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ABSTRACT

The elongation of spherical Au nanoparticles embedded in SiO2 under swift heavy ion (SHI) irradiation is an extensively studied phenome-
non. The use of a TEM grid as a substrate facilitates the identification of the same nanoparticle before and after the irradiation. Since the
underdensification of SiO2 inside the ion track plays a key role, the elongation is sensitive to the matrix material properties. Therefore, we
studied the elongation process of SHI irradiated Au spherical nanoparticles of various diameters (5–80 nm) embedded either in atomic layer
deposition (ALD) or plasma-enhanced chemical vapor deposition (PECVD) SiO2. The results show that a different elongation ratio is
achieved depending on the particle initial size, ion fluence, and a different SiO2 deposition method. The embedded nanoparticles in ALD
SiO2 elongate roughly 100% more than the nanoparticles embedded in PECVD SiO2 at the biggest applied fluence (5� 1014 ions=cm2). On
the other hand, at fluences lower than 1014 ions=cm2, nanoparticles elongate slightly more when they are embedded in PECVD SiO2.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0099164

I. INTRODUCTION

The elongation of embedded metallic nanoparticles under
swift heavy ion irradiation (SHII)1 has attracted attention in nano-
science in the last few years. Compared to the standard nanofabri-
cation techniques, such as electron beam lithography, ion
implantation, or colloidal chemistry, with SHII, it is easy to fabri-
cate precisely aligned nanorods.2–10 The SHII method leads to the
transformation of initially spherical nanoparticles to oriented nano-
rods as the ion beam shaping occurs in the form of elongation in
the direction of the passing swift heavy ion.

The details of the exact mechanism behind this phenomenon
as well as the different steps of the elongation process are under
constant debate. A general description of the mechanism behind
this phenomenon could be given in the following way. The ion
forms a track in the host matrix, which leads to a decrease of
density in the matrix (underdensification) above, below, and
around the nanoparticle. After the passage of the ion through the
nanoparticle, the nanoparticle melts and the molten metal flows to
the track in the matrix, resulting in elongation after cooling and
recrystallization.11–13 Full elongation typically requires hundreds or

thousands of ion hits into the nanoparticle. Depending on the irra-
diation conditions (ion type, energy, flux, and fluence), the degree
of elongation can be controlled.

One of the most promising applications for these elongated
nanoparticles is in connection to their optical response.14–17 The
metallic nanostructures exhibit localized surface plasmon modes
with a resonance frequency showing up a strong extinction peak in
spectroscopic measurements. Within this resonance, the electric
field near the nanoparticle is greatly enhanced, which yields many
phenomena, such as surface-enhanced Raman scattering,18 fluores-
cence,19,20 or emission enhancement.21 As a result, the elongated
nanoparticles can act as “nanoantennas” and be used in various
photonics applications,22 such as photocatalysis, optical waveguides,
and sensors.

Even if ion beam shaping has been intensively studied, the
nanoparticle modification mechanism is not fully understood yet.
Thus, monitoring of every step during this sample preparation pro-
cedure is needed in order to understand better this mechanism. So
far, the experiments concerning the preparation of the samples
have been limited to spherical metallic nanoparticles embedded in
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only a few host matrices, including amorphous SiO2,
1,3–5,7 amor-

phous Si3N4,
23–25 and sapphire (crystalline Al2O3).

15,26 The fabri-
cation of the spherical nanoparticles has followed the standard
techniques, i.e., electron beam lithography, ion implantation, and
colloidal chemistry. Regarding the host matrices, the main deposi-
tion techniques include plasma-enhanced chemical vapor deposi-
tion (PECVD), sputtering, and thermal growth. During the
irradiation, the samples are bombarded with swift heavy ions in the
range of a few MeV until hundreds of MeV aiming at the elonga-
tion of the embedded nanoparticles. After the irradiation, the irra-
diated samples are then prepared for transmission electron
microscopy (TEM) characterization in cross-sectional geometry by
the standard focused ion beam (FIB) technique (TEM-lamella
technique).

The TEM-lamella technique has the disadvantage that the
same nanoparticle before and after the irradiation cannot be
imaged. This leads to uncertainty if, for example, an elongated
nanoparticle is the result of a single irradiated particle or several
particles fused together when they are close to each other. In this
study, this limitation of TEM lamella technology and the possibility
to use a variation of nanoparticle sizes and shapes in one irradia-
tion lead to the use of a 20 nm thick Si3N4 TEM window grid as a
substrate. In addition, the required sample thickness for TEM
imaging is limited to around 100 nm causing restrictions on the
thickness of the host matrix. In the case of more than 100 nm
sample thickness, a suitable etching technique, such as HF or
precise RIE (reactive ion etching), can be applied to remove part of
the matrix above the nanoparticles. Consequently, the comparison
of the same nanoparticle before and after the irradiation can
provide accurate information, necessary to the deeper understand-
ing of the elongation process. In our very recent letter,27 this
approach was applied to study nanorod orientation due to ion
irradiation.

Due to the requirement of matrix underdensification, it can be
expected that the elongation is sensitive to the matrix material
properties, including the composition, the density, and the concen-
tration of impurities and nanoparticle coverage. Since the previous
studies have shown that SiO2 (gold nanoparticles in SiO2 is the
most studied system) ensures the biggest degree of elongation,23,25

it is worth emphasizing that many SiO2 fabrication techniques
exist. For example, an atomic layer deposition (ALD) technique,
which produces high quality films (uniform and conformal) with
high precision of thickness, has not been investigated in connection
with SHI irradiation. Since both PECVD and ALD belong to the
category of depositions based on chemical reactions, it is worth
investigating their different response on the SHI irradiation. Both
deposition techniques are very widely used both in research and
industry and, therefore, are readily available.

In this study, spherical Au nanoparticles of several diameters
were embedded in SiO2 deposited by ALD28,29 or alternatively in
SiO2 deposited by PECVD30 made on Si3N4 TEM window grids as
substrates. The samples were irradiated by energetic heavy ion
beams using several fluences. The purpose of this work was to
study in detail the elongation of spherical nanoparticles under
heavy ion irradiation in connection to their initial size and ion
fluence. The effect of ALD deposited SiO2 was compared to SiO2

deposited by PECVD.

II. EXPERIMENTAL METHODS

A. Sample preparation

Two types of samples with SiO2 films were fabricated using
different deposition techniques. In the first type, the 50 nm of an
SiO2 film was first deposited using ALD at 200 �C on top of a TEM
grid, with nine windows of 20 nm thick Si3N4. The ALD film was
deposited with a Beneq TFS 200 cross-flow reactor using 150 Pa as
the base pressure during the deposition. Nitrogen from an Inmatec
PN 1150 nitrogen generator (99.999% purity) was used as a carrier
gas as well as for purging between the precursor pulses. One ALD
cycle consisted of subsequent pulses of (3-aminopropyl)-triethoxy-
silane (APTES) (Sigma-Aldrich, 99%), de-ionized water, and O3,
which were used as precursors for the deposition. APTES was
heated to 95 �C in order to provide sufficient vapor pressure while
H2O was kept at room temperature, and O3 was produced with a
BMT 803 N ozone generator from O2.

28 One ALD cycle consisted
of 1.25, 0.75, and 0.9 s pulses of APTES, H2O, and O3, respectively.
Exposure time after each pulse was 20, 18, and 15 s, and purging
times were 20, 15, and 15 s, respectively. In order to grow 50 nm
thick SiO2 films, one deposition consisted of 1250 cycles (36 h).
The dispersion of the chemically synthesized Au spherical nano-
particles (manufactured by Sigma-Aldrich) was accomplished on
top of the layer by dropcasting. The nanoparticles were mixed from
different solutions (containing different sizes) into one, and then,
they were deposited from one single dispersion. The nanoparticle
diameter varied between 5 and 80 nm, with a 5 nm step. In order
to embed the nanoparticles, another 50 nm SiO2 thin film was
deposited using ALD with the same parameters.

In the second type of samples, SiO2 films were deposited
using PECVD at 200 �C. A Plasmalab80Plus system, manufactured
by Oxford Instruments, was used to deposit SiO2 with silane (SiH4

in Ar) and nitrous oxide (N2O) as precursors. The chamber was
pre-heated and purged with N2 for 2 min. The working pressure
during the process was 133 Pa. The growth rate of the deposited
film was 50 nm/min.

Summarizing the structure of the samples, the total thickness
was 120 nm, which fulfilled the requirements for TEM imaging. A
set of samples were fabricated with an additional step of post-
deposition annealing at 900 �C for 30 min with N2 flow at a con-
ventional furnace since the thermal treatment (annealing) is known
to improve the SiO2 film properties.31,32 For comparison, Fig. 1
presents a macroscopic view of a TEM grid as well as optical
microscope images of this grid.

FIG. 1. (a) Photo of a TEM grid and optical microscope images of a TEM grid
with SiO2 deposited (b) by PECVD and (c) by ALD.
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Additional Si substrate was present in the depositions in order
to investigate the properties of grown SiO2 films. Several material
characterization techniques can be applied to study these properties
as discussed later.

The selection of an SiO2 deposition temperature depends on
the temperature induced shape change of not embedded gold nano-
particles. Gold nanoparticles are observed to modify at 300 �C,
leading to the conclusion of choosing a lower deposition tempera-
ture than 300 �C. Figures 2(a) and 2(b) show the shape change of
the nanorods after SiO2 deposition at 300 �C. As a result, lower
deposition temperatures were tested, and deposition at 200 �C
showed that nanorods do not significantly change shape [Fig. 2(c)].

The effect of the post-deposition annealing on the embedded
nanoparticles was investigated as well. As seen in Fig. 3, in which
gold nanorods on a bulk Si substrate are imaged before and after
annealing at 900 �C and etching of top SiO2, there is no significant
change even after annealing at 900 �C.

B. Sample irradiation

The heavy ion irradiation of the samples was performed
with 50MeV 127I9þ ions at the TAMIA 5MV tandem accelerator
at the Helsinki Accelerator Laboratory (University of Helsinki).
The angle of incidence was 45�, and several fluences from 1013 to
5� 1014 ions=cm2 were applied at room temperature. During the
irradiation, the beam was raster scanned over a 2� 2 cm2 area by
magnetic deflectors, and the beam current was measured by a
beam profilometer placed in front of the sample. The TEM grids
were mounted on silver plates using a conductive carbon paste to
avoid any damage by overheating during the irradiation. All of the
nine windows in a TEM grid were covered by the beam spot area
of 1 cm2. However, at high enough fluences, there is a risk for the
windows to break.

Similar experiments had been performed initially where SiO2

films were so thick that the etching part of the SiO2 layer was
essential. On top of a TEM grid with nine windows of 20 nm thick
Si3N4, a 30 nm PECVD SiO2 film was the first deposited at
200 �C. Then, chemically synthesized Au spherical nanoparticles
with diameter varying from 5 to 80 nm were dispersed on top of
the film. Finally, another SiO2 film with 200 nm thickness was
deposited in order to embed the nanoparticles. For these samples
with a thicker SiO2 film, heavy ion irradiation was performed with
a 383MeV 84Kr16þ beam from the K-130 cyclotron at the Jyväskylä

Accelerator Laboratory (University of Jyväskylä) in 45� incidence
with several fluences at room temperature.

C. Sample characterization

The samples were imaged with a JEOL-JEM 1400 TEM oper-
ated at 120 kV. Before the irradiation, the samples were imaged
from the top without tilting the TEM stage, but after the irradia-
tion, the electron beam direction should be perpendicular to the
ion beam direction to get the full information from an elongated
nanoparticle.

Prior to irradiation of the samples with a Kr beam, the TEM
imaging took place before the deposition of the second SiO2 film.
After the irradiation, around 150 nm of SiO2 were etched by RIE to
accomplish the TEM imaging. In Fig. 4, TEM images from a sample
irradiated at the highest applied fluence (2� 1014 ions=cm2) are
shown.

FIG. 2. TEM images of gold nanorods (a) before embedding them inside SiO2
and (b) after embedding them inside SiO2 deposited at 300 �C and the etching
part of SiO2. (c) TEM image of a gold nanorod after SiO2 deposition at 200 �C.

FIG. 3. Helium ion microscope (HIM) images of nanorods embedded in
PECVD SiO2 before and after annealing at various temperatures. The top
images show nanorods before the deposition of the second layer on the top,
and the bottom images show the same nanorods after annealing and etching of
the excessive layer by RIE.

FIG. 4. TEM images of a 20 nm Si3N4=30 nm PECVD SiO2=NPs=200 nm
PECVD SiO2 sample irradiated at 2� 1014 ions=cm2 fluence with 383 MeV
84Kr ions. The images were taken (a) from the top before the irradiation and (b)
perpendicular to the ion beam direction.
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It is obvious that there is information missing if this procedure
is followed, such as how the nanoparticles are enclosed by the SiO2

layer and the impact of the ion beam on the film since most of that
has been removed. Consequently, these reasons and the fact that
the additional film thickness does not affect significantly the elon-
gation process led to the production of the samples with thickness
thin enough to allow the TEM imaging without an etching step. All
the steps of the procedure, where samples were irradiated with a
127I beam, are shown in Fig. 5.

An image segmentation code was written with Python to
measure the dimensions of the nanoparticles before and after the
irradiation (Fig. 6).

A more detailed analysis of the film properties can be reached
by means of advanced material characterization techniques,

including time-of-flight elastic recoil detection analysis
(ToF-ERDA) and x-ray reflectivity (XRR). ToF-ERDA is an ion
beam analysis technique capable of determining the composition of
a thin film. ToF-ERDA measurements were accomplished with the
use of a 1.7 MV Pelletron accelerator.33 In measurements, a 63Cu6þ

beam of 11.9 MeV energy was used. The analysis of the measure-
ments was done using the Potku software.34

XRR measurements were performed in order to reveal infor-
mation about the thickness, density, and roughness of the SiO2

films. A PANalytical X’Pert Pro Alpha 1 MPD x-ray powder dif-
fractometer setup to x-ray reflectivity was used with a Cu Kα1

x-ray source (λ ¼ 0:154 056 nm, V = 45 kV, I = 40 mA). The analy-
sis of the samples was done with GenX open software. The experi-
mental data are reproduced by changing simulation parameters,
from which the values of the thickness, density, and roughness of
the SiO2 film were extracted.

III. RESULTS

A. Properties of SiO2 films grown using PECVD and
ALD

Already, the optical microscope images in Fig. 1 show a clear
difference between TEM grids with ALD and PECVD SiO2 coatings.
ALD SiO2 has a smooth surface, but in PECVD SiO2, surface ten-
sions appear. Another basic difference is the way nanoparticles are
enclosed by the films. In Fig. 7, two images of nanoparticles embed-
ded either in PECVD or in ALD before irradiation are shown. We
observe that around the nanoparticles, an area of darker contrast has
been formed, and possible explanation could be that the nanoparti-
cles act as nucleation sites for the growth of SiO2. These regions are
much more pronounced in PECVD SiO2, in which grains could be
observed,35 compared to more uniform ALD SiO2.

The elemental composition of the samples was extracted from
coincidence time-of-flight and energy data (Fig. 8). ToF-ERDA
depth profiles are shown for annealed and as-deposited PECVD
(Fig. 9) and ALD (Fig. 10) samples. Depth profiles for the
as-deposited PECVD sample [Fig. 9(a)] show that the SiO2 is

FIG. 5. Schematic representation of sample preparation, irradiation, and imaging using TEM.

FIG. 6. TEM images of the 900 �C annealed 20 nm Si3N4=50 nm ALD
SiO2=NPs=50 nm ALD SiO2 sample irradiated with a 50 MeV 127I beam at
5� 1014 ions=cm2 fluence, which were taken (a) from the top before the irradia-
tion and (b) perpendicular to the ion beam direction. Corresponding segmented
images (c) and (d).
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stoichiometric with elemental ratio O=Si ¼ 2:06+ 0:02. Apart
from silicon and oxygen, the film contains a significant amount of
hydrogen impurity (7.6 at. %), which most probably originates from
the silane precursor, and a small amount of other impurities, such
as nitrogen (originated most likely from the nitrous oxide precur-
sor), carbon, and sodium [coming from the phosphate buffer solu-
tion (PBS) of nanoparticles]. Gold can be detected as well because
of the gold nanoparticles embedded inside. Depth profiles of an
annealed PECVD sample [Fig. 9(b)] show that SiO2 is oxygen poor
with elemental ratio O/Si = 1.88+0.02. Additionally, it contains a
small amount of the same impurities as the as-deposited SiO2, but
hydrogen concentration has reduced significantly (<0.1 at. %).

The same behavior is visible in as-deposited and annealed ALD
samples as well. Depth profiles for an as-deposited ALD sample
[Fig. 10(a)] show that SiO2 is nearly stoichiometric with elemental
ratio O/Si = 2.07+0.02. Regarding impurities, the film contains a sig-
nificant amount of hydrogen (6.5 at. %) originating from APTES and

water precursors and a small amount of other impurities (less than
1 at. %), including nitrogen (originating from the APTES) and
carbon. Gold is again visible in the film. Depth profiles of an
annealed ALD sample [Fig. 10(b)] show that SiO2 is stoichiometric
with elemental ratio O/Si = 1.97+0.02. It contains a small amount of
the same impurities than as-deposited SiO2, but hydrogen concentra-
tion has again dropped (<0.2 at. %). The number of gold nanoparti-
cles embedded in SiO2 (1:4� 107–1:1� 108 nanoparticles/cm2) was

FIG. 7. TEM images of nanoparticles
embedded in SiO2 grown using (a)
PECVD and (b) ALD.

FIG. 8. Coincidence time-of-flight and an energy histogram of a ToF-ERDA
measurement from an Si/50 nm PECVD SiO2=NPs=50 nm PECVD SiO2
as-deposited sample.

FIG. 9. ToF-ERDA depth profiles of an Si/50 nm PECVD SiO2=NPs=50 nm
PECVD SiO2 (a) as-deposited sample and (b) annealed sample.
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calculated from atomic concentrations of gold for all the samples.
This result tells that nanoparticles have a low average areal density
covering less than 0.1% of the area.

In Fig. 11(a), the experimental and simulated curves from
XRR data are shown for an Si/50 nm ALD SiO2=50 nm PECVD
SiO2 sample. The density of PECVD SiO2 was measured to be
2:20+ 0:06 g=cm3 and the roughness 2:21+ 0:10 nm. The mea-
sured thickness was 41:0+ 0:9 nm. In Fig. 11(b), the experimental
and simulated curves obtained by XRR are shown for an Si/50 nm
ALD SiO2 sample. The density of ALD SiO2 was measured to be
2:14+ 0:05 g=cm3 and the roughness 0:21+ 0:09 nm. The mea-
sured thickness of the film was 56:4+ 0:7 nm, which is close to
the goal thickness. In order to get the information for the PECVD
layer, we used the extracted parameters from the ALD-only fit and
then we fit the PECVD layer.

B. Irradiation with a 50MeV 127I9+ beam

Several fluences between 1013 and 5� 1014 ions=cm2 were
applied to investigate the evolution of the elongation of

nanoparticles embedded in SiO2 deposited either by ALD or
PECVD. Additionally, the annealing process before the irradiation
was carried out in order to see if the change in the matrix proper-
ties has any impact on the irradiation results. In Fig. 12, the
average elongation ratio (length/width) vs the initial nanoparticle
diameter is presented for all the samples.

Initially, spherical nanoparticle diameters varied between 5 and
80 nm. During the images analysis, they were classified in the ranges
of 5 nm, i.e., 5–10, 10–15, 15–20 nm, etc. The experimental results
show that there is a variation in the nanoparticle shape change for
the same initial size, which is in accordance with the earlier study.25

The elongation ratio with uncertainties is shown in Tables I
(PECVD SiO2) and II (ALD SiO2). A standard deviation of the mea-
sured variable was used to express the variation of the ratio from its
mean value. The number of particles in different size ranges varied
between 10 and 100. Figures 13–19 show nanoparticles with the
highest elongation ratio in each range before and after irradiation.

Single nanoparticles irradiated at lower fluences
(�1014 ions=cm2) are shown either from the as-deposited samples

FIG. 10. ToF-ERDA depth profiles of an Si/50 nm ALD SiO2=NPs=50 nm ALD
SiO2 (a) as-deposited sample and (b) annealed sample.

FIG. 11. Measured and simulated XRR curves of (a) an Si/50 nm ALD
SiO2=50 nm PECVD SiO2 as-deposited sample and (b) an Si/50 nm ALD SiO2
as-deposited sample. In each graph, there is a table with the measured quanti-
ties for each film.
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or from the annealed samples in Figs. 13–17. Comparing the
annealed and as-deposited samples at the same fluence, the elonga-
tion ratio is similar. Moreover, regarding the different deposition
techniques, elongated nanoparticles in PECVD samples present a
slightly higher elongation ratio for fluences �5� 1013 ions=cm2.

The as-deposited PECVD and ALD samples did not withstand
irradiation for the highest fluence at 5� 1014 ions=cm2, and most of
the windows broke during the irradiation. The same problem appeared
also for the annealed PECVD sample as we were able to track only a
few nanoparticles after irradiation. As a result, images were collected
from nanoparticles that had not been imaged before the irradiation.
For the pre-imaged nanoparticles, the volume was almost the same
before and after irradiation. In case the original nanoparticle was not
imaged, we assumed the volume of the elongated nanoparticles as a
cylinder and compared it with their spherical volume before the irradi-
ation in order to find their initial diameter. As for the annealed ALD
sample, it had intact windows with plenty of same nanoparticles
imaged before and after the irradiation with TEM.

In Figs. 18 and 19, those nanoparticles with the highest elonga-
tion ratio in each range are shown. For the PECVD sample, only a
few nanoparticles before the irradiation are shown. Comparing the
different deposition techniques, the highest elongation ratio is
achieved for ALD samples. However, the nanorods embedded in
ALD SiO2 elongate so much that some of them become unstable
and tend to break up into smaller fragments, which has also been
reported before36 and is related to the inverse Ostwald ripening.37–40

Particularly, some of the biggest elongated nanoparticles in
ALD SiO2 (after 35 nm initial diameter) present unconventional
morphologies. Between 35 and 45 nm initial diameter, the irradi-
ated nanoparticles have obtained a shape resembling nanorod. One
nanoparticle (35–40 nm) is bigger in the sides than in the middle,
while the other is bigger in one side. Subsequently, for nanoparti-
cles with diameters between 45 and 65 nm, the irradiation causes
only part of them to elongate.

By increasing the fluence, the elongation ratio of the nanopar-
ticles (Fig. 20) increases and the biggest nanoparticles also change.

FIG. 12. Representation of the average ratio (length/width) vs the initial diame-
ter of the elongated nanoparticles after 50 MeV 127I irradiation at fluences
between 1013 and 5� 1014 ions=cm2. The nanoparticles are embedded in (a)
PECVD SiO2 and (b) ALD SiO2. The uncertainties are left out from the image
for clarity.

TABLE I. Elongation (length/width) ratio for nanoparticles embedded in annealed (ann.) and as-deposited (as-dep.) PECVD SiO2 samples regarding the initial diameter and
fluence.

(nm) 1013 (ann.) 1013 (as-dep.) 5 × 1013 (ann.) 5 × 1013 (as-dep.) 5 × 1014 (ann.)

5–10 1.02 ± 0.02 1.00 ± 0.00 1.03 ± 0.03 1.12 ± 0.12 1.0 ± 0.0
10–15 1.16 ± 0.12 … 1.43 ± 0.22 1.37 ± 0.29 1.0 ± 0.0
15–20 1.19 ± 0.09 1.36 ± 0.32 1.78 ± 0.38 1.53 ± 0.30 1.52 ± 0.52
20–25 1.18 ± 0.10 1.47 ± 0.45 2.06 ± 0.35 1.62 ± 0.38 2.24 ± 0.70
25–30 1.12 ± 0.06 1.43 ± 0.38 2.00 ± 0.38 1.73 ± 0.32 2.12 ± 0.32
30–35 1.09 ± 0.07 1.14 ± 0.14 1.73 ± 0.34 1.60 ± 0.29 1.99 ± 0.54
35–40 1.03 ± 0.03 1.18 ± 0.18 1.48 ± 0.17 1.58 ± 0.26 1.88 ± 0.43
40–45 1.02 ± 0.02 1.21 ± 0.20 1.21 ± 0.13 1.50 ± 0.39 …
45–50 1.05 ± 0.05 1.0 ± 0.0 1.11 ± 0.11 1.24 ± 0.20 1.46 ± 0.05
50–60 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.30 ± 0.30
60–70 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0
70–80 1.0 ± 0.0 … 1.0 ± 0.0 1.0 ± 0.0 …
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The threshold fluence for larger elongation is higher for ALD
samples than PECVD. Additionally, smaller nanoparticles elongate
slightly more in both cases.

IV. DISCUSSION

A. Dependence of elongation on fluence and
nanoparticle initial size

The results show that the elongation depends strongly on the
irradiation fluence and the nanoparticle initial size. The lower flu-
ences (�5� 1013 ions=cm2) favor the elongation of the smallest
nanoparticles, smaller than 50 nm, because the deposited energy is
not high enough to elongate the larger ones. On the other hand,
for higher fluences (�1014 ions=cm2), the deposited energy by the
ion irradiation is high enough to elongate bigger nanoparticles as
well. However, when the smallest nanoparticles (<15 nm), which
have already started elongating, reach the higher fluences, they start
to shrink and reshape back toward a spherical shape or they can
disintegrate completely. This significant volume change can be
explained by the fact that the irradiation fluence is too high and
prevent them from elongation. According to Peña-Rodríguez
et al.,41 the constituent atoms of the disintegrated nanoparticles are
absorbed by the larger ones (Ostwald ripening) or form new parti-
cles, but there is no experimental evidence of that in the present
study. In the case of nanoparticles with a diameter smaller than
10 nm, there is basically no elongation and only a few nanoparticles
show a small shape change.

The last observation can be related to the value of the ion
track diameter. If the nanoparticle has a diameter less than the ion
track diameter, it cannot elongate or elongate much less than the
bigger ones.42 The track diameter limits as well the minimum
width that an elongated nanoparticle can reach. According to
Mota-Santiago et al.,25 the diameter of an ion track formed in SiO2

TABLE II. Elongation (length/width) ratio for nanoparticles embedded in annealed (ann.) and as-deposited (as-dep.) ALD SiO2 samples regarding the initial diameter and
fluence.

(nm) 1013 (ann.) 1013 (as-dep.) 5 × 1013 (ann.) 5 × 1013 (as-dep.) 1014 (as-dep.) 5 × 1014 (ann.)

5–10 1.12 ± 0.12 1.06 ± 0.06 1.15 ± 0.15 1.0 ± 0.0 … 1.0 ± 0.0
10–15 1.32 ± 0.14 1.24 ± 0.12 1.31 ± 0.24 1.26 ± 0.20 … 1.0 ± 0.0
15–20 1.34 ± 0.19 1.16 ± 0.09 1.33 ± 0.15 1.37 ± 0.21 1.53 ± 0.0 3.79 ± 1.82
20–25 1.21 ± 0.11 1.10 ± 0.08 1.23 ± 0.14 1.37 ± 0.23 1.90 ± 0.05 3.74 ± 1.61
25–30 1.12 ± 0.10 1.07 ± 0.07 1.16 ± 0.08 1.40 ± 0.17 2.36 ± 0.17 2.84 ± 1.03
30–35 1.08 ± 0.07 1.04 ± 0.04 1.05 ± 0.05 1.39 ± 0.12 2.39 ± 0.26 2.86 ± 1.25
35–40 1.03 ± 0.03 1.05 ± 0.05 1.03 ± 0.03 1.25 ± 0.18 1.88 ± 0.05 2.86 ± 1.25
40–45 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.10 ± 0.05 1.40 ± 0.25 2.87 ± 0.89
45–50 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.07 ± 0.07 1.15 ± 0.04 2.33 ± 0.53
50–55 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 … 2.07 ± 0.74
55–60 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 … 1.49 ± 0.49
60–65 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 … 1.29 ± 0.26
65–70 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 … 1.04 ± 0.04
70–80 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 … 1.0 ± 0.0

FIG. 13. TEM images of nanoparticles sandwiched between two 50 nm PECVD
SiO2 layers (as-deposited). The samples were irradiated with 127I at a fluence of
1013 ions=cm2 and imaged before (left) and after (right) the irradiation.
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irradiated with a 185MeV Au beam was measured to be 10.8 nm
by SAXS (small angle x-ray scattering) measurements. In this
study, nanoparticles of diameter between 7 and 8 nm are the small-
est that can elongate and minimum elongation width was found to
have approximately the same value. This observation, in combina-
tion with the smaller deposited energy in these experiments,
implies that the ion track diameter for 50MeV 127I is less than the
10.8 nm reported in the literature. Additionally, their small size and
consequently a small possibility of a significant amount of ions
hitting them (8–40 ion hits/1013–5� 1013 ions=cm2) affect the
elongation.

Elongation results can give additional information about the
correlation between the initial particle size and the particle defor-
mation path in the SiO2 matrix.7 At the highest applied fluence,
nanoparticles of diameter less than 15 nm disintegrate either
completely and disappear or disintegrate partially and remain
spherical. At range from a 15 to 45 nm diameter, they melt
completely during the ion impact and transform to nanorods along
the ion beam direction after multiple impacts. At range from 45 to
65 nm, they are partially molten and the elongation occurs as an
elongated part attached to a sphere. Finally, for larger nanoparticles

(>65 nm), there is negligible deformation because the ion energy is
not high enough to melt them. Comparing these results with
Rizza’s work,7 nanoparticles of diameter up to 30 nm are
completely molten, while in our case, nanoparticles of diameter up
to 45 nm melt completely. This difference arises from the composi-
tion of the matrix and the irradiation conditions. In this kind of
studies, SiO2 thickness does not need to be hundreds of nanome-
ters like in previous studies,7,17,23,25 but 100 nm thickness is
enough.

B. Effect of the SiO2 deposition technique

It is clear that the elongation is affected by the deposition
technique of SiO2. At the highest applied fluence, ALD SiO2 offers
a higher elongation ratio than PECVD SiO2. At lower fluences, the
opposite happens. This could be at least partially explained by the
fact that PECVD SiO2 has a slightly higher density than the ALD
SiO2 and the presence of grains in PECVD SiO2. When an irradi-
ated material is denser, bigger energy loss occurs, resulting in
greater deposited energy in the material and consequently greater
elongation. Apart from the difference in the overall density
between the two types of SiO2, the dark halos surrounding the
nanoparticles can be interpreted as regions with a higher density.
Since these regions are much more distinct in PECVD SiO2 than in
ALD SiO2, we assume that this layer has such a density, which
enables the nanoparticle to elongate more in PECVD SiO2. As a
result, the underdensification happens faster in PECVD SiO2 than
in ALD SiO2 until the fluence of 5� 1013. However, the elongation
of nanoparticles embedded in PECVD SiO2 saturates faster: for

FIG. 15. TEM images of nanoparticles sandwiched between two 50 nm ALD
SiO2 layers (annealed after deposition). The samples were irradiated with 127I at
a fluence of 1013 ions=cm2 before (left) and after (right) the irradiation.

FIG. 14. TEM images of nanoparticles sandwiched between two 50 nm PECVD
SiO2 layers (annealed after the deposition). The samples were irradiated with
127I at a fluence of 5� 1013 ions=cm2 before (left) and after (right) the
irradiation.
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5� 1014 ions=cm2 fluence, there is only a small increase in the
elongation ratio compared to 5� 1013 ions=cm2 fluence. On the
other hand, for ALD, the elongation ratio is significantly higher at
5� 1014 ions=cm2 fluence compared to 1014 ions=cm2 fluence and
to a PECVD sample at 5� 1014 ions=cm2 fluence. These findings
imply that in the range between 5� 1013 and 5� 1014 ions=cm2,
the underdensification happens faster within the ALD type. The
dark halos surrounding the nanoparticles in a PECVD type in
combination with the grains appearing in this make the nanoparti-
cles elongate less in PECVD type than in ALD, and the underden-
sification happens slower at the higher fluences.

C. Effect of annealing

Finally, regarding the effect of the annealing prior to irradia-
tion, there is no significant difference in the elongation ratio at
lower fluences. The biggest difference is observed at the highest
applied fluence where the as-deposited sample seems not to with-
stand irradiation as almost all the windows were broken after the
irradiation. The reason could be that annealing makes the material
sustain more easily the plastic deformation during the irradiation
and not break. The annealing step makes the SiO2 coated TEM
grids more durable.

FIG. 16. TEM images of nanoparticles sandwiched between two 50 nm ALD
SiO2 layers (as-deposited). The samples were irradiated with 127I at a fluence of
5� 1013 ions=cm2 before (left) and after (right) the irradiation.

FIG. 17. TEM images of nanoparticles sandwiched between two 50 nm ALD
SiO2 layers (as-deposited). The samples were irradiated with 127I at
1014 ions=cm2 before (left) and after (right) the irradiation.

FIG. 18. TEM images of nanoparticles sandwiched between two 50 nm PECVD
SiO2 layers (annealed after the deposition). The samples were irradiated with
127I at a fluence of 5� 1014 ions=cm2 before and after the irradiation. The red
outline includes either a pair of nanoparticles before (left) and after (right) the
irradiation or only nanoparticles after the irradiation.
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V. CONCLUSIONS

In this work, we investigated in detail the elongation of spheri-
cal gold nanoparticles of various diameters by imaging the same
nanoparticles before and after the SHI irradiation. The deposition
of SiO2 by two techniques (ALD and PECVD) in combination
with post-deposition annealing showed that the impact of the irra-
diation on nanoparticles depends on the deposition process of the
samples, the quality of the SiO2, and the size of the nanoparticles.
Furthermore, the use of 20 nm Si3N4 TEM windows as a substrate
makes it easier to study in detail the irradiation effect on

nanostructures. Nanostructures of various sizes and shapes can be
fabricated and imaged within the same sample in different phases
of the processing, and their evolution can be followed.
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