Electric field-assisted dissolution of bimetal-dielectric multilayer systems
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The electric field-assisted dissolution (EFAD) of Ag and Au metal island films (MIFs) in
multilayer structures is investigated. The samples consist of Au and Ag MIFs separated by SiO»
layers deposited on soda-lime glass substrates. The samples were subjected to two types of
process: a) thermal annealing at 200 °C, and b) application of 500 V dc voltage at 200 °C.
Spectroscopic ellipsometry and secondary ion mass spectroscopy were used to track sample
changes. It is shown that thermal annealing induces ion exchange between Ag and Na ions from
the glass, leading to partial dissolution of Ag MIFs and Ag being incorporated in the glass and
Au MIF. EFAD process leads to the partial or complete dissolution of Ag films depending on the
process duration, while Au dissolution turns out to be more difficult. The optical properties are
consistent with the compositional changes and additionally suggest MIF morphology
modifications. Numerical simulations of ion drift and diffusion reveal the importance of ion
exchange during thermal annealing to enable an efficient MIF dissolution. Overall, the study
helps to understand the EFAD of different metals in complex systems and provides insights for

the application of this technique in systems containing several metals.
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1. Introduction

Metal island films (MIFs) are a current focus of interest due to their exotic optical response that
combines the localized plasmon resonance of isolated particles, the presence of electromagnetic
hot spots between closely located particles and the free-electron response in the case of
percolated systems [1]. They are considered a promising candidate for plasmonic lithography-
free metasurfaces and photonic devices as they can be easily produced by well-established thin
film technology [2,3]. Furthermore, it is possible to easily combine MIFs with dielectric layers
and broaden the achievable optical response by including interference effects in multilayer
structures [4-7]. The incorporation of a second metal into the system enables additional degrees
of freedom for tailoring the optical response because the optical properties of MIFs strongly

depend on the metal dielectric function and its ability to wet the substrate where it is deposited

8].

The optical response of MIFs can be broadly modified with post-deposition treatments. Thermal
annealing induces film dewetting and increases particle sphericity resulting in a narrowing and
blueshift of the localized surface plasmon resonance [9,10]. Thermal annealing can also lead to
the redistribution of metal by ion diffusion into the dielectric surrounding [11, 12]. Similarly, if a
glass containing alkali ions is used as the substrate, metal diffusion is enhanced by the ion
exchange process [13]. A process closely related to ion exchange is the electric field-assisted
dissolution (EFAD), based on the application of electric field and temperature in order to drift
metal ions and fully dissolve metal nanoparticles and films [14,15]. The selective application of
electric field by using patterned electrodes has enabled the development of multiple techniques

for the fabrication of 2D and 3D photonic structures [16-18].

A complete understanding of the interplay between ion drift and diffusion processes and sample
structure 1s necessary to fully exploit the EFAD potential for optical properties tailoring. Recent
studies have addressed the investigation of EFAD in thin film systems, including multilayer
films with Ag nanoparticles [19] and metal films deposited on substrates coated with dielectric

layers [20-22]. However, less attention has been paid to the simultaneous EFAD of different



metals. To the best of our knowledge, only the simultaneous dissolution of Au and Co has been

addressed [23].

In this work , we investigate the EFAD process applied to metal-dielectric multilayer systems
containing Ag and Au MIFs. Ag and Au are the most common plasmonic materials, with Au
presenting higher chemical stability and Ag a stronger plasmonic response [24]. Au MIFS
present broader and red-shifted plasmon resonance and percolate more easily than Ag MIFs [25,
26]. EFAD on single compact layers of these metals has shown that the dissolution process is
more difficult in the case of Au [27]. The systems investigated here consist of Au and Ag MIFs
separated by SiO: layers and deposited on soda-lime substrates. Samples with different MIF
thicknesses are subjected to thermal annealing and to the EFAD process. It is shown that during
thermal annealing a significant diffusion of Ag and alkali ions into the dielectric layers takes
place, while Au remains less affected. Upon the application of the electric field, Ag and alkali
ions drift into the glass matrix, with the Au layer being more difficult to dissolve and slowing
down the drift of Ag and alkali. These compositional changes have an evident effect on the
evolution of the optical properties, modifying the plasmon line shape for both Ag and Au. The

results are supported by numerical simulations of the ion drift process.

2. Experimental

The coatings were deposited by electron beam evaporation on substrates pre-heated to 220 °C in
a modified Varian chamber. Substrates were 1 mm thick Menzel microscope glass slides (72.2%
Si02, 14.3% Na0, 6.4% CaO, 4.3% MgO, 1.2% K0, 1.2% Al>03, 0.3% SOs3 and 0.08% Fe>03).
The layer mass thickness was controlled by quartz crystal monitoring. Five samples were
deposited: 9 nm Au MIF in SiO> (glass/SiO2/Au/Si0z), 9 nm Ag MIF in SiO2
(glass/Si02/Au/Si02), thinner Ag/Au sample with 24 nm Ag and 9 nm Au
(glass/Si02/Ag/Si02/Au/Si02), thicker Ag/Au sample with 50 nm of Ag and 30 nm of Au
(glass/Si02/Ag/Si02/Au/Si0,) and thicker Au/Ag sample with 30 nm of Au and 50 nm of Ag
(glass/Si02/Au/Si02/Ag/Si02). Metal layer thickness is given as mass thickness. For these
deposition conditions, MIFs were not percolated. SiO2 layers mass thickness in all the samples

was 80 nm.



Annealing was done at 200 °C for 90 min in air atmosphere. EFAD was carried out by applying
500 V to the sample using Cr electrodes. Before the voltage application, samples were pre-heated
to 200 °C for 40 minutes. The treatment time was between 2.5 min and 15 min. After the voltage

was switched off, samples were left to cool down to room temperature.

The samples’ optical properties were measured after deposition, after annealing and after EFAD
treatment by spectroscopic ellipsometry using a J.A. Wollam V-VASE ellipsometer. Statistical
uncertainty of the determined ellipsometric angles 4 and ¥ was 0.1- 1%. Optical characterization
was performed based on ellipsometry data using the W-VASE software, modelling the layers
using a multiple oscillator approach as previously reported [25,26]. New parameters were
introduced and kept only if the the function of merit of the data fitting, i.e. the discrepancy
between simulated and experimental data normalized to the statistical uncertainty of the
measurements, was significantly reduced. Function of merit of the final models showed typical
values between 2 and 5. The compositional profile was obtained from secondary ion mass
spectrometry (SIMS), using O*' primary ions beam. The spectrometer resolution is 0.5 atomic

mass units and therefore the investigated species signal can be well separated.

3. Results and discussion

3.1 Effects of thermal annealing

Figure 1 shows the composition of the distribution of annealed thicker Ag/Au and Au/Ag
samples. In both samples, there is a significant redistribution of Ag and alkali ions (Na* and
Ca?") while Au appears to remain at the position in which it was deposited. It turns out that Ag
piles up in the Au layer. The quantity of material in MIF can be related to the intensity curve.
The ratio of the Ag quantity in the Au layer to the Ag quantity in the Ag layer
([Ag@Au]/[Ag@Ag]) is approximately 0.26 in the Au/AgAu sample and 0.39 in the Ag/Au
sample. Sodium piles up approximately the same in both MIF layers and can be found also in all
SiO layers. The ratio of the Na quantity in the Au layer to the Na quantity in the Ag layer
([Na@Au])/[Na@Ag]) is 0.83 in Au/Ag sample and 0.7 in Ag/Ausample. These observations

suggest that the redistribution of Ag and Na is dominated by ion exchange and a preferential



tendency of Ag to diffuse into the Au layer. The nearly constant profile of Ca and its lack of
correlation with the Ag concentration profile points out a simple diffusion process [28]. Au, due
to its low diffusivity and large ionic charge (3+) is less prone to participate in the ion exchange
process [29]. It has also been reported that Ag diffusion in Au is faster than Au diffusion in Ag

[30], in accordance with the asymmetric behaviour of Ag and Au observed in the samples.
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Fig 1. SIMS compositional profile of the annealed thicker Au/Ag (top) and Ag/Au (bottom)

samples. The interface between the coating and glass is revealed by the steep growth of Al
intensity.

Figure 2 shows the imaginary parts of the effective dielectric function of Au (top) and Ag
(bottom) in as-deposited and annealed Ag MIF, Au MIF and thicker and thinner bimetal samples.

In both cases, the localized surface plasmon resonance peak becomes more intense and shifts to



lower energies with the quantity of the deposited metal. This behaviour is associated with a
growth of metal fraction in the MIF layer as well as an increase in the aspect ratio of particles
with the amount of deposited metal, as it has been reported in several studies [25, 26, 31]. The
contributions to the imaginary part of the dielectric function in Au at high photon energies (>2.5
eV) are related to the interband transitions [32]. Upon annealing, a slight shift of the plasmon
resonance towards lower energies is observed in the case of Ag, which suggests a mild Ag
surface oxidization [33]. There is also a small shift in the Au sample in the opposite direction.
This shift is more pronounced in the case of bimetal samples A plausible explanation of this
observation is that metal nanoparticles become more spherical and isolated from each other by

annealing and the plasmon peak shifts towards higher energies as reported elsewhere [9, 34].

The most remarkable effect of annealing in bimetall samples is the appearance of a secondary
shoulder/peak at lower photon energies than the main plasmon peak. This peak can be
interpreted as a signature of interaction among the particles, that is stronger as the inter-particle
distance decreases as it has been reportd in experimental studies [34, 35] and supported by
numerical simulations [36]. In the case of Ag, the main peak grows and narrows with the
annealing indicating the reshaping of MIF. This assumption can explain why the Ag shoulder of
the thicker sample becomes more visible: although nanoparticles have become more spherical
and distant, there is still a large fraction of them close enough to display this absorption feature.
The thinner samples have less Ag, so the shoulders, even if present, are not so much pronounced.
Au shoulder of the thinner sample grew much higher upon annealing although there is no
significant change in the main peak position or shape. Such an increase in the shoulder intensity
can be understood by the presence of more metal in MIF in comparison to the as-deposited
sample, which can be connected with the diffusion of Ag into the Au layer revealed by SIMS.
The change is less remarkable in the case of thicker layers. The mass thickness ratio of Ag to Au
in the thicker samples is 5:3 and in the thinner ones 8:3, meaning that there is even less Au in
comparison with Ag in the latter (thinner) one. Consequently, additional Ag seems to impact
more optical properties of the thinner than the thicker MIF samples. The morphological changes
in MIFs suggested by the correlation between optical and composition measurements could not
be confirmed by standard characterization tecniques such as SEM or AFM due to the presence of

the top Si02 layer and will be the topic of further investigation
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Fig.2. Imaginary part of Ag and Au effective dielectric functions for single MIFs and bimetal
samples as deposited (dashed) and after annealing (solid lines). Statistical errors in effective
dielectric function values, estimated from the confidence limits of parameters optimized during

data fit, are up to 4%.

3.2 Electric field-assisted dissolution

Figure 3 shows the compositional profile of the thicker samples treated with 2.5 min EFAD time.



There is no clear evidence of depleted region formation in glass: most alkali ions show an abrupt
change in concentration at the same position as Al. Previous SIMS studies of soda-lime-silica
glass showed that under applied DC electric field alkali and alkali earth impurities move from
the sample surface, while glass-former elements (Si and O) and Al remain at the same position
[37]. In glasses with similar composition Al is replacing Si in glass matrix [38], i.e. it is bound in
the network unlike alkali and alkali earth ions that drift upon application of electric field.
Therefore, typically the position of Si intensity step is taken as a reference for glass surface.
However, in this study the first layers on glass is SiO2, so characteristic step at the interface
cannot be expected. Instead, Al step is taken as reference. However, a significant amount of Ag
is incorporated in the glass matrix, while the distribution of Na in the MIF and SiO> layers is
reduced. The ratio of Ag and Na quantity in the Au layer with respect to the quantity in the Ag
MIF is larger than in the annealed samples ([Ag@Au]/[Ag@Ag] is 0.3 in Au/Ag sample and 0.5
in Ag/Au, while [Na@Au]/[Na@Ag] is 1.1 in Au/Ag sample and 1.6 in Ag/Au sample). This
increase suggests that once incorporated in Au layer, Na and Ag ion drift is quenched. Indeed,
Na and Ag tend to form alloys with Au, improving chemical stability [36, 39]. Regarding the

dissolution process, this results in Ag layers losing Ag and Na faster than Au layers.
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Fig 3. SIMS compositional profile of the thicker bimetall samples (top Au/Ag, bottom Ag/Au)
after short EFAD treatment (2.5 min). The interface between the coating and glass is indicated

by the steep growth of Al intensity.

Compositional profiles of thicker samples corresponding to longer treatment times are shown in
Figure 4. In both samples, Ag has penetrated deeper into the glass compared to the short
treatment times and a region with sequentially piled up Ca, Mg. This is the consequence of lower
mobility of these alkalis compared to Na and Ag and the high electric field build up in Na
depleted region during glass poling, a process going simultaneously with EFAD [40-43]. Pile up

of Au in the sample treated for 12 min is formed as well, indicating that Au has mobility



comparable to or a bit lower than Mg. Ag penetration and depth of the pile-up region are larger
for the thicker Au/Ag (EFAD time 12 min) than for the thicker Ag/Au sample (EFAD time 5
min). For both samples Na signal reduced to the noise level indicating it has returned back into
glass. The Ag layer is completely dissolved, but some quantity of Ag is still present in Au layers
confirming that Ag is hardly released once it diffused into Au. In both samples, a plateau of Si
and Al at the glass surface is present, while the other samples have a ramp there. The plateau is
wider for thicker Au/Ag sample with a longer EFAD time. It indicates densification of the glass

matrix occurring due to the transition of non-bridging oxygen bonds to bridging, in lack of

cations [44-46].
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Fig 4. SIMS compositional profile of the thicker Au/Ag sample (top) and thicker Ag/Au sample
(bottom)after long EFAD treatment (EFAD time 12 and 5 min, respectively). The interface
between the coating and glass is indicated by the steep growth of Al intensity.

To support the evolution of the samples subjected to the EFAD treatment, numerical simulations
of the ion drift and diffusion process for multiple ions [40, 47] were performed. The system of
coupled differential equations describing the concentration depth-profile for each ion species is
solved numerically as described in [48]. Literature values for ionic mobilities (pna = pag = 7x10°
16 m2V/s,un = 2x102° m?V/s ) and Haven ratio (H = 0.3), initial ion concentration estimated from
sample composition (Cna = 5x10?” m™, Caz = = 1x10*® m™ and voltage and temperature values
applied in the experiments are used in the simulations. For the sake of simplicity, we consider Na
as the only alkali species and that only Ag participates in the drift and diffusion process. Figure
5a shows the initial ion distribution assumed in the simulation, inspired by the SIMS profile of
the annealed sample (Figure 1). It is assumed that Na has diffused into the SiO> and MIF layers
and Ag has diffused into the Au layer and into the SiO; layer next to the interface with the glass.
If blocking conditions are simulated (no injection from H' ions to compensate spatial charge
formation upon drift of Ag and Na ions), the ion distribution displays no appreciable change
from the initial composition. Under the same assumption in non-blocking conditions, the final
compositional distribution after 15 minutes (Figure 5b) shows the incorporation of Ag into the
glass matrix and decreased concentration in metal layers. However, the changes are small in
comparison to the experimental observation. A suitable explanation is that the ionic mobility in
the SiO2 and MIF layers is larger than in glass due to the larger number of defects in thin films
than in a glass matrix. Thus, if 5 times larger mobility is assumed for all ions travelling in SiO2
and Ag layers compared to the mobility values in the glass matrix, the obtained distribution
(Figure 5¢) shows a much larger decrease of Ag in the MIFs and Ag incorporation into the glass
matrix. Finally, it should be noted that if no ions are assumed to be present in the SiO; layers
(neither Ag nor Na), i.e., if the composition redistribution that takes place due to thermal
annealing is ignored, the simulations indicate an almost negligible incorporation of Ag into the
glass matrix (Figure 5d). Hence, the ion redistribution that occurs during the pre-heating period
prior to the application of the electric field is essential to induce the complete dissolution of

layers within the considered duration of the EFAD treatments.
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Fig 5: Numerical simulations of ion drift and diffusion process in non-blocking conditions. Initial
concentration assumed for Ag and Na ions (a). Final distribution after 900 s assuming: (b) the
same ionic mobility in the glass and in the multilayer structure, (c) 5 times higher ionic mobility

in the multilayer structure than in glass and (d) assuming no ions are present in the SiO; layers.

It should be noted that the total thickness of the multilayers, as determined by the position of the
Al concentration step in SIMS measurements is 30-45% smaller than obtained by optical
characterization (Figure 6). This indicates a higher etching rate in the layers than in glass,
especially for the samples with higher EFAD which can be expected because Ag is completely

dissolved and instead Ag NPs remain pores [49, 50]. The refractive index profile also reveals a



refractive index increase in the glass regions close to the multilayer structure that can be

connected to the pile-up of ionic species [48].
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Fig 6: Refractive index profile for thicker Au/Ag sample after annealing and after EFAD with
longer treatment time. Statistical errors in refractive index values, estimated from the confidence

limits of parameters optimized during data fit, are up to 2%.

Indeed, when refractive index profiles are compared with SIMS measurements, it is possible to
see that the increase of refractive index in glass corresponds well with the high signal of Ag that
has drifted into glass (Figure 7, top). Also, in the case of the sample with the longest EFAD,
refractive index peak (Fig. 7, middle and bottom) is in accordance with the position of alkali ions

pile-up.
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Fig 7: Comparison of SIMS measurements and refractive index profiles obtained from optical
characterization. The glass/multilayers interfaces of the two have been adjusted to the same
position as the reference point. This is done to compensate for the higher etching rate through the
layers. Top: thicker Ag/Au sample treated for 2.5 min. Middle: thicker Ag/Au sample treated for

5 minutes. Bottom: thicker Au/Ag sample treated for 12 minutes.



Finally, we analyze the effect on the optical properties of the MIFs upon EFAD (Figure 8). A
short EFAD time results in a blue shift and reduction of the localized surface plasmon resonance.
This can be explained by the reduction of Ag fraction into the MIF layer upon partial dissolution
of the film. Longer EFAD times lead to the complete dissolution of Ag and the total quenching
of Ag-related absorption. In the case of Au MIFs, the plasmon resonance is still present even
after a long annealing time, displaying only a slight red-shift and intensity decrease that is in

agreement with the fact that Au remains essentially undissolved.
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Fig 8: Extinction coefficient for the Ag and Au MIF layers of the thicker Au/Ag sample after
annealing and EFAD. Statistical errors in extinction coefficient values, estimated from the

confidence limits of parameters optimized during data fit, are up to 4%.

Conclusions

The influence of thermal annealing and electric field-assisted dissolution on the compositional
and optical properties of multilayer structures containing Ag and Au metal island films has been
investigated. Annealing of the studied bimetal systems induces optical properties changes due to

MIF reshaping, but also to the interaction between metals by ion exchange. EFAD takes place



differently for Ag and Au, affecting the evolution of the sample optical properties depending on
its structure.

We have determined EFAD conditions that are strong enough for the dissolution of relatively
thick Ag MIF (less than 12 min) and yet too weak for considerable dissolution of Au. During
annealing, Ag and Na distribute throughout the layers due to ion exchange and Ag accumulates
in Au MIF. Na is found in each layer and follows Ag accumulating in Au MIF as well. While Ag
and Na are removed from Ag MIF and SiO; layers during EFAD, some quantity of Ag remains
in Au MIF. Simulations show that the ion exchange happening prior to voltage application
facilitates MIF dissolution.They also show that ionic mobility should be higher in dielectric
layers than in glass matrix, which is explained by defects in layers that are supporting diffusivity.
Results of optical characterization are consistent with SIMS profiles, confirming it can be used
for analysis of such complex systems in future research. In summary, the study provides insights

that help to understand the potential application of EFAD in systems containing several metals.
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