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Local work function on graphene nanoribbons
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Abstract
Graphene nanoribbons show exciting electronic properties related to the exotic nature of the charge carriers and to local confine-
ment as well as atomic-scale structural details. The local work function provides evidence for such structural, electronic, and chemi-
cal variations at surfaces. Kelvin prove force microscopy can be used to measure the local contact potential difference (LCPD) be-
tween a probe tip and a surface, related to the work function. Here we use this technique to map the LCPD of graphene nanorib-
bons grown on a Au(111) substrate. The LCPD data shows charge transfer between the graphene nanoribbons and the gold sub-
strate. Our results are corroborated with density functional theory calculations, which verify that the maps reflect the doping of the
nanoribbons. Our results help to understand the relation between atomic structure and electronic properties both in high-resolution
images and in the distance dependence of the LCPD.
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Introduction
Graphene’s electronic properties are determined by its two-
dimensionality as well as by its semimetallic gapless conical
band structure [1]. Its electronic behavior depends strongly on
the location of the Fermi level with respect to the Dirac point,
the center of the Dirac cones [2]. The location of the Fermi
level is a measure of the work function with respect to a differ-
ent energy reference, the vacuum energy. This position can be
tuned by gating [3] or by doping, for example, n-doping for

graphene on SiC [4,5] and p-doping by Bi, Sb, and Au sub-
strates [2]. Confining graphene to nanostructures [6,7], for ex-
ample, to graphene nanoribbons (GNRs), that is, few nanome-
ters wide stripes of graphene, opens additional possibilities of
tuning the electronic properties by creating quantum-confined
states [8] and opening a size-dependent energy gap [6,9]. As in
graphene, the Fermi level of GNRs is also strongly influenced
by charge transfer between the substrate and the GNR [10],
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again related to differences in the work function. Here, we take
the work function as a local property influenced by local
charge, that is, by the local electrochemical potential. GNRs
show strong electrostatic effects at their edges [11], where elec-
trostatic forces occur that we expect to modulate the electrons’
local electrochemical potential. Additionally, the chemical state
of GNR edges allows one to substantially tune the bandgap
[12], which is also related to the work function. GNRs can be
synthesized with atomic precision in an ultrahigh-vacuum envi-
ronment using on-surface synthesis [13]. This synthesis is well
known on coinage metals, namely, Cu, Ag, and Au, which pos-
sess a high electron density.

To study these unique electronic properties, a suitable method
to study the charge transfer, that is, the local work function, be-
tween a GNR and a metal substrate at the atomic scale is
needed. In general, as detailed above, the local work function
can provide evidence for structural, electronic, and chemical
variations at surfaces, all related to charge differences; for a
review, see [14]. Kelvin probe force microscopy (KPFM), a
method derived from scanning force microscopy (SFM), allows
one to study the local work function difference of a sample with
great accuracy and with atomic resolution [15-20]. In KPFM, a
voltage is applied to the tip in order to compensate electrostatic
forces occurring between tip and sample. Such electrostatic
forces arise from the different positions of the Fermi level in tip
and sample, which give rise to charge transfer. In KPFM, the
forces are measured by SFM during image acquisition [21,22].
In this way, an image of the local contact potential difference
between tip and sample is obtained. This has been shown not
only for general surfaces, for example, insulating surfaces, but
also for molecules and molecular layers [18,23-25].

Here, we study the local work function difference of graphene
nanoribbons fabricated by on-surface synthesis on Au(111). The
GNRs can be clearly discerned from the substrate through their
topography, but also through their contact potential difference.
GNRs have a measured contact potential that is about 100 meV
smaller than that of a Au. Variations in the measurement reveal
local work function differences, which are ascribed to the Fermi
level shift resulting from the charge transfer between the GNR
and the Au substrate. Our results indicate that GNRs are posi-
tively charged compared to Au. This is confirmed by calcula-
tions and by distance-dependent measurements.

Experimental
The experiments were conducted in an Omicron VT-SFM
system (base pressure 2 × 10−10 mbar). The Au(111) single
crystal substrate (Mateck GmbH) was cleaned by repeated Ar
ion sputtering–annealing cycles. The cleanliness of the samples
was checked by SFM measurements. Then, 10,10′-dibromo-

9,9′-bianthryl (DBBA) molecules were deposited by thermal
evaporation (Kentax evaporator) onto the hot (Tsample = 470 K)
sample surface for 10 min. The deposition rate was kept con-
stant using a quartz crystal microbalance. Annealing up to
670 K for 10 min after deposition induced cyclodehydrogena-
tion and the formation of GNRs following [13,26]. The sample
was introduced into our SFM attached to the same vacuum
chamber, which was cooled down to 115 K using liquid
nitrogen. Nanosensors Si tips (resonance frequency f0 =
158 kHz and longitudinal force constant cL = 45 N/m) and PtIr-
coated tips (f0 = 292 kHz, cL = 41 N/m) were used for imaging
in the frequency modulation (FM) mode operated by a Nanonis
electronic system. The tips were cleaned by sputtering (Ar pres-
sure 5 × 10−3 Pa, energy 1 keV, 15 min) and annealing up to
375 K for 1–5 h (pressure below 1 × 10−7 Pa) prior to measure-
ment. KPFM imaging was performed in parallel to topographic
imaging using an AC excitation voltage of VAC = 600–900 mV
with fAC = 166–730 Hz measured by a lock-in amplifier. AC
and DC biases were applied to the sample. In general, the
polarity of the KPFM measurements depends on whether the
voltage is applied to the tip or to the surface and on the polarity
of the voltage applied. In order to ensure that the values and the
polarity are compatible with previous results [20,27], the
measured results were cross-checked on well-known surfaces,
that is, Si(111) and Pb on Si(111). For the average taken over
several measurements of the local potential difference (LCPD)
shown below, we have mainly used PtIr tips and only a few Si
tips since the results obtained in a previous work did not show
any difference between metal-coated and non-coated Si-tips
[27]. For this work, we assume that the non-coated Si-tips were
covered by Au from the sample surface because of tip–sample
interactions as we have observed a tip–sample contact prior to
taking the data used here.

All calculations were done using the Vienna Ab initio Simula-
tion Package [28,29] (vasp-5.4.4) with the PBE functional [30]
and a projector-augmented plane-wave basis (PAW) [31,32].
Dispersion forces are included through Grimmes D3 method
[33] with Becke–Jonson damping [34] (IVDW = 12). Further,
we include non-spherical contributions from the gradient
corrections inside the PAW spheres (LASPH = .TRUE.). For all
slab calculations, the lowest gold layer was fixed using the opti-
mized bulk lattice constant (aAu = 0.2897 nm). The initial posi-
tions for the geometry optimizations were chosen according to
the structure reported in [35]. Section I of Supporting Informa-
tion File 1 shows further details about the geometry of the
calculations.

We calculate the local work function Φ(r) from the Hartree
potential Veff(r) corrected by the Fermi energy, that is,
Φ(r) = Veff(r) − EFermi as done in [20]. We use different con-
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stant values of z for the LCPD maps. z is parallel to c, x is
parallel to a, that is, the long axis of the GNR, and y is parallel
to b. The LCPD maps are derived from

(1)

where zsurf is given by the z coordinate of the uppermost car-
bon atom of the GNR. s is varied from 0.17 to 1.2 nm. Addi-
tional details about the density functional theory (DFT) calcula-
tions performed in this work are given in Supporting Informa-
tion File 1.

Results and Discussion
A topographic image of GNRs on the Au surface is shown in
Figure 1a. While most GNRs are attached to gold step edges or
to other ribbons, we additionally observe isolated individual
ribbons. When the tip and the GNR are brought close together,
electrostatic forces between tip and sample can be measured.
Also, charges can equilibrate, the Fermi levels of tip and sur-
face align, accompanied by an electron flow to the Au, and the
GNR is charged, leading to additional electrostatic forces
(Figure 1b). During imaging, a voltage is applied in order to
compensate for these additional electrostatic forces at each
point of the image, leading to a LCPD map.

In Figure 1c, Δf(V) curves measured above a GNR and Au are
shown. The maxima of the parabolae fitted to the measured data
yield the difference of the LCPD values, ΔV = 120 mV. Since
no impurities have been introduced, the LCPD indicates a
charge transfer from the substrate (“p-type doping”), also seen
in bulk graphene on a gold substrate [2,36-38].

Figure 2 shows a topographic image of GNRs on Au(111) sur-
face and its associated LCPD map. In the LCPD map
(Figure 2c), GNRs appear as blue stripes on the yellow Au(111)
background. From the line profile taken across the ribbon indi-
cated in Figure 2d, we deduce a contact potential difference of
145 mV between the GNR and the Au surface. In Figure 2c,
some inhomogeneities of the LCPD along the GNR can be ob-
served, with darker regions appearing along its length. Addi-
tionally, some irregularities such as kinks or defects at the edge
are observed in the topography measurement. For example for
the GNR where the cross section has been taken, marked by a
black line, there is a kink associated with a darker region in the
local work function, and in the topography image there are
some small bright extensions at the side of the GNR also associ-
ated with darker regions of the LCPD of the GNR. The elec-
tronic states of kinks in GNRs have been studied on a narrower
type of GNR in [39]. Only small modifications of their elec-
tronic structure have been found. Here, we show that small

Figure 1: (a) Topography image of GNRs on Au, measured with a Si
tip, f0 = 170.91 kHz, cL = 40 N/m, A = 1 nm, Q = 20,000, and Δf =
−21 Hz. (b) In KPFM, local variations in contact potential (CPD) can be
measured by applying a voltage between the sample and the AFM tip
so that the electric field caused by the CPD is compensated. (c) Δf(V)
measurements using a PtIr-coated tip along with their second-order
polynomial fit measured on GNR and Au. The dashed vertical lines in-
dicate the respective values of the CPD. (d) Scheme of the GNR on
Au.
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Figure 2: (a) Topography of GNR’s and the Au(111) herringbone
reconstruction, PtIr-coated tip, f0 = 291.52 kHz, cL = 41 N/m, A = 3 nm,
Q = 21 000, and Δf = −45 Hz. (b) Line cut through the topographic
image at the position indicated by the white line. (c) LCPD image re-
corded simultaneously with the topographic image, fAC = 730 Hz and
VAC = 900 mV. (d) LCPD line profile taken across a ribbon (black).

structural modifications and the associated changes of the elec-
tronic states additionally cause a change in the local work func-
tion.

Figure 3a,b shows local work function difference maps calcu-
lated from the Hartree potential of GNR/Au(111). To match the
calculated and the measured values, it is necessary to take the
difference with respect to a point of reference, here, the Au sur-
face. In the calculations we did not represent the Au herring-
bone reconstruction, because this is computationally very
demanding [40]. At large distances (Figure 3b), the GNR
appears as a featureless depression. When the surface is
approached and the distance s is reduced, the GNR submolecu-
lar structure is observed with increasing intensity (see
Figure 3a,b and Supporting Information File 1, Figure S1d).

To obtain a more detailed understanding of the charge transfer
and for comparison of the experimental results with calcula-
tions, we have performed measurements at different frequency
shifts. We have then measured a force–distance curve to match
each frequency shift to a distance to the sample surface (see
Supporting Information File 1, Section II). We show the data in
Figure 3c together with the calculated results. With this ap-
proach using an average over several measurements (over 257
LCPD line scans), the influence of the tip and sample micro-
structures on the resulting overall values is minimized. Addi-
tionally,  is measured with respect to the reference LCPD
recorded on the Au(111) surface to account for variations of the

Figure 3: (a,b) Calculated LCPD maps at distances of s = 0.2 and
1.0 nm from the GNR plane. (c)  values on GNR/Au (blue
squares) versus distance in comparison with calculated local potential
values (black squares). The dashed black line serves as a guide to the
eye, whereas the red, dashed green, and dashed yellow curves are fits
to the data as described in the text.

tip contact potential. Again the LCPD of the GNR is negative,
and the predicted hole doping is confirmed. In Figure 3c, the

 values exhibit a slow decrease towards more negative
values with decreasing tip–sample distance. Depending on the
tip–sample distance,  varies from 130 mV for 0.74 nm
tip–sample distance to 70 mV for 1.18 nm. These features are
consistent with previous results revealing a distance depen-
dence of the LCPD or the electrostatic forces [41-44].

In general, we expect an exponential decay of the electrostatic
field 2D Fourier components, where the decay constant λ is the
lateral wavelength of the respective 2D Fourier component [45],
that is,

(2)

where A0 and z0 are parameters to adjust the tip–sample dis-
tance, one of which is redundant, λ is the decay constant, and
Φ0 is a parameter that allows one to adjust for a different choice
of the zero level for voltages. This Fourier analysis could be
done for any arrangement of charge and is often practical to
find out the main distance dependence. Here, we expect a log-
dependence of the electrostatic potential on distance because of
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the shape of the nanoribbon. Both views are complementary as
the logarithm arises from adding over a large number of Fourier
components.

Previously, it has been shown that a line charge is a good
approximation for electrostatic forces above graphene nanorib-
bons [41]. For a cylindrical charge with radius R, we expect an
electrostatic potential that varies as

(3)

where ρ is the charge per unit length [46]. We have fitted this
function to the calculated data (black squares in Figure 3c) and
obtained ρ/2πε0 = 203 mV, R = 0.087 nm, and Φ0 = −680 mV,
represented as a red line. The radius R represents the height
of the graphene nanoribbon. The charge is ρ = Q/l =
1.13 × 10−11 C/m and corresponds to 0.070 e/nm. The descrip-
tion of the data by the fitted function is good, but a slightly
better choice is to describe the DFT-calculated curve by two
exponential functions, one with decay length λ = 0.12 nm at
close distance, arising from an intramolecular atomic-scale
contrast, and a second one with a decay length of λ = 1.24 nm at
far distance, resulting from the size of the graphene nanoribbon.

The experimental results (blue squares in Figure 3) generally
follow the shape of the calculated curve with a shift. There are
several possibilities to understand the origin of this shift. First,
we discuss the possibility of a z shift between experiment and
calculated results. As shown in Figure 3c, a 0.48 nm shift in dis-
tance would be needed for experiment and calculations to
match. This distance corresponds to the screening length of
about one Fermi wavelength (λF ≈ 0.52 nm) in Au, calculated
from a Fermi energy of 5.53 eV and obtained by the assump-
tion that each Au atom contributes one electron to the Fermi
sea. In the calculations, the potential at a certain point in space
is calculated, corresponding to a point-charge tip. In the experi-
ment, the tip is either a Si tip or a metal-coated tip. For a perfect
metallic layer on the tip, we expect that it adopts an image
charge distribution that generates a similar electrostatic field as
the charge located in the sample. The charge distribution in the
sample in our own calculations is distributed over two atomic
layers (Au–Au distance: 0.28 nm, see also Supporting Informa-
tion File 1, Section III); hence, understanding the 0.48 nm shift
as the apparent distance between the charge distribution in the
tip and the tip apex is a reasonable assumption. In addition, we
compare the shift to the value obtained in [41], 1.7 nm for the
total distance, where the tip was composed of graphene nanorib-
bons with a longer screening length compared to Au. We con-
clude that the tip used in the experiments shown in this work is

“sharp” concerning the electrical measurements in the sense that
the charge distribution resides close to the tip apex.

A second way of understanding the shift between experiment
and calculations is based on averaging effects [47]. Above, we
have used a z shift to describe the data, where the difference
could be understood as a shift in the potential. The tip exposes
its three-dimensional shape to the sample, and the forces result
from the electrostatic field of the sample interacting with the tip
at each point in space. The averaging effects depend on both the
tip sharpness and the tip–surface distance. Here, we expect the
relatively large tip radius of metal-coated tips (typically 20 nm)
with respect to the width of the ribbons leading to averaging
over a considerable part of the Au surface in addition to the
GNR and to a reduction of the CPD values due to the long
range nature of the electrostatic force.

Conclusion
In summary, we have imaged graphene nanoribbons using
KPFM. We confirm the p-type doping of the GNRs on the Au
substrate. The measured LCPD values exhibit a slow decrease
with tip–sample distance in qualitative agreement with calcula-
tions. Our results highlight the potential of Kelvin probe force
microscopy to simultaneously study structural and electronic
properties of GNRs and the capability of KPFM as a useful tool
for observing the electronic properties in nanoelectronics.

Supporting Information
Supporting Information File 1
Additional information on the DFT calculations, on the
force–distance data used for transforming frequency shift
information into distance information, and on calculated
charge differences.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-15-91-S1.pdf]
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