C4 PMMA
provided the highest mechanical support, allowing for up to ten
cycles. To evaluate the process cleanness, the residues were
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Figure 1: Examination of PMMA residues after the transfer of graphene single crystals using PMMA at various weight percentages and AMWs.
(a, b) A1, (c) C1, (d) A3, (e) C3, and (f) C4. The white spots in the images are PMMA residues. The cross markers with coordinates are imprinted on
the wafer to locate the graphene crystals. (g) Number of residue particles counted as function of the average molecular weight of PMMA.

quantified by counting the white spots (larger than 2.5 µm) in
the images. Micrographs taken on 650 × 500 µm2 areas were
compared (Figure 1a–f). The amount of PMMA residues
appears to be directly related to the PMMA concentration. A1
showed very little residues (they can be almost completely re-
moved using acetone) and low mechanical strength, whereas C1
provided proper support while maintaining a low residue level.
The length of the PMMA molecular chains (proportional to mo-
lecular weight and the attractive intermolecular force) appeared
to be the determining factor in the mechanical strength (as
demonstrated by C3 PMMA, enabling eight complete transfer
cycles). Overall, all 550k samples provided strong mechanical
support yet translated into a moderate-to-high residue density
level. C4 revealed the densest residue distribution due to ex-
tended molecular chains and the highest mass concentration.

A PMMA mixture (coded B2, 3% mixture of PMMA-15k and
PMMA-550k, see Table 1) was designed to lower the potential
residue concentration while maintaining proper mechanical
support. The rationale for the design of the optimized mixture is
based on two hypotheses: (i) The PMMA-15k component
provides short polymer chains, which are expected to diminish
the molecular chain entanglement and, hence, the residue level.
(ii) The sole presence of short polymer chains should, however,
weaken the mechanical strength of the spin-coated layer. There-
fore, the addition of PMMA-550k compensates for that and
grants support during the transfer. B2 was tested in the transfer
of both a graphene film and a single crystal (Figure 2a,b). The
area analysis (650 × 500 µm2) revealed less than ten residues,
indicating an extremely clean transfer process. B2 PMMA
allowed for up to six transfer cycles, representing an intermedi-
ate, yet acceptable, mechanical support. This proves that the
PMMA mixture features good mechanical strength and clean-
ness (i.e., the acetone bath can thoroughly remove it). The trans-
ferred graphene samples were investigated via Raman spectros-

copy to evaluate crystallinity, layer number, and structural
defect level [23].  The relative intensities of the G
(ca. 1585 cm−1) and 2D (ca. 2700 cm−1) bands are typical of
monolayer graphene [23-26]. The defect density appears
minimal considering the negligible D band intensity at
ca. 1350 cm−1 (Figure 2c) [27]. The Raman mapping in
Figure 2d–i examines the whole crystal area [28]. The map and
the corresponding statistics in Figure 2d and Figure 2g, respec-
tively, show that the I(D)/I(G) ratio is very low (down to 0.03),
meaning that no or few defects could be detected. Figure 2e and
Figure 2h show that over 95% of the sample has a ratio of
I(2D)/I(G) > 1.6 (average of 2.1 ± 0.3) and a FWHM(2D) of
34.2 ± 3.0 cm−1 (Figure 2f,i), implying high-quality monolayer
graphene. Together, the data further support uniformity and
crystallinity of the sample.

The G phonon band arises from double degeneracy of iTO and
iLO phonon modes (E2g symmetry) at the Brillouin zone center,
which is an in-plane vibration of sp2 carbon atoms [23], and its
position displays a blueshift as the charge carrier concentration
rises. That is, the frequency shift of the G band is proportional
to |EF|, which sets the carrier concentration. Due to the method
and materials employed for the graphene transfer being the
same except for the PMMA mixture, we consider that the
differences in Raman spectra between the different samples can
be attributed to adsorbed PMMA residues. Such residues could
absorb water and oxygen molecules, conferring p-type doping
to graphene [29]. Conversely, by tracking the G phonon band
features in Raman spectra, we can correlate the degree of
doping in graphene [30,31] with PMMA residues. A compari-
son of the statistical data of the G band position and FWHM(G)
of graphene transferred with C4 and B2 PMMA is presented in
Figure 3. Representative Raman spectra for the two cases are
shown in Figure 3a and Figure 3b, respectively. The compari-
son of Figure 3c and Figure 3d shows that the G peak position
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Figure 2: Raman analysis of graphene samples transferred with the optimized B2 PMMA solution. Optical images of (a) a large-area film and
(b) a single crystal. (c) Raman spectra taken at the positions indicated in (b). Raman mapping of (d) I(D)/I(G), (e) I(2D)/I(G), and (f) FWHM(2D),
and (g–i) corresponding statistics.

is blueshifted in C4 samples compared to B2 samples (from an
average of 1587 to 1593 cm−1), indicating that the charge
carrier concentration did not rise as much when using B2
PMMA. This shows that B2 leaves behind a much lower (if
any) density of residues. This redshift observed upon reducing
the PMMA residue concentration is consistent with studies on
advanced methods for cleaning PMMA from graphene [32].
The average FWHM(G) for the C4 and B2 samples is 14 and
23 cm−1, respectively (Figure 3e and Figure 3f). The broader G
phonon band observed for the B2 samples reveals that a signifi-
cantly higher number of inter-band decay pathways are avail-
able due to a lower Pauli blocking threshold [23] (equivalent to
twice |EF|), further indicating that the p-type doping caused by
adsorbed PMMA is less intense for the B2 samples. This result
again supports that employing B2 PMMA yields fewer residues
and may help in avoiding post-transfer treatments for advanced
PMMA residue cleaning of graphene, such as annealing and ion
beam irradiation [32]. The graph of the G band shift (Support-

ing Information File 1, Figure S2a) confirms that C4 PMMA
leaves the highest level of contamination. This case also shows
the highest standard deviation of the G band shift and
FWHM(G) (Supporting Information File 1, Figure S2a,b) due to
heterogeneous doping levels in the sample. We explain these
results by the higher variance in the proportions of PMMA
residue aggregates, resulting in alternating regions of inten-
sively local p-type doping (large PMMA aggregates) and
regions of less intense p-doping (small PMMA aggregates). In
contrast, PMMA mixtures with lighter AMWs showed lighter
and more uniform p-type doping over the crystallite area
(smaller error bars). Few-layer crystals transferred with B2 are
analyzed in Supporting Information File 1, Figure S3. The
graphene crystal in Supporting Information File 1, Figure S3a,b
is composed of four layers having a thickness of 0.4–0.5 nm
(Supporting Information File 1, Figure S3c) [28,33]. The crystal
morphology appears very smooth and free of identifiable impu-
rities, with an average surface roughness (Ra) of ca. 0.2 nm
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Figure 3: Statistical analysis of the Raman spectra of transistors prepared with transfers using PMMA mixtures with different molecular weights.
(a, b) Representative Raman spectra of graphene transistor channels prepared using B2 and C4 mixtures, respectively. (c, d) Distributions of the G
band peak position for B2 and C4, respectively. (e, f) Distributions of the FWHM of the G band.

(Supporting Information File 1, Figure S3d). This value is one
order of magnitude lower than that of graphene crystals trans-
ferred with C4 PMMA, which showed a surface roughness of
ca. 2.8 nm. The low roughness obtained with B2 PMMA can be
also related to a minimal occurrence of nanometer-scale PMMA
residues.

XPS was employed to analyze the graphene samples trans-
ferred using C4 and B2 PMMA (Figure 4). Figure 4a shows the
chemical structure of the PMMA molecule. The C1s spectra can
be decomposed into two prominent peaks originating from sp2-
hybridized C–C and sp3-hybridized C–C/C–H bonds. Four
PMMA-related peaks can be assigned to C–H, C–C, O–CH3
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Figure 4: (a) Representation of the molecular structure of PMMA. XPS C1s spectra of graphene samples transferred using (b) C4 and (c) B2. The
normalized spectra are fitted by Gaussian–Lorentzian curves. The solid blue and grey fills identify, respectively, sp2- and sp3-hybridized carbon bonds
in graphene, located at ca. 284.4 and 285.0 eV, respectively. C–H (blue line), C–C (purple line), O–CH3 (pink line), and O–C=O (orange line) bonds
are located at ca. 285.7, 286.3, 287.0 and 289.0 eV, respectively.

Figure 5: Distributions of the graphene channel resistance values in devices made using C4 (blue) and B2 (red) PMMA. The inset shows optical
micrographs of representative B2 (left) and C4 (right) transistors. The graphs show the resistance distributions in (a) the 0–15 kΩ range (with
125 Ω bins) and (b) the range from 15 kΩ to 1 MΩ (10 kΩ bins). The multiple Gaussian fits identify the dominant resistance values in both batches.
When considering all sub-15000 Ω transistors, the difference between the average resistances is 2139 Ω.

(methoxy functional group), and O–C=O (carboxy functional
group) bonds, respectively [34-36]. PMMA residues on the
graphene surface mainly feature three peaks resulting from C–C
bonds and carbon–oxygen-related bonds (i.e., methoxy and
carboxy functional groups). After PMMA has been removed in
the acetone bath, the peak of the C–H bond can rarely be ob-
served because of a broader merger with the peak of sp3-
hybridized C–C/C–H bonds in graphene. In Figure 4b, the peak
intensities of C–C, O–CH3, and O–C=O bonds are, respective-
ly, 17.6%, 14.6%, and 15.0% of the main peak intensity (sp2

C–C). In Figure 4c, the same ratios decrease to, respectively,
2.9%, 2.6%, and 4.8%. Therefore, regarding O–C=O bonds, the

residue caused by B2 was reduced by three times and de-
creased about six times for the removal of C–C and O–CH3
bonds, implying the crucial role of PMMA-15k in the mixture.

The optimized graphene transfer process was statistically vali-
dated in a batch fabrication context by comparing the channel
resistance of electrolyte-gated graphene field-effect transistors
(GFETs, Figure 5) designed to operate as DNA biosensors. Two
batches of GFETs having a topmost graphene channel (75 µm
width × 25 µm length) were fabricated (see details in Support-
ing Information File 1). In the first batch [37,38] (including
1755 GFETs), graphene was transferred with the C4 PMMA
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mixture (see Section 2.2). The data acquired from the first batch
were used to benchmark a successive test on a more extensive
second batch [39,40] (4200 GFETs) that used B2 PMMA for
the graphene transfer. Figure 5 shows the resistance distribu-
tion in the two cases. The distributions were fitted with multiple
Gaussian curves to identify the predominant resistance values in
each transistor batch. The first Gaussian curves of C4 and B2
(which envelop the most common resistance bins, see Figure 5)
peak at 1860 and 690 Ω, respectively. This is a difference of
1170 Ω. The much lower channel resistance for the B2 mixture
gives further evidence of a more robust, cleaner, and more
effective transfer process. The B2 transfer appears to minimize
the PMMA residues, known to act as centers of carrier scat-
tering in graphene and to increase its resistance [19,20]. The
vast majority (ca. 90%) of B2 data populate the first Gaussian
curve with a narrow distribution (FWHM of ca. 300 Ω). In stark
contrast, the C4 data are scattered over a much broader range.
Almost 50% populate a broader Gaussian curve with two peaks
(FWHM of the first peak: ca. 567 Ω) in the range up to 15 kΩ,
while more than 20% have values up to 1 MΩ. Differently from
B2, a consistent sample subset (above 30%) is above 1 MΩ,
which means that a third of the fabricated devices are open
circuits due to an imperfect graphene transfer (leading to highly
damaged or lacking graphene). Overall, the B2 mixture yields
more consistent electric properties of the graphene channel,
thanks to a homogenous and reproducible process. Such charac-
teristics ultimately translate into a consistent sensor perfor-
mance, which is pivotal for industrial fabrication.

Conclusion
Monolayer graphene films and single crystals were transferred
using PMMA with different AMWs and weight percentages in
anisole. Repeated transfer cycles among water baths revealed,
as expected, that PMMA with higher AMW and weight percent-
age allowed for a better mechanical support to graphene.
Optical microscopy, Raman spectroscopy, and XPS carried out
to evaluate the amount of PMMA residues on graphene after the
transfer processes showed that PMMA with higher AMW
resulted in a more significant number of residues: PMMA-950k
AMW (C4) yielded a maximum of 180 residues (in a
650 × 500 µm2 area), while the optimized mixture (PMMA-
15k/550k, B2) yield a minimum value of ten residues in the
same area. More abundant PMMA contamination on graphene
translated into a more intense p-type doping, as evidenced by
(i) the position of the Raman G peak, which was blueshifted by
ca. 6 cm−1 (between C4 and B2 samples), and (ii) the FWHM
of the G peak, which appeared broader in B2 samples (23 cm−1

vs 14 cm−1 of the C4 samples). The XPS analysis showed a
markedly increased presence of C–H, C–C, O–CH3, and
O–C=O bonds in C4 graphene compared to B2 samples, corrob-
orating the previous findings. We validated the impact of the

optimized B2 process in the mass fabrication of arrays of elec-
trolyte-gated GFETs. The channel resistances of thousands of
GFETs prepared using B2 and C4 PMMA were measured with
a probe station in air. The resistance distributions were analyzed
and fitted with Gaussian curves. The resistance distributions
were centered at 690 Ω (FWHM = 303 Ω) and 1860 Ω
(FWHM = 567 Ω), respectively, proving that the optimized
PMMA mixture enables the production of reproducible arrays
of electronic devices with consistent properties.

Experimental
Graphene growth
Single-crystal and large-area graphene were obtained on Cu foil
via catalyst-assisted growth in a low-pressure CVD system
(CVD First Nano, EasyTube 3000). A 25 µm thick annealed Cu
foil (Alfa Aesar, purity 99.8%), serving as a metal catalyst, was
placed in a graphite enclosed cavity during the whole process.
The temperature for annealing and growth was kept stable at
1040 °C by PID thermal controllers. The Cu foil was first
annealed in argon atmosphere (500 sccm, 9.0 Torr) for 30 min
in a quartz tube furnace. In the growth process, the gas mixture
of argon (250 sccm), hydrogen (100 sccm), and methane
(1.2 sccm) was subsequently introduced into the quartz
chamber, where a reaction pressure of 4.0 Torr was kept con-
stant through the variable frequency-driven pumping system.
The growth time for single graphene crystals (250–350 µm) and
large-area graphene films (ca. 25 cm2) was 40 and 80 min, re-
spectively. To finalize the process, an argon flush of 500 sccm
was conducted to cool down samples until the furnace reached
room temperature.

Graphene transfer
For the preparation of the various PMMA solutions, PMMA-
15k (Sigma-Aldrich, 200336) and PMMA-550k (Alfa Aesar,
43982) powders were dissolved in anisole (Merck, 801452) in
different proportions, as indicated in Table 1. PMMA-950k
(MicroChem, PMMA-950k A4) at 4 wt % is commonly used
for microfabrication processes and was chosen for comparison.
The optimized PMMA mixture (coded B2) was made by mixing
PMMA-550k and PMMA-15k in anisole at a 2:1 ratio (3 wt %).
The solutions were stirred at 1000 rpm for 24 h. The graphene
transfer process is illustrated in Supporting Information File 1,
Figure S1. Graphene/Cu foil was spin-coated with PMMA at
3000 rpm for 30 s, followed by drying in a fume hood for 8 h.
The back side graphene was removed by oxygen plasma
(4 × 10−1 mbar, 250 W, 90 s).

PMMA/graphene/Cu foil was placed over the 0.5 M FeCl3 solu-
tion surface for 3 h to etch away the Cu foil. After the etching
process, PMMA/graphene floating on the surface of the FeCl3
solution was rinsed with DI water three times. A rinse in 2%
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Table 1: PMMA solutions used in the graphene transfer tests.

Name Ratio (wt %) Polymer AMW Polymer wt % Anisole mass (g)

A1 2 15,000 2 98
C1 4 15,000 4 96
A3 2 550,000 2 98
C3 4 550,000 4 96
C4 4 950,000 4 96
B2 3 15,000/550,000 1/2 97

HCl solution was done to remove metal precipitates. At last, the
PMMA/graphene was washed in DI water three times and
scooped up with a target substrate (SiO2/Si wafer). The sample
was dried in a vacuum chamber (ca. 10−4 Torr) at room temper-
ature for 2 h. For PMMA removal, the entire sample was verti-
cally dipped into an acetone bath for 4 h. After that, the exposed
graphene on a SiO2/Si substrate was again vertically dipped into
IPA and then DI water bath for 1 h. Finally, the graphene on the
receiving substrate was blow-dried with N2.

Optical microscopy
A selective oxidation method was adopted to rapidly identify
the as-grown graphene, enabling the direct optical inspection of
the graphene domains without the laborious transfer process.
Following this method, the Cu substrate with graphene was first
oxidized in ambient air on a hot plate at 200 °C for 2 min. The
graphene film on the Cu substrate serves as a protection layer,
preventing the underlying Cu surface from oxidation because of
its high chemical/thermal stability and impermeability to gases
and liquids. In contrast, the surrounding exposed areas of the Cu
foil surface exhibited high reactivity and were readily oxidized
to copper oxides with a noticeable color change. The apparent
color contrast between the oxidized and non-oxidized Cu sur-
faces made the synthesized graphene domains easy to be ob-
served in an optical microscope equipped with a CCD camera
(Supporting Information File 1, Figure S1a).

Raman spectroscopy
Large-area graphene films and single graphene crystals trans-
ferred onto SiO2/Si substrates were characterized by Raman
microscopy (WITec GmbH, Model: Alpha300M+) with an ex-
citation laser wavelength of 532 nm. A laser power of ca. 2 mW
was used for all measurements. The backscattered laser light
containing the Raman bands from 1200 to 3000 cm−1 was
collected by a CCD camera (Andor, Model number: DV401A-
BV-352) integrated with the WITec system. The characteristic
Raman signature collected from a p-doped Si wafer at
520.7 cm−1 was employed as standard calibration. Raman
mapping was conducted by raster scan, where the step size of

the laser spot moving over a selected area is 1 µm, and the
exposure time of 0.4 s was taken at each point of the mapping.
In the maps, the intensity of D and 2D bands were normalized
to the G band intensity. Corresponding statistics were extracted
from the maps.

X-ray photoelectron spectroscopy
The chemical components of PMMA residues were analyzed by
X-ray photoelectron spectroscopy (XPS, Thermo Scientific
ESCALAB 250Xi) using a non-monochromatic Mg Kα source
with an analysis spot smaller than 2 mm2. The detection system
contains a double-focusing 180° spherical sector analyzer with a
mean radius of 150 mm and an energy range of 0 to 5 keV. The
pressure in the analysis chamber was ca. 5 × 10−10 Torr, and the
analyzer had a pass energy of 20 eV.

Atomic force microscopy
The surface topographies of graphene were investigated by a
Bruker Dimension Icon atomic force microscope (AFM), using
PPP-NCH (NanosensorsTM) cantilevers with a tip radius
smaller than 20 nm, a force constant of 42 N/m, and 250 kHz
resonance frequency. The AFM measurement was carried
out in tapping mode. A 633 nm laser light aimed at the back
side of the cantilever tip was reflected toward a position-sensi-
tive photodetector, which provides feedback signals to piezo-
electric scanners that maintain the cantilever tip at constant
height (force) above the surface, thus, reproducing its topogra-
phy.

Fabrication and characterization of graphene
field-effect transistors
Receded-gate graphene field-effect transistors were fabricated
on an 8″ Si/SiO2 (200 nm thick) wafers. Two arrays of devices
were fabricated with different process steps (Wafer 1:
C4 PMMA; Wafer 2: B2 PMMA). Both wafers started with the
patterning of Cr/Au contacts (deposited by magnetron sput-
tering) using direct-write laser lithography and ion milling. The
fabrication of the two wafers followed slightly different steps,
as described below.
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Wafer 1: A stopping layer (Al2O3/TiWN/AlSiCu/TiWN) was
patterned by lift-off, followed by the CVD growth of a multi-
stack layer of SiO2 and Si3N4 to passivate the current lines.
After this, a thin Al2O3 layer was deposited by sputtering and
patterned by wet etching to protect the gate during the graphene
etch. The C4 PMMA/graphene films were then transferred onto
the patterned wafer until all device areas were covered. After
removing the PMMA, graphene was patterned using optical li-
thography and oxygen plasma etching. Finally, the sacrificial
layer was removed by wet etching.

Wafer 2: An additional layer of Al2O3 was deposited on the Au
layer as protection. After that, the two wafers followed differ-
ent fabrication processes. A residue-free transfer process was
used, using a sacrificial metallic mask (TiWN, AlSiCu, TiWN)
patterned by lift-off to protect the entire wafer except for the
areas around the channel, source, and drain, on which the
graphene film would make electrical contact. The B2 PMMA/
graphene films were then transferred onto the wafer and
patterned by O2 plasma, followed by the sacrificial layer
removal. Previous to the passivation, Al2O3 was selectively re-
moved to improve the adhesion of the oxide passivation to the
surface of the chips. A stopping layer (Cu/AlSiCu/TiW) for the
reactive ion etching (RIE) process was sputtered, and the
SiO2/SiNx multistack passivation layer was deposited by
CVD. The passivation layer was patterned by lithography
and etched by RIE until revealing the stopping layer on the con-
tact pads and graphene transistor channels. Finally, the stop-
ping layer was removed by wet etching, exposing the graphene
channel.

In both wafers, the GFET channels had nominal dimensions of
W = 75 µm and L = 25 µm. The total number of GFETs
condidered in this study was 1755 on Wafer 1 and 4200 on
Wafer 2. The source–drain resistance of the GFETs was
measured with a semi-automatic DC measurement probe station
for 8″ wafers. The setup uses a 40-tip probe head with 250 µm
spacing between the tips; each probe allowed us to measure
20 devices simultaneously. A current was injected into each
transistor to reach an output voltage of 1 mV. Histogram distri-
butions for the graphene channel resistances were plotted (using
MATLAB scripts) to compare the effects of B2 and C4 PMMA-
assisted graphene transfer on device performance. Based on our
observations of the device performance, a threshold resistance
of 15000 Ω was selected as the cut-off resistance value identi-
fying working graphene channels (i.e., correctly operating
devices). A maximum resistance value of 1 MΩ was set to iden-
tify the non-operating channels (due to imperfect transfer
leading to heavily damaged or lacking graphene). Multiple
Gaussian fits were performed to isolate the trends in the resis-
tance distributions.
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