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In the process of shape transformation of metal nanoparticles (MNPs) embedded in dielectrics resulting
from swift heavy-ion irradiation, key parameters such as the energy deposition threshold, the necessity of
a molten track and the NP size have been identified for amorphous silicon dioxide. The extension of such
parameters to other dielectrics is yet unclear. We present experimental evidence of the shape transfor-
mation of nearly spherical NPs located at the interface of amorphous silicon nitride and silicon dioxide
thin layers upon irradiation with 185 MeV Au ions at fluences of 0.3 and 1 � 1014 cm�2. After irradiation
the �16–18 nm diameter Au and Ag NPs transformed into continuous nano-rods exhibiting a high aspect
ratio with a clear preference of elongation into the silicon dioxide layer. The results are discussed in the
context of Thermal Spike calculations, which indicate that the track formation timescales may have an
important influence on the NP elongation process.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Dielectric materials containing embedded metallic nanostruc-
tures with controlled anisotropy are of great interests due to their
magnetic [1], and linear and nonlinear optical response arising
from their plasmonics properties [2–6]. One method to fabricate
such structures is by synthesis of nanoparticles in a dielectric thin
film system followed by swift heavy-ion irradiation, which induces
a shape transformation of the typically spherical nanoparticles to
well-aligned nano-rods. This shape transformation process of
MNPs has been studied predominantly with silicon dioxide as
the host matrix [1,7–9]; yet little work has been done in other
materials with the exception of sapphire [6]. As the plasmonic
response of these systems depends on the dielectric function of
the host matrix [10], it is highly desired to extend the approach
developed for silicon dioxide to other dielectric hosts.

It has previously been established that the energy deposited by
swift heavy-ions can lead to the formation of so called ‘‘ion tracks”,
which in silicon dioxide comprise of an underdense core sur-
rounded by an overdense shell [11]. If the ion track and the NP
dimensions are comparable, elongation can be achieved from sin-
gle events [12] and appears to be related to the ion track dimen-
sions [13,14]. When the ion passes through the MNP, it increases
its temperature starting from the metal-dielectric boundary
inwards, as the thermal conductivity of silicon dioxide is two
orders of magnitude lower than that of most metals and therefore,
acts as a thermal insulator [15], resulting in complete NP melting.
As the ion track formation time-scale is comparable to that of NP
melting, the NP expands via longitudinal flow into the underdense
core of the ion track and subsequent recrystallization [16].

In this work we present experimental results of the shape trans-
formation of Au and Ag NPs located at the interface of amorphous
silicon nitride and silicon dioxide thin films upon irradiation with
185 MeV Au ions. We selected silicon nitride due to the existing
applications and the higher refractive index compared to silicon
dioxide. Under these conditions, a shape transformation process
with different modification rates is expected, as silicon nitride pos-
sesses a smaller track radius and higher thermal conductivity (still
one order of magnitude below the value for metals) in comparison
with amorphous silicon dioxide. We discuss our experimental
results with respect to the thermal spike calculations of the time
evolution of ion track formation in both materials.
2. Material and methods

An amorphous silicon nitride layer with a thickness of 600 nm
was first deposited on top of a c-Si(100) wafer by plasma-
enhanced chemical vapor deposition (PECVD). Afterwards, Au or
Ag layers (5 nm in thickness) were deposited on top by thermal
e, Nucl.
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evaporation. Finally, a 500 nm thick top layer of amorphous silicon
dioxide was deposited by PECVD. Subsequently, to promote the
formation of nearly spherical Au and Ag NPs, rapid thermal anneal-
ing (RTA) was carried out at 1000 �C and 800 �C, respectively, in N2

atmosphere for 120 s.
Swift heavy-ion irradiation of the samples was performed with

185 MeV Au13+ ions at the 14UD ion accelerator at the Australian
National University in normal incidence with two fluences (0.3
and 1 � 1014 cm�2) at room temperature. The corresponding elec-
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Fig. 1. Cross-section HR-TEM (a), (b), (d), (e), (g) and (h)) and HAADF in STEM mode (c), (
to observe the location of the NPs in the sample before and after being irradiated. (b), (e)
(i)) near the interface showing structural changes induced by the irradiation fluence and
interface location.
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tronic stopping powers were calculated with the SRIM2013 code
[17] to 49.7, 41.5, 23.3 and 16.1 keV/nm for Au, Ag, silicon nitride
and silicon dioxide, respectively. The samples were characterized
by cross-section transmission electron microscopy (X-TEM) and
by high angular annular dark field (HAADF) with a JEOL 2100F
microscope operated at 200 kV. The former allows the characteri-
zation of size and shape while the latter, due to the high contrast,
permits the identification of small features such as MNPs with
radius equal or less than 2 nm. Preparation of samples for TEM
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f) and (i)) pictures of Au NPs. Images (a), (d) and (g) were taken at low magnification
and (h) are images at high magnification at the interface. HAADF pictures (c), (f) and
the occurrence of very small NPs. White dashed lines were added to emphasize the
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after mechanically dimpling to a final thickness of 10 mm was per-
formed with a precision ion polishing system (PIPS) GATAN model
961 at �165 �C to minimize unwanted warming up of the sample.
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Fig. 2. Cross-section HR-TEM (a), (b), (d), (e), (g) and (h)) and HAADF in STEM mode (c), (
to observe the location of the NPs in the sample before and after being irradiated. (b), (e)
(i)) at the interface showing structural changes induced by the irradiation fluence and
interface location.
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The temperature time evolution in the dielectric layers around
the ion paths was estimated using the inelastic Thermal Spike (i-
TS) model [18]. The free electron gas approximation suggested by
Ag
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f) and (i)) pictures of Ag NPs. Images (a), (d) and (g) were taken at low magnification
and (h) are images at high magnification at the interface. HAADF pictures (c), (f) and
the occurrence of very small NPs. White dash lines were added to emphasize the
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Dufour et al. [15] was followed to determine the parameters of the
electronic subsystemwhile for the physical parameters of both lay-
ers we considered the values used in [15] and [19]. The value of the
electron-phonon coupling (k) of each material was calculated con-
sidering the experimental optical band gap [20] and their empirical
relationship with k [21]. While more comprehensive numerical
modeling would be desirable, as in the case of Au NPs embedded
in amorphous silicon dioxide [15], for the purposes of this study
the differences in the temperature evolution for both materials fol-
lowing from our numerical calculations provide first insights for
explaining the experimental results observed.
(b) Silicon Dioxide

Fig. 3. Time evolution of lattice temperature calculated by the i-TS model at
different radial distances from the ion path: 3, 4, 4.2, 4.5, 5, 5.5 nm for (a) silicon
nitride and (b) silicon dioxide. Red dashed lines were added to highlighted the
typical transition temperature considered above which an ion track is formed for
each dielectric. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
3. Results and discussion

Figs. 1and 2 show the shape transformation of nearly spherical
MNPs when located at the interface of the two dielectric materials
after irradiation with two different ion fluences. At the selected flu-
ences of 0.3 � 1014 cm�2 and 1 � 1014 cm�2 well-aligned and elon-
gated single layer NPs can be observed (Figs. 1(d), (g) and 2(d), (g)).

Thermal deposition of 5 nm layers followed by an RTA process
leads to the formation of single layers of nearly spherical NPs with
an average diameter of 16.0 ± 4.5 nm in the case of Au, and
18.1 ± 5.5 nm for Ag (Figs. 1(a)–(c) and 2(a)–(c)). The advantages
of this procedure is the reduction in NP size dispersion while
ensuring contact with both layers (Figs. 1 (b) and 2 (b)), as well
as avoiding additional structural damage as in the case of ion
implantation [18]. For Ag NPs (Fig. 2(b)), we observe small clusters
formed around the interface with a mean diameter of 2 nm, prob-
ably generated during the deposition of the top silicon dioxide
layer at 600 �C.

In the case of Au NPs, after irradiation with 0.3 � 1014 cm�2 Au
ions we observe a shape transformation starting from the interface
and mainly into the silicon dioxide layer, yet we observe few cases
of elongation into the silicon nitride ((Fig. 1(e) and (f)). After irra-
diation, the MNPs progress quickly into nano-rods with higher
aspect ratios than previous results in thermally grown silicon diox-
ide, yet a slightly decrease in the mean width at higher fluences
probably leading to a smaller saturation width than the previously
reported, approximately 10 nm [11,22,23]. The decrease in the
value of the saturation width confirms the critical role played by
the matrix in the shape transformation process [23]. From previous
results on thermally grown silicon dioxide, the ion track dimen-
sions impose an upper boundary on the saturation widths on Au
NPs [22,23]. In the current case, the silicon dioxide layer was
grown by PECVD with some H content, revealing a different local
structure and density compared to thermal oxide. This can influ-
ence the thermal properties of the matrix and may result in the
observed decrease in the saturation width, yet is in agreement with
the previous studies [22,23]. The observed nano-rods exhibit a high
aspect ratio with a width of 11.2 ± 5.2 nm and a length of
42.2 ± 18.1 nm when irradiated with 0.3�1014 cm�2. At the highest
fluence (1 � 1014 cm�2), the majority of the formed nano-rods
(8.6 ± 2.1 nm in width and 77.1 ± 24.8 nm in length) appear to be
no longer in contact with the interface (Fig. 1(i)) forming a gap of
2–4 nm populated by clusters of 2 ± 0.8 nm in radius (Fig. 1(h)
and (i)).

Elongation is also achieved in the case of Ag NPs at both irradi-
ation fluences. For the first case (0.3 � 1014 cm�2), elongated NPs
with a width of 13.9 ± 5.2 nm and a length of 18.2 ± 6.3 nm in
the ion beam direction were observed, also preferentially into sili-
con dioxide where cylindrical and conical geometries were
observed (Fig. 2(d) and (f)), yet more cases of elongation into both
layers were observed than for Au NPs. Similar to the case of Au NPs,
when the fluence is increased to 1 � 1014 cm�2 an increment in the
density of NPs distanced from the interface was observed (Fig. 2
Please cite this article in press as: P. Mota-Santiago et al., Elongation of metall
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(g)–(i)). The corresponding dimensions of the observed nano-rods
were 12.3 ± 4.1 nm in width and 25.1 ± 8.9 nm in length, demon-
strating a lower elongation rate for Ag compared to Au. Fig. 2(h)
shows very small clusters around the interface and surrounding
the nano-rods, due to the pre-existent small NPs it is not possible
to distinguish if their origin is due to ion irradiation effects of the
NPs or due to the initial NP formation.

As the MNPs are in contact with both materials, after the pas-
sage of the energetic Au ion an ion track is formed in each layer,
influencing the shape elongation process. Independently, we have
characterized the ion track formation in silicon nitride and silicon
dioxide layers by small angle X-ray scattering (SAXS), which under
similar irradiation energies exhibit an ion track radius of
4.2 ± 0.1 nm for silicon nitride and 5.5 ± 0.1 nm for silicon dioxide
formed by underdense core surrounded by an overdense shell,
where the dimensions for the core are similar for both materials.
A detailed analysis is available in [11,20,24]. As described by Leino
et al. [16], for the case of Au NPs in silicon dioxide, between 5 and
20 ps after the ion passage, the NP elongation process occurs via
metal flow into the underdense region. Subsequently, the temper-
ature decreases below the glass transition of silicon dioxide termi-
nating the transformation step. Silicon nitride possess a thermal
conductivity much higher than silicon dioxide, and thus the track
formation process can occur in a fraction of the time it takes in sil-
icon dioxide, limiting the time for the flow of metal.

The lattice temperature evolution with time at different dis-
tances from the ion path (3, 4, 4.2, 4.5, 5 and 5.5 nm) was calcu-
lated and is plotted in Fig. 3. We are interested in the regions
ic nanoparticles at the interface of silicon dioxide and silicon nitride, Nucl.
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around 4 nm and 5.5 nm as they correspond to the track radius in
silicon nitride (4.2 ± 0.1 nm) and silicon dioxide (5.5 ± 0.1 nm)
[20,24]. From Fig. 3, we estimated ion tracks radii to approximately
4.1 ± 0.4 nm and 5.8 ± 0.3 nm, in agreement with the experimental
values. The optical band gap was measured by spectral reflectom-
etry to be 4.9 ± 0.3 eV for silicon nitride and 9.1 ± 0.2 eV for silicon
dioxide. As a consequence of the difference in the optical band gap,
the corresponding electron-phonon coupling is relatively low in
silicon nitride gSi3N4 = 0.52 � 1013 W/cm3 K�1 in comparison with
the case of silicon dioxide (gSiO2 = 1.25 � 1013 W/cm3 K�1) leading
to a lower energy transfer from the electronic subsystem into the
lattice, and a smaller ion track radius. In addition, as apparent from
Fig. 3 the higher thermal conductivity 11.0 � 10�2 W/cm K�1 of sil-
icon nitride compared to silicon dioxide 3.0 � 10�2 W/cm K�1 leads
to an increased energy dissipation, therefore reducing the time
period for ion track formation also limiting the interaction of the
melted NP with the ion track. We believe that this is at least in part
the reason for the predominant elongation into silicon dioxide.

4. Conclusions

In this work we presented experimental observations regarding
the shape transformation of nearly spherical NPs with average
diameters 16–18 nm after irradiation with 185 MeV Au ions at
the interface of silicon nitride and silicon dioxide layers. The result-
ing elongation process occurs preferentially towards the silicon
dioxide layer while creating a high density of very small nanostruc-
tures with an average radius of 2 nm at the interface. Thermal
Spike calculations suggest that the different timescales of ion track
formation in both dielectrics plays an important role and favors the
elongation process in silicon dioxide.
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