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Graphene is a promising candidate for ﬂexible, transparent electrodes in organic electronic devices. In
order to achieve enhanced device performance, work function (WF) modulation of graphene for better
electric contact at the electrode/active materials interface is of signiﬁcant importance. Herein, we have
demonstrated the effective modulation of graphene WF with binary mixture of Cu and C60F36 and the
highest WF of ~6.04 eV is obtained after in situ thermal annealing at 150  C. The ultraviolet photoelectron
spectroscopy (UPS) and X-ray photoelectron spectroscopy (XPS) measurement indicate that the growth
of Cu on C60F36-modiﬁed graphene leads to CeF bonds breaking of C60F36 and the formation of CueF
bonds on the basal plane of graphene, which is responsible for the large WF increase of graphene. The
mechanism for the WF increase of binary mixture of Cu and C60F36 modiﬁed graphene (BMG) has been
corroborated by density-functional theoretical (DFT) calculations, which shows that the CeF bond
breaking of C60F36 is facilitated by Cu adatoms, and the WF increase can be attributed to the formation of
surface dipole layer with the direction pointing from vacuum to graphene, which is consistent with UPS
and XPS results. Moreover, our results indicate that other 3d transition metal adatoms (Ti, V, Fe, Co, and
Ni) on graphene can also facilitate the CeF bond breaking of C60F36 and the formation of surface dipole
layer, resulting in the WF increase of graphene.
© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction
Graphene, a single atomic layer arranged by sp2 hybridized
carbon atoms, has attracted extensive research attentions since its
ﬁrst experimental isolation in 2004 [1]. Because of its peculiar
structural characteristics, unique physical and chemical properties
have been demonstrated including unprecedented high carrier
mobility, half-integer quantum Hall effect, superlative mechanical
strength, and incomparable thermal conductivity [2e6]. With the
great progress in the synthesis of high-quality graphene on a large
scale [7e10], its applications in organic electronic devices [11,12],
chemical sensors [13,14], supercapacitors [15], and drug delivery
[16] have been extensively explored in the last decade.
For its applications in organic electronic devices, graphene is
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regarded as a promising alternative to highly conductive indium tin
oxide (ITO) for ﬂexible, transparent electrodes [9,17]. Even though
organic photovoltaic cells (OPVs) and light emitting diodes (OLEDs)
have been successfully fabricated using graphene as transparent
electrodes, graphene-based devices always suffer from poor performance compared to their counterparts using ITO as transparent
electrodes [18e20]. There are two major disadvantages for
graphene-based devices: i) high sheet resistance (200e300 U sq1)
as compared to the ITO (10e30 U sq1); ii) relatively low work
function (~4.4 eV) than that of ITO (~4.8 eV). Synthesis of graphene/
metal nanowire composite ﬁlms is an effective method to reduce
the sheet resistance of graphene-based transparent electrodes. The
sheet resistance can be as low as 13.7 U sq1 with high transmittance for silver nanowire and graphene hybrid-based electrodes
[21]. Doping is another method to improve the charge carrier
concentration and electrical conductivity, and hence decrease the
sheet resistance of graphene. On the other hand, work function
(WF) optimization is still critical for the enhanced devices
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analysis chamber. He I (21.2 eV) is the excitation source for UPS
measurements, and a 5 V bias was applied to sample for WF
measurements. An Al Ka source (hy ¼ 1486.7 eV) is used for XPS
measurements. Before the deposition of C60F36, thoroughly
degassing was carried out overnight. The deposition rate for C60F36
was kept at 0.2 nm/min which was calibrated by a quartz-crystalmicrobalance (QCM) as well as from the attenuation of Si 2p peak
after the deposition of C60F36. Cu was thermally deposited onto
C60F36 modiﬁed graphene using a medium temperature effusion
cell at 980  C with the deposition rate of 0.1 nm/min. A Zeiss Axio
optical microscope and AFM (Bruker multimode 8) with a tapingmode were used to obtain optical microscope and AFM images of
graphene samples. The Raman spectrum was carried out using a
Horiba HR Evolution Raman spectrometer with laser excitation of
532 nm.

performance by matching the energy levels between graphene and
active layers in electronic devices [22e30]. For example, when
graphene is used as the anode in OPVs, the WF of graphene need to
be further increased to match with the highest occupied molecular
orbital (HOMO) of donor-type organic molecules in OPVs, which
facilitates the efﬁcient hole collection at the electrode. As the WF is
related to the energy difference between vacuum level (Ev) and
Fermi level (Ef), various approaches, including electrostatic gating,
chemical and optical doping, have been developed to shift the Ef of
graphene to obtain a desired WF value [31e36].
In the present study, we report an efﬁcient way to modulate the
WF of graphene by the co-adsorption of C60F36 molecules and Cu
adatoms. After the surface modiﬁcation of graphene by C60F36, the
WF of graphene increases from 4.40 to 5.32 eV. This is attributed to
charge transfer from graphene to C60F36 resulting in a p-type
doping in graphene, which downward shifts Ef of graphene and
hence increases its WF. More importantly, the WF can be further
increased by the sequential deposition of Cu adatoms onto the
C60F36 modiﬁed graphene. The highest WF of 6.04 eV is obtained
after in situ annealing of BMG at 150  C. Combining the ultraviolet
photoelectron spectroscopy (UPS), X-ray photoelectron spectroscopy (XPS) and density-functional theoretical (DFT) calculations, it
is revealed that Cu adatoms can facilitate the breaking of the CeF
bonds in C60F36 and the formation of interfacial dipole layer
(CueF) is responsible for the WF increase. This mechanism is
general for the transition metal (TM) adatoms other than Cu and
the effective WF increase can be also realized by depositing them
(e.g. Ti, V, Fe, Co, Ni) on C60F36 modiﬁed graphene, which is validated by UPS/XPS measurements and DFT calculations.

2.3. DFT calculations
Our ﬁrst-principle calculations were performed using Vienna ab
initio package [38]. The projector-augmented wave (PAW) pseudopotential were used with the generalized gradient approximation of
Perdew, Burke, and Ernzerhof (PBE) to the exchangecorrelation
functional [39,40]. We optimized pristine graphene structure
ﬁrstly and then ﬁx the lattice constants when adsorbing adatoms.
The force criteria were set to 0.01 eV/Å. Besides, a 105 eV of energy
convergence threshold was adopted in both optimization and energy calculations. For adsorption calculations, the van der Waals
correction D2 method of Grimme was added [41]. To avoid the
interaction between periodic counterparts, in all the models, we
built at least 20 Å vacuum, which is perpendicular to the graphene
plane. Here, the energy cutoff was set to 450 eV and 9  9  1 kpoints were utilized to mesh Brillouin zone of 5  5  1 graphene
supercell. The differential charge density is deﬁned as follows:

2. Material and methods
2.1. Growth of graphene

Drdcd ¼ rtotal 

A custom designed low-pressure chemical vapor deposition
(LPCVD) system has been used for the growth of graphene on
copper foil [37]. A mixture gas of Ar, H2 and O2 was introduced into
the LPCVD chamber after pumping down to a base pressure of
0.01 Pa. During the growth, ﬂow rates of Ar and H2 were kept at 600
sccm and 100 sccm. The ﬂow rate of O2 ranged from 0 to 0.1 sccm
depending on different growth stages. Before the growth of graphene, copper foil underwent 1050  C thermal treatment for 1 h for
better crystallinity. During the growth of graphene, 0.5 sccm
methane was introduced into the LPCVD chamber. The growth
period lasted for 1 h to obtain high quality and large-scale graphene
sample. After the growth, the system was cooled down to RT.
Graphene samples were then transferred to SiO2 substrates (Si
wafer with a thin layer of native oxide) for UPS and XPS measurements by wet-transfer method using poly(methyl methacrylate)
(PMMA). Wrinkles are observed in the optical microscope and
atomic force microscope (AFM) images (Fig. S1a and S1b) which are
the characteristic phenomenon of transferred graphene. The
Raman spectrum (Fig. S1c) shows the characteristic vibrational
peaks at ~1585 cm1 and 2688 cm1 corresponding to G and 2D
peak of graphene, respectively. The peak intensity of 2D peak is 2
times larger than that of G peak, indicating the single layer nature
of our graphene sample. Moreover, the nearly undetectable D peak
at ~1350 cm1 manifests the defect-free property of the transferred
graphene sample.

X

ri

i

where rtotal is the total charge density and ri is the charge density
for separate graphene, Cu adatom and F atom.
3. Results and discussion
The WF modulation of BMG is investigated using in situ UPS
measurements. Fig. 1a and b shows UPS spectra at the secondary
electron cutoff and valence band region for pristine graphene,
2.0 nm C60F36 on graphene, and 2.0 nm Cu on C60F36/graphene,
respectively. The WF for pristine graphene is 4.40 eV, which is in
good agreement with previous reports [42]. A WF increase of
0.92 eV is observed when 2.0 nm C60F36 is used to modify the
pristine graphene, which can be understood with the surface
charge transfer induced p-type doping in graphene [43]. As we
known, C60F36 is an efﬁcient p-dopant due to its high electron afﬁnity (~5.0 eV) [44], spontaneous electron transfer from graphene
to C60F36 occurs upon the deposition of C60F36 on graphene, leading
to the formation of electron depletion layer in graphene. Consequently, downward shift of the graphene Fermi level is arisen. More
interestingly, the WF of C60F36/graphene further increases to
5.74 eV with the sequential growth of 2.0 nm Cu, corresponding to a
total increase of 1.34 eV in WF as compared to the pristine graphene. Previous results have demonstrated that the WF of Cu
ranged from 4.40 to 4.94 eV depending on the different crystal
planes [45,46]. Considering that the WF of C60F36/graphene is
5.32 eV which is higher than that of Cu, therefore, the further WF
increasement after Cu deposition cannot be attributed to the surface charge transfer induced p-type doping.

2.2. Characterizations
Our in situ UPS and XPS measurements were performed in a
multifunctional ultrahigh vacuum (UHV) VT-SPM system (Omicron
Instruments) with a base pressure better than 3  1010 mbar in the
173
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carried out. Fig. 2a shows XPS spectra of C 1s after the sequential
deposition of Cu and C60F36 on graphene. For the pristine graphene,
a single C 1s peak is observed at 284.3 eV. After the growth of
2.0 nm C60F36, there are three peaks in the C 1s region. The peak at
284.1 eV derives from sp2 hybridized carbon atoms in graphene.
The ~0.2 eV shift of graphene related C 1s peak to lower binding
energy part corroborates the surface transfer p-type doping of
graphene after C60F36 modiﬁcation. The downward shift of graphene Fermi level leads to the upward shift of graphene related C 1s
peak. The other two peaks locating at 286.0 and 288.3 eV are
attributed to carbon atoms from CeC bonds and CeF bonds in
C60F36, respectively [47]. Table 1 summarizes the C 1s, F 1s, and Cu
2p peak ﬁttings for BMG before and after thermal annealing. With
the sequential deposition of 2.0 nm Cu, the peak intensity ratio
between carbon atoms from I(CeF)bonds and I(CeC)bonds in C60F36
decreases from ~1.47 (C60F36/graphene) to ~ 0.87 (Cu onC60F36/
graphene), indicating the decomposition of C60F36 molecules. Bond
breaking of CeF occurs upon the deposition of Cu on C60F36
modiﬁed graphene. Fig. 2b shows XPS spectra of F 1s after the
sequential deposition of Cu and C60F36 on graphene. A single F 1s
peak locating at 686.9 eV is observed on C60F36/graphene, which is
assigned to F atoms in FeC bonds of C60F36. After the sequential
deposition of 2.0 nm Cu, a notable peak broadening of the F 1s peak
is observed, and a new feature locating at the lower binding energy
part emerges. This new feature locating at 684.4 eV is attributed to
F atoms in the metal ﬂuoride, and the intensity ratio between F
atoms from I(FeC)bonds of C60F36 and I(FeCu) bonds of copper ﬂuoride

Fig. 1. UPS spectra at the (a) secondary electron cutoff and (b) valence band region for
pristine graphene (1), 2.0 nm C60F36 on graphene (2), and 2.0 nm Cu on C60F36/graphene (3), respectively. (A colour version of this ﬁgure can be viewed online.)

In order to reveal the mechanism for the WF increase after the
deposition of Cu on C60F36/graphene, XPS measurements have been

Fig. 2. XPS spectra of (a) C 1s, (b) F 1s, and (c) Cu 2p after the sequential deposition of Cu and C60F36 on graphene. (A colour version of this ﬁgure can be viewed online.)
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Table 1
Summary of C 1s, F 1s and Cu 2p peak ﬁttings for BMG before and after thermal annealing.
Samples

Peak intensity (a. u.)
C 1s
CeF of C60F36

Graphene
þ2.0 nm C60F36
þ2.0 nm Cu
Anneal @100  C
Anneal @150  C
Anneal @200  C
Anneal @300  C

9113
7141
6833
5923
2279
1036

F 1s
2

Cu 2p3/2

CeC of C60F36

sp C of G

FeC of C60F36

FeCu

CueF

Metallic Cu

6194
8165
8489
7511
5754
2751

5269
1533
1724
1956
2591
4332
4984

50735
42446
40887
24629
16965
2114

6465
7003
7445
5272
4729

11570
14367
14192
9754
7072

12412
8704
8968
13770
14398

is ~6.57. The existence of copper ﬂuoride after the deposition of Cu
on C60F36/graphene is also corroborated by the XPS spectrum of Cu
2p as shown in Fig. 2c. The peak doublet of the Cu 2p3/2 and 2p1/2
component locating at 933.1 and 953.0 eV is attributed to metallic
Cu, while the peak doublet at 936.9 and 956.8 eV derives from Cu
(II) species coordinated to F. The other peak doublet centered at
943.8 and 963.2 eV corresponds to the shake-up satellites for Cu (II)
[48e50]. The appearance of Cu (II) species suggests that F atoms are
likely to be chemically bonded to Cu atoms after breaking FeC
bonds. Considering the high electronegativity of F atoms, the formation of FeCu bonds lead to an interface dipole moment pointing
to the substrate, and hence the increased WF after the sequential
deposition of Cu on C60F36 modiﬁed graphene [24,25].
Moreover, we investigate the thermal stability of the BMG after
in situ annealing. Fig. 3a displays UPS spectra at the secondary

electron cutoff region for the BMG after in situ thermal annealing.
The highest WF of 6.04 eV is obtained with thermal annealing at
150  C. The schematic illustration of WF modulation of graphene
with binary mixture of Cu and C60F36 before and after thermal
annealing is shown in Fig. S2. As compared to other chemical
doping methods [51,52], our approach obtains the largest WF increase (~1.64 eV), which is caused by the simultaneously surface
charge transfer induced p-type doping as well as the formation of
CueF species at the surface of BMG. It has to be noted that the high
WF of 6.04 eV results from the co-adsorption Cu and C60F36. As
shown in Fig. S3, the WF increases to 5.40 and 5.48 eV for 5.0 and
10.0 nm C60F36 modiﬁed graphene, which is much lower that of
BMG. Moreover, the BMG possesses relatively good air stability
since long-term stability is essential for its application in OPVs. As
shown in Fig. S4, the WF of BMG slightly decreases to 5.94 and

Fig. 3. UPS spectra at the (a) secondary electron cutoff and XPS spectra of (b) C 1s, (c) F 1s, and (d) Cu 2p for BMG after in situ thermal annealing. (A colour version of this ﬁgure can
be viewed online.)
175

C. Hua, S. Zhou, C. Zhou et al.

Carbon 179 (2021) 172e179

Fig. 4. Coverage-dependent Work function of (a) only Cu adatom on perfect graphene, (b) CueF binary dipole layer on perfect graphene and (c) defected graphene with carbon
vacancy. The insets show differential charge density, where yellow and blue represent electron accumulation and depletion region, respectively. Isosurface is 0.005 Bohr3. (d) Work
function of only TM (red-dot line) and TM-F binary (black-square line) adsorbed on perfect graphene. The increase of WF for each TM is plotted in blue-triangle line. (A colour
version of this ﬁgure can be viewed online.)

attenuation of peak intensity from Cu (II) species, which indicate
the thermal reduction of Cu (II) species to metallic Cu at higher
annealing temperature. The intensity ratio between I(FeC)bonds and
I(FeCu) bonds decreases to ~0.71 and 0.49 at 200  C and 300  C,
respectively. When the annealing temperature increases to 450  C,
all Cu (II) species have been reduced (Fig. S6). During the thermal
annealing process, Cu adatoms are of vital importance in promoting
the bond breaking of CeF and formation of Cu (II) species coordinated to F. A controlled experiment has been carried out to conﬁrm
this hypothesis. As shown in Fig. S7, 2.0 nm C60F36 is deposited on
graphene without the further growth of Cu adatoms. After in situ
thermal annealing at 100  C, the C 1s peak intensity ratio between
I(CeF)bonds and I(CeC)bonds of C60F36 remain intact (from ~1.46 to
1.44). This is obviously different from that of BMG, for which the C
1s peak intensity ratio between I(CeF)bonds and I(CeC)bonds of C60F36
decreases from ~1.47 to 0.80 after thermal annealing at 100  C.
Moreover, the peak intensity of F 1s also shows a gradual attenuation with the increasing annealing temperature, but there is no
appearance of new feature such as F atoms in the metal ﬂuoride.
Moreover, the sheet resistance of pristine graphene and BMG after
thermal annealing at 150  C has been measured by 4 point probe
method. The sheet resistance of pristine graphene decreases from
~625 U sq1 to 550 U sq1 after surface functionalization with binary mixture of Cu and C60F36. The decreased sheet resistance of
BMG is attributed to the increased hole concentration without the
sacriﬁce of hole mobility within graphene which is also observed
for the improved conductivity of CVD graphene after MoO3 modiﬁcation [54].
In order to reveal the origin of WF increasement after Cu
deposition on C60F36/graphene, DFT calculations have also been
carried out. The calculated WF of pristine graphene is ~4.2 eV,
which is in agreement with previous results and the experimental

5.86 eV after exposure to air for 1 h and 1 day, respectively. The WF
decrease can be attributed to the possible oxidation of Cu in air.
However, the WF for CuO (~5.90 eV) is still higher than that of
graphene or C60F36 [53]. As a result, only slightly WF decrease of
BMG is observed after air exposure. After thermal annealing to
200  C and 300  C, the WF of BMG decreases to 5.66 and 5.42 eV,
respectively. As shown in Fig. 3b and Table 1, in spite of the
decreased peak intensity, the C 1s peak intensity ratio between
I(CeF)bonds and I(CeC)bonds decreases to ~0.80 and 0.79 when the
annealing temperature is 100  C and 150  C, respectively. At higher
annealing temperature, the decrease of C 1s peak intensity ratio
between I(CeF)bonds and I(CeC)bonds becomes more pronounced, and
it decreases to ~ 0.40 and 0.38 at 200  C and 300  C, respectively.
This indicates that the bond breaking of CeF of C60F36 along with
the desorption of C60F36 occur when the annealing temperature is
higher than 150  C. Meanwhile, the intensity ratio between I(FeC)
bonds of C60F36 and I(FeCu) bonds of copper ﬂuoride decreases after
thermal annealing as revealing by F 1s XPS spectra shown in Fig. 3c.
On the other hand, the peak intensity of F 1s from FeCu bonds of
copper ﬂuoride reaches to its maximum value at 150  C as shown in
Table 1, which indicates that the formation of FeCu bond is facilitated at 150  C. When the annealing temperature increases to
200  C and 300  C, I(FeC)bonds of C60F36 decreases signiﬁcantly,
deriving from bonds breaking of FeC bonds of C60F36 and the
desorption of C60F36. Meanwhile, I(FeCu) bonds of copper ﬂuoride
also decreases, leading to the decreased WF of BMG at higher
annealing temperature. In the case of Cu 2p peak (Fig. 3d and
Fig. S5), the intensity ratio between Cu (II) species coordinated to F
and metallic Cu increases from ~0.93 to ~1.65 and 1.58 when the
annealing temperature increases to 100  C and 150  C, respectively.
When we further increase the annealing temperature, the peak
intensity from metallic Cu increases along with a gradual
176
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Fig. 5. UPS spectra at the (a) secondary electron cutoff and XPS spectra of (b) C 1s, (c) F 1s, and (d) Ni 2p after the sequential deposition of C60F36 and Ni on graphene. (A colour
version of this ﬁgure can be viewed online.)

the screening of redundant electron around vacancy (Fig. 4c).
Considering other possible structures for the Gr-Cu-F complex, we
have also tested many Gr-Cu-F conﬁgurations (shown in Fig. S9),
including Cue2F (two ﬂuorine atoms bonded to one copper atom),
CueF bonded to Di VC (di-vacancy), and Cue2F bonded to Di VC.
After fully relaxation in calculation, it is found that the structure
shown in Fig. 4b (Gr-Cu-F) is the most stable one with the formation energy of 2.63 eV, which is much larger than the thermal
energy. Thus, this structure is stable under experimental condition.
In addition, the WF increase of all these Gr-Cu-F conﬁgurations has
also been conﬁrmed as compared to that of pristine graphene
which is shown in Fig. S9b. We further investigate the WF modulation of graphene with other 3d-TM adatoms on C60F36 modiﬁed
graphene. The results are summarized in Fig. 4d for almost all 3dTM adatoms. Due to the similar adsorption geometry of TM-F binary on graphene, the surface dipole layer can also form and the WF
of BMG increases by ~1.0 eV comparing with the ~4.2 eV WF
without surface modiﬁcation.
In order to corroborate our conclusions from DFT calculations,
the WF modulation of graphene with binary mixture of Ni and
C60F36 has also been investigated in experiment. As shown in
Fig. 5a, the WF of C60F36 modiﬁed graphene increases from 5.34 to
5.58 eV after the deposition of 2.0 nm Ni, and it can further increase
to 5.70 eV with thermal annealing at 150  C (Fig. S10a). Similar to
the binary mixture of Cu and C60F36, the adsorption of Ni adatoms
results in the bond breaking of CeF and formation of Ni (II) species
coordinated to F. The bond breaking of CeF is evidenced by the
decreased intensity ratio between C 1s peak of carbon atoms from
CeF and those from CeC after the growth of Ni (Fig. 5b and

measurements (4.4 eV) [55]. It is noted that the variation of graphene WF after Cu modiﬁcation is within 0.2 eV (Fig. 4a), which
would not account for the large WF increase (~1.34 eV) for the BMG.
The aforementioned XPS results of F 1s and Cu 2p indicate that
some F atoms are bonding with Cu adatoms on the basal plane of
graphene after the breaking of FeC bonds. It is found that the ontop position is the most favorable for CueF binary with Cu adatom binding on carbon atoms (Fig. 4b, and Fig. S8). As shown in
Fig. 4b, only 2% coverage of CueF binary on graphene can increase
the WF to 5.45 eV (~1.25 eV higher than that of pristine graphene).
Furthermore, the WF can be further increased to higher than 6.0 eV
when the coverage of CueF binary is larger than 3.2%. This is
consistent with the increase of WF when the annealing temperature is lower than 150  C. Such large increase of WF is quite related
to the special adsorption geometry of CueF binary. Because of the
large difference of electron afﬁnity between Cu and F atom, electrons deplete on Cu adatoms (also graphene) and accumulate on F
atoms. Consequently, a dipole forms on the graphene plane with
the direction pointing from vacuum to graphene. Since all CueF
binary has the same adsorption structure on graphene, they could
assemble into a surface dipole layer with uniform dipole direction,
which is responsible for the largely increased WF of BMG. Moreover, the effect of this surface dipole layer is robust against the
defect of graphene because it is mainly caused by the charge
transfer between Cu and F atoms, not graphene itself. Thus, the
relationship between the WF and the coverage of adatoms are
remained for the defected graphene with carbon vacancies (popular for the LPCVD grown graphene), although the WF is somehow
a little lower than that of perfect graphene for all coverage due to
177
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Appendix A. Supplementary data

Table S1). As represented in Fig. 5c and d, a new F 1s feature
emerges at the lower binding energy part which is attributed to F
atoms in the metal ﬂuoride. We can also observe the appearance of
Ni 2p peak doublet at 859.3 and 877.0 eV deriving from Ni (II)
species coordinated to F [56]. The effects of thermal annealing on
binary mixture of Ni and C60F36 modiﬁed graphene are shown in
Fig. S10. The WF increases with mild thermal annealing but decreases when the annealing temperature is higher than 150  C.
When the annealing temperature increases to 300  C, the F 1s peak
is dominated by the component from nickel ﬂuoride.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.carbon.2021.04.022.
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