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Crystalline clusters of Bi and Sn with the diameters ranging from 100 to 5 nm were prepared by
in situ evaporation on to different kinds of substrates in a transmission electron microscope.
These metal clusters were then heated to the molten state and behaviour of the metal liquid
clusters observed in situ in the transmission electron microscope. The contact angle of liquid
clusters of Bi and Sn on different kinds of substrates changes as a function of the size of liquid
metal clusters. It was concluded that the interfacial energy between the substrates and liquid
metals depends on the size of liquid metal clusters and changes significantly at around 20 nm.
C© 2006 Springer Science + Business Media, Inc.

1. Introduction
It is well established that the thermodynamic properties,
such as melting point, depend on the size of fine crys-
talline clusters when the diameter is, say, below 10 nm [1,
2]. These phenomena have been successfully explained by
models where the structure of the surface is assumed to be
different from that in the bulk solid [3]. By contrast, exper-
imental information about liquid clusters is very limited.
Merkulov and Lannin [4] performed Raman-scattering
studies of liquid Bi clusters on a carbon support and have
suggested that structural phase transition occurs in clus-
ters of ∼4.5–7.5 nm in diameter.

During the course of in situ observation of melting
processes of fine particles of Bi and Sn, it was found that
the contact angle of the liquid cluster of Bi and Sn changes
as a function of the size of the liquid metal clusters. This
will be described in the present paper.

2. Experimental procedures
A specimen-heating holder developed by Mori et al.
[5] based on the prototype heating holder developed by
Kamino and Saka [6] was used in the present study.

Fig. 1 is a schematic representation of this heating holder.
Briefly, the heating holder has two fine tungsten filaments
(25 µm in diameter). One heating element 1 (the upper
heating element) was used for evaporation of metals, and
the other heating element 2 (the lower heating element)
was used for heating the substrates under consideration.
In the present study particles of Bi or Sn (a few to a few
tens µm in diameter) were mounted on heating element
1, and different kinds of substrates, i.e. SiO2, graphite,
diamond, and AlN (a few µm in diameter) were mounted
on heating element 2.

First, heating element 2 was heated to clean the surface
of the substrates by evaporating any volatile materials
which may have formed on these surfaces. Then, heating
element 1 was heated above the melting point of Bi or Sn.
From the liquid droplets of Bi or Sn on heating element
1, atoms of Bi or Sn were evaporated and deposited on to
the substrates mounted on heating element 2 which was
kept at a temperature below the melting point of Bi or Sn.
Then, heating element 2 was heated to melt the deposited
clusters of Bi or Sn on the substrates.

The microscope used was a Hitachi H-9000 NAR an-
alytical transmission electron microscope operated at an
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Figure 1 Schematic illustration of the specimen-heating holder used.

accelerating voltage of 300 kV. The spherical and chro-
matic aberraton coefficients of the objective lens are 0.69
and 1.4 mm, respectively. The point-to-point resolution of
the microscope is 0.175 nm. The specimen chamber was
pumped with a 340 �s−1 magnetic-bearing turbomolecu-
lar pump and kept 1 × 10−5 Pa during the in situ heating
experiments.

3. Results
3.1. Characterization of the substrates
Figs 2a–e show typical micrographs of particles of SiO2,
diamond, graphite, AlN, and Al2O3 which were used as
substrates, together with the respective electron diffrac-
tion patterns. The SiO2 particles were amorphous and
perfectly spherical, while diamond and AlN particles
were crystalline and facetted. Graphite flake was partially
graphitized.

3.2. Bi clusters on SiO2
Figs 3a and b show low-magnification micrographs of
the Bi particles supported on SiO2 substrate before and
after melting, respectively. Before melting (Fig. 3a), the
Bi particles were well facetted and some of them showed
diffraction contrast. After melting (Fig. 3b), the particles
became perfectly spherical and showed only uniform con-
trast. It is noted that the positions of the Bi particles before
and after melting remained unchanged and this made it

very easy to compare the shapes of the individual particles
before and after melting. The contact angles were mea-
sured on those particles for which the interfaces between
the substrate and the particles under consideration were
parallel to the incident electron beam, so that no geomet-
rical correction was needed. Some examples are indicated
by arrows.

Figs 4a and b show an example of high-resolution elec-
tron micrographs (HREM). Before melting (Fig. 4a), the
cluster shows lattice fringes. At the edge of the cluster
regions were observed which are referred to as “clouds”
and are indicated by arrows. After melting (Fig. 4b), the
cluster became perfectly spherical and the lattice fringes
disappeared.

Fig. 5 shows an example of the size dependence of the
contact angle of Bi liquid clusters supported on a SiO2

substrate. It is apparent that the contact angle of smaller
Bi liquid cluster B is smaller than that of larger one A.
It is to be noted that Bi clusters A and B sat nearby on
the same SiO2 particle, so that their histories should have
been very similar except their sizes.

3.3. Bi clusters on graphite, diamond, and AlN
Similar analyses were carried out on Bi liquid clusters
supported on graphite, diamond and AlN. Figs 6a–c show
HREM images of liquid Bi particles with different di-
ameters supported on diamond substrate. It is evident
that the smaller liquid particle has the smaller contact
angle.

Fig. 7 summarizes the contact angle as a function of
the size of liquid Bi clusters supported on SiO2, graphite,
diamond, and AlN. The contact angle of Bi liquid clusters
supported on these substrates shows essentially similar
behaviour, that is, the contact angle of liquid clusters of
Bi remains unchanged or decreases very slowly with de-

Figure 2 Low-magnification micrographs and the diffraction patterns of the substrates used in this study (a) SiO2, (b) diamond, (c) graphite, (d) AlN, and
(e) Al2O3.
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Figure 3 Low-magnification electron micrographs of Bi clusters (a) before
and (b) after melting.

creasing cluster size until around 20 nm in diameter, then
decreasing abruptly with further decreasing the diameter.

3.4. Sn clusters on SiO2, diamond, and Al2O3
Fig. 8 summarizes the contact angle as a function of the
size of liquid Sn clusters supported on SiO2, diamond, and
Al2O3. The liquid droplets of Sn behaved completely anal-
ogously to those of Bi, including the abrupt decrease in
contact angle when the diameter decreased below 20 nm.

Figure 4 High-resolution electron micrographs of a Bi cluster (a) before
and (b) after melting. Arrows in (a) indicate the so-called “clouds”, which
disappeared after melting (b).

Figure 5 Example of the size dependence of the contact angle of Bi liquid
cluster supported on SiO2 substrates. The contact angle of A is larger than
that of B.

Figure 6 High-resolution electron micrographs of liquid Bi particles with
different diameters supported on diamond.

Figure 7 Size dependence of the contact angle of Bi liquid clusters sup-
ported on SiO2, graphite, diamond, and AlN.

Figure 8 Size dependence of the contact angle of Sn liquid clusters sup-
ported on SiO2, diamond, and Al2O3.

4. Discussion
For all the substrates studied here, the contact angle of Bi
and Sn liquid clusters decreases with decreasing the size
below 20 nm in diameter. However, before discussing
the size dependence of the contact angle below 20 nm, it
would be worth comparing the present results obtained on
larger liquid clusters with those obtained on bulk liquid
by the conventional methods. Table I summarizes data on
contact angle of liquid Bi and Sn on different substances
measured by the conventional sessile drop method. The
contact angles of Bi and Sn on AlN have not been mea-
sured. The values available are in good agreement with
those obtained on Bi and Sn droplets larger than 20 nm in
the present study. These results suggest that the values of
the contact angle obtained on droplet larger than 20 nm
in the present study can be regarded as representing the
contact angles of bulk liquid.
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T AB L E I Comparison of the values of contact angles of bulk liquids of Bi and Sn obtained by the conventional methods with those obtained on droplets
with diameter larger than 20 nm in the present study (in bold)

Substrate

Liquid Graphite Diamond SiO2 AlN Al2O3

Sn
Previous studies 150 [7] 125 [7] 120–140 [9] – 163 [9]

130–135 [10] 165 [8]
Present study – 135 130 – 130

Bi
Previous studies 136 [7] 106–113 [10] – – –
Present study 150 100 150 130 –

Figure 9 Geometry of a liquid cluster on a substrate.

On the other hand, the contact angles of liquid droplets
of Bi and Sn smaller than 10 nm in diameter are as small
as 60◦. The contact angle θ is determined as a result of
minimization of the total energy, F, of the system while
keeping the volume of the droplet constant. Assuming the
shape of the liquid-vapour interface (hereafter denoted by
SLV) as y = f(x) (see Fig. 9)

F = [
S∞ − π f (0)2

]
γSV + π f (0)2γSL

+ 2π

∫ r

a
f
√

1 + f ′2dxγLV + Vag/ρ (1)

where γ SV is interfacial energy of the substrate-vapour in-
terface (hereafter denoted by SSV), γ SL interfacial energy
of the substrate-liquid metal interface (hereafter denoted
by ISL), γ LV is surface energy of liquid (SSV), S∞ is the
total surface area of the solid substrate before contact of
the droplet and, Va is the volume of the droplet, g is the
chemical potential of the liquid phase and ρ is the density
of the droplet.

Since the liquid droplet is part of a sphere, when both
SSV and ISL are perfectly flat, Equation 1 is rewritten as

F = 2πr (r − a)γLV + {S∞ − π(r2 − a2)}γSV

+ π(r2 − a2)γSL + Vag/ρ

= π A2γLV(ξ 3 − 3ξ + 2)−2/3

× [(2 − 2ξ ) + ξ∞(ξ 2 − 1)] + S∞γSV + Vag/ρ

(1′)

where ξ = (a/r) = cosθ (Fig. 9), and ξ∞ = (γSV −
γSL)/γLV.

Differentiation of F with respect to a leads to the fol-
lowing expression:

∂ F

∂a
=

(
4πr

∂r

∂a
− 2πa

∂r

∂a
− 2πr

)
γLV

− 2πr (γSV − γLV)
∂r

∂a
+ 2πa(γSV − γLV)

By setting (∂F/∂a) = 0, while keeping the volume of
the droplet Va = π{(2/3)r3 − r2a + a3/3} constant, the
following relation, which is known as Young’s relation, is
obtained for the contact angle θ :

cos θ∞ = (γSV − γSL)/γLV (2)

When SSV and ISL are not flat, Equation 2 is modified
as

cos θr = ( fSVγSV − fSLγSL)/γLV (3)

where fSV and fSL (>1) are factors by which the areas of
SSV and ISL are increased.

For bulk liquid of Bi and Sn, θ ≈ 140◦; this means that
cosθ < 0 and γ SV − γ SL < 0. For liquid clusters of Bi
and Sn smaller than 10 nm in diameter, θ is around 60◦;
i.e., cos θ > 0 and γ SV − γ SL > 0.

If fSV = fSL( = f), that is, the roughness of SSV and/or
ISL is same, Equation 3 becomes

cos θr = f (γSV − γSL)/γLV

= f cos θ∞ (4)

Since f >1, roughening of SSV and ISL cannot explain
the cross over of cos θ from negative to positive. Com-
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ing back to Equation 3, it is only when fSV � fSL

that cos θ r can be close to 1. As can be seen from
Figs 4–6, ISL is not flat but slightly concave. This means
that fSV < fSL. Thus, it is impossible to explain the
change of the contact angle from the roughness of SSV

and/or ISL.
Another possible explanation is to take the f terms to be

factors by which the surface or interfacial energies them-
selves are modified. Among the three energies involved,
i.e., γ SV, γ SL and γ LV, γ SV is unlikely to depend on the
size of a liquid droplet. Also, from Equation 2, it is clear
that modification of γ LV cannot lead to the cross over of
cos θ from negative to positive. Therefore, the variation
in the contact angle θ from 140◦ to 60◦ is to be attributed
solely to a decrease in γ SL. The variation in γ LV may
accelerate or decelerate the decrease in θ with decreas-
ing the size of the droplets but cannot be responsible for
changing the sign of cos θ .

The question remains as to why γ SL decrease(s)
abruptly below 10 nm. Reaction between the substrate
and liquid droplets of Bi and Sn cannot explain the de-
crease in γ SL, because HREM images of the ISL show no
evidence of the reaction at ISL. Furthermore, there is no
reason why the reaction does not take place above 10 nm,
if it takes place below 10 nm.

Recently it has been shown that in the vicinity of a solid-
liquid interface ISL a transition layer, which is as thick as
a few to several atomic or molecular layers, exists in the
liquid side. Reichet et al. [11] observed, using the scat-
tering of totally internally reflected X-rays, five-fold local
symmetry in liquid Pb adjacent to a Si wall. Arai et al. [12,
13], using high-resolution electron microscopy (HREM),
obtained direct evidence for existence of a transition layer
in liquid of Al adjacent to a Si wall. Donnelly et al. [14]
observed by HREM ordering in a liquid Xe confined by
flat surfaces. Similarly, the structure of the liquid near the
surface SSV is likely to be modified. Needless to say, such
modified layers in ISL and SSV should exist in the bulk
liquid as well. However, when the size of a liquid droplet
is large enough, the existence of such the modified layers
in ISL and SSV does not affect the bulk term in thermody-
namics of the wetting behaviour of a droplet, because the
number of atoms (or molecules) contained in ISL and SSV

is far smaller than the number of atoms contained in the
bulk liquid. However, this would be no longer the case
when the size of the liquid droplet is decreased to such
an extent that the existence of the transition layers in ISL

and SSV reduces significantly the numbers of atoms in the
bulk liquid relative to the total number of atoms in the
droplet. Once the size of the liquid is close to the widths
of the modified layers in ISL and SSV, then the bulk term
may virtually vanish and both of the interfacial energies,
γ SL and γ LV, may change.
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