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Abstract. 
An economically scalable and reproducible method to assemble nanoparticles (NPs) into ordered arrays with high fidelity remains a fundamental roadblock. Methods like directed self-assembly have shown the highest promise resulting in >85% density of NP-filled prepatterned polymer cavities. This work refines directed self-assembly by controlling the evaporation rate, substrate velocity (deposition rate), and NP diameter resulting in reproducible fabrication of ordered arrays with areas  and ~100% density of filled cavities. Measured optical spectra showed a blueshift in the localized surface plasmon resonance (LSPR) and surface lattice resonance (SLR) peaks with increasing NP density for both 100 and 150 nm gold (Au) NPs. Discrete dipole approximation (DDA), coupled dipole approximation (CDA), rapid semi-analytical CDA (rsa-CDA), and Mie theory simulations closely matched extinction per nanoparticle (extinction/NP) calculations for measured extinction spectra. An ordered array containing 150 nm AuNPs was used for comparison with rsa-CDA estimates using both polydimethylsiloxane (PDMS) and glass refractive indices (RI) resulting in peak location estimates within 1.7% and comparable relative increases in peak heights. Both the measured and simulated SLR peak heights were shown to significantly increase when the array was on glass as opposed to within PDMS.

1. Introduction
Gold (Au) nanoparticles (NPs) exhibit localized surface plasmon resonance (LSPR) through conduction-electron oscillations when an external electromagnetic (EM) field is applied [1–3]. When the AuNPs are ordered into a square lattice and exposed to an external EM field, the LSPRs on each individual particle couple with light diffracted from the ordered arrangement resulting in a surface lattice resonance (SLR), i.e., a Fano resonance or coupled lattice resonance (CLR), spectral feature corresponding to the lattice spacing [3–10]. SLR features can be tuned by varying the lattice spacing, NP geometry, incident EM field intensity, and refractive index (RI) [8, 9, 11–16]. Simulations, such as plasmon hybridization, coupled dipole approximation (CDA), rapid semi-analytical CDA (rsa-CDA), finite-difference time-domain (FDTD), and Fano theory, have been used to estimate both the LSPR and SLR peak locations, peak heights, scattering amplitudes, and scattering cross-sections [5, 7, 10, 17–19].
Popular commercial microfabrication techniques, such as electron beam lithography (EBL), nanoimprint lithography (NIL), laser ablation (LA), and focused ion beam (FIB), have been used to produce random and ordered assemblies of AuNPs [12, 20–24]. Recent advances in the fabrication of ordered arrays include thermal evaporation, dip-coating self-assembly, template-assisted self-assembly, and directed self-assembly [4, 19, 25–35]. In particular, a variety of self-assembly techniques have been developed and employed to cost-effectively fabricate arrays of AuNPs. These techniques range from receding contact line, i.e., meniscus moving, approaches (the solution is between a fixed glass superstrate and a fixed substrate where evaporation controls the deposition of AuNPs) to fixed glass superstrates with moving substrates (the solution between a fixed glass superstrate and a substrate attached to a linear translation stage where evaporation and the rate of substrate motion controls the deposition) [26, 27, 30–32]. These advances offer economically scalable approaches to fabricate ordered arrays of AuNPs, but a reproducible approach that can produce high-density, millimeter-scale areas with single AuNP per cavity is lacking.
This work introduced a refined directed self-assembly process for fabricating ordered arrays of AuNPs yielding  areas of ~100% density of filled prepatterned polydimethylsiloxane (PDMS) cavities containing one NP per cavity. Extinction spectra and extinction per NP (extinction/NP) values showed blueshifting of the LSPR and SLR peaks as the density of AuNPs increased. Mie theory and DDA closely matched measured values for extinction/NP for LSPR peaks of both 100 and 150 nm AuNPs. CDA and rsa-CDA resulted in greater differences between measured extinction/NP values but closely matched the measured peak locations for both LSPR and SLR for 150 nm AuNPs. Discrepancies between these simulated results for CDA and measured results were likely a function of RI because the measured values were surrounded by air, water, Triton X-100, and PDMS while simulated values assumed only PDMS surrounded the AuNPs. An ordered array containing 150 nm AuNPs was spectroscopically characterized before being transferred onto a glass slide and spectroscopically characterized again. rsa-CDA simulations were performed using PDMS and glass RI and compared to the measured spectra, which showed that peak locations for LSPR, quadrupole, and SLR features matched within 1.7%. Relative increases in peak heights also closely matched for rsa-CDA simulation and measured extinction spectra.
2. Materials and Methods
2.1. Fabrication of 2D Array Stamps
Silicon (Si) master stamps lithographed with a square lattice of posts at a 600 nm pitch (150 nm post height; 195 nm post diameter) were purchased from LightSmyth Technologies (Eugene, OR, S2D-24B2-0808-150-P). Polydimethylsiloxane (PDMS) monomer and curing agent (Sylgard 184 silicone elastomer kit; #240 401 9862) were purchased from Dow Corning Corporation (Midland, MI). Monomer and curing agent were mixed at a 10 : 1 monomer : cross-linker ratio at 3000 rpm for 6 minutes in a speed mixer purchased from FlackTek Inc. (#DAC 150SP/601 0064, Landrum, SC). The mixture was then degassed until observable air bubbles were removed (5-25 minutes) and poured onto a prerinsed (acetone+water) Si stamp and cured for 15 min at 180°C. Cured PDMS templates with 600 nm cavity arrays were peeled away from the Si stamp. PDMS arrayed-cavity stamp thickness averaged 300 μm.
2.2. Solution Preparation
Triton X-100 purchased from Sigma-Aldrich (St. Louis, MO) was diluted to 1 weight (wt) % in DI water and nitrogen capped (nitrogen gas was blown into the vessel for ~1 min) to remove air bubbles. 100 and 150 nm citrate-stabilized AuNPs (stock: 6 and 6.4 mg/mL, respectively) purchased from Nanopartz (Loveland, CO) were diluted to 3 and 3.2 mg/mL, respectively, in 1 wt% Triton X-100. The solution was nitrogen capped to remove air bubbles.
2.3. Stage Preparation
A substrate with a cavity (see Scheme 1) was built using glass slides (VWR, 16004-430) to support and translocate the stamp and slow evaporative AuNP deposition. The substrate consisted of a  single glass slide base (Premiere, 6101) supporting four glass slide walls (VWR, 16004-430) forming a  cavity with a depth of ~1 mm in the center as shown in Schemes 1(a)–1(d). The walls were one glass slide thick (1 mm) and were cut using a diamond knife and then attached to the base using epoxy resin (Loctite, heavy duty). The substrate was attached via carbon tape to a motorized syringe pump (KD Scientific, KDS-100) as shown in Scheme 1(c). A fixed superstrate was built by using superglue (Loctite, Super Glue Gel) to attach a  glass slide with a thickness of 1 mm (VWR, 16004-430) that was cut with a diamond knife to a second  glass slide for high evaporation experiments (Scheme 1(a)) or a  single glass slide for low evaporation experiments (Scheme 1(b)). The purpose of this  glass slide was to facilitate contact line pinning of the NP solution on the PDMS arrayed-cavity stamp as shown in Scheme 1(d). The  glass slide on the  slide for low evaporation experiments was surrounded by a single layer of glass coverslips (Corning, 2845-18, 0.12-0.16 mm thickness) that were spaced ~5 mm from each side of the  slide as shown in Scheme 1(e). The superstrate was then attached to a 3-axis positioner (Line Tools Company, Model A-LH) so that the  glass slide could be lowered into the  cavity containing the stamp.




		
			
			
			
		
			
				
					
				
					
				
			
		
			
			
			
			
		
			
			
			
			
			
			
		
			
				
					
				
					
				
			
		
			
			
			
			
		
			
				
					
				
					
				
			
		
			
			
			
			
		
			
			
			
		
			
				
					
				
					
				
			
		
			
				
					
				
					
				
			
		
			
				
					
				
					
				
			
		
			
				
					
				
					
				
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
		
			
				
					
				
					
				
			
		
			
				
					
				
					
				
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
		
			
				
					
				
					
				
				
					
				
			
		
			
				
					
				
					
				
				
					
				
			
		
			
				
					
				
					
				
				
					
				
			
		
			
				
					
				
					
				
			
		
			
				
					
				
					
				
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
				
					
				
					
				
				
					
				
			
		
			
				
					
				
					
				
				
					
				
			
		
			
				
					
				
					
				
			
		
			
				
					
				
					
				
				
					
				
			
		
			
				
					
				
					
				
				
					
				
			
		
			
				
					
				
					
				
				
					
				
			
		
			
				
				
			
			
			
				
					
				
					
				
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
				
					
				
					
				
				
					
				
			
		Scheme 1: Schematic of directed self-assembly stage setup used for (a) high evaporation and (b) low evaporation experiments. (c) Shows the location on the syringe pump where the cage is attached. (d) Shows an example of a drop of AuNPs pinned by the fixed superstrate at the beginning of a high evaporation self-assembly experiment. (e) Shows the superstrate used for the low evaporation self-assembly experiments.


2.4. Gold Nanoparticle Deposition
The PDMS arrayed-cavity stamp was cut in half using a razorblade so that two experiments could be performed with each stamp. A half-stamp was placed inside the substrate cavity, and a 2.5 μL drop of 1 wt% Triton X-100 in DI water was added to the bottom center of the stamp. The superstrate was then lowered into position so that the drop pinned to the  glass slide and lowered until it spread and pinned to all four sides of the slide (as shown in Schemes 1(a) and 1(d)). The linear stage was then set to 8.0 μm/s. A cardboard box was placed over the system to minimize evaporation due to ambient light and convection. This process acted as a precoat to increase AuNP deposition. Once the precoat was finished (~15 min), a 2.5 μL drop of 3 (100 nm AuNPs) or 3.2 mg/mL (150 nm AuNPs) in 1 wt% Triton X-100 was placed in the same position and the superstrate was lowered until the drop pinned on all four sides of the glass slide. The linear stage was set at rates ranging from 2.1 μm/s to 1.2 μm/s.
2.5. Optical Characterization
Transmission spectra of each AuNP ordered array were measured using a light microscope (Eclipse LV100, Nikon Instruments, Melville, New York) integrated with a UV-Vis spectrometer (Shamrock 303, Andor Technology, Belfast, UK). Extinction amplitudes for both LSPR and SLR peaks were taken using a tangent line corresponding to each peak. The extinction was normalized by setting the valley before the SLR peak to 0.01 A.U. for the extinction of each AuNP array. Dark-field microscopic images were captured at 20x and 100x objectives using the same light microscope used for the spectral characterization.
2.6. Rapid Semi-analytical Coupled Dipole Approximation (rsa-CDA) Simulations
Rapid semi-analytical coupled dipole approximation (rsa-CDA) was performed to determine estimated spectral peak locations for arrays of AuNPs with a diameter of 150 nm using a previously developed method [5, 36, 37]. Briefly, this configuration treats each AuNP as a single dipole point with a dipole polarizability of, . The NPs were arranged in a 2D square lattice with an array dimension of  and a lattice constant, distance from the center of one NP to the adjacent NP, set at 600 nm. The simulation was performed across a wavelength range of 500-950 nm for refractive indices (RI) of PDMS (1.42) and glass (1.52). The simulation outputted extinction efficiencies across the spectral range. The primary observable features were the SLR peak, the LSPR peak, and the quadrupole peak (150 nm only).
2.7. Discrete Dipole Approximation (DDA) and CDA Simulations
Discrete dipole approximation (DDA) simulations were performed in a 12-core supercomputer node with a 64 GB memory for 500 to 950 nm PDMS (1.42) wavelengths and a resolution of 5 nm. Target and parameter files for DDSCAT 7.3 were generated, using a custom-made MATLAB tool available on nanoHUB [38], for 100 and 150 nm diameter AuNPs. The generated spectra for a single AuNP were output into Microsoft Excel for further analysis, and real and imaginary parts of the polarizability were stored for ordered array simulations. The polarizability data was then imported into MATLAB for CDA to generate a  array of AuNPs with a lattice spacing of 600 nm in PDMS (1.42). The generated spectra for both 100 nm and 150 nm diameter AuNP arrays were output into Microsoft Excel for further analysis.
2.8. Extinction per NP Calculations
Estimates of extinction per NP were calculated previously using Mie solutions to Maxwell’s equations, DDA, and CDA by Dunklin et al. [2]. Briefly, extinction per NP for a single particle Mie theory was determined via , where  was the Mie theory extinction cross-section in cm2,  was a conversion factor between log bases, and  was the spectrum-averaged RI of PDMS (1.42). DDA and CDA output extinction efficiency were converted to an extinction cross-section before being converted to extinction per NP. The conversion from extinction efficiency to extinction cross-section was performed by multiplying the extinction efficiency by the NP geometric cross-section, i.e., , where  was the radius of the sphere (50 or 75 nm). Extinction per NP for the current work was determined by , where  is the extinction peak height and  is the density of NPs in a square lattice assuming one particle per cavity with an interparticle spacing of 600 nm.
3. Results and Discussion
3.1. Current Self-Assembly Approaches
Possible options to fabricate ordered arrays of AuNPs using patterned substrates include self-assembly techniques like template-assisted self-assembly, dip-coating self-assembly, and directed self-assembly. Template-assisted self-assembly is a process that uses a patterned substrate (e.g., templated PDMS and templated silicon wafer) as a template to facilitate the NPs in solution to arrange in a regular, periodic structure either within the patterned substrate or on a separate substrate [19]. In dip-coating self-assembly, a hydrophilic or hydrophilized patterned substrate is dipped at controllable rates for various time intervals into a solution of NPs, where the NPs are drawn into the patterned cavities via convective and capillary forces [28, 29]. In directed self-assembly, a patterned substrate is attached to a linear translation stage and a fixed glass slide is used as a superstrate where a droplet of NPs is sandwiched between the fixed superstrate and the patterned substrate that moves at a controllable velocity [26, 27].
Table 1 summarizes the four key features of current self-assembly approaches and the method described in this work: (1) structure and dimensions of the nanostructure, (2) fabrication conditions, (3) substrate on which the nanostructure is fabricated, and (4) fidelity achieved. Matricardi et al. introduced a template-assisted self-assembly method to fabricate ordered arrays of close-packed, mesoscopic clusters of AuNPs onto a hydrophilized glass coverslip by sandwiching a drop of AuNPs between a patterned PDMS substrate and a hydrophilized glass coverslip superstrate [19]. Bejugam introduced an alternative template-assisted self-assembly method that sandwiched a 1-2 μL droplet of AuNPs between a PDMS-PEO copolymer substrate contained within a walled cage and a glass coverslip that sealed the cage and pinned the droplet to three sides of the substrate, after which the droplet was left to evaporate for >6 hours [4]. Kinnear et al. introduced a dip-coating self-assembly method using a silanized patterned PDMS substrate, and Juillerat et al. introduced a dip-coating self-assembly method using a hydrophilic patterned PMMA substrate, in which both substrates were dipped into solutions of NPs at various controlled rates [28, 29]. Cerf and Vieu used a directed self-assembly approach with a suspension of citrate-coated AuNPs containing 1 wt% Triton X-100 surfactant to increase the deposition in a hydrophobic patterned PDMS substrate, while Fan et al. used a much slower substrate velocity (0.6 μm/s), lower controlled temperature (21°C), and a controlled contact angle (25°) rather than surfactant or a hydrophilic patterned substrate to deposit silica-gold nanoshells into ordered arrays in PDMS [26, 27]. Based on the approaches described above, directed self-assembly offers the best approach to achieve high fidelity ordering of single AuNPs per cavity in a PDMS substrate across millimeter scale areas with high reproducibility and scalability.
Table 1: Characteristics and outcomes of current self-assembly processes compared with the self-assembly process introduced in this work.
	

	Structure and dimensions	Conditions/state	Substrate	Fidelity	Characterization/modeling techniques
	

	Template-assisted self-assembly [4, 19]
	Array dimensions:
Diameter: 230, 270, 330, 440, and 960 nm
Spacing: 400, 500, 600, 740, and 1600 nm
AuNP diameter: ~52 nm
Array dimensions:
Diameter: 195 and 260 nm
Depth: 150 and 350 nm
Spacing: 600 and 700 nm
AuNP diameter: 76 and 100 nm	AuNP dispersion between the hydrophilized coverslip and the patterned PDMS at room temperature
Patterned PDMS-PEO contained within a walled cage and AuNP dispersion between the substrate in cage and the glass coverslip superstrate	Hydrophilized coverslip
Templated PDMS-PEO	Large-area arrays with ~17 NPs per cavity, ~100% density of filled cavities, inconsistent size and number of NPs in each cavity
Large-area arrays with 1-20 NPs per cavity, 50-90% density, inconsistent number of NPs in each cavity, wave-like deposition	Characterization:
UV-Vis, FTIR, SEM, TEM, and SERS
Modeling: FDTD
Characterization:
UV-Vis and dark-field microscopy
Modeling: COMSOL, Mie theory, and CDA
	Dip-coating self-assembly [28, 29]
	Array dimensions:
Grooves: 40, 50, and 100 nm periods and 50-100 nm depths
Holes: 70, 85, 100, and 115 nm periods and 50-100 nm depths
AuNP diameter: 15 and 50 nm
Silica NP diameter: 50 nm
Array dimensions:
Diameter: 160-180, 200, and 220 nm
Depth: 50 nm
Spacing: 6 μm
NP diameter: 10-100 nm	Hydraulic actuation, antivibratory system, ultrasonic treatment, sodium hydroxide, and nitric acid required
Dip velocity: 0.3-10 mm/min
pH: 2, 6, or 10
Polyamine-based silane, piranha, methanol, mercaptoundecanoic acid, and 24 hr incubation period in NP suspension required at room temperature	Si substrate coated with a layer of SiO2/Cr and an additional layer of PMMA
Etched PMMA on a hydroxylated silicon wafer	Grooves resulted in 30-90% density with varying NP type and size as well as pH of the solution
Holes also resulted in 30-90% density with varying NP type and with/without ultrasonic treatment
 arrays with 1-6 NPs per cavity resulting in 40-100% filled cavities depending on spacing and time pattern remained in solution	Characterization:
High-resolution SEM (HRSEM) and photon correlation spectrometer (PCS)
Modeling: linear standard approximation (LSA)
Characterization:
Dark-field microscopy, SEM, % of filled cavities vs. time, and AFM
	Directed self-assembly [26, 27]
	Array dimensions:
Diameter: 200, 250, 300, and 370 nm
Depth: 120 nm
Spacing: 1500, 2000, and 3000 nm
NP diameter: 40, 100, and 250 nm
Array dimensions:
Diameter: 580 nm
Depth: 140 nm
Spacing: 1300-2000 nm
NP diameter: ~176 nm	Linear translation stage, fixed glass superstrate, 25 μL drop of AuNPs, 27°C set temperature, 1 μm/s substrate velocity, and 1 wt% Triton X-100
Linear translation stage, fixed glass superstrate, silica-gold nanoshells, 21°C set temperature, and 0.6 μm/s substrate velocity	Templated PDMS
Templated PDMS	100 μm2 array with 1-5 NPs per cavity resulting in ~85% density of filled cavities
1-8 NPs per cavity resulting in ~100% density of filled cavities and ~30% yield of desired heptamers	Characterization:
Dark-field microscopy and SEM
Characterization:
SEM and scattering spectra
Modeling: COMSOL
	Modified directed self-assembly (this work)
	Array dimensions:
Diameter: 195 nm
Depth: 150 nm
Spacing: 600 nm
NP diameter: 100 and 150 nm	Linear translation stage, modified fixed glass superstrate, 3 μL drop of AuNPs, 1 wt% Triton X-100 precoat of substrate at 8 μm/s velocity, and 1.2-2.1 μm/s substrate velocity for AuNP deposition	Templated PDMS	 array with 1 NP per cavity resulting in ~100% density of filled cavities at optimal conditions and ~85% density at less optimal conditions	Characterization:
Dark-field microscopy, UV-Vis spectroscopy, and extinction per NP calculations
Modeling: Mie theory, DDA, CDA, and rsa-CDA
	



This work introduces a refined directed self-assembly approach that uses a modified fixed glass superstrate and utilizes contact line pinning that conforms the droplet across a small square glass slide for deposition to occur. In conjunction with the modified fixed glass superstrate, the substrate was contained within a walled cage that reduced the evaporation rate of the droplet rather than controlling the temperature. Controlling the evaporation rate with the walled cage and modified superstrate offers a reproducible and scalable method for fabricating ordered arrays under ambient conditions. Varying the substrate velocity (deposition rate), AuNP diameter, and evaporation rate resulted in densities of filled cavities between 85% and 100% with single AuNPs per cavity in higher density arrays.
3.2. Developing Uniform, Large-Area AuNP Ordered Arrays
The development of a scalable, economic, and reproducible approach to fabricating large-area ordered arrays with high fidelity, density, and accuracy remains important for the advancement of electronic, sensing, and photonic devices. Directed self-assembly, in particular, offers a scalable, economic approach for fabricating ordered arrays with high fidelity and densities ranging from 70 to 85% for single particles per cavity and >85% for multiple particles per cavity [26, 27, 30–32]. This work refines a directed self-assembly approach yielding densities of ~100% for large-area () arrays by manipulating three primary variables: (1) evaporation rate, (2) deposition rate, and (3) NP diameter. The evaporation rate in this work was primarily due to the head-space within the walled cage when the superstrate was in contact with the droplet of AuNPs, the separation distance between the stamp and the superstrate, the separation distance between the cage and the superstrate, and the overall size of the superstrate that affected the airflow potential. It was observed that increasing the size of the superstrate resulted in a lower evaporation rate and higher deposition. Reducing the deposition rate resulted in higher overall densities for both high and low evaporation conditions. Increasing the AuNP diameter resulted in a more viscous solution with relatively similar concentrations of AuNPs, which also improved the densities while reducing evaporation potential due to the increased viscosity of the solution. These variables were adjusted to fabricate the six arrays shown in Figure 1.




		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		Figure 1: Controlled deposition via NP diameter, deposition rate, and evaporation rate resulted in uniform, large-area () arrays of ~100% ordering. As the evaporation and deposition rates increased and NP diameter decreased, the uniformity, density, and ordering decreased as shown in 100x images (scale bar: 30 μm) and 20x insets (scale bar: 1000 μm).


Figure 1 shows the results for six arrays fabricated using two different evaporation rates (high and low), two different AuNP diameters (100 and 150 nm), and four different deposition rates (2.1, 1.8, 1.5, and 1.2 μm/s). A deposition rate of 1.2 μm/s (lower evaporation rate and 150 nm AuNP diameter held constant) was performed resulting in a > area of ~100% filled cavities with high uniformity as shown in the bottom right (red filled triangle) images in Figure 1. The 20x inset shows a uniform color across the entire image while the 100x image shows the high density of filled cavities. Matricardi et al. and Zhang et al. report that the uniform color across the entirety of the array suggests that the nanoparticles are aligned and deposited in a uniform and reproducible manner within each cavity [19, 33]. The results for the bottom right image (red filled triangle) differ from many of the reported processes in that the array appears to consist of a uniform area of single AuNPs per cavity while reports by Cerf and Vieu, Zhang et al., Matricardi et al., Fan et al., and Juillerat et al. show multiple particles per cavity [19, 26–28, 33]. The AuNP diameter of 150 nm and the combination of water and Triton X-100 within a cavity with dimensions of  () suggest that only a single AuNP could be within the cavity. Using a slightly faster deposition rate (1.5 μm/s) resulted in slightly lower uniformity and a lower density of filled cavities as shown in the middle right (blue filled triangle) 20x inset and 100x image, respectively. A calculable NP density was determined by counting the number of unfilled cavities and the total number of cavities in the 100x image, which showed that 98% of the cavities were filled.
Decreasing the AuNP diameter resulted in lower densities of filled cavities and a higher likelihood of multiple AuNPs per cavity based on lower uniformity in color across the array. The first array (black filled triangle) was fabricated using a high evaporation rate, a deposition rate of 2.1 μm/s, and 100 nm AuNP diameter, which resulted in the 20x image (inset) with observable nonuniform multicolored deposition and the 100x image that shows ~85% density of filled cavities. When maintaining the high evaporation rate (smaller superstrate) and 100 nm AuNP diameter while simultaneously decreasing the deposition rate to 1.8 and 1.5 μm/s, the uniformity and density increase resulting in the middle left (green filled triangle) and bottom left (gray filled triangle) images, respectively. The 20x images show the improved uniformity at the lower deposition rate (1.5 μm/s), and the 100x images show the improved density of filled cavities (~90%). Decreasing the deposition rate to 1.2 μm/s while leaving the AuNP diameter and evaporation rate constant resulted in little deposition due to the droplet of AuNPs disconnecting from the glass slide on the superstrate as a result of the high evaporation rate. Using a low evaporation rate (larger superstrate) and maintaining the AuNP diameter (100 nm) and deposition rate (1.5 μm/s) result in the top right (orange filled triangle) images, which show a small improvement in the uniformity (20x inset) and density (100x image).
3.3. Optical Properties of AuNP Ordered Arrays
The optical responses of ordered arrays of AuNPs generally determine the sensing efficiencies of ordered AuNPs, where the LSPR and SLR peak locations and peak heights account for a majority of the tunable optical responses for sensing applications [19]. Extinction spectra were performed for the arrays shown in Figure 1 and normalized so that the valley just before the SLR feature was set to 0.01 absorbance units (A.U.) and displayed in Figure 2. The array images from Figure 1 were outlined in the corresponding line color for the extinction spectra and arranged to the right of the plot in Figure 2. LSPR and SLR peak locations are designated in Figure 2 via a filled triangle matching the line color of the normalized extinction spectra. Extinction spectra for 150 nm AuNPs differ from extinction spectra of 100 nm AuNPs in that the 150 nm AuNPs have a third feature arising from a quadrupole mode at ~650 nm wavelength [39]. High-density ordered arrays like those shown in Figure 1 resulted in observable blueshifts in measured extinction spectra and extinction/NP calculations, which correspond to estimates of DeJarnette et al. previously reported [5, 13]. The LSPR and SLR peak locations blueshift as the density increases (see Figure 2) for the green, gray, and orange lines. For the LSPR feature, the peak locations were ~555, 550, and 535 nm, and the locations for the SLR peaks were ~778, 773, and 765 nm for the green, gray, and orange spectra, respectively. The spectra for the black line ( and ) does not follow this trend, which was likely due to multiple layers of particles rather than single layers of particles like the other three spectra. The SLR and quadrupole peaks for the 150 nm AuNP spectra also blueshifts as the density increases, but the LSPR peak has a slight redshift (538 nm for blue line and 541 nm for red line).




			
				
			
		
			
				
					
				
					
				
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
		Figure 2: Extinction spectra for the six arrays shown in Figure 1 normalizing the valley before the SLR peak to 0.01 A.U. Colored triangles represent the peak locations for both LSPR and SLR features in spectra.


Matricardi et al. showed that as the lattice spacing increases, the peak height decreases [19]. This work maintained a lattice spacing of 600 nm and increased the density of filled cavities for 100 nm AuNP arrays resulting in observable increases in peak heights (estimated by subtracting a baseline of 0.01 A.U. from the extinction at the LSPR or SLR peak). The density for the image boxed in gray was significantly higher than the density for the image boxed in green, which resulted in a significant increase in the SLR peak height of 0.011 A.U. (green) to 0.025 A.U. (gray). This 2.3-fold increase in peak height did not hold for the LSPR feature which had an increase from 0.020 A.U. (green) to 0.022 A.U. (gray) or a modest 1.1-fold increase. The difference in density between the gray and orange lines was minor but still resulted in 1.28- and 1.5-fold increases in peak height for the SLR and LSPR features, respectively.
LSPR and SLR peak locations were estimated for Mie theory, DDA, CDA, and rsa-CDA and compared to measured peak locations in Figure 3. Peak locations for Mie theory and DDA estimates (590-595 nm) were redshifted compared to measured values (530-565 nm) due to differences in the RI values. Since an exact material composition surrounding the AuNPs in the PDMS cavity was lacking, Mie theory and DDA assumed that the AuNPs were surrounded by a RI of PDMS (1.42), while the experimental system is surrounded by an unknown composition percentage of components of varying RI including air (1.00), Triton X-100 (1.49), water (1.33), and PDMS (1.42). Each material impacts the overall RI and either blueshifts (decreasing RI) or redshifts (increasing RI) the peak locations depending on which material surrounds the AuNPs at a higher fraction. CDA simulations estimated the LSPR peak location (565 nm) and the SLR peak location (642 nm) for 100 nm AuNPs where the LSPR peak showed a slight redshift and the SLR showed a significant blueshift compared to measured values ranging between 530-560 nm and 755-780 nm, respectively. SLR peak location estimates were closer for 150 nm AuNPs compared to 100 nm AuNPs, which is likely due to the 150 nm AuNP occupying a larger volume of the cavity compared to the 100 nm AuNP. The diameter of 195 nm and a depth of 150 nm cavity dimensions also reduce the possibility of multiple 150 nm AuNPs occupying the same cavity. Peak locations for rsa-CDA simulations were closer to measured values than those of CDA for 150 nm AuNPs. CDA simulations assign an array size of  like rsa-CDA, but CDA uses a series of dipoles with a resolution of 5 nm to form each 100 and 150 nm AuNP while rsa-CDA assigns each AuNP as a single dipole point for faster computation of the results.




			
				
					
				
					
				
			
		
			
				
					
				
					
				
			
		
			
			
			
		
			
			
			
			
		
			
			
		
			
			
			
			
			
		
			
			
			
		
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
		Figure 3: Extinction per NP calculations for measured (filled triangles with colors corresponding to spectra in Figure 2) and simulated (hollow symbols) data of 100 and 150 nm AuNP ordered arrays.


Measured and estimated extinction/NP values for 150 nm AuNPs were higher than those for 100 nm AuNPs for LSPR peaks while the SLR peaks were redshifted >50 nm for the 150 nm AuNPs compared to 100 nm AuNPs. Extinction/NP estimates for 100 and 150 nm AuNP LSPR peaks using single particle simulations (Mie theory and DDA) and array simulations (CDA and rsa-CDA) were compared to measured extinction/NP values calculated from the spectral peaks in Figure 2 (filled triangles), which is shown in Figure 3. Mie theory and DDA simulations estimated the extinction/NP () for the 100 nm AuNPs and were compared to measured values ranging from (). The CDA simulations assigned a RI of PDMS (1.42) surrounding the entire AuNP, while the measured values were within 195 nm diameter PDMS cavities and were surrounded by water (1.33), Triton X-100 (1.49), and air (1.00) at varying fractions per cavity.
3.4. Experimental vs. Simulated Optical Properties
As discussed in Optical Properties of AuNP Ordered Arrays, the rsa-CDA simulations resulted in estimated peak locations comparable to measured peak locations for the 150 nm AuNP arrays and to previous estimated values reported by DeJarnette et al. [5, 13]. An ordered array containing 150 nm AuNPs was fabricated using the conditions shown in Figure 1 (red triangle, low evaporation rate, and 1.2 μm/s deposition rate). Optical spectra for this array were measured before the array was transferred to a glass slide via a process developed by Cerf and Vieu [26]. The spectral peak locations for rsa-CDA simulations in PDMS () matched measured values for LSPR (542 vs. 542 nm), quadrupole (640 vs. 639 nm), and SLR (868 vs. 864 nm) values within 0.46% as shown in Figure 4. After performing UV-Vis spectroscopy on the array in PDMS, the array was transferred onto a glass substrate where UV-Vis spectroscopy was again performed to characterize the arrays on glass after the transfer. The spectral peak locations for the simulation versus measured for LSPR (558 vs. 551 nm), quadrupole (678 vs. 667 nm), and SLR (934 vs. 926 nm) on glass () matched within 1.7%. The ~3.7-fold increase in the percent difference between the PDMS and glass measured versus simulation data is likely due to the decrease from ~100% density of filled cavities in PDMS to ~85% density on glass.




			
				
				
				
			
		
			
				
				
				
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
			
			
		
			
				
				
				
			
		
			
			
			
		
			
			
			
		
			
				
				
				
			
		
			
				
				
				
			
		
			
			
			
		
			
			
			
		
			
				
				
				
			
		
			
			
			
		
			
			
		
			
		
			
		
			
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
		
			
				
				
				
				
			
		Figure 4: Measured extinction and rsa-CDA simulated extinction efficiency for an ordered array of 150 nm AuNPs in PDMS and transferred to glass.


Not only were the peak locations comparable between experimental and simulation spectra, but the relative increase in peak heights was comparable. The LSPR peak height appeared to slightly increase in the experimental results for glass (~0.09 A.U.) compared to PDMS (~0.04 A.U.). This relative doubling of the measured peak heights was also observed in the simulation results as the LSPR peak height for the simulation of the array on glass appears to be slightly above the simulation spectra for PDMS. This was also observed for the quadrupole peak in which the experimental and simulation results for both glass and PDMS was the same. The experimental peak height for the array on glass (~0.1 A.U.) was nearly double the experimental peak height for the array in PDMS (~0.05 A.U.) while the simulation peak heights were also nearly double for the arrays on glass compared to the arrays in PDMS.
4. Conclusions
In summary, directed self-assembly was used to fabricate square arrays of AuNPs resulting in large-area arrays with observable optical enhancements as the density of filled cavities increased. Controlling the evaporation rate, deposition rate, and AuNP size resulted in  arrays with ~100% filled cavities containing one AuNP per cavity. Extinction spectra showed that as the density of filled cavities increased, both the LSPR and SLR peak locations blueshifted and the peak heights increased. Extinction/NP calculations for measured 100 and 150 nm AuNPs in square arrays were also blueshifted compared to simulated values for single particles (Mie theory and DDA) and finite arrays (CDA and rsa-CDA). The SLR peak height was shown to significantly increase when transferred from inside PDMS cavities onto a glass substrate. The experimental peak locations for the arrays both in PDMS and on glass were matched within 0.5 and 1.7%, respectively, compared to rsa-CDA simulations.
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