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A Force-Engineered Lint Roller for Superclean Graphene
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Contamination is a major concern in surface and interface technologies.
Given that graphene is a 2D monolayer material with an extremely large
surface area, surface contamination may seriously degrade its intrinsic
properties and strongly hinder its applicability in surface and interfacial
regions. However, large-scale and facile treatment methods for producing
clean graphene films that preserve its excellent properties have not

yet been achieved. Herein, an efficient postgrowth treatment method

for selectively removing surface contamination to achieve a large-area
superclean graphene surface is reported. The as-obtained superclean
graphene, with surface cleanness exceeding 99%, can be transferred to
dielectric substrates with significantly reduced polymer residues, yielding
ultrahigh carrier mobility of 500 000 cm? V' s~ and low contact resistance
of 118 Q pum. The successful removal of contamination is enabled by the
strong adhesive force of the activated-carbon-based lint roller on graphene

Surface contamination of CVD-derived
graphene films has three main origins:
intrinsic  contamination that occurs
during the CVD growth process (Note S1,
Supporting Information), polymer resi-
dues introduced by transfer processes
from the growth substrate to the target
substrate,['% and airborne contaminants.l!
Many attempts have been made to remove
surface contaminants from graphene via
annealing,'%12  plasma treatment, 314
and mechanical cleaning,>®  which
have been proven to be effective. How-
ever, only emphasizing the elimination
of transfer-related contamination, these
postgrowth routines cannot thoroughly
solve the issue of surface contamination.

contaminants.

The progress of modern semiconductor industry relies on
effective surface-cleaning techniques.l!! The increasing appli-
cations of graphene and other 2D materials depend highly on
the availability of superclean surfaces, because surface clean-
ness significantly affects the properties and performances of
such materials, especially considering their 2D natures.”’]
Although chemical vapor deposition (CVD)-derived graphene
film on metal foil shows promising properties,® it still faces
the serious issue of surface contamination, which strongly
degrades the graphene properties.[¢7]

Obtaining superclean graphene film on

a large scale is thus a major hurdle in

graphene research (Table S1, Supporting

Information). In this paper, we obtain
a meter-sized superclean graphene film, relying on the direct
effective cleaning of graphene on Cu foil to eliminate the
intrinsic surface contamination, i.e., amorphous carbon,!!”]
immediately following CVD growth. In this case, amorphous
carbon is successfully removed using an activated carbon-
coated lint roller that has a strong adhesive interaction with
amorphous carbon. The successful removal of amorphous
carbon would contribute to reducing the polymer residues on
graphene during the transferring process, as well as enhancing
the optical and electrical properties.
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Figure 1. Superclean graphene treated by the activated carbon-coated lint roller. a) Schematic of the activated carbon-coated lint roller for cleaning
the graphene surface. b) Cross-sectional EDS map of contact area between actlvated carbon and graphene. AFM images of c) unclean and d) super-
clean graphene on Cu foil. e) Histogram of the height distribution for unclean graphene and superclean graphene corresponding to the dashed box in
(c) and (d), respectively. f,g) Large-area visualization of as-obtained superclean graphene through the selective deposition of TiO, particles (white dots
in g); scale bar: 50 um. h) HR-TEM image showing the atomically clean surface. Inset: lattice image of superclean graphene with atomic resolution;

scale bar: 2 nm.

During high-temperature CVD growth, graphene surfaces
are contaminated with defective amorphous carbon with a
thickness of a few nanometers (Figure S1, Supporting Informa-
tion). Fortunately, the absence of relatively strong interactions
between the amorphous carbon and graphene surface promise
a possibility of detaching them for obtaining a clean graphene
surface, as evident in the movement of amorphous carbon on
a graphene surface as driven by an electron-beam (Figure S2,
Supporting Information).

The typical lint roller, commonly used to remove dust from
clothes in daily life, is composed of one-sided adhesive paper
that interacts strongly with targeted contaminants. Inspired
by this, an activated carbon-coated lint roller is fabricated to
treat the graphene/Cu foil and obtain a clean graphene surface,
relying on the strong interaction between the activated carbon
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and amorphous carbon present on the graphene. In detail, acti-
vated carbon powder was coated on micrometer-sized pores of
commercially available Cu foam to achieve a high mass loading
of activated carbon; a binder was used to form a strong con-
nection between Cu foam and activated carbon. The cleaning
process of the as-received large area of graphene on Cu foil
was conducted by slowly rolling the foil directly under the acti-
vated carbon-coated lint roller at a temperature of no more than
170 °C (Figure la and Figure S3, Supporting Information).
Relying on the softness of annealed Cu foil, close contact
between activated carbon and contaminants on graphene is
permitted, which is confirmed by analysis using cross-sectional
transmission electron microscopy (TEM) and energy dispersive
spectrum (EDS) mapping (Figure 1b and Figure S4, Supporting
Information).
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The removal of amorphous carbon contaminants from gra-
phene after the lint rolling process is revealed by atomic force
microscopy (AFM). As shown in Figure 1c, a typical AFM
image of common CVD graphene samples before the cleaning
process indicates that amorphous carbon is universally dis-
tributed over the entire graphene surface. After the lint-rolling
post-treatment, much cleaner graphene with reduced surface
contamination is observed (Figure 1d), as confirmed by the
much narrower height distribution (Figure le) and improved
surface flatness (Figure S5, Supporting Information) on the Cu
terrace.

The efficient force-engineered lint rolling post-treatment
allows the fabrication of a large-area superclean graphene sur-
face. As shown in Figure 1f, a meter-scale superclean graphene
sample is obtained, and the cleanness is evaluated through the
visualization of surface contaminants using the TiO, deposition
method (Note S2 and Figure S6, Supporting Information).['8-201
As shown in Figure 1g, almost no TiO, particles is on the
dark-field optical microscopy images, which indicate the super-
clean nature of the as-obtained graphene sample. After trans-
ferring the as-received graphene onto the TEM grid, the high
degree of surface cleanness of graphene film (reaching 99%)
is further confirmed using high-resolution TEM (HR-TEM;
Figure 1h and Figure S7, Supporting Information). Processing
temperature and rolling speed are two important parameters
for optimizing effectiveness of the post-treatment (Figure S8a,
Supporting Information), where a higher temperature (no more
than 170 °C) and slower rolling speed would be preferred. The
recoverability test shows that the effectiveness of the activated
carbon-coated lint roller could be maintained at least 40 rounds
(Figure S8b, Supporting Information).

The availability of superclean graphene on Cu would enable
the suppression of contamination by polymer residues in the
following transfer step for further applications. Normally, a
transfer process of graphene from the growth substrate to a die-
lectric substrate is required for further device fabrication and
integration.?23 In such processes, a polymer medium such
as poly(methyl methacrylate) (PMMA) is usually used to sup-
port the graphene film. This unfortunately results in significant
PMMA residues on the as-transferred graphene surface,[®24
as evident in the AFM image of unclean graphene transferred
onto atomically flat mica, where the polymer residue is clearly
visible (Figure 2a). The height distribution (Figure 2b) is fitted
with three Gaussian peaks, which can be assigned to graphene,
amorphous carbon, and PMMA residues. In contrast, almost
no PMMA residues or amorphous carbon is found on the sur-
face of the as-obtained superclean graphene after the transfer
(Figure 2c), as indicated by the similar height distribution
of the as-transferred superclean graphene with that of mica
(Figure 2d). Clearly, the removal of amorphous carbon before
transfer ensures the reduction of transfer-related polymer resi-
dues. Figure 2e displays a photograph of a superclean graphene
film transferred onto a large-area (around 4 in. size) mica sub-
strate. The corresponding AFM images and the statistical data
reveal a cleanness of =99% after the transfer (Figure 2f and
Figure S9, Supporting Information). Furthermore, the PMMA
residues on common as-transferred graphene samples can
also be removed efficiently by the activated carbon-coated lint
roller (Figure S10, Supporting Information), demonstrating the
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universality of our method. To characterize the quality of the as-
obtained graphene, Raman characterization was conducted by
randomly sampling the transferred graphene on SiO, substrate.
In our results, almost no defect-related D peaks are observed
and the 2D/G ratio is larger than 2 (Figure S11, Supporting
Information), which confirms the high quality and monolayer
nature.®’]

To evaluate the electronic properties of as-obtained super-
clean graphene, contact resistance and carrier mobility, which
are two parameters dominating the electrical performances
of graphene devices in high-speed electronics, have been
measured.?®l A graphene transistor array (inset of Figure 3a)
is fabricated for measuring the contact resistance. By using
the transfer length method (TLM),?”] we can extract the con-
tact resistance at different gate bias voltages (Vo — Vpinme
Vbirac = 15 V) at room temperature (Figure 3b and Figure S12,
Supporting Information), where the minimum contact resist-
ance between clean graphene and metal (Pd/Au) reaches
117.6 £ 32.5 Q um at Vg = Vpiae — 37 V, which is comparable
with that of exfoliated graphene.?”) The field-effect mobility of
the as-received superclean graphene on a SiO,/Si substrate is
approximately 17 100 cm? V! s7! at 1.9 K, which indicates the
contribution of the low contamination level to the improved
electrical qualities (Figure S13, Supporting Information).[282]
To further confirm the intrinsic mobility of superclean gra-
phene, hexagonal boron nitride (hBN)-encapsulated graphene
Hall bar devices with 1D edge contact (inset of Figure 3c) were
fabricated using hot “pick-up’ technique (see Experimental
Section and Note S3 in the Supporting Information).2%3! By
plotting the four-terminal resistance as a function of the gate
voltage (Vg), the extracted field-effect mobility is found to
exceed 400 000 cm? V™! s71 at 1.7 K (Figure 3c), while the corre-
sponding Hall mobility reaches 500 000 cm? V- 571 (Figure 3d).
By performing magnetotransport measurements on the
hBN-encapsulated graphene Hall bar device, the Landau fan
and broken Landau level (LL) degeneracy can be well resolved
(Figure 3e), indicating the ultrahigh quality of the as-received
superclean graphene.

The reduced contamination also contributes to the reduced
sheet resistance and improved optical transmittance, which are
important parameters in the application of graphene as a trans-
parent conductive film. The as-obtained superclean graphene
film exhibits alower sheet resistance (618.0+19.6 Q) than that
of unclean graphene film (879.8.0 + 173.7 Q O°!) (Figure S14a,
Supporting Information), which is probably ascribable to the
increase in carrier mobility and improved contact. As for the
optical transmittance, the superclean graphene transferred on
quartz glass exhibits an average transmittance of 97.4% at a
wavelength of 550 nm, which is very close to the ideal value of
monolayer graphene (Figure S14b, Supporting Information).3?
By stacking three layers of graphene on a polyethylene tereph-
thalate (PET) substrate via layer-by-layer transfer, the difference
in transmittance between unclean and superclean graphene
is observable by the naked eye (Figure Sl4c, Supporting
Information).

The interfacial force model was proposed to investigate the
cleaning mechanism of the activated carbon-coated lint roller,
where two interfaces in lint-roll structure should be taken
into consideration: 1) interface between activated carbon and
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Figure 2. Suppression of polymer residue after graphene transfer. AFM image of a) unclean graphene on mica substrate and b) corresponding height
distribution. AFM image of ¢) as-obtained superclean graphene on mica substrate and d) corresponding height distribution. €) An as-obtained large-
area superclean graphene film transferred onto an around 4 in.-sized mica substrate. f) Cleanness histogram for the transferred superclean graphene.

amorphous carbon; 2) interface between amorphous carbon
and graphene (Figure 4a). Activated carbon has a porous struc-
ture and many functional groups (Note S4 and Figure S15,
Supporting Information), enabling stronger interaction with
the amorphous carbon than that between the amorphous
carbon and the graphene.’® The stronger interaction ensures
successful detachment of the amorphous carbon from the
graphene basal plane. To further confirm this, the adhe-
sion forces between amorphous carbon and activated carbon
(F~Camorphous—Cactivated), and those between amorphous carbon
and graphene (F-Cymorphous—GT) Were measured, respectively.
An amorphous carbon-coated microsphere probe was fab-
ricated and glued onto an AFM cantilever, which is used to
measure the typical adhesive forces (Figure S16, Supporting
Information). When amorphous carbon-coated microsphere
probe gradually approaches toward the superclean graphene or
the activated carbon, the adhesive forces between amorphous
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carbon/graphene(F~C,morphous—Gr) and those between amor-
phous carbon/activated carbon (F—Cymorphous—Cactivated) could
be read out from the force-displacement curves (Figure 4b).
F—Cymorphous—GT With an average value of 93.1 + 10.9 nN is
clearly smaller than F-~Cymorphous—Cactivated (373-2 £ 158.0 nN),
confirming the capability of activated carbon to remove amor-
phous carbon from graphene surface. The adhesive ener-
gies (at contact per unit area) could be also evaluated via the
Johnson-Kendall-Roberts theory,**l using

_2Fy
3nR

1)

where F,q is the adhesion force and R is the radius of the
spherical tip. We find that the adhesive energy between amor-
phous carbon and activated carbon is W = 15.8 £ 6.7 m] m~2,
while the adhesive energy between amorphous carbon and
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Figure 3. Superior electronic properties of as-obtained superclean graphene. a) Source drain resistance as functions of channel length at gate bias of
Vi = Vpirac — 37 V (green) and Vg = Vpj,c + 40 V (red). Contact resistance can be calculated according to the vertical intercept of linear fitting curve.
Inset: SEM image of the TLM-measured graphene transistor array, where the channel lengths vary from 2 to 6 um; scale bar: 2 pm. b) The contact
resistance as a function of gate bias. c) Resistivity of superclean graphene encapsulated by hBN as a function of gate voltage (V¢) at T=1.7 K. Inset:
optical microscopy image of Hall bar device of encapsulated graphene with 1D contact. d) The Hall mobility as a function of back gate voltage (V¢),
where, the carrier mobility near the Dirac point can exceed 500 000 cm? V=' s71. e) Longitudinal conductivity (o) as a function of magnetic field B
and V for the device in (c). The dash black lines clearly show LLs at filling factors v=+2, £6, £10..., and some new emerging filling factors, due to the
degeneracy lifting of LLs, are also indicated by the dash blue lines at v =£3, +4, 5.

graphene is W = 4.0 = 0.5 m] m™ These values are far less
than the binding energy between graphene and its sub-
strates,3>7] which guarantees the intactness of the graphene
films on substrate without detachment during the postgrowth
treatment.

In summary, we developed and demonstrated an activated
carbon-coated lint roller with a strong adhesive force to success-
fully remove surface contaminants from graphene surfaces. The
as-treated graphene surface exhibited a high cleanness of 99%
with a low degree of polymer residue after transfer onto a func-
tional substrate. The superclean signature of the graphene film
ensures considerably enhanced electrical and optical properties,
providing a new material platform for various applications of gra-
phene such as radio-frequency transistors. In the electrocatalytic

field, high-quality superclean graphene might exhibit wider
electrochemical potential window and better electrochemical
stability compared to other carbon-based electrodes (such as
glassy carbon electrodes), and therefore may serve as inert
electrodes or electrocatalyst carriers. As for the application of
graphene in lithium-ion batteries, superclean graphene could be
used to study the lithium storage mechanism of intrinsic single-
layer graphene without the influence of the contaminants.

Experimental Section

Graphene-Film Growth: Graphene films were grown on Cu foil using a
low-pressure CVD system, as reported previously. Typically, 25 um thick
Cu foil (99.8% purity, Alfa-Aesar #46365) was placed in a quartz tube

a b 400 C 16 F-Comaons ™ GF
Activated carbon 200+ 12 | F'Camorpnous' Cctvate
=z %]
Amorphous carbon | £ <
@ 0+ 3
3 2
uC_) Camovphuus -Gr o
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Distance (um)

Figure 4. Force-engineered mechanism for cleaning graphene surface. a) Interfacial force model depicting activated carbon and unclean graphene on
Cu foil. b) Typical measured adhesive forces of F~C,morphous—Cactivated (red curve) and F=C,imqrphous—Gr (blue curve). Inset: SEM image of the as-fabricated
AFM tip equipped by amorphous-carbon-coated microsphere probe; scale bar: 10 um. c) Histograms of adhesion forces of Cymorphous—Cactivated @Nd
Camorphous—Graphene measured using the same amorphous carbon-coated microsphere probe.
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furnace and heated to 1020 °C under a 500 sccm flow of Ar. The sample
was then annealed for 30 min under a 500 sccm flow of H,. Graphene
was then grown for 20 min under a 100 sccm flow of H, and 1 sccm-flow
of CH,.

Graphene-Film Cleaning Using the Activated Carbon-Coated Lint Roller:
An activated carbon-coated lint-roller was fabricated by binding activated
carbon powder to porous Cu foam with poly(vinylidene fluoride; PVDF,
1000 K). The mass ratio of activated carbon to PVDF was 6:1, and the
binder solvent was N-methylpyrrolidone. Normal graphene on Cu foil
was placed in a vacuum system and rolled by the as-fabricated activated-
carbon lint roller at a temperature of no more than 170 °C. The graphene
surfaces were usually cleaned four times by this procedure.

Graphene Transfer: The graphene was transferred onto a TEM grid
using a nonpolymer-assisted method, as reported previously.?® The
graphene film was transferred onto mica and SiO, with the assistance
of PMMA. The graphene/Cu was spin-coated with PMMA at 2000 rpm
and then baked at 170 °C for 5 min. After etching away the Cu foil with
1 M Na,S,04 solution and washing with deionised water, the PMMA/
graphene was subsequently placed onto target substrates and the
PMMA was dissolved using acetone. A “dry” transfer method was used
to fabricate hBN-encapsulated graphene devices, including the native
oxidation of Cu, “pick-up” graphene by hBN and drop down steps
(Note S3, Supporting Information).%3l Large-scale graphene films were
transferred onto PET substrates with the assistance of thermal release
tape.

Adhesion-Force Measurements: Adhesion force was measured in air
on an MFP-3D atomic-force microscope (Asylum Research) fitted with a
graphene-coated microsphere probe. Amorphous carbon was first coated
on copper microspheres by growing dirty graphene. In order to fabricate
the graphene-coated microsphere probe, the amorphous carbon-coated
microsphere was then glued to an AFM cantilever (Nanosensor TL-FM),
as previously reported.B?l The normal force constant (k = 2.82 N m™)
was calibrated using the thermal-noise method."l

Preparation of Cross-Sectional Specimens for TEM: A dual-beam TEM
instrument (FEI Strata DB 235), which combines a focused-ion beam
(FIB) and an scanning electron microscopy (SEM) column, was used
to fabricate cross-sectional specimens of activated carbon/graphene/
Cu foil. For initial surface protection during FIB scanning, the activated
carbon/graphene/Cu sample was coated with a 30 nm thick Cr layer by
thermal evaporation. A T um Pt layer was then deposited at the selected
region of the Cr/activated carbon/graphene/Cu structure as a protection
layer as the sample was finally milled at thicknesses below 30 nm.

SEM and TEM Measurements: SEM images were acquired on a
scanning electron microscope (Hitachi S-4800, accelerator voltage:
1-10 kV). The cross-sectional analysis of contact between activated
carbon and amorphous carbon on graphene were conducted using
aberration-corrected TEM (FEI Titan Cubed Themis G2 300) under
300 kV. The bright-field and high-angle annular dark-field images of
graphene were acquired in the same aberration-corrected TEM under
80 kVv.

Device Fabrication and Transport Measurements: To evaluate the
electrical properties of our graphene sample, Hall bar devices and
TLM devices were fabricated on the graphene crystal transferred onto
300 nm thick silicon oxide with alignments marks. The flatness of
each sample was verified by AFM. Electron-beam lithography (Raith
150 2nd) and reactive ion etching with O, (Trion Technology Minilock
I11) were employed to pattern graphene into a Hall bar geometry. After a
PMMA mask (PMMA 950K A4 @ 4000 rpm) was patterned by EBL, Pd/Au
(5/90 nm) electrodes were deposited by electron-beam evaporation
(Kurte ). Lesker AXXIS). Electrical transport at room temperature was
determined using a vacuum-probe station (Lake Shore TTP-4) with a
Keithley semiconductor characterization system (Model 4200-SCS).
Electrical and magnetotransport data at low temperatures were acquired
using a physical property measurement system (PPMS, Quantum Design
DynaCool). Device resistance was measured using a lock-in amplifier
(Stanford Research 830) with an ac driving current of 50-100 nA.

Note that the sizes of characterized region by TEM, AFM, and dark-
field optical microscopy methods were 1 um?, 1 um?, and 0.04 mm?,
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respectively. To obtain more reliable results of cleanness, every around
8 cm in the entire sample, by transferring these regions to be sampled
onto TEM grids with 3 mm diameter based on the TEM method, or by
exposing the regions to be sampled under TiCl, vapor based on the TiO,
visualizaiton method, was sampled. Then cleanness of graphene on
TEM grid would be evaluated directly by TEM image, while the cleanness
of graphene exposed to the TiO, particles would be characterized by
dark-field optical microscopy, where unclean region would be covered by
TiO, particles and become brighter than clean region.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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