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Angle-Dependent Extinction of
Anisotropic Silica/Au Core/Shell
Colloids Made via Ion Irradiation**

By Joan J. Penninkhof, Christina Graf,
Teun van Dillen, Arjen M. Vredenberg,
Alfons van Blaaderen, and Albert Polman*

Metallo-dielectric colloids, consisting of a metal and a di-
electric material in a core/shell geometry, form a new class of
interesting building blocks for photonic materials. Coherent
oscillations of the conduction electrons in the metal give
rise to strong plasmon resonances. The plasmon frequency de-
pends on the size, shape, and composition of the metal, and
the optical constant of the surrounding medium. For metal
shells, the optical response also depends on the relative ratio
of the core radius and the shell thickness. By variation of this
core-to-shell ratio, the plasmon frequency can be shifted from
the visible into the infrared region of the spectrum (2.3 eV to
0.1 ev).13

While many papers have been published on spherical core/
shell systems, anisotropic composite colloids give an addi-
tional parameter for tailoring the optical response. Control
over the shape of the anisotropic composite particles is of
great importance, for example in studies of electro-magnetic
field enhancements near highly curved metal surfaces. One
approach to synthesize monodisperse anisotropic core/shell
particles with a metal shell is seeded growth, as was shown
recently by Limmer et al.! for silica and titania nanorods.
Another approach, as will be shown in this paper, is to use
ion irradiation to change the shape of colloids from spherical
to (oblate) ellipsoidal.

Over the last few years, ion-beam-induced plastic deforma-
tion of colloidal particles has been addressed in several pa-
pers.[5‘7] It was shown that colloids expand biaxially per-
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pendicular to the ion-beam direction and contract uniaxially
along the ion-beam direction, while their volume remains
constant. The aspect ratio of the ellipsoids can be accurately
tuned by varying the ion fluence. This plastic deformation is
known to occur in amorphous materials, with the deformation
rate dependent on the electronic energy loss of the pene-
trating ions. lon irradiation is a directional technology; the
ellipsoidally shaped colloids are thus all aligned along the
ion-beam direction. This enables optical characterization by
averaging over large ensembles. The deformed particles can
also be removed from the substrate and brought back into
solution by sonication.’) Depending on the irradiation condi-
tions and the desired aspect ratio, the particle yield is typically
10%-10° particles (0.5-5 mg) per hour.

Recently, ion irradiation was applied to metallo-dielectric
colloids comprising a Au core and a silica shell.®! It was found
that the irradiation turned the spherical silica shells into ob-
late ellipsoids and the spherical metal cores into prolate ellip-
soids. Au cores without a silica shell remained spherical under
ion irradiation.

In this paper we demonstrate that colloids of the reverse
core/shell geometry, i.e., colloids consisting of a silica core (di-
ameter: 300-500 nm) and an Au shell (thickness: 20-60 nm),
also show plastic deformation upon ion irradiation. The shape
of the spherical colloids changed into oblate ellipsoidal, with
the final degree of anisotropy determined by the ion fluence.
The observed deformation is attributed to the ion-induced
anisotropic deformation process in the amorphous silica. At
constant fluence, we find that the net observed anisotropy de-
creases with increasing Au-shell thickness, indicating that the
Au shell imposes a mechanical constraint on the deformation
of the silica core. Optical transmission measurements on de-
formed silica/Au/silica core/shell/shell colloids on glass show
that the extinction spectra are strongly angle-dependent, with
a peak shift of 700 nm.

Figure 1a shows a side-view scanning electron microscopy
(SEM) image (10°-tilt angle) of Au-shell colloids before ion
irradiation. The angle of irradiation and the view angles are
indicated in the scheme in the top left of Figure 1. The total
diameter of the colloids is 530 nm with an absolute polydis-
persity of 18 nm; the Au shell is (46£11) nm thick. Next, the
sample was irradiated with 30 MeV Cu ions to a fluence of
5x 10" ions cm™ at 45°. Figure 1b shows irradiated colloids,
imaged along the ion-beam direction. The dashed circle in-
dicates the circumference of the unirradiated particles. It is
clear that the colloids have expanded in the direction perpen-
dicular to the ion beam. In Figure 1c, the colloids are imaged
almost perpendicular to the ion-beam direction, at a side-view
tilt angle of 10° with respect to the substrate surface. Clearly,
the colloids have contracted along the ion beam. The silica
core remains uniformly covered with Au after deformation.
These irradiated colloids have an average size aspect ratio
(major over minor diameter) of 1.47£0.16.

The ion-irradiation-induced plastic deformation of amor-
phous materials can be described by a viscoelastic thermal
spike model.™” An energetic ion that penetrates a solid
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Figure 1. SEM images of silica-core/Au-shell colloids on a silicon sub-
strate: a) unirradiated, b,c) irradiated with 30 MeV Cu ions at 45° at 77 K
to a fluence of 5x10™ ions cm™, viewing angle parallel (b) or almost
perpendicular (c) to the ion-beam direction. The upper-left scheme shows
the ion-beam direction and the SEM viewing angles. Scale bars are
500 nm.

heats a small cylindrical region along the ion track in less than
102 s. The rapid thermal expansion of this thermal spike
causes deviatoric (shear) stresses that relax by Newtonian vis-
cous flow at ion-track temperatures above the flow tempera-
ture. It is accompanied by the generation of viscous strains
that freeze in for large track cooling rates, resulting in a net
local anisotropic deformation of the material. The macroscop-
ic deformation then is the result of many ion impacts in each
colloid. For the fluence and colloids of Figure 1, a typical
number of 10° ions impacted on each colloid. In contrast to
amorphous materials such as silica, crystalline materials do
not show anisotropic deformation under ion irradiation.'*1?!
This effect is attributed to epitaxial recrystallization at the
solid-liquid interface of the molten cylindrical thermal spike
region. In addition, track temperatures in crystalline metals
are not likely to exceed the melting temperature as a result of
rapid redistribution of the deposited energy in the electronic
subsystem.[13’14] Given the deformation observed in Figure 1,
the deforming silica core must thus impose a deformation on
the Au shell that would otherwise not deform under irradia-
tion. We attribute the conformal shape transformation of the
metal to radiation-induced viscous flow that leads to an effec-
tive softening of the metal under irradiation. Metals such as
Al and W are known to relax stress by ion-irradiation-induced
Newtonian viscous flow.">!*! This is further supported by the
observation that the metal-shell surface appears somewhat
smoothened after the irradiation (see Figs. 1c, 2b). We remark
that the radiation-induced flow of the metal is thus of entirely
different nature than the anisotropic strain generation that
leads to plastic deformation of the silica.l'”!

To directly compare the deformation of core/shell colloids
with that of pure silica colloids (i.e., without an Au shell),
droplets of both colloidal suspensions were dried on a silicon
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substrate. The average radii of the silica colloids and silica/Au
colloids were (149+4) nm and (173+6) nm, respectively. The
average thickness of the Au shell thus amounts to (24£7) nm.
Figure 2a shows a top-view SEM image of a silica colloid
(left) and a silica/Au colloid (right). After irradiation with
30 MeV Cu ions to a fluence of 1 x 10* jons cm™ at normal in-
cidence the same two colloids were imaged again, as shown
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Figure 2. a,b) Top-view SEM images of the same colloids (a silica-core
colloid and a silica/Au colloid) before (a) and after (b) irradiation with
30 MeV Cu ions at normal incidence to a fluence of 1x10'® ions cm™.
The scale bar is 200 nm. c) Histograms of the transverse diameter of
Au-shell colloids and silica reference colloids before (lines) and after
(dashed lines) irradiation.

in Figure 2b. Note that the nanoscale features (e.g., the hole)
of the Au shell are preserved. As expected, the transverse di-
mensions of both types of colloids have increased. However,
the transverse diameter of the silica colloid is now larger than
that of the silica/Au colloid. Figure 2c shows the distributions
of the transverse diameter of the colloids before and after the
ion irradiation. Gaussian fits through these data show that
the average transverse diameter of the silica colloids in-
creased from (297+6) nm to (486+12) nm, while the average
transverse diameter of silica/Au colloids increased from
(345£10) nm to (426%15) nm. From this, we conclude that
the presence of the Au shell reduces the ion-beam-induced
anisotropic deformation of the silica core.

To examine the effect of the Au-shell thickness on the defor-
mation process in more detail, silica/Au colloids were synthe-
sized using identical silica cores of radius (217+10) nm and
varying Au-shell thickness. After the synthesis, the thicknesses
of the Au shell were found to be (25+13) nm, (47£10) nm,
and (58+10) nm. A 30 MeV Cu beam at an angle of 45° was
used to deform the colloids. The fluence was 1 x 10" ions cm™.
In Figure 3 the average transverse diameter <L> is plotted
versus the thickness of the Au shell. The data were normalized
to the average diameter <L,> before irradiation. We observe
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Figure 3. Averaged normalized transverse diameter versus Au-shell thick-
ness for silica/Au colloids irradiated with 30 MeV Cu to a fluence of
1%10" ions cm™. The observed deformation is reduced upon an in-
crease in Au-shell thickness. The dashed line is a guide to the eye.

that the anisotropic deformation decreases upon an increase
of the thickness of the Au shell.

It is by now quite well established that the electronic stop-
ping S, of the energetic ions is responsible for the ion-beam-
induced plastic deformation of amorphous materials like sili-
ca.’® The decrease in S, in the silica owing to the energy
loss in the Au shell is only 1 % for the dimensions under con-
sideration.””! The reduced deformation of the silica core must
thus be due to the mechanical constraint of the metal shell. In-
deed, for very large shell thicknesses, no deformation of the
core is expected. Our data in Figure 3 predict this to occur
for Au shells on silica colloids (with a radius of 217 nm) thick-
er than about 100 nm.

It is interesting to compare our data with those by Garrido
et al., who studied multilayered systems composed of a crys-
talline layer of Au or W sandwiched between two layers of
amorphous Ni;B.2! Upon ion irradiation with 500 MeV 1
ions, they observed that the crystalline layer was subjected to
a tensile stress owing to the expanding adjacent amorphous
layer. In this case, the metal layer then counteracts the expan-
sion of the amorphous layers by means of macroscopic elastic
forces. It was found that the net deformation decreased with
thickness of the crystalline layer, similar to our experiments.

Next, we investigated the plastic deformation of silica col-
loids covered with an Au shell and an additional silica shell.
This outer silica shell is useful in preventing aggregation of the
metal-shell colloids during growth and drying of colloidal crys-
tals (by reduction of the van der Waals forces). It could also
serve as a host for optical emitters such as dyes, rare-earth
ions, or quantum dots, whose emission is modified by the local
field enhancements. The thickness of this outer silica shell was
either (44£7) nm or (133+7) nm. The Au-shell colloids con-
sisted of a silica core with a radius of (149+4) nm covered
with a (24+7) nm thick Au shell. Silica colloids of different
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sizes, made using seeded Stober growth, were used as a refer-
ence for the deformation experiments. The colloids were irra-
diated with 6 MeV Au ions to a fluence of 6.5 x 10" jons cm™
at an angle of 45° at 77 K. The resulting deformation of the
colloids versus the colloid diameter before irradiation is shown
in Figure 4. The core/shell/shell structure of the colloids is
schematically depicted as well.
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Figure 4. Normalized transverse diameter versus the original diameter of
the silica and the silica-core/Au-shell/silica-shell colloids after irradiation
with 6.5x10™ Au cm™ at an angle of 45°: silica (closed squares), silica/
Au (open squares), and silica/Au colloids with an outer silica shell (open
triangles/crosses). The core/shell/shell structure of the colloids is also in-
dicated in schematics. A side-view SEM image of irradiated Au-shell col-
loids with a thick silica shell is shown as inset. The scale bar is 500 nm.

Three conclusions can be drawn from this graph. Firstly,
for pure silica colloids (closed squares) the ion-beam-induced
anisotropic deformation decreases with decreasing diameter.
As will be shown in a separate paper, this effect is due to cap-
illary stresses resulting from the surface tension.l”?! Secondly,
as was already shown in this paper, Au-shell colloids (open
squares) show a reduced deformation compared to the cor-
responding silica-core colloids (closed squares, diameter
300 nm). The spread in the data reflects the polydispersity of
the shell thickness. Thirdly, Au-shell colloids with an addi-
tional silica shell (open triangles, crosses) deform less than
pure silica colloids of equal size, but for increasing silica-shell
thickness, the overall deformation approaches that of pure sil-
ica colloids. The inset in Figure 4 shows a side-view SEM im-
age of irradiated Au-shell colloids with thick silica shells. In
the image, taken using a 30 keV electron beam, the embedded
(deformed) Au shell appears as a clear contrast. This is a re-
sult of the backscattered electrons of the substrate and the Au
shell that generate additional secondary electrons, which then
are both detected. Owing to the sensitivity of the backscat-
tered electrons to the tilt angle of the sample, the inverse con-
trast can be observed as well (for example at normal inci-
dence).
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Preliminary optical transmission measurements were per-
formed with unpolarized light to determine the effect of the
shape anisotropy on the extinction spectra. A dilute colloidal
suspension was dried onto positively charged glass substrates
(using poly(allylamine hydrochloride)), yielding a sub-mono-
layer coverage. The colloids consisted of a silica core with a ra-
dius of 228 nm covered with a 38 nm thick Au shell and a
60 nm thick outer silica shell. One sample was irradiated with
4 MeV Xe ions at an angle of 45° to a fluence of 1x 10" ions
cm™. After irradiation, the average aspect ratio of the colloids
was measured with SEM and found to be 1.8+0.2. Next, the
samples were immersed in index-matching oil (n=1.51). Nor-
malized transmission spectra of this sample are shown in Fig-
ure 5a for different angles of the incident light beam with re-
spect to the surface normal. The angle was varied from +45°
(spectrum b, light along the ion-beam direction) to —45° (spec-

extinction

T T T T T T T T
400 600 800 1000 1200 1400

1600
X [nm]
1400—‘ / (b)
" 13004 2
é‘ 1200 | “‘.
>
£ 1100 .
.g '
& 1000+ ‘»
c .
S 900 . \
£ 800 .-
5 700_- ¢ ‘e .o

-ﬂ|,5 -C’I»OI-1|5' 6 ' 15 ' 3|0 . 4|5
beam angle [degrees]

Figure 5. a) Optical transmission spectra of deformed silica spheres
(228 nm radius) with an Au shell (38 nm) and an outer silica shell
(60 nm) as a function of angle of the incident light beam. The angle was
varied from 45° (i.e., parallel to ion-beam direction, spectrum b) to —45°
(i-e., perpendicular to the ion beam direction, spectrum h) in steps of
15°. The transmission spectrum for undeformed colloids is shown as
spectrum a. The maxima of the spectra in (a) are plotted in (b) as a func-
tion of the angle of the incident optical beam.
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trum h, perpendicular to the ion beam) in steps of 15°. As a
reference, spectrum a in Figure 5a shows the transmission of
a sample with undeformed colloids. We observe that the spec-
tra of the deformed colloids are broader and angle-dependent:
the maximum in extinction shifts to the infrared for angles
more perpendicular to the ion-beam direction. This shift
is clearly seen in Figure 5b, were the extinction maxima
are plotted as a function of angle of incidence. We observe
that the extinction maximum shifts from ~700 nm to almost
1400 nm. Future work will focus on the influence of aspect
ratio and the use of polarized light, as well as on calcu-
lations of the optical properties of anisotropic core/shell parti-
cles.

In summary, we have shown that MeV ion irradiation can
be used to turn spherical colloids with a silica core and a metal
shell into oblate ellipsoids. A typical major-to-minor aspect
ratio of 1.5 is achieved after irradiation with 30 MeV Cu to a
fluence of 5 x 10" ions cm™. The anisotropic plastic deforma-
tion is attributed to the ion-induced deformation of the silica
core, counteracted by the mechanical constraint of the metal
shell. At constant fluence, an increase of the metal-shell
thickness reduces the deformation, while the addition of an
extra silica shell results in deformation rates that approach
the deformation rates of silica. Optical transmission spectra
measured on a sample with anisotropic metal-shell par-
ticles are highly angle-dependent. Due to the high level of
control over the aspect ratio, these anisotropic metallo-dielec-
tric colloids may be ideal building blocks in photonic applica-
tions.

Experimental

Materials: Silica/Au colloids were synthesized using the method de-
scribed elsewhere [23]. In brief, monodisperse silica colloids with di-
ameters in the range between 300 nm and 500 nm were synthesized
using the Stober method [24] and functionalized with 3-aminopropyl-
trimethoxysilane to enable the attachment of small gold nanoclusters
(1-2 nm in diameter). The Au shell was grown via reduction of an
aged solution of chloroauric acid by addition of a hydroxylamine hy-
drochloride solution. The thickness of the Au shell was controlled by
the ratio of the amount of precursor particles and the volume of the
gold salt solution. Thicker Au shells were grown by seeded growth.
An additional outer silica shell was grown via functionalization of the
silica/Au particles by polyvinylpyrrolidone [25], after which the col-
loids were transferred into ethanol to enable Stober growth. After
synthesis, a droplet of the colloidal suspension was dried on a Si(100)
substrate under nitrogen flow, so that the typical surface coverage was
well below a monolayer.

lon Irradiation: Ion irradiation was performed using a 1 MV and a
6 MV Van de Graaff accelerator. The ion beam was electrostatically
scanned across a 1.0 cmx 1.0 cm area. Ion beams of 30 MeV Cu’,
6 MeV Au*", and 4 MeV Xe** were used either at normal incidence
or at an angle of 45° with respect to the substrate normal. In principle,
any energy and species can be chosen to induce plastic deformation,
although the deformation rate is higher for increasing electronic stop-
ping. Practically, the ion beam is limited by the type of accelerator
(ion yield) and the source material. The ion-beam energy flux was in
the range of 0.04-0.9 Wcm™ for all irradiations. During the irradia-
tion, the samples were clamped to a liquid-nitrogen-cooled Cu sub-
strate holder.
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Characterization: SEM at 5-30 keV was used to determine the
particles’ size and shape before and after ion irradiation. Optical
transmission spectra were measured using a Varian Cary 5 spectro-
photometer.
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Fabrication Method for Thermoelectric
Nanodevices**

By James R. Lim, Jay F. Whitacre, Jean-Pierre Fleurial,
Chen-Kuo Huang, Margaret A. Ryan, and
Nosang V. Myung*

Remarkable results from the evaluation of higher efficiency
thermoelectric materials and their properties have reinvigo-
rated interest in the field of thermoelectrics (TEs).'™* The
efficiency of thermoelectric materials is directly related to the
dimensionless figure of merit (ZT).”! Current and longstand-
ing state-of-the-art thermoelectric materials, at near-room-
temperature operation, are Bi,Tes-based bulk alloys with ZT
values around one.”! However, to compete for market share
against conventional power sources and refrigerators, thermo-
electric efficiencies need to be improved to Z7 values around
three.’) Nanoarchitectured thermoelectric devices have pro-
vided the impetus for higher efficiency materials and new
technological advancements in science and engineering.

TEs convert heat into electricity (Seebeck effect) and vice
versa (Peltier effect).[s] Thermoelectric devices consist of
many n-type and p-type thermoelectric elements connected
electrically in series and arranged thermally in parallel. The
many advantages of TE devices include solid-state operation,
zero emission, vast scalability, no maintenance, and a long op-
erating lifetime. Nonetheless, because of their limited energy-
conversion efficiencies, thermoelectrics have a rather specific
range of applications. Examples of applications include radio-
isotope thermoelectric generators (RTGs)m for power gen-
eration and optoelectronic thermal management for cooling
purposes.®!

Throughout the microelectronics industry, miniaturization
has become affordable, versatile, and readily accessible. The
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