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Abstract 

Anodic aluminum oxide (AAO) templates are emerging as a platform for simple, cost-

effective, high-throughput top-down nanofabrication of regular arrays of nanostructures. Thus far, 

however, AAO pattern transfer has largely been restricted to smooth and chemically inert surfaces, 

mostly Silicon substrates. Here, we present a more generalizable strategy for preparing free-

standing through-hole ultrathin alumina membranes (UTAMs) and transferring them to both 

smooth and rough substrates, thereby enabling the fabrication of centimeter-scale arrays of 

nanostructures with sub-100 nm feature diameters on almost arbitrary substrates. To validate the 

utility of our procedures, we transferred UTAMs to surfaces relevant for photocatalytic 

applications and prepared plasmonic photocathodes consisting of dense arrays of size-controlled 

sub-100 nm Au and Ni nanodots on top of chemically non-inert NiOx thin films. To demonstrate 

the functionality of the fabricated structures, we used a plasmonic photocathode consisting of an 

array of sub-50 nm Au nanodots on NiOx/Al substrates to drive direct, plasmon-enhanced 

photoelectrocatalysis and found excellent device performance. We also successfully decorated 

very rough fluorine-doped tin oxide substrates with an array of high-density sub-100 nm nanodots. 

Our results extend the opportunities for AAO masks to serve as generic templates for novel 

applications that were previously prohibited by lack of methods to transfer to the required 

substrate.  
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Introduction  

Since the pioneering works by Masuda et al. 1 2, anodic aluminum oxide (AAO) templates 

with their regular hexagonal array of monodisperse pores have become well-adopted for simple 

and cost-effective, yet high-throughput top-down nanofabrication 3-15. The thickness, periodicity 

and diameters of the pores of these alumina templates are easily controlled and pores can be 

employed for material deposition or removal. The resulting one-dimensional nanostructure arrays 

have been assembled to create complex architectures with a wide range of applications in 

plasmonics and metamaterials 16,17, chemical separation 18,19, solar energy conversion and energy 

storage 20-22, catalysis 21-25, and sensing 9,26. In most if not all applications, the substrate to which 

the nanopattern is transferred plays a critical role since it influences the optical, binding, 

electronic27 and catalytic properties. Thus far, however, AAO pattern transfer was restricted to 

smooth and chemically inert surfaces, mostly silicon substrates. 

AAO templates are most commonly employed for electrochemical deposition 7 28 29 30 and 

physical vapor deposition 31 of one-dimensional structures in high aspect ratio channels with large 

pore sizes. In contrast, applications of AAO- membrane assisted nanostructure fabrication with 

sub-100 nm particle diameters have been limited, because fabrication requires the preparation of 

ultrathin alumina membranes (UTAM) with an aspect ratio (pore length to pore diameter) of less 

than 6:1 to avoid a shadowing effect 6. Some of the challenges in preparing and transferring these 

delicate UTAMs, and subsequent efficient material deposition through the membrane have 

recently been addressed by Meng 8 and Al Haddad 32. Meng 8 demonstrated the large-scale 

fabrication of ultrathin free-standing AAO membranes and intact transfer to Si substrates with 

subsequent sub-100 nm nanopattern fabrication. However, ion milling to remove the barrier layer 

is expensive and can adversely affect the underlying substrate. In the work by Al Haddad 32 the 
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base Al layer and barrier layer were removed by wet chemical etching after intact transfer of the 

UTAM to the Si substrate. Although wet chemical etching with a CuCl2/HCl solution mixture 

works well for chemically inert Si substrates, this technique is not practical for other applications. 

PMMA (polymethylmethacrylate) is commonly used as a thin supportive layer on the UTAM. 

However, organic residues that are left from dissolving the polymeric layer are a potential source 

of surface contamination. Furthermore, this approach is not applicable to substrates that are not 

chemically compatible with the organic solvents used for removal of the organic supportive layer. 

Therefore, nanofabrication of structures with sub-100 nm features has been largely restricted to Si 

substrates 2 6 33 34 35 36 14 37 because of their chemical compatibility. The smooth surface of Silicon 

wafers also provides an excellent contact area with the AAO membrane, which is retained either 

via Van der Waals interactions or through surface treatment on the Si surface 8. Challenges become 

even more formidable when attempting to transfer these fragile UTAM masks to rough substrates.  

Here, we present a strategy for preparing free-standing through-hole ultrathin alumina 

membranes (UTAMs) suitable for the fabrication of nanostructures with sub-100 nm diameter on 

a wide range of substrates and specifically demonstrate their transfer to both smooth and rough 

substrates relevant for photocatalytic applications. This fabrication strategy enabled us to prepare 

centimeter-scale plasmonic photocathodes consisting of dense arrays of size-controlled sub-100 

nm Au and Ni nanodots on top of NiOx thin films, which could not have been fabricated with 

standard AAO transfer techniques since the substrate is degraded when the commonly used organic 

solvents are applied. Specifically, we fabricated a plasmonic photocathode consisting of an array 

of sub-50 nm Au nanodots on NiOx/Al substrates that achieved large photocurrents when driving 

direct plasmon-enhanced photoelectrocatalysis. We also successfully decorated very rough 

substrates of fluorine-doped tin oxide (FTO, 200 nm peak-to-peak, and 33 nm RMS surface 
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roughness) coatings with an array of high-density sub-100 nm nanodots. These results extend the 

opportunities for AAO masks to serve as generic templates for novel applications that were 

previously prohibited by lack of methods to transfer to the required substrate.  

Figures 1a-f are graphical illustrations of the fabrication of a highly ordered array of 

nanodots. The steps for preparing a high-quality free-standing through-hole UTAM floating on 

water and subsequent transfer to the substrate of interest for material deposition are depicted. We 

prepared UTAMs with highly regular arrays of pores, with an initial average pore size of 37 nm 

and an interspacing distance of approximately 100 nm (Fig. 1g) via a two-step anodization of high-

purity aluminum foil (99.999%) in 0.3M oxalic acid 2 38 (see Supporting Information). Before 

etching the base aluminum (Al) layer, a thin layer of polystyrene (2 wt% PS/CHCl3) was coated 

on a centimeter scale alumina surface either through spin coating at 3000 rpm or simple drop 

casting. To facilitate dissolution of copper precipitation on the UTAM, the remainder of the base 

aluminum layer was detached in a solution of CuCl2/HCl (3.4 gr CuCl2.2H2O, 50 mL 38% HCl, 

100 mL Millipore water) at room temperature with a very low quantity of TX-100 additive (~ 50 

L initial value) to reduce surface tension 39 and a small quantity of HNO3 (83%) additive (~ 2 mL 

initial value) in approx. 100 mL etching solution. During the etching process and afterward the 

UTAM was handled using a Nylon plastic strainer 40. The removal of the barrier layer and the 

pore-opening process was carried out using 5% H3PO4 at room temperature for different durations 

to obtain through-hole UTAMs with different pore diameters. Then, the UTAM was rinsed with 

deionized water and was left on the strainer for drying. After etching the base aluminum layer, a 

few large-sized Al residues remained at the bottom of the AAO membrane that made the 

subsequent material deposition process less efficient in particular on rough substrates. To solve 

this issue, we flipped the UTAM, before removing the polymeric layer, such that the face with the 
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smoother surface from electropolishing in the first step is placed on the substrate. Next, we 

removed the PS layer by gently dropping a few ml of chloroform on the AAO/polymer film 

supported by the strainer. This step was followed by immersion of the entire UTAM in chloroform 

for about 10 minutes to remove any organic residues. After the solvent has evaporated, the strainer 

was gently pushed against the water, such that surface tension pushed the UTAM upwards, and 

the membrane detached from the strainer and started floating on water (Figure 1c,h). The floating 

UTAM was transferred to the substrate of interest (Figure 1d,i) without any surface treatment. We 

dried the sample at room temperature in a tilted position such that water could slowly run off the 

sample, and the membrane was stretched and perfectly adhered to the substrate. Alternatively, the 

through-hole UTAM was supported by a retained Al frame at the edges of the UTAM (Supporting 

Information S4). Here the polymer layer was completely removed by vertical immersion of the 

sample in CHCl3 after barrier layer removal in H3PO4. A similar approach was previously 

employed for transferring large-scale UTAMs to surface treated Si substrates 8. However, this 

approach required ion milling for barrier layer removal and membrane thinning and can damage 

the underlying substrate, such as the NiOx thin films studied here. We also found that the transfer 

of the UTAM to the substrate was more efficient when the transfer was carried out in water because 

of the stronger adhesion that is essential for its application as an evaporation mask. The applied 

polymer coating does not only impede breaking or ripping of the UTAM during the etching process 

in the erosive etching solution, but it also limits H3PO4 to only etch the bottom surface of the 

barrier layer that is crucial for controlling the pore size 37. Indeed, we also performed Al etching 

on unsupported UTAMs in saturated CuCl2 solution followed by removing Al residuals in a 

mixture of CuCl2 and HCl as highlighted in previous work 41. However, in this procedure, the 
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centimeter scale free standing sub-300 nm thick AAO often broke, cracked, or sunk in the solution 

and pore opening was less controlled.  

Figure 1i shows a digital image of the UTAM placed on top of a 40 nm thick NiOx film 

prepared on a highly reflective Aluminum substrate (see Supporting Information). The scanning 

electron microscopy (SEM) images of the UTAM (Figure 2a) show that the membrane is 

approximately 220 nm thin. We utilized the UTAM as an evaporation mask for nanopatterning on 

top of a NiOx film. Figure 2b shows a hexagonal array of Au nanodots on NiOx obtained by 

evaporating 15 nm of Au through the UTAM. The particle diameters are centered around 50 nm 

(and range from 40 to 57 nm). The SEM images show that the dots do not have perfect spherical 

cross-sections. We attribute their broad particle size distribution and distortion of the shape of the 

particles to misalignments of the holes with the Au evaporation source that is more than 50 cm 

away from the sample in our e-beam evaporator. The deviation from the spherical shape could also 

be from the non-circularity of the pores at the bottom side of the membrane during barrier layer 

removal in H3PO4 
42. By annealing the sample at 400°C for about 2hr in air we obtained particles 

with a circular cross-section, and the average particle diameter decreased by more than 10 nm to 

36 nm with an overall narrower size distribution (± 4 nm) and an average inter-particle distance of 

approx. 64 nm (Figure 2c). The decrease in particle diameter was accompanied by an increase in 

particle height to 30 nm (Figure 2d). As visible in the low-magnified SEM images (Supporting 

Information S5, Fig. a-c) the nanodots are arranged in uniform intervals and with high density on 

the surface (ca. 1×1010 cm-2) which is further supported by the homogenous greenish color of the 

sample (inset Fig. 2d). We furthermore controlled the size of the nanodots by controlling the pore 

size. Figure 3 shows highly-ordered arrays of nanodots with average diameters of ca. 48 nm, 64 

nm, and 80 nm, and corresponding inter-particle distances of ca. 52 nm, 36 nm, and 20 nm 
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fabricated on 40 nm thin NiOx films by evaporating 20 nm of Au through the UTAM. The large-

area SEM images (Supporting Information S5, Fig. d-g) show decoration of the NiOx surface with 

uniformly spaced nanodots with a narrow size distribution (± 5nm) even in regions where the NiOx 

film has few hundred-nm high bumps. In addition to fabricating gold dots with diameters down to 

36 nm, we also prepared interesting oligomers within the pores by evaporating a 5 nm thick Au 

film and subsequent annealing. We found single, dimer, trimer, quadrumer and pentamers of 

nanodots with sub-10 nm gaps and particles sizes from 5 to 30 nm within the pores (Supporting 

Information S5, Fig. h).  

The developed procedure provides a generic AAO template that can be used for top-down 

nanofabrication on a large range of substrates and deposition of a broad variety of materials. To 

demonstrate these capabilities, we prepared nickel nanodots with sub-100 nm particle diameter on 

NiOx (see SEM image Figure 4a). Recent work showed the importance of nanostructured metal 

oxides (NMOs) as a promising building block in the fabrication of biosensors 43. Therefore, such 

Ni nanodots/NiOx structures may open opportunities in plasmonic biosensor designs with 

improved sensing characteristics while offering remote control via external magnetic fields. 

Additionally, the plasmonic nickel nanoantennae are emerging as an attractive area of research 

owing to their distinct plasmonic features in conjunction with strong magnetic properties 44. 

To demonstrate the versatility of our nanopatterning approach, we also transferred the nanodot 

pattern onto rough substrates of ~ 940 nm thick FTO (approx. 33 nm RMS, 200 nm peak-to- peak 

surface roughness) and ~150 nm thick ITO (approx. 0.8 nm RMS, 7 nm peak-to-peak surface 

roughness). Figure 4b shows a transparent appearing 120 nm thin UTAM transferred to the 940 

nm thick clearly visible rough FTO. As mentioned above, we observed several micron-sized Al 

residues on the backside of the UTAM (Supporting Information S6) that impede efficient transfer 
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to the rough substrate. To circumvent this problem, we flipped the film before removing the 

polymer layer such that its smoother surface faced the substrate. Then 10 nm and 15 nm of Au 

were deposited on FTO and ITO, respectively. As can be seen in Figure 4 c,d both substrates were 

successfully patterned by dense arrays of hexagonally arranged sub-50 nm particles. While many 

works have previously reported nanopatterning on smooth substrates such as Si, to the best of our 

knowledge, transfer of sub-50 nm particle sizes to rough substrates has not been reported to date. 

Furthermore, fabrication procedures that preserve the quality of the underlying substrate are of 

paramount importance for the quality of devices. For example, when we carried out polymer 

removal from the AAO mask with the standard procedure employing a CHCl3 solvent the 

underlying NiOx layer was damaged significantly (Supporting Information S7). Also, we observed 

a significant decrease in the density of particles that we ascribed to micron-sized polymer residues 

left on the UTAM preventing material deposition through the channel.  

Recent years have witnessed intense interest in implementing plasmonic and dielectric 

nanostructures for enhancing the efficiency of light-harvesting devices for photovoltaic 45-47 and 

photocatalysis applications 24,48-53. Most recently, plasmonic hot-carrier generation via non-

radiative surface plasmon decay has been exploited as a novel mechanism for solar-to-fuel 

conversion 23 54 55 that promises to open up novel photoreduction pathways that are inaccessible 

by conventional mechanisms such as the application of heat or an electrochemical bias. In this 

regard, we recently developed a novel Schottky junction-free plasmonic photoelectrode 

architecture, consisting of a dense layer of randomly dispersed gold nanoparticles with a broad 

size distribution for direct plasmon-driven photoelectrocatalysis of water through efficient hot-

electron generation and injection into the adsorbed molecules 56. This novel architecture achieved 

high efficiency of hot-carrier injection to adsorbed water molecules by i) avoiding the Schottky 
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barrier that is commonly used for preserving the energy of hot-electrons; ii) achieving increased 

light absorption using an architecture inspired by optical impedance matching concepts; 47 57 and 

iii) facilitating efficient charge carrier separation by a NiO-based selective hole transmitting layer 

56 58.  

Here, we validated the utility of our free-standing through-hole ultrathin alumina membranes 

(UTAMs) transfer procedures by demonstrating a functional device. We chose to fabricate 

plasmonic photoelectrodes from the same components Au/NiOx/Al that had been employed in our 

previous publication56 for several reasons: First, it is a very interesting system in terms of hot-

carrier generation in gold nanoparticles and selective carrier filtration by means of the underlying 

NiOx layer. Second, it allows us to directly compare the photocurrent, absorbed fraction and 

plasmon frequency of a highly ordered nanoarray of monodisperse gold nanoparticles to those of 

dense, randomly deposited gold nanoparticles56 as used in our previous publication56. Figure 5a 

illustrates the plasmonic photoelectrode architecture with the plasmonic nanodot array in direct 

contact with water. The NiOx film below the Au dots has both, an electrical and an optical function: 

The electronic function of the NiOx layer is to confine the generated hot electrons within the Au 

nanoparticles and to selectively block the electrons but transmit the holes to the aluminum back 

electrode. The optical function of the high-refractive index (n ~ 2.3) NiOx is to serve as a highly 

transparent wide bandgap spacer layer between the plasmonic nanodots and the aluminum back 

reflector for maximum and broadband (~ 100 nm) light absorption within the single layer of 

nanoparticles. Although the components Au/NiOx/Al used in our present and past work are the 

same, there is a significant difference between the geometry of gold (Au) nanoparticles (NPs) for 

the two devices: In our previous work56 we employed a single layer of randomly deposited Au NPs 

with heterogeneous size distribution whereas in the present work we demonstrate a highly ordered 
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array of hemi-spherical NPs with monodisperse size distribution and a different fill fraction. The 

change in geometry results in different absorption spectra and position of the plasmon peak: For 

the randomly deposited highly anisotropic NPs with heterogeneous size distribution and higher fill 

factor, the absorbed fraction is higher and we obtained broad band absorption and a broader 

plasmon resonance centered around 800 nm56 whereas for the highly ordered nanoarray with 

monodisperse Au NPs and lower fill fraction the plasmon resonance is centered around 650 nm 

and is less broad (Figure 5c).  

The band energy schematic of the photoelectrode is depicted in Figure 5b. Light absorption 

within the Au particles results in the excitation of a surface plasmon resonance at 650 nm (1.9 eV) 

which can decay nonradiatively, resulting in hot-carrier generation. The plasmon-induced hot 

electrons adopt a Fermi-Dirac distribution, and in our case electrons in the high-energy tail of the 

distribution should have sufficient energy to overcome the thermodynamic and kinetic barrier to 

drive the hydrogen evolution reaction (the thermodynamic potential for the HER lies at ~1 eV 

above the Fermi energy of Au). Hot electrons can also be generated from direct photoexcitation of 

interband transitions. However, in our previous study 56, we measured the wavelength-resolved 

photocurrent and found that photocarriers excited from the interband transition are not energetic 

enough to drive the HER. The upper edge of the d-band is located at ~ 2.3 eV below the Fermi 

level of Au 59 and therefore under optical excitation with a wavelength of 400 nm (maximum 

energy of ~ 3.1 eV), near the edge of the solar spectrum, the electrons excited from the d-band are 

typically promoted to unoccupied states with a maximum of 0.8 eV above Fermi level, making 

them insufficiently energetic. 

Figure 5c shows the measured total absorbed fraction in air versus the simulated absorbed 

fraction in Au in air and the simulated total absorbed fraction in air for the photocathode consisting 
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of Au nanodots with an average diameter of 36 nm and 30 nm thick, and 100 nm center-to-center 

particle distances on a 40 nm thin NiOx layer (sample shown in Fig. 2d). As can be seen, the 

experimentally measured total absorption spectrum shows a plasmon resonance that matches 

qualitatively with the simulated absorption spectrum. In comparison with our previous study on 

randomly oriented anisotropic particles with heterogeneous size distribution and a broad plasmon 

resonance absorption, the plasmonic photocathode here exhibits a distinct plasmon resonance peak 

at 650 nm as the uniformly shaped nanodots possess uniform particle diameters arranged in an 

ordered array. The simulated absorbed fraction within the Au nanoparticles and the total absorbed 

fraction within the photoelectrode reaches about 85% and 95%, respectively at the plasmon 

resonance while the observed total absorption is about 50%. Further adjustment of the spacer layer 

thickness can result in absorption close to unity based on electromagnetic simulations. However, 

we decided to keep the NiOx film 40 nm thin because of our well-established fabrication procedure 

and to maintain the electrical properties similar to our past work 56. As expected, both the 

experimentally measured total absorption and the simulated absorbed fraction within the Au 

nanodots show increased absorption at wavelengths below 550 nm due to the interband transitions 

from the d-band.  

Figure 5d shows a linear sweep voltammetry measurement of the plasmonic photocathode 

decorated with an array of Au nanodots with 36 nm (± 4 nm) diameter and 30 nm height (Fig. 

2c,d) immersed in a nitrogen-purged solution of 0.5 M Na2SO4 buffered at pH 5.0 under chopped 

illumination at about one sun (100 mW/cm2). Photoelectrochemical measurements were 

performed in a cell with a three-electrode configuration where Ag/AgCl (in sat. 3.0 M KCl) and a 

Pt mesh were used as reference and counter electrodes, respectively. The onset photocurrent at 0.4 

V with respect to the RHE is approximately 0.35 µA/cm2 and reaches up to 8.2 µA/cm2 at 0V 
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versus the RHE. The control experiment for a NiOx/Al sample without Au nanodots (red line in 

Fig. 5d) showed a photocurrent of about 0.25 µA/cm2 at an electrode potential of 0V vs. RHE. 

Thus, the photocurrent in the presence of the Au nanodots array is ~35x larger. We previously 

performed additional control experiments on NiOx/Al samples56: We optically characterized NiOx 

and calculated a band gap of 3.45 eV with near zero absorption at wavelengths longer than 525 

nm. In that work, we also performed wavelength-resolved photocurrent measurements for NiOx/Al 

samples without Au nanodots and no photocurrent was observed at wavelengths longer than 500 

nm. These observations verified the lack of significant defect or trap state densities in the NiOx. 

We also note that gap-mode coupling that could enhance absorption in the NiOx layer by near-

field enhancement is limited because the gold nanodots are well separated. Moreover, Mott 

Schottky measurements on a sample without plasmonic nanoparticles showed that the NiOx is p-

type (hole concentration on order of 1018cm-3) and has a flat band potential close to the Fermi level 

of gold56. This means that the valence band edge of NiOx is favorable for hole transfer while charge 

transfer to a trap state near the conduction band (which is almost 3.4 eV away) cannot be driven 

by a plasmon resonance at 650 nm (≈ 1.9 eV). Given the results of the control experiments, 

alongside with the absorption results of the plasmonic photocathode (Figure 5c), we propose that 

the photocurrent is due to direct hot-electron injection from the Au nanodots to adsorbed water 

molecules, in agreement with our earlier work 56 employing a random distribution of polydisperse 

gold particles on NiOx/Al.  

We note that the cyclic voltammogram of the plasmonic photocathode showed consistent 

photocurrents as a function of applied bias (Supporting Information S9). The observed 

photocurrents from this photoelectrode architecture based on a highly ordered array of hemi-

spherical NPs with monodisperse size distribution and a relatively low fill fraction are on par with 
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recently demonstrated TiO2-coated plasmonic gold Schottky junction geometries with large 

catalytic surface areas that also added platinum nanoparticles to catalyze the HER 23. The absence 

of the degradation of photocurrents during repeated cyclic voltammetry and the large 

photocurrents demonstrate an excellent mechanical and electronic contact of the gold nanoparticles 

to the NiOx/Al substrate (Supporting Information S9). The stability of the Au nanostructure itself 

should not be a matter of concern mainly because Au is well-known for its good stability in various 

device applications, including photocatalytic devices. In addition, AAO-based nanoarray 

fabrication is not limited to Au deposition and this is indeed one of the advantages of this 

technique. The quality of the interface between the nanodot array and the underlying substrate 

does not relate to the nature of the AAO-template based nanofabrication technique but instead 

mainly depends on the properties of the two materials and the deposition technique (e-beam 

evaporation, electrodeposition etc). For example, Au is known for its poor adhesion to silicon 

substrates when deposited by e-beam evaporation. To solve this problem, usually a titanium or 

chromium adhesion layer is deposited on the substrate before deposition of Au. Therefore, if 

needed, an adhesion layer can be deposited through the AAO pores prior to depositing the target 

material.  

In our Au/NiOx device, we did not deposit any adhesion layer prior to Au deposition, mainly to 

avoid any contamination and to keep the interface simple for our study of carrier injection across 

the Au-NiOx interface. The large photocurrent density of 8.2 µA/cm2 at 0V versus the RHE 

observed for our present, highly ordered array of hemi-spherical NPs with monodisperse size 

distribution but relatively low fill fraction compares favorably to our past results56 on dense, 

randomly oriented anisotropic particles with heterogeneous size distribution.  
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Both, for our current work on highly ordered nanoarrays and our past work on random Au 

nanoparticles deposited on NiOx, the quality of Au/NiOx interface was excellent as highlighted 

by the large and stable photocurrents that we observed from our devices in comparison with the 

best published results for hot-electron generation and utilization23,56.  

In summary, we presented a protocol for nanopatterning of arrays with sub-100 nm features that 

overcomes past substrate limitations. Following our new protocol, plasmonic arrays consisting of 

sub-100 nm nanodots were fabricated on different substrates with different physicochemical 

surface properties, including chemically sensitive NiOx thin films, and very rough FTO and ITO 

substrates. The performance of a plasmonic photocathode consisting of sub-50 nm nanodots array 

for plasmon mediated hot-electron injection from a Schottky junction-free device to water 

molecules for solar-to-chemical energy conversion was tested, and compares favorably with the 

best-published results 23 56. This work can provide the impetus for AAO-based fabrication of novel 

arrays of metallic and dielectric materials on generic substrates with applications in photovoltaics, 

photocatalysis, nanophotonics, and sensing. 

 

Supporting Information Available: Details of the fabrication process, the spectrum of the light 

source, SEM images of the as-fabricated UTAM, SEM images of the free-standig UTAM, SEM 

images of nanodot arrays, electromagnetic simulation parameters, cyclic voltammetry 

measurements of plasmonic photocathodes. This material is available free of charge via the 

Internet at http://pubs.acs.org. 
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Figure 1.  

 

 

Figure 1. Schematic diagram illustrating the preparation process of a free-standing UTAM and subsequent 

transfer to a substrate of interest for nanostructure patterning (a-f). a) Etching of the underlying Al layer 

and pore opening b) Removal of the polystyrene layer in chloroform c) Floating of the UTAM on water d) 

Transfer of the UTAM to the substrate of interest e) Deposition of material through the nanopores f) 

Removal of the UTAM. g) SEM image of the as-fabricated UTAM on Al. The initial average pore size is 

about 37 nm with a periodicity of approx. 100 nm. The FFT results (inset) confirm a near-perfect hexagonal 

arrangement of the pores. h) Digital image of a free-standing UTAM with a thickness of less than 250 nm 

floating on water. i) Transfer of the UTAM to almost arbitrary substrates such as rough FTO or chemically 

non-inert 40 nm NiOx thin films prepared on Al/Si (shown here).  
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Figure 2.  

 

 

Figure 2. Fabrication of a highly-ordered, high-density Au nanodot array on NiOx with uniform particle 

geometry. a) Cross-sectional SEM image of an UTAM with a thickness of less than 250 nm placed on a 40 

nm thick NiOx layer. b) NiOx surface patterned with highly-ordered Au nanodot array with particle 

diameters around 49 nm by evaporating 15 nm of Au through a UTAM. c) Controlling the uniformity of 

the size of the Au nanodots by annealing the sample for approx. two hours at 400° C in air. After annealing, 

the Au nanodots adopted a hemispherical shape accompanied by a more than 10 nm decrease in particle 

diameter. d) Oblique-view of the sample after annealing shows Au nanodots with an average height of 30 

nm. Inset: digital image of a photoelectrode consisting of a Au nanodot array on top of NiOx /Al.  
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Figure 3.  

 

 

Figure 3. Fabrication of highly-ordered Au nanodot arrays on a NiOx surface with tunable sub-100 nm 

particle diameters. From a) to c) the particle diameter is approx. 48 nm, 64 nm, and 80 nm, respectively. 

For all samples, the particle height and periodicity were 20 nm and 100 nm, respectively.  
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Figure 4.  

    

 

Figure 4. The UTAM serves as a generic deposition mask for metals and dielectrics that can be transferred 

to rough (FTO) and smooth (ITO) substrates, and also to chemically non-inert (NiOx) substrates. None of 

these substrates required deposition of an adhesion layer. a) Fabrication of a sub-100 nm nickel nanodot 

array on a 40 nm NiOx/Al/Si substrate by evaporating 20 nm of nickel through the UTAM mask. b) Plain-

view and oblique-view SEM image of a UTAM mask (123 nm thick) successfully transferred to a very 

rough substrate of ~ 940 nm thick FTO (33 nm RMS, ~200 nm peak-to-peak surface roughness) for 

subsequent fabrication of nanodot arrays. c), d) Dense Au nanodot arrays with sub-50 nm particle size 

fabricated by evaporating 10 nm Au through the UTAM mask onto a rough FTO substrate (c) and 15 nm 

Au through the UTAM mask onto an ITO substrate (d) (0.8 nm RMS, 7 nm peak-to-peak roughness).   
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Figure 5.  

 

Figure 5. Photoelectrode architecture, operating principle, absorbed fraction and photoelectrochemical 

performance of a Schottky junction-free plasmonic photocathode. a) Solar-to-chemical energy conversion 

is driven by hot-carriers generated in a plasmonic photocathode consisting of an ordered array of Au 

nanodots, p-NiOx as a selective hole transfer layer/electron blocking layer and an aluminum layer that serves 

simultaneously as a reflector and back electrode. Plasmon-induced hot electrons are directly injected from 

Au nanodots into the adsorbed molecular species, here into the water layer. b) Energy band schematic of 

the plasmonic photocathode. The nonradiative decay of the surface plasmon into hot electrons results in 

direct injection into water molecules to drive the hydrogen evolution reaction (HER) while hot electrons 

generated from interband absorption are not energetic enough to drive HER. The favorable band edges of 
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the NiOx layer block electron transport while allowing for hole transport to the platinum counter electrode. 

c) Measured absorbed fraction in the photoelectrode in air as a function of wavelength, and simulated 

absorbed fraction in Au and simulated total absorbed fraction in the photoelectrode in air. The 

photoelectrode consisted of 30 nm thick Au nanodots with a diameter of 36 nm and a 100 nm center-to-

center particle distance deposited on a 40 nm thick NiOx layer on top of a 200 nm thick Aluminum layer. 

The measured plasmon resonance at 650 nm is in excellent agreement with the simulation results.  d) The 

photoelectrocatalytic performance of the plasmonic photocathode (black) along with a control sample 

without Au nanodots (red) measured under total white light illumination (~ 100 mW cm-2, AM1.5G filter) 

in a nitrogen-purged, 0.5M Na2SO4 electrolyte buffered at pH 5.0. The photocurrent was measured in a 

three-electrode photoelectrochemical cell configuration with a Pt mesh as the counter electrode and is 

plotted versus the reversible hydrogen electrode (RHE).  
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