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Abstract

The incorporation of metal ions in dielectric layers by means of electric �eld assisted

�lm dissolution is investigated. The samples consist of alkali-containing glass sub-

strates coated �rst with SiO2 and then Ag thin �lms. The application of moderately

elevated temperatures and DC voltages induces thermal poling in the glass matrix

and metal �lm dissolution, resulting in the incorporation of metal ions in both dielec-

tric layer and glass matrix. First, the process dynamics are simulated by modelling

the migration of metal �lm ions and alkali species under an applied electric �eld.

Numerical solution of the model indicates that metal ions progressively dope the

dielectric layer until they reach the glass matrix. Then the dopant distribution in

the layer becomes steady-state and further injection of ions contributes to increase

the dopant concentration in glass. The in�uence on the process of alkali and dopant

ion mobilities and alkali ion concentration is analysed. Additionally, Ag doping of

SiO2 layers deposited on soda-lime and borosilicate glasses is experimentally carried

out and characterized using spectroscopic ellipsometry. The evolution of refractive

index pro�les through both, SiO2 layer and glass substrate, is correlated with ion

migration and con�rms the model trends. Overall, this study shows that glass poling
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and �lm dissolution can be used to control metal doping of dielectric layers, with

potential application in optical and photonic devices.

Keywords: metal doping, glass poling, electric �eld assisted dissolution, refractive

index, ellipsometry

1. Introduction

Glass matrix doped with metal ions has been a subject of interest for a long time

due to its multiple application possibilities, including optical waveguides, antimi-

crobial substrates or formation of metal-dielectric nanocomposites with plasmonic

properties [1]. A wide range of techniques have been developed for the fabrication of

metal-doped glass, such as ion-implantation, sol-gel and ion-exchange, the last being

the most widespread method due to its versatility [2]. In an ion-exchange process,

glasses containing alkali ions are placed in a molten salt solution rich in metal ions.

The ions from the solution penetrate in the glass and partially replace alkali ions that

out-di�use the glass matrix. The ion di�usion process can be additionally controlled

by an external DC voltage [3].

It has been shown that metal �lms deposited on glass can be an e�cient ion source

for �eld assisted ion-exchange [4, 5, 6]. Electric �eld assisted dissolution (EFAD) of

metal �lms has been also used to dissolve nanoparticles embedded in, or deposited

on, thin dielectric layers [7, 8, 9, 10]. These works have essentially focused on metal

�lm dissolution as a mechanism to largely modify the samples optical response by

quenching the nanoparticles surface plasmon resonance or metal �lm absorption.

Less attention has been devoted to the possible doping of dielectric thin �lms in

these processes. We have recently observed that Ag ions resulting from EFAD appear

to be located close to the �lm/glass interface rather than in the dielectric �lm [9].

Dielectic thin �lm metal doping by EFAD could have a strong application potential
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for it would enable �ne tuning of optical and electrical properties of �lms using a

well-established methodology.

In this work we investigate how the EFAD process takes places in a metal/

dielectric/glass multilayer system. We �rst model the di�usion process taking into ac-

count drift and di�usion of glass alkali ions and externally injected metal dopant ions.

The model simulations help in understanding the process dynamics and elucidates

the role of di�erent material properties. Additionally, we fabricated Ag/SiO2/glass

samples and induced EFAD of Ag �lm. In order to characterize this process, the

evolution of the sample optical properties is tracked by spectroscopic ellipsometry, a

technique able to accurately track modi�cations in glass surfaces by optical means

[11, 12]. SIMS measurements con�rm the trends suggested from ellipsometric data

analysis. In summary, the experimental results verify the insights obtained by model

simulations and indicate how to control the EFAD process for an e�cient doping of

dielectric thin �lms with metal ions.

2. Materials and Methods

All samples consist of a 1 mm thick glass substrate coated with a 500 nm thick

SiO2 layer and then with a 50 nm thick Ag over-layer. The �lms were deposited by

electron beam evaporation using a modi�ed Varian chamber. The glass substrate was

either soda-lime (SL) or borosilicate (BK7) glass slides. The amount of deposited

material was controlled using a quartz crystal monitor, the base pressure was 6×10−6

Torr and the deposition rate was ≈ 1 Å/s for Ag and ≈ 10 Å/s for SiO2.

The fabricated samples were sandwiched between a �at Cr-coated glass anode

and an Al cathode and placed in an oven (Lindberg Blue M ThermoScienti�c). The

samples were pre-heated for 40 minutes at 200 ◦C. A DC voltage of 200 V was

applied (Keithley 2290-5 power supply) for a time ranging between 5 minutes and
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1 hour at the mentioned temperature. The samples were then allowed to cool down

to room temperature. These treatment conditions lead to a partial EFAD of the

Ag layer except for the SL sample treated for 1 hour, in which Ag appeared to be

completely dissolved. The undissolved metal remains were mechanically removed

from the sample surface.

Ellipsometric measurements of the treated samples were taken with a J. A. Wool-

lam V-VASE ellipsometer in the range 0.57-4.5 eV at di�erent angles of incidence

(45◦, 55◦ and 65◦). The WVASE software was used to model the in-depth refractive

index variations and �t ellipsometric data. Secondary ion mass spectrometry (SIMS)

measurements were performed on selected samples to validate the conclusions from

the ellipsometric data analysis.

3. Numerical simulations

Modelling the ion migration process in �eld assisted ion exchange processes re-

quires taking into account drift and di�usion ionic currents and the resulting electric

�eld spatial variations [13, 14]. The basic equations describing these mechanisms

have been extended to model electrical currents in poling of silica glasses [15], se-

quential ion-exchange of several species [16] and external injection of hydrogen species

[17, 18], even in presence of multiple alkali species in the glass matrix [19]. In this

Section we adapt these modelling approaches to analyse the metal/dielectric/glass

system.

3.1. Ion dynamics model

Let us consider a glass substrate of thickness W coated with a dielectric layer of

thickness h. The sample is placed between two electrodes subjected to a DC voltage

U and with the dielectric layer facing the anode. The sample depth is represented

by the x coordinate with x = 0 taken at the glass/dielectric layer interface, x > 0
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indicating the glass and x < 0 the dielectric layer (see Figure 1). We assume that the

glass contains a single species of monovalent alkali ions (typically Na+) with a position

and time-dependent concentration given by Ca (x, t). Dopant ions can be injected

from the anode (metal �lm) and their concentration evolution is represented by

Cd (x, t). De�ning the initial total ion concentration as C0 (x) = Ca (x, 0)+Cd (x, 0),

the evolution of the system is given by the following partial di�erential equations:

∂Ca

∂t
= µa

∂ (ECa)

∂x
+Da

∂2Ca

∂x2
(1)

∂Cd

∂t
= µd

∂ (ECd)

∂x
+Dd

∂2Cd

∂x2
(2)

∂E

∂x
=

e

ε0ε
(Ca + Cd − C0) (3)

where E is the local electric �eld, µa (µd) and Da (Dd) are the alkali (dopant)

ion mobility and self-di�usion coe�cients, e is the electron charge, ε0 the vacuum

permittivity and ε the relative permittivity. The �rst two equations describe the

time evolution of ions as a result of drift and di�usion currents while the last one is

Poisson's equation. Appropriate initial and boundary conditions have to be set in

order to solve this system of equations. The �rst boundary condition is given by the

externally controlled applied DC potential:∫ W

−h

Edx = U (4)

Additionally, the following conditions are related to the ion concentrations:

Ca (x ≤ 0, 0) = 0 (5)

Ca (x > 0, 0) = Ca0 (6)

Cd (x, 0) = 0 (7)

∂Cd (−h, t)

∂t
= αE (−h, t) (8)
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The �rst three conditions state the initial concentration of alkali and dopant ions

through the sample. The last condition enables dopant ion migration into the sample

and establishes that the ion injection rate is proportional to the strength of the

electric �eld at the anode, α being the proportionality constant [18]. The system of

di�erential equations has been numerically solved using the Runge-Kutta algorithm

[20].

Figure 1: Scheme of the model used for simulations (top) and typical electric �eld distribution in

conventional glass poling experiment, i.e. without external injection of ions (bottom).

3.2. Computational results

Simulations of the ion migration process are carried out in all cases setting U =

1000 V, T = 200 ◦C and α = 3· 1016 m−2V−1s−1 in a sample with W = 1 mm, h =

500 nm and ε = 10. It is di�cult to determine a realistic value of α from literature
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data but we have observed that the process dynamics is, from a qualitative point of

view, weakly a�ected by this parameter. Although ion mobility can be signi�cantly

dependent on the local environment [21], for the sake of simplicity we consider that

µa, µd and ε take the same value in the glass and in the dielectric layer. It is

assumed that ion mobility and self-di�usion coe�cients are connected through the

Nernst-Einstein relation, µi = eDi/kT , k being Boltzmann's constant.

It is convenient �rst to recall the alkali ion migration dynamics in a standard

thermal poling process [21]. Due to the applied voltage and temperature-enhanced

mobility, ions drift away from the anode leaving place to an ion-depleted region where

the electric �eld linearly decays from the anode (Es) to the beginning of the non-

depleted zone (Eb) [22]. The thickness and electric �eld in the ion-depleted region

increase with time, approaching to an steady-state in which most of the applied

potential falls at the depletion region and Eb tends to zero. The characteristic time

constant (τ) of this process is given by Wd/µaU where d is the steady-state value of

the ion-depleted region (d =
√

2ε0εU/eCa0). If a pure dielectric layer is present on

top of the glass side that faces the anode (Figure 1), according to Poisson's equation

the electric �eld within the layer remains constant and equal to Es, for no ions leave

or enter the layer.

Let us now consider the model described in the previous subsection. Figure 2

illustrates the ion migration in a system with µa = 10−16 m2V−1s−1, µd = 10−15

m2V−1s−1 and Ca0 = 1027 m−3. Larger mobility of dopant ions in glass with respect

to alkali ions has been reported in [23] and [24]. These parameters lead to values

of d ≈ 33 nm and τ ≈ 330 s. At the beginning of the process, the electric �eld

grows in both, glass depletion region and dielectric layer, enabling the injection of

dopant ions into the layer and their di�usion towards glass. The implantation depth

advances with time at a growing rate because the electric �eld in the layer increases
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while the depletion layer is still being formed. After some time (≈ 2 s, as suggested

from Figure 2) the dopant ions reach the glass matrix, where they move more slowly

than in the layer due to the smaller electric �eld values. This speed di�erence leads

to an accumulation of dopant ions at the glass region next to the layer. Note that

Cd at the glass interface remains well below Ca0 and that the injection of Ag does

not compensate the depletion of alkali ions. On the other hand, the presence of ions

in the originally neutral layer generates an electric �eld gradient (∂E/∂x > 0) that

results in a progressive decrease of Es. Eventually, the dopant ion distribution in the

layer reaches steady-state because the anode-to-layer ion injection rate is constant

(E(−h, t) = 0, as seen in the right panel of Figure 2, hence ∂Cd(−h, t)/∂t = 0) and

equal to the layer-to-glass matrix ion injection rate. This steady-state situation is

clearly observed in Figure 3, that shows the amount of incorporated ions (
∫
Cddx)

in the layer and in the glass: once the ions reach the glass matrix, their distribution

in the dielectric layer quickly stabilizes and further injection of ions increases the

amount of dopant in the glass matrix only.

Figure 2: Time and depth evolution of dopant ion concentration (logarithmic scale, left) and electric

�eld (center and right) for the case of µa =10
−16 m2V−1s−1, µd = 10−15 m2V−1s−1 and Ca0 = 1027

m−3. Vertical lines indicate the glass/dielectric layer interface. The right panel shows an enlarged

view of the electric �eld distibution in the region near the surface of the sample facing the anode.
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Figure 3: Time evolution of the total amount of ions injected in the glass, dielectric layer and its

sum. Simulation parameters same as in Figure 2.

In order to analyse the role of glass and dopant ions properties in the process,

several parameters were varied with respect to the previous simulation (Figure 4).

The top panel shows the dopant distribution evolution when the alkali ion mobility

is reduced by one order of magnitude (µa =10−17 m2V−1s−1), which increases τ

by one order of magnitude while d is unchanged. Thus, the growth of the electric

�eld in the dielectric layer is now slower and the dopant ions take longer to reach

the glass and start to di�use there. The middle panel shows the situation where

alkali concentration is reduced by two orders of magnitude and again τ , but now

also d, increase by one order of magnitude. Now the process also takes place more

slowly, but the ion-depletion region is larger and the values of Es are consequently

smaller. Therefore, the dopant ions need longer time to reach the glass matrix and the

accumulation of ions in the layer is much lower than in the previous case. Finally, the

last panel shows the situation in which the dopant ions have one order of magnitude

lower mobility. Now d and τ do not change but the dopant ions take longer to reach

the glass surface. Thus Es achieves larger values before the steady state is achieved,

leading to a higher injection rate and more ions remaining in the layer.
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Figure 4: Time and depth evolution of dopant ion concentration (logarithmic scale) with one of the

simulation parameters (µa - top, Ca0 - middle, µd - bottom) having values smaller than those in

the simulation of Figure 2. For the sake of comparison, the time scale is di�erent with respect to

the previous simulation but the concentration scale limits are the same. Vertical lines indicate the

glass/dielectric layer interface.
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4. Experimental results

As mentioned before, the applied EFAD conditions have resulted in incomplete

�lm dissolution on the fabricated samples. Therefore, the Ag �lm can be treated as

a permanent ion-source and the samples comply with the described model assump-

tions. Ellipsometric measurements are �tted by means of a three-layer model: 1)

an unmodi�ed glass substrate in bulk, with the optical constants of untreated glass,

2) a modi�ed glass region where the refractive index is altered by the presence of

dopant ions and depletion of alkali ions and 3) a top SiO2 layer with refractive in-

dex modi�ed by the dopant ions. The refractive indices of these two last layers are

expected to show an in-depth variation according to the non-homogeneous dopant

concentration pro�les. Theoretical and experimental work on ion-exchange processes

state a linear relation between Ag ion concentration and refractive index modi�ca-

tion [25, 26, 27]. Taking into account that Ag doping has a moderate in�uence on

the refractive index dispersion, [28], the depth and wavelength (λ) refractive index

dependence is modelled with the following Cauchy expression:

n (x, λ) = n0 (x) +
n1

λ2
. (9)

A polynomial variation of n0 with the sample depth (n0 (x) = a0 + a1x+ ...+ apx
p)

was assumed for both SiO2 and modi�ed glass layers. The degree of the polynomial

p was increased until no signi�cant improvement of �tting quality was obtained,

with p being 3 in most cases. This approach enables progressive extension of model

complexity while keeping the number of optimized parameters at a minimum. Figure

5 illustrates the data �tting quality for a representative sample.
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Figure 5: Ellipsometric functions (top: ∆, bottom: Ψ) at di�erent angles of incidence for the SL

sample treated for 40 min. Experimental measurements are represented by symbols and best �ts

by solid lines.

The obtained refractive index pro�les are shown in Figure 6. In the case of

SL samples, for treatment times up to 20 minutes the refractive index of the SiO2

layer increases with time. The refractive index is larger than in pure dielectric layer

produced for comparison (n = 1.44). The largest index variation is obtained in the

region next to the layer side facing the anode. The refractive index is also increasing

with time in the substrate region next to the dielectric layer. These refractive index

trends are in accordance with those observed for the simulated dopant concentration

pro�les. Long treatment times result in a lowering of the refractive index in the

substrate region next to the layer, that could be explained by the depletion of alkali

ions as discussed below. However, the SiO2 layer refractive index is also reduced

beyond the values of pure layers, particularly in the region next to the substrate. We

have veri�ed that this change is not associated to a temperature-related modi�cation

of the SiO2 layer, in agreement with previous results [29]. This e�ect points to a

reduced material density that could result in a damaged layer. Indeed, recent works

reported glass cracking in Ag ion exchanged soda-lime glass that has been associated

to increased stress [23].
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Figure 6: Refractive index pro�les (λ = 500 nm) for di�erent treatment times (top: SL, bottom:

BK7 samples) obtained from ellipsometric data �tting. Glass-SiO2 layer interface is taken at depth

equal to 0 nm.

The refractive index pro�les for BK7 samples qualitatively presents a similar trend

but suggest a much slower dissolution process: only the sample treated for 1 hour

shows a refractive index increase at the glass region next to the layer. Compositional

characterization revealed a comparable amount of Na+ in both type substrates (9.3

at.% in SL for 7.6 at.% in BK7). In addition to Na+, both glasses contain other
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alkali ions. We have checked that the presence of other ionic species in the glass does

not signi�cantly modify the simulated dynamics, provided that they have a much

lower mobility than Na+. Glass poling studies have reported that Na+ mobility in

BK7 at 300 ◦C is comparable to the one in SL glass at 200 ◦C [30]. Therefore,

at the same temperature, ion mobility in BK7 glass is expected to be signi�cantly

lower than in SL, which can explain the observed slower dynamics. The di�erence

in alkali ion mobilty can also explain that the refractive index peak in glass takes

place near the surface in BK7 and at a deeper position in SL substrates. In the

case of low alkali ion mobility the glass region next to the layer is weakly depleted

of ions and the refractive index pro�le in the glass is primarily determined by the

dopant ion distribution, that peaks in the glass region next to the layer. Under the

same treatment conditions, if the alkali ion mobility is large the glass region next to

the layer becomes strongly ion-depleted. Then the refractive index maximum in the

glass will be determined by the balance between alkali ions decrease and dopant ion

increase and may take place away from the surface in contact with the layer.

SIMS measurements were carried out on selected samples to test the insights from

numerical modelling and ellipsometric data analysis (Figure 7). The measurements

verify the presence of dopant ions in the SiO2 layer, preferentially in the region next

to the side that was facing the anode, and also at the glass region next to the layer.

SIMS measurements made on SL samples treated for 20 and 40 minutes indicate

that the ratio of Ag concentration peak in the glass and in the layer increases with

treatment time. BK7 sample shows a signi�cantly larger amount of Ag in the SiO2

layer than in the substrate, con�rming that the doping process is less advanced

than in the SL sample treated for the same time. Finally it has to be pointed out

that SIMS measurements show a broad peak in the middle of the layer, that is not

predicted by the model but is noticeable in the refractive index pro�le obtained by
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ellipsometry. A possible explanation for this Ag concentration peak could be the

presence of hydrogen species during the dissolution process, as reported in [24], and

will be the topic of further study. A deeper comparison between ellipsometric and

SIMS results regarding the precise extension of Ag distribution in glass is limited

by SIMS depth-resolution and the fact that, depending on treatment conditions,

samples may show inhomogeneous etching rates during SIMS measurements [31].

Figure 7: SIMS Ag counts for samples subjected to di�erent EFAD treatment times on SL and

BK7 samples.

5. Conclusions

The process of metal doping in dielectric layers on glass substrates has been

numerically and experimentally investigated. A model accounting for the drift and

di�usion of ions in a dielectric layer/glass system subjected to the application of a

DC voltage and elevated temperature enables understanding of the process dynamics.

Dopant ion implantation is essentially regulated by the intense electric �eld generated

in the dielectric layer as a result of glass poling. The model elucidates how alkali and

dopant ion mobility and alkali concentration a�ect the distribution of dopant ions in

the dielectric layer and glass. The extension of the model to multiple ion species or
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time-dependent temperature and voltage is straightforward. Electric �eld assisted

dissolution of Ag �lms deposited on top of SiO2/glass systems has been carried out to

experimentally study the metal doping process. The high sensitivity of ellipsometric

measurements to refractive index in-depth variations allows retrieving information on

the dopant ion distribution. The results con�rm the trends predicted by the model,

such as the concentration of ions in the near-surface layer and glass regions and the

progressive redistribution of ions in glass as the process takes place. These trends are

further con�rmed by SIMS measurements. The results also suggest some unpredicted

deviations, like lowering of the SiO2 layer refractive index for long treatment times,

that might be used for building up more advanced models. In summary, this work

shows how dielectric thin layer doping by means of electric �eld assisted metal �ilm

dissolution can be controlled by material and process parameters in order to tune

dielectric layer optical and compositional properties.
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