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Insights into the effects of metal nanostructuring and 

oxidation on work function and charge transfer of 

metal/graphene hybrids  

M. M. Giangregorio,a* W. Jiao,b  G. V. Bianco,a P. Capezzuto,a A. S. Brown,b         
G. Brunoa  and M. Losurdoa,b**  

Graphene/metal heterojunctions are ubiquitous in graphene-based devices and, therefore, they 

have attracted increasing interest of research. Indeed, literature in the field reports results 

apparently contradictory about the effect of a metal on graphene doping. Here, we elucidate the 

effect of metal nanostructuring and oxidation on the metal work function (WF) and, 

consequently, on the charge transfer and doping of graphene/metal hybrids. We show that 

nanostructuring and oxidation of metals provide a valid support to frame WF and doping 

variation in metal/graphene hybrids. Chemical vapour- deposited monolayer graphene has been 

transferred onto a variety of metal surfaces, including d-metals, such as Ag, Au, Cu, and sp-

metals, such as Al and Ga, configured as thin films or nanoparticle (NPs) ensembles of various 

average sizes. The metal-induced charge transfer and the doping of graphene have been 

investigated using Kelvin probe force microscopy (KPFM), and corroborated by Raman 

spectroscopy and plasmonic ellipsometric spectroscopy. We show that when the appropriate 

WF of the metal is considered, without any assumption, taking into account WF variations by 

nanostructure and/or oxidation, a linear relationship between the metal WF and the doping of 

graphene is found. Specifically, for all metals, nanostructuring lowers the metal WF. In 

addition, using gold as an example, a critical metal nanoparticle size is found at which the 

direction of charge transfer, and consequently graphene doping, is inverted. 

 

1. Introduction 
 
Understanding the metal–graphene interaction based on charge 
transfer from/to a metal to/from graphene layer is both 
fundamentally and technologically relevant for a number of 
reasons:  
(i) metal-graphene interactions regulate the chemical vapor 

deposition (CVD) of graphene on transition metals;1  
(ii)  a graphene-metal heterojunction is an essential element in 

graphene-based devices, such as gas sensors, 
supercapacitors, printed electronics and photodetectors;  

(iii)  in graphene electronics, the metal–graphene contact 
resistance limits the on-current of graphene field-effect 
transistors (FETs), while, in graphene optoelectronics a 
strong band bending in the vicinity of the metal–graphene 
junction can lead to efficient photocurrent;2  

(iv)  metal nanoparticles (NPs), mainly gold (Au) and silver 
(Ag), have been used to both tune the visible spectrum and 
enhance absorption of graphene through localized surface 
plasmon resonance (LSPR)3 for building new 
electrocatalysts for fuel cells;4  

(v)  graphene-metal (Au, Ag, Pt and Pd) NPs have been 
synthesized using graphene oxide sheets as a precursor in 
solution approaches5-6 to obtain nanocomposites for sensing 
and catalysis;7  

(vi)  ultrathin metal layers and nanoparticles have been 
investigated both theoretically,8-11 and experimentally12-19 to 
modulate the work function (WF) of graphene by metal 
doping.  

Therefore, the WF of both graphene and the metal comprising a 
hybrid functional platform is one of the most important 
properties affected by the charge at the metal/graphene 
interface. 
To date, graphene has been coupled to a broad range of metals 
that are primarily grouped into two categories, i.e., physisorbed 
metals such as Cu, Au, Ag, Al, and Pt, which do not 
significantly affect the π-band dispersion of graphene, but can 
affect its doping by charge transfer from/to these metals, and 
chemisorbed metals such as Ni, Co, Cr, Pd, and Ti that destroy 
the graphene π-band dispersion around the Dirac point due to 
strong hybridization between metal-d and carbon-π orbitals.20-21 

Focusing solely on the former category with relatively weak 
metal/graphene interfaces, formed from metals (Cu, Ag, Au, Al, Ga) 
with adsorption energies around 0.03–0.05 eV per carbon atom and 
with equilibrium interfacial distances >3Å,20 we can further 
subcategorize them into d-metals (Cu, Ag, Au) and sp-metals (Al, 
Ga). The charge transfer at these interfaces is differentially affected 
by the interaction of the metal s- or d-electrons with the π-electrons 
of graphene. 
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While an area of intense research interest, results are often 
contradictory; hence, further research is needed to develop a 
deeper understanding of interfacial charge transfer. As an 
example, it has been reported that Ag deposition induces n-type 
doping, whereas Au deposition induces p- type doping of 
exfoliated graphene.22 On the other hand, Ruoff’s work15 
showed that Au could lead to either p-type or n-type doping of 
CVD graphene, depending on the nanostructuring of the Au. 
Various noble metal, e.g. Ag, Au, Pt and Pd, nanoparticles 
(NPs) were also investigated by Subrahmanyam et al.23 who 
examined their interaction with graphene using Raman 
spectroscopy and first-principles calculations, reporting 
electron transfer from graphene to metal nanoparticles for Pd, 
Ag, Pt, i.e., p-type doping of graphene by Ag, and from metal 
nanoparticles to graphene for Au, i.e., n-doping of graphene by 
Au. Those results seem contradicting those of Novoselov22 who 
reported n-doping of graphene by Ag and p-doping of graphene 
by Au.  Indeed, in the study of Subrahmanyam et al.23 graphene 
samples were prepared by thermal exfoliation of graphite oxide 
(GO) followed by reduction in hydrogen, while metal NPs were 
obtained from solution salts, whereas Novoselov22 investigated 
exfoliated graphene on evaporated Ag and Au NPs. Those 
contradictions point out the importance of the specific graphene 
synthesis methodologies (exfoliated, chemical vapor deposited 
(CVD), reduced-GO with various functional groups), the 
thickness of the graphene, and the synthesis of the metal layer 
(e.g., sputtered, evaporated or from salts in solutions that can 
introduce additional surfactants interacting with graphene). All 
of these factors influence the work functions of the metal and 
graphene. In order to understand the metal doping effect, the 
advantages and limits of the various approaches exploited to 
determine the WF of graphene have to be taken into account. 
As an example, the exploited approaches include current–
voltage 24-25 and capacitance-voltage measurements,13 which, 
however, refer to graphene under the metal, and photoelectron 
spectroscopies (PS)17,26 that can be applied to investigate both 
graphene-on-metal and metal-on-graphene configurations, and 
which are, however, affected by artefacts induced by the UV 
exposure typical of UPS measurements.27 
To give an example of the complexity of the graphene WF 
determination, Figure 1 summarizes reported theoretical and 
experimental data of the Fermi level shift, ∆EF, of various 
metal-doped CVD graphene. It is seen that the spread in data is 
quite large: as an example for the Au/G heterostructure a 
variation of the value of WFAu from 4.7 eV to 5.6 eV can result 
in a ∆EF for graphene from approximately 0.08 eV to 0.3 eV. 
Similarly, a large spread of data is seen for the Cu/G couple. 
Some discrepancies between theoretical and experimental data 
have been explained by Giovannetti et al.8 with a 
phenomenological model in which Pauli’s repulsive interaction 
and electron transfer are assigned as two main factors 
influencing interfacial doping. The Pauli’s repulsive interaction 
and the metal-graphene distance were introduced by 
Giovanetti8 to explain  why metals like Au (WF of 5.54 eV), Ni 
(WF of 5.47 eV) and Co (WF of 5.44 eV) with similar WF 
values were reported to give p-type (Au) and n-type (Ni, Co) 
doping of graphene, respectively. 
Here we take and present a different perspective, answering the 
question: can the apparent discrepancies about the WF and 
metal doping effect of graphene be framed by a rationale that 
considers chemical and structural effects on the metal WF 
(which cannot be assumed stiff at the theoretical value)? 
Specifically, we show that the metal-based doping of graphene 
is critically dependent on the work function of the metal and, 

the observed variability is a direct result of the process-, 
oxidation- and structure-dependent work function of the metal.  
In order to support this rationale, we study graphene on metal 
thin films and nanoparticles (NPs) from two main groups: the 
sp-metals, i.e, Al and Ga, and the noble d-metals, i.e., Ag, Au 
and Cu. This choice is because sp- and d-metals have different 
interactions with graphene. Specifically, for Al and Ga sp-

metals, the interaction with graphene is predominantly ionic, 
without strong hybridization between the pz orbitals of 
graphene and the metal valence electrons, so that the electron 
transfer is only driven by the difference between the work 
functions of the metal and graphene. On the contrary, Cu, Ag 
and Au d-metals have lower equilibrium separation compared 
to sp-metals with, consequently, a significant influence on the 
charge transfer from/to graphene.8  
A multidiagnostic corroborating approach is exploited to 
investigate the charge transfer between graphene and the metal. 
Specifically, measurements of the change of WF have been 
performed exploiting Kelvin probe force microscopy (KPFM). 
The use of this technique was recently shown to be valid for 
graphene through testing against density functional theory 
(DFT) calculations by Ziegler et al.28  
Key points underlying the present work are: 
(i) We do not make any assumption about the WFs of either 
the CVD graphene or metals. The measured value is used for 
our analysis. This is an important point, since the work function 
of the metal is known to depend on its structure, thin film or 
nanostructured, crystalline orientation,29 and oxidation state.30-

33 The scatter in the ∆EF data for Au/graphene is a result of the 
use of assumed Au WF values. In Figure 1, the theoretical work 
assumed a WF of 5.54 eV for the atomically clean Au (111) 
surface,8 whereas the experimental measurements of the WF of 
evaporated Au, subsequently exposed to air or contaminated 
with organic films, yielded values as low as 4.5 eV,31-32 
consequently inverting the charge transfer from/to graphene. 
(ii) We analyse the dependence of the graphene ∆EF and of the 
metal WF on metal nanostructuring and average nanoparticle 
size in the NPs ensemble. The metal WF and charge transfer at 
the interface with graphene depend upon the metal 
structure.34,35  

 
Fig. 1 Theoretical (black circles: � [8], О [9], � [10] and ⊕ 
[11]) and experimental (red and green circles: О [12], � [13], 
⊕ [15], � [16] and О [17]) literature data of the Fermi level 
shifts, ∆EF, of metal-doped CVD graphene as a function of the 
metal work function, WFM. M/G refers to metal-on-graphene, 
while G/M refers to graphene-on-metal. 
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(iii) We also consider the effect of metal oxidation on its WF 
and, consequently, on charge transfer. Silver (Ag) and copper 
(Cu) can be taken as an example of the effect of the oxidation 
on the WF. Specifically, (110), (100) and (111) clean Ag 
surfaces have WF values of 4.14, 4.22 and 4.46 eV, 
respectively, which make possible n-doping of graphene. 
Indeed, the Ag WF increases to 4.65eV, 4.52eV, and 4.75eV 
with oxidation and polycrystallinity,36-37 possibly activating p-
doping of graphene. Conversely, the WF of clean Cu of 5.22 
eV8, can decrease by oxidation from CuO: 5.2–5.6 eV to 4.8 eV 
for Cu2O, and to 4.35 eV by polycrystallinity,38 possibly 
switching from p-doping to n-doping of graphene. 
(iv) We also investigate the importance of the graphene/metal 
hybrid configuration. Most of existing reported experimental 
work is for the metal-on-graphene configuration.12-15,19,39 
Indeed, metal deposition on the graphene lattice, e.g, by 
electron beam nanofabrication, can induce disorder in the 
graphene lattice,40 while colloidal metal nanoparticles can leave 
residual capping agents; both factors affect the WF. Therefore, 
we directly characterize graphene transferred onto metals. 
Furthermore, the Pauli repulsive interaction also depends on the 
graphene-metal separation, as theoretically predicted by 
Giovannetti et al.8 and the graphene-metal separation changes 
depending on the metal-graphene configuration.  
(v) Finally, KPFM-derived charge transfer is corroborated by 
Raman spectroscopy and spectroscopic ellipsometry,41 the latter 
also revealing the impact of the metal/graphene charge transfer 
on the plasma frequency, ωp, of the metal in contact with 
graphene, and on the localized surface plasmon resonance 
(LSPR) of the metal/graphene nanohybrids.18 
 

2. Experimental 
 
Graphene growth and transfer  
Graphene was grown on Cu foils by chemical vapor deposition 
(CVD) from mixtures of CH4:H2=100:0–50 sccm gases at a 
temperature of 1000 °C and at a total pressure of 1 Torr in a 
barrel CVD reactor. The samples were then cooled at a rate of 
∼2 °C min-1 in 1 Torr of H2.

42-44  
After growth, graphene was transferred onto different metals 
samples by the thermal tape method. This choice was to avoid 
any interlayer of water/solvent trapped at the metal/graphene 
interface that could alter the charge transfer and, hence, the WF 
measurements. Furthermore, by topography measurements run 
before and after the thermal release at 120°C on an area of the 
sample exposing the metal film or NPs, we verified that the 
thermal exposure (a few seconds) did not alter the morphology 
of the metal. 
Metal deposition  
Nanoparticles and films of Au, Ag, and Cu were evaporated on 
Corning glass substrates, while Ga NPs and Al NPs of 
controlled size were obtained by molecular beam epitaxy 
(MBE) in a Veeco GEN II system under ultrahigh vacuum 
conditions at room temperature.18 The metal evaporation time 
was used as parameter to tune the NPs size or film thickness. 
Characterizations  

Raman spectroscopy. Raman spectra were collected using a 
LabRAM HR Horiba-Jobin Yvon spectrometer using the 532 
nm with laser power of 0.1 mW to avoid any damage to the 
graphene and a 100x objective lens with a Numerical Aperture 
(NA) = 0.95laser. Raman spectra of graphene on Cu were 
acquired with a blue laser (473 nm) to suppress Cu 
photoluminescence background. The Raman band of a silicon 
wafer at 520 cm-1 was used to calibrate the spectrometer, and 

the accuracy of the spectral measurement was estimated to be 
better than 1 cm-1.  
X-ray photoelectron spectroscopy. XPS analysis was run to 
check metal oxidation using a Kratos system with a 
monochromatized Al Kα source. High resolution spectra of the 
Al2p, Ga3d, Cu2p, Ag3d, C1s, and O1s photoelectron core 
levels were acquired at take-off angles of 90°. The peaks were 
resolved with Gaussian and Lorentzian fitting with the 
following boundary conditions imposed: (i) the FWHM of each 
chemical component was fixed, (ii) the adventitious carbon was 
fixed at 285 eV. The spectrometer was calibrated by setting the 
binding energy of the Au 4f7/2 peak to 84.0 eV. For graphene 
on glass the Csp2 component in the C1s peak was found at 
284.5 eV. 
Spectroscopic ellipsometry. SE was used to detect the effect of 
the charge transfer on the localized surface plasmon resonance 
(LSPR) of the metal NPs/graphene hybrids. SE measured the 
ratio, ρ, of the Fresnel reflection coefficients of the two 
components of the light, rp and rs, polarized, respectively, 
parallel and perpendicular to the plane of incidence, according 
to the equation44 
 
ρ= rp/rs = tan Ψ exp(i∆)                                                       (1) 

 
where Ψ and ∆ are the ellipsometric angles, being Ψ the 
amplitude ratio (tan Ψ= |rp|/|rs|) and ∆ the phase difference (∆= 
δp–δs) between the p and s components. 
The pseudodielectric function, <ε>, was derived from the ρ 
parameter through the following equation: 
 

( ) ( )[ ]22

0
2

0
2

21 1/1tan1sin ρρεεε +−Φ+Φ>=<+>>=<< i      (2) 

 
at an angle of incidence φ0 of 70°. The pseudodielectric 
function, <ε>=<ε1>+i<ε2>, spectra were acquired in the photon 
energy range 191–826 nm by a phase modulated spectroscopic 
ellipsometer (UVISEL—Jobin Yvon).  
Kelvin probe force microscopy. The work functions of the 
metal films, metal nanoparticles, undoped graphene and metal-
doped graphene were measured by Kelvin probe electrical force 
microscopy (KPFM) using the Autoprobe CP 
(Thermomicroscope) through the measurement of the local 
variation of the surface potential (SP). The sample topography 
and SP are recorded in a single-pass mode45-48 using a gold-
coated Si tips (their frequency is ∼80Hz) in non-contact mode. 
The oscillating potential, Vac, applied to the tip is 5V at a 
frequency ω of 13 kHz. The samples were electrically 
connected to the ground of the microscope (the sample stage).  
All measurements were collected in air at room temperature. 
Prior the imaging, all samples are cleaned and measured soon 
after the deposition, in order to improve the reproducibility and 
accuracy of the SP measurements that are affected by the 
surface of the sample (contaminations, uniformity or 
charging).49 The ability to obtain quantified, comparable and 
accurate results by KPFM, even in air, was demonstrated and 
discussed in detail by Panchal et al.50 

The WF was calibrated against the WF of the gold contact, that 
was found to be under ambient condition 4.7-4.8 eV,51 as also 
corroborated by XPS measurements. The WF of our CVD 
graphene was found to be 4.53 ±0.05eV, consistently with data 
in literature with WF values ranging from 4.48 to 4.60eV.8,52-53 
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3. Results and Discussion 
 
Figure 2 illustrates our use of KPFM to determine the WF of 
both the investigated metals and of the CVD graphene on glass 
also metal-doped. We transferred graphene on half of the metal 
film/NPs samples, and we scanned the sample from the 
graphene-on-metal to the graphene (as highlighted by red lines 
in Fig. 2). A typical SP map, 60µmx60µm, is also shown in Fig. 
2. ∆SP, i.e. the difference between the SP of the graphene-on-
metal, SPG-M, and the SP of the as-transferred graphene on 
glass, SPG, which quantifies the shift in the Fermi level of 
graphene induced by the metal, ∆EF was determined using 
 

MGGGtipMGtipF

FGMG

WFWFWFWFWFWFE

ESPSPSP

−−

−

−=+−−=∆

∆=−=∆  (3) 

 
where WFtip is the tip work function, WFG is the CVD graphene 
work function on glass and WFG-M is the work function of 
metal doped graphene. 
Figure 2 also shows representative SP profiles obtained for 
graphene-on-Au and graphene-on-Al against the same graphene 
on glass. Specifically, if the SP of the graphene-on-metal is 
higher than the SP of the graphene, i.e., SPG-M > SPG, the WF of 
the graphene-on-metal is lower than that of the graphene,  
WFG-M < WFG and hence the metal n-type dopes graphene. 

 
Fig. 2 (a) Scheme of our KPFM approach to measure both the 
WFs of the investigated metals, of the CVD graphene on glass 
and the WFs of the metal-doped graphene. A typical SP map, 
60µmx60µm, is also shown. (b) Representative SP profiles for 
graphene-on-Au and graphene-on-Al against the same graphene 
on glass. For each case in (b), two representative profiles (gray 
and black lines) are reported to show the reproducibility of the 
measurements. 

If the SP of the graphene-on-metal is lower than that of 
graphene on glass, SPG-M < SPG, the WF of the graphene-on-
metal is higher than that of the graphene, WFG-M >WFG and 
hence the metal p-type dopes graphene.  
Figures 3 shows examples of AFM morphologies of graphene 
transferred onto nanoparticles samples. The large scale AFM 
image shows that some ripples developed during the transfer 
with thermal release tape, and the initial large-area graphene 
breaks in some points uncovering the NPs underneath. The 
cross-section profiles for graphene on NPs indicates a gap 
between graphene and most of NPs of 0.5-1 nm. This gap is 
because of the broad size and random distribution of the NPs 
with the graphene lying and touching the top curvature of the 
NP and not conformally surrounding each NP. This also 
explains why for larger Al NPs, the graphene on Al NPs 
smoothes the profile. Referring to the dependence of the Fermi 
level shift on graphene-metal distance published by Giovanetti 
et al,8 we are certainly in a distance regime above the 
equilibrium distance, where for Au a p-type doping should be 
expected, while for Al, a n-type doping should be expected 
independently of the distance. 
 

 
Fig. 3 AFM images of graphene on (a,c) approximately 30 nm 
Au NPs and on (b,d) average 70 nm Al NPs. The green-lines in 
(c) and (d) indicate where the cross-section profiles shown in 
(e) and (f) respectively for graphene-on-Au NPs and for 
graphene-on-Al NPs have been taken. 
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Table 1. Measured values by KPFM of the shift of the Fermi 
level, ∆EF, of the graphene due to the doping by the various 
metals and the corresponding WF of the metal-doped graphene, 
WFG-M and of metals, WFM. Theoretical values of the WF of 
metals from Giovannetti et al.8 

 

For graphene on Cu in Fig 4, color contrast in Raman 
micrographs highlighted regions that the Raman (see spectra in 
Fig. 4) and XPS (see Fig. 6) analyses confirmed to be due to 
local oxidation of Cu grains (dark regions-oxidized, light 
regions-unoxidized). Specifically, the Raman peaks observed in 
Fig. 4 in the region 190-1000 cm-1 are due to Cu2O and CuO.54-

56. Furthermore, AFM measurements, also shown in Fig. 4, 
reveal different morphology and adhesion of graphene on 
oxidized and non-oxidized Cu. Specifically, there are distinct 
steps on the whole surface of graphene/ clean Cu, while no 
indications of copper steps but presence of pits and defects have 
been observed for graphene on oxidized copper grains, 
consistently with what reported by Qi et al.54  
Consequently, when measuring the WF, different regions 
corresponding to graphene/ clean Cu and graphene/ oxidized 
Cu have been measured and analyzed as shown in Fig. 4 and 
reported in Table 1. 
Table 1 summarizes the WF measured for the various 
investigated metals, the shift of the Fermi level, ∆EF, of the 
graphene due to the doping by the various metals and the 
corresponding WF of the metal-doped graphene. The 
theoretical WF values used by Giovanetti et al.8 for metals, WM, 
are also reported for comparison to show the differences. 
It is noteworthy that by plotting the shift of the graphene Fermi 
level, ∆EF, due to metal doping as a function of the measured 
metal work function, WFM, a linear trend is found as shown in 
Fig. 5, pointing out the following findings: 
i) for both n-type and p-type doping, the charge transfer is 

directly proportional to the measured metal, WFM, indicating 
that, when the various effects of nanostructuring and 
oxidation on the WF are considered, the difference in the WF 
between the metal and graphene controls the charge transfer. 
From this it can be inferred that for the metals considered 
here, the intramaterial charge redistribution caused by the 
interface charge repulsion55 is negligible, and charge transfer 
is the dominant factor. 

 
 

Fig. 4 Optical micrographs of (a) 150µmx150µm and (b) 
35µmx35µm graphene on polycrystalline Cu with oxidized 
areas (brown dark regions) identified by the different color 
contrast. In (a) and (b) the red-square is just to indicate that the 
magnified optical micrograph and AFM images have been 
acquired at the borderline between regions with a clear color 
contrast. AFM images of (c) topography and (d) phase contrast 
for graphene at the borderline between clean (left-side of 
image) and oxidized (right-side of image) Cu regions.Raman 
spectra of (e) clean copper (light gray regions) and of (f) 
oxidized copper (taken in the brown dark region) taken with the 
blue laser (473 nm) to suppress the Cu photoluminescence 
background.  
 
ii) sp-metals, both as thin film and NPs, primarily dope 

graphene n-type because of their lower WF. 
iii) Ag and Al are the metals that can give the largest p type-

doping and n-type -doping respectively. 
iv) For all the metals investigated, including Au and Ag, the 

doping also depends on nanostructuring, since nanoparticles 
can have a WF lower than the corresponding bulk, and, as 
shown for Au, the doping can shift from p-type for thin films 
to n-type with decreasing the size of Au nanoparticles. The n-
doping of graphene by reducing the size of Au NPs found in 
this study, is also consistent with n-doping of graphene by 
plasmon generated hot electrons in Au resonant nanoantennas 
reported by Fang et al.57 revealed explicitly by electrical 
transport measurements.  

v) Unintentional oxidation of the metal can also dramatically 
alter the WFM, as seen for Ag and Cu (see Fig. 6), also 
leading to a change from p-type to n-type doping or vice 
versa. 

 Metal ∆EF 

(mV) 
WFG-M 
(eV) 

WFM 

(eV) 
WFM 

(eV)8 

 CVD graphene   4.53 
±0.05 

4.6 

d-

metals 
Poly-Cu 

 
-110 
±5 

4.42 
±0.05 

4.36 
±0.05 

5.22 

Poly-Cu 
(Oxidized) 

+ 60 
±5 

4.59 
±0.05 

4.70 
±0.05 

5.22 

Ag 
(Oxidized) 

+470 
±50 

5.00 
±0.05 

5.28 
±0.05 

4.92 

70 nm Ag NPs 
(Oxidized) 

+190 
±20 

4.72 
±0.05 

4.9 
±0.05 

 

Au +100 
±10 

4.63 
±0.03 

4.75 
±0.05  

 

70 nm AuNPs +30 
±5 

4.56 
±0.01 

4.63 
±0.05 

 

30 nm Au NPs -300 
±30 

4.23 
±0.05  

4.18 
±0.05 

 

sp-

metals 
Poly-Al 

 
-430 
±50 

4.09 
±0.03 

3.92 
±0.05 

4.22 

70 nm Al NPs  -520 
±50 

4.00 
±0.05 

3.85 
±0.05 

 

70 nm GaNPs -150 
±20 

4.38 
±0.05 

4.30 
±0.05 
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Fig. 5 Fermi level shifts, ∆EF, of graphene samples doped by 
different metals, as both thin film (slab-symbol) and NPs 
(sphere-symbol) as a function of their work functions.  
 
 
The theoretical WF of Al, reported to be 4.22eV for (111) Al,8 
can further decrease to 3.75 eV by polycrystallinity and the 
presence of the native surface oxide30,56 for Al NPs.19 This 
change acts as a driving force for the transfer of electron from 
Al to graphene, which is n-doped more efficiently.  
The observed lower adhesion of graphene on oxidized Cu (as 
also corroborated by the XPS spectra in Fig. 6) results in an 
almost negligible charge transfer, which, however, is slightly p-
type because of the higher work function of Cu-oxides, while it 
changes to n-type for graphene on clean Cu, consistently with 
previous reports.58 

Conversely, for Ag films and NPs, oxidation (see also XPS in 
Fig. 6) increases the WF from 4.3 to above 5 eV,59 e.g., WF 
values in the range 4.78±0.02 eV up to 5.53±0.05 eV (for Ag 
NPs in the range 5 – 35 nm) have been measured and 
reported.60-61 Those effects of oxidation and NPs size provide 
an explanation for the experimentally observed strong p-doping 
of graphene by Ag. 
Noteworthy, Au, which is not affected by oxidation, provides 
an example of how the decrease of the WF with the decrease in 
Au NPs size can invert the charge transfer and, consequently, 
the doping of graphene from the expected p-type to n-type with 
small Au NPs.  
 

 
Fig. 6 XPS spectra of the Cu2p3/2 and Ag3d5/2 with fit 
components indicating the partial oxidation of Cu and Ag NPs 
underneath graphene. 

KPFM measurements have been corroborated by Raman 
spectroscopy, as shown in Fig. 7.  

 
 

Fig. 7 Raman spectra of (a) as-grown graphene on glass, (b) 
graphene on Al film and (c) graphene on 70 nm Au NPs. Shift 
of the (d) 2D-peak and of (e) G-peak for the various metal-
doped graphene samples. In (d) and (e) the different points for 
the same metal refer to points measured on various produced 
samples for a reproducibility study. 
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The Raman spectrum of the CVD graphene as-transferred on 
glass shows the G-band at ∼1579 cm−1 and the single 
symmetric Lorentzian 2D band at ∼2673 cm−1 with a peak 
intensity ratio I2D/IG ∼ 2.5 typical of graphene monolayer. The 
as-grown CVD graphene does not show any D peak related to 
defects. The D-peak is insignificant for many of the graphene-
on-metal samples, especially for graphene transferred on metal 
films, as shown by the representative graphene on Al film in 
Fig. 7b. A small D-peak is observed when graphene is 
transferred on some of the NPs samples; in Fig. 7c we show the 
case of the graphene on the larger Au NPs (a similar situation 
was found for Al large NPs); for larger NPs we saw a higher 
probability to form ripples and wrinkles and defects because of 
the non conformal covering of the NP by the graphene, as also 
shown by AFM in Fig. 3.  
It is well known that the Raman spectra of doped graphene 
samples show a blue-shift of the G-band, a shift of the 2D-
band, which depends of the type of doping, and a variation of 
their relative intensity and of broadening as well. 62-64 Since the 
variation of the intensity of Raman peaks can be affected not 
only by the doping but, especially for graphene on NPs, by 
differentiated plasmonic enhancement,18 we focus our attention 
on the shift of the G- and 2D-peak. Details of the shift of the 
Raman G- and 2D-peak as a function of the metal and of the 
used metal structure are shown in Figs. 7d-e. We measured a 
small blue-shift compared to that of Das et al.62 and smaller 
specifically for those metals and NPs yielding n-doping. This 
can be explained considering that our transferred CVD 
graphene is intrinsically p-doped,65 and this slight shift 
indicates, according to ref. 62, a reduction of the p-doping, 
moving to a n-doping. Figure 7e provides details on the shift of 
the Raman 2D-band from which electronic interactions between 
the graphene and metal can be inferred. Indeed, the Raman data 
show a different slope for the p-type and n-type doping, being 
lower for the latter, consistently with the different trend 
reported for the 2D-shift from Das et al.64 Furthermore, we 
observed that the 2D-shifts are larger than that of the G-peak, 
probably because of a mechanical strain66-67 induced by the non 
conformal covering of graphene to metal, especially for 
graphene on NPs.    
Because of the additional effect of strain on the shift of the 
Raman peak, we do not attempt a quantification of the doping 
concentration by Raman, but rather use it in a qualitative way to 
compare the Raman trends with data in Fig. 5 supporting the 
different doping of metals and NPs.  

Additional independent information on the charge transfer is 
given by the ellipsometric analysis of the localized surface 
plasmon resonance (LSPR) of the metal NPs/graphene hybrids 
and of the plasma frequency, ωp, which is proportional to the 
electron concentration, N, in the metal, being in the SI units 

��
� �

���

	
∙�
 (where e is the electron charge, me is the effective 

mass of the electron, ε0 is the permittivity of vacuum). Figure 8 
shows the variation of the ellipsometric spectra of the real part 
of the dielectric function, ε1, with focus on the Drude 
component at lower energy, for various metal films before and 
after graphene transfer ontop, as well as of the imaginary part 
of the pseudodielectric function, <ε2>, at the LSPR peak for the 
various metals NPs.  
The spectra of the films have been modelled by a simple Drude 
model to derive the plasma frequency reported in the table at 
the top of Fig. 8. An increase of ωp indicates an increase in the 
electron concentration in the metal (e.g. Au, Cu, Ag in the table 
in Fig. 8) as a consequence of charge transfer from graphene (p-
doping), while a decrease in ωp indicates a decrease in the  

 
 
Fig. 8 Top: Table of the plasma frequency, ωp, for films of 
various metals (Au, Ag, Cu, Al) without and with graphene 
ontop, with also indicated the derived free electron 
concentration in the various metals. (a) Ellipsometric spectra of 
the real part of the imaginary part, ε1, with focus on the Drude 
component for Al and Au films before and after transferring 
graphene ontop. (b) Variation of the ellipsometric spectra of the 
imaginary part of the pseudodielectric function, <ε2>, for 
various metal NPs before and after graphene transfer. (b) 
Summary of changes in the LSPR position of the metal NPs 
after graphene transfer, SPRG/NPs-SPRNPs, and of the plasma 
frequency, ωpG/M-ωpM upon graphene transfer as a function of 
the WF of metal-doped graphene.  
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electron concentration in the metal (e.g. Al in Fig. 8) as a 
consequence of charge transfer to graphene (n-doping). 
Specifically, using the following values for the electron mass in 
the various metals68 me (Al)=0.97, me (Ag)=0.99, me (Au)=1.1, 
me (Cu)=1.01, and the ωp values in Fig. 8, we calculated the 
variation of electron density in the metal films upon graphene 
coupling as reported in the same table in Fig. 8. The reliability 
of the values determined for the various metals can be inferred  

comparing them with the reported69 bulk free electron density 
of N(Al)=2.1⋅1023 cm-3, N(Au)=5.9⋅1022 cm-3, N(Cu)= 8.5⋅1022 
cm-3 and N(Ag)= 5.86⋅1022 cm-3. The determined lower values 
are consistent with the presence of grain boundaries in thin 
films of metals. Therefore, consistently with KPFM, Al 
electron concentration decreases from 1.16⋅1023 cm-3 to 8.6⋅1022 
cm-3 by transferring electrons to graphene; whereas, for 
example, Au electron concentration increases from 4.77⋅1022 
cm-3 increases to 5.75⋅1022 cm-3 by taking electron from 
graphene that becomes p-doped. Interestingly, the variation of 
the electron concentration, i.e., ∆N for the various metals films 
follow the same trend than KPFM data in Fig 3 being ∆N for Al 
and Ag higher than for Cu and Au.  
On the other hand, the spectra of NPs/graphene are 
characterized by the LSPR peak, whose wavelength and 
amplitude depend on the plasma frequency of the metal and on 
the NP size.70,71 Fig. 8 also highlights the different role of sp-

metals, since Al and Ga NPs are suitable for blue-UV 
plasmonics,18 while Au NPs are active for visible-plasmonics.  
When graphene is transferred on 70 nm Au NPs, the LSPR 
peak blue-shifts and narrows, while graphene on 30 nm Au 
NPs, Al NPs and Ga NPs causes a red-shift and broadening. 
Those opposite phenomena are indicative of an increase in 
electron density in the former case, which originates from an 
electron transfer from the graphene to 70 nm Au NPs and, 
consequently, a p-doping of graphene, while the latter indicates 
a reduction of electron density in the smaller NPs, due to the 
electron transfer from the NPs to graphene and, consequently, a 
n-doping of graphene, consistently with the KPFM data. 
Figure 8c summarizes the shift of the LSPR position and the 
change in ωp, induced by the graphene coupling. The blue shift 
of LSPR upon graphene transfer, i.e., SPRG/NPs-SPRNPs>0, 
indicates electron transfer from graphene to NPs, resulting in a 
p-doping of graphene. Conversely, the red-shift, i.e., SPRG/NPs-
SPRNPs<0, supports the decrease of electron density in Ga and 
Al NPs as well as in small Au NPs, and, therefore, the n-doping 
of graphene. Therefore, a similar trend to that found by KPFM 
is found by ellipsometry supporting the different roles of metals 
and nanoparticles in doping graphene.  

 

Conclusions 
 
In summary, we have measured the work function, WF, of 
metals and of graphene transferred on different metals, 
depending on nanostructuring and oxidation of the metals, 
using KPFM. We have considered metals representative of two 
main classes, i.e, Ga and Al as sp-metals and Cu, Ag, Au as d-

metals. We demonstrated that oxidation and nanostructuring of 
metals can significantly alter the WF of the metals. When the 
appropriate WF is considered for the metal, a linear relationship 
is found between the metal WF and the graphene doping. We 
have demonstrated that sp-metals efficiently dope graphene n-
type. Although the case of indium (In) is not shown in this 
manuscript because of its faster oxidation of the In NPs, In 
WF<4.1 also supports the n-doping of graphene. As for the d-

metals, we found that decreasing the NPs size and oxidation 

can affect significantly the metal WF and consequently the 
charge transfer direction. Specifically, the decrease of the Au 
and Ag NPs size can reverse the charge transfer direction and 
change the graphene doping from p-type to n-type. Thus, the 
present work provides technology relevant guidance for 
tailoring doping of graphene and optimizing metal/graphene 
heterojunctions in devices. 
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