Report on project Dispersion models for metal island films for biosensing applications  Reference number: 3853
1. Purpose of the visit

Metal island films (MIFs), consisting of two-dimensional ensembles of metal particles deposited on a substrate, have strong potential for plasmonic biosensing. The localized surface plasmon resonance (LSPR) of isolated particles is highly sensitive to refractive index changes of the environment, enabling to detect presence of different analytes. MIFs are attractive candidates for the production of performance- and cost-efficient biosensors. Biosensing using MIFs is typically based on shift of the maximum of the LSPR band upon changes of dielectric environment. However, it has been noticed that other parameters of the plasmon line-shape would enable even larger sensitivity.

An accurate description of the electromagnetic behaviour of MIFs is complex due to their disordered arrangement, the broad size and shape distribution of particles, the possible percolation of particles and the influence of substrate on the particle response. For this reason it is difficult to relate the manufacturing conditions and sample properties, which is a fundamental step in order to tailor MIFs plasmon characteristics. 

The project tended to establish new parametric models that could effectively describe the spectral dependence of the LSPR of MIFs obtained under a wide range of manufacturing conditions. These models would enable: 

i) relating the optical behaviour of MIFS with the deposition parameters and 

ii) improving the sensitivity of MIFs-based plasmonic sensing by analysis of the full LSPR line-shape. 

Prior to the beginning of the exchange visit, several MIF samples coated with thin dielectric layers were prepared and measured (spectrophotometry and ellipsometry) by the candidate at the home institution. These samples were designed to test the sensing potential of MIFs, as they would simulate the effect of adsorbed analyte layers at MIFs. They would complement the already available database of optical constants of MIFs prepared at the home institution. The activities during the stay at the host group were divided in two phases:

1) Development of the dispersion model appropriate for the description of the effective optical constants of the samples. Initially, the focus would be on samples with the simplest behavior, i.e. characterized by a single LSPR. Different dispersion models would be tested. Some of these models were available in the software package (i.e. oscillator models) while others (such as parametric models with asymmetric broadening) would have to be implemented in collaboration with the researchers of the host group. Later, the samples with more complex behavior (broader LSPR and infrared absorption due to percolation) would be studied and the dispersion models would be extended. 
2) Analysis of the dispersion model parameters. As first, the study would focus on correlating the value of the model parameters with the deposition conditions, using multivariate analysis and the expertise in numerical methods of the host group. Afterwards, the sensing potential of MIFs would be explored by analyzing the variation of the model parameters and LSPR line-shape with the deposition conditions, focusing on the samples that were prepared at the home institution prior to the exchange visit.
2. Description of the work carried out during the visit 
There have been analysed spectrophotometric (reflectance R and transmittance T) and ellipsometric measurements of two series of samples containing gold metal island films (MIF). R and T were measured in the range 300-1100 nm, each nm, and ellipsometric functions Ψ and Δ in the range 4.35-0.57 eV (that corresponds to 285-2175 nm), each 0.2 eV, at incidence angles 25o, 45o, 55o, 65o and 80o. Additionally, T was measured at ellipsometer in the same range as Ψ and Δ, at normal incidence. The first serial was deposited as quartz/MIF/SiO2 (serial MIF*) and the second quartz/Au/SiO2/MIF/SiO2 (serial AuMIF*). The samples within one serial differ in the mass thickness of capping SiO2 layer (dcapp), that was 3, 6, 9 and 12 nm.


It has been shown in a previous study that Au metal island films deposited in the same conditions as here have dimensions that are much smaller than the wavelength of the performed measurements. For this reason it is not expected significant scattering. Therefore, in the analysis of the spectral characteristics, also absorptance A defined as A=1-T-R was included. 
MIF layers of the studied samples contain not only Au metal islands, but also SiO2 from the capping layer that, at first, fills the space between the islands. Additional samples having structure quartz/SiO2/MIF, quartz/Au, quartz/Au/SiO2 and quartz/Au/SiO2/MIF were analyzed as first. In the last one, MIF is the layer containing Au islands and the space between them is air. All the corresponding layers were prepared in the same electron beam deposition process. Therefore their thicknesses and optical parameters in the both serials were assumed to be the same.

In order to obtain thicknesses and optical parameters of the layers, from the measurements, WVASE32 software was used.  Since the optical parameters of MIF are influenced by the parameters of the dielectric environment, it was expected that they would change with dcapp. For this reason the MIF and the capping layer were modelled as one effective layer. The optical parameters of dielectric constants (real and imaginary ε1 and ε2) of this layer were, as first, modelled with a sum of Gauss oscillators. Other models, as Lorentz and Tauc-Lorentz were employed as well. Variation of the parameters with dcapp of each model was monitored.

The maxima or minima in the spectra having significant shift of the central wavelength (λo) or the intensity (Io) with dcapp were detected and their values plotted. Sensitivity was calculated as Sx=dx/dd, where x denotes λo or Io of the extreme point of interest and d is thickness of SiO2 grown above Au islands.

3. Description of the main results obtained 
The spectra originating from spectrophotometric measurements are presented in Fig. 1. These spectra show that Io and λo of the peaks are significantly changing with dcapp. 

One should note the dip in T spectrum of AuMIF* positioned around 550 nm, resulting in occurrence of two peaks in T. This dip cannot be associated to the absorptance of compact Au underlayer, or of MIF layer. Indeed, the models for AuMIF* incorporating optical constants obtained for Au and trying many different models describing the structure of the samples and MIF optical constants in AuMIF* failed to simulate the double peak.  This suggests that the minimum in T could occur due to the effect of coupling of the Au islands with the Au layer. Indeed, the dipolar radiation of the islands could induce the excitation of plasmon polariton in the Au layer
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Fig.1. Spectrometric measurements showing characteristical change of spectra due to increase of dcapp. Measurements of Au/SiO2 and Au/SiO2/MIF are presented for comparison.
that could be observed experimentally as a decrease of transmittance, explaining the observed minimum. Such experimental observations of localized surface plasmon – surface plasmon polariton coupling have been observed previously. Really, introduction of an additional oscillator around 1.8 eV in the model describing Au optical constants finally enabled simulation of the dip in T. Both, by modeling Au optical constants and point by point analysis (presented in Fig.2.), it was shown that the shoulder describing suggested polariton does not change significantly in different AuMIF* samples. Final dielectric constants of MIF layers obtained as the result of optical characterization are presented in Fig.3. Resultant thicknesses (doc) for Au, SiO2 and Au island (dAu island) layer (the last one resulting from characterization of quartz/SiO2/MIF sample, having no capping SiO2) are 50.68, 15.37 and 10.44 nm, respectively. The MIF thicknesses corresponding to dcapp of 3, 6, 9 and 12 nm are 12.49, 14.12, 14.49 and 16.21 nm.
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Fig.2.Dispersion of ε2 of Au layer obtained from point by point analysis for the samples with and without capping layer. ε1(AuMIF*) does not differ significantly from ε1 obtained from Au/SiO2.
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Fig.3. Final dielectric constants of MIF layers obtained as the result of optical characterization.

Different models including Gauss, Lorentz and Tauc-Lorentz (TL) were applied for modelling optical parameters of dielectric constants. Finally, TL was chosen as the most suitable for parametrization of changes of optical constants with d.
Thickness d was calculated as d = doc – dAu islands. The calculated sensitivities are presented in Tab.1. and Tab.2. In order to enable comparison SI of different measurements, they were all normalized to 0-100% scale. Sensitivity of the width of the peak (IFWHM) is analysed only for ε2 obtained from models using Gauss oscillators to describe the plasmon peak.  Quantity Ic is defined as Ic = sin2ΨcosΔ, that is really measured by ellipsometer. TL model parameters Eo, Amp, C and Eg are related to λo, Io, width and asymmetry of ε2 peak. The changes of cosΔ(65o) and TL parameters Eo and A with d are presented in Fig. 4. and Fig.5.
It is possible to see from Tab.1. that Sλ0(TAuMIF*) is higher than the one for MIF*, that makes AuMIF* structure more practical for sensing purposes because T measurements are simple and widely available. Sλ0(AAuMIF*) is also shows higher value.  Sλ0 (RMIF*) has the highest sensitivity of spectrometric measurements. Generally, SI shows lower values for this kind of measurements, with AuMIF* showing higher sensitivity than MIF*. Ellipsometric measurements give significantly higher Sλ0(MIF*) than Sλ0(AuMIF*). In the case of SI the situation is opposite, although the values are low and the difference of sensitivities is not so high. Overall, AuMIF* structure is preferable for sensing from spectrometric measurements, while ellipsometric measurements give advantage to MIF* structure.

The analysed parameters obtained from optical characterization show high values of Sλo(MIF*), having also SIo and SFWHM higher than those resulting from AuMIF*.
Tab.1.
	
	Sλo
	SIo (nm-1)

	
	MIF*
	AuMIF*
	MIF*
	AuMIF*

	T
	4.31
	5.09
	-1.26
	0.3

	R
	7.72
	4.02
	0.97
	-1.61

	A
	2.90
	3.78
	0.53
	1.48

	ψ(45o)
	3.40
	2.97
	0.09
	-0.07

	ψ(80o)
	7.13
	0.07
	-0.15
	0.07

	cosΔ(45o)
	1.28
	3.33
	0.41
	1.7

	cosΔ(65o)
	11.06
	3.27
	0
	2.17

	Ic(65o)
	9.59
	1.23
	-0.87
	1.23


Sensitivities of the measurements

Tab.2.
	
	Sλo
	SIo (nm-1)
	SFWHM
	SEg

	
	MIF*
	AuMIF*
	MIF*
	AuMIF*
	MIF*
	AuMIF*
	MIF*
	AuMIF*

	TL
	E0
	6.01
	1.68
	-
	-
	-
	-
	-
	-

	
	Amp
	-
	-
	-1.38
	0.19
	-
	-
	-
	-

	
	C
	-
	-
	-
	-
	0
	0
	-
	-

	
	Eg
	-
	-
	-
	-
	-
	-
	-0.16
	-0.1

	Gauss
	ε2
	7.69
	1.77
	-0.05
	-0.32
	4.35
	-1.7
	-
	-

	
	ε1
	6.21
	0.55
	-0.17
	-0.28
	-
	-
	-
	-


Sensitivities of dielectric permitivities obtained from optical characterization
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Fig.4. The changes of cosΔ(65o) with d.
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Fig.5. The changes of TL parameters Eo and A with d.
4. Future collaboration with host institution (if applicable) 
The dip in T that appears to be resulting due to coupling of localized surface plasmon of Au islands with Au layer will be subject of future research. In particular, numerical simulations of these systems will be performed at the host institution in order to elucidate the origin of the dip. The influence of different parameters will be analyzed to evaluate the sensing potential of the dip.
Two more sample serials are planned to be produced. The first one would be designed to check the sensitivity of the LSPR to the thickness of a high index capping layer, in the same way as it was done for a low index material within the project. The second serial would check the sensitivity of the LSPR to the refractive index of the environment, by deposition of different materials at MIF. Analysis of the spectral characteristics and parametrization of the optical characteristics of such MIFs would accomplish our knowledge about the use of such systems as sensors for thickness and refractive index of analyte.

5. Projected publications / articles resulting or to result from the grant 

Two publications in international peer reviewed journals are in preparation: a first one regarding the suitability of different parametric models for the description of behaviour of optical characteristics of MIFs and a second one focused on the sensing potential of the fabricated MIFs. 

If funding for participation will be obtained, the results of the project would be presented at two international conferences (META'13 and SPP6).

6. Other comments

Additional samples (mentioned in the relation with the future collaboration with host institution) that were planned to be studied after the first results could not have been deposited because the deposition plant was out of order and there was not enough time to organize the depositions elsewhere. The collaboration with the host institution will be continued after the samples are produced. However, this problem did not affect the research plan significantly.
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