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Non-Covalent Functionalization of Graphene Using  
Self-Assembly of Alkane-Amines
A simple, versatile method for non-covalent functionalization of graphene 
based on solution-phase assembly of alkane-amine layers is presented. 
Second-order Møller–Plesset (MP2) perturbation theory on a cluster model 
(methylamine on pyrene) yields a binding energy of ≈220 meV for the amine–
graphene interaction, which is strong enough to enable formation of a stable 
aminodecane layer at room temperature. Atomistic molecular dynamics 
simulations on an assembly of 1-aminodecane molecules indicate that a self-
assembled monolayer can form, with the alkane chains oriented perpendic-
ular to the graphene basal plane. The calculated monolayer height (≈1.7 nm) 
is in good agreement with atomic force microscopy data acquired for 
graphene functionalized with 1-aminodecane, which yield a continuous layer 
with mean thickness ≈1.7 nm, albeit with some island defects. Raman data 
also confirm that self-assembly of alkane-amines is a non-covalent process, 
i.e., it does not perturb the sp2 hybridization of the graphene. Passivation and 
adsorbate n-doping of graphene field-effect devices using 1-aminodecane, as 
well as high-density binding of plasmonic metal nanoparticles and seeded 
atomic layer deposition of inorganic dielectrics using 1,10-diaminodecane are 
also reported.
1. Introduction

Graphene, monolayer sheets of sp2-hybridized carbon atoms 
arranged in a honeycomb-like lattice structure,[1,2] continues 
to attract intense research interest due to its unique electronic 
properties, with potential applications in nanoelectronics,[3–5] 
molecular electronics,[6] nanomechanics,[7–9] photonics,[10–12] 
sensing,[13–17] and as a candidate for (flexible) large-area trans-
parent electrodes,[18–22] e.g., for displays and photovoltaics. As 
a “surface-only” nanomaterial, the properties of monolayer 
or few-layer graphene structures are extremely sensitive to 
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adsorbed ambient contaminants,[23] with 
a correspondingly severe impact on the 
electrical characteristics and stability of 
graphene-based devices.[23–25]

Development of strategies for repro-
ducible functionalization of graphene 
without adversely affecting its electronic 
properties is of key importance, e.g., 
for adsorbate doping of graphene-based 
devices,[1,13,26] minimizing the influence 
on charged impurities in the underlying 
substrate,[22,25,27] and also for deposition of 
dielectrics (via atomic layer deposition) for 
top-gating.[28–32] Building on scanning tun-
neling microscopy (STM) studies of car-
boxylated perylene derivatives on graphite, 
a number of groups have reported non-cov-
alent functionalization strategies based on 
formation of self-assembled monolayers 
from planar 2D “tiles”.[30–33] Concerning 
1D molecules, STM studies of assembly 
of long-chain alkanes on graphite revealed 
stripe-like lamellar patterns, i.e., with the 
alkane chains lying parallel to the basal 
plane.[34] Formation of self-assembled 
monolayers on graphene from 1D “chain-like” molecules has 
also been reported recently. STM and atomic force micros-
copy (AFM) studies of long-chain alkanes (octadecanethiol 
and hexadecylamine) spin-cast from very dilute (<50 μm) solu-
tions revealed formation of lamellar planar domains,[35] while a 
self-polymerization route has been proposed for formation of 
self-assembled monolayers of vertically oriented, cross-linked 
chains of flouroalkyltrichlorosilane.[36]

There are two main mechanisms underlying self-assembly 
of stable monolayers of alkane chain molecules:[37] i) the bond 
between the molecular “anchor” group and the substrate and 
ii) interchain interactions, such as van der Waals forces and, 
in some cases, hydrogen bonding. Concerning anchor groups, 
there have been several studies of interactions of ammonia 
molecules with the surface of graphene by monitoring charge 
transport in graphene field-effect devices as a function of 
gas exposure.[1,13,38] In their first report on graphene, Geim, 
Novoselov, and co-workers noted that adsorption of ammonia 
onto a few-layer graphene field-effect device required an anneal 
temperature ≈200 °C to restore the initial electrical characteris-
tics.[1] Amine groups have also been shown to physisorb onto 
semiconducting carbon nanotubes.[39,40] These data suggest 
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amines to be good candidates as anchor groups for molecular 
adsorbates on graphene. Finally, n-type doping of nanotubes 
and graphene using ammonia or molecules containing amine 
groups has been reported by several groups.[1,13,38,39,41]

2. Results and Discussion

2.1. Self-Assembly of Alkane-Amine Monolayers on Graphene

We report a simple, versatile method for non-covalent function-
alization of the basal plane of graphene, based on solution-phase 
assembly of alkane-amines (Figure 1). Each alkane-amine mole
cule in the assembly can be thought of as a modular unit com-
prising an anchor group (A), a spacer group (S), and a terminal 
group (T). The anchor group, an amine for this study, forms a 
non-covalent bond to the exposed basal plane of the graphene 
substrate. The alkyl-chain spacer group acts to stabilize the mon-
olayer through interchain interactions; and the terminal group 
provides additional functionality. Initial experiments focused 
on investigation of self-assembled monolayer formation using 
1-aminodecane, (NH2)−(CH2)9−(CH3). In each experiment, 
the starting substrate was a Si/SiO2 chip substrate (90 thermal 
oxide). The SiO2 surface was modified prior to mechanical 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

Figure 1.  a) Optical image of a multilayer graphene flake mechanically e
with 1,10-diaminodecane. b) Schematic depicting solution-phase formatio
plane of a graphene flake, where each molecule comprises an amine anch
c) Schematic layer stack for a graphene flake exfoliated onto diaminodecane
(NH2)−(CH2)9−(CH3). d) Tapping-mode AFM topography data for an ≈3 μm
for the same region following solvent cleaning and immersion for 2 h in a 10
vs. position (x) data for the dashed lines in (d,e). AFM data for another flake
for 24 h in 1-aminodecane (h). i) Height (z) vs position (x) data for the das
(g,h) (gray and red data, respectively) yields a mean thickness for the 1-am
exfoliation of graphene by activation in oxygen plasma and 
immersion for 24 h in a 10 mm solution of 1,10-diaminodecane 
in methanol:tetrahydrofuran (1:9). This surface pre-treatment 
was found to improve the yield of monolayer and few-layer 
graphene flakes. Figure 1b,c show schematics of a typical 
graphene sample deposited onto a diaminodecane-functional-
ized SiO2 substrate, followed by functionalization of the exposed 
basal plane with a layer of 1-aminodecane molecules. A series 
of experiments was performed to gain insight into the 1-amino-
decane functionalization process. Figure 1d shows tapping-mode 
AFM topography data for an ≈3 μm × 3 μm multilayer region 
of the graphene flake shown in Figure 1a, acquired following 
exfoliation. Figure 1e shows AFM data acquired from the same 
region following solvent cleaning of the graphene-bearing chip 
and immersion for 2 h in a 10 mm solution of 1-aminodecane in 
methanol:tetrahydrofuran. Nucleation of isolated islands across 
the flake is evident suggesting that this immersion time (2 h) 
isn’t sufficient for formation of a continuous layer. Figure 1g,h 
show AFM data for another flake following exfoliation (g) and 
subsequent solvent cleaning and immersion for 24 h in 1-ami-
nodecane (h). The data in Figure 1h indicate formation of a 
continuous layer, together with some nanoscale islands and 
a number of mesoscale islands (marked 1 to 4) with heights 
>40 nm. Histogram analysis of these AFM data shows a mean 
thickness of 1.7 nm for the 1-aminodecane layer (Figure 1j).
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 717–725

xfoliated onto an oxidized silicon chip (90 nm thermal SiO2) pre-treated 
n of a self-assembled monolayer of alkane-amines on the exposed basal 
or group (A), an alkyl-chain spacer group (S), and a terminal group (T).  
-functionalized SiO2 and subsequently functionalized with 1-aminodecane, 
 × 3 μm region of the graphene flake shown in (a). e) AFM data acquired 
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inodecane layer, hAD ≈ 1.7 nm.
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Figure 2.  Binding of gold nanoparticles using 1,10-diaminodecane. a) Schematic (not to scale) 
depicting binding of citrate-stabilized gold nanoparticles to a graphene surface functionalized 
with 1,10-diaminodecane (DA). b–d) SEM images (top) and schematics (bottom) for function-
alization experiments on three graphene flakes, which had been mechanically exfoliated onto 
separate diaminodecane-modified oxidized silicon chips. Each chip was immersed in a 10 mm 
solution of 1,10-diaminodecane for a fixed period (b: 2 h, c: 12 h, and d: 24 h) and subsequently 
immersed (6 h for each chip) in a solution of citrate-stabilized gold nanoparticles (core dia
meter, d = 20 nm). e) SEM image and schematic of the graphene flake shown in Figure 1h, 
where, following functionalization of the exposed graphene surface with 1-aminodecane (AD), 
the chip was immersed in a solution of d = 20 nm gold nanoparticles. The island regions 
marked 1–4, which show local binding of gold nanoparticles, correspond to the mesoscale 
islands in Figure 1h.
2.2. Binding of Gold Nanoparticles to  
Diaminodecane-Functionalized Graphene

Further functionalization experi-
ments employed 1,10-diaminodecane, 
(NH2)−(CH2)10−(NH2), chosen so that the 
the terminal group (T, an amine in this case) 
would be available for binding of target moie-
ties, e.g., gold nanoparticles (Figure 2).[42–44] 
As before, graphene flakes were mechani-
cally exfoliated onto diaminodecane-modified 
Si/SiO2 chips pre-patterned with microm-
eter-scale gold binary alignment marks 
(Supporting Information, Figure S1). Each 
graphene-bearing chip was then immersed 
in a solution of diaminodecane for a fixed 
time (2 h, 12 h, or 24 h), then subsequently 
immersed in a solution of citrate-stabilized 
gold nanoparticles (core diameter 20 nm, 
concentration 7 × 1011 mL−1) for 6 h, and 
finally inspected using scanning electron 
microscopy (SEM).

Figure 2b–d show typical SEM images 
acquired at the edges of graphene flakes, one 
for each of the diaminodecane immersion 
times. Uniform binding of Au nanoparticles 
across the diaminodecane-functionalized SiO2 
substrate is evident in all cases, indicating a 
significant areal density of available amine 
binding groups. The assembly of closely-
spaced nanoparticles, ≈600 per μm2 on the 
SiO2 region in Figure 2b, confirms mediation 
of the inter-nanoparticle electrostatic repul-
sion, which is due to the stabilizing citrate 
molecules at the nanoparticle surface, by the 
attractive interaction between each nanopar-
ticle and the terminal amine groups in the 
underlying diaminodecane layer. Uniform 
assemblies of nanoparticles with similar 
areal densities were also observed on the 
gold binary alignment marks located across 
the chip, ≈580 nanoparticles per μm2 for gold 
surfaces on the chip bearing the flake shown 
in Figure 2b.

Only a low areal density of bound nanoparti-
cles was observed on graphene surfaces which 
were immersed in 10 mm diaminodecane for 
short periods and subsequently immersed 
in nanoparticle solutions. For example, 
Figure 2b shows results from an experiment 
where a short immersion time in diamino-
decane (2 h) yielded a low coverage of nanopar-
ticles, ≈95 per μm2. Longer immersion times 
in diaminodecane led to higher surface den-
sities of Au nanoparticles on diaminodecane-
functionalized graphene: ≈650 per μm2 for 
12 h immersion (Figure 2c) and ≈830 per μm2 
for 24 h immersion (Figure 2d).
719wileyonlinelibrary.com© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2012, 22, 717–725
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Figure 3.  Top view (a) and side view (b) of the methylamine on pyrene 
cluster geometry, calculated using second order Møller–Plesset pertur-
bation theory. Carbon atoms are shown in dark gray, hydrogen in light 
gray, and nitrogen in green. c) Top view (ball and stick representation) 
of the central region on the 13 nm × 15 nm graphene substrate used for 
the molecular dynamics simulations. For each 1-aminodecane molecule,  
the nitrogen atom in the amine anchor group is green, the alkane chain 
is black, and the carbon in the terminal methyl group is red. All hydrogen 
atoms are omitted for clarity. d) Radial distribution functions (RDFs) for 
the nitrogen atoms in the amine anchor groups (green) and the carbon 
atoms in the methyl terminal groups (red).
By contrast, functionalization of graphene with 1-amino-
decane (24 h immersion) and subsequent immersion in a solu-
tion of Au nanoparticles did not result in significant binding of 
nanoparticles. Figure 2e shows SEM data from the same region 
of the aminodecane-functionalized graphene flake shown in 
Figure 1h, acquired following immersion in a solution of gold 
nanoparticles for 6 h. As before, uniform binding of nanopar-
ticles can be observed across the diaminodecane-functionalized 
Si/SiO2 substrate. However, on the aminodecane-functionalized 
graphene, only a very low surface density of bound nanoparti-
cles can be observed across most of the region (≤5 per μm2), 
indicating a low density of available binding groups. This obser-
vation, in conjunction with the measured height of the 1-ami-
nodecane layer, supports our assertion that 1-aminodecane 
molecules can form a vertically oriented, self-assembled mono
layer on graphene. We note however that this 1-aminodecane 
layer contains defects: the locations marked 1–4 (the mesoscale 
islands with heights >40 nm in the AFM data of Figure 1h) 
show local binding of nanoparticles, indicative of a significant 
number of amine binding groups on these islands, possibly 
arising from non-uniform (e.g., head-to-tail) local packing of 
the aminodecane molecules.

Thus, the interaction of assemblies of alkane-amine mole
cules with graphene surfaces can be employed for a variety of 
processes, including enhancement of the deposition yield of 
graphene on a target surface (e.g., SiO2) and binding of target 
moieties, e.g., gold nanoparticles or nanorods for surface-
enhanced Raman spectroscopy.[45] A wide variety of other func-
tions could also be developed through selection of appropriate 
anchor and/or terminal groups. However, it is unlikely that the 
diaminodecane molecules could self-assemble as monolayers 
on graphene. AFM data on diaminodecane-functionalized 
graphene (Supporting Information, Figure S6) suggests multi-
layer island formation with a significant number of mesoscale 
islands of thickness >40 nm, possibly due to interchain amine–
amine interactions that would hinder monolayer formation.

2.3. Ab Intio Calculations of Amine-Graphene Binding Energy

In order to probe the interaction mechanism between the 
amine anchor group and the graphene surface, ab initio calcu-
lations on a model system (methylamine above pyrene) were 
employed (Figure 3a,b). For the weak molecule-surface bond, 
van der Waals interactions play a critical role and approximate 
density functional theories are not an appropriate theoretical 
description. Second-order Møller–Plesset perturbation theory is 
a reliable and efficient post Hartree–Fock method that includes 
van der Waals interactions (Supporting Information, Section 
A). This perturbation theory is capable of describing electro-
static, inductive, and dispersive interactions, although there is a 
tendency to overestimate dispersion energy slightly.

From total energy calculations on the molecule-pyrene 
cluster and the isolated pyrene and methylamine molecules, 
respectively, the binding energy for the configuration depicted 
in Figure 3a, which we refer to as an “over-bond” site, was 
found to be –220 meV. Additional calculations, performed with 
the amine group placed directly over an atom (“over-atom” site) 
or over the center of one of the phenyl rings (“over-ring” site) 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
yielded binding energies of –223 meV and –215 meV, respec-
tively, indicating that there is no strong preferential bonding 
site to the graphene plane. Concerning adsorbate doping, a 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 717–725
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Mulliken partial charge analysis (relative to the isolated pyrene 
molecule) indicates a small net charge transfer with methyl-
amine donating approximately 0.01 electron to pyrene. The cal-
culated amine-graphene interaction (≈220 meV binding energy) 
is thus strong enough to enable formation of a stable amino-
decane layer at room temperature.

2.4. Atomistic Molecular Dynamics Simulations of a  
1-Aminodecane Monolayer on Graphene

Atomistic molecular dynamics simulations were performed to 
verify theoretically that the amine-graphene interaction is con-
ducive to formation of a self-assembled monolayer (Supporting 
Information, Section A,C). The minimum energy configura-
tion of an initially (laterally) compressed film comprising 784 
1-aminodecane chains on a 13 nm × 15 nm monolayer graphene  
Figure 4.  Raman spectra for a graphene monolayer deposited onto an unmodified Si/SiO2 
substrate (gray) and also for a graphene monolayer (red) following following functionaliza-
tion in solution with 1,10-diaminodecane. All data were acquired at 514.5 nm excitation and 
each spectrum was normalized to the maximum of the G peak. Inset: No defect (D) peak ≈ 
1350 cm−1 is observed following functionalization. b,c) FWHM for the G peak (FWHM-G); 
frequency-integrated area ratio of the 2D and G peaks (A2D/AG) and peak height ratio (I2D/IG), 
plotted versus the position of the G peak (Pos-G) for unmodified monolayer graphene (gray 
diamonds) and graphene functionalized with 1,10-diaminodecane (red triangles).
substrate was first found and the simula-
tion temperature was then raised from 0 K 
to 295 K. The model was then subjected to 
12 ns of free dynamics with no constraints on 
the film to allow formation of an equilibrated 
structure. Figure 3c shows a top view of the 
central region of the monolayer after 12 ns; 
see Supporting Information, Figure S3a for 
a top view of the entire substrate. Although 
all hydrogen atoms have been omitted for 
ease of viewing, it is worth noting that the 
monolayer is close-packed; see Supporting 
Information, Figure S4d for a van der Waals 
spheres representation of the 1-aminodecane 
molecules.

The nitrogen atoms of the anchor groups 
lie ≈0.33 nm above the graphene surface 
(mean value for the central 8 nm × 8 nm 
region), in excellent agreement with the range 
of values extracted from the ab initio calcula-
tions for the three non-covalent bonding con-
figurations described above (0.315–0.33 nm). 
The layer height for 1-aminodecane mono
layer, taken as the mean value for the vertical 
separation between the carbon atom in each 
terminal methyl group and the underlying 
graphene substrate over the central 8 nm × 
8 nm region, is 1.7 nm with a standard devia-
tion of 0.4 nm; see Figure S3b for an end view 
of the entire substrate. These results support 
our assertion that the region with AFM data 
shown in Figure 1h comprises a self-assem-
bled monolayer of vertically oriented 1-ami-
nodecane molecules on graphene.

Figure 3d shows the radial distribution 
functions (RDFs) for the nitrogen atoms in the 
amine anchor groups and also for the carbon 
atoms in the terminal methyl groups, calcu-
lated over the central 8 nm × 8 nm region. 
The positions of the first and second RDF 
peaks for the anchor nitrogen atoms, rA1 =  
0.33 nm and rA2 = 0.49 nm, correspond to the 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 717–725
nearest- and next-nearest-neighbor separations, respectively. 
The ratio, rA2/rA1 ≈ 1.48, which is smaller than the value for a 
perfect hexagonal lattice (√3 ≈ 1.73), indicates significant devia-
tions from hexagonal packing, likely due to local amine–amine 
interactions between neighboring anchor groups. By contrast, 
the positions of the RDF peaks for the terminal carbon atoms, 
rT1 = 0.52 nm, rT2 = 0.89 nm (rT2/rT1 ≈ 1.71), indicate quasi-hex-
agonal packing. Figure 3d also shows that there is no signifi-
cant overlap between the first RDF peaks for the anchor nitro-
gens and the terminal carbons. This may result from coupled 
precession of the terminal methyl groups on neighboring ami-
nodecane molecules around the respective anchoring amines. 
The simulations also reveal collective random-walk type dis-
placements of the anchor amine groups, with root-mean-square 
displacements of the nitrogen atoms ≈0.12 nm over the last 
2 ns of free dynamics (Supporting Information, Section C and 
also the corresponding movies). Thus, the molecular dynamics 
721wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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simulations indicate formation of a mobile but stable self-
assembled monolayer on graphene, consistent with the amine-
graphene binding energy predicted by the ab initio calculations 
and the AFM data presented in Figure 1.

2.5. Raman Spectroscopy on Functionalized Graphene

Measured Raman spectroscopy data for graphene monolayers 
functionalized with 1,10-diaminodecane (Figure 4, red data) are 
also consistent with a non-covalent, charge-transfer interaction 
between the layer of alkane-amine molecules and the graphene 
surface. The peak close to 2680 cm−1 (two-phonon 2D band) 
with full width at half-maximum intensity (FWHM) ≈24.5 cm−1 
is characteristic of monolayer graphene.[46] Furthermore, the 
absence of a peak close to 1350 cm−1 (defect D band) following 
functionalization (Figure 4, inset) confirms that the layer of 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm

Figure 5.  Carrier transport in functionalized graphene monolayers.  
a) Two-probe resistance vs. gate-voltage (R2P–Vg) characteristics meas-
ured in vacuum for a back-gated, monolayer graphene device following 
fabrication. For each measurement, the drain bias was held at 20 mV and 
the gate voltage was swept from 0V → 40 V → –40 V → 0 V, as indicated 
by the gray arrows. Insets: Schematic and optical microscopy image of 
an as-fabricated monolayer graphene device (scale bar: 10 μm). b) R2P–Vg 
characteristics for the device with data is shown in (a) following thermal 
annealing and functionalization in solution with 1-aminodecane.
1,10-diaminodecane molecules does not significantly perturb 
the sp2 hybridization of the graphene monolayer and does not 
introduce additional structural defects.

The spectrum for the functionalized monolayer shows sev-
eral significant differences when compared with data measured 
for an as-deposited graphene monolayer on an unmodified 
SiO2 substrate (Figure 4, gray data). Both the shift in the posi-
tion of the G peak (centered close to 1580 cm−1) towards higher 
energy and the reduction in intensity of the 2D peak following 
functionalization of the exposed graphene surface with 1,10- 
diaminodecane are consistent with doping,[47–50] likely via charge  
transfer.[27,38,51]

Figure 4b,c summarize the results extracted from a larger 
sample set of graphene monolayers. None of spectra showed 
a defect (D) peak. For unmodified graphene, the range of 
values for the the FWHM of the G peak (FWHM-G), plotted 
as a function of the G peak position (Pos-G), agrees well with 
published data on unmodified monolayer graphene flakes and 
indicate moderate surface doping, likely due to adsorbed con-
taminants.[52] For diaminodecane-functionalized graphene, 
all flakes show higher values of Pos-G and four of the five 
data points show small values for FWHM-G (≈7 cm−1), con-
sistent with carrier concentrations ≈1012 cm−2 (ref. [47,50]), 
likely from charge transfer from the diaminodecane adsorbate 
dopants.

Figure 4c shows the extracted values for the ratio of the fre-
quency-integrated areas under the 2D and G peaks (A2D/AG) and 
the ratio of the peak heights (I2D/IG). For monolayer graphene, 
no significant dependence of AG on doping is expected,[53] while 
A2D is inversely proportional to the square of the electron (or 
hole) scattering rate.[54] Both ratios (A2D/AG and I2D/IG) are 
maximum for zero doping and decrease with increasing doping. 
The data presented in Figure 3c indicate moderate surface 
doping from charged impurities for the as-deposited graphene, 
A2D/AG ≈ 6–9 and I2D/IG ≈ 2–5, while the corresponding values 
for the diaminodecane-modified graphene, A2D/AG ≈ 4–6 and 
I2D/IG ≈ 1–2, are consistent with significant adsorbate doping, 
≈1012 cm−2, likely due to charge transfer from the amine groups 
in the diaminodecane layer.

2.6. Functionalized Graphene Field-Effect Devices

As described earlier, minimizing scattering from adsorbed 
ambient contaminants is a significant challenge for develop-
ment of graphene-based electronic devices. We have inves-
tigated the self-assembly of 1-aminodecane molecules as a 
potential route for passivating graphene field-effect devices 
(Figure 5). Figure 5a shows two-probe resistance (R2P) versus 
gate voltage (Vg) data measured in vacuum for a monolayer 
graphene field-effect device fabricated on an unmodified SiO2 
substrate. The data show the expected behavior for unpassivated 
graphene devices exposed to ambient conditions–hysteretic  
ambipolar conduction, with minimum conductivity (Dirac 
point) at positive gate voltages, Vg,DP ≈ 2 V, 4 V, respectively, 
for the two peaks in the double sweep measurement. A posi-
tive value for Vg,DP indicates (unintentional) hole doping, likely 
from contaminants at the graphene surface and the graphene-
substrate interface, e.g., adsorbed water, oxygen, and organic 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 717–725
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Figure 6.  ALD of aluminum oxide onto diaminodecane-modified graphite and graphene. Sche-
matic (a) and SEM image (b) of a micrometer-scale region of a HOPG substrate following 
functionalization with 1,10-diaminodecane and subsequent ALD of aluminium oxide (5 nm 
nominal thickness). Schematic (c) and SEM images (d,e) of the edge of the aluminum oxide 
film, following removal of part of the layer (and part of the underlying graphite) using adhesive 
tape. Schematic (f) and SEM images (g,h) of a diaminodecane-functionalized graphene layer 
following ALD of aluminium oxide (10 nm nominal thickness).
residue from the fabrication process.[13,23,25,27] 
Hysteretic behavior has been attributed to 
the presence of dipolar adsorbates,[23,25,27] 
and charge traps at the graphene/SiO2 inter-
face.[51] Figure 5b shows the R2P−Vg data for 
the same device acquired following annealing 
to 200 °C under nitrogen for 1 h, functionali-
zation in solution with 1-aminodecane and 
transfer under ambient conditions (≈1 h) to 
the vacuum measurement chamber. Several 
significant changes are evident, including 
a shift in the Dirac point to negative gate 
voltage (Vg,DP ≈ –3 V, –5 V) and a sharper 
resistance peak (higher carrier mobility) 
around the Dirac point for each sweep, rela-
tive to the R2P−Vg data for the as-fabricated 
device. These negative values for the Dirac 
point in the functionalized device indicate 
adsorbate-induced electron doping, presum-
ably from the amine anchor groups in the 
1-aminodecane molecular layer.[1,13,25,29] 
Neglecting quantum capacitance effects, the 
two-probe Drude mobility, μ, can be esti-
mated using

µ = 1
R2P

L
W

tox

ε0εr |Vg −Vg ,DP |

where L (≈ 6 μm) and W (≈ 10 μm) are 
the device length and width, respectively; 
ε0 is the permittivity of free space; and εr 
(3.9) and tox (90 nm) are the relative per-
mittivity and thickness of the SiO2 dielec-
tric, respectively. Analysis of the data in 
Figure 4b leads to values of μe ≈ 3000– 
3100 cm2 V−1 s−1 for the electron mobility 
and μh ≈ 2400–2500 cm2 V−1 s−1 for the hole 
mobility at a gate-induced carrier density of 
1.2 × 1012 cm−2. In general, devices func-
tionalized with 1-aminodecane following 
annealing yielded higher carrier mobilities  
and also improved stability upon re-exposure  
to ambient conditions compared with 
annealed “bare” devices, suggesting that the 

1-aminodecane layer can act as a barrier to hinder the read-
sorption of ambient contaminants. Devices functionalized 
with 1-aminodecane yielded Dirac point values in the range 
–5 V ≥ Vg,DP ≥ –20 V, corresponding to (net) n-type dopant 
densities ≈ 1–4 × 1012 cm−2. This range is consistent with 
the maximum dopant density estimate that can be extracted 
from the ab initio calculations and molecular dynamics sim-
ulations presented in Figure 3, ≈5 ×1012 cm−2, based on a 
charge transfer of 0.01 electrons per amine anchor group and 
a (maximum) amine surface density ≈5 × 1014 cm−2. Future 
work will focus on optimization of the solvent cleaning and 
thermal annealing steps[55] in order to minimize the levels of 
surface contaminants present prior to functionalization. Such 
contaminants can act as scattering centres and could also lead 
to defects in the alkane-amine functionalization layer.
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 717–725
2.7. Atomic Layer Deposition of Alumina onto  
Functionalized Graphene

A key challenge in the development of graphene-based nano-
electronics is the deposition of inorganic dielectrics onto 
graphene for top- or dual-gate devices. A number of groups 
have developed “seeding” processes for atomic layer deposi-
tion (ALD) of inorganic dielectrics onto graphene, including 
ozone pre-treatment,[31,32] deposition of thin (≈10 nm) polymer 
layers containing appropriate binding groups,[28,56] or self-
assembled monolayers of 2D perylene derivatives.[30] Such proc-
esses are necessary since conformal growth of dielectrics on 
bare graphene is hindered by the chemical inertia of the sub-
strate.[30,31] Use of self-assembled alkane-amine layers represents 
an attractive complementary process for seeded ALD (Figure 6); 
723wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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see Supporting Information, Section A for methods. Figure 6b 
shows a SEM image of an ultrathin film of aluminum oxide 
(5 nm nominal thickness), which was deposited onto highly ori-
ented pyrolytic graphite (HOPG) that had been functionalized 
with 1,10-diaminodecane. Uniform coverage of the substrate 
(including some small defects and a step edge) is evident. By 
contrast, atomic layer deposition of aluminum oxide on freshly 
cleaved HOPG yielded non-uniform stripe-like structures, con-
sistent with growth at step edges and defects only.[30]

Figure 6d shows the edge of the aluminum oxide film with 
SEM data shown in Figure 6b, following removal of part of 
the film using adhesive tape. The remaining aluminum oxide 
shows good adhesion to the substrate. Higher magnification 
images (Figure 6e) show a quasi-continuous film arising from 
coalescence of 2D islands, as expected for the chosen film 
thickness.[31,32] Similar growth was observed for ALD of alu-
minum oxide onto diaminodecane-functionalized graphene 
(Figure 6g,h). As noted earlier, the diaminodecane layer does 
not form a monolayer and contains a significant number of 
mesoscale islands (see Supporting Information, Figure S5 for 
AFM data).

3. Conclusions

In conclusion, self-assembly of alkane-amines represents a ver-
satile new route for non-covalent functionalization of graphene 
without adversely affecting its unique properties. Advantages 
include adsorbate doping and surface passivation of graphene 
field-effect devices through choice of appropriate anchor groups. 
Selection of suitable terminal groups for dielectric deposition 
or for binding of target species onto graphene (either directly or 
via a secondary linker) offer routes to integrated nanoelectronic 
devices based on graphene, as well as graphene-based electro-
mechanical or electrochemical (bio)sensors.

Supporting Information 
Supporting Information is available from the Wiley Online Library 
or from the author. It includes sections A) materials and methods,  
B) nanoparticle binding to functionalized graphene, C) atomistic 
molecular dynamics simulations (including movies), and D) atomic 
layer deposition.
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