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Holey Graphene as a Weed Barrier

for Molecules
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William A. Goddard, I, **'# and Paul S. Weiss*-5-*

*Materials and Process Simulation Center and *Department of Biological Engineering, California Institute of Technology, Pasadena, California 91125, United States,
SDepartment of Chemistry and Biochemistry and California NanoSystems Institute and “Department of Materials Science and Engineering, University of California,
Los Angeles, Los Angeles, California 90095, United States, and ! Department of Chemistry, and *Department of Materials Science, Chemistry, California Institute of

Technology, Pasadena, California 91125, United States

ABSTRACT We demonstrate the use of “holey” graphene as a
mask against molecular adsorption. Prepared porous graphene is
transferred onto a Au{111} substrate, annealed, and then exposed
to dilute solutions of 1-adamantanethiol. In the pores of the
graphene lattice, we find islands of organized, self-assembled

molecules. The bare Au in the pores can be regenerated by

postdeposition annealing, and new molecules can be self-assembled

in the exposed Au region. Graphene can serve as a robust, patternable mask against the deposition of self-assembled monolayers.

KEYWORDS: nanoscience - graphene - mask - chemical patterning - self-assembly - scanning tunneling microscopy

he extraordinary electronic, thermal,
and mechanical properties of gra-
phene have been elaborated and
exploited.’ Graphene's high carrier mobility
and ambipolarity make it a potentially
powerful component in electronic systems.?
An equally intriguing aspect of graphene is
its capacity to act as an impermeable or
semipermeable membrane; Bunch et al.
demonstrated the impermeability of gra-
phene to helium through the inflation of a
“nanoballoon”>* Graphene can also act as
an effective barrier to oxidation of metal
surfaces under certain conditions.>~’ The
purposeful introduction of pores into gra-
phene tunes this permeability by allowing
certain molecules to pass through while
others are inhibited. This use of graphene
has led to proposals as varied as desalina-
tion and DNA sequencing® '* Here, we
demonstrate and explore the use of “holey”
graphene as a molecular barrier by applying
it to adsorption and self-assembly.
Self-assembly provides a convenient
route toward the bottom-up placement of
single molecules with applications ranging
from nanotechnology to biology.'>~'® Mole-
cules for self-assembly typically comprise an
attaching head group, an interacting back-
bone, and a functional tail group. The head
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group binds the molecule to a substrate;
backbone intermolecular interactions lead
to crystalline packing (through design), and
the exposed terminal functional group can
tune interfacial chemical properties be-
tween the substrate and its environment.'®
Molecular monolayers enable controllable
surface functionalization and can be used to
isolate and to study individual molecules >°~22
Self-assembly is made even more powerful
when combined with patterning. Currently,
patterning of self-assembled monolayers
(SAMs) is achieved through conventional,
soft, or hybrid lithographies that are limited
by the conflicting requirements of feature
resolution and large-scale fabrication, where
manufacturing cost and assembly time play
key roles.>~%" Inspired by the approach of
Battaglini et al., we pattern SAMs by mask-
ing the surface with an inert material.?® We
find that graphene can function as such a
mask, as it is a material with relatively inert
chemistry®® and functions as an imperme-
able barrier against other molecules. Our
choice was also influenced by the number
of techniques that enable the introduction of
nanoscale pores of arbitrary size and location
to graphene, including both electron-beam
bombardment and chemical approaches.>*—>°
These techniques will ultimately provide
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flexibility and precision in pattern shape and scale,
including precise hole size and pitch. Used in this way,
graphene acts as a “weed barrier”, where it restricts
covered areas from forming Au—S attachments
(molecules “taking root”) and thus enables only the
open regions exposed by the pores to form substrates
covered by self-assembled monolayers (akin to gar-
dening where, ideally, plants only grow in the holes
deliberately placed in the weed barrier).

At the same time, the graphene—Au interaction is
relatively weak, as observed in a number of quanti-
tative and spectroscopic studies of aromatics on
Au{111}.2°7*3 For example, aromatics sit much farther
from and interact much less strongly with the Au{111}
surface than from the close-packed Ag{111} and
Cu{111} surfaces.*®

RESULTS AND DISCUSSION

The process we developed for producing spatially
patterned monolayers on Au{111} using a graphene
mesh is shown schematically in Figure 1. We fabricate
“holey” graphene by depositing graphene on a SiO,
substrate**~*® and then evaporate a thin layer of Au
(2 nm) onto the exposed graphene layer. Subsequent
annealing forms surface-bound Au nanoparticles.
The Au nanoparticles catalyze oxidation of the gra-
phene by oxygen in the air, thereby forming pores. The
Au nanoparticles are then etched via brief immersion
into an etchant solution (see Materials and Methods
for details). A thin protecting layer of poly(methyl
methacrylate) (PMMA) is added to facilitate transfer,
and the “holey” graphene is transferred ontoa Au{111}
substrate. The protecting layer is removed, and sam-
ples are ready for characterization. Further annealing at

Graphene/SiO, Gold/Graphene/

Si0,

100 °C removes any excess solvent, and the covered
Au{111} substrate is thereby primed for molecular
deposition. We confirm the fabrication of porous gra-
phene by transmission electron microscopy (TEM),
where TEM images show a graphene mesh with ran-
domly distributed holes; measured holes have an aver-
age diameter of 37 + 8 A (Figure 2 and Figure S1).
Images also depict cracks in the graphene induced by

(1210)
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Figure 2. (A,B) “Holey” graphene measured with transmis-
sion electron microscopy supported on a 200 mesh
Formvar/copper grid. Each image was acquired at an
accelerating voltage of 300 kV using a FEI Titan microscope.
Holes measured with TEM are 37 + 8 A in diameter and are
randomly distributed across the graphene layer. (C) Diffrac-
tion image of B is shown, where the hexagonal pattern of
graphene is observed. Orientation points are highlighted,
for clarity, in blue, where local image maxima were com-
puted within a defined pixel window. (D) Thresholded
binary of B that highlights randomly distributed holes
within the graphene mesh.
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Figure 1. Process for producing spatially patterned monolayers on Au{111} using a graphene mesh. From a monolayer sheet
of graphene on a SiO, substrate, (1) 2 nm of Au is deposited and (2) then annealed for 15 min at 350 °C. (3) The Au is etched
(KI/1,, solution) for 30 s and (4) washed in DI water for 30 s. (5) “Holey” graphene is then transferred to a Au{111}/mica
substrate and (6) annealed at 100 °C for 24 h. (7) The same substrate is then exposed to the vapor of a 1 mM ethanolic solution
of 1-adamantanethiol (1AD) at 78 °C for 24 h for deposition.
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the transfer and annealing processes. Graphene is
known to retain the surface morphology of the sub-
strate on which it was synthesized even when attached
to the PMMA overlayer.*” When transferred to the final
substrate, this morphology results in gaps between the
graphene and the substrate that can cause folding and
cracking when the PMMA is removed. Further, water
caught between the graphene and the substrate can
leave gaps between the graphene and substrate upon
drying that lead to folds, thereby appearing like graphite
inimages.*” After the mesh is successfully transferred to
Au{111} and annealed, we use scanning tunneling
microscopy (STM) to probe the local environment.

The scanning tunneling microscope provides a win-
dow into the nanoscopic world, where constant-current
imaging measures a convolution of electronic and
topographic structure as a function of position across
surfaces.*®>° Measurements are recorded on a custom-
built, ultrastable microscope held at ambient tempera-
ture and pressure.>' Scanning tunneling micrographs
before annealing are shown in Figure S2, where we note
a large depression (pore) in the center of the image that
is surrounded by other pores filled with residual solvent
from the transfer step. Annealing removes the solvent
within the pores. The annealed graphene—gold surface
is shown in Figure 3, where images depict porous gra-
phene with hole diameters that match those in TEM
measurements. The surrounding graphene Moiré pat-
tern shows a six-fold symmetry with a nearest-neighbor
distance of 5.0 & 0.5 A, which is in good agreement with
the predicted and energetically favorable (2 x 2) super-
structure for graphene on a Au{111} substrate.>?
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Figure 3. (A) Scanning tunneling micrograph (lunneiing =
3 pA, Vsample = —1.0 V) of “holey” graphene on Au{111}/mica
along two monatomic step edges after annealing at 100 °C
for 24 h. We highlight an ordered region (red arrow, higher
in conductance) and an area of disorder (blue arrow, lower
in conductance) that we attribute to possible cracks, folds,
and varied underlying graphene—Au attachments. (B) High-
er resolution of the larger box in A. (C) Higher resolution
image of the smaller box in A. Inset in B shows a fast Fourier
transform, where graphene displays hexagonal nearest-
neighbor spacings of 5.0 & 0.5 A. (D) Schematic showing a
pore in graphene exposing the underlying Au{111} sub-
strate that further depicts the measured (2 x 2) Moiré
superstructure of graphene on Au.

GETHERS ET AL.

The structure of graphene on Au{111} is difficult to
predict and likely to be locally varied, where measured
superlattices are highly influenced by both the under-
lying Au substrate and the detailed structure of the
STM tip.***3 With this caveat in mind, acquired STM
images confirm a single transferred layer of holey gra-
phene with exposed Au regions, where image differ-
ences were quantified in real and Fourier space.
Thresholding and masking techniques, performed in
MATLAB, enable gold and graphene regions to be
segmented and compared (Figure S3). In STM images,
under the conditions used, graphene layers are 2.1
1.1 A more protruding in apparent height compared to
exposed Au regions. The same sample is then exposed
to the vapor of a 1 mM ethanolic solution of the self-
assembling cage molecule 1-adamantanethiol (1AD)
and subsequently imaged.>*

The diamondoid 1AD is ideal for an initial patterning
test, in that it is commercially available, forms well-
ordered monolayers with few defects (due to limited
degrees of freedom), and has a well-defined struc-
ture.>>~*® Scanning tunneling micrographs recorded
after deposition show islands of molecular protrusions
consistent with the diameters of the pores (Figure 4).
Nearest-neighbor distances within measured mole-
cular protrusions (7.2 £ 1.1 A) are near previously
recorded distances of 1AD on Au{111} (6.9 + 0.4 A)
(Figure $4).>>°° The areas surrounding the islands
proved difficult to resolve; however, there were small,
well-resolved areas bearing molecular features that
were analyzed (Figure S5). Several of these areas
topographically resemble the graphene overlayer im-
aged prior to 1AD deposition. The average nearest-
neighbor spacing of these areas (50 + 1.1 A) is

swonsbuy
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Figure 4. (A) Scanning tunneling micrograph (liunneiing =
3 pA, Viample = —1.0 V) of “holey” graphene on Au{111}/mica
after exposure to the vapor of a 1 mM ethanolic solution
of 1AD. (B,C) Two regions where 1AD has assembled on
Au{111} within the confines of the pores of the holey
graphene. Here, we highlight protrusions due to 1AD (red
arrow) and areas of graphene (blue arrow) for clarity. (C, inset)
Fast Fourier transform shows local order of the graphene
overlayer with nearest-neighbor spacings of 5.0 + 1.1 A.
Molecular distances for 1AD were computed in real space,
with nearest-neighbor spacings of 7.2 + 1.1 A (see Figure S4
for more detail). (D) Schematic of the arrangement in C, where
the graphene pore is filled with assembled 1AD. (E) Ball-and-
stick model of the 1AD molecule with hydrogens not shown.
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Figure 5. (A) Scanning tunneling micrograph (lyunneiing =
3 pA, Viample = —1.0 V) of “holey” graphene with the 2D pores
filled with assembled 1-adamantanethiol on Au{111}/mica.
(B) Annealing at 250 °C for 24 h removes adsorbates from
the pores, as shown schematically. (C,D) Scanning tunneling
micrographs (lunneling = 3 PA, Vsample = —1.0 V) of the same
sample after complete molecular desorption, recorded at
two different resolutions, as indicated. (D, inset) Fast Fourier
transform shows the recovered hexagonal spacing (5.0 +
0.5 A) measured previously.

consistent with the graphene overlayer. The difference
in nearest-neighbor spacings provides evidence of
separate molecular domains brought about due to
the graphene-masking effect against the deposition
of 1AD. Graphene regions show a different apparent
height than 1AD islands and can thereby be segmen-
ted (Figure S6), where 1AD patches differ by 1.1+ 0.5 A
in the z-direction under the STM imaging conditions
used. Measured spacings, both in the lateral and sur-
face-normal (apparent height) directions, and consis-
tent hole diameters confirm the blocking effect of the
graphene layer. The same samples are then annealed
again to test if molecular desorption can be achieved
and thus if the bare surface in the pores of the
graphene mask can be regenerated.

Scanning tunneling topographs before and after this
second anneal, to 250 °C, are shown in Figure 5, where
evidence of molecular desorption is obtained.'8%%
Once-filled holes are now empty, and the hexagonal
spacing of 5.0 & 0.5 A is recovered outside graphene
pores. We confirm desorption by topographic imaging,
where the exposed areas within the mask are destruc-
tively regenerated and thus prepared for further mole-
cular deposition steps (Figure S7). We suggest that
nondestructive methods such as displacement techni-
ques could also be applied since 1AD has been shown
to be labile upon exposure via solution, vapor, or contact
to more strongly bound self-assembling molecules.>”~8

MATERIALS AND METHODS

Holey Graphene Sample Preparation. Graphene was synthesized
on a 25 mm thick copper foil (99.8%, Alfa Aesar, Ward Hill, MA)
that was treated with hydrochloric acid/deionized water (1:10)
(36.5—38.0%, Sigma-Aldrich, St. Louis, MO) for 30 min and

GETHERS ET AL.

CONCLUSIONS AND PROSPECTS

The effectiveness of graphene as a mask against
adsorption depends on the integrity of the graphene.
Defects, folds, wrinkles, and strain can all compromise
the impermeability of the mask. Small defects and
cracking permit penetration of adsorbates through to
the underlying substrate. Folding leads to multilayered
regions where a pore in one layer can be occluded by
another layer that is not porous. A strained lattice could
open gaps in the mesh and induce tearing at pores.
Second to the synthesis of the graphene itself, the
transfer of the graphene to the target substrate is the
most important process in minimizing these undesir-
able features. Improving the transfer method can alle-
viate some of these issues. Liang et al. point out several
ways in which the transfer can be improved, including
increasing the hydrophobicity of the target substrate,
annealing the graphene/substrate complex before dis-
solving the PMMA, and using the modified “RCA Clean”
method to get rid of residual agents.*”**~®> While our
method patterns graphene destructively, another ap-
proach is to employ bottom-up methods to graphene
synthesis that enable the placement and design of
desired structures with predetermined pore size,
shape, and pitch.®6~5°

The graphene mask approach embodies a wholly
different set of strengths and weaknesses than photo-
lithographic and soft-lithography approaches.?*2 Pat-
terning is achieved with electron-beam and chemical
methods, surpassing the diffraction limit of photolitho-
graphic methods and placing it in league with scan-
ning probe lithography in feature size. The graphene
mask, akin to the PDMS stamp and unlike the scanning
probe lithography techniques, is reusable and can
cover large areas. Our approach permits control over
the pattern, overcoming a major limitation of Battagli-
ni's approach, though it is not removable and thus
cannot be backfilled. The value of graphene as a mask
is further enhanced by its thermal stability, making it
resilient to high-temperature fabrication processes.”’
Importantly for SAMs, thermal stability implies that the
integrity of the graphene should not be compromised
when annealing the masked substrate to remove
adsorbates and thereby to regenerate the mask.

Our results show that graphene can serve as a barrier
to adsorption and open up a plethora of future pattern-
ing experiments. Since graphene pores can be readily
manufactured, masks can be used with a wide variety
adsorbates with implications ranging from constructing
well-defined nanoarchitectures to patterning biosensors.

rinsed by isopropyl alcohol (99.8%, Sigma-Aldrich, St. Louis,
MO) for 10 min. After being dried under a N, stream, the copper
foil was loaded into the chemical vapor deposition (CVD)
furnace (1 in. tube diameter; Lindbergh/Blue M, Thermo Scien-
tific, Waltham, MA). The system was pumped down to a vacuum
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of 10 mTorr in 30 min and refilled with 300 sccm H,/Ar flow
(25 sccm/475 sccm) and heated to 1040 °C within 25 min. Next,
diluted methane and Ar were introduced into the CVD system
for graphene growth at 1040 °C for 90 min (500 ppm methanein
Ar, 35 sccm) with Hy/Ar (25 sccm/440 sccm). All process gases
were supplied by Airgas, Inc. (Burbank, CA).

Graphene was grown on both sides of the copper foil, and
one side of the graphene/copper surface was spin-coated with
poly(methyl methacrylate) (495 PMMA C,, MicroChem, Newton,
MA) and baked at 140 °C for 5 min. The other side of the copper
foil was exposed to O, plasma for 1T min to remove the
graphene. After that, the Cu foil was etched away using copper
etchant (ferric chloride, Transene), resulting in a free-standing
PMMA/graphene membrane floating on the surface of the
etchant bath. The PMMA/graphene film was washed with
HCl/deionized H,O (1:10) and deionized water several times
and then transferred onto a 300 nm thick SiO, substrate. After
being air-dried, the PMMA was dissolved by acetone and the
substrate was rinsed with isopropyl alcohol to yield a graphene
film on the substrate.

A 2-nm-thick gold film was deposited using thermal
evaporation onto the graphene/SiO, substrate. After being
annealed at 350 °C for 15 min, gold nanoparticles were found
on the substrate. The holey graphene was oxidized by exposure
to oxygen in the ambient air, with gold nanoparticles acting as
the catalyst. The gold nanoparticles were removed by gold
etchant (KI/I, solution, Sigma-Aldrich, St. Louis, MO) and washed
with isopropyl alcohol and deionized water. The graphene/SiO,
was again spin-coated with PMMA, and the SiO, substrate was
etched away using a buffered oxide etch. The PMMA-coated
holey graphene was washed in deionized water and transferred
to a deionized water bath. A H, flame-annealed (at a rate of 1 Hz,
10 passes) Au{111}/mica substrate (Agilent, Santa Clara, CA)
was then used to scoop the PMMA-coated graphene from the
water bath. The PMMA/graphene/Au substrate was allowed to
air-dry overnight, and then the PMMA was dissolved in acetone
and the graphene/Au substrate was washed with isopropyl
alcohol.

Transmission Electron Microscopy. The morphology and struc-
ture of the graphene were characterized with field emission
high-resolution transmission electron microscopy (FEI Titan
S/TEM), typically at an accelerating voltage of 300 kV. The dif-
fraction patterns were collected with accelerating voltages of
300 kV to assess whether the beam energy played a role in
graphene surface changes. Specimens for TEM analysis were
prepared by the same process as that for graphene transfer
onto 200 mesh Formvar/copper grids purchased from Ted Pella,
Inc. (Redding, CA).

Scanning Tunneling Microscope Sample Preparation. Holey gra-
phene was deposited onto flame-annealed, commercially avail-
able Au{111} on mica substrates. Samples were imaged and
then subsequently annealed at 100 °C for a period of 24 h in a
gasketed glass v-vial (Wheaton, Millville, NJ). Samples were
heated in a chamber of a Barstead Thermolyne 1400 furnace
(ThermoFischer Scientific, Waltham, MA). Samples were taken
out and imaged with STM and then placed back into a clean
v-vial above a solution of 1 mM commercially available 1-ada-
mantanethiol (Sigma-Aldrich, St. Louis, MO) in ethanol for
vapor deposition. Vials were placed back into a preheated
furnace at 78 °C for a period of 24 h. Inserted 1-adamanta-
nethiolate holey graphene samples were taken out for STM
imaging. After sufficient experiments were performed, sam-
ples were placed back into a preheated furnace at 250 °C
for a period of 24 h for molecular desorption. Samples were
then taken out for subsequent imaging and desorption
confirmation.

Imaging. All STM measurements were performed in air using
a custom beetle-style scanning tunneling microscope and a
platinum/iridium tip (80:20).>" The known lattice of 1-dodeca-
nethiolate SAMs on Au{111} was used to calibrate the piezo-
electric scanners. The sample was held between —1Vand —0.1V
bias range, and 256 x 256 pixel images were collected, at varying
size, in constant-current mode with a tunneling current ranging
from 2 to 80 pA. There is a strong tip dependence for imaging
cage molecules, as reported previously.”’

Image Analyses. All STM images were initially processed with
automated routines developed in MATLAB (Mathworks, Natick,
MA) to remove any high-frequency noise and intensity spikes
that may otherwise impair reliable segmentation.** Images
used to obtain nearest-neighbor spacings were resized to
account for drift at room temperature. Transmission electron
microscopy images were thresholded to segment both gra-
phene holes and the graphene layer that was used to create a
binary mask, where the average diameter of the holes was
computed. Orientations in diffraction images obtained by TEM
were highlighted by computing local maxima within a defined
pixel radius (10 pixels), referenced, and plotted for clarity. The
nearest-neighbor spacing of graphene was computed in Fourier
space for the pre-1-adamantanethiol deposition and post-
annealing experiments. The spacings of assembled 1-adaman-
tanethiol and the surrounding graphene were determined by
fitting the centers of the molecules using a binary mask
generated through thresholding and the Regionprops function
in Matlab. Values obtained by Fourier analysis and Regionprops
fitting on the same image were compared to ensure that results
were similar. Apparent height was also used for image segmen-
tation and to determine separation distances in the z-direction.
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