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Abstract

:

Plasmonic materials currently have a plethora of applications. How would a dielectric matrix, such as diblock copolymers, tune plasmonic properties? In this work, self-assembled gold nanoparticles were fabricated in medium vacuum conditions on heated Corning glass substrates (kept at 440 °C) under the coexistence of argon and air by means of DC magnetron sputtering. These samples were compared structurally and optically to samples deposited at room temperature and post annealed. Subsequently, the better of the two preparations, those deposited on heated glass, were covered with three different polymers, namely: Polystyrene-block-polybutadiene-block-polystyrene (PS-b-PBD-b-PS); Polystyrene-co-methyl methacrylate (PS-co-PMMA); and Polystyrene-block-polyisoprene-block-polystyrene (PS-b-PI-b-PS), by means of spin coating. Localized surface plasmon resonances were recorded and analyzed, respectively, for polymer-covered gold nanoparticles, with the width, intensity, and position of the resonances changing according to multiple factors, such as the nanoparticles size and the refractive index of each polymer. Lastly, for purposes of justification and comparison with the experimental results, rigorous theoretical calculations have been carried out.
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1. Introduction


Noble metal nanoparticles (NPs), situated either on solid state substrates [1,2] or in colloidal suspensions [2,3], having been developed by various growth techniques [4,5], have been extensively studied and implemented for a plethora of applications because of their interesting optical properties. As such, localized surface plasmon resonances (LSPRs) are known to be collective charge density oscillations excited on the NPs surface under the incidence of an electromagnetic field (light), resulting in multiple enhancements. LSPRs promote the advancement of existing applications and give space for the creation of new ones. Specifically, the implementation of LSPRs spans from sensors such as biosensors [3] and electrochemical sensors [6], photovoltaics [1,2,7,8,9], and field-enhanced spectroscopies [10] to nonlinear effects [10], nano-optical devices for environmental purposes [11], and others [12].



Recently, researchers have shown that the optoelectronic properties of various devices can be enhanced by embedding plasmonic NPs into polymeric matrices [13,14,15,16]. The interest for such studies derives from the fact that an excessive amount of optically transparent polymers is being used to photovoltaics [17,18], sensors [19,20,21], interconnects [22], and other devices [23]. Depending on the polymeric matrix [24], and by changing the size [13], concentration [25], shape [26], and material [13] of the NPs, it is shown that the enhancement of LSPRs alters accordingly [14]. Therefore, these nanocomposite systems become attractive candidates for applications because of the way their properties can be manipulated. For that purpose, different fabrication techniques are being implemented, with some of the most distinguished ones so far being the vapor phase deposition and the wet chemical technique [13]. Even though these studies have paved the way for new plasmonic systems to be designed, most of them examine polymer-embedded NPs which are situated in liquid solutions, with the solid-state ones to follow.



In this work, we present a study of self-assembled Au NPs fabricated in situ by depositing them at an elevated substrate temperature of 440 °C on Corning glass. We compare these structures with identical samples fabricated firstly as continuous films at room temperature and subsequently annealed at 430 and 530 °C in air, respectively. We observe significant enhancement of the LSPRs for the NPs being annealed under medium vacuum during deposition compared to the ones being post annealed under air. The NPs were then covered by three different polymers via spin coating. The majority of the literature deals with the coating of noble metal NPs with single polymers. We elected to perform an investigation using diblock copolymers. Copolymers, or heteropolymers, are polymers derived from two or more monomeric species. Block copolymers are made up of blocks of different polymerized monomers. Such materials under certain conditions can exhibit a phase separation, leading to lamellae structures with sub-micrometer periodicity, leading to various applications, see, for example, Ref. [27] and references therein. The polymer-coated NPs show further LSPR enhancement. This enhancement has different features, depending on the type of polymers, along with the different NPs size. Theoretical calculations, using the Rigorous Coupled Wave Analysis (RCWA) method, have been performed in order to support, apprehend, and justify the experimental results [28,29].




2. Materials and Methods


2.1. Experimental Details


Ultrathin Au films with thickness th below 15 nm were deposited by a modified Balzers Union model SCD 040 direct current (DC) magnetron sputtering on Corning glass at 440 °C and at room temperature (RT), respectively. The films prepared at RT were then annealed in a muffle furnace (model Linn 63 Elektronik VMK 22) in air. The base pressure of the sputter coater device was 2 × 10−2 mbar and achieved by a dual stage rotation pump. During the deposition, argon was inserted in the chamber through a leak valve and the total pressure was kept stable at 5 × 10−2 mbar. The deposition rate was 0.35 nm/s. For the fabrication of the polymeric matrices, we used solid solutions of three different polymers: Polystyrene-block-polybutadiene-block-polystyrene (PS-b-PBD-b-PS); Polystyrene-co-methyl methacrylate (PS-co-PMMA); and Polystyrene-block-polyisoprene-block-polystyrene (PS-b-PI-b-PS), respectively. Afterwards, we dissolved each of the polymers into toluene solution, thus creating a 1.5% w/w solution. More specifically, 0.092 gr of PS-b-PBD, 0.096 gr of PMMA, and 0.065 gr of PS-b-Pi were dissolved in 6.143, 6.432, and 4.371 gr of toluene solution, respectively. The deposition of the polymers on the NPs was performed by a Chemat Technology KW-4A spin-coating device.



The thickness of polymer-films deposited on a Corning glass substrate was then measured at 54, 35, and 300 nm for PS-b-PBD-b-PS, PS-co-PMMA, and PS-b-PI-b-PS, respectively. Film and polymer thickness evaluation was performed with the help of Atomic Force Microscopy (AFM) images of the profile of a narrow scratch intentionally made on the film surface [30,31]. Films deposited at 440 °C are directly self-organized in the form of NPs. On the contrary, at RT Au films grow as continuous. Then, ‘‘nominal thickness’’ th for a self-organized film indicates the thickness of a smooth Au film, which would grow in the same deposition time at RT. The AFM device was a Multimode Microscope with a Nanoscope IIIa controller and a 120 × 120 μm2 magnet-free scanner (Model AS-130VMF) developed by Digital Instruments (Chapel Hill, NC, USA). The microscope operated in the non-contact (tapping) mode [32].



The ultraviolet-visible UV-Vis spectra were recorded at RT in the transmission geometry with the help of a Shimadzu UV-Vis Spectrophotometer, Model UV 1800 (Shimadzu, Kyoto, Japan) at wavelengths 200–1100 nm. The monochromator of the Spectrophotometer was calibrated with the help of prototype materials; therefore, the error bar in the measurements is of the order of 1 nm only.




2.2. Theoretical Model


The modeling of the Rigorous Coupled-Wave Analysis (RCWA Method) basically attempts to study of the propagation of electromagnetic waves into a periodic arrangement. It is a less time-consuming method for the calculation of the electric field of the region, when the incident wave enters the investigated region as the discretization of the latest into layers, in which the refractive indices are considered stable, enabling the solution of the eigenvalues of the refractive indices in the form of a matrix, by applying Fourier expansions. The relative permittivity for each layer is described accordingly:


  ε     x , y , z   = ε   x + Λ , y + Λ , z   =   ∑   p , q    ε  p q    z   e  i ( p  K x  x + q  K y  y )    



(1)




where Λ is the grating period, εpq the Fourier component of grating permittivity Κx = Κy = 2π/Λ, and i = (−1)1/2



The mathematical formula of the electric field of Region I, the income region, is the following:


   E I  =  e  − i (  k  x i   x +  k  y i   y +  k  z i   z )   +   ∑   nm    R  n m    e  − i (  k  x n   x +  k  y m   y +  k  z n m i   z )    



(2)




where kxn = kx0 + nKx, kyn = ky0 + mKy, kznmi = √(k2εi − k2xn − k2ym), kx0 and ky0 are the x and y components of the incident plane wave, and k = 2π/λ, Rnm is the n, m order backward diffracted wave.



The mathematical formula of the electric field of Region II, the electric field for each layer, is the following:


   E  I I   =   ∑   n m    S  n m    z   e  − i (  k  x n   x +  k  y m   y +  k  z n m i   z )    



(3)




where Snm(z) are the space harmonics field amplitudes, and as for Region III, the outcoming region, the electric field is described by the next formula:


   E  I I I   =   ∑   n m    T  n m    e  − i (  k  x n   x +  k  y m   y +  k  z n m o     z − d   )    



(4)




where kznmo = √(k2εo− k2xn − k2ym), Tnm is the n, m order forward diffracted wave. This analysis also applies for the magnetic field.



The resolution of the electric field formulas is based upon the assumption that n = N and m = M at the boundary conditions z = 0 and z = d, resulting in the solution of Rnm and Tnm values of a 4 × 4 system with four unknown variables.





3. Results


The deposition of two Au films with th = 10 nm was first conducted in order to select the optimum deposition conditions of the LSPRs formed prior to the covering of the films with polymers. The first film was fabricated at RT and post annealing was performed in air at either 430 °C or 530 °C for about 20 min. The second film was deposited on the substrate at a temperature of 440 °C. In Figure 1, we compare their UV-vis. spectra. One may see that, for the RT sample, annealing at higher temperature results in a narrower LSPR. However, the as-deposited film at 440 °C substrate temperature presents the most intense and best-shaped LSPR. This observation agrees with the results of a previous work for films with smaller th [5]. The difference in the LSPR shape originates from a narrower distribution of the self-assembled nanoparticles. In Figure 2a,b, we show AFM images of the surfaces of the first sample annealed at 430 °C and the second sample deposited at a 440 °C, respectively. The NPs of the second sample are small and homogeneous.



This can be better concluded from Figure 2c,d, where we show the corresponding particle-size distributions. Fitting was attempted following the logarithmic-normal distribution function [33]. For the first sample, the NPs mean diameter D is 65 nm and the full width at half maximum of the distribution (FWHM) is about 67 nm. For the second sample, D is 25 nm and FWHM is about 20 nm. The fact that, for the second sample, the temperature of the substrate was maintained at 440 °C allowed for the NPs to more easily take their final nearly spherical equilibrium shape [34]. The deposition temperature is more effective than the same temperature of annealing continuous films; even a relatively high deposition temperature allows the sample to obtain the equilibrium shape immediately during deposition, without the need to overcome thermodynamic diffusion barriers that may be introduced when a continuous or semi-continuous film is formed at low deposition temperatures. We think that the uniformity in shape of Au nanoparticles prepared at 440 °C resulted in better quality LSPRs.



We decided to elaborate with films deposited at 440 °C. In Figure 3, we present LSPRs from three films with ‘‘nominal thickness’’ th equal to 5, 10, and 15 nm, as indicated. One may see that the LSPR amplitude increases with th or, equivalently, the mass (number of atoms) of Au. The LSPR position, on the other hand, is much less sensitive. To interpret these trends, one has again to perform AFM experiments for the th = 5 and 15 nm films, as data for the th = 10 nm film were already presented in Figure 2. The results are presented in Figure 4. One may observe well-formed and comparable, in terms of size, nanograins. The nanoparticle diameter D is of about 17.5 and 38 nm for th = 5 and 15 nm, respectively. The size distribution of the NPs is relatively narrow, compared to post annealed samples, and the FWHM has the values of 9.4 and 21 nm for th = 5 and 15 nm, respectively.



In Figure 5, we present (a) the position and (b) the FWHM of the LSPRs for six Au films fabricated under the same experimental conditions. The LSPR position seems to show an almost exponential decay leading to a saturation in the LSPR position for D over 40 nm. This red shift with the increase in NPs diameter has been discussed in detail in Refs. [35,36,37]. On the other hand, the LSPR FWHM does not seem to alter much with D. One may interpret these data points as scattered around a mean value. We think that this behavior originates from the fact that these samples are prepared in a very similar manner, while samples that are post annealed are more difficult to control and, consequently, exhibit broader LSPRs. If the small curvature in the middle of the diagram of Figure 5b has some meaning, then the best result in terms of narrow LSPR has to be attributed to NPs with a mean diameter D of about 15 nm, reflecting the best film quality.



In Figure 6, we show UV-vis. spectra of films with th equal to 5, 10, and 15 nm for uncoated and coated with various polymers. Table 1 summarizes the main optical parameters such as LSPR position, FWHM, and ratio of intensities LSPRcoat/LSPRuncoat of coated to uncoated NPs as derived from Figure 6a–c. The main observation, which is systematic for all films, is that the coated films have a red shift, in other words, a shift to lower energies of the LSPR position. This may be understood by the fact that, before coating, the NPs were covered by air with a dielectric constant of 1. The polymers, on the other hand, have a dielectric constant of about 1.5. Exact values are provided in the next section where theoretical calculations are performed. Considering that the dielectric constant of glass (SiO2) is about 3.9, the average dielectric function of the material, which surrounds the Au NPs, increases by replacing air with polymers. This effect has also been observed, for example, in Au and Ag NPs embedded in NiO matrices, as NiO possesses quite a large dielectric constant. The LSPR FWHM slightly increases by coating as evidence of slight increase in inhomogeneity, in terms of no structural perfection of the coatings. However, this effect is too small to be seriously considered. Interestingly, in most cases the polymeric coating results in a small enhancement of the LSPR amplitude.




4. Discussion


Hereby, calculations have been carried out in order to evaluate and capitalize the experimental results produced and described in the previous paragraph of the present study. Figure 7 illustrates the modeled system. NPs are represented as cubes and cylinders, as RCWA better handles objects having their cross-section into z axis, see, for example, Refs. [37,38]. The NPs are placed on top of SiO2. They are surrounded by polymers, with the latest serving as a matrix. It is previously mentioned that the calculation of the disorder structure probed by AFM is a tedious task, requiring supercell, and consuming time and memory. On the other hand, calculating one individual metal nanoparticle is not reliable because, experimentally, NPs are in the vicinity. For that reason and to get concrete calculations, periodic array between nanoparticles was applied. However, the calculated absorbance amplitude value is expected to be greater than the corresponding experimental [39].



In our calculations, d varies between 15–40 nm to simulate the experimentally recorded values. Refractive indices have close numeric values which are 1.491 for PMMA, 1.521 for PiP, and 1.539 for PbP [40]. Copolymers’ refractive index values are estimated as mean values of the refractive index values of the component polymers. Calculations regarding the impact of these values on LSPRs have been carried out for several scenarios and the differences are greatly reduced, as shown in next paragraphs, concluding to perform the primary values of [40]. Initially, we did calculations for d = 25 nm (film with “nominal thickness” th = 10 nm), a = 2d, t = d, and t1 = 35 nm. Figure 8a emphasizes the difference of LSPRs positions due to different polymer values is practically negligible. On the contrary, when altering t1 values to simulate the experimental values of substrate thickness, small differences regarding the intensity of LSPRs and not the position occur, according to Figure 8b. The LSPRs of the coated NPs are more intense than the ones of uncoated NPs (Figure 8b). The LSPRs position of the coated particles shows some red shift. This shift varies between 2.12 eV- 2.16 eV for the covered NPs and, as for the NPs surrounded by air, the LSPR position is located at 2.27 eV. The intensity reduction for the uncovered NPs, 0.19, is significant compared to the LSPR intensity for the covered NPs, which is between 0.41–0.49, respectively. These shifts are caused by the increase in the refractive index n from 1 (air for uncoated NPs) to about 1.5 (polymers for coated NPs). Indeed, Figure 8c nicely demonstrates the change in the LSPR spectra because of the progressive hypothetical increase in the refractive index of PMMA from 1 to 1.5. On the other hand, the limited difference of refractive index values, 1.493 for PMMA, 1.521 for PiP, and 1.539 for PbP is responsible for the reduced resonance shift.



Figure 8 supports the interpretation of the LSPRs intensity for both uncoated and coated NPs. From the comparison of the experimental and theoretical data, it is evident that the experimental results mostly display the plasmonic characteristics of the enhanced intensity after coating, see Figure 6b. However, analysis of the calculation data reveals neither LSPR position nor intensity shifts are significant compared to the experimental data. The simulated NPs are considered to be perfect objects, characterized by monodisperse distribution, with no imperfections or inhomogeneities, unlike the ordinary NPs produced through the experimental methods. Therefore, the calculation represents the ideal conditions of the experiment. Moreover, we have to notice that our RCWA calculations show a red shift of the resonance frequency with an increase in the absorbance as the refractive index of the polymer increases. A potential presence of charge groups in the polymer would mostly affect the imaginary part of the refractive index of the polymer (which is zero in our calculations) and it would likely increase the overall absorbance.



Finally, Figure 9 represents the theoretical effort to interpret the increase in the LSRP intensity with the increase in the NPs diameter following the experimental trends. Two different plots of Figure 9, depending on different polymeric matrix, are introduced. Figure 9a reflects the LSPR position and absorbance changes for three different diameter values, d = 15, 20, and 25 nm when NPs are embedded in PMMA environment and Figure 9b reflects the LSPR alterations when PiP is the surrounding material. For each diagram, all graphs are depicted into common axis system. For the smaller diameter value, d = 15 nm (blue graph) the LSPR is located at 2.11 eV for PMMA and at 2.10 eV for PiP. For the next diameter value, d = 20 nm (red graph) an increase in values for both the position and intensity is monitored regardless of the type of dielectric. In particular, the LSPR position values are located at 2.14 eV for PMMA and at 2.13 eV for PiP, while the increase in the intensity values is from 0.45–0.48 and 0.46–0.48, respectively, with a blue shift being observed and further noticed for d = 25 nm (green graph). With this increased diameter value, the blue shift of LSPRs is maintained for both types of dielectric, and the LSPRs are positioned at 2.15 eV and 0.50 either it is PMMA or PiP. The comparative study of these last figures points out that the type of coating scarcely affects the position and intensity changes, probably attributed to the fact that the refractive index value of the two different coatings is very similar. The experimental results are also verified as the increase in NPs diameter results in the increase in the LSPR intensity.



To summarize, depending on the dielectric environment in which the metallic NPs are embedded, their LSPR enhancement may, respectively, differ dramatically. A variety of polymers are used in applications where LSPRs play a pivotal role in the enhancement of their optoelectronic properties and, therefore, towards their overall performance. Here, we present the case of gold NPs of different sizes covered by three separate polymer coatings, and consequently examine their LSPR enhancement. We show that by altering the size of gold NPs, we tune their LSPR to its optimal enhancement within each of the polymer coatings. The theoretical calculations of the present work support the experimental findings and promote the importance of tuning of LSPRs, accordingly. We foresee that these systems can potentially be implemented in the future towards many applications, such as solar cells, sensors, and many others.




5. Conclusions


Au NPs were fabricated either by depositing Au thin films on substrates, with the deposition taking place at an elevated temperature or at room temperature and then post annealing. The first experimental technique produced better shaped LSPRs, and those NPs were afterwards coated by a series of polymers. The systematic study of the samples highlighted a statistically small increase in the LSPR intensity and a small red shift in the LSPR position compared to the NPs surrounded by air. The implementation of the RCWA method facilitated the understanding of these trends, delivering sufficient interpretation of the localized surface plasmonic resonance behavior regarding gold nanoparticles covered by polymeric coatings.
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Figure 1. UV-vis. spectra for three Au films self-organized as NPs. The preparation conditions are indicated. Nominal film thickness th = 10 nm. 
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Figure 2. (a,b) AFM images for 10 nm Au thin film after annealing at 430 °C and deposited at 440 °C, respectively. The scale is the same for both images and appears at the down right corner of (b). (c,d) show the size distribution of the NPs diameter of (a) and (b), respectively. 
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Figure 3. UV-vis. spectra for three Au films self-organized in situ as NPs. The nominal film thickness th is indicated. 
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Figure 4. (a,b) AFM images for th = 5 and 15 nm, respectively. (c,d) show the size distribution of the NPs diameter of (a,b), respectively. 
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Figure 5. (a) LSPR position and (b) LSPR FWHM for six self-organized Au-films as a function of the Au nanoparticle diameter. The lines serve as a guide to the eye. 
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Figure 6. UV-vis. spectra for three Au films self-organized in situ as NPs. The “nominal film thickness” th is (a) 5 nm, (b) 10 nm and (c) 15 nm. The films are uncoated or covered by various polymers, as indicated by colors in (a). 
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Figure 7. The studied system Au NPs (side view (left) and top view (right)), where a is the lattice constant, d the diameter and t the height of the nanoparticles. 
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Figure 8. LSPRs of Au NPs with diameter of 25 nm coated by various polymeric materials (a) t1 = 35 nm. (b) t1 varying by one order of magnitude exactly as in the experimental data; the LSPR for the uncoated case is also included. (c) The effect of increasing gradually the refractive index of the coating between the one of air (n = 1) and the real ones of the polymers (n~1.5). 
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Figure 9. LSPRs of Au NPs in various polymeric matrices (a) PMMA, (b) PiP. NPs d is indicated. 
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Table 1. Nominal thickness th, coating type, LSPR position, FWHM, and ratio of intensities LSPRcoat/LSPRuncoat of coated to uncoated NPs. For the 15 nm case, the FWHM and ratio of LSPRs may have larger errors in their determination as the onset of the LSPRs seems to be located below 1.1 eV, which is the minimum energy of the measurements.
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th (nm)

	
Coating

	
LSPR

Position (eV)

	
FWHM (eV) LSPRcoat/LSPRuncoat






	
5

	
-

	
2.15

	
0.36

	
1.0




	
PS-b-PBD-b-PS

	
2.07

	
0.37

	
0.93




	
PS-co-PMMA

	
2.08

	
0.37

	
1.06




	
PS-b-PI-b-PS

	
2.08

	
0.38

	
0.68




	
10

	
-

	
2.07

	
0.42

	
1.0




	
PS-b-PBD-b-PS

	
1.98

	
0.41

	
1.03




	
PS-co-PMMA

	
1.98

	
0.44

	
1.08




	
PS-b-PI-b-PS

	
1.94

	
0.45

	
1.23




	
15

	
-

	
2.01

	
0.50

	
1.0




	
PS-b-PBD-b-PS

	
1.91

	
0.53

	
1.13




	
PS-co-PMMA

	
1.85

	
0.55

	
0.77




	
PS-b-PI-b-PS

	
1.90

	
0.50

	
0.94
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