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Abstract

The synchronized lateral spreading and through-penetration of liquid and solid gallium (Ga) in supported thin polycrystalline films of
silver (Ag) were studied. The spreading and penetration kinetics were presumably controlled by a common mechanism. The spreading
rate in the 0.5 lm thick film was found to be constant with time. The activation energies of the process responsible for spreading/pen-
etration of liquid and solid Ga were EL � 28.9 ± 4.8 kJ mol�1 and ES � 48.2 ± 9.6 kJ mol�1, respectively. Grain boundary grooving,
with Ag diffusion out of the groove either through liquid Ga or through solid Ga, was suggested as a possible mechanism of the spreading
and penetration. The model proposed reproduced the observed spreading/penetration rates and gave reasonable estimates of the energies
ES and EL.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The terms grain boundary wetting (GBW) and grain
boundary penetration (GBP) refer to the formation and
extension of capillary liquid–metal films, grooves or
channels along grain boundaries (GBs) in solid metals
[1–4]. In contrast to liquid–metal (LM) embrittlement,
GBW was observed in many metals in the absence of
applied stress [1–6]. GBW represents a kind of intergranu-
lar corrosion in liquid metals and may be attributed to
dissolution and fast out-of-tip diffusion of solid metal
atoms through the LM channels. It is well known that
the diffusion coefficient in liquid metals, DL, is faster by
at least three orders of magnitude than in solid metals
(DL � 10�9 m2 s�1 vs. DS � 10�12 m2 s�1), even around
the melting point Tm, while for T < Tm the difference can
reach many orders of magnitude, the more so the lower
the temperature is. Hence, GBW can be fast and can thus
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lead to fast degradation of mechanical properties, thermal
conductivity and electrical conductivity of the solid metal.

The kinetic mechanism of GBP/GBW is not yet clear. It
has been proposed to relate either to fast diffusion-assisted
mass transport in liquid stimulated by capillary stresses
[5,7], coherent [8] or residual [9] internal stresses, to solid-
state self-diffusion [1] or hetero-diffusion [10] into GBs.
The rate of GBW/GBP is typically of the order of 1–
10 lm s�1 [1], which suggests that GBP might cause a grave
reliability problem for microelectronic thin films, e.g. con-
tact pads, multilayer under-ball metallurgies and solder
barrier layers, which have typically sub-micrometer thick-
ness and experience intimate contact with LMs in the pro-
cess of soldering. This problem can well be of paramount
importance with the transition to lead-free solder alloys,
which interaction with GB in thin-film metals occurs at
higher reflow temperature of �240 �C for about 10 s [11].

In general, very little has been published so far in the
area of GBW in thin metal films. Furthermore, even for
bulk metals, most GBW studies have been performed on
simple eutectic systems, while all real solder alloys form
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intermetallic compounds (IMCs) with thin film microelec-
tronic metals. The competition between IMC formation
and dissolution rates in this case becomes the critical issue
[11,12].

The objective of this work was to study the kinetics and
mechanism of surface spreading and through-penetration
of liquid and solid Ga in supported thin films of polycrys-
talline silver. The Ag–Ga phase diagram is presented in
Fig. 1 [13,14]. The diagram shows Ga–Ag eutectic
(L M Ag3Ga2 + Ga) at 99.98 at.% Ga and T = 29 �C, very
close to the melting point of Ga (T mðGaÞ � 29:8 �C), and
IMCs (f, f0 and Ag3Ga2) in ranging from 22.1 to 40 at.%
Ga. The solubility limit of Ga in solid Ag at room temper-
ature (RT) is C1S = 11 at.% [14], whereas the solubility
C1L of Ag in liquid Ga is lower than 1 at.% between 30
and 60 �C, the latter being the maximal temperature used
in our spreading experiments. The equilibrium solubility
C1,Ag/Ga of Ag in solid Ga is not known; extrapolation
of the liquidus line shown in Ref. [15] yields a rough upper
estimate of C1,Ag/Ga � 1 at.%.

Along with the presence of IMCs formed by Ga with
Ag, the important reason for selection of Ag–Ga system
for investigation of GB penetration and spreading is that
Ga is remarkably prone to undercooling and can remain
liquid for quite a long time even at a temperature of about
�10 �C, which is 40 �C below its melting point. This
specific property of liquid Ga was confirmed recently by
Koizumi et al. [16–18] by use of ultrasonic attenuation
measurements in an “Al thin film–Ga” system [16]. The
wide temperature range of existence of the liquid phase
enabled measurements of the GBP rate of Ga across a wide
temperature range, thus allowing reliable data on the
activation energy of the process to be acquired. Further-
more, the tendency for large Ga undercooling provided
an interesting opportunity for comparison between the
Fig. 1. The silver–gallium bina
GBP/spreading kinetics of heavily supercooled, but still
liquid, Ga with the kinetics observed for solid Ga at the
same temperature, T < T mðGaÞ. This opportunity could
help clarify the underlying mechanism of GBP. Additional
advantages of the selected system Ag–Ga are: (i) low resis-
tivity Ag is a promising thin-film interconnect material for
microelectronics; (ii) Ag is a noble metal, thus there is no
need for protective atmosphere to prevent its oxidation
during the experiments at around RT; and (iii) Ga has a
low vapor saturation pressure and thus does not contami-
nate the equipment.

2. Experimental

A 5 N (99.999%) Ag target was used for vacuum ion-
sputtering deposition of Ag films on 1 mm thick transpar-
ent Corning glass substrates. The films had a thickness
h = 0.47 lm, making them non-transparent to visible light.
The grain size d � 0.1–0.2 lm of the polycrystalline film
was measured by atomic force microscopy (AFM). Prior
to exposure to Ga, the surface of the Ag film was rinsed
with distilled water, acetone and isopropanol, and subse-
quently dried with pure Ar gas. The Ga was melted by
hot air, and small drops of it, with varying initial sizes,
were carefully placed on the Ag film.

In order to avoid massive dissolution of the Ag film in
Ga, we used drops of liquid Ga that were presaturated,
prior to the wetting experiments, with Ag – up to the solu-
bility limit C1,Ga/Ag of �3 at.% Ag and even contained
some excessive Ag in precipitates. This was done by heating
a small volume of Ga together with small chips of Ag (total
�20 at.% Ga) for 3–4 h at 200 �C. The presence of Ag-rich
precipitates in liquid Ga formed a large Ag reservoir, which
guaranteed that the liquid was saturated with Ag, even at
the highest temperature of 60 �C used in our experiments.
ry phase diagram [13,14].
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As Ga is apt to undercooling well below its equilibrium
melting point, the Ga drops could be maintained at
T < T mðGaÞ. Alternatively, the drops were kept solid at
the same exposure temperature via precooling in a mixture
of liquid acetone and dry ice, having a temperature of
about �78 �C, and subsequently heating them to a specific
temperature below T mðGaÞ. This heating was done either in
a freezer/refrigerator or in a furnace. All wetting/penetra-
tion experiments were performed in ambient air.

Bottom view (i.e. through the glass) and top view light
photomicrographs were acquired to trace the morphology
and velocity m ¼ DR=Dt of the Ga wetting front between
+60 and �10 �C. Here, R is the radius of the spreading
drop of Ga and t is time. This was done by means of an
Olympus IX71 light microscope, equipped with ColorView
II CCD camera and analySIS docu software package, both
from Soft Imaging System. Scanning electron microscopy
(SEM) and AFM were used to characterize the surface
morphology, while energy dispersive X-ray spectroscopy
(EDS) was used to determine the chemical composition
in different regions of the surface. The contact mode
AFM work was done in air, using a PicoSPMe microscope
and tips made of Si3N4 (from Veeco), having a spring con-
stant of 0.12 N m�1.

3. Results

The bottom-view microscope images revealed the first
signs of Ga penetration through the Ag film after exposure
for about 25 s. Subsequently, spreading by radial extension
of a lusterless “grey” region around a “black” region of the
drop itself became evident (Fig. 2). The area Ad of the
black region and its shape did not change with time. It
was remarkable to see that at any moment, for different
temperatures and drop sizes, the shape of the spreading
front as seen from the bottom was nearly an exact mirror
Fig. 2. Top-view light photomicrograph of a Ga drop on the surface of a
0.47 lm thick, opaque polycrystalline Ag film supported by transparent
glass. This image shows a lusterless “grey” region that spreads at room
temperature with a constant linear velocity v = DR/Dt, as well as the
“black” region of the Ga drop and a “virgin” region of the intact Ag film.
reflection of the corresponding top view (Fig. 3). As the
Ag film was opaque to visible light, this observation sug-
gests a common mechanism that controlled both the sur-
face spreading of Ga and its penetration through the thin
Ag film.

Cross-sections were prepared by placing a few Ga drops
on the Ag film, as close as possible to each other. The Ga/
Ag/glass “sandwich” was then frozen at T = �78 �C and
subsequently fractured by bending. SEM images of the
cross-sections showed that the Ga drops rested on the Ag
surface with the contact (wetting) angle h � 30� (Fig. 4a).
The contrast of the Ag film beneath the Ga drop is evident
in Fig. 4a. The presence of the Ag film is also evident from
the EDS line scans (Fig. 4b). It was concluded that the Ag
film beneath the Ga drop did not dissolve during the exper-
iment and therefore the good matching between the bot-
tom- and top-view images reflected the penetration of Ga
through the solid Ag film but not the two sides of the liquid
Ga drop.

SEM/EDS and X-ray mapping enabled us to relate the
visually different regions at the surface of the film (Fig. 5)
to different chemical compositions, as given below in at.%:

(1) The virgin Ag region ahead of the spreading grey
front: 90 Ag, 2 Ga, 8 Si (the latter – from the glass
substrate, while small Ga signal comes likely from
the parasite scattering).

(2) The grey region: 60 Ag, 35 Ga, 5 Si. The fact that
EDS shows Si from the glass substrate means that
the depth of the EDS analysis (�1 lm) exceeds not
only the thickness of the liquid Ga-rich layer, but also
the total thickness of the Ga and 0.47 lm Ag layers.
This implies that the actual Ga concentration in the
Ga-rich grey region may be considerably larger com-
pared to the measured 35 at.% and, therefore, that
the spreading grey layer possibly represents a mixture
of IMCs and liquid Ga.

(3) The black region, closer to the perimeter of the drop:
92–96 Ga, 8–4 Ag.

(4) The black region, at the center of the drop: 99 Ga, 1
Ag.

(5) Both the SEM images and the EDS data show dis-
tinct borders between the three regions (Fig. 5a),
and a sharp contrast between Ga concentrations in
the regions (Fig. 5b). These findings suggest that Ga
spreading over the grey region did not occur by sur-
face diffusion; if the latter was the case, the Ga con-
centration profile would have been smoother. On
the other hand, the fact that the black region did
not expand with time indicates that the spreading
mechanism cannot be simplified to flow of bulk liquid
phase.

AFM clearly revealed the original grain size in the virgin
area, d � 0.1–0.2 lm (Fig. 6a), while the grain structure
within the grey area was much less pronounced (Fig. 6b).
The structure observed here has a smooth contour that



Fig. 3. Perfect correspondence between the top view (a) and the bottom view (b) of a Ga drop spreading at room temperature over the surface of a
0.47 lm thick, opaque polycrystalline Ag film on transparent glass. The images were acquired at 1 min (top), 90 min (middle) and 200 min (bottom) after
Ga deposition. Continuous spreading of the grey area around the drop is clearly evident.
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suggests a wetted surface, which can be attributed to the
presence of liquid Ga, which filled the grooves between
the grains and caused fast liquid-phase-assisted mass
transport from the ridges to valleys; the latter process
additionally favors smoothening. Formation of very large,
elongated grains on the micrometer length was observed at
the interface between the grey and virgin regions (Fig. 6c).
This observation is compatible with the suggested presence
of liquid Ga in the GB grooves, and can presumably be
interpreted as the result of the well-known phenomenon
of liquid-phase-assisted coarsening/sintering/recrystalliza-
tion of metals [19]. The observed formation of whiskers
at the moving front (Fig. 6f) reflects likely a relief of
compressive stresses, which form in the Ag film due to
volumetric changes caused by interdiffusion of Ga and
IMC formation. The presence of a wetting liquid phase
was reported to favor whisker morphology with a high
aspect ratio by “activating” the growing tip; this effect is
explored in the vapor–liquid–solid process of crystal
growth [20]. All these findings show that a thin film/precur-
sor film formed in the grey region ahead of the drop. The
thickness of this film (averaged over the green line of length
�100 lm in Fig. 6d and e) is about 150 nm. The observed
smoothed surface contour (Fig. 6b), together with the
microstructure coarsening (Fig. 6c), suggests the presence
of a liquid phase at the moving front of the precursor
region, which also contains IMCs formed between Ga
and Ag. Fig. 6e shows a well-defined hump of height
�250 nm and about the same width at the moving front
of the precursor film. It is known that the wetting films
can develop a hump at the end when the contact line can-
not move as fast as the fluid being driven by the acting
stresses [21,22]. Several factors can lead to such a situation,
e.g. pinning of the triple line due to the ridging effect [23].

The first observation of a thin precursor film of liquid
metal that extends a few hundred micrometers ahead of
the macroscopic drop and has a hump at the edge was
made by Saiz and Tomsia [22] for the fully miscible metal



Fig. 4. (a) SEM image of the fracture surface of a frozen Ga drop,
exposing the Ag film beneath it. (b) EDS line scans support the presence of
the Ag film.

Fig. 5. Secondary electrons image (a) and X-ray spatial mapping of Ga
(b), demonstrating the virgin (1), grey (2) and black (3) regions. The front
of the grey region extends in the direction shown by arrow in (a).
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system Au–Ni. The authors attributed their observations to
the Marangoni stress associated with the gradient of liquid
surface energy due to varying liquid composition under
simultaneous spreading, dissolution and interdiffusion.
Although our observations relate to the Ag–Ga system
with limited mutual solubility and the existence of IMCs,
the line scan height profile in Fig. 6e bears a striking resem-
blance to that reported in Fig. 4b in Ref. [22]. This may
suggest that, in both cases, the hump results from the
Marangoni stress, the formation of which does not neces-
sarily require full miscibility of the liquid and substrate
metals (in contrast to the idea expressed in Ref. [22]).
Another possible explanation is given in Section 4.1, in
terms of coupling between the interface reaction flux and
the transport flux in the precursor film region. Additional
work is required to select between these two possible expla-
nations; at present, the second possibility seems more suit-
able because it fits better the wetting mechanism of
spreading discussed in Section 4.1.

The time dependence of the drop area at RT is shown in
Fig. 7a for four drops with different initial areas A0 (17,300,
47,800, 107,370 and 116,010 lm2). As mentioned before
and illustrated in Fig. 7a for drop #3, the area of the black
region did not change with time. In contrast, the area of the
“grey” region DA grew linearly with time, showing a con-
stant area spreading rate S ¼ DA=Dt, which increased with
A0 (see Fig. 7a). This behavior suggests that the spreading
rate was controlled by the rate of interface “reactions” at
the moving front (e.g. dissolution, movement of the ridges,
GB grooving, IMC formation or other detachment/attach-
ment events), rather than by diffusion transport or viscous
flow, for which a square root time dependence is usually
valid [24,25].

The spreading distance of the drop edge DR(t) in our
experiments was always much smaller than the initial drop
diameter 2R0, namely:

DRðtÞ ¼ ½RðtÞ � R0� � 2R0 ¼ 4A0=pð Þ1=2 ð1Þ
Assuming a circular drop, the increment in the drop area

DA under the small-scale displacement condition expressed
by Eq. (1) is:

DA � 2pR0DRðtÞ ð2Þ
For diffusion-controlled spreading regime DR�Dt1/2,

the spreading rate S = DA/Dt in Fig. 7a should decrease
with time. In contrast, for an interface reaction-controlled
regime:

DRðtÞ ¼ bt ð3Þ



Fig. 6. AFM in situ observations: (a) microstructure of the virgin region; (b) smoothed microstructure in the grey region; (c) microstructure coarsening at
the border between the grey and virgin regions; (d) front of the grey region that extends ahead of the drop at RT; (e) the height profile along the green line
in (d); (f) 3-D view of the moving front: the grey region is on the right and the virgin region is on the left of the front.
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where the kinetic coefficient b is determined by the rate of
the reaction at the spreading front, has the meaning of a
linear spreading rate, and should not depend on time. In
this case:
DA � 2pR0bt ð4Þ
and the spreading rate S should be constant in time:

S ¼ DA=Dt ¼ 2pR0b ð5Þ
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Fig. 8. Example of a non-circular drop for which Ga spreading occurs
only across part of the drop perimeter.
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Comparing the plots in Fig. 7a with Eqs. (2) and (5), we
conclude that a parabolic diffusion regime, described by
Eq. (2), does not match our experimental results obtained
under small-displacement conditions DR(t)� 2R0, while
the linear kinetic regime does. Indeed, Eq. (5) predicts a
constant spreading rate S that increases with the initial
drop size R0, and the data in Fig. 7a are in a qualitative
agreement with these predictions, showing that the slope
S is actually constant and increases with the initial drop
area A0.

Fig. 7b was plotted based on the data in Fig. 7a. It
shows that the kinetic coefficient b calculated from the
experiment and Eq. (5) does not depend on A0, at least in
the wide interval of the initial drop areas
20,000 lm2 < A0 < 110,000 lm2 that was mainly used in
our further experiments.

So far, it has been assumed that the drops are circular,
or close to circular, and spread uniformly in all directions.
However, this assumption is not always true. Our observa-
tions revealed that Ga drops sometimes spread also in a
“freak” way, exhibiting asymmetrical shapes (see Fig. 3)
and outward movement of only part of their perimeter
(Fig. 8). In these cases, the liner displacement DR was
measured directly at four or five different points across
the perimeter of the drop, and the average D�R (t) was then
calculated. When plotting the measured linear spreading
rate D�R=Dt vs. b, a good correlation was found, linear
regression yielding D�R=Dt ¼ 1:04b. This means that
D�R=Dt and b can be used alternatively as practically equiv-
alent measures of the spreading kinetics.

The decay in the through-penetration of Ga in Fig. 3b is
another manifestation of this “freak” wetting behavior. Its
exact origin is not clear at the moment; it may be related to
contamination imposed on the soft Ag by the small sharp
wood sticks used in our experiments for placing the Ga
drops on the Ag/glass substrate, to formation of air/water
pockets, to residual stress or to plastic strain. Note that this
decay in through-penetration at the center of the drop did
not prevent accurate measurements of the extension rate
DR/Dt of the drop perimeter.

Fig. 9 shows that the spreading of Ga was faster as tem-
perature was raised. These experiments were performed by
means of the “one drop/many temperatures” technique, as
follows. A Ga drop was placed on the Ag film at 0 �C for
100 min, and the spreading kinetics was monitored. The
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temperature was then raised to 10 �C, and the kinetics at
this new temperature was monitored for additional
100 min. The procedure was repeated, increasing the tem-
perature to as high as 60 �C. Several conclusions can be
drawn from Fig. 9. First, the spreading rate increased with
temperature, thus suggesting a thermally activated process.
Second, spreading occurred at temperatures as low as
10 �C, i.e. below the melting point of pure Ga or the Ga–
Ag eutectic. Light microscopy observations confirmed that
in these experiments with non-precooled (npc) Ga, the
drop at 10 �C was in the liquid state. Additional experi-
ments were performed in order to learn whether penetra-
tion and spreading of Ga could occur when Ga was in
the solid-state after precooling to well below its melting
temperature. To this end, liquid drops of Ga were placed
on the Ag film, and the whole Ga/Ag/glass sandwich was
immediately deep-frozen at T = �78 �C in liquid acetone
cooled by dry ice. The spreading kinetics was subsequently
monitored at different temperatures in the range from �10
to +60 �C, and the spreading rate D�R=Dt measured for
these precooled (pc) samples.

Surprisingly, it was observed that spreading and
through-penetration can occur even in the pc samples
quenched at �78 �C, a temperature well below the melting
point of Ga. In these samples we found fairly good corre-
spondence between the top and bottom views of the
spreading front and extension of the grey region around
the bulk drop. The behavior of the pc samples is compared
to that of the npc samples in Fig. 10. Above the melting
point of Ga, the pc and npc samples naturally feature the
same spreading/penetration rate DR/Dt, and the activation
energy of the process, as obtained from Fig. 10, is
EL ¼ 28:9� 4:8 kJ mol�1. This value is compatible with
the typical activation energy of diffusion in liquid metals
and alloys and is well below the value typical of GB diffu-
sion in Ag. In contrast, below the melting point of Ga, the
kinetics data for the pc samples are heavily scattered –
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some of the pc samples show D�R=Dt comparable to that
for their npc counterparts, while others feature a much smal-
ler and hardly measurable velocity DR/Dt < 1.7 	
10�16 m s�1, i.e. they show no visible extension of the grey
area. The origin of such a behavior could be due to large
internal stress caused by quenching the Ga/Ag/glass sand-
wich at �78 �C. This issue will be discussed in Section 4.
The straight line 2 in Fig. 10 is drawn through the points
for which DR/Dt still could be measured, ignoring the points
that fall on the npc line and are shown separately. The slope
of line 2 yields ES ¼ 48:2� 9:6 kJ mol�1. Fig. 10 shows that,
close to the melting point of Ga, the spreading rate DR/Dt for
the npc samples wetted with liquid Ga is about three times
that of the pc samples.

4. Discussion

4.1. Kinetic regime of spreading

It seems likely that the capillary forces decelerate when
the contact angle reaches some stationary value. Further
spreading is slower and can be controlled by attachment/
detachment processes at the triple “solid–liquid–vapor”

junction rather than by viscous flow. By analogy with for-
mal chemical kinetics, this interface reaction-controlled
regime can be called “kinetic” to distinguish it from the
“transport”, i.e. purely hydrodynamic regime of viscous
flow, or “molecular-dynamic controlled” in the terminol-
ogy of Saiz and Tomsia [22]. To meet the continuity, the
viscous flow flux, JVF, towards a triple junction should be
coupled with the “interface reaction” flux, JR, directed into
the virgin region. The hump formed at the moving front of
the grey region (Fig. 6e) helps in providing the coupling in
the situation when an outcome reaction flux JR in itself is
smaller than the hydrodynamic flux JVF. An analogy here
is the increase in the pressure of a liquid in a narrow section
of the tube with periodic variations in its cross-section.

The onset of the grey region in our experiments can
likely be attributed to transition to a “kinetic” regime of
spreading, with constant velocity m = DR/Dt � 10�9 m s�1

at RT and activation energy 28.9 kJ mol�1 (see Fig. 10, line
1). Within this approach, the contact angle h � 30� could
be interpreted as a stationary, or slowly decreasing, value
rather than an equilibrium one. With the aforementioned
m � 10�9 m s�1, the surface energy of liquid Ga,
cLV = 0.7 J m�2, and its viscosity gGa � 1.7 	 10�3 Pa s at
27 �C [26], the capillary number, Ca300, is [22]:

Ca300 ¼ tgGa=cLV � 3	 10�12 ð6Þ
The maps “contact angle h vs. Ca” for the kinetic regime

of spreading of a uniform liquid layer over a flat substrate
were constructed for several liquid/solid metal systems in
Ref. [22]. According to these maps (see Fig. 3b in Ref.
[22]), h � 30� corresponds to Ca � 10�4–10�3. For correct
comparison with the Ca300 � 3 	 10�12 obtained from
Eq. (6), one should note that the maps in Ref. [22] were
constructed based on wetting experiments performed at
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1100 �C, while the work reported herein was conducted at
around 27 �C. To correct for temperature, we used the acti-
vation energy of spreading in the “kinetic” or “molecular-
dynamic controlled” regime DGW = 96.5 kJ mol�1, which
yielded the best fit to the experimental data in Ref. [22],
and calculated the ratio m1373/m300 = exp(�DGW/1373kB)/
exp(�DGW/1073kB) = 3 	 1013. With this correction fac-
tor, and ignoring a weak temperature dependence of the
group (gGa/cLV) � 10�3 s m�1 in Eq. (6), extrapolation of
Ca � 10�4 
 10�3 to 27 �C yields Ca300 = 10�4 
 10�3/
3 	 1013 � 10�17. The extrapolated velocity that corre-
sponds to this extrapolated Ca300 is m300 � 10�14 m s�1,
while the experimental value is m300 � 10�9 m s�1. Note
that for h < 30�, which is possible in the extension of a thin
precursor film, this striking difference between the spread-
ing rates will be even higher. This discrepancy shows that
extension of the grey region in our experiments at RT occu-
red much faster compared to that expected in Ref. [22] for
a kinetic regime of spreading over a flat substrate. Together
with the linear spreading (Fig. 7) that supported just the
kinetic regime, this finding suggests the presence of surface
defects which affected surface roughness in such a way that
it promoted spreading. We propose that GB grooves play
the major role among these defects and that spreading
occurs via “secondary wetting”. Another important argu-
ment against the idea that the synchronized spreading in
the “kinetic” regime occurred over a flat surface is obvi-
ously the dramatic difference between the activation energy
EL ffi 28.9 ± 4.8 kJ mol�1 found for this process in our
experiments and the value DGW = 96.5 ± 9.7 kJ mol�1 sug-
gested in Ref. [22].

4.2. Secondary wetting

The extension of a lusterless “grey” spot around a static
drop of wetting liquid metal (Hg, Ga, Sn, etc.) placed onto
the surface of various polycrystalline metals have been dis-
cussed extensively for decades in terms of various mecha-
nisms of surface diffusion or/and wetting [24,25,27,28].
Nowadays, it is widely presumed that this phenomenon
results from a so-called secondary wetting attributed to
the promotion of wetting by GB grooves [24].

Grain boundary grooving (GBG) is a spontaneous pro-
cess driven by the tendency to minimize the total surface
and GB energy, and is controlled by the rate of capillary-
driven diffusion mass transport [29]. Thermal GB grooves
in polycrystalline metals form even in vacuum [29], but
their formation is particularly fast in the presence of wet-
ting liquid metals [30–32]. In this case, spreading of liquid
metals can continue by flowing along the GB channels
which radiate from the macroscopic triple line
[24,25,28,33]. Summ and Gorynov [25] provided good evi-
dence in support of this mechanism. These authors
observed extension of the lusterless, “grey” region ahead
of an Hg drop on the surface of Zn polycrystals. They con-
firmed by autoradiography the presence of the network of
GB grooves infiltrated with Hg and showed finally that the
grey region did not form at the surface of a Zn single crys-
tal. Later, Sharps et al. [33] studied the secondary wetting
of a Cu–Ag solid solution with small (20 lm) grains by a
liquid eutectic Ag–Cu. They observed the formation of a
dense network of GB liquid channels ahead of the triple
junction, resulting in a macroscopic dihedral angle h nearly
equal to zero. When the liquid fills the GB channels, it can
also expand onto the free surface on both sides of the
grooves, forming liquid caps having their bases in the
grooves. The width of the caps scales with the groove depth
and increases with time, so that they can merge [24]. The
spreading of the thus-formed film will be controlled by
the grooving rate.

We propose that the common process that controls both
the lateral spreading and through-penetration of Ga in our
experiments, and is responsible for the observed perfect
matching of the top and bottom views of the film, is just
secondary wetting. According to this mechanism, the
spreading rate m of the moving grey front is determined
by the groove extension rate mGBG; the latter is much the
same in the lateral and vertical directions. Grain boundary
diffusion of Ga into solid Ag and the formation of an IMC
between Ag and Ga complicate the analysis; we will there-
fore attempt to clarify the role of these factors. Regarding
dissolution of Ag into liquid Ga, this process could not
occur in our experiments due to the aforementioned presat-
uration of Ga with Ag.

4.3. Spreading mechanism: grain boundary diffusion,

intermetallic formation or grooving?

The activation energy for the penetration/spreading of
liquid Ga on Ag, EL ffi 28:9 kJ mol�1, is considerably smal-
ler than can be expected for any solid-state diffusion pro-
cess in Ag [34], but is comparable with an activation
energy of diffusion in liquid metals and alloys [26,34].
The measured value of the activation energy for the pene-
tration/spreading of solid Ga on Ag, ES = 48.2 kJ mol�1

(Fig. 10, line 2), also seems to be too small for solid-state
processes in Ag. For example, GB self-diffusion of Ag
shows activation energy E = 72.4 kJ mol�1 [34], whereas
GB diffusion of indium (an element which belongs to the
IIIA group of the periodic table, like Ga) in Ag shows
E = 61.7 kJ mol�1 [34].

As was already mentioned, the penetration of Ga
through the Ag film with thickness h � 0.47 lm takes
approximately 25 s at RT. Assuming a constant penetra-
tion rate, one obtains its mean value, mp � 19 nm s�1. The
diffusion rate mp is of the order of D/h, and with this we
get the rough estimate DGa = h mp � 10�12 m s�1. The diffu-
sivity of Ga in GBs of Ag has not been reported, but it
should, in principal, not differ much from that of In in
GBs of Ag. Yet, at RT, the latter was reported to be only
D 6 7 	 10�17 m2 s�1 [34], which is much lower than DGa.

The rapid penetration observed may, in principle, be
related to formation of IMCs between Ag and Ga; our
EDS observations suggest that IMCs may have actually
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formed in the grey region. However, if the IMCs form and
Ga diffuses preferably through these IMC films, would the
process be rapid? The strong chemical bonds in IMCs
should result in higher activation energies for diffusion
compared to those in pure metals. For example, the GB
diffusion of Ga or Ni in Ni3Ga shows an activation energy
of �183.3 kJ mol�1 [35]. Therefore, the formation of
Ag3Ga cannot explain the fast penetration/spreading kinet-
ics, and is assumed to represent a secondary process which
follows fast GB grooving, the penetration mechanism that
is discussed in detail below. We assume that formation of a
continuous IMC layer either does not occur or requires
more time than GB grooving via dissolution and diffusion
through liquid, so that IMC does not prevent Ag from inti-
mate contact with liquid Ga. The literature on soldering
shows that in many cases the layers of IMCs formed are
not actually continuous but have the scallop-type morphol-
ogy, so that the liquid metal has easy access to the solid
one. Particularly interesting are the recent observations
by Tu et al. [36], which showed that when the molten solder
reacts with the layer-type IMC, the reaction begins by wet-
ting high-angle GBs in the IMC by the solder, a process
that follows at GBs of the solid metal substrate. Tu et al.
noted that the scalloped morphology of the IMC enables
a high rate of exothermal wetting reaction.

Assuming that GB diffusion of Ga and formation of
IMC occurred in the solid Ag, one can expect that the rate
of the penetration/spreading would be the same with
liquid and solid Ga as the diffusants. In contrast to this,
Fig. 10 clearly shows that the penetration/spreading rate
is considerably faster with liquid Ga. The diffusion coeffi-
cient DL for liquid-phase diffusion in metals is many
orders of magnitude higher that for solid-phase diffusion
[11,12,34], and fast diffusion through liquid seems to be
the actual process that controls the fast spreading and
penetration. The observation of grain coarsening (Fig. 5)
may be considered as evidence in support of this idea,
because the presence of a liquid metal between grains is
known to accelerate grain growth [19] and GBG [29–32]
dramatically. Our hypothesis is that the secondary wetting
outside the black region becomes possible because of the
formation of GB grooves filled with liquid Ga. The exact
matching between the top and bottom views of the grey
region is thought to result from the formation and exten-
sion of such grooves filled with Ga. The GB grooves reach
the interface between the tiny grained Ag film and the
glass substrate, and form a dense, hatched network there,
which appears under a light microscope as a “grey
region”.

4.4. Morphology of grain boundary grooves formed in Ag in

the presence of liquid Ga

According to this mechanism, the spreading rate m of the
moving grey front is determined by the groove extension
rate mGBG; the latter is much the same in the lateral and ver-
tical directions. Grooves formed during the wetting process
increase the actual area of the solid/liquid interface and,
therefore, provide better thermodynamic conditions for
wetting, which can occur when the following criterion is
met [24,25]:

cGB=2cSL ¼ cos h=2 P sin h0 ð7Þ
where h0 is the wetting angle formed by the drop on the
macroscopically smooth solid surface and

h ¼ 2 cos�1ðcGB=2cSLÞ ð8Þ
is the contact angle at the groove tip that is dictated by the
equilibrium between the GB surface tension cGB and the
surface tension cSL of the interface between liquid Ga and
solid Ag. The larger the wetting angle h0 (or, in other
words, the poorer the wettability is), the smaller should
be h at the tip of the groove to allow secondary wetting.
Our observations showed that, for Ga on Ag, h0 ffi 30�

and, with this, Eq. (7) predicts that the wetting is possible
at h 6 120�. This is not a strict requirement. Indeed, a dihe-
dral angle h of about 120–150� is typical for the thermal
grooves formed at a random high-angle GB in vacuum
[29], while cSV at the solid–vacuum interface is always lar-
ger compared to cSL; this means that the h formed in the
presence of a liquid metal will be smaller than 120�. With
the realistic values cGB ffi 0:5 J m�2 for Ag and
0:3 6 cSL 6 0:4 J m�2, Eq. (8) predicts 67� 6 h 6 103�. This
is quite a large dihedral angle that allows easy penetration
of liquid Ga to the tip of an advancing groove without a
steric barrier.
4.5. Grooving and spreading kinetics

4.5.1. Grooving assisted by liquid Ga

As mentioned above, the exact matching between the
top and bottom views of the grey region results, in our
view, from a dense network of GB grooves filled first with
liquid Ga (and later with IMC), which reaches the Ag/glass
interface. The spreading/penetration rate in this model is
determined by the GB grooving rate.

According to Mullins [29] and Robertson [32], the depth
of the groove DL increases with time t as:

DL � ctgðh=2ÞðCtÞ1=3 ð9Þ
where the constant C depends only on the material proper-
ties in the solid/liquid couple:

C ¼ DLc1LcSLX=kBT ð10Þ
Here, DL is the diffusion coefficient of solid Ag in liquid

Ga, c1L is the equilibrium solubility (atomic fraction) of
solid Ag in liquid Ga, X is the atomic volume of Ag, kB

is the Boltzmann constant and T is temperature. From
Eq. (9) it follows that the time t� / h3 required for groove
penetration through the film thickness h, that is from
DL ¼ 0 or DL ¼ h, defines the average grooving velocity:

mGBG ¼ h=t� ð11Þ
Eqs. (9) and (11) yield:
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mGBG ¼ C=h2  tgðh=2Þ½ �3 ð12Þ
We propose that the GBG process, assisted by very fast

liquid-phase diffusion, is responsible for both penetration
and spreading, which result from the simultaneous exten-
sion of the same GB grooves in both the normal and lateral
directions. Thus, the experimental linear spreading velocity
DR/Dt, or b, equals essentially the grooving velocity given
by Eq. (12).

Let us estimate how large should be the diffusion coeffi-
cient DL of Ag in liquid Ga to fit the observed DR/Dt =
1.5 	 10�9 m s�1 at 20 �C (Fig. 10, line 1). Substituting
T = 293 K, c1L ¼ 2	 10�4 (eutectic in Fig. 1), cSL ¼ 0:34
J m�2, X ¼ 10�29 m3, h ¼ 4:7	 10�7 m and h ¼ 85� into
Eq. (12), one obtains DL = 2.6 	 10�9 m2 s�1. This value
is reasonable for diffusivity in liquid metals; DL for self-
and hetero-diffusion is typically �10�9 m2 s�1 [11,12,26,34]
when the components of the liquid do not form chemical
compounds [26]. Hence, we conclude that the groove-
assisted wetting is fast enough to account for the observed
penetration/spreading rate.

It is worth noting also that the EL ffi 28:9 kJ mol�1

found from our spreading experiments is typical of many
solder wetting reactions [11,12], but is larger than the spe-
cific value of 4.8 kJ mol�1 reported in Ref. [26] for self-dif-
fusion in liquid Ga. It seems likely that the higher
activation energy and the smaller diffusivity DL mentioned
result from the same factor – chemical interaction between
Ga and Ag in the liquid. It is known that chemical interac-
tion between constituents, in particular at the composition
of a liquid alloy that is close to the IMC composition, often
results in considerable reduction in DL and increase in EL

[34]. It is also possible that the detachment and attachment
reactions at the solid Ag (or IMC)–liquid Ga interface
involved in GBG increase the activation energy of GBG
above EL and thus cause a decrease in the effective diffusiv-
ity. The very short diffusion distances involved in GBG in
the 0.47 lm Ag thin film favor this possibility of a mixed
“diffusion/reaction” grooving regime.

4.5.2. Grooving assisted by solid Ga
It is known that GBG and wetting can also occur in

“solid/solid” metal couples [37,38]. This is so in particular
when the diffusion mobility in one of the metals, say “A”, is
much higher than in another metal, so that “A” can act as a
fast diffusion pathway, in this respect playing the role of
the liquid phase in liquid–solid couples. We have suggested
elsewhere [39] that GBG assisted by solid Ga operates in
precooled Ag–Ga samples, below the melting temperature
(Fig. 10, line 2). Residual stress in solid Ga, which can form
due to structural misfit at the solid Ga/Ag interface, is
expected to be completely released, as the Ga in our exper-
iments is very close to its melting point. This suggests that
the interfacial energy cSL is dictated in this case mainly by
its chemical component, and should be close to that at the
liquid Ga/Ag interface. We assumed further that diffusion
of Ag atoms out of the growing groove occurred along GBs
of solid Ga. We applied Eqs. (10) and (12), in which instead
of DL we used the product DGBðd=dÞ, with DGB being the
GB diffusion coefficient of Ag in solid Ga at RT, d the
GB thickness and d the grain size in solid Ga.

Substituting DGBðd=dÞ for DL and using the reasonable
values d = 10�6 m, d ¼ 5	 10�10 m, cSL ffi 0:3 J m�2 and
h = 70�, it is found from Eq. (12) that it fits the experimen-
tal spreading velocity (DR/Dt) = 7 	 10�10 m s�1 (Fig. 10,
line 2 at T = 30 �C) at DGB � 2 	 10�9 m2 s�1. For most
solid metals, the GB diffusion coefficient DGB near the
melting temperature is of the order of 10�9 m2 s�1 [14], thus
indicating fairly good agreement between the theory and
experimental data. Furthermore, the measured ES ffi 48:2
kJ mol�1 (Fig. 10, line 2) can be reproduced in the solid-
state grooving model and attributed to the activation
energy of GB diffusion in solid Ga, EGa

GB. While the experi-
mental value of EGa

GB is not known, we estimate it roughly,
as described below.

The stable phase of Ga under normal conditions is
orthorhombic, with eight atoms in the conventional unit
cell. Each atom has only one nearest neighbor and the
bonding between atoms is covalent, hence the Ga2 dimer
is seen as the fundamental building block of the crystal.
Strong atomic bonds in the dimers are responsible for the
high boiling point (2204 �C), while weak secondary bonds
between dimers dictate the extremely low melting point.
Considering high-angle GBs in Ga as a disordered “phase”

in which diffusional mobility is determined by the second-
ary bonds, the activation energy of Ga self-diffusion in this
GB “phase” can be roughly estimated by the well-known
empirical relation EGa

GB � 18kBT m [34]. This estimate yields
EGa

GB � 48:2 kJ mol�1. One should not expect a dramatic
difference between EGB for GB self-diffusion of Ga and that
for GB hetero-diffusion of Ga in Ag [40].

4.6. On the role of thermal stress

The data in Fig. 10 stimulate the question why some of
the Ag films exposed below the melting point of Ga to
“precooled”, expectedly solid, Ga show high penetration/
spreading rate, which is typical of liquid Ga at tempera-
tures above its melting point, while some nominally similar
samples showed a very slow, unmeasurable, spreading/pen-
etration rate. This “freak” behavior may be related to the
fact that Ga expands on solidification, showing a volumet-
ric change DV/V0 = + 3.2% at T mðGaÞ and pressure
P = 1 atm (see Table 1).

In order to quantify such a behavior, let us assume that
a small “inclusion” of liquid Ga that penetrated at GBs of
solid Ag is surrounded by a strong IMC or is otherwise
perfectly constrained against free expansion under solidifi-
cation. In this case of perfect three-dimensional (3-D) con-
straint, the 3.2% volumetric expansion of Ga under
solidification forms in the inclusion under very high hydro-
static compression stress, DP:

DP ¼ KðDV =V SÞ ¼ 0:032K � 2:1 GPa ð13Þ



Table 1
Materials parameters used in the calculation of the change of the melting point under pressure.

Metal Atomic volume
(X 	 1017 m3)

Volume change due to
fusion, DV/VS = (VS � VL)/VS

Bulk modulus,
K (GPa)

Normalized entropy
of fusion, SF/kB [26,41]

Surface energy of
liquid, cLV (J m�2) [26]

Melting temperature Tm0

at ambient pressure, P0 (K)

Ga 2 +0.032 67 2.3 0.74 303
Bi 3.8 +0.034 37 2.3 0.38 544
Solid Ag 2 �0.038 76 1.1 0.87 1234

Subscripts S and L refer to the solid and liquid states, respectively.
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where K = 67 GPa is the bulk modulus of Ga (Table 1).
The pressure makes solidification more difficult, increases
the stability of the low-volume liquid Ga phase and thus
shifts the equilibrium solidification/melting point Tm to a
lower temperature, by DTm. The value DTm can be esti-
mated from the Clapeyron equation [42,43]:

DT m ¼ DV DP=SF ð14Þ
where SF is the entropy of fusion, given in Table 1. Eqs.
(13) and (14) yield:

DT m ¼ ðDV Þ2K=V SSF ¼ 49� ð15Þ
Along with the approximate estimation from Eqs. (13)

and (14), one can use the experimental P–T phase diagram
for Bi [42,43] to get an idea on how large DTm should be for
Ga. The use of the Bi diagram here is justified since Bi has
the same entropy of fusion, SF, as Ga and practically the
same positive change in the molar volume, DV/VS, on
solidification (see Table 1). Moreover, the behavior of Bi
under high pressure has been studied more than that of
Ga, which shows a number of metastable phases in the
P–T phase diagram, e.g. melts at RT at P � 2 GPa, and
crystallizes again in the metastable phase Ga-III with fur-
ther increase in P [44]. The bulk modulus of Bi is smaller
than that of Ga (Table 1), hence Eq. (15) predicts a reduc-
tion in DT m. In spite of this, the P–T diagram for Bi repro-
duced in Refs. [42,43] shows DT m ¼ 102� under the same
compression stress P = 2 GPa that has been estimated to
act on the perfectly constrained Ga inclusion. We can con-
clude here that 3-D constrained liquid particles of Ga
under liquid–solid transformation experience high hydro-
static pressure and will therefore solidify at 50–100� below
the melting point at ambient pressure, T mðGaÞ � 29:8 �C.
This effect has thermodynamic origin and does not relate
directly to the well-known kinetic overcooling of liquid Ga.

Note that the pressure DP � 2.1 GPa found from Eq.
(13) is the maximum pressure in the Ga inclusion under
perfect 3-D constraint. If, however, the constraint to free
volumetric expansion DV can be relieved, say by delamina-
tion of the Ag film from the glass substrate, bulging the
film, crack formation or Ga egress on the surface, Ga will
become solid after precooling at �78 �C; in this case, the
spreading rate will be that characteristic of solid Ga and
the points in Fig. 10 should fall on line 2. Real Ga inclu-
sions are likely embedded at GBs, grooves and micro-
cracks, and may have a wide spectrum of constraints
and, thus, of melting temperatures. This expectation corre-
sponds to the data by Di Cicco [45], who observed that
isolated micrometer-sized Ga drops embedded in a mixture
of LiF and epoxy show a wide range of melting points
under a fixed pressure of the order of several gigapascals.

Even under 2-D constraint, which can be caused merely
by adhesion of a cake-like Ga drop to the Ag film, a large
compressive stress, of the order of r � E(DV/VS), with
E � K being Young’s modulus of elasticity, forms in the drop
upon quenching at�78 �C. This stress acts in the plane par-
allel to the Ag–Ga interface, and can cause either reduction
in the melting point Tm or, when the adhesion of the drop to
the Ag film is weak, buckling of the Ga cake and its detach-
ment from Ag. In the latter case, spreading/penetration of
Ga can no longer occur. To summarize, it seems likely that
the high thermal stress generated in our experiments with
precooled samples is responsible for the freak behavior
observed in Fig. 10. This is because some of the Ga drops
can detach from Ag under this stress, while others remain
liquid after precooling and subsequent heating.
5. Conclusions

The following conclusions can be drawn:

(1) The synchronized surface spreading and through-
penetration of liquid and solid Ga on polycrystalline
Ag thin films, as observed for the first time in this
work, are likely controlled by a common mechanism.

(2) Linear spreading with activation energies EL ffi 28.9 ±
4.8 kJ mol�1 and ES ffi 48.2 ± 9.6 kJ mol�1 for liquid
and solid Ga, respectively, was observed. Neither for-
mation of an intermetallic compound nor GB diffusion
of Ga in Ag determined the rate of the process.

(3) Grain boundary grooving, with Ag diffusion out of the
groove either through liquid Ga or solid Ga, is a possi-
ble mechanism of the spreading and penetration.

(4) The model proposed herein reproduced the observed
spreading/penetration rates and gave reasonable esti-
mates of the energies ES and EL.

(5) Additional experimental work is required to verify
the proposed grooving model. In particular, penetra-
tion experiments on thin films of different thicknesses
may be helpful.

(6) The observed through-penetration of a metal with
low melting point in either liquid or solid-state may
have important implications in failures of thin metal
film parts joined with lead-free solders in the micro-
electronic industry.



926 E. Glickman et al. / Acta Materialia 59 (2011) 914–926
References

[1] Glickman EE, Nathan M. J Appl Phys 1999;85:3185.
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