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Modification of the gold/graphite interfacial 
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The effects of nickel additions on the energy of gold/graphite interfaces was investigated. Nickel 
was found to segregate to the interface forming an adsorbed layer. Solid-state wetting 
measurements showed that the contact angle of gold on graphite was decreased by 7.8 ~ by the 
addition of 15 at% Ni. The corresponding decrease in interfacial energy, determined from the 
Young-Dupre equation was found to be ~ 112 mJ m -2. The interfacial excess of nickel 
corresponding to 15 at % N i in the bulk was calculated by means of the Gibbs adsorption isotherm 
to be about 0.45 equivalent monolayers of gold. The presence of nickel at the interface was further 
confirmed by crater-edge profiling studies performed in a scanning Auger microprobe. 

1. Introduct ion  
The interfaces between metals and non-metallic solids 
play an important role in determining the properties 
of many systems, such as microelectronic components, 
metal-matrix composites, and metal-ceramic joints. 
In the context of mechanical behaviour, the so-called 
work of adhesion is often considered to provide a met- 
ric of interfacial strength. The work of adhesion rep- 
resents the energy change which results if an interface 
is separated to produce two surfaces. Thus, other 
things being equal, a lowering of interracial energy 
generally leads to mechanically stronger interfaces. 
Control of interfacial energy in such systems is there- 
fore of considerable practical interest. One way that 
interfacial energy can be controlled in metal-non- 
metal systems is through judicious alloying of the 
metallic constituent with interface active elements, 
which segregate to the interface thereby decreasing the 
interfacial energy. 

There have been many studies of the effects of 
alloying on interfacial energy in metal-ceramic and 
metal-carbon systems. Most of these studies have 
evaluated the effects of alloying on interfacial energy 
by means of wetting measurements of liquid metals 
and alloys on a variety of substrates [1 5]. Major 
improvements in wetting due to alloying were gener- 
ally attributed to the formation of reaction products at 
the interface. The previous wetting studies suffer from 
several shortcomings. First, previous experimental 
studies were generally performed under conditions 
where contamination of the surfaces and interfaces 
could neither be ensured nor even monitored. Because 
impurity adsorption can influence both surface and 
interface energetics, the reliability of those studies is 
uncertain. Second, the energetics of liquid-solid inter- 
faces are expected to differ from those of solid-solid 
interfaces. Third, the lowering of interfacial energy by 
alloying with elements which result in interfacial reac- 
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tions can lead to the formation of brittle interfacial 
reaction products which may lead, in turn, to mechan- 
ically weaker, rather than stronger, interfaces. Re- 
cently, we have attempted to address the uncertainties 
of previous studies by undertaking solid-state wetting 
studies under conditions of ultrahigh vacuum (UHV), 
so as to control surface and interface cleanliness 1-6]. 
Furthermore, the studies have been performed under 
conditions where surface and interface composition 
could be monitored by surface analytical techniques. 
Finally, alloying additions to the metal component 
were chosen so as to promote interracial segregation, 
without the formation of bulk interfacial reaction 
products. 

Our initial study was performed on the lead-graph- 
ite system [6] in which interfacial energy changes were 
effected by alloying the lead with nickel. However, the 
maximum solubility of nickel in lead amounts to 
a mere 0.6 at % [7]. In the present study we report the 
results of an investigation of the effects of nickel addi- 
tions to the gold-graphite system on the gold/graph- 
ite interfacial energy. This system was selected because 
nickel and gold are soluble in all proportions at high 
temperatures [8]; and even at lower temperatures, the 
solubility of nickel in gold is considerably larger than 
that of nickel in lead. 

Nickel was selected as an alloying addition based 
on its higher affinity for carbon than gold. This pro- 
vides a driving force for segregation of nickel to the 
gold/graphite interface. In addition, neither nickel nor 
gold form thermodynamically stable carbides, thus 
avoiding the formation of possibly brittle interracial 
reaction products. 

2. Conceptual considerations 
The solid-state wetting approach used in this study is 
based on the sessile drop technique, but differs from it 
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in several important regards. In the sessile drop tech- 
nique, a relatively large liquid drop (a few millimetres 
in diameter) is equilibrated on a substrate. The shape 
of the drop is the result of a balance between surface 
tension forces, which tend to make the drop spherical, 
and gravity forces which tend to flatten the drop. The 
surface tension of the drop can be obtained from the 
mass of the drop. and the degree of flattening. If the 
surface energy of the substrate is known, a simultan- 
eous measurement of the contact angle can yield the 
energy of the drop/substrate interface through the 
application of the Young-Dupr6 equation 

"}tint = '}Is - -  "Ym COS 0 (1)  

which relates the metal/substrate interracial energy, 
~int, to the surface energies of the metal, ?m, the sub- 
strate, Ys, and the contact angle, 0, as illustrated in 
Fig. 1. The sessile drop technique cannot be used for 
solids, because their high effective viscosity leads to 
infinitesimally slow rates of equilibration of the drop 
shape. One way of increasing kinetics of shape equili- 
bration is to decrease the size of the drop from mil- 
limetres to micrometres (because the rate of shape 
equilibration by surface diffusion, for example, de- 
pends on particle radius raised to the fourth power 
[9]). However, for such small particles, surface tension 
forces dominate, and any flattening due to gravity is 
far too small to measure. Nevertheless, if the surface 
energies of both the solid droplet and the substrate are 
known, then a measurement of contact angle can be 
used, together with the Young-Dupr6 equation, to 
calculate the interracial energy between the solid drop- 
let and the substrate. Another important difference 
between this approach and conventional sessile drop 
measurements is that the experiments were conducted 
in UHV under conditions where surface compositions 
could be monitored by Auger electron spectroscopy. 
These composition measurements are important, as 
any adsorption or segregation at these surfaces must 
be quantified so as to correct the surface energies of 
the pure components by means of the Gibbs adsorp- 
tion isotherm, before the Young-Dupr6 equation is 
used to calculate the interracial energy. The Gibbs 

Substrate,  s 

Figure ] Crystallite of  metal,  m, in equil ibr ium with a substrate,  s. 

adsorption isotherm may be expressed as [10] 

d 7 = ~. Fidpi (2) 
i = 1  

where Fi and pi are the surface excess concentration 
and the chemical potential of the ith component, re- 
spectively. The composition of the interface may then 
be obtained by a second application of the Gibbs 
adsorption equation to the change in interracial en- 
ergy with bulk composition [10]. 

3. Experimental procedure 
3.1. Sample preparation 
The samples prepared consisted either of pure gold on 
graphite or of Au-15 at % Ni on graphite. The pre- 
paration procedure was substantially similar to that of 
our earlier study on lead/graphite [6]. Graphite flakes 
with (000 1) surfaces were prepared by cleaving off 
a highly textured pyrolytic graphite block. These 
flakes were inserted into folding TEM grids and 
mounted on to a tantalum strip which could be heated 
by passage of current. This assembly was introduced 
into a UHV system containing two evaporation sour- 
ces for deposition of gold (99.999%) and nickel 
(99.999%). The UHV system had a base pressure of 
10- lo torr (1 torr = 133.322 Pa). After evacuation, the 
graphite substrates were heated for cleaning and de- 
gassing to a temperature of 1200 ~ for 4 h. The graph- 
ite substrates were then cooled to room temperature, 
following which gold or gold and nickel were depos- 
ited on to the substrates by physical vapour depos- 
ition. The deposition of the alloy was such that nickel 
was sandwiched between layers of gold. This ensured 
that no nickel was initially present at the gold/graph- 
ite interface or at the free gold surface. The rates of 
deposition and the total amount deposited were 
monitored with a precalibrated, vibrating crystal 
film-thickness monitor to produce 1 lam thick films. 
Some of these thin-film samples were equilibrated at 
850~ for 5h, long enough to achieve near-equilib- 
rium solute distribution in the bulk of the films as well 
as at the film/graphite interface [11]. The time and 
temperature of this heat treatment were high enough 
to reach compositional equilibrium in reasonable 
times, while at the same time low enough to avoid 
significant losses of gold by evaporation. These sam- 
ples will be referred to as thin-film samples. 

Other samples of either pure gold or of the alloy 
were flash-heated to a temperature just above the 
melting point to dewet the film into discrete islands, 
and then cooled rapidly to avoid evaporation losses. 
This process produced islands 1-5 lam in size which 
solidified epitaxially on the substrate such that the 
{1 1 1} planes of the islands were parallel to the 
{000 1} planes of the graphite. These samples will be 
referred to as island samples. Both types of sample 
were then taken out of the UHV system for further 
manipulations, as described below. 

3.2. Wetting experiments 
The island samples were wrapped in gold foil, then 
reinserted into the UHV chamber and heated to 
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Figure 2 Schematic representation of the crater-edge profiling technique. 

850 ~ for 27 h in order to achieve shape equilibrium. 
Wrapping in gold foils minimized evaporation losses 
at 850 ~ and was critical for the islands to achieve 
shape equilibrium. The brief exposure to air, between 
the removal of island samples for wrapping in gold foil 
and their reinsertion in the UHV system, led to slight 
contamination of the surfaces with carbon, as deter- 
mined by AES. However, because the islands are in 
contact with graphite substrates, subsequent heating 
to 850 ~ produces an equilibrium carbon coverage, 
which is no different from that obtained in the absence 
of the brief air exposure. No other contamination of 
the surface due to air exposure was identified. After 
shape equilibration, the samples were rapidly cooled 
to room temperature and transferred to a scanning 
electron microscope (SEM) for determination of the 
contact angle. In view of the long equilibration times 
required at 850~ no change in the shape of the 
particles is expected at room temperature after re- 
moval from the UHV environment. 

The shape of the equilibrated islands was found to 
be generally spherical with small flat facets occurring 
in the vicinity of the {1 00} and {1 1 1} orientations. 
Contact angles were determined from scanning elec- 
tron micrographs taken on samples tilted by 70 ~ ~ 
to the microscope axis. Because a sphere projects as 
a circle when viewed from any direction, the radius of 
curvature, R, of the spherical portion of the island 
surfaces can readily be obtained from any tilt angle. 
The circular portion of the projection of the island 
edge on the micrograph was digitized, and fitted to 
a circle, in order to extract the required radius. In 
addition, it was possible to measure the diameter, L, of 
the circular contact between the island and the sub- 
strate from the photomicrographs. From these 
measurements, it was possible to calculate the contact 
angle, 0, from 

0 = cos-l(L/2R) + 90 ~ for 0 > 90 ~ (3) 

In the present study, contact angles were measured for 
ten different islands and the average value used in later 
evaluations. The scatter in contact angle values was 
found to be quite small, the standard deviation being 
of the order of one degree. 

3.3. Crater-edge profiling experiments 
These studies were performed on equilibrated thin- 
film alloy samples. Samples were introduced into 

a scanning Auger microprobe (SAM). Because the 
focus of this part of the study was the composition of 
the Au(Ni)/graphite interface, the brief exposure to air 
between the UHV system and the SAM is not con- 
sidered to be significant. This is because the interface 
to be studied is protected during passage through air 
by the thin film on one side and the substrate on the 
other. The experimental procedure involved argon 
ion-beam sputtering of the film until a crater was 
formed to reveal the underlying graphite substrate. 
Because the ion beam is about 1 mm in diameter and 
the film is only about 1 lam thick, the crater formed is 
very shallow. From the geometry of the crater, it is 
possible to deduce that the angle between the film at 
the crater edge and the graphite substrate is of the 
order of milliradians. Consequently, an intercept of 
the interface along the crater surface is about 103 
times larger than its thickness. This makes it possible 
for an Auger line scan taken across the crater edge to 
detect any segregation at the alloy/graphite interface, 
if it is present. Fig. 2 gives a schematic illustration of 
the crater-edge profiling experiment. The Auger data 
were quantified using the formalism due to Seah [12] 
for the determination of fractional monolayer cover- 
age at the interface. 

3.4. S u r f a c e  segregation experiments 
In the case of Au(Ni) on graphite, both carbon and 
nickel were found to segregate to the free surface. The 
surface segregation of these components will affect the 
surface energy of the alloy. Therefore, in the computa- 
tion of interracial energy using the Young-Dupr6 
equation, it was important to use the surface energy as 
modified by the presence of this segregation. 

In order to determine the surface composition, thin 
films of Au(Ni)/graphite were introduced into the 
SAM and cleaned by argon-ion sputtering at room 
temperature. They were then equilibrated at different 
temperatures in the range 300-540~ The Lea and 
Seah formalism [13] was used to determine the equil- 
ibration times at each temperature. Surface concentra- 
tions of nickel and carbon were determined using 
Auger electron spectroscopy. The free energies of se- 
gregation of both carbon and nickel to the gold sur- 
face were determined using McLean's isotherm [14] 

X~ X/b / A G seg x 
1--X~ - 1 - - X ~ e x p ~  RT J (4) 
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where X~, X b and A G~ ~ are the surface atom fraction, 
the bulk atom fraction and the free energy of surface 
segregation of the ith component (i = Ni, C), respect- 
ively. The changing solubilities of nickel and carbon at 
different temperatures were taken into account in this 
analysis. Using the heat of segregation and McLean's 
isotherm, the concentrations of carbon and nickel at 
the gold surface at 850 ~ were determined. From this, 
the modified surface energy of gold was determined by 
applying the Gibb's adsorption isotherm [-10] to the 
gold surface, and this value was subsequently used in 
the Young-Dupr6 equation for the determination of 
the interfacial energy. 

4. Results and discussion 
From comparisons of wetting studies performed on 
the gold/graphite and Au(Ni)/graphite interfaces, it 
was found that addition of 15 at % Ni to gold causes 
a lowering of the contact angle by about 8 ~ This is 
illustrated in Table I, which gives the mean values of 
the contact angles with their respective standard devi- 
ations. 

Figs 3 and 4 show photomicrographs of gold is- 
lands (with 0 and 15 at % Ni, respectively) equilib- 
rated on graphite. The fact that no nickel adsorbs on 
the free graphite surface is illustrated in Fig. 5, which is 
an Auger spectrum taken from the graphite surface 
following dewetting of an Au(Ni) film. This spectrum 
does not show any detectable nickel peak. On the 
other hand, Fig. 6, which is an Auger spectrum taken 
from the surface of a Au(Ni) island at 400 ~ demon- 
strates that carbon and nickel segregate to the gold 
surface at that temperature. Figs. 7 and 8 show the 
results of carbon and nickel segregation to the gold 

TAB L E I Contact angle of Au-15 at % Ni/graphite compared to 
gold/graphite 

Nickel (at%) Mean contact angle Standard deviation 
(deg) (deg) 

0 131 0.77 
15 123.2 1.42 

Figure 3 Scanning electron micrograph of pure gold on graphite. 

Figure 4 Scanning electron micrograph of Au 15 at % Ni on 
graphite. 
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Figure 5 Auger spectrum acquired from free graphite substrate 
following dewetting of Au-15 at % Ni film and subsequent equi- 
libration. 

surface at various temperatures up to 540~ From 
the surface segregation experiments, the heats of segre- 
gation of carbon and nickel to the gold surface were 
determined to be - 9 2  and - 3 7  kJmo1-1, respec- 
tively. Similarly the entropies of segregation of carbon 
and nickel to the gold surface were determined to be 
- 40 and - 28 J mol -  1 K -  1, respectively. From the 

free energy of surface segregation determined for car- 
bon and nickel, the surface atom fractions of carbon 
and nickel at the gold surface at 850~ were cal- 
culated to be 0.043 and 0.25, respectively. The pres- 
ence of nickel and carbon on the gold surface caused 
a lowering of the gold surface energy by ~ 25 mJ m -  2, 
as determined by the application of Gibb's adsorption 
isotherm to the gold surface. It is of interest to note 
that the surface segregation of nickel and carbon de- 
creases the surface energy, and leads to an increase in 
contact angle by 0.9 ~ as calculated using the 
Young-Dupr6 equation. Thus the effective change of 
contact angle due to interfacial segregation of nickel 
above is 8.7 ~ Table II summarizes how the surface 
energy of the Au-15 at % Ni alloy is modified in 
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Figure 6 Auger spectrum acquired from the surface of Au-15 
at % Ni equilibrated on graphite. 

T A B L E  II Surface energies of pure gold, Au(C) and Au(C, Ni) 

Forms of gold Surface energy (mJ m -2 )  

Pure gold [17] 1410 
Gold saturated with carbon 1402 
Gold-15 at % Ni saturated with 1385 
carbon 

T A B L E  I I I  Interfacial energy, interfacial excess and number  of 
interfacial monolayers of nickel as obtained from wetting data 

Ni (at %) Interfacial Interfacial Monolayers 
energy excess, of nickel 
(mJ m -2) I ~ 10- 5(mol m -2) at interface 

0 1025 0 0 
15 913 0.724 0.45 
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Figure 7 Segregation behaviour of carbon to the free gold surface in 
the Au-15 at % Ni alloy as a function of temperature. 
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Figure 8 Segregation behaviour of nickel to the free gold surface in 
the Au-15 at % Ni alloy as a function of temperature. 
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relation to pure gold, as a result of the surface segrega- 
tion of nickel and carbon. 

Table III gives the gold/graphite interfacial energies 
calculated using the Young-Dupr6 equation, the con- 
tact angle data and the modified surface energy of 
gold. The Gibb's adsorption isotherm as applied to 
a two-phase three-component system was used to de- 
termine the interfacial excess from the interfacial en- 
ergy data. The Gibb's adsorption isotherm at the 
interface takes the following form [15] 

/ y A u v C  y A u v C  \ 

d ' ~ i n t  F N i  - -  Au ~y'~yA~yAu y A u  y C  ] 
__ I ~ / z x y i  zx C ~ zx C xx Au 

dl- tNi  \ z x C Z X A u  - -  xx C lXAu / 

/ $ , r C  v A u  $.rAu ~/-C \ 
[ x x  Ni ~ Au - -  Ix  Ni -r Au 

-- Fc 1 v C v A u  -- ~ /  
\ lxC-"~Au - -  -~C ~ A u  / 

(5) 

where F~ is the interfacial excess of the ith component, 
X~ is the atom fraction of the ith component in the jth 
phase, gN~ is the chemical potential of nickel, and "/int is 
the Au(Ni)/graphite interfacial energy. 

The above equation can be simplified because of the 
negligible solubility of gold and nickel in the graphite 
phase. In addition, it is possible to take FN~ = - F n u ,  

because of the substitutional nature of the Ni-Au 
alloy. Thus the above equation simplifies to 

d~/int 
- 1.176 FNi (6) 

d PNi 

and can be rewritten as 

ATint = - -  R T l . 1 7 6  jF~IdlnaNi (7) 

where aNi is the activity of nickel in the gold phase. 
This expression relates the change in interfacial energy 
(already determined using the Young-Dupr6 equa- 
tion) to the surface excess of nickel at the interface 
given by F~ t. Discrete values of the dependence of aNi 
on composition were obtained from Hultgren et al. 
1-16], and fitted to a polynomial which was inserted 
into the above integral. The resulting expression re- 

of FNi. In quired numerical integration to yield a value int 
these computations, it was assumed that nickel atoms 



are present at gold lattice sites at the interface. Thus, 
the interracial concentration of nickel is reported in 
equivalent gold monolayers. Table I]I gives the inter- 

int facial excess, FNI, and the number of monolayers of 
nickel adsorbed at the interface at the Au-15 at % Ni 
alloy/graphite interface. 

The above procedure provides an indirect method 
for determining the concentration of nickel at the 
Au(Ni)/graphite interface. The presence of nickel at 
this interface was also confirmed by direct measure- 
ment in the crater-edge profiling experiments. A clear 
nickel peak was found at the exposed interface, as 
shown in Fig. 9a and b, which illustrate a typical 
crater-edge profiling result. Table IV shows the num- 
ber of monolayers of nickel at the Au/graphite inter- 
face for the Au-15 at % Ni sample as determined from 
the crater-edge profiling experiment. 

It is worth noting that during thin-film deposition, 
nickel was not deposited on the graphite directly. 
However, at equilibrium, nickel finds its way to the 
interface. The crater edge profiling results yield a lar- 
ger value of interracial nickel segregation (0.74 mono- 
layers) than that inferred from the wetting studies (0.45 
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Figure 9 (a) Scanning electron micrograph of the line-scanned re- 
gion during crater-edge profile studies. (b) Line scan results corres- 
ponding to (a) showing concentration profiles of gold, carbon and 
nickel. 

TABLE IV Number of interfacial monolayers of nickel as deter~ 
mined from crater-edge profiling experiments 

Nickel (at %) Monolayers of nickel at interface 

0 0 
15 0.74 

monolayers). This discrepancy is most likely due to 
differential sputter yields, and sputter-induced mixing 
caused by the ion beam. In general, obtaining quantit- 
ative composition profiles from sputter depth profiling 
requires complex data deconvolution. Therefore, the 
discrepancy found here is not surprising. While this 
experiment clearly establishes the presence of nickel at 
the interface, it also establishes the absence of impur- 
ities such as oxygen, sulphur, etc., at the gold/graphite 
interface, within the detection sensitivity of Auger 
spectroscopy. Thus it is appropriate to relate all of the 
change in interracial energy to nickel segregation. 

The results clearly demonstrate that the contact 
angle of gold supported on a graphite substrate is 
reduced by nickel additions to gold. It has been men- 
tioned earlier that nickel has a positive free energy of 
carbide formation at temperatures of interest, which 
implies that there is no thermodynamically stable 
carbide possible. This is confirmed by the absence of 
nickel on the free graphite substrate following dewet- 
ting, as seen from the Auger spectrum in Fig. 5. It is 
found that both nickel and carbon segregate to the 
free gold surface and that nickel segregates to the 
gold/graphite interface. While surface segregation of 
nickel and carbon have an effect on contact angle (an 
increase by 0.9~ the major contribution to the contact 
angle change is due to segregation of nickel at the 
gold/graphite interface. 

While the lowering of interracial energy due to in- 
terracial nickel segregation is significant, the observed 
contact angle change is not very large. The low sensi- 
tivity of the contact angle change to significant cha- 
nges in interfacial energy in this case is a consequence 
of the relatively large surface energy of pure gold. 

5. Conclusion 
The addition of 15 at % nickel to gold supported on 
graphite has been found to cause a lowering of contact 
angle by 7.8 ~ The corresponding change in interracial 
energy was found to be 112 mJ m-  2. Nickel segregates 
to both the free gold surface and the gold/graphite 
interface. In addition, carbon is found to segregate to 
the gold surface. The presence of carbon and nickel at 
the free gold surface leads to a lowering of surface 
energy by ~ 25 mJ m-2, and results in an increase in 
contact angle by ~ 0.9 ~ Thus the effective lowering of 
contact angle due to interracial adsorption of nickel is 
8.7 ~ The interracial nickel concentration associated 
with a decrease in contact angle is determined to be 
0.45 monolayers. The presence of nickel at the inter- 
face is confirmed qualitatively by crater edge profiling 
studies. 
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