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1. Introduction  

Large-area nanophotonic and plasmonic metasurfaces have been steadily gaining 
attention as improved designs and fabrication methods have been developed. In 
particular, researchers have demonstrated laser-printing metasurfaces1,2 and 
flexible metasurfaces3–5 as well as a host of metasurfaces replicating traditional 
optical elements.6–10 However, most of these approaches are inherently difficult to 
scale above a few square inches while those that can require expensive systems 
with integrated vacuum chambers or subsequent postprocessing metallization.11–13 
Alternative approaches to metallization are necessary to address this issue. 
Electrophoretic deposition (EPD) is a promising candidate to address this need as 
it uses chemically synthesized particles that can be grown in large volumes and 
only requires seconds to minutes to uniformly fill a patterned area.14–17 This process 
works by using an applied electric field to drive charged nanoparticles toward a 
conducting surface. This method could be easily integrated into a roll-to-roll (R2R) 
process to facilitate large-area device fabrication. To ensure this process is 
affordable at scale, as traditional plasmonic materials such as gold (Au) and silver 
are prohibitively expensive, we focus here on aluminum (Al) as our plasmonic 
metal. 

Al has attracted growing interest as a plasmonic material due to its low cost,18 
chemical stability due to a passivating layer of aluminum oxide,19 and support for 
optical resonances over a wide band of frequencies.20–24 However, it remains 
challenging to fabricate large-area (>m2) Al arrays or metasurfaces due to the 
necessity for pristine deposition of the Al to prevent oxidation throughout the 
structure, rather than only on the surface.18 Using colloidally grown nanoparticles 
has advantages both in scalability and in the quality of the grown Al, as previous 
work has demonstrated the capability to grow single-crystalline particles.25,26 

The aim of the present work is to adapt the EPD process for use with Al 
nanoparticles to enable the rapid and large-area deposition of plasmonic 
metasurfaces without the need for an evaporation chamber or other metallization 
technology. Initially, we reproduced previous16 experimental results using Au 
nanoparticles to verify the procedure and experimental details. Then, Al 
nanoparticles were synthesized, coated in polydopamine (PDA) followed by 
polydiallyldimethylammonium chloride (P-DADMAC) to modify their surface 
charge, and finally were deposited through resist masks by an applied static electric 
field. It proved necessary to doubly coat the particles in polymers to ensure they 
had sufficient surface charge to allow the electrophoretic process to function. This 
work demonstrates an approach that will allow future research to have a scalable 
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method for preparing Al nanoparticles for EPD and potential integration into a R2R 
process flow. 

2. Experimental Procedure 

2.1 Au Nanoparticle Preparation 

Citrate-capped Au nanoparticles were purchased from Nanocomposix (AUCN50-
1000M) and were diluted to a concentration of 30 µg/mL in deionized water. Then, 
10% (by weight) of P-DADMAC (Sigma-Aldrich; molecular weight 400,000–
500,000) was added to the solution, followed by sonication for 1 min to uniformly 
coat the particles with the polymer. The solution was then washed three times in 
deionized water to remove excess polymer. Sodium chloride (NaCl) at various 
molarities was then added to the deionized water solution to make it sufficiently 
conductive for the EPD process. The particles were now stable for at least several 
months and ready for the EPD process. 

2.2 Al Nanoparticle Preparation 

The Al nanocrystals were grown and coated with PDA following previously 
described methods.25,27 Following these processes, the PDA-coated Al 
nanoparticles were centrifuged out of their isopropanol (IPA) solution (at 12000 g) 
and resuspended in methanol (MeOH). Then, 10% (by weight) of P-DADMAC was 
added to the nanoparticle solution followed by ultrasonication for 1 min to 
uniformly coat the particles in the polymer. Next, the solution was washed three 
times in MeOH to remove excess polymer from the solution. At this point, the 
particles were stable in MeOH for several months and could be used for deposition 
as needed. Typical concentrations of Al nanoparticles in this solution were in the 
range of approximately 300 µg/mL. 

2.3 Nanopattern Lithography 

The masks for the deposition were made using standard clean-room fabrication 
methods. First, an indium tin oxide (ITO) slide (10 Ω-cm) was cleaned by 
sonicating in acetone for 3 min, followed by a 3-min plasma clean in argon  
(0.85 Torr, 200 W). Then, 400 nm of Microchem polymethyl methacrylate 
(PMMA) A4 was spun onto the substrate. Patterns were written into the PMMA 
using an FEI Quanta 650 scanning electron microscope (SEM) operating at 30 kV 
with a beam current of 30 pA for a total dose of 350 µC/cm2. The substrates were 
then developed in a 1:3 mixture of methyl isobutyl ketone (MIBK):IPA for 50 s 
before being rinsed with IPA and blown dry with nitrogen. 
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2.4 EPD 

For both Au and Al depositions, the patterned substrate was attached to an SEM 
stub to ensure electrical contact between the voltage source and the ITO-coated side 
of the substrate. The substrate was then inverted into the nanoparticle solution 
(approximately 60 µL) and a field of 0.6 V/mm was applied for 10 s (Fig. 1). 
Following deposition, the substrate was rinsed with IPA to clean off any residual 
MeOH or particles that were not well-adhered to the surface. Finally, low-adhesion 
tape (3M no. 3051) was optionally used to remove large clusters of nanoparticles 
not residing within one of the patterned locations. 

 

Fig. 1 Schematic diagram of EPD holder and process showing spacer, nanoparticle (NP) 
solution, patterned substrate, SEM stub, and electrical connections 

Deposition of gold particles was achieved using approximately 60 µL of the  
as-prepared solution with no further modifications. 

For depositions of Al particles, an aliquot of the prepared P-DADMAC coated 
particles in MeOH was diluted in deionized water with 6 mM of NaCl added, to 
achieve a nanoparticle concentration of approximately 50 µg/mL before being 
pipetted into the EPD holder. Note that the particles are only stable in water for a 
day or two before they fully oxidize, so this step should be done immediately prior 
to their deposition. 

2.5 Characterization 

A Malvern Zetasizer Nano ZS was used to determine the ζ-potential of the particles 
coated with PDA as well as particles coated with both PDA and P-DADMAC. 
Transmission electron microscopy (TEM) was used to verify the quality of the 
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surface coatings applied to the Al nanoparticles. SEM was used to determine 
nanoparticle filling fraction of the templated and deposited samples. 

3. Results 

To verify our experimental procedure, Au nanoparticles in solutions with different 
concentrations of NaCl were deposited through our templates as seen in  
Fig. 2a and b. It was found experimentally that the conditions for achieving high-
quality depositions are constrained by surprisingly small tolerances. For too-low or 
too-high solution conductivity, as controlled by NaCl concentration, no substantial 
deposition occurs. It was found for our deposition conditions that a concentration 
of 6-mM NaCl in solution was optimal. Under this condition, EPD of Au particles 
produces very high filling fractions with almost no particles deposited on the 
surface of the template (see Fig. 2b).  

 

Fig. 2 EPD of Au nanoparticles in solution with differing concentrations of NaCl: a) 5-mM 
NaCl into 100-nm squares and b) 6-mM NaCl into 100- × 400-nm rectangles; as salt 
concentration increases, substantial improvement occurs in quality and filling fraction of 
deposition 

Following the successful deposition with Au particles, a similar process was 
undertaken with Al nanoparticles. Al nanoparticles at various stages of coating are 
shown in Fig. 3a–c. The modifications to the surface of the Al particles do not 
deteriorate the particles and allow the nanocrystals to maintain their shape, not 
rounding the corners or extending more than a few nm beyond the edge of the 
particle. The layer of P-DADMAC is too thin to be distinguished from the PDA 
layer.  
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Fig. 3 a), b), and c) TEM images and d) and e) ζ-potential of Al nanocrystals in their PDA-
coated and PDA- and P-DADMAC-coated states, respectively  

The addition of the PDA and P-DADMAC layers clearly influence the ζ-potential 
as measured in MeOH, as seen in Fig. 3d and e. Following the synthesis and initial 
coating with the PDA layer the particles are negatively charged (–40 mV), and the 
P-DADMAC layer causes them to become strongly positively charged (+50 mV). 
This increase in surface charge is of importance as it helps to promote colloidal 
stability of the nanoparticles when they are added to the water for the deposition 
process and aids in preventing flocculation while suspended in the MeOH. Without 
the addition of the P-DADMAC, it was found the particles tended to clump together 
and deposit as large clusters instead of individual nanoparticles. As the EPD process 
requires a sufficiently conductive solution, the particles cannot be directly 
deposited out of the MeOH solution where they are stable and must first be 
transferred into a solution of deionized water and NaCl.  

Results following a deposition can be seen in Fig. 4. Typical filling fractions were 
on the order of 15% for particles deposited into 1-µm-diameter holes in the resist 
mask. The method produces individual particle-binding events as can be seen in 
some of the wells, but there is still an unsatisfactory level of aggregation and 
nonspecific binding. In addition, the filling fraction is quite low, and we were 
unable to increase it by adjusting any of the experimental parameters at our 
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disposal. Increasing the deposition time increased nonspecific binding events, 
increasing the nanoparticle concentration produced yet larger clusters, and 
increasing the deposition field strength started to destroy the conductive ITO layer 
on the substrate. 

 

Fig. 4 Electrophoretically deposited Al nanoparticles through a PMMA template; holes are 
1-µm diameter  

 

Fig. 5 SEM image of Al nanoparticle clusters on surface of a pattern a) before and b) after, 
using low-adhesion tape to remove excess particles  

In addition to depositing particles, the ability to remove excess particles stuck to 
the surface of the template was investigated. Low-adhesion tape was used to gently 
remove particles and clusters not settled into a predefined well. As can be seen from 

         

5 µm 
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Fig.5, this is quite effective at removing particles in large clusters on the surface 
while leaving particles in the array in place. This method would be a suitable  
postprocessing step enabling a R2R process to efficiently remove excess particles. 

4. Conclusion 

In this work, Al nanocrystals had their surface chemistry modified, were deposited 
using EPD through a template, and were then selectively removed using low-
adhesion tape. TEM images of the particles indicate the surface modifications do 
not adversely affect them. The surface modification of the nanoparticles is 
necessary to facilitate the EPD process, which under the studied conditions only 
reaches a 15% filling fraction of the template. Removing excess particles using 
low-adhesion tape was found to be quite effective and should allow for leniency in 
how specifically particles can be directed exclusively into the template. Although 
this work is only able to achieve a fairly low filling fraction, it clearly demonstrates 
that Al particles can also undergo the EPD process successfully and with further 
chemical modifications might be able to reach complete filling of the template. This 
work gives some guidance as to how metasurfaces could be rapidly produced as all 
the techniques used here, except the initial lithography, which could be replaced 
with nanoimprinting, are readily applicable to R2R scale up. 
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List of Symbols, Abbreviations, and Acronyms 

Al  aluminum 

Au  gold 

EPD  electrophoretic deposition 

IPA  isopropanol 

ITO  indium tin oxide 

MeOH  methanol 

MIBK  methyl isobutyl ketone 

NaCl  sodium chloride 

PDA  polydopamine 

P-DADMAC  polydiallyldimethylammonium chloride 

PMMA  polymethyl methacrylate 

R2R  roll-to-roll 

SEM  scanning electron microscope 

TEM  transmission electron microscope 
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