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a b s t r a c t

In this paper we report an electron beam induced rapid (up to several tens of nm/s) growth of silver
nanowhiskers from silver nanowire networks coated with TiO2 by sol–gel method. Different growth
conditions are tested and it is demonstrated that growth is optimal for samples with the film thickness
in the range 50–200 nm and previously annealed at 400 1C for 5–10 min. Growth mechanism is
attributed to cooperative effect of several factors including diffusion of Ag into TiO2 matrix during
annealing, electromigration of Ag atoms caused by strong electric field, and presence of mechanical
stresses at interfaces enhanced by thermal expansions due to local heating under e-beam illumination.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Spontaneous growth of one-dimensional (1D) solid structures
with the diameter ranging from several nm to several microns and
the length reaching sometimes several mm known as whiskers, was
often observed on the metallic coatings with relatively low melting
point such as tin, cadmium, zinc in ambient conditions (see, e.g. [1,2]).

Besides the growth in ambient conditions, metal whiskers were
observed to grow when exposed to specific environment. Pronounced
formation of silver whiskers was observed in gaseous sulphur contain-
ing environment [3]. Aluminium whiskers grew with a high rate in
certain narrow range of temperatures [4]. Whisker growth rate can be
relatively high with the incubation period from several days to
several years.

The problem of metal whisker growth was widely discussed
starting from 1940’ [5,6]. Nowadays, real-time observations of whis-
kers growth can be done with advanced experimental facilities, e.g.
using the focused ion beam (FIB) and scanning electron microscopy
(SEM) techniques, see the results by Jadhav et al. [7] for micron
diameter scale tin whiskers. Moreover, irradiation of certain speci-
mens with electron beam during routine observation in electron
microscopes can facilitate the growth of whiskers. E.g. Edmondson [8]
demonstrated electron beam induced growth of silver whiskers from
zeolites chemically loaded with silver ions.

One of the characteristic features of the whisker growth is
their extrusion from the base material [9]. Presence of intrinsic
compressive mechanical stresses was named as one of the main
conditions and the driving force of spontaneous growth. This
premise was exploited in various models of whisker growth. The
concepts and models of whiskers growth were proposed using
different approaches: dislocation based models [10–12], models of
polycrystalline grain recrystallization [13], diffusion related mod-
els [14–17]. Distribution of mechanical stresses in the coating was
modelled and mapped to whiskers growth [18]. There were also
attempts to link metal whiskers growth with the strong electric
field [19]. To the best of our knowledge, there is no general and
comprehensive model explaining growth of whiskers at given
conditions and in connection to their intrinsic structure.

Silver nanowires (AgNWs) have been the focus of many recent
research projects of fabrication of transparent electrodes for solar
cell, touch panel and flat-panel display applications [20]. The
AgNW random network is interesting due to its high electrical
conductivity and optical transmittance [21,22]. The electrodes can
be readily prepared by simple and scalable methods such as spin
coating, rod coating, and spraying from a AgNW-s dispersion
[23,24]. AgNWs are also promising components in fabrication of
flexible transparent electrodes due to high fatigue resistance of
NWs [21,25]. However, such electrodes can fail due to corrosion
of AgNWs exposed to ambient conditions, which adversely affects
the conductivity of AgNW network [22]. Another reason of the
electrode failure is that AgNWs are instable at elevated tempera-
tures caused, e.g. by electrical current [26]. Coating of AgNWs
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network with thin oxide layer could potentially protect them from
the corrosion [27]. Moreover, it was recently demonstrated that
TiO2 shells increase thermal stability of individual AgNWs [28].

In this paper we demonstrate the electron beam-induced
growth of silver nanowhiskers observed in real-time in SEM on
the surface of a TiO2 layer that covers AgNWs network. Growth
conditions are systematically studied and possible growth mech-
anisms are discussed.

2. Materials and methods

2.1. Preparation of TiO2-coated AgNWs network

A sol–gel route was utilized for titania (TiO2) coating synthesis.
Titanium(IV) butoxide (Alfa Aesar 99%) was used as sol precursors for
subsequent coating of Ag NWs networks. Three different TiO2

precursors were prepared: with HCl as catalyst, with HNO3 as catalyst,
and without any catalyst.

General preparation procedure was similar for all three cases. The
sol precursor was obtained by a partial hydrolysis and condensation
of titanium(IV) butoxide with water, and using ethanol as the solvent.
The mixture of water, ethanol and if applicable the catalyst was

added to titanium(IV) butoxide, and the sol was stirred for 1 h at
room temperature. The molar ratio of water to titanium(IV) butoxide
was 0.5 and the molar ratio of the catalyst to titanium(IV) butoxide
was 0.05. The ratio of titanium(IV) butoxide/ethanol was set to 34/66
by weight. Water and ethanol were removed by rotator evaporator
(Büchi R-114) to decelerate the hydrolysis and condensation reaction
of the sol precursor, and the concentrated sol was dissolved in
hexane (10 wt%). The solution was kept overnight before deposition
of titania layers onto AgNW network. Since titanium(IV) butoxide is
sensitive to water, ethanol and hexane were dried using CaH2 and
distilled prior to utilization.

AgNWs network was prepared by depositing a droplet of AgNWs-
containing ethanol solution (Blue nano, 1 mg/mL) onto silicon (100)
substrates (10 mm�10 mm) by spin coating at 1000 r/min for 60 s.
Samples with AgNW networks were dried at 120 1C for a few minutes
to remove the solvent. TiO2 precursors were spun at 3000 r/min for
60 s onto the AgNWs network to form TiO2 sol layer.

2.2. Thermal treatment

Ten samples were prepared with HCl as catalysts and two
annealing series were carried out at different temperatures and

Fig. 1. SEM image of AgNW network on silicon substrate covered with TiO2 layer annealed at (a) 200 1C, (b) 300 1C, (c) 400 1C and (d) 600 1C.
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times to study the effect of temperature on Ag NWs, and to
crystallize TiO2 layer. Samples 1–5 were heated in a furnace
(Nabertherm HTR70-150/13) for 30 min at 5 different tempera-
tures: 200 1C, 300 1C, 400 1C, 500 1C, and 600 1C (see Table S1 in
supporting file). Ramping rate was 1.7 1C/min. Samples 6–10 were
placed in the furnace at 400 1C and held for 5, 10, 30, 60, and
180 min. Experiments were repeated for samples prepared using
HNO3 as catalyst and then without any catalyst.

2.3. Characterization

The surface morphology, structural features and elemental dis-
tribution in the samples before and after annealing were characterized
with a SEM (FEI Helios 600) equipped with a focused ion beam (FIB)
and Energy-dispersive X-ray detector (EDX, Oxford Instruments).
Crystal phases of TiO2 were examined by the Raman microspectrom-
eter (Renishaw in Via) using 514.5 nm excitation wavelength and by
X-ray diffractometer (Rigaku SmartLab) in grazing-incidence mode
(GIXRD) using Cu Kα radiation at 8.1 kW.

3. Results

The structural characterisation of the spin-coated with Ag
NWs/ethanol solution samples revealed uniform network of ran-
domly oriented Ag NWs with approximately 17% of surface cover-
age (Fig. S1a in supporting file). After coating with TiO2 the
structure of Ag NWs networks remained unchanged. TiO2 film
appeared smooth and free of cracks (Fig. S1b in supporting file).

Typical SEM images of the samples annealed at different
temperatures (for samples 1, 2, 3, and 5) are given in Fig. 1. For
the sample annealed at 200 1C for 30 min, cracks formed in TiO2

layer at the places above Ag NWs (Fig. 1a). Moreover, AgNWs were
partly decomposed leaving wire-shaped patterns inside TiO2 layer.
At 300 1C the decomposition of AgNW was more pronounced and
silver atoms diffused into the TiO2 layer resulting in fine particles
of silver formed onto the surface and inside the TiO2 layer (Fig. 1b).
At 400 1C most of AgNW-s were decomposed (Fig. 1c). The
annealing at 500 1C and 600 1C resulted in complete decomposi-
tion of all Ag NWs (Fig. 1d).

In the process of SEM characterization of the sample annealed
at 400 1C an intensive spontaneous growth of Ag whiskers from
the TiO2 layer was observed as soon as an electron beam was
focused on the area of interest (see Video S1 and S2 in supporting
file). The growth was observed mostly from the areas where
AgNWs were clearly visible below the TiO2 film (Fig. 2). Some
whiskers grew also in vicinity of AgNWs and at the areas where
AgNWs were decomposed. Diameters of whiskers varied from a
few nm to several hundred nm. Most of the whiskers had circular
cross-section, while some whiskers possessed irregular geometry
(Fig. 2b). At e-beam parameters 10 kV and 0.34 nA the growth rate
was up to several tens of nm/s. An average growth time until
growth termination was approximately 30 s (see Fig. S2 in sup-
porting file). Variation of the electron beam parameters (voltage
from 5 kV to 30 kV and current from 5.4 pA to 5.5 nA) had no
considerable effect on the growth. Examination of the FIB-cut
trenches inside TiO2 layer revealed homogeneous distribution of
Ag dots in the vicinity of AgNWs (see Fig. S3 in supporting file).

To study mechanism of Ag whiskers growth more precisely, the
second annealing series at 400 1C for 5, 10, 30, 60 and 180 min
were carried out (samples 6 to 10 respectively). For the sample
annealed for 5 min some AgNWs were partly decomposed and Ag
diffused into the TiO2 layer (Fig. 3a). No whiskers growth was
observed. For the sample annealed for 10 min the growth of a few
single whiskers was observed (Fig. 3b). On the samples annealed
for 30 (Fig. 3c) and 60 min the whisker growth was intense. After

annealing for 180 min all AgNW-s were decomposed and no
whiskers were observed (Fig. 3d).

In addition, a dependence of the whiskers growth on TiO2 layer
thickness was studied. It was found that the whiskers appear
when the coating thickness ranges from 50 to 200 nm. For thinner
and thicker coatings no growth was observed.

To exclude the role of the HCl catalysts in whiskers formation,
experiments were repeated on the samples with TiO2 coating
prepared using HNO3 as catalyst, and then with catalyst-free coating.
In all cases results were similar and the whiskers growth was
observed for the samples annealed to 400 1C for 30 min. To study
the effect of an aging on the whiskers growth, two samples were kept
at ambient conditions for 7 weeks and were characterized in SEM
once per week. Every time the whiskers growth was observed.

Video S1. Ag whiskers growth from the sample annealed to 400 1C. A video clip is
available online. Supplementary material related to this article can be found online
at http://dx.doi.org/10.1016/j.jcrysgro.2014.10.021.

Video S2. Ag whiskers growth from the sample annealed to 400 1C. A video clip is
available online. Supplementary material related to this article can be found online
at http://dx.doi.org/10.1016/j.jcrysgro.2014.10.021.
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Fig. 2. Electron beam induced growth of Ag whiskers from the TiO2 coated AgNWs network annealed at 400 1C for 30 min. Typical whiskers (a) and irregular whiskers (b).

Fig. 3. SEM image of AgNW network on silicon substrate covered with TiO2 layer annealed at 400 1C for various times (a) 5 min, (b) 10 min (c) 30 min and (d) 180 min.
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The samples 1 to 5 were analysed using Raman and X-ray spec-
troscopies (Fig. 4). Raman spectra of the samples annealed to
temperatures below 400 1C did not show any bands of crystalline
phases of TiO2 [29], indicating that the TiO2 layer is amorphous
(Fig. 2a). The sample annealed at 400 1C showed low intensity and a
broad band at 144 cm�1 corresponding to Eg Raman mode of TiO2

anatase phase [30]. For the samples annealed at 500 1C and 600 1C
peaks were observed at 144 (Eg), 197 (Eg), 399 (Eg) and 639 (Eg)
cm�1, which correspond to anatase phase of TiO2. A weak band at
110 cm�1 might be assigned to TiO2 crystallites in contact with Ag
nanoparticles or solution of Ag in TiO2 [31,32].

Fig. 2b represents the GIXRD patterns of the samples annealed
at different temperatures. Below 400 1C only silver reflexes are
seen at 2θ values of 38.31, 44.11, 64.41 and 77.51 [33,34]. No TiO2

reflexes are seen indicating absence of crystalline phase. Starting
from 400 1C reflexes at 25.41, 38.41, 48.21, 53.91, 55.21, 62.81, 68.91,
70.51, and 77.51 start to appear corresponding to TiO2 anatase
phase [35,36] indicating crystallisation of TiO2. According to
Debye–Scherrer’s formula [31] an average TiO2 crystallite size
increased from 15 nm for 400 1C to 20 nm for 600 1C. Silver
reflexes are still present even after annealing the sample at
600 1C for 30 min, indicating that silver particles are distributed
in TiO2 layer after decomposition of AgNWs.

4. Discussion

In order to understand the mechanism of nanowhiskers growth,
let us list the reasons possibly responsible for their formation. They
fall into two main categories: (1) intrinsic physical/chemical fac
tors, and (2) e-beam induced factors. The first one can include:
(a) thermal expansion of the coating versus that of the AgNWs and
the substrate, and (b) diffusion of Ag in the porous coating structure
and along its grain boundaries. The latter can be enhanced by such
phenomena as: (a) local heating of the samples during SEM
observation, (b) electric field induced migration of Ag.

Thermal expansion effects can play a significant role in the
nanowhisker growth due to difference in thermal expansion coeffi-
cients of Ag (αVE56�10�6 K�1 [37]) and TiO2 (αVE17�10�6 K�1

[38]). Moreover, melting of nanoscale Ag might happen at the temp-
eratures starting from 400 1C [39] and lead to even larger expansion
up to 10% (density of solid silver ρAgE10.57 g/cm3 and liquid silver
ρAgE9.346 g/cm3, [40]). Therefore, Ag/TiO2 thermal stress can partly

justify nanowhisker growth. At the same time Si substrate has even
smaller expansion coefficients (αVE7.8�10�6 K�1 for crystalline
silicon [41]) that can induce large compressive stress in the AgNW
containing TiO2 coating under local heating. Coating/substrate inter-
face could also promote slight shrinkage of the solidified coating and
structural defects formation during cooling. On the other side, the
stress relief is been held until observation in SEM.

Dependence of whiskers growth on TiO2 layer thickness is
supposedly closely related to mechanical stresses generated in
three-phase structure: SiO2, silver and TiO2. Mechanical stresses in
our opinion play an important role in whisker growth. For coating
thickness below 50 nm cracks form along the whole length of the
nanowires during annealing and nanowires become exposed
(uncoated). As we know, no whiskers growth is observed from
uncoated Ag nanowires. For TiO2 layer thickness above 200 nm the
whole film starts to crack and mechanical stresses are supposedly
released below minimum required for growth initiation.

Annealing temperature was shown to be another critical factor for
whiskers growth. Edmondson et al. [8] reported e-beam induced
growth of Ag nanowires from zeolite samples chemically loaded with
Ag ions and heated to 260 1C to promote introduction of argentous
ions into the zeolite pores by the process of salt occlusion. We
observe whiskers growth for samples heated to 400 1C, which
corresponds to a phase transition, formation of crystallites and
increase of porosity in TiO2. Zeolites naturally have pores of nan-
ometer size. Therefore it can be proposed, that presence of nano-
pores in material is one of the necessary growth conditions, which in
case of TiO2 is fulfilled during phase transformation at 400 1C.
Diffusion of Ag can be largely enhanced in a porous polycrystalline
matrix [42]. This is supported by our observation of Ag clusters at
hundreds of nm distance from AgNWs. It cannot however serve as a
main or the only driving force for nanowhisker growth.

This naturally leads us to the factor of e-beam as a necessary
condition for nanowhisker growth along with the above described
phenomena. Electron beam in SEM may cause local heating of the
sample, which can be enhanced by poor thermal conductivity of
TiO2. However, the peak temperatures would not likely exceed the
annealing temperature.

Electric field can induce a rapid migration of Ag in metal oxide
matrix as was reported in [43]. This migration may be directed by
the permanent thermal stress and accelerate stress relaxation.
Moreover, metal whiskers growth can be promoted by the presence
of strong electric field as it was theoretically predicted in [18].

Fig. 4. Raman spectra (a) and GIXRD patterns (b) of the Ag NWs network on silicon substrate covered with TiO2 layer and annealed at different temperatures.
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Therefore, growth of Ag whiskers experimentally demonstrated
in present work cannot be explained unambiguously and requires
further experimental and theoretical elaboration.

5. Conclusion

We demonstrated electron beam induced rapid growth of silver
nanowhiskers from silver nanowire networks coated with TiO2 by
sol–gel method. We found that the whisker growth was optimal
after the samples were annealed at 400 1C for 30 min and the
thickness of TiO2 layer was within the range of 50 to 200 nm. The
SEM characterization showed that the diameter of the Ag whiskers
varies from few nm to several hundred nm, the growth rate was
up to several tens of nm/s and the whiskers may grow from a few
nm to several micrometres in length before the growth terminates.
No considerable dependence of whiskers growth on electron beam
parameters (voltage and current) was established.
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