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Abstract

The interfacial dipole on pyrolytic graphite surface shows a high dependence with
size and coverage of gold nanoparticles. Smallnanoparticles with an average size of
2.4 nmexhibitalarge dipole moment, decreasing withincreasing particle diameter.
The value becomes negative for nanoparticles >6 nm. The behaviour is described
by charge densities created after charge transfer between individual gold
nanoparticles and graphite surface. The subsequent decrease in dipole for large
nanoparticles is shown to be due to depolarization effects. The study provides a
novel method to control electronic properties at metal-graphite interface which is
useful in graphene electronic devices and catalysis on support.
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1.0 Introduction

The development of ultrathin devices has deepened the need to understand
materials'surface andinterface electronicstructures (Rusuetal., 2010; Datta et al,,
2008). This is because as devices shrink in size, their properties are controlled by
surface atoms causing a significant deviation from corresponding bulk material
(Ohgi and Fujita, 2003; Blanter and Martin, 2007). Graphene/graphite
nanostructures with metal contacts have emerged as a viable candidate in this
application (Dattaet al., 2008; Blanterand Martin, 2007; Klusek et al., 2009; Uchoa
et al., 2008; Sutter et al., 2008; Benayad et al., 2009). The unique behaviour arises
from effects of charge transfer between graphite and contacting metal (Hayashi et
al., 2002; Lu et al., 2006; Klusek et al., 2009; Benayad et al., 2009; Liu et al., 2011,
Giovannetti et al., 2008). Experimentally, the charge transfer has been shown to
depend onwork function of contacting metal (Uchoa et al., 2008; Giovannettietal,
2008; Huard et al., 2008).

Recentstudies based on density functiontheory (DFT) have shownadditional dipole
due to the bonding interactions involved (Huard et al., 2008; Hamada and Otani,
2010; Gong et al., 2010). For chemisorption, the strong interaction results in
formation of metal carbide bonds, causing graphene/graphite n-orbital and metals
d-orbital to hybridize (Liu et al., 2011; Giovannetti et al., 2008; Huard et al., 2008;
Gong et al., 2010). In weak physiosorptioninteraction, the overlap of electron wave
function from metal causes a shift in graphite Fermi level (Uchoa et al., 2008;

39

Jomo Kenyatta University of Agriculture and Technology


mailto:wawerumugo@jkuat.ac.uk

JAGST Vol. 18(2)2017 Dependence of dipole layer on graphite

Giovannetti et al., 2008; Gong et al., 2010). The changing electronic structure
produces an additional dipole making crossoverin direction of charge transfer from
either metal to graphite orvice versashifted by 0.9eV (Rusu et al., 2010; Giovannetti
et al., 2008; Gong et al., 2010; Jin et al., 2010). This behaviour has so far been
reported foruniform layer coverage and closest packing of metal atoms on graphite
surface. However, deposited ultrathin metal films have different surface atom
densities which may lead to different electronicstructures and chemical reactivities
(Ohgi and Fujita, 2003; Sun et al., 2010; Gefen et al., 1986; Young et al., 2008; Wang
etal., 2006).

Ourresults reveal that the electronicdipole on graphite surface depends on sizeand
coverage of contacting gold nanoparticles. Dipole is highest for small nanopartices
with an average size of 2.4 nm and decreases linearly with nanoparticle diameter.
This is attributed to charge transfer between nanoparticles and graphite surface.
The subsequent decrease in dipole and negative values measured for large
nanoparticles >6 nm is due to depolarization effects. The result demonstrate that
synthesis of controlled metal particle sizes and densities on graphite can be an
effective method to modify electronic properties which would otherwise be difficult
to achieve with different metals of different work functions.

2.0 Materials and Methods

Graphitic nanostructures from synthetic highly ordered pyrolytic graphite (HOPG)
were exfoliated through repeated peeling. Ultrathin gold films were then deposited
through thermal depositionat 101 mbar. To influence the growth of films, graphite
was cooled during depositionto -180 °C and the samples postannealedinH,/Arat
300 °C for 20 minutes. Surface potential measurements wereimmediately obtained
in high vacuum with a JSPM 5200 atomic force microscope (AFM) equipped with a
Kelvin controller. Reproducibility in the measured values was maintained by
scanning the same positiontwice and ontwo otherdifferentregions of the sample.
The process was then repeatedon two othersamples prepared insimilar conditions.
The final value was obtained from mean distributions. The data was also processed
through two other methods: (i) averaging line profiles extending across full scan
range and (ii) converting scans into binary images and masking out high contrast
regions. Further analysis of the samples was conducted with transmission electron
microscope (TEM) for morphology analysis and with a double aberration corrected
scanning transmission electron microscope (STEM) in high angle annular dark field
imaging mode (HAADF) to examine film nanostructure.

3.0 Results

3.1 Effect of Deposited Au Nominal Thickness on Graphite Surface Potential
Figure 1 displays surface potentials on graphite: (i) cooled to -180 °C, (ii) at room
temperature, (iii) post-annealed cooled substrate (300 °C), and (iv) post-annealed
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sample deposited at room temperature (300 °C). Measured surface potentials with
Au nominal thickness (extracted from histogram distributions), shows linear
increases. Each data consists of at least 8 measurements and with variations
indicated by error bars. Values on “as deposited” films are larger than those
obtained on bulk Aufilmand on fresh graphite surface. Changes are higheston Au
deposited on cooled graphite. The values reduced drastically on annealed samples
with films depositedat room temperaturerecording an even smaller value than was
measured on either bulk Au or fresh graphite surface.
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Fig. 1. Dependence of surface potential on growth conditions of Au deposited on graphite

By comparing data extracted from the three processing methods (histogram
distribution, line profiles and masked high contrast regions), it was observed that
the trends were similar. Variation was least on masked high contrast regions dueto
background uniformity.

3.2 Morphology of Ultrathin Au Films

TEM analysis revealed the ultrathin Au films to be discontinuous, consisting of
discrete nanoparticles (Fig. 2a). Most of these nanoparticles had a hexagonal shape
(Fig. 2 b).Selected areaelectron diffraction (SAED) from single particles revealed an
fcc structure consisting of spots superimposed on the ring, (Fig. 2c). Cooling the
substrate significantly reduced significantly particle coalescence making the
nanoparticles to be much smallerand increased concentration. Additionally, alarge
number of singular atoms from High Resolution STEM (HRSTEM) could be observed
streaking on cooled graphite surface.
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Fig. 2. 1 nm Au (a) STEM shows discreet particles (b) HRSTEM of single particle (c) SAED.

3.3 Change of Film Morphology with Annealing

After annealing, particle coalescence and agglomeration became dominant
increasing the average particle sizes, Fig. 3a. For example for 1 nm deposited at
room temperature, dramaticsintering of particles from an average diameterof 4.1
nm to 12.3 nm is observed. Average particle separation alsoincreasedfrom 2 nm to
10 nm. In contrast, nanoparticles on cooled substrates had reduced coalescence
with average diameter increasing from 4 nm to 6 nm (Fig. 2a). Small particles
retained the hexagonal shape butlarge particles did not conform to any geometry.
The large particles had facets and stacking faults, Fig. 3b, which led to polycrystalline
structure as revealed by SAED, Fig 3c. The diffuse reflection rings can be attributed
to differently oriented lattices from the coalescing Au nanoparticles.
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Fig. 3. 1 nm Au (a) particle coalescence after annealing due to (c) HRSTEM shows stacking
faults, (c) SAED shows differently oriented lattices

Particle sizes were determined by approximating spherical geometryand measuring
across their diameter. Analysis of more than 500 particles for each condition
revealed that nanoparticles on cooled graphite were much smaller compared to
those deposited at room temperature. The density of Au nanoparticles was
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observed to increase linearly with nominal thickness, Fig. 4. On annealing, the
linearity of nanoparticle density with nominal thickness was retained although
values were much smaller due to the effects of coalescence.
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Fig. 4. Nanoparticle density increased linearly with Au nominal thickness for (i) cooled
graphite (ii) post- annealed cooled graphite (iii) room temperature deposition (iv) post-
annealed room temperature deposition.

4.0 Discussion

4.1 Growth of Au Nanoparticles on Graphite

Change in Au morphology (Fig. 2 and 3) can be understood from growth dynamics
of thinfilms (Norrman et al., 1978; Netterfield and Martin, 1986; Tang, 2003; Corain
and Toshima, 2008). At room temperature, Au atoms arriving on graphite have
increased kinetics moving around to nucleate withother atoms compared to cooled
deposition. The high number of singular Au atoms on cooled deposition suggests
strong interaction with graphite support.

The hexagonal geometry seen onsmall particlesindicate that Au atoms are initially
adsorbedin the hollow sites of graphite structure, consistent with the tendency of
any system to minimize energy. Seeding crystals therefore develop in hexagonal
arrangement mimicking graphite structure. Small nanoparticles have lower average
surface energy making them have a lower probability of becoming mobile and
combining (Somorjai, 1981; Corain and Toshima, 2008; Veith et al., 2009). Thus, they
are able to maintaintheirshape and structure. Polycrystalline structure from SAED
indicates nanoparticles to consist of several sub-crystals. As more atoms are
adsorbed, several nucleation points are established increasing particle density. The
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0.26 nm lattice spacing measured on single atoms is close to elemental (111) d-
spacing of bulk Au of 0.235 nm.

On annealing, the dramatic changes in particle shapes and sizes are due to
coalescence and sintering. The flattened appearance on top surface of most
nanoparticles (Fig. 3b) isin contrast with Wulf construction which predicts partides
to be rounded (Marks, 1994). This is due to particles of different orientation joining
together (Barnard and Chen, 2011; Gai and Harmer, 2002). The high strain energy
along the lattice mismatch regions resulted in formation of grain boundaries.
Overlying atoms diffuse along the crystallite edges leading to reduction of atomic
planes on the top surface. This is consistent with SAED from large particles where
extrareflections were observed attributedto different orientations of crystal planes
and presence of defects.

4.2 Influence of Nanoparticles Size to the Interfacial Dipole

The positive change in surface potential indicates electrons are transferred from
graphite to Au, as governed by the polarity of Kelvin probe (Kelvin and Lassabatere,
1898; Kikukawa etal., 1995; Jacobs et al., 1997, Rosenwaks et al., 2004; Zerweck et
al., 2005; Palermo et al., 2006). As the work function of gold is larger, electrons
would flow from graphite (with alowerwork function) to Au leavingexcess holes on
graphite and excess electrons on Au. This is also consistent with DFT theory that
electron transfer from graphite to metal occurs when workfunction of metalis <5.4
eV (Liu et al., 2011; Giovannetti et al., 2008; Jin et al., 2010). The charge transfer
occurs from individual nanoparticles with graphite resulting in creation of surface
dipoles. Neglecting contribution of bonding interaction between Au and graphite,
since they are small compared with recorded changes, the dipoles from the
nanoparticles sumto produce an average local dipole P, as graphite is conducting in
c-axis. By definition, work function is the energy difference between electrostatic
potential in vacuum and Fermi energy. Any change in electrostatic potential caused
by these dipoles contributesto a net change in work function AW as governed by:

AW = LEJ[MJ 1)
AN g

where N/A = An isthe nanoparticles density, P, is dipolemoment perunitarea, n
is unit direction normal to field and ¢ is permittivity of free space.

Figure 5 displays the calculated dipole as a function of nanoparticle diameters using
equation 1. The large value on small particles is attributed to large surface area
which increases the surface atom densities available for interaction with graphite.
An increase in surface atoms results in high charge densities and which then
depends on density of nanoparticles.
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Fig. 5. Calculated dipole reduced with increasing particle diameter, being negative for
particles > 6 nm.

The subsequent decrease in dipole and negative values measured for large
nanoparticles >6 nm is due to depolarization effects, notably: (i) increase in atomic
columns with particle size causes the electron wave functions in the bulk-like
particle to overlap and (ii) increased disordered grain boundaries results in a
changing normal vector to the gold surface at each point. This leads to several
induced dipole moments with different signs alongthe grain boundaries, (Wang et
al., 2006). Additionally, these grains may also act as electron traps for generated
charge. These factors have a net effect of lowering the net dipole.Such similar dipole
effects can be obtained by application of metals with different work functions
(Uchoa et al., 2008; Huard et al., 2008; Gong et al., 2010). However, besides
requiring careful control of the morphologies, the different metals cannot be
applied at a single interface.

5.0 Conclusion

A high dependence in electron dipole is demonstrated for graphite surface
contacted with Au nanoparticles of varying sizes and coverage. A large value is
measured for small nanoparticles. This behaviour is described by charge densities
created from individual nanoparticles with small ones having high surface atom
densities. The subsequent decrease in dipole with particle diameteris attributed to
effects of polarization. The study provides a novel way to produce varying electronic
structures at metal-graphiteinterfaceso that better devicesand applicationscan be
developed.
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