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Abstract

We present a simple and efficient method to covalently immobilize graphene on silicon wafers using
perfluorophenylazide (PFPA) as the coupling agent. Graphene sheets were covalently attached to
PFPA-functionalized wafer surface by a simple heat treatment under ambient conditions. The
formation of single and multiple layers of graphene were confirmed by Raman spectroscopy, and
optical and atomic force microscopy. Evidence of covalent bond formation between graphene and
PFPA decorated silicon wafer was given by X-ray photoelectron spectroscopy and sonication
treatment.

Graphene, a two-dimensional atomic thin layer of carbon nanostructure, has emerged as a
unique nanoscale material with promising applications in electronics due to its stable crystal
structure, optical transparency, and its exceptional electronic properties of high electron
mobility and high saturation velocity for both electrons and holes!~”. However, realization of
these potentials has been severely hampered by the availability of large-scale and stable
graphene structures that are needed for electronic device fabrication. Furthermore, graphene
films with well-defined and controllable surface and interface properties are important for both
fundamental studies and practical applications of the material.8:° Among various reported
preparation methods,19-17 mechanical cleavage of highly oriented pyrolytic graphite (HOPG)
remains to be the most popular and successful in producing single or few layers of graphene
sheets.18 The earliest approach involves the use of a Scotch tape to peel multiple layers of
graphene from HOPG, and transfer the sheets to a substrate by pressing followed by releasing.
The films obtained in this manner contain different numbers of graphene layers, and the
percentage of single graphene sheets varies from sample to sample. An improved version of
the mechanical cleavage technique involves applying external pressure to press HOPG on the
substrate and thus physically transferring the material from HOPG to the substrate.19:20 Chou
and coworkers used the pillars on a stamp fabricated by nanoimprinting to cut and exfoliate
graphene islands from HOPG, and then transferred the films from the stamp to the device active
areas on a substrate.19 Padture et al. fabricated a graphite stamp by etching into HOPG using
the technique of photolithography. The HOPG stamp was then pressed onto a silicon wafer
creating arrays of multi-layered graphene sheets on the substrate surface.2? The graphene sheets
deposited by these transferring methods are physisorbed on the substrate and can be easily
removed by solvent wash (with isopropanol or acetone) or sonication.2! Here, we report a
method to covalently attach graphene to silicon wafers using perfluorophenylazides (PFPA)
as the coupling agent. Upon photochemical or thermal activation, the azido group gives the
highly reactive singlet perfluorophenylnitrene that can subsequently undergo C-H insertion
and/or C=C addition reactions with the neighboring molecules (Scheme 1).22:23 When the R
group on PFPA contains a functional group that can be chemisorbed on the substrate, the PFPF
serves as a heterobifunctional coupling agent attaching materials to the substrate surface via
the insertion and/or addition reactions with the material. We have successfully employed
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functionalized PFPAs for the immobilization of polymers24 and small molecules?® to solid
substrates. Graphene, having a network of sp? C atoms, could in principle undergo addition
reaction with nitrene to form the aziridine adduct (Scheme 1). In fact, PFPAs have been
successfully used to functionalize Cg2® and carbon nanotubes.2” To covalently immobilize
graphene, we first treat the silicon wafer with a silane-functionalized PFPA (PFPA-silane,
Scheme 1), introducing PFPA to the wafer surface. HOPG was then brought in contact with
the PFPA-functionalized wafer, and was subsequently attached to the wafer surface upon
activation of the PFPA moiety.

To test the feasibility of the approach, a simple experimental protocol was designed as shown
in Scheme 2. Silicon wafers with an oxide layer of ~ 300 nm thick were cleaned with the Pirahna
solution (7:3 v/v conc. H,SO4/35 wt % H,0,) followed by thorough washing with boiling
water. The wafer was then treated with a solution of PFPA-silane in toluene (12.6 mM) for 4
h, washed with toluene, and cured at room temperature overnight. HOPG was placed on the
PFPA-functionalized wafer, and was pressed by applying pressure on top of the HOPG (~10
psi). The assembly was brought to 140 °C and was subsequently heated for 40 min. The HOPG
was then removed, and the resulting wafer was sonicated in isopropanol and N-methyl-2-
pyrrolidone (NMP) for 10 min, respectively, washed with NMP followed by acetone, and dried
with nitrogen.

The immobilized graphene films were investigated by optical microscopy, atomic force
microscopy, and Raman spectroscopy. Large pieces of graphene films were observed under
the optical microscope, the size of stripes Z1 and Z2 being 2 x 15 um? and 4 x 50 pm?,
respectively (Figure 1a). The films were further studied by Raman spectroscopy to determine
the number of graphene layers of the obtained films.28:29 Reference samples were prepared by
the conventional mechanical cleavage method using Scotch tape to transfer graphene sheets
from HOPG to a clean wafer. The single-layer graphene showed the characteristic Raman 2D
band at 2668 cm™L. Increases in the number of graphene layers result in peak shift gradually.
Two (2) and three to five (3-5) layers of graphene peaked at 2682 cm ™1 and 2692 cm ™1,
respectively, whereas greater than 5 layers of graphene and the bulk HOPG showed a broad
absorption at 2720 cm™ (Figure 1b and 1c, solid curves). By comparing the shape and peak
position of our samples with those of the reference, the number of graphene layers on the
covalently immobilized films can be determined. The Raman spectrum of the Z1 region (open-
circle curve in Figure 1b) gave a peak at around 2668 cm™~1 matching that of the single-layer
graphene, confirming that the film contained only single-layer graphene sheets. In the Z2 region
(Figure 1c, open circle curve), the Raman spectrum showed a strong single layer graphene peak
at around 2668 cm ™1 as well as a smaller shoulder at around 2700 cm™2, indicating that the
film consists of a mixture of single and multiple layers of graphene sheets. AFM and sectional
analysis of the Z1 region revealed the average height of the film to be 0.84 nm (Figure 1d),
which is consistent with the thickness of a single graphene sheet. The reported value of the
AFM step height of a single-layer graphene sheet on silicon wafer ranges from 0.4 to 1.0 nm.
10,16,30 This result further confirmed that the film in the Z1 region was indeed single-layer
graphene.

An advantage of covalently immobilized graphene film is its excellent stability. The graphene
layers physisorbed on the substrate prepared by the Scotch tape method can be easily removed
by solvent washing.2 The graphene films covalently immobilized by the PFPA coupling agent,
however, remained on the wafer after both solvent washing and sonication. The samples
prepared in this study were sonicated in isopropanol and NMP for 10 min, respectively. NMP
is an excellent solvent for graphene.19 When a drop of NMP was placed on the graphene film
prepared by the Scotch tape method, the film disappeared after the wafer was dried with N».
In fact, the Scotch-taped graphene can be readily removed by sonicating the samples in
isopropanol or acetone. The fact that the covalently immobilized graphene films obtained with
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our method remained intact after repetitive solvent and sonication treatment clearly
demonstrated that the bonding between graphene and the wafer is extremely strong and highly
stable.

Further evidence on the covalent bond formation between graphene and PFPA-functionalized
wafer was provided by X-ray photoelectron spectroscopy (XPS). Table 1 summarizes the XPS
peak assignments of the N 1s core level spectrum of the PFPA moiety on the PFPA-
functionalized wafer.2> After the graphene film was immobilized, the peak at 404.3 eV, which
is originated from N, of the N3 group (—-N;=Np*=N."), disappeared (Figure 2). This is
consistent with the PFPA reaction where the N3 decomposes and splits off N, after activation
(Scheme 1). Simultaneously, N. should also disappear resulting a significant decrease in the
peak intensity at ~399.3 eV. However, a substantial increase in the peak intensity at 399.7 eV
was observed in the XPS spectrum of the graphene sample (Figure 2). We attribute this to the
N of the aziridine structure formed upon reaction of perflurophenylnitrene with graphene
(Scheme 1). Similar XPS analysis was reported by Hirsch and coworkers where nitrene was
allowed to react with carbon nanotubes (CNTs).31 A drastic increase in the peak intensity at
400.3 eV was observed and was attributed to the arizidine N formed between nitrene and CNT.
The covalent bond formation between azide and graphene is furthermore supported by a very
recent report by Kim et al. where the authors chemically modified epitaxial graphene with
azidotrimethylsilane.32 Using high-resolution photoemission spectroscopy, the authors
confirmed that covalent bonds indeed formed between the thermally generated nitrene and the
epitaxial graphene.

In summary, we have fabricated covalently immobilized graphene films on silicon wafers using
PFPA-silane as the coupling agent. The process involves pressing HOPG on PFPA-
functionalized wafer surface followed by thermal treatment initiating the covalent bond
formation of the perfluorophenylnitrene with graphene. The nitrene formation can also be
triggered photochemically, and we have obtained covalently immobilized graphene films by
UV irradiation. In addition, this method can be readily applied to other substrates simply by
changing the functional group on the PFPA. For example, by using a thiol-functionalized
PFPA, we were able to covalently attach graphene sheets on gold films. This provides a facile
approach to the construction of graphene-based integrated circuits on a wide range of
substrates. The bonding molecular layer is expected to affect the electronic coupling of
graphene with the substrate. Preliminary electrical measurement on a wide strip of immobilized
graphene gave an |-V curve indicating that the chemically bonded graphene was conductive.
In addition, the resistance measurement showed that the chemically bonded graphene film was
slightly more resistive than the physically deposited film. We have developed a systematic
approach to control the surface density, topography, and interface properties of the immobilized
layer.33 The method developed here thus offers immense opportunities to investigate how
surface and interface chemistry affect the electronic properties and performance of graphene-
based electronic devices. Work in this aspect is currently underway.
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Scheme 1.
Thermally and photochemically initiated reactions of PFPA.
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Scheme 2.
Fabrication of covalently immobilized graphene on silicon wafer via the PFPA-silane coupling
agent.
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Figure 1.
a) Optical image of the covalently immobilized graphene films on silicon wafer; b), ¢) Raman
spectra of the covalently immobilized graphene film in Z1 (b), and Z2 (c) region (open circle
curves), and physisorbed graphene on wafer prepared by the Scotch tape method (solid curves),
AMaser = 532 nm; d) AFM image of the Z1 region. Inset is the magnified image of the area
indicated by the box and arrow in d), and the sectional analysis showing the thickness of the
film to be 0.84 nm.
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Figure 2.
High-resolution XPS N 1s core level spectrum (open circle curve) and curve fitting (solid
curves) of graphene film covalently immobilized on the PFPA-functionalized silicon wafer.
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Table 1
XPS peak assignments of the N 1s core level spectrum of the PFPA moiety on PFPA-functionalized wafer.
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aData from reference 25,
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