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Uniformly oriented, ellipsoidal nanovoids in glass created by electric-field-assisted dissolution
of metallic nanoparticles
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Nanoporous glass containing spherical or ellipsoidal nanovoids, respectively, has been produced by electric-
field-assisted dissolution of Ag nanoparticles embedded in glass-metal nanocomposites. Small angle x-ray
scattering before and after particle dissolution gives evidence that in the case of spherical nanoparticles the
remaining nanovoids have the same size distribution (=20 nm average diameter) as the original silver par-
ticles. Spheroidal particles of uniform orientation leave strongly aspherical nanovoids, which undergo a slight
shape relaxation from aspect ratio 4.7 (particles) to 3.8 (holes).
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Micro- and nanostructuring, often by ultrashort laser
pulses, are widely used approaches to control the optical
properties of glass-based materials.!~® Recently we demon-
strated that Ag nanoparticles included in glass-metal nano-
composites may disappear after treating the material with a
combination of a moderately high dc voltage (=1 kV) and
elevated temperature (=280 °C).° This process was termed
“electric-field-assisted dissolution” (EFAD), because the sil-
ver from the destroyed nanoparticles is dissolved in the glass
in form of Ag* ions.!” Already the first studies of this effect
gave strong hints that the depleted layer remains
nanoporous.'®!!" Recently Lipovskii et al.'> showed electron
microscope images suggesting holes after EFAD in the an-
odic surface of samples with a very thin layer (=200 nm)
containing silver nanoparticles at relatively high volume con-
centration up to 10%. Also, field-dependent surface imprints
have been reported.'? This study, however, did not provide
any quantitative information about size, shape, or concentra-
tion of holes. Thus, it is an open question if each dissolved
nanoparticle leaves a corresponding hollow space after
EFAD, or if the procedure leads to shape relaxation and/or
collapsing of the voids.

In this Brief Report, we present a small angle x-ray scat-
tering (SAXS) study aiming to answer this open question.
Using samples with low particle concentrations (representing
the limit of noninteracting nanoparticles) and comparing the
scattered x-ray intensity before and after electric-field-
assisted dissolution of spherical and ellipsoidal Ag nanopar-
ticles, we can clearly show that nanovoids, typically of the
same volume and shape as the particles are, remain after
EFAD. In particular, we will show that in the case of a
sample containing uniformly oriented silver nanospheroids,
the dissolution process leaves also uniformly oriented sphe-
roidal nanovoids, with an only slightly smaller aspect ratio
compared to that of the original Ag particles.

The samples for this study were prepared from soda-lime
float glass (72.5 SiO,, 14.4 Na,0O, 0.7 K,0, 6.1 Ca0O, 4.0
MgO, 1.5 Al,03, 0.1 Fe,03, 0.1 MnO, 0.4 SO; in wt %) by
Ag*-Na* ion exchange in a mixed melt of AgNO; and KNO;
at 400 °C. By subsequent annealing in a H, reduction atmo-
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sphere at typically 400—450 °C spherical silver nanopar-
ticles are formed in a thin subsurface layer. Sizes and spatial
distribution of the Ag clusters can be controlled by the pro-
cessing parameters (mainly by the sequence of temperature
and timing).®!° For this study we used two types of samples:
the first type contains spherical particles with mean diameter
of =20 nm in a surface layer of =10 wm thickness (con-
cluded from a sample cross section by microscope spectrom-
etry). The average Ag volume content in this layer is in the
range of 4X 1073 (estimated from optical absorption and
SAXS intensity, see below). Figure 1(a) shows an optical-
absorption spectrum of the sample (dashed line) with a very
strong surface-plasmon resonance absorption around 420 nm
(optical density OD=log,,(7)>10; T: intensity transmis-
sion). For the second type of samples a further step of pro-
cessing was performed: these samples were stretched by ten-
sile deformation and simultaneous heating to the glass
transition temperature (=600 °C), transforming the original
layer of spherical nanoparticles into a near-surface layer of
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FIG. 1. (Color online) Absorption spectra of samples before and
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~1 um thickness containing elongated (ellipsoidal) nano-
particles of uniform orientation.!® Due to this deformation,
the surface-plasmon resonance splits into two polarization-
dependent absorption bands: as shown in Fig. 1(b), for light
polarized parallel to the long particle axis a broad absorption
band with optical density >3 around 900 nm is observed,
whereas light polarized parallel to the short particle axes ex-
periences a smaller absorption band centered at 370 nm
(0D, =2.6). The latter allows an estimation of the silver
content from the well-known absorption cross sections of Ag
nanoparticles,'*! yielding again a silver volume fill factor of
~4 X 1073, This is consistent with the fact that the stretching
does not change the width-to-thickness ratio of the sample.

These samples were then equipped with two steel elec-
trodes pressed onto the surfaces, the anode facing the layer
containing nanoparticles. For complete dissolution the
samples were heated to a temperature of 280 °C, and a dc
voltage was stepwise increased up to a maximum value of 1
kV (sample with ellipsoidal particles) or 3 kV (sample with
spherical particles), respectively. The total treatment time
was about 1 h. The voltage steps have to be chosen such that
the electrical current is limited to 250 uA to avoid the de-
grading electric breakdown of the material. After that proce-
dure the region under the anode has turned from originally
brown to faint yellow (type 1) or, respectively, from dark
green to transparent (type 2).8 This could be quantified by
optical spectroscopy: the solid curves in Fig. 1 refer to the
absorption spectra from the bleached regions, where clearly
the plasmon resonance absorption of the metal nanoparticles
has vanished [Fig. 1(b)] or at least decreased dramatically
[Fig. 1(a)]. From the remaining absorption (OD,,,,=0.5)
seen in Fig. 1(a) we can conclude that less than 1% of the
original amount of Ag nanoparticles is still present (or was
reformed in a deeper layer) in samples of type 1 after the
EFAD procedure.

Previous studies [scanning electron microscopy (SEM),
photoluminescence] have shown that the silver of the de-
stroyed particles is still within the glass in the form of ions,
which however do not absorb light in the visible range.
These Ag™ ions are located in regions further away from the
surface,'? the distance depending on voltage and processing
time. In previous work there have been seen also some indi-
cations of nanovoids, e.g., dark spots in SEM images,lo or
the need for a subsurface layer with lowered refractive index
to explain optical reflection spectra of partially bleached
samples.!!

In order to prove the existence of nanovoids after particle
dissolution, we have conducted small-angle x-ray scattering
in both bleached and unchanged regions of the samples. As
x-ray source a rotating anode generator (Bruker Nanostar)
with a wavelength of 0.154 nm (Cu-Ke radiation), a pinhole
camera with a beam monochromatized from crossed Gobel
mirrors and a beam width of 0.5 mm at the sample was used.
The scattered intensity was recorded with a two-dimensional
(2D) position sensitive detector (Vantec 2000, gas detector
with microgap technology).

The samples were ground down to a thickness of 200 um
and measured in transmission geometry. The absorption
length of the glass was 102 um, corresponding to a trans-
mission of 14%.
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FIG. 2. (Color online) Details of the SAXS signal in a logarith-
mic false-color/grayscale representation: Elongated particles both
before (a) and after (b) EFAD. The aspect ratio of the superimposed
ellipse is 4.7 in (a) and 3.8 in (b). Spherical particles both before (c)
and after (d) EFAD. The color scales/grayscales of (c) and (d) differ
by a factor of 15. The central dark spot and the bright ring around it
are the shadow of the beam stop and parasitic scattering from the
apertures, respectively.

Figure 2 shows the 2D SAXS signal obtained from a
sample containing uniformly oriented spheroidal Ag nano-
particles, both before [Fig. 2(a)] and after [Fig. 2(b)] EFAD.
A full quantitative evaluation in this case is not possible, as
the information concerning the long particle axis is hidden
under the parasitic scattering, so we concentrate on the an-
isotropy of the signals, which is the inverse of the aspect
ratio of the scattering objects. Clearly the anisotropic signal
before EFAD [Fig. 2(a)] is due to the Ag spheroids. By fit-
ting an ellipse to the data, a mean aspect ratio of the particles
of ¢c/a=4.7 is found in accordance with the optical absorp-
tion. After EFAD a weaker signal with a reduced aspect ratio
of =3.8 is visible. Since the optical absorption has vanished
after EFAD [Fig. 1(b)], clearly no more Ag particles are
present. Assuming that for each destroyed particle a nano-
hole with the same volume is left in the glass, a similar
signal as before EFAD, but with reduced intensity can be
expected due to the different electron-density differences be-
tween silver and glass and between glass and vacuum, re-
spectively (see below). Thus our SAXS results on the me-
chanically stretched nanocomposites clearly prove the
existence of ellipsoidal nanovoids, which have experienced a
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FIG. 3. (Color online) Scattered intensity as function of modu-
lus of scattering vector ¢ both before (upper curve) and after EFAD
(lower curve) together with fits as explained in the text, also back-
ground due to the glass matrix. Exposure time was 11 h.

moderate shape change during the EFAD process.

The SAXS results obtained on the samples containing ini-
tially spherical nanoparticles [Fig. 2(c) and 2(d)] are not
dominated by parasitic scattering in the interesting ¢ range,
and thus can be interpreted quantitatively by a more detailed
analysis. Neglecting absorption, the scattered intensity per
steradian of a population p(R) of spheres is given by!'®

i 2
oy =it a3y =02

Here x is an abbreviation for gR, r, is the Thomson electron
radius, V is the volume of the particle, Ap is the difference in
electron density between particle and surrounding matrix, n
the number of particles per area and /, the incident radiation.
Adding the intensities incoherently, that is, neglecting corre-
lations between the positions of the scatterers, is valid due to
the low volume fill factors of the particles.

Figure 3 shows the pertinent intensities recorded as a
function of modulus of scattering vector g. First, the scatter-
ing of a pure glass sample was measured. For fitting the
spectra of the samples both before and after EFAD, this
properly rescaled background was added to Eq. (1). The fit of
the scattered intensity before EFAD yields a mean particle
radius of R;=(9.9%0.1) nm with a width of the distribution
01=(2.7%£0.1) nm. The area density of particles can be
computed from Eq. (1), using the fitted prefactor, the known
incident intensity of 1.9 107 s~!, and the solid angle of a
pixel (3.665X 107 sr); taking finally absorption in the
sample into account, a value of n=7.5X 103 nm2 is ob-
tained. Together with the size of the particles and the layer
thickness this translates to a volume fill factor of 0.4%, in
accordance with the optical absorption.

After EFAD, the scattered intensity has decreased by a
factor of 15, while the average particle radius and distribu-
tion width remain approximately constant, namely, R,
=(10.1=0.1) nm and 0,=(3.0+=0.1) nm. In order to fit the
spectrum, though, additionally a distribution centered around
3 nm has to be added. This additional contribution is very
weak, so its parameters are very poorly defined. The physical
interpretation of this background is not really clear; possible
explanations would be the onset of surface destruction by
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FIG. 4. (Color online) AFM image of sample surface after
EFAD with a microstructured electrode.

way of ion depletion as reported in Ref. 12 or, more gener-
ally, additional defects in the glass matrix caused by removal
of ions from the subsurface layer by the static electric field.

The decrease in scattered intensity can only partially be
explained by the electron-density differences of silver in
glass to a void in glass: according to Eq. (1), intensity scales
with Ap®. As (pae—pa1)/ (0—pg))=—2.76, the observed inten-
sity difference exceeds the expectation from the different
electron densities by a factor of 2, indicating that half of the
volume of the scatterers (voids) is lost compared to the total
particle volume before EFAD. Since the average radius of
particles and voids is equal (R;=R,) within experimental ac-
curacy, it can be concluded that only =50% of the voids
survive the procedure, while the other half are collapsing or
being refilled. Possible mechanisms will be discussed below.
In any case, however, this effect lets one expect a volume
shrinking of the bleached regions. Regarding the layer thick-
ness of =10 um and the initial Ag particle concentration of
~4X 1073, an imprint of =20 nm is estimated.

Since it is almost impossible to monitor such a small
height difference over a macroscopic surface area (the elec-
trode was =1 cm?), we bleached another sample of type 1
using a microstructured electrode (Si photonic crystal with a
2 um square lattice),!” and analyzed the resulting surface
profile by atomic force microscopy (AFM). A typical result
is shown in Fig. 4: the image on the left-hand side represents
the surface topology of a ~6X6 um? square area in the
microstructured, bleached region, clearly demonstrating the
imprint of the electrode (darker regions); the height profile
along the white line in this image is given separately in the
graph on the right-hand side. Analyzing several such spots
within the bleached area, we found in each case height steps
in the range of 8—20 nm separating the elevated squares from
the imprinted grid. These numbers are well compatible with
the volume loss of the nanovoids estimated above.

It is an interesting question to discuss which processes on
the nanoscale are responsible for the electric-field nanoim-
printing of the sample surface. Lipovskii et al.'? proposed
two main mechanisms: the first one is relaxation of internal
stresses in the glass due to the smaller volume of Ag ions in
glass'® compared to Ag atoms,'® the second one is field-
driven ion migration of alkaline (in particular the most mo-
bile Na*) and calcium ions, which can produce an ion-
depleted subsurface layer of a few microns.?” This so-called
poling of glass appears to be the more important point con-
sidering our SAXS results: by internal stress relaxation alone
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the holes should shrink upon Ag nanoparticle dissolution, but
their number should remain constant. Instead, the fitted pa-
rameters do not show a change in the size distributions of
particles (before EFAD) and voids (after EFAD), but a sig-
nificant decrease in number density after EFAD. This favors
a scenario of ions diffusing away from the anode, which in
deeper regions of the initial sample layer containing Ag
nanoparticles can be incorporated into the glass matrix due to
the available space, thereby causing the voids to gradually
become compressed. Depending on initial size and time, this
may lead to complete refilling (collapsing) of part of the
voids. In contrast, in the subsurface region where ions are
being removed in a very early stage of the EFAD process, the
voids should keep their original size or even grow a little bit
as a reaction to shrinking of the ion-depleted glass matrix.
These opposite effects in the subsurface or deeper sample
layers might balance each other with respect to the average
radius of particles and voids. More detailed future work, e.g.,
studying different nanoparticle size distributions, will be nec-
essary to clear this, at the moment rather speculative, point.

Finally, it should be mentioned that the SAXS results on
the samples containing spheroidal particles or voids are also
supporting the above interpretation. In this case the scatter-
ing intensities before and after EFAD correspond quite well
to the expectation from the electron-density difference, i.e.,
there is no indication for hole refilling. The particle-
containing layer of these samples was only =1 um thick. So
the aforementioned glass poling will deplete the upper
~] um layer comparably fast from mobile ions, tentatively
even before the Ag particle dissolution starts—the strong in-
crease in the static electric field upon ion depletion has been
discussed as a crucial point to initiate the ionization and
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dissolution of Ag nanoparticles at all.>>!° So the decrease in
the voids’ aspect ratio compared to that of the Ag particles
can be understood as a nanoscopic relaxation of the hole
shape toward the minimum surface energy, mediated by
atomic diffusion on the inner surface of the voids, which
seems plausible given the elevated temperature.

In conclusion, we have shown that both ellipsoidal and
spherical nanovoids in glass can be prepared by electric-
field-assisted dissolution of silver nanoparticles. The aspheri-
cal holes show a slight relaxation toward smaller aspect ra-
tios. The spherical voids have the same average radii as the
original Ag particles, but their number (i.e., total volume) is
reduced by a factor of 2 in a comparably thick layer of
10 pm. This =50% volume loss from Ag nanoparticles to
voids, together with observed surface imprints of 8—20 nm
indicate partial refilling of these holes during the EFAD pro-
cessing by field-driven, migrating alkaline and calcium ions,
with increasing probability for hole filling in larger distance
from the anodic surface. In general, size, shape, and orienta-
tion of metal nanoparticles in glass are mostly transferred to
the nanovoids produced by EFAD. So the results presented
here show a technique to create nanoporous glass with con-
trollable properties of the nanovoids.
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