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Abstract

:

Considering that the plasmonic properties of metallic nanoparticles (NPs) are strongly influenced by their dielectric environment, comprehension and manipulation of this interplay are crucial for the design and optimization of functional plasmonic systems. In this study, the plasmonic behavior of silver nanoparticles encapsulated in diverse copolymer dielectric environments was investigated, focusing on the analysis of the emerging localized surface plasmon resonances (LSPRs) through both experimental and theoretical approaches. Specifically, two series of nanostructured silver ultrathin films were deposited via magnetron sputtering on heated Corning Glass substrates at 330 °C and 420 °C, respectively, resulting in the formation of self-assembled NPs of various sizes and distributions. Subsequently, three different polymeric layers were spin-coated on top of the silver NPs. Optical and structural characterization were carried out by means of UV–Vis spectroscopy and atomic force microscopy, respectively. Rigorous Coupled Wave Analysis (RCWA) was employed to study the LSPRs theoretically. The polymeric environment consistently induced a red shift as well as various alterations in the LSPR amplitude, suggesting the potential tunability of the system.
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1. Introduction


In recent years, plasmonics has undergone remarkable development, attracting significant research interest centered on the unique optical properties of plasmonic NPs. These are metallic nanoparticles with sizes smaller than the wavelength of visible light that can be fabricated by a plethora of methods, including chemical synthesis [1,2], lithography [3], sputtering [4,5], laser ablation [6,7], green synthesis [8], and more [9,10,11], finding applications in various fields such as optoelectronics, catalysis, biological, and chemical sensing, photothermal therapy, and light harvesting [2,10,12,13,14,15,16].



Upon irradiation by electromagnetic waves, plasmonic nanoparticles’ free electrons exhibit a collective oscillation at a resonant frequency, manifesting a phenomenon known as localized surface plasmon resonance (LSPR). This phenomenon can result in the intense absorption of light as well as the enhancement of the local electromagnetic field. LSPRs are important for numerous applications and have been exploited to enhance solar cell efficiency [12,13], fabricate highly sensitive biosensing devices for medical diagnostics and bioimaging [10,15], as well as improve catalytic [14] and optoelectronic performance [13].



Over the years, researchers have dedicated their efforts to integrating two or more elements into synthetic nanostructures, aiming to create multifunctional materials with enhanced capabilities. One notable approach involves combining plasmonic nanoparticles with polymers, resulting in the development of plasmonic–polymer nanocomposites and hybrid plasmonic nanostructures [17,18,19,20]. The goal of this combination is to obtain novel materials and devices with enhanced functionality and responsiveness [21,22,23]. The synergistic effects of these hybrid nanostructured materials can be leveraged in functional systems, endowing them with remarkable optoelectronic, sensing, catalytic, and antibacterial properties, as well as improved light harvesting efficiency [17,18,24,25,26,27,28]. These attributes render these materials highly versatile and suitable for applications in diverse fields.



Functional polymer composites with embedded metal nanoparticles have been fabricated using numerous methods, including reduction of metal salts, plasma polymerization combined with metal deposition, co-evaporation of metals and organic components, and co-sputtering. Further details on the synthesis methods of such composites can be found in references [17,18,29].



Polymers are excellent candidates to be used as matrices or coatings due to their typically low cost, versatility, and ease of processing [17]. They also provide stability and biocompatibility of NPs in such nanostructured systems [25,30,31]. Furthermore, the refractive index of the polymers can substantially affect the LSPR features of these systems since the plasmonic properties of metallic nanoparticles are strongly influenced by their dielectric environment [2,9,32]. Therefore, the careful selection of constituent materials is crucial for shaping the optical properties and determining the features of these functional plasmonic polymer systems.



In this context, it is important to introduce copolymers, also known as heteropolymers, which constitute a class of polymers synthesized from two or more distinct monomeric species. Copolymers can display enhanced properties due to interactions between the monomer units, resulting in synergistic effects beyond individual monomers’ capabilities. Block copolymers, a specific class of copolymers, consist of two or more chemically distinct polymer blocks that are covalently linked together, forming a larger and more complex macromolecule. Block copolymers can exhibit phase separation, resulting in the formation of periodic domains on the nm scale. These domains may adopt spherical, lamellar, or cylindrical geometries depending on molecular parameters such as the Flory–Huggins interaction parameter (χ), the degree of polymerization (N), and the volume fraction (f) of the blocks [33,34,35,36,37]. This remarkable property can be utilized in a plethora of applications, including nanopatterning, microelectronics, drug delivery, photovoltaics, and battery applications, as described in references [33,34,35,36,37,38,39] and references therein. Given their unique characteristics, we opted to use copolymers (including block copolymers) in our study. These polymeric materials are employed to coat silver nanoparticles, effectively modifying their dielectric environment and consequently altering their LSPR response [40].



Moreover, the choice of utilizing silver NPs in our study is grounded in silver’s emergence as a leading noble metal in plasmonic applications, due to its minimal optical losses, stability in nanoparticle form, and strong LSRP absorption within the visible spectrum. In addition, its affordability compared to other noble metals makes silver an excellent choice for various plasmonic applications [41].



While polymer–plasmonic nanoparticle systems have been mostly explored for their functionality, it appears that there is less emphasis on the investigation of the fundamental optical properties of these materials. Our study investigates the LSPR properties of silver nanoparticles before and after coating them with various copolymers, both experimentally and theoretically. This investigation aims to provide valuable insights into the plasmonic behavior of the system and its potential tunability.



More specifically, silver NPs were grown via magnetron sputtering on heated glass substrates at 330 °C and 420 °C, respectively. Subsequently, they were covered with three different copolymers by means of spin coating. The copolymer-coated NPs showed systematic red shifts in the resonance position along with various LSPR amplitude alterations. Finally, we conducted rigorous coupled-wave analysis (RCWA) theoretical calculations. These calculations not only complemented the experimental results but also provided deeper insights into the LSPRs of silver NPs within each polymeric environment. This approach offered a more comprehensive understanding of the observed phenomena.




2. Materials and Methods


2.1. Experimental Details


Two series of nanostructured ultrathin Ag films with nominal thicknesses ranging from 5 to 15 nm were deposited via direct-current (DC) magnetron sputtering on Corning glass at 330 °C and 420 °C. Under these deposition conditions, all films were directly self-assembled into NPs. Therefore, when referring to the nominal thickness of a nanostructured film, we refer to the thickness of a continuous Ag film that would form under the same deposition time at room temperature. In the DC magnetron sputtering process, a sputter-coater device (modified Balzers Union model SCD040, Oerlikon Balzers, Balzers, Liechtenstein) with a heated substrate holder was employed. By utilizing a dual-stage rotation pump, the base pressure of the chamber was maintained at 1.5 × 10−2 mbar. During deposition, argon was introduced into the chamber, increasing the total pressure to 5 × 10−2 mbar.



Subsequently, all nanostructured Ag films were coated with three different polymeric coatings by means of spin-coating. For the fabrication of the polymeric coatings (matrices), we used solid solutions of three different copolymers: polystyrene-block-polybutadiene-block-polystyrene (PS-b-PBD-b-PS), poly(styrene-co-methyl methacrylate) (PS-co-PMMA), and polystyrene-block-polyisoprene-block-polystyrene (PS-b-PI-b-PS), respectively. Each of the copolymers was dissolved into toluene, thus creating a 1.5% w/w solution. Specifically, 0.092 gr of PS-b-PBD-b-PS, 0.096 gr of PS-co-PMMA, and 0.065 gr of PS-b-PI-b-PS were dissolved in 6.143, 6.432, and 4.371 gr of toluene solution, respectively. The copolymers were deposited on the NPs by a spin-coating device (KW-4A, Chemat Scientific, Northridge, CA, USA).



The optical properties of both coated and uncoated films were investigated via ultraviolet–visible (UV–Vis) spectroscopy using the Perkin Elmer λ-35 spectrometer (PerkinElmer, Akron, OH, USA) operating at room temperature in the wavelength range of 200–1100 nm.



The surface morphology of the uncoated films was studied via atomic force microscopy (AFM). Film and polymer thickness determination was performed using atomic force microscopy (AFM) images showing the profile of a narrow scratch conducted intentionally on the film surface [40,41]. The thickness of polymer films deposited on a Corning glass substrate was measured at 54, 35, and 300 nm for PS-b-PBD-b-PS, PS-co-PMMA, and PS-b-PI-b-PS, respectively. The employed 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) operating in the non-contact (tapping) mode [42].




2.2. Theoretical Model


The simulation model applied for the needs of the present article is the interpretation of the Rigorous Coupled-Wave Analysis (RCWA Method), a significant tool characterized for the accuracy of its results when it comes to the study of propagating electromagnetic waves into periodic matrices [43]. Figure 1 depicts the side and top views of the examined system with the Ag NPs placed on top of SiO2 and surrounded by a different copolymer at a time. For net silver NPs, the dielectric environment was substituted with air. Ag NPs are depicted as cylinders or cubes because it is proven that these geometrical shapes consume less computational time and resources once simulated when applying RCWA [44,45]. A periodic array is also performed in order to balance the presence of one individual NP, which is non-evaluated due to the observed proximity of Ag NPs fabricated in situ along with the observed disorder structure probed by AFM.



RCWA is also known for its advantages in terms of computational time because the investigated area is divided into layers in which the values of refractive indices are considered stable. Thus, the eigenvalues of the refractive indices are solved in the form of a matrix by applying Fourier expansions.



The relative permittivity for each layer is described as follows:


  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 is the Fourier component of grating permittivity, and K is the reciprocal lattice vectors defined as follows: Κx = Κy = 2 π/Λ, where Λ is the lattice constant and i = (−1)1/2.



The mathematical formula of the electric field in Region I, the incoming region, which is the air region above the structure, is the following:


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



Regarding Region II, which includes the regions between I and III (in practice, we divide it into two t1 and t2 in Figure 1), the mathematical formula of 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 harmonic field amplitudes, and as for Region III, the outcoming region, which is the SiO2 region (assumed semi-infinite), 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 to the magnetic field.



Keeping N and M harmonics in Equations (2)–(4), and from the continuity of the tangential electric and magnetic fields at the boundaries z = 0 and z = d, a 4NM system of equations emerges, leading to the solution of Rnm and Tnm values [40].





3. Results


3.1. Experimental Results


3.1.1. Microstructure, UV–Vis Spectra, and LSPR Analysis of Uncoated Nanoparticles


AFM images in Figure 2a–c and Figure 3a–c illustrate self-assembled silver nanoparticles in all examined films, accompanied by their respective nanoparticle diameter distributions (Figure 2d–f and Figure 3d–f). Dense NP distributions with several agglomerates can be observed in all cases. Films with nominal thicknesses of 5 and 10 nm showed single nanoparticle distributions at both deposition temperatures, whereas the two thicker (15 nm) films displayed bimodal distributions. This is further supported by the presence of secondary absorbance peaks around 3.6 eV. The diameters of the NPs depended on the nominal thickness of the films, and detailed mean nanoparticle diameter values are presented in Table 1.



Larger NPs were observed with increasing film thickness at both deposition temperatures. This trend is further supported by the corresponding nanoparticle diameter distributions shown in Figure 2d–f and Figure 3d–f. The fitting was performed using the logarithmic-normal distribution function. Furthermore, it can be observed that the 10 nm films exhibited almost identical NP distributions at both substrate temperatures, which explains their nearly identical absorbance curves. In the case of the 5 nm films, higher substrate temperatures led to the formation of larger NPs, as observed in the 15 nm films. In the latter case, the mean NP diameters of the bimodal distribution were smaller at 420 °C. However, the number of small NPs (< 60 nm) decreased, while there was a significant increase in the number of larger NPs. The presence of more large NPs could justify the substantial enhancement of LSPR amplitude compared to 330 °C.



Figure 4 illustrates the UV–Vis spectra for two series of three nanostructured ultrathin Ag films with nominal thicknesses of 5, 10, and 15 nm. Both series were deposited on Corning glass, with the first series being deposited at 330 °C and the second series at 420 °C, respectively.



LSPRs were obtained in all cases, located between 2.46 and 2.81 eV, with the deposition temperature having a minimal effect on the LSPR position. Only the thinner (5 nm) film exhibited a slight blue shift with increased substrate temperature. On the contrary, regarding the LSPR amplitude, while it remained almost identical for the two thinner films (5 and 10 nm) at both deposition temperatures, the 15 nm film grown at 420 °C exhibited a significantly larger amplitude compared to the film of the same thickness deposited at 330 °C. The variations in full width at half-maximum (FWHM) for the two different substrate temperatures were negligible, with the 5 nm films exhibiting the lowest FWHM values (sharper LSPRs) and the 15 nm films the largest (broader LSPRs).




3.1.2. UV–Vis Spectra and LSPR Analysis of Polymer-Coated Nanoparticles


In Figure 5a–f, UV–Vis spectra of the previously discussed nanostructured films are presented after their coating with various polymers. The absorbance curve of the uncoated films is also included for a clearer comparison.



Notably, a consistent red shift in the LPSR position is observed across all coated films. This could be attributed to the larger dielectric constant of the polymeric coatings compared to that of air.



Regarding the LPSR amplitude, alterations were observed after coating with each copolymer, yet without an unambiguous dependence on a specific parameter. Furthermore, the following observations were made: For the 5 nm films, the PS-b-PI-b-PS coating substantially decreased the LPSR amplitude, whereas the PS-co-PMMA induced a slight increase. Moreover, the third copolymer, PS-b-PBD-b-PS, resulted in an almost identical absorbance curve to the PS-co-PMMA-coated film for the film deposited at 330 °C. However, the PS-b-PBD-b-PS coating decreased the LSPR amplitude for the 5 nm film deposited at 420 °C.



In the case of 10 nm films, the polymeric coatings induced inconsistent changes in the LSPR amplitude. Despite observing similar absorbance curves and NP distributions for both 10 nm films, no consistent pattern in the alterations of resonance amplitude was identified. On the contrary, an inverse variation of the amplitude of the two films was observed for each copolymer used.



Lastly, in the 15 nm films, a consistent pattern could be observed, with all the polymeric coatings resulting in increased resonance amplitude. Specifically, PS-b-PI-b-PS induced the largest enhancement, followed by PS-b-PBD-b-PS. PS-co-PMMA had a similar effect to PS-b-PBD-b-PS for the film deposited at 420 °C, resulting in almost indistinguishable absorbance curves. Conversely, PS-co-PMMA had a smaller impact on the enhancement of LSPR amplitude for the film deposited at 330 °C.



Interestingly, in the latter case (15 nm films), the FWHM was decreased substantially after applying the polymeric coatings, resulting in sharper LSPRs. For the rest of the specimens, FWHM varied, exhibiting both increases and decreases.



The polymeric coatings have had a greater effect on larger NPs, particularly noticeable in films with a nominal thickness of 15 nm, which appeared to be more sensitive to the polymeric coatings in terms of LSPR amplitude and FWHM. Additionally, as previously mentioned, the LSPR position shifted towards lower energies (red shift) in all cases. However, as shown in Figure 6a,b, this effect was more pronounced for the 15 nm films. Next, Figure 6c–f illustrate the variations of LPSR amplitude and FWHM as a function of nominal film thickness for the two deposition temperatures.





3.2. Theoretical Results


Here, we discuss the theoretical results generated after the implementation of the simulation method RCWA, thoroughly presented in Section 2.2. To ensure reliable conclusions, the nature of polymeric coatings is the same as during the experimental phase in order to straightforwardly compare the produced results. Three different copolymers were alternated, with the numeric values of their refractive indices being very close. In particular, the refractive index for PS-co-PMMA was 1.491, 1.521 for PS-b-PI-b-PS, and 1.539 for PS-b-PBD-b-PS [46].



We have to notice that, as we can see in the AFM images of Figure 2a–c and Figure 3a–c, the shape and the diameter of the metallic nanoparticles are highly disordered. Moreover, the line profiles of the particles (Figure 3g,h) show that their shape is distorted and partially flattened hemispheres. It is computationally impossible to simulate the exact structure since that will involve a huge supercell. For that reason, we used cylindrical-shaped metallic nanoparticles with an average diameter like the measured one. Indeed, it is much faster to do the calculations with cylindrical-shaped metallic nanoparticles, since this is the advantage of the RCWA method. Additionally, previous studies, see for example Ref. [47], showed good agreement between calculations and measurements.



In Figure 7, we present calculated absorbance spectra for uncoated and coated Ag NPs. The diameter (d) of the NPs was selected to be 30, 45, and 60 nm, as these values are similar to the average ones of the experimentally grown NPs presented in Table 1. The periodicity (a) was selected to be equal to 3/2 × d. In Ref. [45], we have shown that any selection of a between 3/2 × d and 3 × d does not change the position of the LSPR. The parameter t1 was selected to be 35 nm [40]. In Figure 7a, we present the uncoated and coated PMMA Ag NPs for t2 = d/3, i.e., for slightly flattened hemispheres, while in Figure 7b the same is true for t2 = d/2, i.e., for perfect hemispheres. In Figure 7c,d, all parameters are the same as in Figure 7a, but we use different polymeric coatings. We have to note the following: The LSPRs of the coated Ag NPs always show a red shift with respect to the uncoated ones, and they are slightly larger. This is due to the increase in the refractive index of the dielectric medium by switching from air to polymer. This red shift is very similar to one of the LSPRs in the experimental spectra in Figure 5b. The shapes of the LSPRs in Figure 7a are more similar to the experimental ones, unlike the ones in Figure 7b. That is, by increasing the height of the NPs, the second (higher) LSPR resonance becomes much more pronounced and can even exceed the height of the first (main) one. Moreover, all spectra in Figure 7b are blue-shifted compared to the ones in Figure 7a,c. The width of the calculated LSPRs is practically the same for all values of d. However, the experimental ones for the larger values of d (15 nm films) are quite broad. This is probably due to the fact that the size distribution of d in that case is quite large (bimodal growth). Finally, a comparison of the LSPRs for coated Ag NPs with different polymers (Figure 7a,c,d) shows that they are very similar since the refractive index of the various polymers varies only by a few percent.



In Figure 8, we present the modifications of the LSPRs with polymer-coating thickness, leaving all parameters as in Figure 7c,d and setting the polymeric coating equal to the experimental one [40]. One may hardly see a difference in the LSPR position. However, the intensity of the LSPRs seems to increase with increasing polymer thickness.





4. Discussion


The plasmonic behavior of the silver NP-copolymer system was investigated through both experimental and theoretical approaches.



More specifically, in the experimental part, initially, the deposition of two series of nanostructured ultrathin Ag films on heated substrates resulted in the formation of self-assembled silver NPs on corning glass substrates. The reason that we directly have the formation of self-assembled nanoparticles is the following: Silver does not wet glass easily due to the large difference in their surface energies: 1.25 J/m2 for Ag [48], and only 0.3 J/m2 for glass [49]. By increasing the temperature of the system, we drive it closer to the thermodynamic equilibrium state, which is island growth [50]. The nominal film thickness was 5, 10, and 15 nm for each series, leading to single NP distributions for the 5 and 10 nm thick nanostructured films and bimodal NP distributions for the thicker 15 nm films. The mean NP diameter values varied from 25 nm to 44 nm for the monomodal distributions of 5 and 10 nm films, respectively, while the peaks of the bimodal distributions had values of 52 nm and 72 nm for a deposition temperature of 330 °C. For 420 °C, the mean NP values were 48 nm and 66 nm. All specimens exhibited typical LSPRs for Ag NPs [47]. For the thicker (15 nm) films, a secondary LSPR could be detected around 3.6 eV due to their bimodal distribution. These secondary resonances might be the result of multiple scattering within the film’s nanostructure due to the presence of very small NPs [47]. As was expected, increasing film thickness resulted in larger NPs for both deposition temperatures. Notably, as shown in Figure 4, elevated deposition temperature had a bigger impact on the LSPR position of thinner films (5 nm) and the LSPR amplitude of thicker films (15 nm). Interestingly, the 10 nm films had almost indistinguishable LSPRs owing to their similar NP distributions.



After spin coating the copolymers PS-b-PBD-b-PS, PS-co-PMMA, and PS-b-PI-b-PS onto the nanostructured films, UV–Vis spectra revealed the following observations: A consistent red shift in the LPSR position was observed across all coated films (refer to Figure 5a–f and Figure 6a,b). This could be attributed to the larger value of the dielectric constant of the polymeric coatings (~1.5) compared to that of air. This consistent red shift has also been observed in Au and Ag NPs in NiO [44,45] and ZnO [41] dielectric environments, due to their relatively large dielectric constants. Additionally, the same trend was also observed when investigating the impact of similar polymeric coatings on the plasmonic behavior of Au NPs [40].



Regarding LSPR amplitude, the application of copolymer coatings induced alterations without exhibiting a clear dependence on any specific parameter for the 5 and 10 nm thick films. However, the LSPR amplitude consistently increased for all copolymer coatings in the thicker (15 nm) films. Additionally, after coating, the latter films exhibited narrower resonances, i.e., smaller FWHM, while the variations in FWHM in the thinner films were not consistent. A possible explanation for these observations could be the following: The polymeric coatings might have contributed more significantly and consistently to the enhancement of the LSPR amplitude of sparser NP distribution (15 nm films) due to the larger interparticle distance. Specifically, since there was more space between the NPs, the polymeric coating could be deposited uniformly and modify the properties of individual NPs uniformly, leading to consistent increases in the LSPR amplitude. On the contrary, in very dense NP distributions (5 and 10 nm films), the contact of the polymeric coating with the NP surface might not be as uniform, thus leading to complex interactions between neighboring NPs and finally mixed effects on the LPSR amplitude. As for the FWHM decrease, the polymeric coatings might have contributed to weaker interparticle coupling in the sparser NP distributions, resulting in narrower resonances. These observations show that there is room for potential tuning of the LSPRs in the Ag NP copolymer hybrid films; however, deeper investigation is required to precisely tailor their plasmonic characteristics.



In our theoretical analysis, the LSPR behavior was investigated for varying NP diameter values, periodicity, and NP height, with or without the polymeric coatings (Figure 7a–d). Given the flattened hemispherical morphology of the experimentally grown NPs, calculations were conducted using cylindrical metallic nanoparticles with a comparable average diameter in order to better mimic their observed structure. The calculated LSPRs of these cylindrical metallic nanoparticles shown in Figure 7a,c,d exhibited absorption patterns closer to those observed experimentally, thus validating our approach in these calculations. Furthermore, it was observed that the calculated LSPRs for all coated NPs were very similar, due to the small differences in the refractive indexes of the copolymers employed. Simulations comparing the LPSRs with and without the polymeric coatings consistently reproduced a red shift in all studied cases, in complete agreement with the experimental results. The red shift was accompanied by an increase in the LPSR amplitude for the calculated results. These observations can be attributed to the larger refractive index of the copolymers compared to that of air. However, as discussed above, experimental results did not display similar consistency regarding LSPR amplitude behavior. Moreover, for coated NPs, we investigated the copolymer-layer thickness influence on the LPSRs (Figure 7c,d and Figure 8a,b). The LSPR position showed negligible changes; however, the LSPR amplitude seemed to increase with increasing copolymer thickness. In contrast, experimental results did not reveal a similar pattern. Lastly, the calculated width of LSPRs was practically the same for all diameter values, not completely aligning with the experimental results, which showed broader LSPRs for larger diameter values.



Overall, an exact reproduction of the LSPR behavior was not expected, as our theoretical calculations investigated a range of NP diameters to identify general trends. Since our aim was not to precisely predict the experimental absorbance, discrepancies between theoretical and experimental results were anticipated. Additionally, it is very difficult to fully predict the LSPR behavior theoretically since the fabricated NPs have a disordered structure and their shape is not perfectly spherical across the substrate’s surface. This is due to the fact that we utilized self-assembly as a growth method. While practical and cost-effective, it does not guarantee complete control over the fabricated NP arrays, unlike the precise but costly lithographic techniques.



Ultimately, this study showed that the LSPR features of silver NPs could be tuned considerably after coating with various copolymers. These findings indicate the potential of these hybrid nanostructured films as valuable components in applications such as biological or chemical sensing that could exploit the synergistic properties of plasmonic NPs and polymeric coatings.




5. Conclusions


This study demonstrated experimental and theoretical analyses of the LSPR characteristics of self-assembled Ag NPs coated with various copolymers. The polymeric coatings induced systematic red shifts in the plasmonic resonances, a trend also observed theoretically. Additionally, LSPR amplitude was enhanced in our theoretical results and some experimental cases; however, this enhancement was not consistent across all experimental results. The resonance width also showed discrepancies between experimental and theoretical results for larger NPs, which can be attributed to their diameter distribution. The utilization of copolymers showed promise in terms of tunability potential, and such hybrid systems could be useful for sensing or other applications that could leverage polymeric-coated or encapsulated plasmonic NPs.
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Figure 1. The modeled system composed of Ag NPs inside a polymeric environment ((a) side view, (b) top view). Geometric features of diameter (d) and lattice constant (a) are illustrated. 
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Figure 2. (a–c) AFM images of the nanostructured films deposited at 330 °C along with their respective nanoparticle diameter distributions (d–f). The nominal thickness of each film is indicated above. 
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Figure 3. (a–c) AFM images of the nanostructured films deposited at 420 °C along with their respective nanoparticle diameter distributions (d–f). The nominal thickness of each film is indicated above. (g) 3D version of AFM (c) and (h) NP line profiles of (c). 
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Figure 4. UV–Vis spectra for the two series of nanostructured ultrathin Ag films with nominal thicknesses of 5, 10, and 15 nm. Solid lines represent absorbance curves for films deposited at 330 °C, and dashed lines correspond to those deposited at 420 °C. 
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Figure 5. UV–Vis spectra for the two series of nanostructured ultrathin Ag films with thicknesses of 5, 10, and 15 nm after coating with PS-b-PBD-b-PS, PS-co-PMMA, and PS-b-PI-b-PS copolymers. (a–c) shows UV–Vis spectra for the first series, deposited at 330 °C, and (d–f) for the second series, deposited at 420 °C. 
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Figure 6. A visual representation of the polymeric coatings’ influence on the LSPR characteristics of self-assembled NPs as a function of nominal film thickness for both deposition temperatures. (a,b) correspond to the alterations of LSPR position; (c,d) the alterations of LSPR amplitude; and (e,f) the alterations of the LSPR FWHM. 
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Figure 7. Size-dependent LSPRs in polymeric-coated Ag NPs ((a) PS-co-PMMA, (b) as in (a), however, t2 increases from d/3 to d/2, (c) PS-b-PI-b-PS, and (d) PS-b-PBD-b-PS). 
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[image: Micro 04 00020 g007]







[image: Micro 04 00020 g008] 





Figure 8. LSPRs calculated for different values of the thickness of polymer-coated Ag NPs. In (a), the polymer coating is PS-b-PI-b-PS, and in (b), it is PS-b-PBD-b-PS. 
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Table 1. Mean NP diameter values as a function of deposition temperature and nominal film thickness for all distributions illustrated in Figure 2.
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Deposition Temperature

	
Mean NP Diameter




	

	
5 nm

	
10 nm

	
15 nm






	
330 °C

	
25 nm

	
44 nm

	
52 nm

	
72 nm




	
420 °C

	
32 nm

	
44 nm

	
48 nm

	
66 nm
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