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ABSTRACT: Graphene has unique mechanical, electronic, and
optical properties that make it of interest for an array of
applications. These properties can be modulated by controlling
the architecture of graphene and its interactions with surfaces. Self-
assembled monolayers (SAMs) can tailor graphene−surface
interactions; however, spatially controlling these interactions
remains a challenge. Here, we blend colloidal lithography with
varying SAM chemistries to create patterned architectures that
modify the properties of graphene based on its chemical
interactions with the substrate and to study how these interactions
are spatially arrayed. The patterned systems and their resulting
structural, nanomechanical, and optical properties have been
characterized using atomic force microscopy, Raman and infrared spectroscopies, scattering-type scanning near-field optical
microscopy, and X-ray photoelectron spectroscopy.

■ INTRODUCTION

Graphene is an atomically thin 2D honeycomb lattice of sp2

carbon atoms whose unique electronic and mechanical
properties have gained attention for potential use in various
electronic, optical, and tribological applications.1−5 It has a
high carrier mobility and excellent thermal conductivity.3

Graphene has also been shown to exhibit exceptional frictional
properties, including yielding superlubricious contacts.3,5−7

Many studies have shown that these properties of graphene are
sensitive to the interactions with the supporting sub-
strate.1−3,6−10 A work by Lee et al. and Cho et al. showed
that out-of-plane deformations of graphene result in an
increased frictional force for thinner layers of graphene and
that this effect could be controlled through graphene−
substrate interactions.11,12 Stronger graphene−substrate adhe-
sion can greatly reduce the out-of-plane deformation, lowering
the friction. Further studies by Spear et al. and Elinski et al.
have shown that the frictional behavior of graphene on self-
assembled monolayers (SAMs) is sensitive to variations in the
functional group (impacting graphene−substrate interaction
energy) and SAM chain length (impacting the shear strain).8,13

Here, the electronic properties of graphene have also been
shown to be influenced by substrate interactions via charge
doping effects.14−16 Clean, hydrophilic silica, for example,
exhibits high electron−hole charge amplitude fluctuations,
which result in regions that are highly p-doped.15 These charge
fluctuations, also known as charge puddles, scatter charge
carriers in graphene,15 which can not only influence carrier

mobility in graphene17 but, via charge donation, can also
impact the reactivity of exfoliated graphene.15 These effects can
be modulated through the application of SAMs such as
octadecyltrichlorosilane (OTS), which acts to decrease the
effects of these charge fluctuations by increasing the distance
between graphene and the substrate, screening such effects.
Beyond noncovalent interactions, covalent functionalization of
graphene has attracted attention as an approach to opening the
band gap of graphene, tuning its conductivity.18,19 Band gap
opening has also been carried out via patterning of graphene,
by oxidative removal of graphene in spatially arrayed patterns,
and introducing scattering defects into the graphene
lattice.20−22

In the work described here, we seek to combine the effects
of patterning with substrate chemical modification to elucidate
the interplay of these on the structural, mechanical, and
optoelectronic properties of graphene deposited on these
modified surfaces. To accomplish this, a background SAM of
OTS is templated using colloidal lithography onto oxidized
silicon wafers to create nanoscale pores of ca. 2 nm in depth in
a hexagonal arrangement with the spacing dictated by the
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dimensions of the colloid used.23 The pores are then left empty
or back-filled with either a different silanedecyltrichlorosi-
lane (C10) or a perfluorophenylazide N-(3-trimethoxysilyl-
propyl)-4-azido-2,3,5,6-tetrafluorobenzamide (PFPA) to make
mixed SAMs onto which graphene is deposited to spatially
tailor the chemical interactions between them. As the graphene
is seen to conform to the patterned surface, the comparison
between empty and C10- or PFPA-filled pores allows us to
examine how local structural distortion of the graphene
interplays with spatial chemical interactions, including the
spatial disruption of the double bond network of the graphene
via reaction of the graphene with PFPA, which can be
covalently linked to graphene via a ring insertion of the nitrene
group.18,24−27 The fabrication of such a composite interface
has a number of benefits, including providing an internal
reference to compare changes in the mechanical and
optoelectronic properties of graphene in the presence of
these modified surfaces, as these properties are well studied for
graphene−OTS surfaces. Each step of producing the structure
was characterized with atomic force microscopy (AFM) and
attenuated total reflection Fourier transform infrared (ATR−
FTIR) spectroscopy. Additionally, after transferring graphene
to the samples, Raman microspectroscopy, X-ray photo-
electron spectroscopy (XPS), and scattering-type scanning
near-field optical microscopy (s-SNOM) were also used to
characterize the graphene−pore samples. Thus, the structures
characterized here can serve as a versatile platform to study
many of the unique properties of graphene such as the
frictional response and mechanical stability, van der Waals

screening, and optical properties with a built-in reference and
easily modified periodicity and pore dimensions.

■ EXPERIMENTAL METHODS
Substrate Preparation. The base substrates used in all cases

described in this work are single-side polished Si(100) wafers
(Virginia Semiconductor) with 90 nm of thermal oxide grown on
them. To prepare these, the wafers were score cut and cleaned by
soaking in a base piranha solution of a 4:1:1 (v/v/v) ratio of nanopure
water (18.2 MΩ·cm, Barnstead), concentrated NH4OH, and H2O2
(30% wt) at 85 °C for 20 min before being rinsed thoroughly with
nanopure water and then with 200 proof ethanol and dried with
streaming N2. The cleaned wafers were then thermally oxidized in a
kiln at 1050 °C for 30 min to produce the thermal oxide film on the
Si(100) surface. Afterward, the SiO2/Si(100) surfaces were again
cleaned with a base piranha solution at 85 °C for 20 min and rinsed
and dried as before.

Patterning of Silane-Based SAMs Using Colloidal Lithog-
raphy. To prepare patterns of OTS on the surfaces, the clean and
oxidized Si substrates described above were patterned using colloidal
sphere lithography. To evaluate the effects of pattern periodicity, three
sizes of SiO2 spheres [0.2 μm, 0.5 μm (NIST), and 1.8 μm diameter
(NANOCYM)] were centrifuged at 3400 rpm for 5 min, the
supernatant was removed, and the spheres were covered and stored
overnight to dry. The SiO2 spheres were then suspended in nanopure
water to achieve a ca. 4% (w/v) solution (Figure 1). Immediately after
preparing the oxidized substrates described above, 10 μL of the 4% w/
v SiO2 sphere solution was drop-cast onto the wafer. The drop-cast
wafers were then placed in a nitrogen tent (Captair Pyramid, Erlab)
with a relative humidity, RH, of 30 ± 2%, controlled by bubbling
nitrogen through water into the tent and were left to dry for 3 h. This
produced a close-packed hexagonal pattern upon drying with feature
spacing equivalent to the particle diameter.

Figure 1. Schematic of the template self-assembly, chemical vapour deposition (CVD) graphene preparation, and subsequent transfer to a
patterned SAM substrate.
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After drying, the sphere-templated wafers were placed in a dry N2
environment (<0.1% RH) where they were immersed in a 0.5 mM
solution of n-OTS (Gelest) in toluene and allowed to react for 2 h to
form a templated SAM. To remove the SiO2 spheres and any
physisorbed OTS, the wafers were sonicated for 45 min in a series of
solvents (once in fresh toluene and twice in fresh ethanol), rinsing the
wafers with ethanol in between sonication cycles. After the final
ethanol sonication, the wafers were rinsed with water and then
ethanol and dried with streaming N2.
Back-Filling Pores with C10 or PFPA. To create a mixed

monolayer, the templated OTS SAMs were back-filled with either
C10 or PFPA. For the C10-filled pores, the OTS-patterned wafer was
soaked in a 0.5 mM decyltrichlorosilane (C10, Gelest) in toluene
solution and allowed to react for 2 h. The wafers were sonicated for 1
h in subsequent solvents (once in fresh toluene and twice in fresh
ethanol), rinsing the wafers with ethanol in between sonication cycles.
After the final ethanol sonication, the wafers were rinsed with water
and then ethanol and dried with streaming N2. For the PFPA-filled
pores, a solution of 0.1 mM PFPA (>90%, Toronto Research
Chemicals, Inc.) in toluene was prepared and the OTS-patterned
wafer was allowed to react in the dark for 4 h (Figure 2A). After
reacting, the wafer was cleaned by rinsing with toluene before being
sonicated in fresh toluene for 10 min at room temperature (∼21.3
°C), rinsed with nanopure water and then ethanol, sonicated in
ethanol for 10 min, and subsequently being rinsed with nanopure
water and then ethanol and dried with streaming N2.
Reference PFPA Monolayer Preparation. To provide an

additional control sample, an oxidized Si(100) substrate with a full
PFPA monolayer was prepared using the same procedure as described
in back-filling the pores where a solution of 1 mM PFPA (>90%,
Toronto Research Chemicals, Inc.) in toluene was prepared and the
base-piranha cleaned SiO2/Si(100) wafer was allowed to react in the
dark for 4 h. After reacting, the wafer was cleaned by rinsing with
toluene before being sonicated in fresh toluene for 10 min at room
temperature (21.3 °C), rinsed with nanopure water and then ethanol,
sonicated in ethanol for 10 min, and subsequently being rinsed with
nanopure water and then ethanol and dried with streaming N2.
Graphene Transfer and Reaction with Azide. Following SAM

preparation, graphene was transferred (Figures 1 and 2A) onto the
desired substrates (a PFPA monolayer, empty pores formed by the
OTS matrix, PFPA-filled pores, or C10-filled pores) via a dry-transfer
method.28 A section of CVD graphene (LG) on copper was coated
with a 31.5 mg/mL solution of polystyrene (PS, Mw 13,000, Sigma-
Aldrich) in toluene as a self-releasing layer (SRL) and heated at 80 °C
for 5 min to remove residual solvent. The SRL is used to facilitate the
removal of the polydimethylsiloxane (PDMS) stamp after transferring
the graphene.
A PDMS (Dow Inc.) stamp (∼0.5 mm thickness) was then placed

on top of the PS-coated graphene as a support. The graphene on the
copper stack was then placed on top of a 0.065 M solution of sodium
peroxydisulfate (Alpha Aesar) for at least 6 h to etch away the
underlying copper. Once the copper was removed, the etchant
solution was carefully displaced by flowing clean Millipore water.
Afterward, the graphene−PS−PDMS was removed from the water
surface and placed onto the patterned SAM substrate using tweezers
and left in a vacuum desiccator to dry. The sample was then heated to
100 °C for 5 min to reach the glass transition temperature of the PS
SRL layer, and the PDMS was removed using tweezers. The
graphene-covered sample was then dipped in fresh toluene to remove
residual PS from the surface. To further drive covalent bonding
between the graphene and PFPA (either on the patterned surfaces or
the monolayer), samples were heated at 140 °C for 40 min under
ambient conditions (Figure 2B).18 As described in the literature, upon
heating, one of the N−N double bonds breaks allowing for the loss of
an N2 group, thereby leaving a nitrene end group, which then
undergoes a [2 + 1] cycloaddition reaction with the graphene
lattice.18,25,26

Raman Microspectroscopy. Characterization of the graphene by
Raman spectroscopy was conducted using a WiTec Alpha 300RA
(Germany) confocal microscope with an ultrahigh throughput

spectrometer (UHTS 300) using a 600 blaze grating and an Andor
DV401A CCD detector. A 532 nm Nd:YAG laser with a power of
<1.5 mW was focused to a spot size of ∼360 nm with a Zeiss high
numerical aperture objective (100×, 0.9 NA). The graphene layer

Figure 2. Schematic of back-filling pores with PFPA molecules and
subsequent reaction with graphene. (A) Empty pores in the OTS
monolayer are back-filled with PFPA molecules before transferring
CVD graphene onto the patterned SAM. The graphene−SAM
architecture is then heated at 140 °C for 40 min to drive the
reaction between the azide group of the PFPA molecule and two
adjacent carbon atoms in the graphene lattice. (B) Reaction
mechanism of the PFPA azide group with graphene.
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thickness was confirmed by mapping the 2D/G ratio, where a 2D/G
ratio of >2.0 is indicative of a single layer.29−35

X-ray Photoelectron Spectroscopy. XPS was performed on a
bare and a graphene-covered PFPA monolayer to investigate the
chemical reaction with graphene. Here, an Omicron DAR 400 dual
Mg/Al X-ray source was used, with a 128-channel microchannel plate
Argus detector, with a base pressure in the high 10−10 mbar range.
High-resolution spectra were taken using the Mg (1253.6 eV) source
at 10 kV and 4 mA, for a power of 40 W. Spectra shown were taken
with a 40 eV pass energy, 0.05 eV step size, and a 0.3 s dwell time.
Due to the rapid rate at which the PFPA monolayer degrades under
exposure to X-ray irradiation, a single spectrum was taken for each of
the samples before and after heating, and all spectra were calibrated by
setting the preheat amide N (1s) peak to 400.5 eV,36 offsetting the
postheat spectrum for each type by that same amount, instead of
running additional reference spectra in another energy range. The full
width at half-max (fwhm) for all N (1s) peaks in a spectrum was
constrained to be the same.
FTIR Spectroscopy. ATR−FTIR spectroscopy was used to

characterize the SAM-functionalized silica wafers. Spectra were
collected with a Thermo Nicolet 6700 FTIR with a germanium
ATR crystal and a liquid nitrogen-cooled MCT (HgCdTe) detector,
averaging 2000 scans with a 1 cm−1 resolution. The reference PFPA
monolayer was prepared to verify the reaction of graphene to PFPA.
Spectra were taken of the same oxidized Si wafer before and after the
addition of a uniform PFPA monolayer, after exfoliating graphene,
and after thermally reacting the graphene with the PFPA.
Atomic Force Microscopy. Simultaneous topography and

friction images were collected with an Agilent 5500 in air at a
nominal applied load of 5 nN. Data analysis was performed using the
software program scanning probe image processing (SPIP). Silicon
tips (μMasch) with nominal spring constants of ca. 0.3 N/m and radii
of ca. 20 nm were used in contact mode. The spring constants were

determined in situ via the Sader method,37 and the radii were
determined experimentally using the blind tip reconstruction feature
of SPIP.

Scattering-Type Scanning Near-Field Optical Microscopy. s-
SNOM was employed to assess the impact of nanotexturing and
periodic covalent binding of graphene on the surface plasmon
polariton (SPP) of the graphene sheet. Data were collected using a
nanoIR2-s System (Anasys Instruments) in an ambient environment
(23 °C and 50% RH). AFM tapping mode images were
simultaneously collected with near-field (NF) amplitude images (as
the absolute value of the NF signal). Platinum-coated silicon AFM
tips were used with a nominal tip radius of ∼50 nm and resonance
frequency of ∼270 kHz. A CO2 laser (λ: 10.5 μm, or 952 cm−1) was
used as the NF source, focused through a numerical aperture of 0.3.
Changes in the amplitude of the scattered NF signal were imaged at
the third harmonic of the resonance frequency using a double
demodulation process to separate the background signal from the
scattered NF signal and imaged in an interleave mode to subtract the
DC signal offset from the far field. A liquid nitrogen-cooled MCT
detector was used. Data analysis was performed in Analysis Studio
v3.12.

■ RESULTS AND DISCUSSION

Patterning of Empty, C10-Filled, and PFPA-Filled
Nanopores on the Oxidized Si(100) Surface. The first
step in our sample preparations was to create patterned arrays
of empty pores in an OTS SAM. Here, as described in the
methods section, colloidal lithography was employed to create
nanostructured surfaces using silica nanoparticles of 1.8, 0.5,
and 0.2 μm in diameter to control the pattern pitch. Following
assembly of these spheres into hexagonal patterns on the

Figure 3. AFM topography and friction images and cross sections for pores in OTS monolayers using three different template sphere diameters.
Topography and friction images with corresponding cross sections of empty pores using a template of (A) 1.8 μm spheres, (B) 0.5 μm spheres, and
(C) 0.2 μm spheres. For all images, cross-sectional locations are indicated by white dashed lines and pores are indicated in cross sections by pink
boxes. Scale bars are (A) 2, (B) 0.5, and (C) 0.5 μm.

Table 1. Pore Dimensions before and after Modification

no graphene with graphene

template sphere diameter (μm) pore type average pore fwhm (nm) average pore depth (nm) average pore fwhm (nm) average pore depth (nm)

1.8 empty 190.4 ± 30.5 2.0 ± 0.2 182.4 ± 32.0 1.9 ± 0.3
PFPA 228.3 ± 49.0 1.3 ± 0.2 214.6 ± 47.2 1.3 ± 0.2
C10 175.5 ± 41.5 1.2 ± 0.2 169.8 ± 30.9 1.3 ± 0.2

0.5 empty 117.6 ± 21.4 1.9 ± 0.4 87.4 ± 27.8 1.7 ± 0.5
PFPA 114.4 ± 22.2 1.1 ± 0.3 75.3 ± 18.0 1.1 ± 0.3
C10 110.3 ± 17.2 1.1 ± 0.3 76.2 ± 16.2 1.1 ± 0.2

0.2 empty 64.4 ± 20.2 1.9 ± 0.4 58.4 ± 12.2 1.8 ± 0.2
PFPA 52.9 ± 16.7 1.1 ± 0.3 45.9 ± 12.7 1.1 ± 0.3
C10 50.3 ± 14.3 0.9 ± 0.3 49.5 ± 9.0 0.9 ± 0.3
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surface,23,38 OTS SAMs formed in all of the exposed surfaces
between the silica particles, which, when the silica particles are
removed leaves open pores on the surface of ca. 2 nm in depth
with periodic spacing defined by the particle diameter and
assembly symmetry.
The morphology of the patterned OTS on silica substrates

was examined by contact mode AFM to determine the feature
sizes (Figure 3). Silica microspheres of three diameters, 1.8,
0.5, and 0.2 μm, were used as templates to vary pore diameter
and pitch. As has been seen by others using colloidal
lithography for patterning of SAMs,23 the pitch was
determined by the silica sphere diameter and with the pore
depth determined by the thickness of the OTS monolayer of
ca. 2 nm39−42 with pore diameters ranging from ca. 180 nm in
diameter for the largest spheres down to ca. 50 nm in diameter
for the smallest spheres (Table 1). Histograms of the pore
dimensions with and without the deposited graphene are given
in the Supporting Information Figures S1−S6.

To examine the effects of substrate interactions on graphene
deposited on these patterned monolayers, the empty pore
structures were subsequently filled with decyltrichlorosilane
(C10) or PFPA to examine both the impact of charge
screening and spatial covalent bonding on the physical
properties of single-layer graphene deposited on these films.
Upon back-filling the empty pores with C10 or PFPA, the
average pore depth decreases to ca. 1 nm, consistent with the
physical height differences between OTS and either C10 or
PFPA, while, as expected, there was no noted difference in
pore diameter (Table 1) within error bars.

Deposition of Graphene on the Patterned Surfaces.
To examine the effects of the substrate patterning on the
physical properties of graphene, CVD graphene was transferred
onto the patterned substrates and subsequently characterized
by AFM, FTIR, XPS, and Raman microspectroscopy.
Structurally, on each substrate, graphene was seen to strongly
adhere to the surface and follow the contours of the nanopore

Figure 4. AFM topography and friction images with corresponding cross sections for graphene transferred onto pores created using a template of
1.8 (A−C), 0.5 (D−F), and 0.2 μm (G−I) spheres, showing topographic and friction images with corresponding cross sections of empty pores (left
column) and C10-filled (center column) and PFPA-filled pores (right column). For all images, cross-section locations are indicated by white
dashed lines, where pore positions are highlighted in pink. The scale bars are 2 μm (A−C), 200 nm (D−F), and 100 nm (G−I).
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features (Figure 4). This is consistent with our prior studies,
showing high adhesion between graphene and OTS SAMs.8,13

From these measurements, the graphene is observed to be
conformed to the surface features as evidenced by the pore
depth (Table 1) coinciding with the expected depth. In
contrast to uncovered pores, the friction of the graphene sheet
was seen to remain nominally consistent across all of the
surface regardless of the pore size or underlying surface
chemistry within the pores, as the friction response is
dominated by the overlying graphene sheet (Figure 4). As a
result, the pores can be seen in the topography image but not
the corresponding friction image. In contrast, if the graphene
did not adhere to the contours of the features, it is expected
that the friction would increase due to the graphene puckering
up under the AFM tip as it slides over the surface.11

Unlike the methyl-terminated regions of the SAMs, the
graphene may be further modified by covalently bonding it to
the underlying PFPA by heating to 140 °C.18 As such, we also
examined the effects of temperature on these structures. As
mentioned above, in each case, the graphene was still
conformed to the underlying features, but the overall friction
was observed to decrease by ∼50% as compared to the
nonheated case. This can be attributed to the change in strain
in the graphene lattice upon heating resulting from the
negative thermal expansion coefficient of graphene.35,43,44

There was compressive strain in the graphene sheet from the
transfer process.45 Upon heating, the difference in the thermal
expansion of graphene and the underlying substrate typically
results in increased tensile strain, where the overall friction
decreases with the increasing tensile strain.35,46,47 In this case,
the compressive strain is reduced, thereby lowering the friction.
In addition to the noted overall decrease in friction for all

three pore types following heating, the PFPA-filled pores
exhibited a further 30−50% decrease in friction localized to the
PFPA-filled pores (Figure 5). We attribute this to the azide

group of the PFPA molecules reacting to the graphene sheet,
further pinning the structures, whereby the reacted PFPA
molecules act to tether the graphene to the underlying surface
thus inhibiting the out-of-plane deformation that dominates
the friction measurement in an AFM scan.9,11 The additional
decrease in friction due to reaction with PFPA was further
confirmed by measuring graphene exfoliated onto a monolayer

of PFPA before and after reaction (see Supporting Information
Figure S7).
To extend upon the topological characterization, Raman

microspectroscopy was used to determine layer thickness of
the graphene flakes and to characterize the samples before and
after heating at 140 °C for 40 min (Figures 6 and 7). The ratio
of the 2D/G peak intensities is reported in blue for each
spectrum in Figure 6, where a ratio >2.00 indicates single-layer
graphene.29−31,33,35,43 Despite disruption of the graphene
lattice being covalently linked to the PFPA pores, the
appearance of a D peak was not observed for our samples.
While this is not surprising, as the pore diameter (∼200 nm) is
much smaller than the laser spot size (∼360 nm, diffraction
limited) of our Raman measurements. The D peak also did not
appear in the PFPA reference sample, where graphene was
exfoliated onto a PFPA ML.
This is consistent with previous studies,18,24 with the lack of

an appearance of a D peak with functionalization, suggesting
that the sp2 network is not disrupted.18,25,26,48−50 Only defects
that scatter electrons between the valleys of the electronic
dispersion of graphene can contribute to the D-peak.30,48−50 As
the nitrene [2 + 1] cycloaddition largely preserves the linear
dispersion near the Dirac point, the sp2 network is also
maintained25,26 and, thus, does not scatter electrons.
While it is difficult to fully separate the effects of strain and

doping on the Raman spectrum, as with determining the layer
number, the ratio of the 2D/G position can still provide
qualitative information.31,45 Following the work by Lee et al.,31

the shift in the peak position from the intrinsic peak positions
without strain or doping (values from ref 31) can be used to
indicate whether the shift in peak position is influenced more
by strain or doping. The ratio of the 2D peak position shift to
the G peak position shift is used to discern the cause of the
shift in peak positions, where a large ratio (≳2.00) indicates
that the shift is primarily a result of strain,31,32,45,51 where an
upshift in the G peak position is indicative of compressive
strain and a downshift in the G peak position is indicative of
tensile strain.45,51 Smaller ratios indicate the shift in peak
positions are influenced more from doping.31,32,45,51 These
ratios are reported in red for each spectrum in Figure 6. The
large (≳2.00) ratios in this work indicate that the shift in the G
peak position is a result of strain in the graphene lattice where
the upshift in the G peak position, indicated by the sign in
parenthesis next to the G peak label, signifies that the observed
strain is compressive, albeit reduced after heating. This
reduction in compressive strain supports our observation of
an overall decrease in the friction of graphene across all pore
types after heating at 140 °C.
ATR−FTIR spectroscopy was also performed on the PFPA

monolayer control samples (Figure S8) to confirm reactivity.
The azide stretch at ∼2124 cm−1 is clearly present for the
PFPA monolayer. Upon graphene exfoliation, the peak
intensity decreases slightly and subsequently disappears after
heating at 140 °C for 40 min (Figure S8B). As a reference,
another PFPA monolayer controlwithout graphenewas
examined. The PFPA monolayer was heated for 40 min at 140
°C and 2 min at 80 °C to mimic the conditions of the
graphene−PFPA reaction procedure and graphene exfoliation
procedure, respectively. As shown in Figure S8A, the azide
peak also disappears entirely after being heated at 140 °C for
40 min in an oven but remains after being heated at 80 °C for
2 min, thus verifying the reaction does not occur during the
graphene exfoliation process.

Figure 5. AFM topography (A) and friction (B) images with
corresponding cross sections (C) for graphene reacted to 0.2 μm
PFPA-filled pores. For both images, cross-section locations are
indicated by white dashed lines and scale bars are 0.1 μm.
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While the FTIR data confirm the removal of the azide group
as a result of heating, the disappearance of a peak cannot
unambiguously prove that a reaction takes place between the
remaining nitrene and the graphene, the N (1s) peaks using
XPS were compared before versus after reaction to confirm the
reaction.18,24,27,36 Here, X-ray photoelectron spectra were
taken of a bare PFPA monolayer and a graphene-covered
PFPA monolayer before and after heating (Figure S9). The
peak information for each spectrum is displayed in Table S1.
From Figure S9A,C and Table S1, the spectra before heating is

similar for bare and graphene-covered PFPA, with the total
signal for the covered PFPA slightly less due to partial
screening by the graphene.
In both cases, the spectra agree with the literature, with the

peak representing the outer two nitrogen in the azide at 402 eV
about double that of the center nitrogen, at 405 eV.24,36 After
heating, the bare PFPA only has one broad peak at 400.05 eV
(Figure S9B and Table S1), likely due to a combination of the
amide peak and nitrogen products produced from degradation
of the azide. The graphene-covered PFPA monolayer can be fit
with two peaks after heating, at 400.55 and 402.42 eV (Figure
S9D and Table S1), indicating some of the azide remains, as it
formed the cycloaddition product with graphene. The ratio
between these two peak areas of 1.7 is similar to the reported
literature value of 1.9.42 The differences in the post-heated
XPS spectra for bare and graphene-covered PFPA, along with
the IR spectra shown in Figure S8, are strong evidence that the
graphene is chemically bonded to the azide.

Influence of the Nanopore Patterns on the Electronic
Properties of Graphene. In addition to its mechanical
properties, graphene’s electronic properties are also sensitive to
the chemistry of the substrate on which it is deposited. The
substrate has been shown to have a doping effect on graphene,
where silica, for example, typically results in p-type doping
where several studies have illustrated the dependence of
graphene’s Raman spectra on both strain and charge
density.15,30

To examine such effects here, Raman microspectroscopy
maps were taken of the larger pore system using the 1.8 μm
microsphere template. The ratio of the characteristic Raman
peaks, 2D and G, for all three pore types (empty, C10, and
PFPA) before and after heating is shown in Figure 7 with
representative spectra from the maps shown in Figure 6. While
Raman was performed on all samples to confirm the graphene
layer thickness, the pores were only visible in the Raman maps
for the larger pore size. This is most likely due to smaller
diameters of the pores being below the spatial resolution of the
instrument due to the diffraction limit. It is important to note
that while pores could only be seen in the Raman maps with

Figure 6. Representative Raman spectra of graphene over the various 1.8 μm pore samples before and after heating. (A) 1.8 μm empty pores, (B)
1.8 μm C10-filled pores, and (C) 1.8 μm PFPA-filled pores. For all spectra, the 2D (∼2670 cm−1) and G (∼1583 cm−1) peak positions are labeled
in black, the 2D/G peak intensity ratios are labeled in blue, and the ratio of the shift (Δ) in 2D/G peak positions are labeled in red. The peak shifts
are calculated using the intrinsic peak positions (G: 1581.6 cm−1 and 2D: 2676.9 cm−1) from the study by Lee et al. (ref 31), where large (>2.00)
2D/G peak shift ratios indicate that the shift in peak position is dominated by strain. When the shift in peak positions is dominated by strain, the
direction of the G peak shift, indicated in parenthesis in each spectrum, denotes the type of strain. An upshift (Δ: +) signifies compressive strain,
whereas a downshift (Δ: −) signifies tensile strain.

Figure 7. Raman maps from graphene over a larger pore system (the
1.8 μm microsphere template) for empty pores (A), C10 pores (B),
and PFPA pores (C) before and after heating at 140 °C. Scale bars are
2 μm.
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the large pores, they were not discernible in every scan.
However, this shows that the graphene has sufficient
interaction with the substrate local to the pores to observe
clear spatial effects of charge doping and strain on the 2D/G
peak ratios. Also, after heating, as denoted in the topographic
measurements, these differences in the 2D/G intensities are no
longer observed, which would be consistent with the graphene
becoming tauter, thereby reducing its interaction with the silica
substrate.
Further impacts of the patterned pore structures on the

optoelectronic properties of graphene could be observed when
evaluating NF scattering effects in the infrared. Here, s-
polarized SNOM imaging was employed to examine any
changes in the propagating SPP of graphene over the patterned
nanopores by comparing pore samples with and without PFPA
both before and after heating. Propagating SPP waves in
graphene are the coupled excitations of photons and charge
carriers52 and depend on substrate-induced doping and the
local carrier density.52,53 Furthermore, the SPPs are both
launched and detected by the AFM tip, generating an
interference pattern, as the waves are scattered or reflected at
graphene edges, grain boundaries, or defects.52−54 Thus, the
SNOM images provide details on the spatially resolved
electronic structure, as it is influenced by, for example, doping
or strain. Here, such images are expected to provide insights as
to how the optoelectronic properties of graphene might be
spatially modulated by the pore structures. The templated
SAMs can alter both the dielectric constant of the
substrate55−58 and the intrinsic substrate-induced doping of
graphene on SiO2,

15 while covalently binding graphene to
PFPA can further impact the influence of charge puddles or
electronic defects that serve as additional reflectors of the
propagating SPP in the graphene flake.
Figure 8 shows representative 1 μm × 1 μm images of the

topographic and corresponding s-SNOM images (the
amplitude of the NF signal) for empty and PFPA-filled 0.5
μm pores. The SPP turnaround can be seen parallel to the
graphene edges. While the scattering signal is weak, faint
features such the constructive interference at the graphene
edges and grain boundary patterns are still visible.
Focusing on the NF signal of the reacted graphene/PFPA

pores (Figure 8B, right), four bright features corresponding to
where graphene is locally bound to the PFPA pores are visible.
This increase in scattering over the nanopores (notably absent
in the graphene/empty pore system, Figure 8B, left) suggests
that there is a localized increase in carrier density.53 This is
consistent with the DFT studies by Suggs et al. and Plachinda
et al. that while the linearity of the Dirac cones is largely
preserved upon reaction with the PFPA, the rehybridization of
the orbitals results in an increase in the charge density where
PFPA reacts; thus, causing a gap to open between the π and π*
bands of graphene.25,26 Importantly, these results show that we
can spatially alter the graphene plasmon using these simple
patterning approaches, which could have significant implica-
tions in the creation of nanoscale device architectures that take
advantage of simple patterning approaches to effect these
optical changes.

■ CONCLUSIONS
Here, we have demonstrated a facile method for fabricating
controlled graphene−SAM architectures using colloidal
lithography to create patterned SAMs with an OTS back-
ground, onto which single-layer graphene can be deposited,

altering its structural and optoelectronic properties. After the
microsphere template was removed, the remaining periodic,
hexagonally packed array of pores in OTS was then back-filled
with either a chemically inert methyl-terminated SAM (C10)
or a PFPA SAM known to bind to graphene upon heating.
These mixed SAM-graphene architectures were characterized
using AFM, ATR−FTIR, XPS, Raman microspectroscopy, and
s-SNOM. The reaction of graphene with PFPA not only
inhibits the out-of-plane deformation of the graphene lattice,
thereby reducing the observed friction, but also alters the π
conjugation of graphene resulting in the opening of a band
gap,25,26 which can in turn impact the plasmon scattering in
the supported graphene on these surfaces. Overall, the ability
to create such patterned architectures affords the means for
investigating a myriad of mechanical, electrical, and optical
properties of graphene by simple tuning of substrate
interactions, making this a viable platform for screening such
effects.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01136.

Histograms of the nanopore feature sizes for the various
sample preparations, description of the analysis method
used for the size determinations, and AFM topographic
and friction images of the PFPA monolayers with
graphene on silica before and after heating (PDF)

Figure 8. AFM tapping mode topography images (A) of
representative areas for graphene over 0.5 μm templated empty
(left) and PFPA-filled (right) pores after heating at 140 °C for 40
min. Corresponding normalized NF amplitude images (with a 10.5
μm CO2 laser source) (B) of representative areas for graphene over
0.5 μm templated empty (left) and PFPA-filled (right) pores after
heating at 140 °C for 40 min. The corresponding NF amplitude
images are normalized to the amplitude signal of the bare OTS in
each image. All scale bars are 0.2 μm. Pore locations are indicated
with white dashed circles in the topography images.
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