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ABSTRACT: A combination of ultraviolet and X-ray photoelectron spectroscopy, X-ray
absorption spectroscopy, and first principle calculations was used to study the electronic
structure at the interface between the strong molecular acceptor 1,3,4,5,7,8-
hexafluorotetracyano-naphthoquinodimethane (F6TCNNQ) and a graphene layer
supported on either a quartz or a copper substrate. We find evidence for fundamentally
different charge redistribution mechanisms in the two ternary systems, as a consequence of
the insulating versus metallic character of the substrates. While electron transfer occurs
exclusively from graphene to F6TCNNQ on the quartz support (p-doping of graphene),
the Cu substrate electron reservoir induces an additional electron density flow to graphene
decorated with the acceptor monolayer. Remarkably, graphene on Cu is n-doped and
remains n-doped upon F6TCNNQ deposition. On both substrates, the work function of
graphene increases substantially with a F6TCNNQ monolayer atop, the effect being more
pronounced (∼1.3 eV) on Cu compared to quartz (∼1.0 eV) because of the larger
electrostatic potential drop associated with the long-distance graphene-mediated Cu-
F6TCNNQ electron transfer. We thus provide a means to realize high work function surfaces for both p- and n-type doped
graphene.
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■ INTRODUCTION

Graphene is a scientifically and technologically exceptional
material, mainly due to its two-dimensional electronic structure
and high charge carrier mobility.1−3 Graphene’s electronic4 and
mechanical properties5 make this material a serious candidate as
transparent electrode in electronic devices such as light
emitting diodes,6 sensors,7 solar cells,8 batteries,9

touchscreens,10 etc. Among the many methods to produce
graphene, e.g., mechanical exfoliation from bulk graphite,
growth via chemical vapor deposition (CVD) has proven to
provide technologically relevant areas of graphene sheets that
are highly crystalline11 and that can be easily transferred to any
substrate of interest.12 It soon emerged that the key aspect for
the success of this 2D material in applications would be the
ability to manipulate its electronic structure to suit the
application needs. Hence, other materials might be paired
with graphene to achieve this goal. In this study, we focus on
noncovalent functionalization of graphene13−19 using small

molecules deposited on this 2D surface in ultrahigh vacuum.
Noncovalent functionalization does not disrupt the sp2 bonding
network of graphene, allowing it to retain its highly desired
electronic, mechanical, and thermal properties, and further-
more, it gives enhanced variability for interface tuning in thin
film devices. To improve the performance of graphene as an
electrode, modification of its work function is required to
match the relevant frontier energy levels of the semiconductor
to achieve as low as possible charge injection barriers. One way
to increase the work function of metal electrodes in order to
improve hole injection consists of depositing a molecular
acceptor monolayer.20

In the present study, 1,3,4,5,7,8-hexafluoro-tetracyano-
naphthoquinodimethane (F6TCNNQ; see Figure 1 for
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chemical structure) was used because of its higher molecular
weight compared to the very frequently used tetrafluor-
tetracyanoquinodimethane (F4TCNQ)

14,21 which results in
better processability in vacuum and stability in devices. It also
has a sublimation temperature of 180−200 °C, which is higher
than that of F4TCNQ (135−145 °C).22 In another context,
F6TCNNQ has been used as a p-dopant to control the
threshold voltage and the ON/OFF ratio of organic
transistors.23

In a previous study, it was shown that the work function of
graphene-on-quartz can be increased by a moderately strong
molecular acceptor,18 rendering graphene transferred on a
quartz support a universally applicable hole injection trans-
parent electrode. Using ultraviolet and X-ray photoemission
spectroscopy (UPS and XPS) and X-ray absorption spectros-
copy (XAS), combined with first principle calculations, the
mechanism of the work function increase was identified as
being due to electron transfer from graphene to the acceptor,
with only a fraction of the molecules in the acceptor monolayer
being charged. In the present contribution, we attend to the

role played by the support, i.e., graphene-on-quartz (G/Qu)
versus graphene-on-copper (G/Cu), on the electronic density
rearrangement at the F6TCNNQ−graphene interface. We
separate the work function increase into two contributions:
(a) doping of the graphene sheet causing energy level shifts
inside the graphene layer and (b) interface dipole formation at
the interface between graphene and the molecular layer. We
find strong indications that a different support for graphene
results in a particular charge transfer (CT) mechanism, rooted
in different charge redistribution among the three components
involved.

■ RESULTS AND DISCUSSION
The evolution of the valence region spectra of G/Qu and G/Cu
upon sequential deposition of F6TCNNQ is depicted in Figure
2. Figure 2a,d shows the evolution of the secondary electron
cutoff (SECO) spectra up to a nominal thickness (θ) of 5 nm.
From these, a molecule-induced work function (Φ) increase of
1.0 eV (G/Cu) and 1.3 eV (G/Cu) up to θ = 0.4 nm and a
saturation for further deposition are assessed. The saturated Φ
for G/Qu and G/Cu is 5.5 and 5.65 eV, respectively.
A rigid shift (ΔE) of ΔE = 0.6 eV toward lower binding

energy (BE) of the graphene energy levels is observed upon the
initial deposition of θ = 0.2 nm F6TCNNQ on G/Qu, as
highlighted by the red dashed lines in Figure 2b. This ΔE
reflects surface CT doping of graphene due to withdrawal of
electrons from the graphene layer by the accepting
molecules.13,24−26 In photoelectron spectroscopy, thermody-
namic equilibrium requires the Fermi level of the sample to be
at the same level as the Fermi level of the detector, since they
are electronically connected. The Fermi level is the reference
level (EF) in PES and is set to 0 eV. When electrons flow from
graphene’s valence band to the molecular acceptor, the Fermi
level of graphene moves downward with respect to the Dirac
Point. The downward shifted EF is set to 0 eV again, after
thermodynamic equilibrium is established between graphene
and detector. This is manifested as an upward shift of all the

Figure 1. Chemical structure of the molecular acceptor F6TCNNQ in
a neutral state. The bond lengths are displayed. Equivalent bonds are
marked with the same color dots. Carbon (C) atoms in gray, nitrogen
(N) atoms in blue, and fluorine (F) atoms in cyan.

Figure 2. Evolution of the valence electronic structure as a function of F6TCNNQ deposited on graphene-on-quartz (G/Qu) and graphene-on-
copper (G/Cu): evolution of the SECO onset (Φ corresponds to the work function) for (a) G/Qu and (d) G/Cu; evolution of the valence band
structure for (b) G/Qu and (e) G/Cu; (c) and (f) show a zoom of the valence band spectra close to the Fermi level (EF) for G/Qu and G/Cu,
respectively. In (b), the valence band spectrum at coverage θ = 50 nm was additionally collected at an electron takeoff angle of 30°. In (c) and (f),
the red spectrum shows the valence band spectrum at θ = 0.4 nm after subtraction of the graphene substrate background spectrum.
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energy levels in graphene, with respect to the new location of
the Fermi level. It is difficult to quantitatively assess the
corresponding energy shift in the case of G/Cu, as the
spectrum is dominated by the photoelectron signal from the
underlying Cu support (Figure 2e), yet it seems the effect is
much weaker.
From inspection of the spectra in Figure 2b,e, starting from a

rather early stage of growth, the HOMO feature of F6TCNNQ
is noticeable around 2.8 eV BE, as expected for the neutral
molecule. Moreover, for both G/Qu and G/Cu substrates, two
peaks, labeled as H* and L* with their peak maxima located at
BE ∼1.5 and ∼0.6 eV, respectively, are evident closer to EF.
These features can be better seen in Figure 2c,f, which
represents a zoom of the valence region close to EF. Similar
electronic states have been reported for F4TCNQ deposited on
Au20 and graphene epitaxially grown on SiC(0001)13 and were
attributed to the (partially) populated former LUMO and the
relaxed former HOMO levels of the neutral molecule. The
respective red spectra in Figure 2c,f show these two peaks H*
and L* after subtraction of the graphene background spectrum
for the respective film spectra (with θ = 0.4 nm). The energy
separation of these states is ∼0.9 eV, which is much lower than
the optical gap of the neutral molecular film (measured to be
2.1 eV). Such a drastic reduction in the energy gap indicates a
strong interaction between the molecule and the substrate.27

The fact that Φ saturates after θ = 0.4 nm for both graphene/
substrate systems (G/Qu and G/Cu) suggests that at this
coverage the monolayer of F6TCNNQ on graphene is
completed. The additional presence of H* and L* up to
multilayer coverage indicates that, after the monolayer is
complete, molecular islands form on top of it.
Figure 3 shows the C 1s (a), N 1s (b), F 1s (c), and Si 2p (d)

core level spectra of F6TCNNQ/G/Qu. The maximum of the
C 1s core level peak of graphene is initially at 284.5 eV and
shifts to 283.9 eV upon deposition of θ = 0.4 nm of the
acceptor. Thus, it shifts by the same amount ΔE = 0.6 eV and
in the same direction (toward lower binding energy) as the
valence spectra in Figure 2. The graphene C 1s core level peak
is still quite strong in the spectrum for θ = 5 nm, supporting
pronounced multilayer island growth.
Combining the C 1s core level evolution profile with the

work function changes (that saturates already at θ = 0.4 nm,

where the monolayer is apparently complete) and the presence
of H* and L* at multilayer coverage, we can derive that the
most probable mechanism of molecular growth is indeed
Stranski-Krastanov, where the molecules form a closed
monolayer and subsequently islands on top. The F 1s core
level signal from the fluorine at the periphery of F6TCNNQ is
at constant BE of 687.4 eV from θ = 0.2 nm up to θ = 5 nm,
suggesting no or minimal interaction of the fluorine atoms with
the graphene substrate. The Si 2p core level emission stemming
from the supporting quartz under the graphene shows no BE
shift; hence, we can exclude any interaction or CT occurring
between the molecule and the quartz support.
Figure 3 also shows analogous C 1s (e), N 1s (f), F 1s (g),

and Cu 2p (h) core level for the G/Cu case. The C 1s core
level exhibits a smaller shift of 0.4 eV toward lower BE,
compared to the G/Qu case, and no shift of the F 1s core level
is observed. The Cu 2p emission from the underlying copper
support shows as well no extra features, indicating that the
molecule does not interact chemically with the Cu substrate.
The N 1s core level spectra appear more complex, as only

one component is expected from the molecular structure. In
Figure 3b,f, sequences of spectra for increasing F6TCNNQ
coverages are shown for (G/Qu) and (G/Cu), respectively.
The spectra can be deconvoluted into four components. In
Figure 3b (G/Qu), the feature at 397.5 eV BE (red color) is
assigned to electron enriched N in F6TCNNQ, very similar to
the already reported N 1s core level emission of anionic
F4TCNQ on epitaxially grown graphene on SiC(0001).13,14

This emission indicates a significant charge accumulation at the
cyano groups (−CN) of the F6TCNNQ anion. For
submonolayer coverage (θ = 0.1 nm), essentially all molecules
in contact with the graphene are in the anionic state. At θ = 0.2
nm, an additional feature at 399.4 eV BE appears, which is
attributed to neutral F6TCNNQ. At this coverage, fitting yields
that ca. 50% of the molecules are neutral and ca. 50% are
negatively charged. At this (sub)monolayer coverage, neutral
and negatively charged molecules thus coexist in the
monolayer. Two more features are observable at θ = 0.2 nm,
located at 400.5 eV BE (green color) and 402.6 eV BE (orange
color); these are attributed to shakeup satellites. Upon
increasing coverage, the feature stemming from neutral
molecules grows in intensity and shifts toward lower BE (by

Figure 3. Evolution of the core level spectra of (a) C 1s, (b) N 1s, (c) F 1s, and (d) Si 2p with respect to the thickness of F6TCNNQ for graphene-
on-quartz (G/Qu) and (e) C 1s, (f) N 1s, (g) F 1s, and (h) Cu 2p for graphene-on-copper (G/Cu). The N 1s core level spectra were deconvoluted
to the underlying components.
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<0.4 eV). This can be attributed to the existence of more than
one molecular orientation in the multilayers, which translates
into different ionization energies.28

In Figure 3f, the N 1s core level spectrum for F6TCNNQ on
G/Cu is depicted. In this case, up to θ = 0.4 nm, only one
feature is clearly visible (red color) at 397.7 eV BE stemming
from negatively charged F6TCNNQ. Beyond θ = 0.8 nm, the
emission stemming from neutral molecules appears at 399.7 eV
BE. In contrast to the G/Qu case, a higher fraction of
F6TCNNQ is negatively charged in the (sub)monolayer with
neutral molecules starting to appear at a later stage of the
deposition, i.e., upon formation of the multilayers. This
evidences the important role of the two different graphene
supports, i.e., Qu versus Cu.
XAS measurements were used to characterize the (average)

orientation of F6TCNNQ on G/Qu and the CT occurring at
the interface between molecule and graphene. XAS spectra of
F6TCNNQ on G/Qu were recorded at two different coverages:
(a) less than 0.5 monolayer (i.e., θ = 0.1 nm) and (b) ca. 1
monolayer (i.e., θ = 0.4 nm). The spectra were collected from
N K-shell electrons excited to unoccupied molecular orbital
(MO) levels. Figure 4 shows the XAS spectra (π* region)

collected at five different takeoff angles ψc spanning from 0° to
90°. Mainly three principal spectral features were identified at
both coverages, labeled as I, II, and III. On the basis of our
DFT-simulated absorption spectra shown in Figure 5, we
ascribe the main peak at 399.2 eV (labeled as II in Figure 4) to
transitions from the N 1s to the −CN π*-antibonding orbital
lying within the molecular plane (see inset in Figure 5). Peak I
at 396.8 eV and peak III at 400.2 eV are assigned to transitions
from N 1s to the π* orbitals of the cyano groups orientated
perpendicular to the molecular plane (i.e., z axis).
The main peak II exhibits a strong angular dependence; i.e., it

is greatly enhanced when the electric field vector is parallel to
the surface plane (i.e., ψc = 0°, s-polarization) but largely
attenuated when the electric field is almost perpendicular to the
surface plane (i.e., ψc = 90°, p-polarization), suggesting a planar
orientation of the molecule on top of the graphene layer. To
better quantify the average orientation of the molecules with
respect to the underlying graphene layer, we monitored the

intensity of feature II at 399.2 eV collected at six different
angles.
Assuming that at the surface the molecules have isotropic

azimuthal distribution in the monolayer, the intensity I of a
resonance peak corresponding to an excitation into a vector
orbital in the used experimental configuration can be described
by29
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with θM as the grazing incidence angle (θM = 10°), ψc as the
rotation angle of the analysis chamber at the BEAR beamline
with the specific setup used for the measurement, ε as the
photon ellipticity (ε = 0.1), and θ as the tilt angle to be
determined. The best fits using eq 1, assuming θ as a free
parameter, are shown in Figure 6, indicative of an average tilt
angle (i.e., molecular plane with respect to the substrate plane)
of ∼22° and ∼24° for 0.5 monolayer and 1.0 monolayer of
F6TCNNQ on G/Qu, respectively.
In addition to the average tilt angle derived from combined

XAS analysis and DFT simulations, we studied any possible
variation in the charge state of the molecule when going from
the submonolayer (interface) to the multilayer (bulk) regime.
For this purpose, we performed DFT calculations considering
the molecule in two different situations: the neutral case, when
the molecule is not experiencing any CT from the substrate
(corresponding to the multilayer) and the case where the
molecule is charged with an electron from the underlying
graphene. Figure 7 shows simulated XAS spectra in comparison
to the experimental XAS measurements performed at two
different coverages, namely, 0.5 monolayer (i.e., interface) and a
few nanometers (i.e., multilayer). For a better comparison, the
absolute energy of the simulated spectra (red and black) were
aligned with the corresponding experimental ones. The shape
and the relative intensity of the features labeled as I, II, and III
were basically not affected by the different charge states of the
molecule (i.e., negatively charged or neutral). The only
remarkable difference between the two simulated spectra, red

Figure 4. Experimental N K-edge XAS spectra of 0.5 monolayer (ML)
(lower panel) and 1.0 ML (upper panel) of F6TCNNQ on G/Qu
collected at six different angles ψc.

Figure 5. DFT-calculated N K-edge XAS spectra of the F6TCNNQ
molecule. XAS xy plane (red) is the absorption in the xy plane of the
molecule; XAS z-axis (blue) is the absorption in the axis perpendicular
to the molecule, and XAS TOT (black) is the total absorption.
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(negatively charged molecule) and black (neutral molecule), is
the energy separation between features I and II (2.5 and 3.0 eV,
respectively). No appreciable difference, neither in the line
shape nor in the relative intensity of the features, can be noted
when the experimental and the simulated XAS spectra are
compared. However, it can be seen that the energy differences
between peaks I and II, experimentally measured at the
interface and from the multilayer, are in excellent agreement
with the calculated ones, in line with the XPS results further
above in which a significant fraction of the F6TCNNQ
molecules in contact with the graphene layer is negatively
charged.
First principle calculations were performed in order to better

understand the features observed in the valence region spectra
recorded in UPS for the F6TCNNQ/G interface. Due to its
highly insulating character, the Qu support should not
significantly affect the charge redistribution at the
F6TCNNQ−graphene interface and thus was not implemented
in the following simulations. The size of the supercells used for
the calculations was 17.1 × 9.9 × 30 Å3. The interaction energy

between graphene and the F6TCNNQ molecule is 1.05 eV/
nm2, with the dopant lying 3.21 Å over graphene. The nitrogen
atoms of the cyano groups are slightly closer to graphene, 3.16
Å, though the difference is small and the molecule is considered
planar (Figure S4). Figure 8 shows the partial density of states

(PDOS) of F6TCNNQ physisorbed on graphene. There is a
consistency between theory and experiment in two important
aspects: (I) The simulations capture the shift of the Dirac point
(ED) of the F6TCNNQ/G system toward lower binding energy,
ΔEF = 0.44 eV, as it is also shown by the band structure in
Figure 9c. (II) There are two new electronic states below EF.
The ΔEF = 0.44 eV together with the calculated work function
shift, ΔΦ, of 1.08 eV (the difference in the work functions of
F6TCNNQ physisorbed on graphene and pristine graphene,
while the work function is defined as the energy difference
between the vacuum level and the Fermi level) are in excellent
agreement with experiment and correspond to a vacuum level
shift (ΔEvac) of 0.64 eV (ΔEvac = ΔΦ − ΔEF). To gain further
insight, the local density of states (LDOS) was calculated by
integrating around the energy of the two new states (see inset
figures in Figure 8; L* and H* with integration performed 0.1
eV around the energy of the peaks). The LDOS displays the

Figure 6. Plots of the relative peak intensities of feature II of F6TCNNQ on G/Qu as a function of the photon incidence angle ΨC. The solid curve
corresponds to the best fit of the intensity evolution for 0.5 monolayer (ML) (left panel) and 1.0 ML (right panel).

Figure 7. Direct comparison between the experimental N K-edge XAS
spectra of F6TCNNQ on G/Qu and the DFT-calculated spectra of the
F6TCNNQ molecule in the neutral state (black spectrum in the upper
part) and negatively charged state (red spectrum in the lower part).

Figure 8. Partial density of states (PDOS) plot for F6TCNNQ
adsorbed on graphene. The orange curve shows the DOS of graphene;
the dark red curve shows the DOS of F6TCNNQ, and the dark blue
curve shows the total DOS of the system. The inset plot shows a zoom
of the DOS of graphene, indicating the position of the Dirac point.
The inset figures show the local density of states (LDOS) of the H*
and L* peaks.
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features of the LUMO (L*) and HOMO (H*) of F6TCNNQ,
and the LUMO of the molecule is pinned close to EF after
adsorption on graphene. Such a pinning results from CT
between the graphene and the molecule that occurs in order to
bring the system into electronic equilibrium. The electron
transfer from graphene to F6TCNNQ, i.e., p-doping of

graphene (the amount of CT reaches ∼−0.38e {−0.23e/
nm2}, with e being the elementary charge of one electron

obtained by a differential charge density (DCD) calculation), is

visualized in the charge density plot in Figure 10a. The energy

gap between H* and L* (ΔE = 0.9 eV) perfectly agrees with

Figure 9. Electronic band structures of (a) graphene (G) and (b) G/Cu unit cells; (c) and (d) show the electronic band structures of F6TCNNQ
adsorbed on top of the supercells displayed in (a) and (b), respectively. The red circles in the figures indicate the position of the Dirac point. The
zero energy corresponds to EF.

Figure 10. Plane average differential charge density (DCD), Δρ (z) (green), charge transfer amount, ΔQ(z) (orange), for (a) F6TCNNQ adsorbed
on graphene, (b) graphene on Cu, (c) F6TCNNQ on graphene and then adsorbed on Cu, and (d) graphene on Cu and then with F6TCNNQ
adsorbed. Side view DCD isosurface for F6TCNNQ adsorbed on graphene [e(i)] and graphene-on-copper [e(ii)] and top view DCD isosurface for
F6TCNNQ adsorbed on graphene [e(iii)]. Regions in red correspond to negatively charged populations, and regions in blue correspond to positively
charged populations. The amount of charge transfer is indicated in each plot. Parentheses indicate the subsystems used for the DCDs. Short dashed
lines indicate the copper layers; dashed lines indicate the graphene layer, and double dotted dashed lines indicate the F6TCNNQ layer.
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the experimental value obtained by UPS (ΔE = 0.9 eV; see
Figure 2c,f).
To identify how the contact with the metallic substrate

interferes with the CT mechanism at the graphene−molecule
interface, the DFT simulations were repeated for graphene
placed on top of 5 layers of Cu(111). The band structures of
the resulting unit cells are shown in Figure 9. In the case of G/
Cu (see Figure 9b), the DFT calculations show that the Dirac
point of graphene does not coincide with the Fermi level of the
metal; rather, it is located 0.5 eV below EF (see red circle in
Figure 9b). As is nicely explained in refs 29 and 30, in
graphene−metal contacts, charge transfer is a secondary effect.
The main effect is the downward shift of graphene’s energy
levels due to the Pauli exclusion principle,30,31 which takes place
between the metal atoms’ outermost s-electrons and graphene’s
π-electrons. Thus, graphene can be n-doped when its charge
neutrality level is relatively shifted down below the metals’
Fermi level, which seems to be the case for copper.
Next, the F6TCNNQ molecules were physisorbed on

graphene-on-copper G/Cu (Figure 9d). The size of the
supercells used for the calculations was 17.2 × 9.9 × 40 Å3.
The interaction energy in this case is larger compared to the
case of graphene in vacuum (1.05 eV/nm2), i.e., 1.39 eV/nm2.
The molecule lies slightly closer, 3.18 Å over graphene, with the
distance between the nitrogen atoms of the cyano groups and
graphene even smaller, 3.03 Å. In this case, the molecule bends
gently toward graphene (Figure S5). Noteworthy, while the
presence of the electron acceptors shifts the Dirac point by
∼0.44 eV above the Fermi level in freestanding graphene
corresponding to p-doping, the position of the Dirac cone is
hardly affected (by less than ∼0.05 eV) in the G/Cu case. In
the corresponding ternary system, a detailed analysis of the
electronic band structure places the Dirac point ∼0.45 eV below
EF (see red circle in Figure 9d). Compared to G/Cu alone, now
graphene is still n-doped, however, to a slightly lesser extent.
This might seem at first glance surprising as the graphene layer
is in contact with the electron poor F6TCNNQ molecules.
From close inspection of the electronic band structure and
charge density plots, the picture that emerges shows that the
electron density is in fact mainly due to the larger (compared to
graphene) Cu electron reservoir, through the sandwiched
graphene layer. This is best understood from the differential
charge density (DCD) plots computed for two partitioning
schemes in Figure 10c,d. In the first partitioning scheme, the
fragments used to compute the DCD are Cu on one hand and
the graphene interacting with F6TCNNQ on the other hand.
Figure 10c is reminiscent of Figure 10b,a and dominated by the
charge redistribution induced by the pillow effect at the Cu−G
interface and the increased electronic density over the acceptor
monolayer. In the second partitioning scheme, Figure 10d, the
fragments are instead graphene plus Cu and F6TCNNQ. As the
Pauli repulsion is mostly induced by the graphene layer in
contact with the metal and only weakly affected by the
molecular doping layer atop, the use of these fragments in the
calculation of charge density differences emphasizes contribu-
tions from electron transfer over changes in electronic density
induced by Pauli repulsion effects. Figure 10d clearly points to
an increased charge density around graphene (masked by the
Pauli effects in Figure 10c), in line with n-doping of the
graphene interlayer as assessed from the relative position of the
Dirac cone below the Fermi level, vide supra. The CT that thus
occurs from copper to the combined graphene-adlayer system
generates an electric field across the graphene, and therefore, its

states are shifted to lower binding energy, as is indeed
experimentally observed (experimental shift of 0.4 eV toward
lower BE in the C 1s core level; see Figure 3e). The increased
amount of CT (−0.61e {−0.37e/nm2}, obtained by a
differential charge density (DCD) calculation) to the acceptors
on the G/Cu substrate, which is significantly larger compared
to the corresponding CT in the free-standing G layer (−0.38e
{−0.23e/nm2}), further explains the experimental prominence
of only negatively charged F6TCNNQ in the N 1s core level of
G/Cu (see Figure 3f) up to θ = 0.4 nm, that is considered to be
the first filled monolayer. It can also explain the increase in the
interaction energy between adsorbent and adsorbate. In
addition, the total work function change, ΔΦ = 1.3 eV, is in
very good agreement with the experimental value. Thus, the
calculated vacuum level shift in this case, ΔEvac = 1.25 eV
(ΔEvac = ΔΦ − ΔEF), is higher, as it involves a larger and
longer distance electron transfer.
Figure 10e(iii) represents a top view of the DCD isosurface

for the molecule adsorbed on graphene. This charge density
distribution further shows that the charge is mainly localized at
the CN groups, explaining the absence of any energy shift in
the F 1s core level spectra (Figure 3c,g). Assuming the same
growth mode on both supports Qu and Cu (as evidenced by
UPS and XPS), a larger number of molecules in the monolayer
can withdraw electrons from the metallic Cu substrate
(considering that it is an infinite electron reservoir compared
to graphene). This is in agreement with the experimental
observation of the N 1s core level spectra that 50% of the
molecules are charged in the monolayer for G/Qu (see Figure
3b), whereas ∼100% are charged in the monolayer for G/Cu
(see Figure 3f). This increased amount of CT, together with
the fact that electrons are actually withdrawn from Cu, explains
the higher ΔΦ observed for G/Cu (1.3 eV) compared to G/Qu
(1.0 eV). In the G/Cu case, the dipole formed between the
negative charge in the molecule and the positive image charge
in the metal is larger, since the distance between the charges is
longer. Furthermore, the number of such dipoles per surface
area is higher since more molecules become charged. In the G/
Qu case, where the transferred charge originates from
graphene, this dipole is smaller since (a) the molecule−
graphene distance is shorter and (b) fewer molecules get
charged per unit area.
Figure 11 summarizes the energy shifts of the C 1s core level

and the work function Φ observed for F6TCNNQ/G/Qu and

Figure 11. Work function and C 1s core level shifts upon deposition
of F6TCNNQ on graphene-on-quartz (G/Qu) and graphene-on-
copper (G/Cu).
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F6TCNNQ/G/Cu as a function of F6TCNNQ coverage. In
addition to the higher work function increase for G/Cu
compared to G/Qu (ΔΦ = 1.3 eV versus 1.0 eV at θ = 2.4 nm),
a smaller C 1s core level shift is observed for G/Cu (ΔEC 1s =
0.4 eV versus 0.6 eV), which is understandable from the fact
that it is due to the potential drop across graphene and not due
to a shift of EF (doping). Figure 12 shows a simplified valence
energy level diagram before and after the formation of the
interface for the case of F6TCNNQ physisorbed on G/Cu and
G/Qu. To position the frontier molecular levels of F6TCNNQ,
the calculated DFT gas phase values of the ionization energy
(7.4 eV) and electron affinity (5.2 eV) were used.

(i) In the G/Qu case, the measured initial work function of
graphene is Φ = 4.5 eV (Figure 2a). The calculated work
function of graphene is 4.42 eV. After contact, a shift in
EF is observed, since doping of the graphene sheet
occurs, lowering EF by ΔEF ≈ 0.6 eV, as measured
experimentally (the calculated shift is 0.44 eV). The
remaining work function increase results from an upward
vacuum level shift due to the reorganization of positive
and negative charges giving rise to a dipole at the
interface between F6TCNNQ and G, which yields an
additional shift of ∼0.4 eV (∼0.66 eV) as measured
(calculated). The overall change in work function is ΔΦ
= 1.0 eV (1.1 eV) from measurements (calculations).

(ii) In the G/Cu case, the measured (calculated) initial work
function of graphene is lowered to 4.35 eV (3.93 eV) due
to n-doping. Quite interestingly, the graphene layer
remains n-doped even when in direct contact with the
overlaid F6TCNNQ acceptors, with additional electronic
density being transferred from the vast metal electron
reservoir through graphene. As a result, the Dirac point
shifts marginally, but the larger amplitude and longer
distance electron transfer from Cu to F6TCNNQ is
accompanied by a very large vacuum level shift that
accounts for more than 95% of the total work function
shift, ΔΦ = 1.3 eV from both measurements and
calculations.

■ CONCLUSION

Using UPS, XPS, and XAS together with DFT calculations, we
provided detailed insight into the interaction of molecularly
modified graphene supported by insulating quartz versus
metallic copper. We observe a large ΔΦ increase of 1.0 eV
when the molecular acceptor F6TCNNQ is deposited onto G/
Qu. The Φ increase is even higher (1.3 eV) when the
underlying substrate is G/Cu. For G/Qu, the technologically
relevant substrate, we could deconvolute the ΔΦ into two
contributions: (a) surface charge transfer p-doping of graphene
that gives a ΔΦ = 0.6 eV and (b) dipole formation at the
F6TCNNQ/G interface, resulting from the charge reorganiza-
tion that gives a further ΔΦ = 0.4 eV. The CT was confirmed
by XPS. In the case of G/Cu, the transferred charge mainly
originates from the Cu substrate supporting graphene; thus,
after the CT, the doping level of graphene remains essentially
unchanged and of n-type. In that case, a dipole moment and
thus an electrostatic field is created between the molecule and
the Cu that consequently shifts the energy levels of graphene
that is located in this electrostatic field, as observed in the C 1s
core level of G/Cu. Finally, we would like to emphasize that the
hybrid system F6TCNNQ/G/Qu can be used as a transparent
electrode that is highly conducting, since the graphene’s sp2

network is only weakly perturbed after physisorption of
F6TCNNQ. Furthermore, it provides a p-doped graphene
layer with a work function that matches the frontier energy
levels of transport materials commonly used in many (opto-
)electronic devices. When, instead, a Cu substrate is used, the
work function is increased even further (by ∼1.3 eV), albeit the
fact graphene is n-doped. Therefore, this n-doped graphene, and
generally any molecular-acceptor-modified n-type graphene,
can yet be employed for hole injection into (organic)
semiconductors in devices.

■ METHODS
Material Preparations and Characterizations. Graphene was

synthesized by chemical vapor deposition on G/Cu at a substrate
temperature of 1000 °C and then transferred to quartz using a wet
transfer procedure.11,12 The as-received graphene-coated quartz was
further annealed in ultrahigh vacuum (UHV, base pressure 10−10

Figure 12. Energy level diagram for (a) free graphene (G) and free F6TCNNQ, (b) F6TCNNQ/G/Qu interface, and (c) F6TCNNQ/G/Cu
interface. In (a), the electron affinity (E.A.) and the ionization energy (I.E.) are calculated for the gas phase (free) molecule before contact with
graphene. In (b) and (c), the energy positions of the (partially) populated LUMO (L*) at EL* = 0.6 eV and of the relaxed HOMO (H*) at EH = 1.35
eV are derived from the experimental data. Φ corresponds to the work function; Evac is the vacuum energy level. EF is the Fermi level; ED is the Dirac
point of graphene. C.B. and V.B. are the conduction and valence band of graphene. The values are experimentally obtained unless otherwise
indicated (theor.).
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mbar) at 600 °C for 24 h to desorb residual poly(methyl-
methacrylate) (PMMA), which was used as a rigid support of
graphene during the wet transfer. The resulting graphene/quartz
samples are denoted as G/Qu. F6TCNNQ was deposited onto
graphene in UHV by sublimation from resistively heated quartz
crucibles in a preparation chamber (base pressure <5 × 10−9mbar)
directly connected to the analysis chamber (base pressure <1 × 10−10

mbar). The nominal film thickness (i.e., mass−thickness read of the
microbalance, irrespective of actual film morphology) was monitored
using a calibrated quartz-crystal microbalance, and the density used for
the organic material was 1.6 g/cm3. The purity and chemical structure
of the transferred CVD graphene-on-quartz after prolonged annealing
in UHV was confirmed by XPS, as reported previously.18,32

Experimental. XPS and UPS measurements were performed at the
end station SurICat (PM4) at the BESSY II synchrotron light source
(Berlin, Germany). The excitation energies used for C 1s and N 1s
core level analysis were 390 and 505 eV, respectively, to achieve the
same photoelectron escape depth of ∼1 nm33 with a spectral energy
resolution of 300 meV. The photon energy and the resolution for UPS
were 35 and 150 meV, respectively. We checked for possible beam
degradation by frequently monitoring the core-level peaks of the
molecules after prolonged exposure (more than 2 h). No apparent
change was observed in the core-level peaks, which confirmed the
negligible photon beam damage under the low beam current used.
Sample charging was ruled out by checking the binding energy of the
C 1s of the G/Qu sample. For obtaining the secondary electron cutoff
(SECO) spectra, the samples were biased at −10 V with respect to the
electron analyzer. The energy positions of the SECOs were obtained
by linear extrapolation of the SECO peaks at half-maximum toward the
background. The deconvolution of the XPS spectra was performed
using a Shirley background and Voigt peak lineshapes. The XAS
experiments were performed at the BEAR end station (BL8.1L), at the
left exit of the 8.1 bending magnet of the ELETTRA synchrotron
facility (Trieste, Italy).34,35 All XAS spectra were collected in total
electron yield (TEY) mode (i.e., drain current mode) at the N K-edge
and normalized to the incident photon flux and to the clean substrate
signal. The spectral energy was calibrated by referring to CO2 C 1s−π*
transitions. The incidence angle of the light with respect to the sample
surface plane was kept fixed at 10°, and the sample was then rotated
around the beam axis to change the polarization from s to p. This leads
to an effective rotation of the electric field plane at the surface while
keeping the excitation volume constant. In order to keep both the
illuminated area (i.e., the excited volume) and the incidence angle
constant, we changed the direction of the electric field vector E⃗ from
perpendicular to parallel with respect to the scattering plane. This was
achieved by rotating the chamber angle ψc with respect to the beam
axis from ψc = 0° (s-scattering) to ψc = 90° (p-scattering).29 The
synchrot ron beam was l inea r ly po la r i zed (e l l ip t i c i ty

ε = |⎯→⎯ | |⎯→⎯ | =E E/ 0.1V
2

H
2 , where V (H) is the vertical (horizontal)

direction and ε = 1 (0) for circularly (linearly) polarized light). In
order to correctly process the acquired data, each absorption spectrum
collected at different angle ψc was normalized to the absorption
spectrum acquired under the same experimental conditions and the
energy range, on an Au(111) sputtered (i.e., carbon free) sample. The
energy scale of each single spectrum was recalibrated taking into
account the energy fluctuation of characteristic absorption features
measured on the refocusing mirror.
Simulations. The XAS simulations were performed on the free

molecule using the Slater transition state method using the StoBe DFT
simulation code.36−38 Angle-dependent dipole transitions and
absorption at the N K-edge were calculated for the equivalent N
centers. To better describe relaxation effects, an IGLO-III basis set was
used on each excitation center, while effective core potentials were
used for the remaining N atoms. The calculated dipole-excitation
spectra were Gaussian convoluted with an energy-dependent broad-
ening and rigidly shifted by −1.7 eV to align to the experimental
curves. For the charged molecule, XAS was simulated assuming an
additional electron charge on the molecule. Valence band calculations
were carried out with the Vienna Ab initio Simulation Package

(VASP)39−41 and SIESTA42 software. Optimization of the structures
were done with VASP, using the Perdew−Burke−Ernzerhof (PBE)
exchange-correlation functional, a plane-wave basis set with an energy
cutoff of 400 eV, and the tetrahedron method with Blöchl corrections
for the partial occupancies, with smearing of 0.05 eV. Grimme-type
(DFT-D) dispersion corrections were applied,43 since van der Waals
interactions play a significant role in noncovalent functionalization.
The whole system (graphene and molecule) was optimized until the
remaining atomic forces were smaller than 0.02 eV/Å in a supercell
with dimensions 17.1 × 9.9 × 30 Å3 using a k-point mesh of 5 × 5 × 1.
In the case of physisorption on graphene-on-copper; the supercell was
17.2 × 9.9 × 40 Å using a k-point mesh of 5 × 5 × 1. The three
bottom layers of the metallic substrate (total of 5 layers) were frozen
during optimization. The plane average charge density (DCD) and the
charge transfer amount (ΔQ(z)) were calculated from the difference
in charge density between the system and the two subsystems, i.e.,
“charge density of Gr-F6” − “charge density of “Gr” − “charge density
of F6”. The density of states (DOS) plots we produced using the
optimized structures with a five times denser k-point mesh. Local
density of states (LDOS) was also performed around the peaks
appearing after interaction with the molecule. LDOS was calculated in
a region of 0.2 eV (peak energy ±0.1 eV). Band structures for all
systems were created with SIESTA, from the optimized VASP
structures. The PBE exchange-correlation functional was used with the
Double Zeta Polarized (DZP) basis set. All the 3D isodensity
representations in this work were produced by XCrysDen.44
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