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Abstract 

Field-Assisted Solid-State Ion-Exchange (FASSIE) technique for doping silicate glasses 
with transition metals and rare-earths has been attracting much attention for its potential 
applications in light waveguides, luminescent materials and for the possibility to realize 
systems in which formation of metal nano-cluster is controlled by suitable post-
exchange techniques1-6. In the presented experiments, metallic films of Au and Co are 
deposited onto the soda-lime (SL) and borosilicate (BK7) substrates by the 
radiofrequency (rf) sputtering technique. Metal ions substitute the glass alkali by means 
of field-assisted diffusion realized at different values of temperature and electric field. 
Preliminary results are also presented for the direct diffusion of Er owing to the applied 
field. The nanocomposites are characterized by secondary ion mass spectrometry 
(SIMS), Rutherford backscattering spectrometry (RBS), optical absorption and 
transmission electron microscopy (TEM), indicating that the migration not only depends 
on the experimental parameters but also on the local structure and the chemical 
phenomena occurring at the metal/glass interface. The alkali composition in both 
glasses dramatically changes the diffusion profiles, resulting in a homogenous and 
uniform in-depth diffusion in BK7 glass than SL. 

Keywords: Field-assisted diffusion, metal nano-particles, optical waveguides, glass-
based photonics. 

 

1. Introduction 

Glass modification through ion-
exchange technique is exploited in the 
preparation of non-linear optical 
materials that are essential constituents 
of functional photonic devices for optical 
communications, sensing and 
computing7-9. Conventionally, in field-
assisted diffusion process, an external 
electric field assists the migration, 
making it possible to perform solid-sate 

ion diffusion. In this scenario, the metal 
dopant supplier is a metallic film directly 
deposited on the glass matrix. Due to 
applied electric field, ions from the 
metallic film diffused into the matrix by 
the gradient in electrochemical potential. 
Inter-diffusion between the ionic species 
does not occur and the invasive ions 
substitute alkali and alkaline-earth ions, 
mostly the highly mobile Na ions, of the 
silicate glasses, requiring structural 
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modifications that come to depend 
crucially on the local composition of the 
glass10; however, the diffusion co-
efficients and activation energies are 
strongly affected by the field-induced 
modifications of the local structure and 
ionic concentration.  

A lot of work has been done with this 
technique in the case of monovalent 
ions diffusion, namely, silver and copper 
based planar waveguides into SL and 
BK7 glasses2, 11. While there is little 
known about the diffusion of multivalent 
ions, it is known that space charge 
region may occur within the bulk of the 
glass when the invasive multivalent ions, 
like Au3+, have a much lower mobility 
than the indigenous ions (e.g. Na+). In 
this case a local space charge within the 
glass occurs at the boundary between 
the low and high-ion-mobility regions. 
This has the effect of speeding up the 
motion of the low-mobility ions and 
slowing down the motion of the high-
mobility ions. This unbalance between 
the invasive and host ions causes 
inhomogeneity in the diffusion, as 
evident in the comparison between SL 
and BK7 from their TEM analysis 
(Figure 4). Due to numerous other 
intricacies in the case of multivalent 
species diffusion, a comprehensive 
phenomenological model of the dopant 
diffusion is still lacking.  

Our recent experiments on the trivalent 
Au diffusion show a deep penetration 
into the glass matrix12-13; however, the 
local structure seems to be 
inhomogeneous due to space charge 
occurrence in SL, which can be 
exploited for guiding proper modes and 
needs further exploration. In this paper, 
field-assisted ion diffusion of Co into SL 
and Au into both SL and BK7 glasses, 
are studied. Preliminary results are also 

presented for Er direct diffusion into SL, 
treated as erbium oxide film. 

 

2. Experimental 

Metallic films of Au/Co of thickness 50-
200 nm thick, were deposited onto 1 mm 
thick 25 x 75 mm2 SL glass slides 
(atomic% composition: 59.6 O, 23.9 Si, 
10.1 Na, 2.6 Mg, 2.4 Ca, 0.7 Mg, 0.5 K, 
0.2 S, Ti and traces) and onto 1mm thick 
25 x 75 mm2 BK7 glass slides (atomic% 
composition: 60.2 O, 22.4 Si, 11.0 B, 3.8 
Na, 1.8 K, 0.8 Ba) in a rf-magnetron 
sputtering deposition apparatus. While 
on the back of SL/BK7 slides, 200 nm of 
Au film was deposited for having a good 
ohmic contact with the iron plate acting 
as electrode. The experimental setup is 
shown in Figure 1.  

Depositions on both sides of the 
samples were performed by means of a 
13.56 MHz rf-source in a pure (neutral) 
Ar atmosphere at a pressure of 50 x 10-2 
Pa. The magnetron source is tilted off-
line to adjust the deposition focal point 
on the substrates. After cleaning, the 
glass substrates were heated at 450 K 
for 30 min to redistribute the sodium 
possibly removed from the surfaces. 
During the deposition, the sample holder 
was rotated at 15 rpm to ensure 
deposition homogeneity. The rf-power to 
the 2" diameter metal target was fixed at 
50 W, for a deposition time of 35 min for 
a 100 nm thick layer.  

Each sample was then ion-exchanged in 
air in an oven, with applied electric fields 
E ranging from 400-500 V/mm and 
temperature T ranging from 300-500°C. 
The process time was varied from a 
couple of hours to 4 hrs. After the field-
assisted diffusion, the residual Au at the 
surface was removed mechanically with 
the help of royal water, while the Co 
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residual was hard enough to be 
removed. The current density through 
the sample was monitored during all the 
treatment.  

Au, Co, Er and alkali in-depth 
compositional profiles were determined 
by SIMS using an IMS-4f CAMECA 
spectrometer, equipped with a normal 
incidence electron gun to compensate 
the surface charge build-up while 
profiling insulating samples. A 14.5 keV 
Cs+ primary beam and negative 
secondary ion detection (rastered area: 
0.125 x 0.125 mm2) were used.  

RBS measurements were performed by 
using a 4He+ beam at an energy of 2.0 
MeV with a detector placed at 160°. 
Optical absorption (OA) spectra in the  

200-900 nm range were recorded using 
a UV-VIS-NIR Jasco V-570 dual-beam 
spectrophotometer. Bright-field TEM 
cross-sectional images of Au diffusion 
are also shown. 

 

3. Results and Discussion 

Au residual film was removed after 
treatment and the glass appeared 
transparent, while slightly pink in the 
case when treated at high temperature 
and strong field. In most cases, the 
current density was observed to rise 
abruptly in the first 20 s, reaching a 
maximum of the order of few mA and 
then decreased monotonically until the 
end of the exchange time. 

  

 

Figure 1. Field-assisted solid-state ion exchange (FASSIE) setup. 

The solid-state diffusion is analogous to 
electrochemical process of a solid-state 
cell10. Au at the anode is oxidized that 
acts as a source of Au ions for diffusion, 
while Na reduces to metallic Na at 
cathode. If there is no external source of 

energy, the reaction has a standard cell 
potential E0

cell = -9.65 V. So for the 
reaction to happen, the E0

cell should be 
positive, which raise the need for an 
external filed across the electrodes14. 
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The idea of the space charge was 
strengthened by analyzing the SL glass 
and BK7 samples at various treatment 
parameters because the highly mobile 
Na that plays a major role in the 
diffusion process is more than two times 
in SL compared to BK7. The SIMS 
depth profiles of Na, K, Si, O and Au for 
both SL and BK7 samples, treated at 
T=300-400°C, E = 150-200 V/mm for 
1.5-4 hrs are shown in Figure 2.  

SIMS profiles revealed that not only the 
highly mobile Na has left its place but 
also the migration of less mobile and 
heavy alkali species, e.g. K, of the glass 
matrix occurred. In other results, not 
reported here, even the migration of Ca 
and Mg was also observed. Due to 
relatively higher amount of Na in SL, a 
strongly depleted region was formed 
between Au and alkali species that took 
place in the process and this played a 
major role in the field-assisted migration 
process due to the building up of local 
electric field. 

 As a result, Au ions saw more sites to 
be filled and started diffusion at a 
relatively higher rate and so 
accumulation occurred in the first couple 
of hundred nanometers and lead to an 
inhomogeneous diffusion. While in the 
case of BK7, due to lower concentration 
of alkali elements, a less extended 
depletion region below the surface was 
formed and an inverted drifting response 
was evident for a micron between Na 
and Au. This indicated that the doped 
region in BK7 was more homogeneous 
than SL. The diffusion coefficients were 
nearly the same because in both SL and 
BK7, the doped region was almost 1µm. 
This proved that the amount of Au in SL 
was greater than that in BK7 as evident 
from RBS in Figure 3, while the inset 
demonstrated that for a doped region of 
1µm, the amount of diffused Au in SL 
was (4±1)x1016 atoms/cm2, while it was 
(0.8±0.2)x1016 atoms/cm2 in BK7, appro-
ximately one fifth of that of SL glass. 
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Figure 2. SIMS profiles of Na, K, Si, O and Au for both SL and BK7 at T=300°C, V=200 V, t=1.5 
h & T=400°C, E=150 V/mm, t=4 h. 

This can be interpreted, that an 
accumulation of Au occurs in the case of 

SL causing an inhomogeneous diffusion 
that results in comparatively large-size 
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particles. While in the case of BK7, the 
diffusion is almost uniform with no 
buildup of Au ions, causing the same 
size particles up to half a micron. This 
interpretation is well supported by the 
TEM analysis (Figure 4). 

The ion-exchanged layer thickness in SL 
was not uniform and varied from ~120 
nm to ~230 nm. Some sites were filled 
by Au clusters, having mean diameter of 
<D>=4.5 nm and σ=2.1 nm, while there 
were some holes in the matrix created 

due to possible migration of Na, Ca and 
K. While in the case of BK7, the 
formation of Au cluster up to 570 nm 
with respect to the sample’s surface 
could be observed. The concentration of 
Au nano-clusters was almost uniform 
below a layer of 40 nm from the surface. 
These Au clusters had a mean diameter 
<D>=2.2 nm and a standard deviation of 
the size distribution σ=0.4 nm. 

The situation shown is still too complex 
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Figure 3. RBS profiles for both SL and BK7 containing gold nano-particles. The inset is 
showing the SIMS concentration profiles of Au determined quantitatively by RBS. 

to have a comprehensive description 
even from a phenomenological point of 
view. Yet, several degrees of freedom in 
the preparation parameters assess the 
potential of using the ion-exchange 

technique with gold for obtaining the 
materials with prescribed properties15.  

The optical absorption spectra of Au-
doped samples treated at different 
values of temperature and fields, 
exhibiting different intervals of diffusion 
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are shown in Figure 5. None of the 
samples treated at T=400°C with E=400 
V/mm of both SL and BK7 exhibited 
detectable surface plasmon resonance 
(SPR), indicating the non-precipitation 
and very small size of the clusters. A low 
intensity SPR near 530nm, like a bump, 
was visible only in the samples treated 
at high values of the electric field and 
temperatures. Figure 6 is about the Co 
and Co+Au diffusion into the glass 

matrix. Cobalt is also a promising 
element to be used as a dopant for 
several interesting properties of glasses 
containing Co-based aggregates in 
terms of optical and magnetic response. 
The diffusion of Co into a SL glass is 
shown for different applied electric field 
values, showing the effectiveness and 
potential of field-assisted ion-exchange 
in promoting the diffusion of bivalent Co 
ions into glass12.  
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Figure 4. BF-TEM cross-sectional images of the sample as a whole and in two different 
zones with their respective histograms, showing the size distribution of Au clusters. 

 

It is noticeable that, by a proper choice 
of the experimental parameters, both Co 
and Au may be made diffusing without 
clusterization, or at least by controlling 
the extent of aggregation. This confirms 
that by the ion-exchange process it is 

possible to dope a glass well beyond the 
solubility values for the dopant in a glass 
prepared by conventional batch 
techniques. The high concentration of 
these dopant metal species in both 
matrices is expected to raise the 
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refractive index, so experiments to 
determine the wave-guiding properties 
of these systems are in progress. It is 
anyway important to remark that the 
introduction of transition metals into the 
glass is the object of much interest for 
the possible role of sensitizer that a 
properly structured metal may have in 

the case of the presence of rare-earth 
elements. In particular, very small 
clusters of metal species have been 
observed to enhance the luminescence 
properties of erbium in the glass, with 
applications in the telecommunication 
technologies. 
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Figure 5. Optical absorption spectra of the gold-doped samples treated at various 
experimental conditions. 

 

To this respect, we also explored the 
possibility of using ion-exchange to 
introduce erbium directly into a glass 
matrix16. Preliminary results are very 
interesting, as shown in Figure 7. SIMS 
profiles show that this sample is formed 

by an erbium oxide film about 110 nm 
thick on SL. Also for these preparation 
conditions a certain amount of Er atoms 
diffused into the glass, in a region about 
280 nm thick. 
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Figure 6. (a) SIMS concentration profiles of Co and Na for ion exchanged samples at 
V=400 V and T=300, 400 ºC. Quantitative concentration data were determined by RBS. 
(b) SIMS concentration profiles of Co, Au and Na for a doubly ion-exchanged sample 
treated at T=400ºC and V=400 V. 
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Figure 7. SIMS profiles of Er, Na, K, Ca, Si, and O for a sample treated at T=500°C, 
E=200 V/mm). 

 

Conclusions 

The potential of ion-exchange technique 
in the electric field-assisted configuration 
has been explored for different systems, 
namely, Au, Co, Er. At present, an 
effective modeling and description of all 
the physical and (electro) chemical 
phenomena involved in the process is 
still far from being assessed, but the 
preliminary findings show that the 
technique is quite versatile: it allows not 
only the preparation of dielectric 
materials containing elements that are 
difficult to introduce by other 
conventional techniques, but also it 

shows that the nucleation and growth of 
nano-cluster structures are controllable 
through experimental parameters. In this 
paper, preliminary results have been 
described involving the doping of Au, Co 
and Er in SL and BK7 glasses. For all 
cases, the processes have been 
demonstrated to be effective in 
promoting diffusion, with even significant 
differences on the observed behavior of 
the dopants dependence on the 
experimental parameters. 
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