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Abstract

Melting temperature is one of the fundamental properties of materials. In
principle, the melting temperature of a bulk material is not dependent on
its size. However, as the size of a material decreases toward the nanometer
size and approaches atomic scale, the melting temperature scales with the
material dimensions. The melting temperature of a nanomaterial such as
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nanoparticles (isotropic) and nanorods/nanowires (anisotropic) is related to
other fundamental physical properties for nanomaterial applications, includ-
ing catalysts, thermal management materials, electronics materials, and
energy materials.

This book chapter focuses on both the theoretical and experimental studies of
metallic nanoparticle melting temperature depression. Thermodynamic modeling
and molecular dynamic (MD) simulations are discussed regarding the melting
behavior of different nanostructures, such as spherical nanoparticles and
nanowires. The currently available measurement techniques by using classical
differential scanning calorimetry (DSC), recently developed nanocalorimeters,
transmission electron microscope (TEM), and optical methods are introduced. In
addition, the applications of metal nanoparticles with lower melting temperatures
are discussed, such as nanosoldering and sintering for electronics assembly and
packaging.

Keywords
Metal nanoparticles ¢ Melting points ¢ Electronics assembly ¢ Flexible
electronics

Introduction to Nanoparticle Synthesis

Metallic nanoparticles have extensive applications in catalysis, sensors, elec-
tronics, and environmental and biomedical fields. By far, most metallic
nanoparticles and their alloys were prepared by either vapor-phase or liquid-
phase synthesis, and few started directly from a solid phase. The vapor-phase
synthesis methods usually include inert gas condensation, laser ablation, and
vapor-liquid-solid (VLS) [1, 2], while the liquid-phase synthesis methods
mainly include chemical reduction, microemulsion, electrodeposition, and
solvothermal processing [3, 4]. The solid-phase synthesis involves mechanical
thermal cycles, such as milling/attrition and reaction between solids [5]. Table 1
summarizes the typical synthetic methods for metallic nanoparticles. Due to
the different synthesis methods and growth mechanisms, the shapes of
nanoparticles can be classified into the following types: (i) spherical [14];
(ii) polygonal, such as triangle, square, pentagon, hexagon, disk, etc. [15];
(iii) polyhedral, such as tetrahedron, cube, truncated cube, octahedron, etc.
[16]; (iv) rodlike, such as nanorod, nanobelt, nanowire, and nanotube [17];
and (v) others, including branched structures (e.g., nanostar) [18] and hollow
structures [19]. Figure 1 shows several typical shapes of nanoparticles and
nanowires. The metallic nanowires and nanorods have drawn a lot of research
interest from the viewpoint of device applications, due to their unique 1D
structural property [23]. The main bottom-up synthesis methods of metallic
1D nanostructures include template-assisted electrodeposition, capping agent
confined chemical reduction method, nanoparticle self-assembly, vapor-liquid-
solid methods, and so on [8].
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Table 1 Typical synthetic methods for metallic nanoparticles

Synthesis method Reference
Gas-phase synthesis Inert gas condensation [1,2]
Laser ablation [6]
Vapor-liquid-solid (VLS) [7]
Liquid-phase synthesis Chemical reduction method [8, 9]
Microemulsion [10]
Electrodeposition [11, 12]
Solvothermal [13]
Solid-phase synthesis Milling/attrition [5]

Fig. 1 Different shapes of metal nanoparticles. (a) Spherical Sn/Ag alloy nanoparticle (Adapted
from Ref. [20]); (b) gold core-silver shell triangular nanocrystal (Adapted from Ref. [15]); (¢)
palladium nanoparticle cube (Adapted from Ref. [16]); (d) Pt octahedron (Adapted from Ref.
[21]); (e) gold nanostar (Adapted from Ref. [18]); (f) gold nanorod (Adapted from Ref. [22]); (g)
three-segment (Sn-Au-Sn) nanowire (Adapted from Ref. [12]) (Reprinted with permission from
American Chemical Society, Copyright (2007), (2009), (2014), (2005), (2012), (2008), (2009),
respectively)
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For macroscopic (bulk) materials (e.g., size scale larger than one micrometer),
the percentage of atoms at the surface is minuscule relative to the total number of
atoms of the material; hence, the bulk material should have constant melting point
regardless of its size. However, a certain number of physical and chemical
properties of nanomaterials, including nanoparticles and nanowires, differ signif-
icantly from those at the macroscopic scale due to the high surface area over
volume ratio, significant edge effect, and possible appearance of quantum effects
at the nanoscale. In this chapter, the size effect on the melting temperature will be
discussed.

Melting Temperature Depression
Theory

The melting temperature (also referred as melting point or liquidus temperature
for alloys) of a solid is the temperature at which it changes state from solid to
liquid at atmospheric pressure. At the melting temperature, the solid and liquid
phases exist in equilibrium. Studies of melting process and thermodynamic
properties of nanoparticles have attracted both the theoretical and experimental
interests because of the dramatically different melting behaviors from the bulk
materials. In order to better understand the nanoparticle melting behavior, first,
let us consider the example of melting for a piece of ice (bulk material) at
1 atmosphere of pressure. When heating up the ice by a constant energy input,
the ice will change in three stages, from solid to solid-liquid equilibrium to
liquid phases. Before reaching the melting temperature (0 °C), the temperature
of the entire piece of ice is kept increasing in the solid state. At 0 °C, the melting
temperature, the ice turns to water with absorbing energy, but the temperature of
the ice/water mixture does not change till all the ice is changed to the liquid
phase. This certain amount of energy required to change from solid state to
liquid state (ice to water) at a constant temperature is called a latent heat of
fusion. The enthalpy change associated with melting is often called as the
enthalpy of fusion. After that, the temperature of water will keep increasing
again under heating. If we “cut” this piece of ice into nanoscale size, the surface-
to-volume ratio is much higher than the bulk ice, which dramatically alters its
thermodynamic properties. Hence, the melting temperature of nanoscaled ice
will melt below 0 °C, and the phenomenon is called melting temperature
depression.

There is similar phenomenon for the metals and metallic nanomaterials. As the
dimensions of a material decrease toward the atomic scale, the melting temperature
scales with the material dimension, as shown in Fig. 2. Except few low-melting-
temperature (<100 °C) metals, such as gallium and some metal alloys, most bulk
metals have very high melting temperatures between one hundred to over one
thousand degree Celsius at the atmospheric pressure. However, nanomaterials can
melt at a temperature significantly lower than the bulk material. For example, the
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Fig. 2 Schematic of size-
dependent melting
temperature of nanoparticles

Melting Temperature

Nanoparticle size

melting point of nanometer Au particles (2.5 nm) can be 300° lower than that of the
bulk gold [24].

Modeling of the Melting Temperatures

The theoretical model of size-dependent melting temperature of nanoparticles can
be simply described by a linear relationship between temperature and the reciprocal
of the particle size

N

C
T,= Tbulk(l - _> (1)
r

where T, and T}, are the melting temperatures of nanoparticles and bulk material,
respectively, r, is the radius of particle sphere, and ¢ is a material constant related to
material properties, such as material density, surface energy, etc. Figure 3 presents a
typical melting temperature depression curve related to the gold nanoparticle size.
The dots are experimental data measured from electron diffraction intensities and
the solid line is the calculated result [25].

Over the course of the past 100 years, various models have been developed to
describe the form of material constant ¢ based on different hypotheses. For an
isolated spherical nanoparticle, the Gibbs-Thomson equation was derived for the
melting temperature [26]:

Ty =Ty (1 20 )
m — 4 bulk AHmpSV_Y

Hence, the melting temperature depression (AT,,) of a solid nanoparticle can be
written as
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Fig. 3 Size-dependent A T(°k)
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where o, is the surface energy of the solid-liquid interface, AH,, is the bulk enthalpy
of fusion, and p; is the density of the solid material. This model has been widely
used to compare both the experimental data and developed thermodynamic models
in melting temperature depression studies [27].

Classically, the melting of small particles has been described by three models:
(1) homogeneous liquid-drop model, (2) liquid skin model, and (3) liquid layer and
growth model. The general form of the equation is

AT,(ry)  2a
Thun AH,prg

“4)

where o is a parameter related to the material interfacial tension between the solid
phase and environment [28]. The three models correspond to different expressions
for a.

Homogeneous Liquid-Drop Model (LDM)

The earliest thermodynamic model of melting point depression of nanoparticles
was developed by Pawlow in 1909 [29]. The liquid-drop model assumes that the
entire nanoparticle is under homogeneous phase at both the solid and liquid states,
and the phase transition from solid to liquid finishes at a single temperature
[30]. The homogeneous liquid-drop model of the size-dependent melting temper-
ature depression is [28, 31, 32]

>\ 23
a=oy— o <S> (5)
Pl
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where oy and o, are the surface energy of the solid-liquid and liquid-vapor
interface, respectively, and p; is the density of the material in liquid phase. When
assuming o;, = 0, Eq. (5) is converted to the classical Gibbs-Thomson equation in
Eq. (3). Many materials such as In [28], Sn, Pb, and Bi [33] have been studied and
compared with liquid-drop model.

Liquid Shell Nucleation (LSN) Model

The liquid shell nucleation model was first originated by Reiss and Wilson, based
on the equilibrium of a solid core and a thin liquid shell [32]. This model assumes
that the nanoparticle surface starts melting in prior to the core of the solid with a
liquid-layer thickness of ry, so the liquid layer and the surface of the solid coexist
till the solid core transforms completely to liquid at the melting temperature
[31]. The parameter of the melting temperature depression for the LSN model is
derived as

Oy Ps
a=——+op <1 — —‘> ro < Iy (6)
- %) o<r)

Is

Several materials have been studied by using the LSN model and consistent
results were obtained compared to the experimental values, such as In, [28], Al
[34], and GaN [35].

Liquid Nucleation and Growth Model (LNG)

The liquid nucleation and growth model suggests that the nanoparticle surface
melts and nucleates initially, and the liquid layer at the surface grows and moves
into the solid with the increase of the temperature. The parameter of the melting
temperature depression can be given by [31, 36-38]

3
og<a<—= (o:w — oy &> 7
2 P

where the p; and p; are the material density of the solid and liquid (some articles use
molar volume v, and v, to represent), which are related to the material densities,
ps=MJoy, and p, = M/v;, with M being the molecular weight [39]); the o
represents the surface energy between solid, liquid, and vapor phases (indexes s,
/, and v, respectively). A comparison of the predictions of this theory with exper-
imental results was given in Sn, In, and Au metal nanoparticles [38].

Particle Shape Effect
All the models mentioned above were developed based on the spherical

nanoparticles. Due to the different synthesis methods and growth mechanisms,
nanoparticles can be controlled in not only spheres but also many other shapes,
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such as triangular prisms, hexagonal plates, nanorods, and cubes, as discussed in the
section “Nanoparticle Synthesis”. Since the theory of the melting temperature
depression was built upon the large surface-to-volume ratio of nanostructures, the
surface areas of a nanoparticle in different shapes can be varied, even for the
nanoparticles with the identical volume, which may result in different melting
temperature depressions [33, 40-42].

In general, the equation of the size- and shape-dependent melting temperature
depression for anisotropic nanoparticles is similar to Eq. (1), with adding a shape-
corrected parameter z [30], and written as

Ty = Toui (1 - 5) 3

The shape parameter z equals to 1, 1.5, and 3 for sphere nanoparticles,
nanowires, and thin films, respectively.

A melting temperature model for nanowires or nanorods with diameter d and
length # was derived by Sar et al. [42],

Osy — Oy 4 2
Tw=Thpx|l ———— | =+- 9
’ ]k[ Hypy <d+h)] ®

A shape factor, a, is introduced into the model to describe the different shapes of
the nanoparticles [33, 43], as shown in the following equation:

a=— 10

S (10)
where S and S’ are the surface areas of the spherical and other shaped nanoparticles
in the same volume. Therefore, the surface area of any shape nanoparticle can be
computed as

S' = aS = 4anR? an

where R is the spherical particle radius. Combining with the cohesive energy of the
nanoparticle, the equation of the melting temperature can be rewritten as

S
T = T (1= 6a5) (12)

where D = 2R and r is the atomic radius. This is the general equation for the size-
and shape-dependent melting temperature of nanoparticles. It is also found that the
shape effect on the melting temperature increases when particle size is
decreased [33].

In addition, the models for the one-dimensional nanostructures such as nanowires
and two-dimensional thin films need to be modified. Lu et al. discussed the size-,
shape-, and dimensionality-dependent melting temperature and found that the
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melting temperature decreases with a decrease of the nanocrystal dimensions
[41]. When the nanoparticle size is large enough, the melting temperature depression
possesses the relationship as

AT,,(D, thin films): AT, (D, nanowires): AT,,(D, nanoparticles) = 1
: 2/1Wl'l‘(’, : 3Aparticle (13)

where D is the nanoparticle size and 4 is the shape factor defined as

(A
A= <A1> <V2) (1

where the subscripts 1 and 2 denote the nanostructure with typical shape (e.g.,
spherical nanoparticle and cylindrical nanowires) and other shapes, A is the surface
area, and V presents the volumes of the nanostructures. This model is valid for most
of nanocrystals such as Au, Ag, Ni, Ar, Si, Pb, and In [41].

Latent Heat of Fusion

The enthalpy difference, AH,,, of nanoparticles would be lower than that of the bulk
materials due to the increase in the surface energy, which is a general feature of
melting for all nanoparticles.

A derivation of the Gibbs-Thompson equation was developed for the size-
dependent heat of fusion:

20}1

AH,, = AHy, — (15)

Sr

where AH,, represents the heat of fusion for a nanoparticle with a radius .
According to the report of Lai et al., the equation of heat of fusion for nanowires

is [44]

2 n
AH,, = AHO(l - g) (16)

where AH, is the heat of fusion for bulk material and ¢, is the given thickness of a

liquid layer covering the solid core at the melting temperature 7,,,. The exponent n is
3 for spherical nanoparticles and 2 for nanowires.

Substrate Effect

Although all the models mentioned above were derived based on the free particle
hypothesis, almost all the experiments regarding the size-dependent melting
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temperature were performed on a solid substrate (not free and isolated particles) or
through contact with other materials; however, these experimental results were
usually compared to models without considering the effect of the substrate.

Experimentally, Chen et al. observed the phase transition of Ag nanoparticles on
graphite and alumina substrates through in situ high-resolution transmission elec-
tron microscopy (HRTEM). It is found that the Ag nanoparticle had a direct solid-
to-gas transition (evaporation) other than a solid-to-liquid transition (melting) on
the graphite substrate. The solid-to-liquid transition only took place on the alumina
substrate [45].

Lee et al. developed a theoretical model based on the CALPHAD (Calculation of
Phase Diagrams) method to study the effect of the interfaces between the gold
nanoparticles and substrates [46]. Instead of using the respective surface tension
value of each face, the mean surface tension was introduced. It is found that the
calculated results for heterogeneous particles on ceramic substrates (particles on
solid substrate) yield almost the same melting temperature as those of homoge-
neous nanoparticles (free particle without considering the substrate). This result is
consistent with Guisbiers et al. who believed that the stresses appeared in the
deposited nanoparticles and the substrate-nanoparticle interface tension was negli-
gible [40]; however, the melting temperature of heterogeneous particles on metallic
substrate has higher values than the homogeneous ones [46].

Experimental Methods for Measuring Nanoparticle Melting
Temperatures

The mathematical models discussed in the last section provide the theoretical
support of the size-dependent melting temperature depression for nanomaterials.
In order to better understand this phenomenon and accurately obtain the melting
temperature information, experimental measurement is imperative and essen-
tial, including both the visible observation and energy-associated physical
properties.

Differential Scanning Calorimetry (DSC)

DSC is a highly sensitive thermoanalytical technique to investigate the thermody-
namic properties (including melting temperature, transition enthalpy, phase trans-
formation, crystallization temperature, degree of crystallinity, glass transition
temperature, and specific heat) of materials, such as metals, polymers, and
biomacromolecules [47, 48]. DSC measurement determines the temperature and
heat flow associated with material transitions as a function of time
and temperature [49].

In principal, the melting temperature can be obtained by measuring the relation-
ship between temperature and internal energy, where the solid-to-liquid phase
transition occurred. For the material enclosed in a DSC pan, some known energy
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E is supplied to the pan by heating, and the temperature T is measured. The direct
measurement of the energy and temperature is called caloric curve.

E=E(T) (17)

The heat capacity is defined by the relation

OE

C(T) = 5= (18)
which is the partial derivative form of the caloric curve. A calorimeter is an
equipment to measure the heat capacity, C,. A differential calorimeter measures
the heat of a sample relative to a reference sample. A DSC measures both the
energy change and heat capacity and heats the sample with a linear temperature
ramp, and the heat is transferred to the sample and reference pan through the
thermoelectric disk.

During a phase transition, a temperature difference between the sample and
reference pans can be measured by means of a thermocouple. The heat flow signal
is proportional to the difference between sample and reference temperature, deter-
mined by the thermal equivalent of the Ohm’s law [47]:

G = AT/R (19)

where ¢ is the sample heat flow, AT is the temperature difference between the
sample and the reference, and R is the resistance of the thermoelectric disk [50].

Due to the availability and operability, DSC is one of the most widely used tools
to characterize the thermal properties such as melting temperature and heat of
fusion for nanoparticles and nanowires, such as silver, copper, aluminum, zinc,
tin, and alloy nanoparticles [17, 51-58]. Figure 4a shows a typical DSC measure-
ment for Sn nanoparticles with the size about 61 nm, indicating that the melting
temperature is 230 °C, about 2 °C temperature depression [58]. Figure 4b shows the
DSC measurement of Sn nanowires with diameter in 50 nm and length in 5 pum,
which shows 0.7 °C melting temperature depression [12].

Nanometer Scale Calorimetry

Conventional DSC measurement as discussed above, while powerful, is usually not
sensitive enough for a small amount of sample (e.g., less than 1 mg). This is due to
the fact that the amount of heat absorbed is too small to be detected. A scanning
nanocalorimetry technique was first developed by Lai et al. for melting temperature
study of Sn thin films [59]. In the device, four components in a typical calorimetry
system, including the sample, sample holder, heater, and thermometer, were com-
bined into a single multilayer thin-film configuration, as shown in Fig. 5a, b. The
nanocalorimeter was placed in a vacuum evaporator system for both the Sn thin-
film deposition and calorimetry measurements without breaking the vacuum.
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Fig. 4 DSC curve of (a) as-synthesized Sn nanoparticles [58] (Reprinted with permission from
Elsevier, Copyright (2006)). (b) Sn nanowires (Adapted from Ref. [12]. Reprinted with permission
from American Chemical Society, Copyright (2009))

Fig. 5 Cross-sectional (a)
and planar (b) view of
nanocalorimeter. System is
based on reduced thermal
mass sample holder made
using a silicon nitride
membrane which is only
1,800 A thick and
mechanically supported at the
perimeter by the Si substrate.
A thin-film Ni layer is
deposited on the top side of
the membrane and severs as E

both heater and thermometer.
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(Reproduced from Ref.

[59]. Reprinted with
permission from American
Institute of Physics,

Copyright (1995))
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The very low rate of thermal evaporation deposition (~3 A/s) results in Sn
nanoparticles in the size range of 5 ~ 50 nm in radii other than continuous thin
film. Hence, the small metal particles can be prepared with high purity and free
surfaces to study their melting behavior. The experimental data points of the
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size-dependent melting temperature and normalized heat of fusion of Sn
nanoparticles from the nanocalorimeter measurement were shown in Fig. 6 [44].
The melting temperatures were decreased as the size of Sn nanoparticle decreased,
and a reduction of 70 °C was measured for Sn nanoparticles with a radius of 50 A.
Meanwhile, the normalized heat of fusion AH,, dramatically decreases about as much
as 70 % from the bulk value, which is 58.9 J/g. The experimental results from
nanocalorimeter are mostly used to compare with mathematical models and computer
simulation results for Sn and In nanoparticle system [28, 44].

Schmidt et al. used a nanocalorimeter and reported the measurement of sodium
cluster containing 139 atoms, with caloric curve and heat capacity, as shown in
Fig. 7. At the melting point, a step in the caloric curve, U(T), is shown, which
corresponds to the energy used for phase transition from solid to liquid without a
temperature increase. The plot of heat capacity ¢(T) with a peak indicates the
melting temperature of the atomic Na clusters [60]. The melting temperatures of
the sodium clusters containing 70 to 200 atoms are on average 120 K (33 %) lower
than the bulk material.
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Fig. 7 Heat capacity ¢(T)
and its integral, the caloric
curve U(T), for a positively
charged sodium cluster
containing exactly 192 atoms.
The solid dots show the
experimental results. From
the maximum of ¢(T"), one
obtains the melting point
Tmerr, and from the height of
the smoothed out step in the
caloric curve, one gets the
latent heat of fusion q, that is,

o(T) (meV K-1)
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Transmission Electron Microscope (TEM)

TEM is a widely used method to observe the nanoparticle melting phenomenon. This
technique has been used to study the melting temperature depression of small metal
particles for decades. Takagi is the first researcher to observe the size-dependent
melting temperature depression phenomenon by TEM in metal thin films with
thickness ranging from 10 A to 1,000 A [61]. Due to disordering of crystalline
structure of a metal at the liquid phase, the melting temperature was monitored by
the loss of crystalline structure with increasing temperature, which can be observed
by electron diffraction pattern change. Some early works reported the use of electron
diffraction technique to extend the measurements for tin [62, 63] and Au
nanoparticles [25] with the size range of 20 ~ 50 A. The other metal thin films and
nanoparticles such as silver, copper, aluminum, lead, indium, and germanium have
been studied too [64] [65, 66]. However, this method is only suited to study a set of
nanoparticles with identical diameters. Due to the polydispersion of nanocrystals
encountered in a specimen, it is generally not possible to observe a sharp change in
the ring patterns during the melting process [25].

The in situ TEM and high-resolution TEM (HRTEM) technique could accurately
record the single nanoparticle melting process. Chen et al. reported two different
phase transitions of a ~8 nm silver nanoparticle on both graphite and alumina
substrates through in situ HRTEM observation [45]. For the graphite substrate,
silver nanoparticle was heated up to 677 °C and the shrinkage to disappearance of
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Fig. 8 A series of HRTEM images showing the annealing process of a 8 nm silver nanoparticle on
an alumina substrate (Reproduced from Ref. [45]. Reprinted with permission from American
Institute of Physics, Copyright (2010))

the particle (crystalline to gas) was observed. However, the silver nanoparticle on
an alumina substrate remains the crystal structure at 586 °C and gradually changed
into a semispherical particle with uniform contrast, accompanied by the disappear-
ance of the lattice fringes (crystalline-to-liquid transition) during the temperature
increase to 590 °C, as shown in Fig. 8. After melting, the silver nanoparticle placed
on the alumina substrate shrunk in size due to evaporation. The possible reason for
these two-phase transition behaviors is the different solubility limit of metallic
aluminum and carbon atoms in liquid silver [45].

In some other cases, the electron beam-induced melting and coalescence of
nanoparticle and nanowire under TEM without stage heating were observed
[67-69]. Due to the high-energy beam, the nanoparticle will start melting under the
electron beam (e-beam) irradiation. The phenomenon of quasi-melting and structural
fluctuations in small particle was observed under TEM electron beam [70, 71].

Gao et al. reported the interdiffusion and melting behavior of Cu-Sn
two-segment nanowire system (Fig. 9a) under TEM e-beam irradiation. The surface



676 F. Gao and Z. Gu

After c

E-beam
Irradiation Sn-rich Void
—

Interface

-

Fig. 9 TEM images showing the shape transformation of Cu-Sn two-segmented nanowires (a)
before and (b) after the e-beam irradiation; (¢) zoom-in image of void formation in the Sn-rich
segment at Sn-Cu interface (Reproduced from Ref. [72])
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Fig. 10 Diffraction patterns of Pt nanocrystal at (a) 25 °C and (b) 650 °C (Reproduced from Ref.
[73]. Reprinted with permission from American Chemical Society, Copyright (1998))

oxide effectively confined the movement of metallic copper and tin atoms along the
one-dimensional nanowire. After the e-beam irradiation, there were Sn-segment
melting and interdiffusion between Cu and Sn segments with void formation at
Cu-Sn interfaces and also around the tips of the Cu segment, as shown in Fig. 9b, c.
The melting of Sn under e-beam irradiation was caused by a temperature rise due to
electron thermal spikes in the nanowire and poor thermal conduction [72].

The Pt nanoparticle surface melting and a surface solid-liquid core coexistence
have been observed by Wang et al. [73] The electron diffraction change of Pt
nanoparticle at 25 °C and 650 °C was recorded, as shown in Fig. 10. The total
diffraction intensity was dramatically decreased, indicating the crystallinity vanish
of the nanocrystals.
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However, as the particle size decreases, the diffraction technique becomes
increasingly inaccurate due to line broadening [74]. Moreover, TEM is limited to
structural measurement only; it cannot measure the heat associated with the melting
process, such as the heat of fusion.

Laser-Induced Method

In section “Nanometer Scale Calorimety”, the melting temperature measurement of
Na clusters was conducted by a laser-aided method. Laser is a good source to
generate enough energy to excite nanoparticles and observe the melting behavior.
The basic idea of the laser-induced experiment is using photon energy absorbed by
electrons to heat particles, which is due to electron-phonon scattering that occurs in
a few picoseconds, and thus their temperature increases [75].

Habenicht et al. used a Nd:YAG laser (wavelength A = 532 nm, full width at
half maximum of 10 ns) to irradiate gold triangles with side lengths between
400 and 800 nm. After heating with a laser pulse, the metal triangles become
molten in the nanosecond duration and then solidify again as a result of the heat
loss into the substrate [76, 77]. The resulting solids provide insight into the
nanostructures at the moment of solidification. Figure 11 shows that the
dewetting process, which appears upon laser-induced melting of nanostructures
and leads to a jumping of the droplets off the surface, is used for deposition of
nanoparticles onto other non-wetting substrate (glass substrate in Fig. 11Db).
Through this process, surface energy is transformed into kinetic energy of
droplets [77].

In addition, a laser-induced Au nanoparticle melted at 940 °C was reported by
Inasawa et al., which is at least 100 °C lower than that of the bulk material
[78]. Hodak et al. reported that the Au-Ag core-shell nanoparticles were melted
into homogeneous alloyed nanoparticles at a much lower temperature (157 °C)
than the expected melting point (825 °C) by picosecond laser-induced heating
(at 532 nm) [79].

Optical Methods

Plasmons are electron excitations that occur in metals and semiconductors in
response to visible electromagnetic waves, resulting in the collective oscillation
of conduction band electrons, whose phenomenon is plasmon resonance
[80, 81]. The solid to liquid phase transition (melting) of nanomaterials with certain
optical properties could be identified by optical methods such as absorption spec-
troscopy [82, 83]. For example, it is known that gold nanoparticles interact with
visible light due to their distinct interband transition (5d — 6sp) and surface
plasmon resonance (SPR), which is one of the size-dependent properties [78].
The SPR effect on size-dependent melting of Cu nanoparticle embedded in a
silica matrix was studied by Yeshchenko et al. [84]. Figure 12 depicts the
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Fig. 11 SEM images of (a) submicron Au structures prepared by standard electron beam
lithography; (b) Au nanoparticles collected on a glass surface after laser exposing the starting
Au structure of Fig. 10a (Adapted from Ref. [77]. Reprinted with permission from Springer,
Copyright (2008))

Fig. 12 Temperature 5[
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from Ref. [84]. Reprinted
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American Physical Society, oL - m
Copyright (2007)) o
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temperature dependence of the SPR absorption bandwidth for copper nanoparticles
with different sizes, which is due to the increase of the frequency of the electron-
phonon scattering with the increase of temperature [84].

Besides the absorption spectroscopy, the melting point depression of silver
nanoparticle was identified from variations in the oscillator parameters by using
in situ spectroscopic ellipsometry [85]; the melting of gold nanoparticles embedded
in ice was studied by thermooptical spectroscopy [86]; the melting of Zn
nanoparticles embedded in a silica matrix was monitored by a glancing incident
angle X-ray diffraction (XRD) [87].
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Computer Simulations

Although the experimental techniques, such as TEM observation, nanocalorimetry,
and X-ray diffraction, have been established to study the melting process of
nanoparticles, the understanding of this problem has not been addressed satisfac-
torily because it is not applicable to measure the temperature for a free-standing,
mass-selected nanoparticle in vacuum. At present, computer simulation techniques,
including both the molecular dynamics (MD) simulation and Monte Carlo
(MC) simulation, have been proven to be powerful methods to investigate the
melting behavior of single metal nanoparticles. They can provide not only adequate
and accurate melting characteristics at the atomic level but also a direction of
experimental analysis of nanoparticles in a larger scale.

In a MD simulation, the interactions between metal atoms are mostly employed
by many atom potential models, such as embedded atom model (EAM), the glue
model, tight-binding potential with a second-moment approximation (TB-SMA),
and Sutton-Chen (SC) potential [88], which define the form of total energy of an
N-atom system [89]. Generally, the melting behavior of the nanoparticle was
monitored by the variation of the overall nanoparticle Lindemann index with
respect to temperature, the variation of the individual atomic Lindemann indexes
with respect to temperature, the variation of the total energy or potential energy
with temperature, and specific heat capacity [90-92].

Many MD simulations have been conducted to investigate the melting behav-
ior of pure metal nanoparticles [89, 91, 93, 94], nanowires [92, 95-99], bimetallic
alloys [92, 100-102], and core-shell structures [100, 103, 104]. The melting point
and heat of fusion depression are most evident from MD simulation study, and the
surface atoms are subjected to premelting phenomena at temperatures below the
estimated melting point of the nanoparticle systems due to the higher mobility of
surface atoms. Miao et al. found that the melting temperatures of the Pd
nanowire (with 1,568 atoms) of 1,200 K were lower than the simulated
bulk value — 1,760 K — but higher than that of Pd cluster (with 456 atoms) at
1,090 K [97]. A quasi-liquid skin grew from the surface in the radial direction for
both cluster and nanowire in the surface premelting regime [97].
Sankaranarayanan et al. reported the melting and structural evolution of bimetal-
lic Pd-Pt nanowire with diameters ranging from 2.3 to 3.5 nm and found that the
melting transition temperatures for these bimetallic nanowires are much lower
than those of bulk alloys of the same composition and at least 100-200 K higher
than those of nanoclusters of the same diameter, due to the different melting
mechanisms between nanowires and nanoclusters [92]. The onset of surface
melting of nanowire is characterized by in-plane or cross-sectional
two-dimensional movement than along the axis, which is very different from
the isotropic three-dimensional movement in same-diameter nanoclusters [92].
The melting behavior of Pt-Au core-shell structure was studied by Yang et al.,
who noticed that the increasing concentration of Pt can lead to an increase of the
melting temperature of the bimetallic system [100]. In addition, the melting
temperature of nanocluster on substrate was studied by MD method too [105].
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Applications Related to Nanoparticle Melting Point Depression

Melting point depression is relevant to many applications of metal nanoparticles,
e.g., catalyst stability, device reliability, etc. Here, they focus on two areas that are
most relevant to this phenomenon, as discussed below.

Microjoining/Nanojoining and Electronics Assembly

The most successful example of nanoparticle melting temperature depression is
provided by the microjoining and nanojoining applications. Due to the require-
ments of the electronics miniaturization with faster operation, smaller integrated
circuits, and lower cost, there is an emerging and continuous need to join
nanostructures to each other, to be integrated into micro/nanoscale devices and
system. Recently, the advanced microjoining and nanojoining materials have been
synthesized and developed for micro/nanoelectronics assembly and packaging
applications [106].

Nanosoldering has drawn great attention as a possibly significant nanojoining
process in both the microelectronics industry and emerging nanoelectronics device
assembly and packaging. First, due to the phasing out of toxic lead (Pb) in the
present electronics industry, lead-free solder materials (e.g., SAC305-Sn/Ag/Cu
alloy with bulk T,, = 218 °C) have ~35 °C higher melting temperature than the
eutectic Pb/Sn (37/63) solder (bulk T,, = 183 °C), which increases the risk of the
electrical component damage during the reflow process of electronics assembly
manufacturing. The nanoscale solder (nanosolder) with smaller particle size could
potentially have lower melting temperature for the same material, which provides a
solution for lowering the high melting temperature of Pb-free material in the current
industry. Second, the typical micron-sized solders cannot satisfy the applications of
the microscale and nanoscale joining and integration. For example, novel micro/
nanojoining processes are urgently needed for packaging and interconnecting in
MEMS (microelectromechanical system), where individual electrical, mechanical,
fluidic, and optical components need to be connected and coupled to the macro-
scopic external environment [75, 106].

The tin-based Pb-free nanosolders such as pure Sn, Sn/Ag, Sn/Ag/Cu, and Sn/In
alloy nanostructures have been successfully synthesized [17, 20, 40, 53, 55,
107-109]. Due to the lack of thermodynamic parameters of alloy systems (material
properties), in general it is difficult to conduct theoretical calculations of the
melting temperature of alloy systems, and most work has been focused on exper-
imental measurements. The melting temperature depressions from few degrees to
tens of degrees have been measured by DSC in Sn/Ag, Sn/Ag/Cu, and Sn/In
nanoparticle alloy systems [20, 40, 53]. However, the DSC measurement of melting
temperature depression for Sn nanowire in the diameter around 50 nm and length in
5 pm was just 0.7 °C, which indicates that the melting point of nanowire in this size
scale is almost the same as that of the bulk material [12]. Similarly, a 1.3 °C melting
point depression was observed in Sn nanorods [17].
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Jiang et al. synthesized Sn/Ag alloy nanoparticles and studied their melting point
depression by the DSC measurement, as shown in Fig. 13. The result shows that the
melting point of Sn/Ag alloy nanoparticles was ~209.5 °C, about 13 °C lower than
that of the bulk material (222.6 °C). The onset temperature was 199.3 °C, which
indicated the melting of nanoparticles. A smaller heat of fusion of the Sn/Ag alloy
nanoparticle, 24.2 J/g, was measured, compared to the bulk value of 68.6 J/g [20].

Gao et al. studied the melting behavior of Sn nanowires and nanorods on Si
substrate [110]. The complete melting of the Sn and Sn/Ag alloy nanosolders leads
to the formation of nanoscale to microscale spherical solder balls, as shown in
Fig. 14a—d. From Fig. 14b, the relatively large contact angle (greater than 90°)
measured through SEM (scanning electron microscopy) image is caused by
non-wetting Si substrate. Compared to the solder nanowires, the average size of
the solder balls formed from nanorods was significantly smaller than that from
nanowires (the average diameter of solder balls is less than 1 pm), as shown in
Fig. 14d. This can attribute that (1) the volume of a single nanorod was smaller than
a single nanowire and (2) the distribution of nanorods on the Si wafer when
deposited was more uniform than that of the nanowires. Also, the onset melting
temperature of the Sn nanowires can be as low as 190 °C with certain type of flux
applied during the reflow process, which was about 40 °C lower than the melting
temperature of the bulk Sn.

Koppers et al. developed Sn nanosolder pastes (20 vol% metals loading) with
nanosolder particle size of 5 nm and studied their melting temperatures [108].
A four-cycle DSC measurement was applied to characterize the thermodynamic
properties of the nanoparticle/flux combinations, and the results are shown in
Fig. 15. The signal from the first heating cycle is dominated by reactions among
the nanoparticle surfaces, surfactant, and flux, other than nanoparticle melting. The
melting peak is observed with a melting onset at 153 °C during the second heating
cycle. The melting temperatures and solidification temperatures increase as the
nanoparticle sizes increase by coalescence of nanoparticles in each heating cycle.
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Fig. 14 Melting behavior of Sn-based nanowires and nanorods. (a) SEM image of Sn/Ag alloy
nanowires with 50 nm diameter and 5 pm length, (b) microscale contact angle measurement of
reflowed Sn solders on a Si wafer substrate after reflow process, (¢) SEM image of Sn nanorods,
(d) reflowed Sn nanorods in N, environment with RMA flux vapor (Adapted from Ref.
[110]. Reprinted with permission from Elsevier, Copyright (2012))
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Flexible Electronics

Due to the advantages of lightweight, favorable dielectric properties, flexible
electronics are increasingly being used in a number of applications. The develop-
ment of electric circuit fabrication on polymer substrates, especially the high-
resolution direct printing, becomes a key technique to replace the conventional
vacuum deposition and photolithographic patterning methods [111]. An important
issue of the flexible electronics devices is the conductive structure. Inkjet-printing
process is a versatile printing technique. A major challenge in applying inkjet
techniques for the printed pattern is the formulation of suitable inks. In order to
be compatible with flexible substrates (e.g., polyethylene terephthalate, PET), the
ink should be processed at temperatures below 150 °C or lower. Hence, one of the
basic requirements for the metal-based inks is forming good electrical conductivity
with low processing temperatures, such as sintering and annealing. Sintering and
annealing are very simple heat treatment methods to obtain the structural
transformation.

Since the melting temperature of nanoparticles depends on the particle size and
material type, nanoinks consisting of metal-based nanoparticles with low melting point
provide a solution for the conductive pattern formation. For high electrical conductiv-
ity purpose, gold (6 = 4.42 x 10’Q "' m™"), silver (6 = 6.3 x 10'Q ™' m™"), copper
(6=5.96 x 10Q7! m_l), and aluminum (o = 3.78 x 10°Q ! m™ Y nanoparticles are
the popular candidates as a nanoink to form printed electronics [112].
The nanoparticles were synthesized and dispersed into either organic-based
(e.g., diethylene glycol) or water-based solvents, and then the nanoparticle suspension
was placed in the inkjet printer with nozzles to print the pattern by drop-
on-demand methods, such as thermal, piezoelectric, electrostatic, or acoustic genera-
tion of droplets [113]. After printing, the substrate will be sintered at certain
temperatures in order to coalesce the nanoparticles and increase the electrical
conductivity.

The sintering of nanoparticles could lead to a significant increase in electrical
conductivity. Low-temperature sintering behavior of Ag nanoparticles was inves-
tigated by Moon et al. [114]. They used Ag nanoparticles of ~20 nm in diameter and
sintered at 150 °C which was much lower than the bulk material melting temper-
ature of 960 °C. Zou et al. sintered Ag nanoparticles at 250 °C under 20 MPa to
bond Cu metal pieces for high-temperature electronics applications [56]. Kang
et al. reported the sintering of Ag nanoparticle at room temperature with intense
pulsed light (IPL) [115]. Similarly, the 5 nm Cu nanoink was printed and sintered
by IPL methods [116].

Issues with Metallic Nanoparticles
Non-noble metals are usually rapidly oxidized on their surface at ambient condi-

tions. The effect of this thermodynamically stable surface oxide structure is ampli-
fied when the particles size is down to the nanoscale. Normally, a natural oxide
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layer formed on a metal surface at ambient conditions is few nanometers, which
may be negligible for macroscopic materials; however, the oxide layer will signif-
icantly affect the nanoscale materials in terms of their physical and chemical
properties.

For example, exposure to air or oxygen has been reported to cause a red shift of
Ag nanoparticle plasmonic bands and change of surface-enhanced Raman scatter-
ing [117, 118]; the thin oxide layer (3 ~ 4 nm) on both tin nanowires and nanorods
can dramatically affect their melting behavior [110]; aluminum nanoparticle with a
2 nm thick alumina shell has higher melting temperature predicted by the Gibbs-
Thomson equation, due to the pressure generated by the Al core [51]; and the
melting temperature of Zn nanoparticle confined to the ZnO shell is 1-2° less than
that of bulk Zn [52].

For the nanomaterial application, the oxide layer will affect the processes from
many perspectives. For example, copper is a good alternative material as it is highly
conductive and much cheaper than Au and Ag. However, the surface oxide layer on
the Cu nanoparticles normally results in a higher processing temperature (e.g.,
sintering/annealing) and lower electrical conductivity [57]. On the other hand, the
surface oxide will result in the difficulty of measurement accuracy, such as the DSC
measurement. The experimental measurement of melting temperature by DSC was
higher than the theoretical calculated result, which is due to the surface oxidation
during the nanoparticle synthesis [53].

In addition, nanoparticle agglomeration is another significant issue to affect the
measurement and applications. The severe nanoparticle agglomeration will reduce
the overall surface-to-volume ratio and hence reduce or even completely lose the
surface active properties.

Conclusion

Both the theoretical and experimental investigations proved the size-dependent
melting temperature depression of metallic nanoparticles. This solid to liquid
phase transition in nanoparticle is more complex than macroscopic scale substance.
The nature of nanoparticle melting behavior can be revealed with strong theoretical
analysis. Many models indicate that nanoparticle surfaces melt at a lower temper-
ature than that of the interiors with two-phase coexistence. The thermodynamic
models can be modified and applied to understand the melting behavior of
nanoparticles in different shapes. The available tools such as DSC,
nanocalorimeter, TEM, laser-based methods, and optical instruments can provide
observable results of melting temperature of nanoparticles with a high degree of
accuracy. As the particle size decreases, the accurate melting temperature measure-
ment becomes more difficult due to various issues, including nanoparticle agglom-
eration and surface oxidation. The lower melting temperature of metallic
nanoparticle could contribute to the nanoscale to microscale joining and intercon-
nection for the advanced microelectronics/nanoelectronics devices and flexible
electronics assembly.
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