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Abstract

The work function on graphitic nanostructures coated with gold, platinum and
chromium is reported to be significantly modified by the size and density of the
metal nanoparticles. Surface potentials on gold and platinum nanopartides
increasedto 1.4V, much higherthan that of the bulk metalsrecorded at 0.45 V and
0.6 V, respectively. On chromium, a sign inversionin the surface potential (SP) was
observed with-2V measured on small nanoparticlesand -0.9 V for bulk chromium.
The change in sign is shown to result from an inversion in graphite Fermi level,
consistent with known doping properties. A relation of the surface potentials with
the resulting dipole confirms an occurrence of charge transfer from the metal
nanoparticles to the graphitic nanostructure. The charge transfer increased from
0.04 eV to 0.27 eV for nanoparticles ranging between 0.1 nm and 1 nm. These
findings demonstrate that besides the choice of metal, morphology of the film can
be used to control electronic structure at metal-graphene/graphite interface.
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1.0 Introduction

Charge transfer is an important interfacial phenomenon and is useful for
graphene/graphite electronics and catalysis on support, (Klusek et al., 2009; Blanter
and Martin, 2007; Uchoa et al., 2008; Sutteretal., 2008; Benayad et al., 2009). This
occurs when electrons are exchanged between the metal and graphene surface
leading to a change in the local density of state (Klusek et al., 2009; Giovannetti et
al., 2008). The amount of shiftinthe Fermilevel has beenshowntodependonthe
work function of contacting metal (Uchoa et al., 2008; Benayad et al., 2009; Liu et
al., 2011). These studies have been demonstrated using scanning tunnelling
microscopy (STM) (Klusek et al., 2009; Li et al., 2009; Brar et al., 2007; Marchini et
al., 2007) and photoelectron spectroscopy (Benayad etal., 2009; Pirkle etal., 2009;
Obraztsov et al., 2002; Ohgi and Fujita, 2003; Hamada and Otani, 2010). Recent
theoretical studies using density function theory (DFT) have further proposed
additional interactions from the type of bonding involved (Uchoa et al., 2008;
Giovannetti et al., 2008; Hamada and Otani, 2010; Gong et al., 2010; Huard etal.,
2008). For physio-adsorbed species, surface electrons delocalize allowing charge
transfer, whereas strong chemisorption results in graphite's orbital hybridization
(Giovannetti et al., 2008; Liu et al., 2011; Gong et al., 2010). The changing surface
electronic structure produces an associated dipole potential (Giovannetti et al.,
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2008; Liuetal.,2011; Gong et al., 2010; Gomer, 1975). The crossoverin direction of
electron transfer, therefore, does not occur when work function difference between
metal and graphite is zero, but includes a factor of the interaction distances
(Giovannetti et al., 2008; Gong et al., 2010; Jin et al., 2010). The unique doping
behaviour of graphite by metals is difficult to explain using existing semiconductor
physics (Rusu et al., 2010; Somorjai, 1981). Models so far proposed describe
extensively this interaction for uniform monolayer coverage and closest packing
possible of metal atoms on graphite surface. However, electronic properties of thin
metal films differ from theirbulk counterparts (Sunetal., 2010; Gefenetal., 1986).
For example, Ohgi and Fujita, (2003) showed that charging produced by Au
contacted with molecular layers depend on the amount of conducting electrons and
which can be altered by changing the film morphology. Such variation of metal
surface atom densities on graphite would produce unique electronic states and
chemical reactivities which may not be explained by existing models.

2.0 Experimental procedure

Graphite films from synthetic highly ordered pyrolytic graphite (HOPG) were
exfoliated through repeated peeling. Au was then deposited on the graphitic
nanostructures through thermal deposition using two different pressures (10-11
and 10-6 mbar). Pt and Cr ultrathin films were also deposited on other samples
through sputtering technique. Scanning Kelvin probe microscopy (SKPM) technigue
both in vacuum and in air was used to obtain surface potentials. Both Au- and Pt-
coated tips (@ 300 KHz and C = 40 NMt) were used. To process the results, two
independent methods were devised to extract the values: (i) line profiles extending
the full scan range and the final value extracted by averaging the SP profilesfromall
image scans, (ii) raw images were converted to binary images and masked the high
contrast regions. This enabled to obstruct the large variations from isolated points
and therefore ensured uniform measurements. To check on any ambient effects,
the system was vented with airand the measurements repeated. Morphology of the
samples was examined with a transmission electron microscope (TEM).

3.0 Results

3.1 Topography and Surface Potential Measurements

Figure 1shows SKPMscans obtained with Pttipin vacuumfromtwo samplescoated
with 1 nm Au at similar conditions. To obtain a representative value, histogram
distributions over the whole scan were obtained. Measured potentials are larger
thanon bulk Auand on fresh graphite surface, asindicated by the arrows. The same
position was scanned twice and the process repeated on two other areas of the
same sample. The final value was extracted by averaging the mean distributions. To
ensure reproducibility, the process was repeated on another sample prepared in
similar conditions. Histogram distribution on surface potential scans had a narrow
distribution, and with mean value on the nanoparticles largerthan on fresh graphite
and bulk gold surface.
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Fig. 1: Histogram distribution on topography and SP on two samples at similar
conditions

3.2 Effect of Au nominal thickness

Figure 2 shows SP values on Au coated graphitic films. The data is extracted from
histogram distributions, line profiles of raw images and line profiles after masking
high contrast region with each data consisting of 8, 16 and 8 values, respectively.
Variations given by error bars are smallest after masking high contrast regions
attributed to uniform background. The SP curves comprise of: (i) initial increase up
to 1.4 V for 1 nm deposition, (ii) exponential decrease with increased Au deposited
and (iii) value on thick film. Initialincreaseis largerthan SP on fresh graphite surface
and bulk films.
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Fig. 2: Surface potential as a function of Au nominal thickness extracted from line
averages, histogram distributions and masked high contrast regions.

Comparison with Au films deposited at 10-6 mbar pressure for the same nominal
thickness, Fig. 3, shows a good agreementinthe overall trends. Values on the thin
films are independent of the type of metal tip used, while on thick films the
measurements depend on the metal tip. Values of 0.45 V and 0.03 V are measured
with Pt and Au tip, respectively.
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Fig. 3: Surface potentials on Au deposited at 10-6 mbar pressure
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Figure 4 displays surface potentials on 1 nm nominal thick Au film after the system
was vented with air. Compared to measurementsin vacuum, Fig. 2, the values were
slightly smallerand with large variations (depicted by error bars), but overall trends
were identical.
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Fig. 4: Surface potentials after venting with air

33 Morphology of Au on graphite

Figure 5 shows TEM micrographs of the Au films on graphite. Films initially are
discontinuous, consisting of discrete nanoparticles. The particle sizes were
determined by approximating spherical geometry and measuring across their
diameter. The average separation between nearest neighbours reduced
exponentially as particle density increased. Histograms distributions (inset) show
small variation in particle widths for films @ 1 nm. With increased deposition,
coalescence dominatedwith islands eventually linking up to form a continuous film.
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Fig. 5: TEM micrographs of gold on graphite (a) 0.1 nm (b) 0.3 nm (c) 0.7 nm (d) 1
nm (e) 2 nm and (f) 10 nm. (Inset: Histogram distribution of approximated particle
widths)

34 Effects of contacting Pt and Cr on surface potential

A SP value of 2 V is recorded on 1 nm Pt on graphite nanostructures, with a
subsequent exponential decay as shown in Fig. 6a. For film thickness > 10 nm,
potentials converged to 0.06 V and 0.5 V as measured with Pt and Au tips,
respectively. This trend was very similar to Au deposition. On deposing Cr, a sign
inversion was observed with -2V measured on 1 nm thick (Fig. 6b). For thicknesses
> 10 nm SP convergedto -0.9 V and -0.65 V as measured with Pt and Au tips,
respectively. TEM analysis (Fig. 6 c and d) revealed similar morphologies consisting
of discrete nanoparticles. Particle sizes were smaller and of higher density compared
to Au of similar deposition. SAED (inset) for both films confirmed the films to be
polycrystalline. Although it was not possible to deposit sub-nanometer Pt and Cr
films, we see strong correlations with Au: (i) potential increases regardless of metal
nanoparticlesand AFM tip used, (ii) exponential decrease with metal coverage and
(iii) constant value on thick films that depends metal. The trends were also similar
after venting the system with air.
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4.0 Discussion

4.1 Growth of metal films on graphite

The change in film morphology, Fig. 5, is consistent with evolution of thin films
(Netterfield and Martin, 1986; Tang, 2003). Initially, atoms arriving on graphite
surface have increased kinetics moving aroundto nucle ate with other atoms to foom
nanoparticles. Electrostatics enhances clusters movement and increased
agglomeration. The particle density increases with deposition as several nucleation
pointsare formed, until islands eventually link up to form a continuous film. Figure
7 shows a linear increase in particle density for nominal thickness @ 1 nm. The
apparent particle heights from topography scans, Fig. 1, are much larger than real
clustersizes, Fig. 5, due to the large curvature of the AFM tip, causing measured
width to broaden.

55

Jomo Kenyatta University of Agriculture and Technology



JAGST Vol. 18(2)2017 Effects of morphology on charge transfer properties

o
o
o
+

N

g 0.04- -
= An

2 0.02- ! PR
Q) -

o) N -~ "%

G.) -

O * = Linear fit

g -

©

o

00 05 1.0
Au Nominal Thickness (nm)

Fig. 7. Variation of particle density with Au nominal thickness

4.2 Electronic structure of metal-graphite interfaces

The 0.97 V and 0.45 V measured on fresh graphite with Pt and Au tips are close to
theoretical work function difference of 0.95 V and 0.45 V, respectively. On
depositing metals, the initial changes are clearly larger than associated work
function consideration (Michaelson, 1978; Michaelson 1950; Sze, 1981). The lack of
clearcorrelationinapparent particle heights from topography with potentials in Fig.
1isconsistentwith the argumentthattopographical heights are largely affected by
tip convolution. SP measurements however are an average local value and represent
charge distribution on sample (Zerweck et al., 2005; Pandey et al., 2008; Lu et al.,
2006). This only affects lateral resolution on individual particles but the spatial
resolution is retained. Thisis confirmed by the fact that SP obtained with different
metal tip are identical, indicating changes in sample electronic states whereas values
on thick films depend on metal. The large peak-to-peak variations are associated
with dipole interactions on selected particles and they only increase error margin,
but general trends are retained.

Measured potentialscan be modelled toinclude effects of work function difference
AVwep, charge transfer AV qns5.-and bonding interaction AV,onang between the metal
and graphite surface:

AV =Ayemp +A

AVywep and AVponaing are a constant for the same metal. Therefore, the changeswould
arise from sample charging, expressed as (Giovannetti et al., 2008):

AV, = (2)

measured
0

transfer ( 1)
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where eis electron charge, Nis number of electrons transferred perunitareaand &
is permittivity of free space. Charging from individual particles can be visualized as
dipoles, given by:

1
AVmeasured = 2472'8 (Pn) (3)
0

where Pis dipole moment fromindividual particles and nis direction normal to field.
A plot of the surface potentials withnominal thickness, Fig. 8, shows that SP changes
are clearly a function of the average particle density, related by:

AV =29.47An (4)
Where 4n is the particle density.
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Fig. 8. Variation of surface potential with gold nominal thickness

Since graphite conduct in the c-axis only, the metal tip is influenced by the dipole
fieldbeneathit, asillustratedin Fig. 9. However, the cantileveris much larger than
the area occupied by a single nanoparticle.

57

Jomo Kenyatta University of Agriculture and Technology



JAGST Vol. 18(2)2017 Effects of morphology on charge transfer properties

Fig. 9. Schematicillustration of charge symmetry of metalnanoparticles on graphite

The effective field thus originate from the nanoparticles in the vicinity of the tip,
resulting in the total dipole being a summation of the dipoles from individual
particles, given by eqn. 5.

e.P
AVtransfer = X (5)

By usingthis relation, we can approximate the charging at Au-graphite interface as
displayed in Table 1. This implies that an increase in particle density relates to an
increase in the surface atoms available for interaction with graphite surface. This
leadstoan increased charge transfer. However, these values are much smaller than
the computed 1.1 eV for uniform monolayer coverage of Au on graphite by
Giovannetti et al., 2008. We attribute this difference to the closest packing of Au
atoms. The initial change in sign is consistent with direction of charge transfer as
governed by work function of metal (Giovannetti etal., 2008; Liu etal., 2011; Jinet
al., 2010). Auand Ptwith a higher work function than graphite resultin electronflow
from graphite to metal. This leaves graphite surface p-doped compared to Cr which
has a lower work function than graphite and therefore dopes it negatively.

Table 1: Calculated charging associated with average dipole per nanoparticle

Au Thickness (nm) | AV easurea (V) | Dipole moment (D) | AV qpszer (€V)
0.1 0.3 0.34 0.04
0.3 0.38 0.54 0.06
0.7 0.61 14 0.16
1 0.80 2.41 0.27
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Convergence of potentialsto a constant value for thick filmsis attributed to reduced
dipole effectsasthe charged interface is buried below the surface. Thus, electrons
in the bulk metal film move within the conduction band. The measured values
therefore, result from the interaction of the electrons of the metal film and those of
the AFM tip. This corresponds to the work function difference between bulk metal
and the metal tip.

5.0 Conclusion

Surface potential measured on graphitic nanostructures contacted with ultrathin
films of gold, platinum and chromium has been found to depend on the type of
metal and also on the size of nanoparticles. On gold and platinum, the values
increasedto 1.4V, much higherthan that of the bulk metals recorded at 0.45 V and
0.6 V, respectively. A sign inversion is observed on chromium with -2V measured
forsmall nanoparticles and -0.9V for bulk chromium. The change in signof the work
function has been shown to result from an inversion in graphite Fermi level,
consistent with known doping properties. Calculation of the resultingsurface dipole
confirms an occurrence of charge transfer from the metal nanoparticles to the
graphiticnanostructure. The charge transferincreased from 0.04 eV to 0.27 eV for
nanoparticles deposited within 0.1 nm to 1 nm nominal thicknesses. These results
show that besides the choice of metal, morphology can be used to tune the
electronic structure on graphite surface. This has great implication in
graphene/graphite devices and catalysis on support.
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