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ABSTRACT 

The growing interest in solar energy during recent years has spurred on the development of high-

efficiency optical absorbers using emerging concepts in plasmonics and metamaterials. Most 

absorber designs require patterning on a subwavelength scale making large-scale fabrication 

expensive or impractical. This study presents an all-metal metasurface with tightly packed, sub-80 

nm nanodomes fabricated by template-stripping thin gold films from reusable silicon templates. 

Subwavelength patterning was achieved via molecular self-assembly of block copolymers, which 

enables large-area, periodic patterning with nanometer precision. The proposed nanodome surface 

acts as an optical absorber capable of absorbing 97% of incident light in the visible range 320–650 

nm, and still more than 90% at high incidence angles. We demonstrate both experimentally and 

theoretically that the absorption behavior of the thin film can be controlled by changing the size of 

the nanodomes, namely the gap between the structures. The enhanced absorption of light is 

attributed to localized particle plasmon and gap plasmon resonances. This research provides a 

straightforward and cost-effective strategy to design and fabricate thin, large-area, light-absorbing 

coatings that can be transferred onto nearly any rigid or flexible substrate. The all-metal 

metasurfaces are a promising candidate for plasmon-induced hot electron generation for efficient 

solar energy conversion in photovoltaic and photocatalytic devices. 

https://pubs.acs.org/articlesonrequest/AOR-6SxtFsGCKs28gPa6KFIe
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INTRODUCTION 

Photon absorption is a fundamental part of the operation of photodetectors, solar cells, 

photothermal devices, and optical filters. Considerable effort has been put into creating perfect 

absorbers—materials that efficiently absorb light either in a narrow or broad wavelength range. 

Various schemes for realizing absorption using metal structures have been introduced. Perfect 

optical absorbers have been achieved using thick porous foams,1,2 lossy thin films on metal 

substrates to improve impedance matching,3 and metallic nanopillars4 or needles5 with a gradual 

refractive index change. Advances in nanofabrication methods have led to the rise of metamaterial 

and metasurface absorbers with tunable properties. These types of absorbers are based on 

subwavelength elements and are often characterized as effective materials. Previous absorber 

designs are variations of a triple-layer stack consisting of a periodic metal pattern, a dielectric 

spacer, and a bottom reflector. These metal-insulator-metal structures (MIMs) have been used to 

demonstrate perfect absorption first at infrared6,7 and later also at visible frequencies.8,9 However, 

in a MIM structure, near-unity absorption typically occurs only within a very narrow wavelength 

range defined by the thickness of the spacer. Broader absorption bands have been achieved using 

asymmetric or mixed-size nanostructures in the top metal layer to excite multiple resonances.10–14 

A less explored method for achieving broadband visible light absorption is to pattern plasmonic 

metals. The benefit of these single-layer, all-metal metasurfaces is their simplicity, and their 

optical performance can be tuned by changing the dimensions of the structures. Søndergaard et 

al.15 proposed an all-metal broadband absorber based on adiabatic focusing of gap surface 

plasmons in ultra-sharp, V-shaped grooves. The groove depth, width, and inclination angle were 

observed to influence the absorption behavior. Crossed groove structures milled into thick gold 

achieved an average absorption of 96% in the visible range. A few years later, the study was 

repeated for nickel (about 95% absorption) and palladium (about 97%).16 Similarly tall and tapered 

circular grooves were explored by Mo et al.17 to realize more than 93% polarization-independent 

optical absorption. However, the experimentally fabricated coaxial hole arrays fell slightly short 

of the predicted values. Both groups noted that although a very accurate fabrication method, 
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focused ion beam milling was notably time-consuming. This limits the feasible size of the 

absorbers. Recently, Ng et al.18 presented a scalable fabrication process in which gap plasmon-

based absorbers were made using a sacrificial porous alumina template (AAO). Absorption of 

more than 92% of incident light in the 300–600 nm spectral range was obtained. Recent theoretical 

studies have proposed all-metal Au absorbers consisting of ordered nanotriangle arrays19 and 

concentric nanoring arrays,20 which could be realized using standard lithography techniques. 

Successful use of new absorbers in commercial products requires the fabrication to be simple, 

fast, low-cost, and easily integrated into existing processes. However, as the subwavelength 

patterns become smaller and more complex, fabrication also becomes more complicated and 

expensive. Another prominent issue with many nanostructured absorbers today is their sensitivity 

to the polarization and/or angle of incidence of the incoming light. Thus, for practical applications, 

the optical absorber should be easy to fabricate over large areas, and absorption should be 

omnidirectional, broadband, and polarization-independent. Combining these four criteria seems to 

still pose a challenge.  

We present a strategy for designing and creating an all-metal broadband, wide-angle, 

polarization-independent optical absorber using the self-assembly of block copolymers. Block 

copolymers (BCPs) are long chain molecules that organize into highly uniform, periodic patterns 

due to microphase separation. The pattern morphology is determined by the volume fraction of the 

block segments while the size and periodicity of the patterns are dictated by the molecular weight.21 

BCP lithography enables the fabrication of extremely dense patterning and small features ranging 

from several tens of nanometers to even sub-5 nm dimensions.22 The BCP patterns can be used 

either as masks for etching23–25 or as scaffolds for nanostructure formation.26–29 This bottom-up 

patterning strategy combined with template-stripping of Au enabled us to fabricate large-area Au 

nanodome arrays where the optical properties could be controlled via the size of the domes. We 

achieved broadband wide-angle absorption of visible light with subwavelength structures that are 

only a fraction of the size typically needed in single-material absorbers. In addition, the 

metasurface can be transferred onto any rigid or flexible substrate. 
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RESULTS AND DISCUSSION 

Fabrication of monolithic metasurfaces 

 

Figure 1. a) Schematic showing the main fabrication steps of the plasmonic metasurfaces. b) Side-

view scanning electron microscope (SEM) image of the BCP pattern etched into silicon. c) SEM 

image of final template-stripped Au thin film with nanodome-like structures. Scale bars 100 nm. 

d) The patterned Au thin films displayed altered colors dependent on the nanostructure size. e) Au 

thin films could also be transferred onto flexible substrates. 

Figure 1a illustrates the main fabrication steps of the metasurface absorber, which consists of 

periodic gold nanodomes on top of a gold thin film. First, a high-molecular-weight block 

copolymer was used to form a hexagonal dot pattern, which was then transferred into Si using 

SF6/O2 reactive-ion etching. The isotropic etch caused the BCP mask holes to widen progressively 

resulting in conically shaped cavities etched into silicon as seen in Figure 1b. A longer etch 

produced deeper and wider cavities making the gap between neighboring structures smaller as 

shown previously.30 When a BCP mask with a pattern periodicity L0 of 74 nm was used, the base 

diameter D could be varied from approximately 30 nm up to 60 nm. If larger than that, the etched 

cavities began to merge with one another. 

In the next step, the cavities and the surface were covered with a uniform layer of Au, and a 

glass support was attached on top with UV-curing epoxy. Due to the poor adhesion of Au on Si, 

the metal film could be peeled off from the Si template revealing a patterned Au surface (Figure 

1c). Template-stripping has typically been used to produce ultra-smooth metal films but more 

recently, has also been used to fabricate high-quality, low-loss plasmonic nanostructures.31,32  
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Figure 2. a) Tilted-view SEM images of Au nanodome films produced via gold stripping from 

patterned templates. The increase in the dome diameter from 35 to 58 nm is visible in the top-view 

insets. The far-right image illustrates the large-area assembly and grain structure of the patterns. 

b) Schematic of the absorber structure and ultraviolet-visible (UV-Vis) reflectance measurement. 

c) Measured and d) calculated absorption spectra of the nanodome films at normal incidence. 

Should the epoxy adhesive cause issues, template-stripped films can be adhered to substrates 

using temperature-assisted bonding33,34 or be made into free-standing films via electrodeposition.31 

We also demonstrated the peeling of the patterned metal films using flexible substrates as shown 

in Figure 1e. 

The side-view scanning electron microscope (SEM) images in Figure 2a reveal the morphology 

of the template-stripped metals. The smallest nanostructures resemble half-spheres (D = 35±2.2 

nm, height about 44 nm) while the largest structures begin to form a miniature moth-eye-like 

surface (D = 53±3.3 nm, h about 67 nm and D = 58±4.2 nm, h about 81 nm). The Si templates can 

be reused multiple times to produce identical patternings. Nagpal et al. reported making more than 

30 replicas from the same template without any damage.31 Another advantage of template-

stripping is that the whole patterned metal film is monolithic, and there are no interfacial 

boundaries between the nanostructures and the underlying gold film. Noble metal structures 

fabricated with top-down lithography often require a thin interfacial layer of titanium or chromium 
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to improve the adhesion of the structures to the substrate. For plasmonic structures, the adhesion 

layer can cause significant interface plasmon damping.35  

 

Optical characterization 

The specular reflectance and diffuse reflectance (R) from the Au metasurfaces were measured 

with ultraviolet-Vis (UV-Vis) spectroscopy. The comparison of the reflectance data confirmed that 

there was negligible diffuse reflectance from the metallic nanodomes. Therefore, light is absorbed 

and not scattered. This result was expected due to the small size of the nanostructures (h<80 nm). 

Light transmittance (T) was also negligible due to the optically thick Au underlayer. The 

absorption (A) of the surfaces was determined as A = 100% – Rspecular –T (with T = 0). The 

measured absorption at normal incidence of three metasurfaces with increasing nanodome size 

(diameter D = 35, 53, and 58 nm) is plotted in Figure 2c. A planar template-stripped film with no 

nanodomes produced a spectrum comparable to bulk Au. Bulk Au is highly reflective above the 

500 nm wavelength, while below 500 nm the absorption is increased due to the Au interband 

transitions.36 This causes the yellow color of gold. The introduction of nanodomes onto the Au 

surface modified the optical behavior. A progressive increase in visible light absorption was 

observed as the nanodome size increased. Broadband absorption close to unity was particularly 

evident with the large nanodomes. To demonstrate the versatility of the fabrication method, the 

same template-stripping technique was applied to fabricate nanodome thin films from silver. Bulk 

silver is an almost perfect reflector. The Ag nanodome thin films exhibited significantly improved 

absorption behavior with a peak absorption of 87% close to the plasmon resonance wavelength 

(see Supplementary Figure S1).  
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Figure 3. a) The reflectance of Au metasurfaces with large nanodomes (D = 58 nm, h about 81 

nm) measured using TE and TM polarized light to investigate polarization dependence for direct 

(red) and oblique incidence (45°, black). b) Au thin film light reflectance at 25°, 45°, and 65° 

angles of incidence. The inset displays the average absorption of the film in the 320–650 nm range. 

The promisingly high absorption of the largest moth-eye-like nanodomes prompted us to 

investigate their sensitivity to light polarization and oblique illumination. The optical performance 

of the Au absorber was studied at different oblique incident angles under transverse magnetic (TM) 

and transverse electric (TE) polarized light. For TE polarized light, the electric field aligns 

perpendicular to the plane of incidence, whereas for TM light, the electric field aligns parallel, as 

depicted in Figure 2b. The symmetric configuration of the nanostructures was assumed to result in 

the same optical response for both polarizations. The measured reflectance spectra are plotted in 

Figure 3a. As expected, near the normal incidence (𝜃=8°), the nanostructured surface was 

insensitive to the polarization. As the incidence angle became larger than 25°, the reflectance for 

the TE polarization began to increase. A similar effect was observed with planar Au films.  
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For devices that harvest solar energy, omnidirectional or wide-angle absorption is a desired 

feature that ensures light is efficiently collected. Figure 3b displays the effects of the light 

incidence angle on the optical absorption characteristics of large nanodomes. Near-perfect 

absorption persists for a large range of incidence angles. At 55° incidence, the average absorption 

is still more than 90% in the 320 to 650 nm wavelength range. For normal incidence, the average 

absorption in this range is 97% with a peak absorption of 99%, which is a remarkable result 

considering the simplicity and small size of these Au absorber structures. To the best of our 

knowledge, this is one of the highest visible light absorption values achieved in plasmonic single-

material absorbers thus far. Søndergaard et al.15 achieved a similar average absorption of 96% in 

the 450–850 nm range using Au arrays of crossing convex grooves. The surface of the groove 

arrays resembled square-packed nanodomes. However, the size of the domes was approximately 

five times larger than in the present absorber, and surface coverage was limited by the fabrication 

method.  

 

Origin of broadband absorption 

To understand the absorption behavior and to optimize the design of the absorber, numerical 

finite-difference time-domain (FDTD) simulations were performed. The patterned thin film was 

modeled as an infinite surface of perfectly arranged hemispheroids. The absorption spectra 

simulated using geometric parameters obtained from the SEM images were in excellent agreement 

with the experimental measurements at short wavelengths (Figure 2c-d). At longer wavelengths 

(> 600 nm), the experimentally measured absorption was greater than what was predicted. As 

seen in Figure 2a, the patterned films consist of large grains in which the nanodomes are aligned 

in the same direction. The FDTD model cannot account for grains, grain boundaries, or possible 

plasmonic coupling over long chains of structures. Discrepancies may also arise from 

imperfections in the pattern, such as size variations, point defects, and surface roughness. The size 

variation is one likely explanation for the broadened absorption spectra, and it will be discussed in 

more detail later.  

The FDTD simulations support the experimental findings that the optical response can be tuned 

by altering the geometry of the nanostructures. The simulated structures with decreasing 

periodicity or an increasing dome diameter produced almost identical absorption spectra as seen 

in Supplementary Figure S2. Therefore, the optical behavior of the nanodome absorbers was 
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deduced not to depend on the structure periodicity or dome diameter but mainly on the sharp gap 

region between the particles. It was discovered that an increase in dome height or a decrease in the 

width of the gap resulted in enhanced absorption. Simulations verified the experimentally observed 

phenomenon that absorption in the visible range was maximized when the gap width was 15–25 

nm and the dome height 70–80 nm (Supplementary Figure S3a). Further increase in the dome 

height resulted in deteriorating absorption at short wavelengths but a slight improvement at longer 

wavelengths (> 600 nm). For extremely narrow gap widths (< 5 nm), multiple absorption peaks 

appear at longer wavelengths, and absorption is enhanced as dome height is increased 

(Supplementary Figure S3b). Optical absorption in these types of ultranarrow, high aspect ratio 

gaps has been previously analyzed and demonstrated by Søndergaard et al.15 

We suspected that tightly packed nanodomes could support gap plasmon modes inside the small 

gap cavities between the particles. Narrow gaps and sharp tips in subwavelength metal 

nanostructures are known to enhance the electric fields because the energy is confined in a small 

volume.37 The gap effect was investigated via electric field simulations and absorption cross-

section maps. The maximum field enhancement for two dome geometries at 570 nm and 700 nm 

are displayed in Figure 4b. A dipole-like field is induced between the particles following the 

polarization of the source. As the gap is made narrower, the field enhancement can also be 

observed symmetrically in the six gaps, although the enhancement is still strongest in the direction 

of the source polarization. Quantitatively, the enhancement factor of about 10–40 is modest 

compared to recent results obtained with optical nanoantennas.38,39 
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Figure 4. a) Simulated absorption spectra of different nanodome geometries (F1) D = 60 nm, h = 

30 nm, (F2) D = 60 nm, h = 80 nm and (F3) D = 73 nm, h = 80 nm. Periodicity in all structures 

is set to 75 nm. b) Maximum enhancement of the near-field for nanodome geometries F2 at 570 

nm (i-ii) and F3 at 700 nm (iii-iv). The horizontal crosscut (z = 10 nm) of the field distribution 

shows the emergence of a gap resonance as the gap width is decreased (iv). Notice the difference 

in scale between the top and bottom rows. c) The cross-section colormaps describe the absorption 

in the structures F1, F2, and F3 at short and long wavelengths. Brighter areas correspond to 

regions with higher absorption.  

The 2D absorption maps presented in Figure 4c display power damping in the nanostructures 

where 0 dB represents the absorption of all input power, –10 dB a 10X reduction in absorbed 

power, and so forth. The cross-section maps show that at short wavelengths (450 nm), power is 

absorbed throughout the particle but especially in the gap region between two particles. As the 

particle height increases or the gap decreases, the absorption becomes more localized on the 

particle surface and in the gap region. In the case of small particles or large gap widths, incoming 

light excites the dipole particle plasmon resonance that causes absorption. Larger particles cause 
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stronger absorption of light. For gap widths of less than 5 nm, coupling between neighboring 

particles becomes evident, and multiple absorption peaks appear in the absorption spectra (Figure 

4a and Supplementary Figure S3b). The location of the peaks is highly sensitive to the gap size 

and the particle height. At the peak wavelength, the absorption of light is significantly enhanced 

in the gap region, supporting the theory of gap plasmons (Figure 4b, sample F3). These sub-80 nm 

nanodomes do not satisfy the criteria for adiabatic nanofocusing of propagating gap plasmon 

modes,15 and thus, we interpret the absorption mechanism as related to localized resonances of 

nanoparticles and gaps. 

 

CONCLUSIONS  

We have demonstrated a simple, high-throughput method for fabricating large-area, ultrathin 

plasmonic absorbers using gold-stripping from BCP patterned silicon templates. The all-metal 

absorbers consisted of hexagonally packed, elongated nanodomes that gradually widened toward 

the bottom. Absorbers of about 1 cm2 and 4 cm2 were demonstrated, but due to the scalability of 

BCP thin film processing, nanodome absorbers could be realized on a wafer scale. Furthermore, 

the thin film could be transferred onto any rigid or flexible substrate making the thin film an 

excellent coating for devices that collect solar energy. As the dimensions, and especially the 

distance from the absorption point to the ambient, remain small, we expect structures like these to 

enable the extraction of hot carriers for energy, catalysis, or sensing-related applications. We have 

shown that an 80-nm tall Au nanodome pattern is capable of absorbing more than 97% of visible 

light at direct incidence and still more than 90% when illuminated at a high angle of incidence. 

Due to the structure symmetry, the all-metal absorber was also shown to be insensitive to the 

polarization of light. FDTD simulations support the findings that the absorption behavior could be 

tuned by changing the width of the gap between neighboring nanodomes. Experimentally, this 

could be done by varying the time the pattern template was plasma-etched. The simulations suggest 

that the enhanced absorption is related to localized surface plasmons on the nanodome surfaces 

and the formation and absorption of gap plasmons in the gaps between the nanostructures. Contrary 

to typical plasmonic black gold absorbers, the nanodome thin films appeared dark red due to the 

higher reflectivity around 700 nm wavelengths. It should be possible to extend the absorption band 

into the red and near infrared wavelengths by exciting multiple resonance modes via 

nanostructures with 10 to 20 nm variations in structure size and spacing. 
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MATERIALS AND METHODS 

Sample fabrication 

Patterned templates were fabricated from native-oxide-covered Si(100) wafers using block 

copolymer lithography and dry etching. Asymmetric poly(styrene-vinyl-2-pyridine) (PS-P2VP) 

with a styrene fraction of 0.72 (Mn = 188 000 g/mol, PDI = 1.18) was purchased from Polymer 

Source Inc. and used as received. Toluene and anhydrous tetrahydrofuran (THF) were obtained 

from Sigma-Aldrich. PS-P2VP was dissolved in a 7:3 mixture of toluene and THF, stirred 

overnight, and filtered through a 0.2 µm syringe filter before use. The wafers were spin-coated 

with the BCP solution at 2000–3000 rpm to form thin films that were about 45 nm thick. A 2 min 

soft bake was performed at 125 °C to remove all residual solvent. To promote self-assembly and 

obtain vertically aligned cylinders, the BCP films were annealed in THF vapor in a custom-made 

controlled annealing system similar to the setup described by Lundy et al.40 

The P2VP domains were selectively swelled by ethanol to open up cylindrical pores in the film.41 

Samples were immersed in ethanol for 5–15 min and carefully washed with deionized water. The 

porous BCP mask was then used to transfer the pattern into silicon with isotropic SF6/O2 reactive 

ion etching at 160 W for 15–30 s as described previously.30 The isotropic etching process was 

utilized to progressively widen the patterns in the BCP mask and create tapered cone structures in 

Si. Finally, the BCP mask was removed with a brief 60 s oxygen plasma treatment.  

Gold and silver films that were 50–200 nm thick were deposited on the cleaned Si templates in 

an Instrumentti Mattila Oy electron-beam evaporator. To minimize contamination by residual 

oxygen and water vapor, the chamber vacuum was pumped below 1.0 × 10–7 mbar. The depositions 

were performed at a rate of 1–2 Å/s for Au and 3 Å/s for Ag. After the deposition, a transparent 

top plate was attached to the metal surface with a UV-curing adhesive (Norland Optical Adhesive 

61), and the plate and the patterned metal film were manually peeled away from the Si template. 

The Si templates can be reused multiple times. 

 

Characterization 

The surfaces of the Si templates and the template-stripped Au films were examined with 

scanning electron microscopy (Carl Zeiss Ultra 55), and the resulting images were analyzed using 

ImageJ242 software. The SEM images were converted into binary black-and-white images with 

automatic thresholding, and a particle analysis tool was used to calculate the average diameter of 
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the structures. The periodicity of the patterns was determined using fast Fourier transform (FFT) 

analysis.  

The optical properties were measured using a Perkin-Elmer Lambda 1050 UV/Vis 

spectrophotometer with a universal reflectance accessory, a tungsten-halogen light source, and 

polarizing filters. Absolute specular reflectance (R) at normal and oblique incidence was recorded 

in a wavelength range of 320–880 nm using a beam spot size of 4 × 4 mm. The measurement 

configuration is self-referencing (the V-N method), and thus, no calibration standards were needed. 

Reflectance measurements were also performed with a 150 mm integrating sphere module at an 

incidence angle of 8° to determine the amount of light scattering. Absorption A was calculated as 

A = 100% – R – T, where R is the total reflectance, and T is the transmittance of the thin film. 

 

Optical modeling 

The effect of the structure size on the optical properties was studied using 3D FDTD modeling 

(FDTD Solutions, Lumerical). The structures were estimated to be elongated (prolate) 

hemispheroids in a hexagonal lattice on top of a planar metal film. The radius (short axis length), 

hemispheroid height (long axis), and periodicity were varied. To simulate an infinitely periodic 

array and to reduce the simulation space, symmetric and anti-symmetric boundary conditions were 

used on the unit cell sides. The material properties were defined by Johnson and Christy optical 

constants for Au.43 The simulated unit cell was excited by a plane wave as a short pulse covering 

a wavelength range of 250–900 nm and propagating along the z-axis. Two power monitors were 

set to detect the total reflectance and the transmittance. Electric field distributions were also 

recorded at various horizontal and vertical cross-sectional planes. Absorption in the material per 

unit volume was calculated from the divergence of the Poynting vector and was automatically 

performed in the simulation program. The acquired value was normalized with the incident power 

density over the unit cell. The mesh grid was 0.5 nm around the gold nanostructures.  
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