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a b s t r a c t
Trilayers of SnO2/Ag/SnO2 deposited on oxidized Si (100) substrates at room temperature become unstable
after annealing at 100 °C and 200 °C, exhibiting ﬁve phenomena – formation of internal Ag hillocks, cracking
of the top SnO2 layer above internal Ag hillocks, penetration of Ag/Ag grain boundaries by SnO2 leading to
grain pinch-off, formation of Ag whiskers and islands on the free surface of the SnO2 through the cracked
top layer, and void formation in the Ag layer. The possible driving forces and evolution path for the observed
instabilities resulting from thermal expansion mismatch stresses and the reduction in interfacial energy are
discussed.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Due to its low resistivity, silver has been used or is under consideration
as a candidate material for electronic interconnects in a wide range of applications, including – but not limited to – on-chip interconnects, resistors, printed electronics, and solar cell electrodes [1–4]. As a viable
interconnect system, however, the instabilities that Ag ﬁlms display
upon heating have limited their use [5,6].
The typical initial stage of the solid-state instability for Ag polycrystalline ﬁlms on substrates is their breakup either into isolated solid particles
for very thin ﬁlms or into hillocks accompanied by pinhole formation and
grain boundary grooving for thicker ﬁlms [6–10]. In both of these cases,
the instability of the Ag thin ﬁlm in the bilayer leads to discontinuities
in the ﬁlms, with a corresponding increase in resistivity. Alloying has
been examined as a means to slow or stop the breakup by changing either the interfacial energies and thereby changing the driving force for
migration, or by altering the kinetics of breakup [11]. Whiskers have
also been observed to form during annealing for 3 h at 300 °C when
50–150 nm polycrystalline Ag ﬁlms are capped by a 1 nm SiO2 layer
while [12].
The present study examines how the instability of very thin (7 nm
Ag) ﬁlms on SnO2 substrates deposited at room temperature and heated
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to higher temperatures is affected by the presence of a SnO2 capping
layer deposited on top of the Ag ﬁlm. In addition to the instability phenomena noted above, of particular interest is whether an additional instability phenomenon seen by Konno et al. for Al/Si, Ag/Ge, and Au/Si
multilayers [13–15] and by Lewis et al. for Ag/Ni and Nb/Nb5Si3 occurs
in the Ag/SnO2 multilayer system [16]. Konno et al. observed that mass
transport of Ge through Ag – by either interfacial or bulk diffusion – led
to penetration of grain boundaries in the Ag ﬁlm by Ge, isolating the Ag
grains and creating solid Ge bridges between the Ge multilayers. This instability was also accompanied by the low temperature crystallization of
amorphous Ge and Si induced by the presence of the polycrystalline
metal layer in a process known as “metal-mediated (or metal-induced)
crystallization.” Srolovitz et al. set geometrical bounds for capillarityinduced instability accompanying grain boundary grooving [17]. Lewis
et al. – referring to this phenomenon as “pinch-off” – analyzed it based
on relative interfacial energies, as correlated with the relative melting
temperatures of the two materials forming the multilayer. Wang et al.
extended the analysis to include the effects of in-plane stress and diffusion kinetics of grain boundary penetration by grain boundary grooving
and pinch-off, with pinch-off occurring in the polycrystalline layer of the
phase having the higher interfacial diffusivity [18].
Further observations of the grain boundary pinch-off phenomenon in other systems have been reported by Oki et al. [19]. Oki et al.
reported the decrease in the crystallization temperature of amorphous Ge induced by the presence of a metal layer of Ag, Al, Au, Bi,
Cd, Cu, Pb, Sb, Sn, or Zn, and noted that systems showing metalmediated crystallization form simple binary eutectics with little mutual solubility and where the crystallization temperature of the multilayer is proportional to the eutectic temperature [19]. Konno et al.
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demonstrated that Al–Ge multilayers exhibit both pinch-off and
metal-induced crystallization.
Based on these previous studies, the Ag/SnO2 system was chosen for
this study since (1) it is believed to be a simple binary eutectic system
(discussed further below), (2) interfacial diffusion of silver is rapid at
temperatures where there is little diffusion in SnO2 [8], (3) there is a
long history of research on the instability of Ag ﬁlms on ceramic and
semiconductor substrates, (4) by analogy with Ag/Ge, it was postulated
that grain pinch-off might be observed under similar multilayer ﬁlm
constraints and temperatures, and (5) the Ag/SnO2 system may be of
technological interest for a range of applications, including thin ﬁlm
transistors [20]. There is no reported phase diagram for the Ag/SnO2
system, but it is reasonable to assume that this system is a simple eutectic system, based on observation of SnO2 segregation at grain boundaries of Ag during rapid solidiﬁcation of liquid phase Ag-12 wt.% SnO2
[21] and Ag isolation from the mixture of SnO2 powder and AgNO3 (Volume ratio of Ag/SnO2: 10–40%) after calcination at 500 °C followed by
ﬁring at 900 °C [1].
For this study, trilayers of SnO2/Ag/SnO2 were fabricated on Si (100)
by physical vapor deposition (PVD) at room temperature and annealed
at 100 °C and 200 °C in air. Microstructural changes in the Ag ﬁlm, the
SnO2 capping layer, the bottom SnO2 layer, and the top surface of the
trilayer structure following annealing were examined using scanning
electron microscopy (SEM) in plan-view and high resolution electron microscopy and energy-ﬁltered transmission electron microscopy (EFTEM)
of trilayer cross-sections. Based on these observations, we have proposed
a progression of instability phenomena occurring during annealing of
capped thin ﬁlms.
2. Experimental details
A three-layer multilayer of SnO2 (60 nm ±1 nm)/Ag (7 nm± 2 nm)/
SnO2 (10 nm ± 1 nm) was formed at room temperature (sources:

Ag — 99.99% and SnO2 — 99.9%, CERAC) on a silicon substrate
(100 orientation — contained a native oxide) using sequential physical
vapor deposition (PVD at ~10− 3 Pa.) The multilayer ﬁlms were annealed
at 100 °C or 200 °C for 1 h in air. The top surfaces of the trilayers were
characterized with SEM (Hitachi S-4800 and FEI NOVA nanoSEM);
trilayer cross-sections were examined using TEM and EFTEM (FEI Titan
80/300). The TEM samples were prepared by ion-milling with a Gatan
691 precision ion polishing system at liquid nitrogen temperature following conventional TEM cross-section preparation methods [22].
3. Results
The microstructures of the as-deposited SnO2/Ag/SnO2 multilayers
seen in SEM and cross-sectional TEM are presented as Fig. 1. The SnO2
and Ag layers are continuous, with the silver layers exhibiting a larger
thickness variation (±2 nm) than the SnO2 layers (±1 nm), consistent
with the result of a prior Ag–SnO2 bilayer study [23]. The top and bottom SnO2 layers were almost amorphous (grain size ≤1 nm) and the
grain size in the as-deposited Ag layer appears to be bimodal — with
grain diameters of around 1 nm and 10 nm co-existing, based on TEM
dark ﬁeld images (Fig. 1(c–e)). The fact that the SnO2 diffraction rings
were more diffuse than the Ag diffraction rings (see Fig. 1(a) inset) is
consistent with the observed relative grain sizes of the SnO2 and Ag.
The rough top surface (Fig. 1(b)) appears to reﬂect the thickness variation of the multilayer ﬁlm and is consistent with TEM cross sectional
observation.
After annealing at 100 °C for 1 h in air, silver grain coarsening and hillock formation between the SnO2 layers and cracking of the top SnO2 layer
above silver hillocks were observed, as shown in Fig. 2(a). The silver
grains coarsened to form one-grain-thick ﬁlms with a weak (111) texture
and an average in-plane grain size slightly larger than the ﬁlm thickness.
Silver hillock formation was seen in the EFTEM Ag elemental map
(Fig. 2(a) inset), which was obtained using two pre-edge windows

a

Fig. 1. (a) As-deposited SnO2/Ag/SnO2 multilayer (thickness: 60/7/10 nm with 1 nm and 2 nm errors of SnO2 and Ag layers, respectively) on a Si substrate that was covered with
native oxide. The Ag ﬁlm is continuous, and shows grain boundary grooving, as expected. The inset diffraction pattern was taken from the plan view of the same as-deposited sample. From the left, D-spacings indicated by arrows are 0.12, 0.14, 0.20, 0.23, 0.27–0.35 nm which correspond to Ag(311), Ag(220), Ag(200), Ag(111), overlapped SnO2(110) and
(101), respectively. (JCPDS No. 04-0783 and 41-1445 for Ag and SnO2, respectively.) (b) SEM image of top surface of the multilayer. (c) Bright ﬁeld (left) and (d, e) dark ﬁeld
TEM images for grain size measurements. The dark ﬁeld image (d) was taken by selecting SnO2 (110) and (101) reﬂections using an objective aperture and the image (e) with
the Ag (111) reﬂections.
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centered at 337 and 357 eV and a post-edge window centered at 367 eV,
each with a 20 eV slit width and an exposure time of 20 s. Raised approximately circular regions were observed on the top SnO2 surface following
annealing as indicated by arrows in Fig. 2(b) in the SEM image
corresponding to deformation produced by the formation of internal Ag
hillocks. In addition, grain boundaries in the Ag layer were penetrated
by SnO2 after annealing at 100 °C leading to isolated Ag grains embedded
in SnO2 (Fig. 2(c)).
After annealing at 200 °C for 1 h in air, silver hillock formation, top
layer cracking, and silver migration through the cracked top layer led
to the formation of whiskers (high aspect ratio Ag structures) and
islands (equiaxed Ag structures) on the SnO2 surface, as seen in Figs. 3
and 4. The whiskers did not have a ﬁxed orientation with respect to

Fig. 2. (a) Cross sectional TEM image of the SnO2/Ag/SnO2 multilayer after annealing at
100 °C. Hillock formation in the Ag layer initiated cracks in the top SnO2 layer. Inset
shows elemental mapping of Ag using EFTEM, which conﬁrms that hillock is Ag.
(b) SEM image of top surface of the multilayer exhibits raised features (indicated by
arrow) which did not exist in the as-deposited sample. (c) Ag layer pinch-off (indicated by arrows) was observed after annealing at 100 °C.
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the ﬁlm normal as shown in Fig. 3(b) and (c). The identiﬁcation of the
whiskers and islands as silver was made by SEM energy dispersive
X-ray spectroscopy. As seen in Fig. 3(a) there appears to be a bimodal
distribution of island sizes, as indicated by the arrows.
Fig. 4 shows the formation of a large internal Ag hillock with an accompanying top surface crack after annealing at 200 °C. Voids between the SnO2 layers (indicated by an arrow) formed adjacent to
large internal Ag hillocks as indicated by the mass–thickness contrast
differences between this region and SnO2 and Ag. The whiskers and
islands appeared to initiate where the internal Ag hillocks formed and
the top SnO2 layer cracked. Once the top layer is cracked, Ag emerged
from the surface cracks with ﬁve distinct morphologies as indicated by
the bright contrast in Fig. 5(a): (1) small islands, (2) wedges, (3) whiskers, (4) large facetted Ag islands; and (5) a raised region in the SnO2
ﬁlm over an Ag hillock. While raised regions in the top SnO2 layer were
observed at the base of all Ag surface structures, Ag penetration through
the top SnO2 layer was not observed from the top of every raised region.
The speciﬁc conditions that lead to the observed Ag structures and the
transitions between wedge, whisker, and island morphologies during
growth are not known. For example, whiskers, islands, and “wedgeshaped” structures are found adjacent to each other (Fig. 5(b)). In a
few cases, island-topped whiskers were observed, as seen in Fig. 5(c),
for which the angle at the intersection between the whisker and the
islands suggests the presence of a grain boundary. While many of the
whiskers and islands appear to be single crystals from TEM observations,
the number of observations was limited due to difﬁculties with TEM
specimen fabrication of whiskers and islands by standard cross sectioning, focused ion beam thinning, stripping, and replica techniques. The
speciﬁc geometries of the junctions between the buried Ag ﬁlm and
the whiskers or islands were also not determined due to difﬁculties
with TEM specimen fabrication. The silver polycrystalline ﬁlm remaining
beneath the top SnO2 layer showed extensive grain boundary pinch-off
(Fig. 6), with more grain boundaries having been penetrated than after
annealing at 100 °C (Fig. 2(c)).

Fig. 3. (a) SEM images of the top surface of SnO2/Ag/SnO2 multilayer annealed at 200 °C
for 1 h. Arrows indicate larger islands (two arrows on left) and smaller ones (on right)
with a bimodal distribution of island size (b) an oblique grown whisker on the sample
stage at 0° tilted and 0° rotated and (c) at 52° tilted and 90° rotated — actual length is
~ 1.3 μm, and the oblique angle is ~ 67°. These images show suggest that the top of the
whisker is composed of a small island, while the primary portion of the whisker was
extruded as a single entity.
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Fig. 4. TEM micrograph of the SnO2/Ag/SnO2 multilayer following annealing at 200 °C.
The structure suggests that the Ag hillock was about to transform into a whisker or island, based on the size of the Ag hillock, the crack (indicated by the left arrow) through
the top SnO2 surface, and the gap in the Ag layer that had been previously contained Ag
before annealing (indicated by the right arrow).

After annealing at 200 °C, the average area per whisker/island was
characterized by counting the number of islands whose radius was
larger than 30 nm and then dividing the area by the total number of
whiskers and islands counted. The average volume of islands was estimated from SEM micrographs, assuming that the islands were truncated spheres and the contact angle of solid Ag on SnO2 was 119° [24],
based on observations from tilting experiments in the SEM (see
Fig. 7). Applicability of the truncated sphere model for the Ag islands
in this experiment was examined by calculation of the radius of the
truncated sphere using the geometry in Fig. 7 [25], where in the typical example shown, the average measured radius of the circular interface between islands and the top layer of SnO2 was found to be
62 nm, with a contact angle of 120°. The calculated radius was 71 nm,
comparable with the measured radius of a sphere, 79 nm, obtained
from the top view SEM images at 0° tilt. The volumes of whiskers
were calculated from measurements of whisker diameter and length
obtained from SEM images of each whisker at two different rotation
and tilt angles of the sample stage with respect to the electron beam
(0° tilted and 0° rotated and 52° tilted and 90° rotated). The inset
image shows an island formed after annealing at 200 °C and its contact
angle. The average contact angle for all islands was 119°.

4. Discussion
The instability phenomena observed in SnO2/Ag/SnO2 trilayers after
annealing at 100 °C and 200 °C are summarized Table 1. Pronounced
grooving of Ag grain boundaries and grain boundary pinch-off was observed after annealing at 100 °C, with widespread pinch-off observed
after annealing at 200 °C. By pinch-off, individual silver grains become
embedded in SnO2, isolating these silver grains from Ag hillock formation and from island/whisker formation once cracking of the top SnO2
layer has occurred. The results reported here – with microstructural features that indicate that there is no measureable alloy formation between SnO2 and Ag – are consistent with the two-phase coexistence
of SnO2 and Ag as described above [1,21]. Pinch-off must require significant diffusion of both SnO2 and Ag, likely by interfacial diffusion along
the Ag–SnO2 interfaces, to lead to the observed wetting of Ag grain
boundaries by SnO2. The fast diffusion seen here is similar to that seen
in pinch‐off of Ag–Ge, Ag–Si, Au–Ge, Au–Si, and Al–Si systems, although
it does not appear that the presence of the Ag leads to signiﬁcant grain
growth/recrystallization of the SnO2. The pinch-off temperature of
100 °C is lower than for Ag–Ge (300 °C) and Ag–Si (194 °C), and higher
than for Au–Ge (68 °C) and Au–Si (87 °C).
In the following discussion we compare the thermally induced stresses in the individual layers with the local stresses in the formation of internal hillocks, of cracks in the top SnO2 layer, and of hillocks, which relax the

Fig. 5. Morphologies are observed and labeled as (1) small islands, (2) wedges,
(3) whiskers, (4) large facetted Ag islands; and (5) raised region in the SnO2 ﬁlm
over an Ag hillock without a Ag surface structure. In (b), the co-existence of multiple
wedges and small islands with a long whisker is noteworthy. In (c), two morphological
features – an island capped whisker – are present in the same structure.

stresses in the Ag layer. Thermal mismatch elastic stress in the multilayer
may be estimated simply as:


σ th ¼ M α Ag −α Sub ΔT

ð1Þ

where M is the biaxial modulus of the layer (M ¼ Y=ð1−vÞ), αi are the
thermal expansion coefﬁcients of the individual materials, and ΔT is the
difference between the fabrication temperature and the annealing temperature. With silicon as the substrate (αSi =3.0×10− 6 °C− 1), and the
layers αAg =19.7×10− 6, and αSnO2, 4.0×10− 6 °C− 1, the thermal stresses
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Table 1
Summary of microstructure evolution during annealing.
Annealing T

Phenomenon

100 °C

•
•
•
•
•
•
•
•

200 °C

Internal Ag hillock formation
Cracking of top SnO2 layer
Infrequent Ag layer pinch-off by grain boundary penetration
Internal Ag hillock formation
Cracking of top SnO2 layer
Widespread Ag layer pinch-off by grain boundary penetration
Ag rod and island formation through cracks in the top SnO2 layer
Void formation in Ag layer adjacent to large Ag hillocks

the biaxial stress in the Ag ﬁlm due to the SnO2 layers can be estimated [27]
Δσ Ag ¼ −

Fig. 6. TEM and EFTEM cross sectional images of two different areas (a and b) of SnO2/
Ag/SnO2 multilayer annealed at 200 °C. These images conﬁrm that the Ag grains
remaining below top SnO2 layer pinched-off by SnO2 penetration into grain boundaries. Tin (or oxygen) elemental map obtained using two pre-edge windows centered
at 440 (455) and 470 (475) eV and a post-edge window centered at 500 (560) eV, each
with a 30 (20) eV slit width and an exposure time of 30 (20) seconds. The silver EFTEM
mapping conditions were the same as those used in Fig. 2.

in the layers are compressive, with 20–40 MPa in the SnO2 layers and
160 MPa in the Ag layer, for a temperature increase from RT to 100 °C,
and 40–90 MPa and 350 MPa, respectively from RT to 200 °C (using Y:
Young's modulus of Ag and SnO2 are 74 GPa and 174–368 GPa [26], respectively, ν: Ag Poisson's ratio Ag and SnO2 are 0.37 and 0.30,
respectively).
Though the bending moment change in the Si substrate caused by
the SnO2 layers could change the stress in Ag layer, the increment in

Fig. 7. Spherical island partially embedded in a SnO2 layer. Contact angle, θ = 120°
when β = 60°. If radius of island is R, the volume and surface area of an island on top


of SnO2 are 43 πR3 − 13 πR3 cos3 θ−3 cosθ þ 2 and 4πR2 − 2πR2(1 − cos θ), respectively.

YAg
1−vAg

!


4tSnO2
1−vSi
σ SnO2
YSi
tSi

ð2Þ

where tSnO2 and tSi are the thicknesses of the SnO2 and the Si substrate, respectively. Since tSnO2/tSi ≪ 1 in Eq. (2), the additional stress
change in the Ag layer created by the SnO2 layers is negligible.
As analyzed by Sridhar et al. [28], external stresses applied to a
layered system consisting of a single thin ﬁlm without grain boundaries constrained equally on both sides by a matrix lead to instability
of the ﬁlm–matrix interfaces, as long as the ﬁlm and matrix have different elastic properties. In the case examined by Sridhar et al., they
assumed that there was low mutual solubility and the interfacial diffusion was the only active diffusion mechanism, consistent with the
Ag/SnO2 system examined here.
When one of the two constraining matrix layers is thin compared
with the amplitude of the perturbation (in this case, the top SnO2
layer thickness compared with the hillock height) the instability criterion is likely to be different for the two Ag/SnO2 interfaces, leading
to asymmetric Ag hillocks relative to the midplane of the Ag layer. The
strain generated in the top SnO2 layer caused by asymmetric Ag hillock formation during annealing may be analyzed using the model derived by Kim et al. for anomalous hillock formation observed on Al
ﬁlms on Si [29]. This model predicts a strain (ε) of:
ε¼

a21
6R2

ð3Þ

where a1: radius of hillock assuming a spherical cap shape, ~ 40 nm
and R: radius of curvature of hillock surface, ~50 nm, as shown in
Fig. 8. From this equation, if the top SnO2 layer remained uncracked,
the strain in the layer would have been ~0.1. To convert this strain
into a ﬁlm stress, we again use the biaxial modulus, with the elastic modulus of SnO2 depending on crystallographic direction in bulk ranging
from 174 GPa to 368 GPa [26] and a Poisson ratio of 0.3. For the observed

Fig. 8. Model for strain calculation in the top SnO2 layer, which was adapted from Kim
et al. [29].

6194

S.J. Kim et al. / Thin Solid Films 520 (2012) 6189–6195

internal hillock formation geometries at 100 °C, hillock formation would
have induced a tensile stress of about 30–50 GPa tensile stress in an
uncracked SnO2 top layer. This stress is more than one order of magnitude higher than the typical tensile strength of ceramic materials
(≤1 GPa). If it is assumed that the top layer cracks when the net tensile
stress reaches 1 GPa, the maximum volume of the hillock before cracking
of the top SnO2 layer is estimated to be about 2.0 ×103 nm3 under an assumption of ﬁxed a1 as 40 nm. This maximum internal hillock size without cracking is a factor of ﬁve smaller than the average volume of the
observed internal hillocks, 11× 103 nm3. Hence, this comparison indicates that the top SnO2 layer cracked during an earlier stage of Ag hillock
formation.
If we consider whisker and island formation to only be a consequence of the relaxation of thermally induced stresses, as derived by
Kim et al. [29], we can then compare the thermally induced stresses
(Eq. (1)) with the stresses that could have been relieved by the removal
of Ag volume from the ﬁlm layer to form unstressed whiskers and
islands. The stress relaxed by Ag whisker/island formation can be estimated by: [29]
Δσ ¼ M

ΔV
2At f

ð4Þ

where Δσ: magnitude of stress relief by Ag whisker/island formation, M: biaxial modulus, ΔV: volume change, A: ﬁlm area per the
hillock = 9.5 × 10 5 nm 2 (see Fig. 9), tf : ﬁlm thickness = 7 nm. The
volumes of islands and whiskers estimated from SEM micrographs were
similar, 2.5×106 nm3 for the average whisker volume compared with
1.7±0.8×106 nm3 for the average island volume. The estimated stress
in the Ag ﬁlm relaxed by whisker/island formation during annealing for
1 h at 200 °C was 15±6 GPa, two orders of magnitude higher than the
thermally induced stresses estimated from Eq. (1). (Because the top
SnO2 layer was presumably cracked during the early stage of hillock formation, the stress induced by the top SnO2 layer on Ag was not included
in this calculation.)
Based on this analysis, interfacial energy minimization must also
be contributing to whisker and island formation. It is well known
that Ag and Au polycrystalline thin ﬁlms on silicon, silica, and yttrium
stabilized zirconia (YSZ) dewet their substrates when heated to temperatures higher than their deposition temperatures. In the studies of
Ag on NiO substrates by de Monestrol et al. [27] and of Au on YSZ by
Shafﬁr et al. [30], the metal ﬁlms were observed to dewet by void formation at the metal–ceramic interface, where pinholes initially formed at
grain boundary triple lines and expanded to open up grain boundaries.
Jiran and Thompson found that dewetting in thin Au (30–100 nm layers)
on Si initiated with hole formation in the Ag ﬁlm followed by retraction
of the irregular hole edge by an instability that produced isolated Ag
islands on the Si substrate [31]. Similar observations have been made
for Ag ﬁlms on SiNx substrates by Dannenberg et al. [32]. Thurmer et

Fig. 9. SEM image of top surface after annealing at 200 °C. Area per whisker or island
based on the density of whiskers and islands greater than 30 nm in diameter is about
9.5 × 105 nm2.

al. determined that during annealing, ultrathin (1 nm) layers of Ag on
Si exhibited a transition between the “worm-like” as-fabricated ﬁlm
structure to isolated three dimensional crystallites surrounded by irregular, non-uniform denuded zones, with the kinetics strongly dependent on
the step density of the substrate, annealing temperature, and time [33]. In
the trilayers examined here, interface void formation at Ag/SnO2 internal
interfaces was not observed during the early stages of ﬁlm dewetting after
annealing at 100 °C; the Ag layers appear to have remained continuous
and void-free while internal Ag hillocks formed. After annealing at
200 °C extensive void formation was observed in the Ag layer adjacent to large hillocks, where cracking had occurred in the top SnO2
layer.
An order of magnitude calculation of the change in interfacial energies
of the system accompanying these microstructural changes clearly shows
a decrease in energy in transforming the initial SnO2/Ag/SnO2 structure to
Ag islands with a gap between the two SnO2 layers (Fig. 9). With the average ﬁlm area/defect of 9.5×105 nm2, the decrease in Ag/SnO2 interfacial area (Af) is 1.9×106 nm2, and the Ag–Ag grain boundary area (Agb)
for 2 nm square grains is 3.5×106 nm2, and is accompanied by an increase in SnO2–air interfacial area (Af) of 1.9×106 nm2. Given the observed contact angle of Ag on the top SnO2 layer of 120° and using
Young's equation, the relationship between the interfacial energies is:
γAg=SnO2 ¼

1
γ þ γSnO2 :
2 Ag

ð5Þ

The change in interfacial energy for the system is approximately:

 

Af ⋅γ SnO2 þ Aisland ⋅γ Ag − Af ⋅γAg=SnO2 þ Agb ⋅γ Ag–Ag

ð6Þ

which using the relationship between interfacial energies from Young's
equation is equal to:


1
Aisland − Af γ Ag −Agb ⋅γAg–gb :
2

ð7Þ

Since Af is more than an order of magnitude greater than Aisland
and the grain boundary term is always negative, the total interfacial
energy decreases with island formation regardless of the speciﬁc
values used for the individual interfacial energies.
The characteristics of the speciﬁc sites in the Ag layer where hillocks formed have not been identiﬁed. In their system, Kim et al. postulated that before hillock formation, defects, such as delaminated
areas, might have existed between the Al layer and SiO2 where hillocks formed [29]. The defects reduced the chemical potential of this
area, which drove Al atoms to diffuse preferentially to these locations.
No interfacial defects were observed in the as-deposited ﬁlms examined this study.
By comparing the morphologies of the internal hillocks and the
cracks in the outer SnO2 layer with the morphologies of the Ag wedges,
islands, and whiskers, possible formation paths can be suggested. The
bases of the Ag wedges and the whiskers appear to correspond to the
shapes of the cracks in the SnO2, and as with whiskers in Al and Sn,
form by diffusion from their “root” in the ﬁlm. We observe several general features in the whiskers (Figs. 4b and c, 6 and 9). The ﬁrst is that for
all whiskers, they are predominantly straight. The second is that they
are composed of three distinct sections. The ﬁrst is a ‘tip’ region of a
size that is broadly consistent with the sizes of the initial hillocks (compare e.g. the aforementioned ﬁgures with Fig. 5). The second is a
straight region, with perhaps some slight curvature: it is reasonable to
assume based on the totality of the data that these straight regions are
single crystals, with any curvature coming from dislocations. The third
region is at the base of the whisker, and is a larger volume from which
the whisker grows. We believe the formation process to be as follows.
The initial sub-surface volume of Ag generates sufﬁcient stress to
break through the SnO2 layer, as described in detail in the text. From
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the coincidence in size between the tip region of the whisker and the
size of these sub-surface volumes, we expect that whisker formation
follows a complete breaking of the SnO2 layer. The temperature and
stress ranges would be expected to lead to signiﬁcant diffusion as evident in the transport from the ﬁlm to the Ag sub-surface features. The
straight nature of the whiskers suggests that they are growing via a continuous supply from the internal Ag hillocks in such a way that growth is
occurring continuously.
In contrast, the small and large Ag islands appear to be undercut at
the substrate–island interface, suggesting that additional mass transport
by Ag surface diffusion is necessary to maintain the roughly spherical or
faceted island shapes as they grow. Silver surface diffusion is expected to
be fast enough at these temperatures for such mass transport.
5. Conclusions
A range of interfacial instability phenomena of SnO2/Ag/SnO2 trilayers
deposited at room temperature and annealed at 100 °C and 200 °C in air
were observed, including internal silver hillock formation, cracking of
the top SnO2 layer, the formation of Ag whiskers and islands, and Ag
grain pinch-off in SnO2/Ag/SnO2. After annealing at 100 °C in air, Ag hillock formation resulted in cracking in the top SnO2 layer and grain
pinch-off occurred in the polycrystalline Ag layer. After annealing at
200 °C, Ag blades, whiskers and islands formed through cracks in the
top SnO2 layer and extensive pinch-off of individual Ag grains by grain
boundary wetting resulted in further break-up of the continuous Ag
layer. We estimated the effects of the relaxation of thermal stresses, stress
generation due to internal hillock formation, and the interfacial energy
changes with island and whisker formation on top layer cracking and
Ag ﬁlm breakup. From simple elastic models, thermal stresses are clearly
not high enough to lead to the observed densities of Ag whiskers or
islands; dewetting of internal Ag–SnO2 ﬁlm interfaces by transport
through the surface cracks must be driving whisker and island formation.
Formation of whiskers and islands is accompanied for extensive void formation between the two SnO2 layers. These observations linking instabilities within a capped thin metal ﬁlm to formation of metal whiskers,
islands, and hillocks provide insights into the possible phenomena occurring during elevated temperature use of multilayer and capped metal
ﬁlms.
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