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ABSTRACT  

Nanostructured surfaces, giving rise to unique physical phenomena, can bestow materials 

with a number of advanced functionalities. The design of such surfaces is frequently bio-inspired 

and provides with functionalities such as superhydrophobicity, self-cleaning, dry adhesion, 

antibacterial or, as presented in this thesis, antireflection inspired from the moth´s eyes. 

A practical, low-cost, versatile, and easy-scalable approach for the fabrication of 

functional micro/nanostructures is nanoimprint lithography (NIL) on polymeric materials. This 

process involves transferring nano or micro patterns from a mold to a thermoplastic film in the 

case of thermal NIL (T-NIL), or to a UV-cross-linkable photoresin in the case of UV-NIL, by 

mechanical deformation. The process is scalable via roll-to-roll (R2R) nanoimprint technology, 

where the mold is incorporated in a roller to carry out a continuous imprint process. 

This thesis is focused on the development of the NIL process to fabricate moth-eye 

inspired antireflective (AR) nanostructures, and its scaling up employing R2R NIL technology. 

Moth-eye AR nanopatterns, consisting of hexagonal arrays of nanocones with dimensions of 

about 250 nm, will be particularly useful as light trapping structures in photovoltaic devices, or 

to reduce reflections in screens or optical components. 

The major concern for the practical application of these surfaces is their poor mechanical 

resistance and their short-term durability when exposed to outside environmental conditions of 

UV radiation, humidity, and temperature, leading to the fast degradation of the polymeric 

matrix and therefore of the surface functionality. As such, this thesis also aims to improve the 

moth-eye AR surfaces physical and chemical resistance to allow for their use in real applications.  

Towards this aim, in the first part of the thesis, addition of titanium dioxide (TiO2 or titania) 

nanoparticles as reinforcing elements of the moth-eye AR topography made of polymethyl 

methacrylate (PMMA) is studied. Highly transparent PMMA/TiO2 surface nanocomposites using 

T-NIL are prepared by incorporating to the surface well-dispersed colloidal titania, and the 

impact of the nanofillers on the mechanical and thermal properties is investigated. Being TiO2 a 

wide band gap semiconductor and an efficient photocatalyst, its incorporation onto the surface 

also provides for additional functionalities such as photo-induced hydrophilicity and self-

cleaning behavior.  

An additional approach studied to improve the performance of the material is the coating 

of the AR topography with a thin film of sputtered titania. The coating, while preserving the 

antireflective properties, protects the nanostructures against mechanical damage and improves 

substantially their thermal stability. Likewise, the titania coated AR surfaces shows photo-

induced self-cleaning properties.  
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In the direction of improving durability, a more weather resistant polymer such as the 

fluoropolymer poly (vinylidene fluoride) (PVDF) is investigated replacing the PMMA as 

nanocomposite matrix, whereby further improvement on durability and weathering resistance 

is demonstrated. 

In the second part of the thesis, the fabrication process of AR nanostructured surfaces 

scaled up by roll-to-roll NIL processing is developed, increasing significantly the fabrication 

throughput. The influence of the processing parameters on the imprinted AR features and its 

final functional performance is studied and adjusted in order to improve the mechanical stability 

concomitantly with the optical performance.  

Finally, roll-to-roll NIL processing is also applied to produce other functional surfaces, such 

as Fresnel lenses for micro-concentrator photovoltaic applications, in this case using the UV-NIL 

approach. Further to imprinting arrays of Fresnel microlenses, a double UV-NIL process is 

developed to incorporate the moth-eye AR topography on the reverse side of the Fresnel array. 

The concentration efficiency of these lenses is improved by reducing the reflection losses.  

In summary, this thesis describes the development of multifunctional antireflective 

surfaces based on the moth-eye polymer nanostructures reinforced with active nanofillers to 

achieve improved mechanical, thermal, and weathering properties, showing in addition photo-

induced self-cleaning functionalities. The fabrication of the AR surfaces and Fresnel microlenses 

using the mass production roll-to-roll NIL manufacturing is demonstrated and therefore, the 

validity of the processing technology for the use of structured functional surfaces in real 

applications is substantiated. 
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RESUMEN 

La nanoestructuración de superficies da lugar a fenómenos físicos únicos que pueden 

conferir a los materiales una serie de funcionalidades avanzadas adicionales a las que ya poseen. 

El diseño de estas superficies se inspira frecuentemente en la naturaleza y proporciona 

funcionalidades como superhidrofobicidad, autolimpieza, adhesión en seco, propiedades 

antibacterianas, o, como se presenta en esta tesis, propiedades antirreflectantes inspiradas en 

los ojos de las polillas. 

La técnica de litografía por nanoimpresión (nanoimprint lithography o NIL) constituye un 

enfoque práctico, económico, versátil y fácilmente escalable para la fabricación de micro o 

nanoestructuras en polímeros. Este proceso implica la transferencia del patrón micro o 

nanométrico mediante deformación mecánica desde un molde a una película de material 

termoplástico en el caso del proceso de NIL térmico (T-NIL) o a una resina curable con luz UV en 

el caso de la variante UV-NIL. Estos procesos son escalables mediante tecnología rollo a rollo 

(roll-to-roll o R2R), donde el molde se incorpora en un rodillo para llevar a cabo un proceso 

continuo de impresión. 

La presente tesis doctoral se centra en la puesta a punto de la fabricación mediante NIL 

de superficies antirreflectantes (AR) inspiradas en el ojo de la polilla, y en su escalado utilizando 

la tecnología de nanoimpresión R2R. Las topografías antirreflectantes consisten en nanoconos 

ordenados hexagonalmente con dimensiones de alrededor de 250 nm. Estas superficies son 

particularmente útiles como estructuras captadoras de luz en dispositivos fotovoltaicos, o para 

reducir reflexiones de la luz en pantallas o componentes ópticos. 

El mayor obstáculo para la aplicación práctica de estas superficies funcionales es su escasa 

resistencia mecánica y durabilidad bajo condiciones ambientales de radiación UV, humedad, y 

temperatura, que conducen a una rápida degradación de la matriz polimérica y de las 

funcionalidades superficiales. Por lo tanto, otro objetivo importante de esta tesis es también 

mejorar la resistencia física y química de las superficies AR nanoestructuradas para permitir su 

uso en aplicaciones reales.  

Con este objetivo, en la primera parte de esta tesis se estudia la adición de nanopartículas 

de dióxido de titanio (TiO2 o titania) como elemento de refuerzo de las topografías AR inspiradas 

en el ojo de la polilla fabricadas en polimetilmetacrilato (PMMA). Se fabrican superficies 

nanocompuestas altamente transparentes de PMMA/TiO2 utilizando T-NIL, mediante la 

incorporación de titania coloidal homogéneamente dispersada en la superficie, y se investiga el 

impacto de los nanorefuerzos en las propiedades mecánicas y térmicas. Al ser el TiO2 un 

semiconductor de banda ancha y un fotocatalizador eficiente, su incorporación a la superficie 
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también proporciona funcionalidades adicionales como hidrofilicidad fotoinducida y 

capacidades de autolimpieza. 

El recubrimiento de la topografía AR con una película delgada de titania pulverizada se 

estudia como enfoque adicional. El revestimiento, al tiempo que conserva las propiedades 

antirreflectantes, protege las nanoestructuras contra daños mecánicos y mejora 

sustancialmente su estabilidad térmica. Asimismo, las superficies AR recubiertas de titania 

muestran propiedades de autolimpieza fotoinducidas. 

Con la finalidad de mejorar la durabilidad, se propone un polímero fluorado más 

resistente a la intemperie como es el poli (fluoruro de vinilideno) (PVDF) como reemplazo del 

PMMA, demostrando una mayor resistencia a la intemperie y durabilidad. 

En la segunda parte de la tesis, se desarrolla el proceso de escalado de la fabricación de 

superficies AR nanoestructuradas mediante tecnología de nanoimpresión R2R, lo que permite 

incrementar significativamente el rendimiento de la fabricación. Se estudia la influencia de los 

parámetros de procesado en las características de la nanotopografía AR impresa así como en el 

rendimiento funcional final, y se ajustan para mejorar la estabilidad mecánica en concordancia 

con el rendimiento óptico. 

Finalmente, el procesado de nanoimpresión R2R se emplea también para la fabricación 

de lentes de Fresnel utilizadas en sistemas de micro concentración fotovoltaica, en este caso 

utilizando la variante de UV-NIL. Además de la impresión de matrices de estas microlentes de 

concentración, también se desarrolla un proceso de doble UV-NIL para incorporar la topografía 

AR en el reverso de las lentes, con el fin de mejorar su eficiencia de concentración mediante la 

reducción de pérdidas por reflexión de la luz. 

En conclusión, esta tesis describe el desarrollo de superficies multifuncionales 

antirreflectantes basadas en nanoestructuras poliméricas inspiradas en el ojo de la polilla 

reforzadas con nanomateriales activos para conseguir mejores propiedades mecánicas, térmicas 

y resistencia a la intemperie, y que además presentan funcionalidades fotoinducidas de 

autolimpieza. Se demuestra la puesta a punto de la fabricación de las superficies AR y 

microlentes de Fresnel utilizando el formato de producción en masa NIL rollo a rollo, y por lo 

tanto se corrobora la validez de esta tecnología para la fabricación de superficies funcionales 

estructuradas dedicadas a aplicaciones reales. 

 

 

 



 

TABLE OF CONTENTS 

1. Introduction ...................................................................................... 1 

1.1. Bioinspired functional surfaces ........................................................................... 1 

1.1.1. Bioinspired antireflective surfaces ......................................................... 4 

1.1.2. Bioinspired self-cleaning surfaces .......................................................... 7 

1.2. Micro/nanofabrication ...................................................................................... 11 

1.2.1. Nanolithography ................................................................................... 11 

1.2.2. Nanoimprint lithography ...................................................................... 12 

1.2.3. Soft lithography .................................................................................... 14 

1.3. Large-scale micro/nanofabrication: roller-based NIL processes ....................... 15 

1.3.1. Roll-to-plate nanoimprint lithography ................................................. 16 

1.3.2. Roll-to-roll nanoimprint lithography .................................................... 17 

1.4. Applications ....................................................................................................... 19 

1.4.1. Antireflective coatings .......................................................................... 19 

1.4.2. Fresnel lenses ....................................................................................... 20 

1.5. References ......................................................................................................... 22 

2. Objectives ....................................................................................... 27 

3. Materials and methods ................................................................... 29 

3.1. Materials ............................................................................................................ 29 

3.1.1. Master molds ........................................................................................ 29 

3.1.2. Working molds ..................................................................................... 31 

3.1.3. Patterning materials ............................................................................. 35 

3.1.4. Inorganic materials: TiO2 ...................................................................... 40 

3.2. Fabrication techniques ...................................................................................... 42 

3.2.1. Plate-to-plate nanoimprint lithography ............................................... 42 

3.2.2. Roll-to-roll nanoimprint lithography .................................................... 44 

3.2.3. Reactive high power impulse magnetron sputtering (HiPIMS) ............ 51 

3.3. Characterization techniques .............................................................................. 52 

3.3.1. Scanning Electron Microscopy (SEM) ................................................... 52 

3.3.2. Atomic Force Microscopy (AFM) .......................................................... 54 

3.3.3. X-ray scattering using synchrotron radiation ....................................... 55 

3.3.4. Optical properties ................................................................................. 62 

3.3.5. Mechanical properties .......................................................................... 64 



 

3.3.6. Photocatalysis ....................................................................................... 67 

3.3.7. Wetting properties ............................................................................... 69 

3.3.8. Weathering ........................................................................................... 71 

3.3.9. Efficiency measurements in concentrator photovoltaics ..................... 71 

3.4. References ......................................................................................................... 74 

4. Research summary .......................................................................... 79 

5. Publications ..................................................................................... 81 

Publication 1 ................................................................................................................ 83 

Publication 2 ................................................................................................................ 95 

Publication 3 .............................................................................................................. 113 

Publication 4 .............................................................................................................. 125 

Publication 5 .............................................................................................................. 145 

Publication 6 .............................................................................................................. 161 

6. Conclusions ................................................................................... 177 

7. Outlook ......................................................................................... 179 

LIST OF ABREVIATIONS ........................................................................ 181 

APPENDIX: SUPPORTING INFORMATION ............................................. 183 

Supporting information Publication 1 ....................................................................... 185 

Supporting information Publication 2 ....................................................................... 197 

Supporting information Publication 3 ....................................................................... 201 

Supporting information Publication 4 ....................................................................... 209 

Supporting information Publication 5 ....................................................................... 215 

Supporting information Publication 6 ....................................................................... 219 

 

  



1 
 

CHAPTER 1 

 

1. Introduction 

1.1. Bioinspired functional surfaces 

The biological diversity of our planet is unique with around 1.8 million species of 

documented living organisms. Every one of them has experimented evolution adaptation to 

survive in the specific environment around them. As a result, these evolutionary brilliant 

solutions have been a great source of inspiration for the scientific community. 

The term “biomimetics” defines the emulation of the models, systems and elements 

found in nature from many different points of view including biology, physics, chemistry, and 

material science with the aim of applying nature principles in providing improved solutions to 

human needs [1]. The term was coined in 1957, when a physical device mimicking the electrical 

behavior of a human nerve was developed [2]. However, the field of biomimetics began to take 

off mostly in the early 2000s together with the advances in nanoscience and nanotechnology, 

because these allowed the comprehension of the nano/micro world and provided the tools for 

producing a large range of structures from the macroscale to the nanoscale, as nature does. As 

a result, the lessons learned from nature could be employed as design principles to produce 

bioinspired materials, devices or tools.  

Particularly, nature has evolved a number of remarkable approaches to achieve 

functionalities through surface structuring to adapt to a specific environment. Remarkable are 

the surface nano and micro architectures shown by many plant and animal species which are 

key to provide for different surfaces functionalities such as the dry adhesion of the gecko foot, 

the antifouling properties on the shark skin, the superhydrophobicity in the lotus leave, or the 

structural color of the morpho-butterfly. A more detailed description for some of these 

structural mediated properties is given below. 

- Adhesion 

Several animal species such as some insects, amphibians, spiders and lizards have the 

ability to walk on vertical surfaces [3]. This is achieved through the attachment pads on their 

feet, which include a hierarchical complex architecture of nanofibrils that allow them to adhere 

to surfaces in close proximity by developing Van der Waals attractive forces [4].  
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Some adhesion mechanisms are related to wet adhesion and are found in some frog 

species [5, 6]. However, the most studied are those providing dry adhesion. Beetles, flies, spiders 

and geckos share similar structures; these involve ultra-thin and often hierarchical hairy 

structures, whose aspect ratio is reduced as the size of the creature increases. In particular, the 

gecko attachment mechanism is the most widely studied because it is the animal with higher 

body mass that exhibits the most versatile and effective adhesion in nature [1]. The gecko foot 

adhesive mechanism comprises a surface with a hierarchical arrangement of four levels of micro 

to nano fibrillar structures as shown in figure 1.1. The dominant adhesion mechanism is 

mediated by Van der Waals attraction forces [7], providing a shear adhesion with maximum 

adherence at an angle of 30°. Thus, to move, the gecko releases the shear force on to the 

adhesive pad and move the position the foot at a greater angle to easily detach from the surface.  

 

Figure 1.1: Large-scale perspective of a gecko foot (a) and microscopy images of their hierarchical 
adhesive system with increasing magnification (b), (c) and (d) [8]. 

 

Bioinspired hierarchical dry adhesive gecko surfaces have potential uses in a wide range 

of applications such as biomedical materials and devices, labeling, temporary joints in surgical 

applications, delivery of drugs, adhesive tapes, fasteners, microelectronics, and space 

applications [1, 6, 9]. Today the most characteristic application is for robotics in wall-climbing 

robots.  

- Drag reduction and anti-fouling 

In the aquatic environment, one of the most significant surface functionalities is that for 

the reduction of drag in fluid flow, facilitating a fast movement. This functionality is found in 

several fish species like dolphins and sharks and usually it comes together with an antifouling 
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effect to preclude the adhesion of microorganisms on the surface, preventing diseases and 

maintaining a clean surface [9, 10]. One of the most studied surface structures for drag reduction 

are those found in fast-swimming sharks [11]. As shown in figure 1.2, they present dermal 

denticles on the skin, with a shape similar to small riblets aligned to the direction of their 

movement reducing friction and drag. In addition, microorganisms larger than the spacing 

between dermal riblets are unable to effectively adhere and colonize the skin.  

Drag-reducing coatings are of interest on several fields [12]. For example, in the transport 

industry (airplanes, automobiles, ships, and submarines), drag reduction means decrease fuel 

consumption and costs of maintenance [9, 13]. It also has potential in other different fields such 

as pipelines, catheters, and micro/nano channels such as micro/nanofluidic sensors and even in 

competition swimsuits to improve performance [10]. 

 

Figure 1.2: Large-scale perspective of a shark (a) and SEM images of the structures present on their head 
skin with increasing magnification (b) and (c) [14]. 

 

Adhesion and drag reduction examples are only two of the many structural-given 

functionalities found in nature. 

The work in this thesis is particularly inspired on the nanostructures found in the eyes of 

some insects as they confer to these surfaces antireflective (AR) properties and in the self-

cleaning behavior that present these and other species. These nanotopographies and their 

properties are described in more detail in the next sections. 

  



4 
 

1.1.1. Bioinspired antireflective surfaces  

Many creatures in nature have developed antireflection mechanisms in order to avoid 

predators, or for improved vision to take advantage of greater light transmission [15]. Most 

studied AR optical structures are found in insect wings and eyes, and some relevant examples 

are provided below. 

Cicada is one of the most studied insects for the multifunctional properties of its wings, 

which have inspired researchers to create antireflective surfaces with superhydrophobic self-

cleaning properties [16]. Cicada wings are covered by a nanostructure that include arrays of 

nanocones capped with half-spheres as shown in figure 1.3a and b. Nanocones are responsible 

for the antireflective properties while the top spherical shape confers the superhydrophobic 

character to the surface.  

 

Figure 1.3: Large-scale perspective of cicada wings (a), SEM image of the nanocones that compose their 
surface (b) [17], large-scale perspective of Greta oto butterfly (c) and a SEM image of the structures 

found in the transparent regions of its wings (d) [18]. 
 

Butterflies are generally recognized for presenting great diversity of intense colors on 

their wings. These colors in fact are structural colors that are produced by the diffraction or 

scattering of light caused by periodic nanostructures arranged in a lattice forming photonic 

crystals [19].  

The glasswing butterfly (Greta oto) is one of the most studied species for the structures 

present on its wings, which provide to them with a light reflection reduction and a remarkable 

transparency to avoid predators (see figure 1.3c and d). Studies have revealed that unlike other 
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insects with regular nanostructures responsible for the low reflectivity, this butterfly wings 

present randomly arranged irregular sub-wavelength nanostructures with variable height [18].  

Besides insect wings, some insect eyes also present interesting features based on 

antireflective capacities. A large number of nocturnal creatures have a privileged vision which 

allows them to see in low light conditions playing also a self-defending role, protecting them 

from predators in darkness. Particularly, moths present a solution to boost light transmittance 

by means of a highly ordered topography covering its corneas. The characteristic topography 

forms close-packed nanocones array, ordered in hexagonal domains, as seen in figure 1.4. The 

nanoconical protuberances typically have the shape of truncated pyramids with up to 250 nm in 

height, and a center-to-center distance between neighboring unites of 200-250 nm [20]. 

 

Figure 1.4: Large-scale perspective of moth eyes (a) and SEM images of the antireflective structures that 
cover its cornea with increasing magnification (b), (c) and (d) [20]. 

 

Antireflective mechanism: Graded refractive index AR coatings  

Light reflection occurs when light traveling through a medium crosses the interface to 

other medium of different refractive index (n); then part of the light is reflected, and part of it is 

refracted. The fraction of reflected and transmitted light is given by the Fresnel equations, which 

make a detailed description of the electromagnetic wave behavior during this transition [21]. In 

the scheme in figure 1.5 is presented an incident light beam forming an angle 𝛳𝐼  respect to the 

normal direction in a particular point of the interface between two media with refractive index 

𝑛1and 𝑛2. Part of the light is reflected forming an angle 𝛳𝑅, and part is transmitted with an angle 

𝛳𝑇. The relation between refractive index and 𝛳𝑇 is given by Snell´s law (𝑛1 · sin 𝛳𝐼 = 𝑛2 ·

sin 𝛳𝑇), while Fresnel equations determine the incident light reflected through the reflection 

coefficient (R) and the refracted fraction through the transmittance coefficient (T) [22].  
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Figure 1.5: Scheme of electromagnetic waves transmission and reflection at a smooth material interface 
between two different media, with the correspondent Snell and Fresnel relations. S and P refers to light 
polarizations, where S corresponds to the polarization of the wave normal to the incidence plane and P 

to the polarization in the plane of incidence. 

 

Unlike the ideal smooth surface described above, when surfaces present roughness or 

some kind of surface texturization, the optical behavior becomes more complex. Antireflective 

coatings (ARC) based on textured surfaces include several modes to interact with the incident 

light, depending on the motifs size. (i) If the size of each element is greater than the incident 

wavelength, the incident light will be reflected normally and scattered after the corresponding 

portion has been absorbed (figure 1.6a). (ii) If the element height and interspace between each 

unit is of the order of the incident wavelength scale, the incident beam is trapped producing 

multitude of internal reflections, as shown in figure 1.6b. (iii) If the structures and their 

interspace are smaller than the incident wavelength (λ⁄n), they tend to bend the light 

progressively, acting as if the surface had a gradient refractive index (figure 1.6c) [23]. The 

antireflective effect caused by the so-called sub-wavelength structures (SWS) is commonly 

known as “moth eye” effect [24, 25].  

 

Figure 1.6: Scheme of light being reflected away from macrostructured surfaces (a), interacting with 
structures with similar dimensions than incident wavelength (b), and being absorbed from SWS 

nanostructures, acting as a gradient refractive index (c). 

 

The moth-eye bioinspired nanostructures with a subwavelength geometry gradually 

reduce the refractive index in z direction, changing from 𝑛𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ≈ 1.5 for polymeric surfaces 
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to 𝑛𝑎𝑖𝑟 ≈ 1, as shown in figure 1.7a. This type of ARC reduce reflection and therefore improve 

transmission over a wide range of incidence angles and over a wide range of wavelengths, which 

is crucial for the good performance of antireflective coatings.  

The traditional and commercial AR approaches mitigate reflection losses by destructive 

interference [23, 26]. One of them are the so-called quarter-wave AR coatings, which involve a 

dielectric thin film (λ/4 thick) coating the substrate (figure 1.7b) and are effective only for one 

specific wavelength and incident angle. The other alternative involves the multilayer ARCs with 

alternated layers of high and low refractive index materials (figure 1.7c), which achieve a 

broadband AR response with larger acceptance of incident angles, but it is costly and not suitable 

for application in large areas or low value-added products. 

 

Figure 1.7: Schematic representation of graded refractive index ARC (a), and commercial ARCs based on 
destructive interference: quarter-wave ARC (b) and multi-layer ARC (c). 

 

In summary, the approach to reduce reflections based on graded refractive index 

provided by moth-eye like structures has a number of advantages compared to the currently 

employed AR coatings, mainly consisting in quarter wave coatings [27], since it provides 

broadband antireflective properties for a wide incidence angles spectrum and at lower cost [24]. 

However, this AR approach has also some drawbacks still unresolved, which restrict its use in 

real applications. The main constraint is related to its poor mechanical performance due to the 

nanoscale size. As mentioned, one of the main objectives of this thesis is to develop strategies 

to produce these surfaces improving this limitation. 

1.1.2. Bioinspired self-cleaning surfaces 

Self-cleaning is one of the fascinating abilities observed in nature, arising as a result of 

surface textures and surface chemistry. The most generally studied self-cleaning mechanisms 

have a direct relation with the behavior of surfaces in contact with water [28]. 
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Self – cleaning mechanisms  

Wettability is the ability of a liquid to be in contact with a solid surface, and the contact 

angle (CA, Ɵ) is the parameter used to quantify this phenomenon [21, 29]. The contact angle of 

a liquid is given by Young's equation (Equation 1.1), which defines the relationship between the 

interfacial energies of the solid, liquid and gas phases per unit area: 

 

 cos Ɵ = (γ𝑆𝑉 − γ𝑆𝐿)/γ𝐿𝑉 (Equation 1.1) 

 

γ𝑆𝑉 , γ𝑆𝐿 and γ𝐿𝑉 are the interfacial tensions between solid-vapor, solid-liquid, and liquid-

vapor phases respectively, and are schematically presented in figure 1.8a. 

In the Young's equation it is just considered the static contact angle of the surfaces. 

However, in wetting studies, the water spreading dynamics are also of interest. This is 

characterized by the advancing and receding contact angles, represented in figure 1.8b, as well 

as the contact angle hysteresis. Typically, the contact angle in the front of the moving droplet 

(advancing CA) is greater than the contact angle at the back of the moving droplet (receding CA). 

The difference between these two contact angles defines the contact angle hysteresis (CAH), 

which indicates the adhesion measurement on the substrate. When a water droplet starts to 

slide down the surface as the surface becomes tilted, this angle is defined as sliding angle (SA).  

 

Figure 1.8: Scheme of a liquid droplet over a smooth surface (a) and a representation of the contact 
angle hysteresis over a tilting surface (b). 

 

The self-cleaning activity of a surface can be achieved at both superhydrophobic and 

superhydrophilic wetting conditions. A superhydrophobic surface is considered self-cleaning 

when it has a water CA above 150 o, a SA below 10 o and a CAH below 10 o. The opposite extreme 

is defined by superhydrophilic surfaces that are generally defined when they exhibit water 

contact angle below 10°. Next are described in more detail these two self-cleaning mechanisms. 
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Self-cleaning associated to superhydrophobicity 

One of the most studied self-cleaning phenomena in nature is related to the 

superhydrophobic capacities of certain plant leaves. A model surface taken as superhydrophobic 

and self-cleaning example is provided by the leaves of lotus plant (Nelumo nucifera) giving the 

name for the general concept “lotus effect” [30]. The lotus leaf surface presents a hierarchical 

topography of randomly distributed micropapillae (of 5-9 µm width) covered by fine 

nanostructures (~120 nm diameter) of epicuticular waxes (figure 1.9). In addition to surface 

structuration, superhydrophobic character is also influenced by these waxes, composed by long 

hydrocarbons chains.  

 

Figure 1.9: Large-scale perspective of a lotus leaf (a) and SEM images of the structures present on its 
surface with increasing magnification (b) and (c) [31]. 

 

The hierarchical waxed surface allows for air pocket formation when water is deposited 

on it, leading to reduced adhesion of water droplets. The lotus surface presents water contact 

angle > 150° and a sliding angle < 5°, which are responsible of the so-called self-cleaning lotus 

effect. The mechanism of self-cleaning in these types of superhydrophobic lotus like surfaces is 

produced by the impossibility of water droplets to wet the surface. Instead, they spontaneously 

roll away, removing particles of dust, as shown in figure 1.10.  

 

Figure 1.10: Scheme of superhydrophobic and self-cleaning lotus like surface: A drop with 
superhydrophobic contact angle picks up contaminants while rolling away. 
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Self-cleaning associated to photocatalysis and photo-induced superhydrophilicity 

A very different approach takes advantage of self-cleaning capacities of superhydrophilic 

surfaces. On hydrophilic or superhydrophilic surfaces (CA < 5°) water spreads to form a film 

covering the surface and allowing water to flow easily carrying away dust and dirt as it flows.  

In photo-induced superhydrophilic surfaces, these surfaces include a photocatalytic 

material, frequently titanium dioxide (TiO2). The self-cleaning properties are based on the 

photocatalytic oxidation reactions under UV illumination, which ultimately cause the 

degradation of organic pollutants in combination with a photo-induced superhydrophilicity [32]. 

The mechanism of the photocatalytic reactions consists of the semiconductor (TiO2) 

excitation by an incident light, whose energy must be equal or greater than the energy of its 

bandgap (3.2 eV in the case of TiO2 anatase). This limits the absorption of the light to the UV-

region of the electromagnetic spectrum (λ ≤ 387.5 nm) [33]. 

During photocatalytic reactions, under the excitation by UV light, an electron (e-) is 

excited from the valence band to the conduction band, generating a positively charged hole (h+) 

in the valence band. The photoexcited electron can recombine with the generated hole and 

reduce the efficiency of the process, or otherwise the photoexcited electrons can migrate to the 

surface where they can reduce the atmospheric oxygen to generate superoxide •O2
- radicals. On 

the other hand, the holes in the valence band can also oxidize the water adsorbed on the surface, 

producing hydroxyl •OH radicals. These radicals are termed reactive oxygen species (ROS) and 

they can oxidize and break up organic pollutants into CO2 and water. The photocatalysis process 

is shown schematically in figure 1.11 [34, 35]. 

 

Figure 1.11: Scheme of photocatalytic reactions occurring by UV illumination of TiO2 anatase. 
 

The second self-cleaning process derived from TiO2 photocatalytic activity is the photo-

induced superhydrophilicity produced when the substrate is irradiated by UV-light and the 

above-described reactions take place [29, 36]. The exact mechanism for photo-induced 
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hydrophilicity remains unclear [29, 37], but it is believed to be a combination of the following 

processes: i) Generation of light-induced surface vacancies, ii) Photo-induced reconstruction of 

surface hydroxyl groups (Ti-OH), iii) Photocatalytic decomposition of organic adsorbents and iv) 

Combination of these three mechanisms. 

As a result of these oxidative processes, TiO2 surfaces degrade adsorbed organic 

pollutants, and the photo-induced superhydrophilicity would give rise to the extremely small 

contact angle which allows water to flow more easily and wash away organic pollutants and 

other particles as it is schematically depicted in figure 1.12 [28, 38]. 

 

Figure 1.12: Scheme of the self-cleaning mechanism of TiO2 coated surfaces, and photographs of wet 
TiO2 coated surfaces before and after UV irradiation, changing from hydrophobic state to 

superhydrophilic [38]. 

 

1.2. Micro/nanofabrication 

Micro/nanofabrication techniques have their origins in the semiconductors industry, 

where they are applied for the production of integrated circuits and other micro/nano devices 

such as microelectromechanical systems (MEMS) [39]. 

There are several technologies to create micro/nanopatterns on a substrate, the most 

important and relevant to this thesis are described below. 

1.2.1. Nanolithography 

Lithography in general is a process that allows to transfer or produce ordered geometrical 

designs of micro or nano patterns onto a substrate such as silicon or glass. Photolithography is, 

by far, the most widely employed lithography technique. It uses an ultraviolet (UV) light source 

to directly create a pattern in a resin which is previously coated on a Si substrate, so its resolution 

is limited by the light diffraction. The patterned resin is developed, and the nano/microstructure 
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is transferred finally to the Si substrate by different techniques such as wet or dry etching 

generally. As the demand for small structures becomes increasingly high, it also becomes 

increasingly difficult and expensive to produce since shorter wavelengths are required. To fulfill 

this demand, newer technologies have been developed, particularly to produce nanoscale 

features with high precision/accuracy. These are the so-called next generation lithographies and 

include technologies such as extreme ultraviolet lithography (EUV), X-ray photolithography, 

electron beam lithography (EBL), ion beam lithography (IBL) and nanoimprint lithography [39].  

1.2.2. Nanoimprint lithography 

Nanoimprint lithography (NIL) is the lithographic technique extensively employed during 

this thesis for surface patterning. It was conceived as a high-resolution patterning technology, 

aimed at beating the light diffraction limit on patterning size imposed by the photolithographic 

techniques, and at the same time, providing for a high throughput and low cost, comparatively 

to beam technologies such as electron of ion focus beam [40].  

This nanofabrication technique requires a simple equipment set-up and works in a single 

patterning step. It consists of a pattern replication process from a stamp or mold into a material 

by mechanical pressure and three-dimensional material displacement. It makes use of the 

differences in hardness between structured stamp and the molding material. The stamp is 

initially created by direct-writing high-resolution technologies, so the resolution on NIL depends 

on the feature size created on the stamp.  

Nanoimprint lithography was introduced in 1995 by S. Y. Chou et al. [41-43]. This first 

approach was reported as the molding of thermoplastic materials, and nowadays is also called 

thermal NIL (T-NIL). During T-NIL, a mold with the desired patterns on its surface is pressed 

against a heated thermoplastic film (1-100 bar), as shown in figure 1.13a. This polymer can be 

deposited as a thin film on a substrate or be used as a free-standing foil (in this case the process 

has also been referred to as hot embossing lithography or HEL) [44]. The thermoplastic material 

is heated up to a temperature above its glass transition temperature (Tg), where it becomes a 

viscous liquid and can flow into the mold cavities. Eventually, the mold cavities are filled, and 

the polymer is cooled down while pressure is maintained. Once relieving the pressure, the stamp 

is detached, and the patterns remain fixed on the surface upon cooling [45]. NIL was reported 

for the first time as a technique with sub-25 nm resolution, but just in 1997, feature sizes down 

to 6 nm were achieved [46]. 

Despite that NIL was firstly employed with thermoplastics as molding material, later it 

evolved into two forms. The second variation of NIL process was firstly developed for Haisma et 
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al. from Philips Research Laboratories [47] and commonly referred to as ultraviolet NIL (UV-NIL) 

(figure 1.13b). The UV-NIL process uses a liquid UV curable polymer precursor or resin and is 

carried out at room temperature. The UV-curable resin is imprinted at a moderate low pressure 

(< 1 bar), and by UV exposure through a transparent stamp with the desired topography, the 

resin is cross-linked and hardened.  

 

Figure 1.13: Scheme of a thermal NIL process (a) and a UV-NIL process (b). 
 

Conventional NIL equipment: plate-to-plate NIL 

The simplest equipment configuration for NIL consists of a parallel-plate hydraulic press 

system. With this arrangement, the tool is referred to as “plate-to-plate” (P2P) NIL system where 

the linear movement of a piston is generated by pneumatic, hydraulic or motor-driven force 

[40]. The substrate stage is on the plate, where the material to imprint is in close contact to the 

mold before pressure is applied. The company Obducat AB has been pioneer on the design of 

NIL equipment. They have the patent of a technology called SoftPress® which uses a membrane 

to apply pressure using compressed gas. This ensures a uniform pressure over the imprinting 

area better adapting to thickness variations, bow or waviness of the substrates [48]. The P2P T-

NIL processes carried out during the work of this thesis are performed with an equipment 

Obducat Eitre® 3 NIL system with this technology (see section 3.2.1). 

Molds or stamps are one of the key elements in the NIL process, typically made on hard 

materials like nickel, quartz, silicon, silicon dioxide or silicon nitride [49]. These materials present 

a high mechanical strength avoiding deformations, buckling or collapse during imprinting, even 

at elevated temperatures. However, they present some important drawbacks as well. On the 
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one hand, after certain number of imprints, hard stamps can become contaminated or cracking 

and become unusable. On the other hand, the use of hard stamps limits the imprint area 

because of the high pressures required for the imprinting step, which can reach 20 kN for an 8-

inches wafer [50], and implies large demolding forces to separate the imprinted substrates. 

Additionally, the poor gas permeability of hard materials results often in defects related to air 

trapped within the imprinted patterns. To ameliorate these issues without reducing the process 

throughput, two main strategies have been followed. One of them is the use of small area molds 

that are imprinted repeatedly to cover the entire area of a substrate. This technology was 

termed Step and Flash Imprint Lithography and is valid for the UV-NIL based process [51]. Today 

is called Jet and Flash Imprint Lithography (J-FIL) and is the adopted by some industries to 

produce semiconductor integrated circuits [52]. The second strategy that has been followed is 

the use of soft polymeric molds [44, 53]. Thereby this mode of NIL has received the name of Soft 

Nanoimprint Lithography [54, 55]. Molds are generally fabricated in soft and flexible materials, 

particularly Poly(dimethylsiloxanes) (PDMS). The procedures involved will be explained next in 

the section 1.2.3 “Soft lithography”.  

Soft molds provide a number of advantages: 

i. Conformal adaptability to the moldable substrate, allowing reducing propagation 

of defects on the surfaces. 

ii. High gas permeability, which allows for the efficient elimination of the air trapped 

within the soft mold and the imprinted substrate through the soft mold itself. 

iii. Flexibility that facilitates demolding or separation from the substrate reducing 

adhesion forces. 

In addition, working with polymeric soft molds allows for preserving the expensive 

master, reducing the NIL costs substantially. 

1.2.3. Soft lithography 

Soft lithography techniques were firstly developed driven by the need to have low-cost 

lithography techniques for use in emerging applications such as MEMS, microfluidics and 

biomicrofluidics, lab-on-a-chip and flexible electronic/photonics devices [56, 57]. The 

conventional micro and nanofabrication techniques developed by the microelectronics industry 

are not appropriate in terms of material choice or prohibitively expensive for many of these 

applications [58]. 

Soft lithography refers to the pattern replication processes from a master stamp usually 

fabricated by direct-writing high-resolution technologies, to polymeric materials, chiefly the 
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elastomeric PDMS [59]. As schematically presented in figure 1.14, this replication processes 

typically involve casting and curing the polymer precursors onto the corresponding mold. The 

master stamp is usually treated with an anti-sticking agent (explained later in section 3.1.2) and 

once the liquid elastomer precursor is poured over the treated master mold, the polymerization 

is carried out by thermal curing the prepolymer directly in contact with the patterned surface.  

 

Figure 1.14: Schematic illustration of the process to fabricate soft PDMS working molds. 
 

The selection of the material to produce the working molds for NIL processes requires 

several considerations as it is critical to transfer the patterns with high fidelity. These 

considerations are related to material properties including mechanical properties, viscosity, and 

surface energy as well as geometrical characteristics of the patterns to transfer, particularly size, 

and if they are protruding patterns or cavities. The most widely used material to make soft molds 

is the elastomer PDMS, but other alternatives are used, such as perfluoropolyether (PFPE) [54]. 

Both are used during this thesis and described in detail in section 3.1.2.  

1.3. Large-scale micro/nanofabrication: roller-based NIL processes 

Roller-based NIL processes include “roll-to-plate” (R2P) and “roll-to-roll” (R2R) NIL. The 

first includes patterning over a rigid substrate, and the second on flexible webs. Both processes 

allow for continuous NIL processing and therefore are high-throughput techniques suitable for 

industrial production. 

 R2P and R2R can overcome some of the challenges in conventional P2P NIL. Particularly, 

the roller format favors for an easy demolding due to the reduced imprinted area and a peeling 

action for demolding at the time as the mold is rolling over [60]. Here, the roller presses the 

substrate only along the contact line, rather than the entire stamp area as in the P2P process. 
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This also helps to decrease the pressure required for the imprinting step, the demolding force 

and in addition reduces the issues related to air trapping [61]. 

1.3.1. Roll-to-plate nanoimprint lithography 

In R2P NIL process, a roller pressing mechanism is used to apply the imprinting pressure 

over a rigid substrate. R2P was introduced at Princeton University by the group of S. Chou in 

1998 [62]. This process was proposed as an alternative to P2P NIL, aiming at applying less 

pressure and improving uniformity and throughput by rolling the stamp over the area of a large 

substrate. They proposed two approaches using flat molds and roller molds [63]. Initially R2P 

was implemented for thermal NIL, and later it has been also developed for UV processing.  

R2P NIL using flat stamp 

The general R2P process using flat stamps is carried out by placing the flat stamp over the 

molding substrate in a flat heating platform and applying the imprinting force by rolling a 

heatable smooth roller over the mold, as shown in figure 1.15 [62, 64]. This approach has the 

advantage of using molds fabricated by traditional lithography methods. 

 

Figure 1.15: Scheme of R2P NIL using a flat stamp. 
 

Different processes based on this first R2P NIL configuration have been reported varying 

fundamentally the set-up details [63, 65, 66].  

R2P NIL using roller molds 

R2P NIL using roller molds was firstly devised as a T-NIL process [62], whereby imprinting 

is done with a patterned roller mold or a flexible stamp wrapped around the roller. During the 

NIL process, the roller is heated up and pressed down to provide the imprinting temperature 
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and pressure on the thermoplastic material. The mold features are transferred by rotating and 

pressing the cylinder mold against the polymer heated over its Tg, and the imprinted film is 

continuously demolded, as shown in figure 1.16.  

 

Figure 1.16: Scheme of R2P NIL using a roller stamp. 

 

In the R2P UV-NIL configuration, the patterning material is an UV-curable resin, which is 

coated over a flat substrate [67]. During the NIL process, an UV source illuminates the curing 

material when the mold cavities have been filled in, and the crosslinking takes place. The resin 

becomes solid and is also continuously demolded by a peeling action favored by mold rotation 

as it advances over the surface.  

Some variation of this R2P configuration using roller molds have appeared. One of the 

examples is the roller-reversal imprint reported by Jiang et al. [68]. In this case, the roller mold 

cavities are filled with a liquid UV crosslinkable polymer, and the motifs are transferred to a 

surface in a similar process to gravure printing, before being cured by UV or thermal curing.  

1.3.2. Roll-to-roll nanoimprint lithography 

Roll-to-roll NIL is the process specifically employed in this thesis for scaling up the 

fabrication of functional structured surfaces. This technology allows increasing drastically the 

nanoscale patterning throughput and therefore has become a highly promising nanotechnology 

to meet industrial production requirements.  

R2R NIL achieves a continuous imprinting using a patterned roller or a roller wrapped with 

a flexible stamp to transfer the desired pattern into a flexible substrate continuously fed in the 

imprinting unit. Unlike in R2P NIL processing where the area of the patterning material is limited, 

here the substrate is being renovated continuously, leading to raise the throughput to an entire 

new level [61]. The nanoimprinting can be carried out directly in a thermoplastic web carrier (T-

NIL), or in a material film coated over a support web carrier (T and UV-NIL).  
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Several continuous R2R NIL processes have been reported, including the coating step with 

a moldable material previous to nanoimprinting in the same set-up [69, 70]. In figure 1.17 is 

presented a schematic illustration of a generic R2R NIL equipment, including the modules for 

coating, UV-NIL and T-NIL.  

Generally, the tool includes a flexible polymer film or web fed from an unwinder with the 

raw material, to a rewinder that collects the film after nanofabrication process, placed at the 

end of the circuit and connecting the different modules. Each unit can be used separately or in 

a sequential way.  

i. The coating unit is used to transfer a liquid resin from a container to the flexible 

film forming a continuous and uniform coating.  

ii. In the UV-NIL unit, the coating material being displaced horizontally, is pressed 

against the patterned roller and cured at the same time with an UV source, being 

finally demolded assisted by the mold rotation. 

iii. In the T-NIL unit, the thermoplastic material is continuously fed and heated over 

its Tg when it is pressed between the heated imprinting roller and the backing 

roller in the opposite side. At this point the viscous polymer fills the mold cavities 

and is cooled and demolded while the web advances.  

The R2R equipment used during the development of this thesis is explained with more 

details in section 3.2.2. 

 

Figure 1.17: Scheme of a generic R2R NIL equipment including the coating, UV-NIL and T-NIL units. 
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1.4. Applications 

During the previous sections, the usefulness of NIL technology to create diverse surface 

nanostructures achieving a range of functionalities has been discussed. Further, it has been 

introduced the fabrication processes scaled-up via roll-to-roll technology. 

In this section, the focused applications developed during this thesis are discussed. 

1.4.1. Antireflective coatings 

ARC´s have received great attention due to their wide application potential in many 

different fields. Some of these include lenses, lasers, diodes, optical and optoelectronic devices, 

screens, sensors, anti-glare glasses, automotive applications and military equipment among 

others [23]. But certainly, one of the most interesting uses is for light trapping to enhance the 

efficiency of light conversion in solar photovoltaic devices [71, 72]. 

The increasing demand of renewable energy supply prompts new developments to 

increase the efficiency particularly in photovoltaic (PV) technologies. One of the strategies 

followed is to capitalize all the incident light photons for the energy conversion process by 

reducing reflection losses at the device surface. This reflection losses for the case of glass 

amounts to about 8 % of the incident light [73]. Today, the largest part of the solar cells on the 

market are made of silicon (~90 %) and from these, more than 70 % of the panels have an AR 

coating on its surface for reducing optical losses and increasing its efficiency [74, 75]. 

Graded refractive index solutions bioinspired on the moth-eye topography have been 

widely studied for its use in PV systems [76, 77]. They offer a high antireflective performance, 

however, for implementation in silicon solar panels, there are several aspects to consider 

including the large area fabrication at reduced cost, and most importantly the mechanical 

resistance and durability to withstand environment weather conditions including abrasion, solar 

radiation and heat [73].  

Materials and fabrication processes for bioinspired ARC´s play a crucial role in the 

incorporation of these functional coatings in real devices, having an influence in several factors 

such as costs, mechanical robustness, transparency, weight and thermal resistance. The 

fabrication of moth-eye nanostructures in polymer can fulfill some of these requirements 

particularly the large-area and low-cost production, and principally for the emerging flexible 

solar cell technology [78-80]. Polymers have a low cost, light weight, good optical properties and 

high flexibility. Furthermore, they allow for a quick and easy fabrication compatible with low-

cost and high-throughput R2R NIL processes. However, a critical issue with polymers is their 
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poor mechanical resistance and long-term durability compared to inorganic materials such as 

glass. 

In this thesis are presented some strategies to make feasible the use of bioinspired AR 

polymer coatings in solar devices. The fabrication of AR coatings in highly transparent poly 

methyl methacrylate (PMMA) surfaces and in a more weathering resistant formulation (poly 

vinylidene fluoride or PVDF) will be described, as well as the improvement of its mechanical and 

thermal properties through the fabrication of surface nanocomposites incorporating titanium 

dioxide, which also leads to achieve a self-cleaning behavior (publications 1, 3, 4, 5). 

Furthermore, the scaling up of the fabrication process using R2R NIL technology will be 

demonstrated (publication 2), as well as the incorporation of this AR solution in a Fresnel lens 

to be used in concentrator photovoltaics, as it is explained in the next section (publication 6). 

1.4.2. Fresnel lenses  

Due to the high demand for renewable energy, another area that is receiving great 

attention is that of solar concentrator photovoltaic (CPV) devices because of the possibility of 

generating electricity in a more cost-effective manner than the conventional PV systems [81]. 

CPVs make use of lenses or concentration optics to concentrate sunlight onto a small solar cell 

area, as illustrated in figure 1.18a, reducing the material consumption and offering the 

possibility to replace the traditional solar cells with the more efficient multi-junction solar cells. 

Currently, downscaling the design dimensions is the trend in the field of CPV. This allows 

for some direct benefits such as reduction of optical losses by decreasing the optical path and 

reducing series resistance and temperature losses [82, 83]. The so-called micro-CPV consists in 

CPV systems where the solar cell size is below 1 mm. The associated reduction in the 

concentrator optics size makes necessary the developing of a cost-effective mass-producing 

fabrication process. 

Fresnel lenses are the most widely used in concentration optics. For this application, they 

offer a number of advantages over the traditional aspheric lenses in the sense that they produce 

the same concentration power, but they require much less material, volume and weight than 

the traditional aspheric lenses. Fresnel lenses have a flat face and another face with inclined 

facets, which configure the collapsed form of an aspheric lens [84]. As shown in figure 1.18b, 

each circular ring presents the slope of the non-compact lens surface, but the bulk material is 

removed reducing the material volume, weight, and consequently, the price.  
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Figure 1.18: Scheme of a micro-CPV module (a) and scheme of an aspherical lens vs. a Fresnel lens (b). 

 

This concentrator devices are commonly fabricated in poly methyl methacrylate (PMMA) 

or silicon on glass (SOG) by injection molding [85, 86]. Some studies have already reported the 

advantages of using R2R NIL technologies to improve fabrication throughput and reduce the 

cost, allowing to carry out each fabrication step in a sequential way to make the CPV module 

cost-effective [87, 88].  

In this thesis it will be demonstrated the feasibility of manufacturing Fresnel lenses by 

continuous processing via R2R NIL maintaining a high optical performance. In addition, it will be 

presented an innovative R2R double-sided NIL fabrication approach to incorporate moth-eye AR 

nanostructures on the reverse side of the Fresnel motifs, demonstrating the feasibility of ARCs 

to improve optical efficiency in a CPV device (publication 6).  
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CHAPTER 2 

 

2. Objectives 

The general objective of this thesis is to develop the R2R NIL processes for scaling up the 

fabrication of functional polymer nanostructured surfaces. For the most part, the focus is on 

antireflective functional surfaces based on moth-eye biomimetic nanostructures.  

The specific objectives involve the improvement of the main limitations that restrict the 

implementation of these functional nanostructured surfaces in real applications. These include 

the low mechanical and thermal performance of the moth-eye polymer nanofeatures, as well as 

the poor durability. It is also an objective of this thesis to gain a full understanding of the 

performance of the functional surfaces by in depth characterization of their physical properties, 

and finally to develop some targeted application for real devices. 

 

 The particular objectives have been defined as: 

➢ Improvement of mechanical performance of AR coatings following different strategies 

that include the incorporation of reinforcement materials or the application of 

protecting thin film coatings onto the nanoimprinted moth-eye surfaces. 

 

➢ Tuning the R2R NIL process parameters to obtain a range of features that allow for a 

systematic study and understanding of the moth-eye nanostructures mechanical and 

optical performance in relation to their geometrical dimensions. 

 

➢ Improvement of the thermal resistance of moth-eye like nanostructures pursued by 

reducing the polymer chain mobility through chain entanglements (nanoparticles) or by 

encapsulation effect (thin film coatings).  

 

➢ Improvement of the AR surfaces durability by employing a weather resistant 

fluoropolymer matrix.  

 

➢ Implementation of the R2R NIL technology to produce functional structures in solar 

applications such as low-cost concentration optics. 
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CHAPTER 3 

 

3. Materials and methods 

3.1. Materials 

In this section, a general description of the materials and tools used during the 

development of this thesis are presented. It begins with the description of the master molds 

employed, particularly those containing the moth-eye antireflective nanotopography and micro-

Fresnel lenses array. It continues with the description of the materials employed to develop the 

working stamps (or working molds) as well as the different materials patterned by means of the 

nanoimprint processes carried out on each publication. Finally, the inorganic material (TiO2) 

used for the preparation of surface nanocomposites with improved mechanical properties, 

thermal properties, and advanced functionalities is described. 

3.1.1. Master molds 

Master mold are the original patterned substrates created typically by direct writing 

technologies based on laser writing, interference lithography or electron beam writing followed 

by post processing steps generally involving silicon plasma etching but also electroplating 

technologies. Descriptions of those related to this thesis are explained below. 

Antireflective nanostructures 

The antireflective moth-eye inspired nanopatterns produced during this thesis 

(publications 1-5) are replicas from a commercial nickel master mold originated by interference 

lithography and commercialized by Temicom Micronano solutions. HT-AR-02 high performance 

antireflective mold [1] has 1 mm thickness and 120 x 120 mm area, and contents an hexagonal 

array of moth-eye inspired nanocones, whose characteristics are shown in figure 3.1.  
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Figure 3.1: Moth-eye AR nanopattern array of the HT-AR-02 master mold. Atomic force microscopy 
image of the nanostructures shows its dimensions schematically specified related to its hexagonal order. 
 

Fresnel lens array  

The Fresnel lens array master mold employed in publication 6 was produced in brass by 

Wielandts UPTM, using single-point diamond turning (SPDT). The Fresnel lens master mold 

comprised 24 inserts, each one with the negative relief of a Fresnel lens, assembled into a 

hexagonal array of 4x6 units as shown in figure 3.2a. The Fresnel lens geometrical design 

includes a constant feature height of 50 µm and 16.6 mm diameter circumscribing hexagons, 

whose profile is presented in figure 3.2b. Each dent was designed with a draft angle of 5° to 

facilitate demolding, as shown in the inset. After the precision machining process, due to the 

dimensions of the diamond tip used, the designed sharp corners resulted in rounded tips and 

valleys, with 3 µm radius. 

 

Figure 3.2: Fresnel lens array brass master mold (a) and profile of each brass insert (b) with an inset 
showing a zoomed part to show the draft angle and tip and valley rounding. 
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3.1.2. Working molds 

As discussed in previous sections, stamps for nanoimprint lithography can be radically 

different, depending on the NIL process type: UV or thermal NIL, and P2P or roller-based 

configurations. Thus, they need to be adapted as a function of the specific needs of processes 

and materials.  

The working mold materials used during this thesis are described in detail in this section, 

as well as the justification of its use for the particular characteristics of each fabrication process. 

Niquel 

Stamp fabrication is one of the critical bottleneck factors for the further development of 

roller-based NIL processes. Molds need to be flexible, resistant, and have high planarity to 

prevent the transmission of surface waviness onto the replicated pattern.  

For R2R T-NIL, where the mold is heated and pressed against the polymer, metal-based 

stamps are required to facilitate heat transfer from heater to polymer film [2]. Stamps must 

have higher elastic modulus than the moldable materials to be able to transfer micro/nanoscale 

features without deformation. In most cases, metallic replicas fabricated by electroplating are 

used and fixed around the heating roll [3, 4].  

Nickel is the preferred material for molds in R2R thermal NIL processes due to its 

mechanical and thermal resistance while is flexible to wrap around the roller. A nickel mold with 

AR topography as described in the previous section was used in publication 2 to transfer the AR 

nanotopography to a PMMA film in a R2R thermal NIL process. The commercial mold particularly 

used in this work was too thick and consequently no flexible, hence, in this case a semi-R2P 

configuration was adopted (see section 3.2.2). 

Anti-adhesive treatment 

One of the most important requirements for a NIL process is the use of stamps with good 

anti-sticking properties to avoid adhesion between the mold and the patterning material, 

allowing to reduce demolding forces and mechanical stress [5]. A low surface energy release 

layer on the stamp helps to improve imprint quality, significantly increases the stamp lifetime, 

and prevent surface contamination.  

There are several options for anti-adhesive treatment and most of them are silane-based 

fluoroalkyl coatings since they readily react with hydroxyl-terminated materials like silicon or 

plasma treated polymers. However, for Ni stamps, phosphonic based fluoroalkyl coatings are 
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more appropriate as the phosphonic group react readily with Ni [6]. For the work carried out in 

publication 2, the commercial Ni stamp was firstly treated with fluorophosphonic acid C8 

(Specific Polymers), whose chemical structure is shown in figure 3.3. The recipe was based in the 

work of Padeste et al. [6] and Hoque et al. [7]. The mold was initially activated by a plasma 

treatment (50 W, 5 min, 150 ml/min O2), and then submerged in a fluorophosphonic acid 

solution of 0.1 wt.% using ethanol as solvent for 20 hours. After reaction, the Ni stamp was 

rinsed gently several times with clean ethanol to remove physisorbed molecules from the 

substrate. Finally, the mold was blown dry and heat at 90 °C for 15 minutes in an oven. As a 

result, layers of fluorocarbon molecules were chemically bound to Ni surface resulting in a 

resistant anti-adhesive layer. 

 

Figure 3.3: Chemical structure of 3,3,4,4,5,5,6,6,7,7,8,8,8-fluorooctylphosphonic acid (FOPA) [8]. 
 

Poly(dimethylsiloxane) (PDMS)  

PDMS is a thermally curable elastomer and the most common material used in soft 

lithography [9, 10]. Its molecular structure consists of repeated monomer units shown in figure 

3.4. The polymerization process is initiated by a platinum catalyst which produces addition cross-

linking reactions, and usually the reaction is accelerated by heating (~60 °C) [11].  

Several silicone elastomers are commercially available being Sylgard 184® from Dow 

Corning the most widely used within the scientific community.  

 

Figure 3.4: Chemical structure of poly(dimethylsiloxane). 

 

PDMS used as working mold material for NIL processes offers distinctive advantages:  

i) Because of its low Young´s modulus (1.9-2 MPa), this elastomer allows for a 

conformal contact even with non-planar surfaces.  

ii) It is chemically inert, and it has high gas permeability which allows the release of 

air and solvent gases during imprinting avoiding defects such as trapped bubbles. 
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iii) It has low surface energy (CA ~110°, 25 mJ·m-2 [12]), favoring an easy demolding 

without additional anti-sticking treatments. 

iv) It is optically transparent from 240 to 1100 nm wavelength, so it allows for 

photocuring during the UV-NIL processes.  

v) It is thermally resistant and stable up to 400 °C. 

However, PDMS also present some shortages that need to be taken into account. 

Particularly derived from its low modulus, considerations have to be made when replicating 

high-aspect-ratio structures, since mechanical forces and/or electrostatic attraction may lead to 

pattern collapse. Patterning features below 100 nm typically would require a stiffer material. 

Michel and coworkers [13] developed a stiffer PDMS, coined hard PDMS (h-PDMS), with higher 

Young´s modulus (10-14 MPa) than the conventional soft PDMS (s-PDMS) (1.8-2 MPa) [12]. The 

enhancement in Young´s modulus is obtained by increasing the crosslinking during curing which 

also leads to an increase in brittleness. This is a problem especially when high pressure is applied 

because the polymer can crack during printing and demolding. To have both beneficial features: 

flexibility and stiffness, composite stamps have been proposed as solution. It typically involves 

a thin rigid h-PDMS layer bearing the relief structures supported by a thicker flexible s-PDMS 

layer. 

During the works carried out in publications 1, 3, 4 and 5, PDMS composite working molds 

were required to replicate the moth-eye topography and prepared from the Ni AR master mold 

as shown in figure 3.5.  

 

Figure 3.5: Scheme of the fabrication process of PDMS composite working molds. 

 

Two different h-PDMS formulations were used, one from Gelest, where two components 

were mixed in the same proportion, and a second formulation adapted from the recipe of 

Schmid et al. [14], using four components. In all cases the s-PDMS used was Sylgard 184 from 



34 
 

Dow Corning in a precursor-initiator ratio of 10:1. The complete procedures are explained in 

detail in each publication. 

Perfluoropolyether (PFPE) 

Some of the issues related to PDMS molds can be overcome by using fluorinated polymers 

[12]. Carbon-fluorine bonds are much stable than the carbon-hydrogen bonds, providing higher 

chemical resistance to temperature and solvents [15].  

One of the most popular fluorinated polymers is ethylene-tetrafluoroethylene (ETFE) [16], 

which has been employed in continuous R2R UV imprinting processes [17, 18]. However, owing 

to the typical size of its crystalline domains, (~100 nm), the maximum resolution that is possible 

for the patterning with this material is limited [19].  

Perfluoropolyethers (PFPE) belong to a unique class of fluorinated elastomers whose 

structure is composed by linear chains of carbon-fluorine bonds (see figure 3.6), allowing for a 

high-resolution patterning [20, 21].  

 

Figure 3.6: Chemical structure of perfluoropolyether [22]. 
 

PFPE acrylated-based elastomers combine moderately high stiffness and low surface 

energy. Hence, it allows to directly replicate features with higher aspect ratio and at the same 

time, facilitates demolding. This attributes significantly allow for a longer mold lifetime with 

respect to PDMS [22]. 

Table 3.1 includes physical characteristics of both polymers (PFPE and PDMS) for NIL 

applications. 

 

Table 3.1: Valuable properties for the fabrication of flexible soft molds of s-PDMS, h-PDMS, and PFPE [12]. 

 

Material 
Young´s 

modulus (MPa) 

Surface energy 

(mJ·m-2) 

Viscosity 

(mPa·s) 
Resolution (nm) 

s-PDMS 1.8 - 2 25 3900 250 

h-PDMS 10 - 14 35 < 490 (tunable) 15 

PFPE 315 12.7 430 15 
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The mechanical properties of PFPE can be tuned by changing the crosslink density, as well 

as adding small amounts of additives, without sacrificing its low surface energy [21].  

Unlike in R2R thermal processes where the flexible mold needs to be stiffer, polymer 

materials have enough modulus to imprint low molecular weight photoresins and endure the 

low pressures associated to UV-NIL processes [23]. John et al. [24] demonstrated the efficiency 

and reliability of PFPE based molds for high accuracy and nearly defect free pattern transfer by 

R2R UV-NIL. 

In publication 6, a PFPE stamp for the R2R UV-NIL was prepared by a two-step replication 

process. The master mold with the negative shape of a Fresnel lens array was firstly replicated 

by PDMS obtaining an intermediate mold with the positive topography. Later, this PDMS stamp 

was used to create a PFPE working mold by a UV-NIL replication process. For this, Fluorolink 

perfluoropolyether MD700 (Solvay Specialty Polymers) was mixed with 2-hydroxy-2-methyl 

propiophenone (Sigma Aldrich) as photoinitiator in a ratio of 2 wt.%. The photoresin was 

covered by a polyethylene terephthalate (PET) film to avoid the inhibition of the free radical 

photocuring reactions by oxygen. It was photocured by UV light irradiation for 1 min. The 

resultant working mold was wrapped around the nanoimprint roller having the negative shape 

of the Fresnel lenses. More detailed procedures are explained in publication 6. 

In spite of PFPE having low energy surface, the stamp was treated with a fluorosilane to 

improve further its performance and durability. A silane monolayer based on FDTS (1H, 1H, 2H, 

2H-Perfluorododecyl-trichlorosilane, Alfa Aesar) was deposited in gas phase, with a process 

inspired in the procedure described by Pan et al. [25]. 20 µL of FDTS were placed in an open 

Eppendorf tube inside a box, close to the stamp. The box was closed and placed in an oven under 

vacuum and 70 °C overnight. Finally, the mold was placed in a hot plate at 130 °C to complete 

the treatment. 

3.1.3. Patterning materials 

NIL is very versatile in terms of the materials that can be imprinted. In general, any 

flowable material can be patterned, including thermoplastic materials or thermo-curable resins 

for thermal NIL processes and viscous photo curable resins for the UV assisted variant.  

Thermoplastic polymers (T-NIL) 

Polymers are macromolecules formed by successive covalent unions of their constituent 

units, called monomers. Polymerization process produces chains with different lengths 

(different number of monomers). This implies that there exists a polymer molecular weight 
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distribution rather than a specific value. Nevertheless, polymer chains possess such number of 

monomers, that the addition or subtraction of some units do not significantly change their 

properties. The most frequently used definitions of molecular weights are the weight average 

molecular weight (𝑀𝑤 = ∑ 𝑤𝑖𝑀𝑊𝑖
𝑁
𝑖=1 , where wi is the weight fraction of polymer chains having 

a molecular weight of MWi) and the number average molecular weight (𝑀𝑁 = ∑ 𝑋𝑖𝑀𝑊𝑖
𝑁
𝑖=1 , 

where MWi refers to the molecular weight of each individual polymer chain and Xi refers to the 

mole fraction of each chain length). Thermoplastics are a type of polymers conformed in a non-

crosslinked linear molecular structure, with or without branches, that can have an amorphous 

or semicrystalline structure (as schematically depicted in figure 3.7). They are characterized by 

its capacity to convert from a solid to a moldable viscous material under certain temperature 

and solidify again upon cooling [26]. 

In the case of amorphous polymers, their chains are randomly distributed. Polystyrene 

(PS), poly (methyl methacrylate) (PMMA) and polycarbonate (PC) are some common examples. 

Unlike crystalline materials, amorphous thermoplastics do not have a sharp melting point (Tm). 

They are fundamentally characterized by its glass transition temperature (Tg), described as the 

temperature at which chains begin to move, changing from a solid to a rubbery state (figure 3.7). 

Semicrystalline thermoplastics have polymer crystalline regions with high degree of order 

that are surrounded by amorphous regions with random chains orientation. Some common 

examples are polyethylene (PE), polypropylene (PP), Teflon and polyvinylidene fluoride (PVDF). 

Semicrystalline thermoplastics are characterized by the Tg of its amorphous region, and the Tm 

of its crystalline region. Semicrystalline polymers begin to soften above its Tg, but do not 

experiment fluid behavior until the Tm is achieved. In figure 3.7 is presented a scheme with the 

melting and softening behavior of amorphous and semicrystalline thermoplastic materials. 

 

Figure 3.7: Typical dependence of amorphous and semicrystalline polymers modulus with temperature, 
and schematic representation of its chain configurations. 
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 During T-NIL processes, the thermoplastic polymer is heated up to a temperature that 

allows for reducing its viscosity, favoring its chain mobility to enable a flow through the stamp 

cavities [27-29]. In table 3.2 are presented the most common thermoplastic materials used in 

soft T-NIL, and their relevant properties concerning the imprinting process. 

 

Table 3.2: Common thermoplastic polymer used in T-NIL and their processing conditions [12]. 
 

Thermoplastic 

polymer 

Young´s 

modulus* 

(MPa) 

25 °C 

Surface 

energy 

(mJ·m-2) 

20 °C 

Tg  

(°C) 

T imprint 

(°C) 

Viscosity* 

(mPa·s) 

T imprint 

Young´s 

modulus* 

(MPa) 

T imprint 

PMMA 2500 41.1 100-120 140-190 107-104 380-540 (80 °C) 

PS 2350 10.7 110 140-190 107-105 100 (110 °C) 

PC 2270 34.2 150 160-200 106-104 
438 (160 °C) 

2.18 (170 °C) 

PP 1300 30.1 -20 to -10 200 106-103 200 (125 °C) 

PVDF 1500 30.3 -40 to -35 200 104-103 - 

* Molecular weight dependent 

 

Young´s modulus and viscosity drop by several magnitude orders at temperatures above 

the Tg, where usually imprinting is performed. The viscosity of polymer materials not only 

depends on the temperature, but it also depends strongly on the polymer molecular weight 

(Mw). In practice, polymers with lower Mw can be imprinted at lower temperatures, lower 

pressures, and lower times. However, too low Mw polymers often result in brittle behavior due 

to the absence of network entanglements. Therefore, the choice of both Tg and Mw of polymers 

to be used as moldable material for T-NIL are important considerations for processability and 

fidelity of the imprinted patterns [30, 31]. 

In publications 1, 2, 3 and 5, the material employed for T-NIL was PMMA, while PVDF was 

studied in publication 4. 

Poly (methyl methacrylate), PMMA 

PMMA is an amorphous thermoplastic polymer that belongs to the acrylate family. The 

PMMA molecule is illustrated in figure 3.8. It is characterized for being highly transparent, above 

90 % transmittance with refractive index n ~1.49, so that it is widely used as a substitute for 

inorganic glass [32]. Additionally, it shows high impact strength and acceptable scratch 
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resistance, weathering resistance and light weight. It has favorable processing conditions, which 

make it suitable for hot embossing processes [33]. It is commercially available with different Mw, 

and its Tg is 100-120 °C, low enough to use molding temperatures below 200 °C (table 3.2). 

 

Figure 3.8: Chemical structure of PMMA. 
 

To prepare the moth-eye imprinted films described in publications 1, 3 and 5, PMMA 

(Sigma Aldrich, average Mw 120000) was dissolved in toluene or anisole (7.5 wt.%) and spin 

coated (1000 rpm) over PET or silicon substrates (previously activated by oxygen plasma). After 

a thermal annealing for solvent evaporation (hot plate 80 °C, 1 min), a film thickness of ~600 nm 

was obtained. Considering that PMMA Tg is 105 °C, the P2P NIL temperature was set at 170 °C 

(NIL process is described in section 3.2.1). 

In publication 2, a PMMA film (Evonik Industries AG) 10 cm wide and 275 µm thickness 

was employed directly for R2R T-NIL. 

Polyvinylidene fluoride (PVDF) 

PVDF was chosen for the study reported in publication 4 as an alternative to PMMA to 

improve the weathering resistance of the moth-eye antireflective films. As previously 

mentioned, carbon-fluorine bonds are much stronger than carbon-hydrogen bonds, which 

confers to fluorinated polymers higher chemical, thermal and particularly photo stability [34, 

35]. PVDF is a semicrystalline polymer whose chemical structure consists of a repeated unit of 

doubly fluorinated ethane, as shown in figure 3.9. 

 

Figure 3.9: Chemical structure of PVDF. 
 

Depending on the processing conditions, it presents at least five different polymorphs (α, 

β, γ, δ and ε) [36], where the most common are the non-polar α phase and the ferroelectric β 
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phase [37, 38]. It has been reported that PVDF and its copolymers with tri-fluoroethylene (TrFE) 

has been used as NIL moldable material to take advantage of its ferroelectric and piezoelectric 

properties [39-42]. 

For the antireflective moth-eye films described in publication 4, a commercial PVDF 

(Nowoflon PVDF from Nowofol) solution of 10 wt.% in dimethyl formamide (DMF) was spin 

coated (2000 rpm) over PET or silicon substrates (previously activated by O2 plasma), obtaining 

a thickness of ~650 nm. A thermal annealing was then performed for solvent evaporation (hot 

plate 80 °C, 1 min). On the supported PVDF films, P2P T-NIL process was carried out at 200 °C 

(Note that Tm PVDF = 165 °C) (NIL process described in section 3.2.1).  

UV curable resists (UV-NIL) 

For UV-NIL processes, the patterning material consists of low molecular weight liquid 

precursors curable by UV-light at ambient temperatures [22]. The low Young´s modulus and 

viscosity requirements for a NIL process are naturally satisfied, but some additional conditions 

are required for a good performance, especially in R2R continuous processes. First, liquid resins 

must have good coating properties to achieve a continuous and uniform film onto the chosen 

substrate. Second, for fast imprinting, resin should present low viscosity before curing, to 

facilitate the fast filling of the mold cavities. Third, the chosen resin must be quickly cured with 

minimum shrinkage to avoid post-curing deformations [18].  

There are two main polymer classes used as photocurable systems: acrylates, cured by 

free-radical polymerization, or epoxy compounds cured by ionic polymerization [43]. An 

acrylate-based resin was chosen in this thesis due to its good imprinting performance and optical 

properties [44]. Figure 3.10 shows schematically the curing reaction of acrylates initiated by UV 

light. (Meth)acrylates generally present faster curing rates and higher polymerization reactivity 

than epoxy systems. 

 

Figure 3.10: Scheme of free-radical polymerization of acrylates initiated by UV illumination [43]. 

 

The inhibition of the polymerization reaction due to the presence of oxygen is an 

important concern in acrylated-based polymer formulations [43, 45]. Oxygen dissolved in the 
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liquid precursor needs to be avoided and typically to overcome this issue, the precursors are 

covered with a PET film or crosslinked under nitrogen atmosphere.  

Numerous acrylate-based formulations can be found commercially available, having a 

high capacity to adapt the chemical design to the characteristics of a specific process. When a 

resin is chosen, it is important to take its formulation into account, since the presence of organic 

solvents can cause damage into the substrates, as well as its volumetric shrinkage during 

polymerization can deform the final topography. During the development of this thesis, a 

commercial formulation was used: FOL 1.2 from Film Optics. 

FOL 1.2 from Film Optics 

FOL 1.2 resin is a commercial formulation from Film Optics, specially designed for its use 

in lenses fabrication. It is an acrylic-based liquid resin with a viscosity of about 2500 cPs at 24 °C, 

and a shrinkage value of 6-7 %. It has a refractive index of 1.485 and presents an excellent 

transparency for visible light and near UV down to 350 nm, as shown in the transmittance 

spectra in figure 3.11.  

 

Figure 3.11: Transmittance spectra of FOL 1.2 resin. 
 

This photoresin was used in publication 6 for the fabrication of Fresnel lenses by both P2P 

and R2R UV-NIL processes. The UV curing time for P2P configuration was 1 min.  

3.1.4. Inorganic materials: TiO2 

Titanium dioxide (TiO2 or titania), is one of the most widely used additives due to its semi-

conductor and photocatalytic nature [46]. TiO2 is extensively employed in varied fields of 

applications because of its high physicochemical stability and its low cost. In addition, it is not 

harmful for the environment and has low toxicity, it is an excellent UV absorber, and it has a 

great photocatalytic performance [47].  
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Titania naturally can form four different polymorphs: anatase, rutile, brookite and TiO2 (B) 

[48]. Its stability depends on particle size; Anatase and rutile are the most thermodynamically 

stable phases, anatase in small size nanoparticles (below 14 nm) and rutile in bulk titania, 

whereas brookite and TiO2 (B) are metastable forms difficult to be found in minerals and to be 

synthesized in pure form.  

Anatase is the polymorph with higher photocatalytic activity, so that it is the most widely 

used for applications which require this phenomenon [49]. As a photocatalyst, it has a band gap 

of 3.2 eV, so it needs to be excited with an incident light ≤ 387.5 nm. The photocatalysis reaction 

mechanism and its related photo-induced hydrophilicity phenomena are described in section 

1.1.2. 

During this thesis, TiO2-polymer nanocomposite surfaces have been prepared in different 

ways, incorporating nanoparticles or thin film coatings, to take advantage of both the 

functionalities and reinforcement effect of this ceramic material. 

On the one hand, TiO2 nanoparticles (NP) were synthesized following the hydrothermal 

method described by Burnside et al. [50] (publications 1, 3 and 4). Primarily, 20 ml of titanium 

isopropoxide (IV) (Acros Organics) were added to 36 ml of deionized water and kept stirring for 

one hour. Next, the resulting product was filtered and washed using at least 1 l of deionized 

water. The resulting white powder was then mixed with 3.9 ml of 0.6 M tetramethylammonium 

hydroxide (Sigma Aldrich) and placed into a Teflon-lined titanium autoclave. The reaction was 

carried out at 120 °C for 14 hours. After that time, the resulting colloidal suspension was 

centrifuged three times (10 min, 10000 rpm) eliminating each time the deposited aggregates. 

The clean TiO2 nanoparticles colloidal suspension had an average size of 12 nm diameter, and 

nanoparticles were composed principally of anatase phase (87 %) and some portion of brookite 

(13 %).  

The synthesis rendered highly concentrated colloidal suspensions of nanoparticles (~24 

wt.%). To incorporate them onto the nanoimprinted layers, firstly homogeneous NP coatings 

were attained by spin coating diluted dispersions (3000 rpm). Next the NIL steps were performed 

and the NP´s remained embedded into the nanoscopic features. This allowed to preserve the 

transparency of the substrates since the nanoparticles were incorporated exclusively into the 

outermost layer, reinforcing the nanostructures and preserving the films properties. 

On the other hand, in publication 5, thin films of amorphous TiO2 were deposited by high-

power impulse magnetron sputtering over moth-eye nanostructured PMMA surfaces, as a mean 

to cover the AR nanofeatures preserving the optical properties. An encapsulation effect is 

achieved since the coating consist of dense and continuous TiO2 films with good adhesion 

properties.  



42 
 

3.2. Fabrication techniques 

This section describes the experimental details of the fabrication processes developed 

during this thesis. 

3.2.1. Plate-to-plate nanoimprint lithography 

Plate-to-plate T-NIL 

Thermal nanoimprint of polymer substrates was performed in a plate-to-plate NIL 

equipment, installed in a clean room facility class 100 (i.e., maximum 100 dust particles of 0.5 

µm diameter per cubic feet of air) to avoid interference between particles in air and the resulting 

nanostructured surfaces.  

 

Figure 3.12: P2P NIL equipment Obducat Eitre3®, with an inset showing the sample plate. 

 

Obducat Eitre® 3 system, shown in figure 3.12, is a semi-automatic NIL tool for up to 3 

inches substrates. To perform the nanoimprinting process, on the substrate plate it is placed 

from the bottom to the top: 

- A thermoresistant Kapton® film (DuPont) to protect the plate. 

- The material to pattern.  

- A soft stamp. 

- A PET membrane to create a vacuum atmosphere and exert the NIL pressure. 

Once the assembly is placed in the plate as shown in figure 3.13a and b, it is moved to the 

position over the piston (figure 3.13c), and the process begin when the hydraulic piston moves 

up firstly applying a pre-load of ~5-6 bar, just to close the system (figure 3.13d). Then, the imprint 

process conditions required for the specific imprint job are applied.  
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Figure 3.13: Photographs of the sample disposition inside the NIL equipment (a) and (b), and the steps 
carried out to begin the T-NIL process: plate movement to the imprint position (c) and system closing (d). 

 

NIL pressure is applied by SoftPress® technology using compressed nitrogen, which 

ensure pressure uniformity over the entire imprint area. Together with the use of a soft mold, 

negative effects such as thickness variations, bow, waviness, and air trapping defects are 

minimized.  

The described process has been used for the fabrication of moth-eye AR nanostructured 

surfaces on PMMA and PVDF, as well as on their TiO2 nanocomposites (publications 1, 3, 4 and 

5). The profile of the process parameters used for PMMA nanoimprinting is shown as example 

in figure 3.14, where red line references the set temperature in each process step (dashed red 

line designate real measured temperature) and blue line mark the set pressure (dashed blue line 

for the registered values). 

 

Figure 3.14: Parameters´ profile during PMMA T-NIL process: red and blue lines show temperature and 
pressure setpoints respectively and the correspondent dashed lines shows the real time measurements. 
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~5-6 bar pre-load is maintained while the system reaches the NIL set temperature. Once 

the system is heated up, pressure is increased by three progressive steps up to the imprinting 

set pressure, and then it is maintained for 5 min, when the viscous polymer flows into the mold 

cavities. After 5 minutes, the assembly is cooled down to 70 °C using a nitrogen flow. The process 

ends when the system reaches 70 °C. Then, the pressure is released, and the piston lowered 

while the imprinted sample is demolded by manual peeling. In table 3.3 are shown the NIL 

parameters for each material (pressures and temperatures used were the same for each 

polymer and its correspondent nanocomposite). 

 

Table 3.3: NIL parameters for PMMA, PVDF and its correspondent nanocomposites. 

 

Patterning polymer Pressure (bar) Temperature (°C) Time (s) 

PMMA 45 170 300 

PVDF 40 200 300 

 

Plate-to-plate UV-NIL 

The P2P UV nanoimprint process was developed for the fabrication of micro-Fresnel 

lenses array (publication 6). During this work, the Fresnel lens pattern was transferred from a 

working mold prepared in PFPE onto a UV-curable resin.  

The previously silanized PFPE mold (see section 3.1.2) was placed with the Fresnel lens 

pattern in the upper face, and then coated with the photoresin (see section 3.1.3) by blade 

coating. The coated stamp was then covered with a polymer film, different as a function of the 

sample: PET (Hifi Industrial Film), flat IPS (TIP1, Obducat AB), or moth-eye nanostructured IPS 

(T-NIL recipe: 45 bar, 155 °C, 300 s). Finally, the set was capped using a quartz piece transparent 

to UV light. The whole set-up was then illuminated with UV-light in a lamp UVASPOT 400/Y from 

Honle (80 mW·cm-2) for 1 minute. After crosslinking reactions, the resulting Fresnel lenses array 

were carefully demolded. 

3.2.2. Roll-to-roll nanoimprint lithography 

The roll-to-roll NIL pilot plant used in this thesis was designed and fabricated by PTMTEC. 

It consists of a continuous R2R NIL machine that includes a continuous coating module and is 

capable of running both T-NIL and UV-NIL processes. The equipment is shown in figure 3.15, 

where the different operational units are marked. 
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Figure 3.15: Roll-to-roll pilot plant with its operational units marked. 
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The control panel has two devices, the general panel and the remote-control device which 

allows the operator a hand control of most of the working parameters.  

A continuous web of flexible polymer film with a maximum width of 10 cm is released 

from the unwinder, where the polymer roll is held by compressed air. After the imprint, the 

processed film is collected and rolled up by the rewinder. 

Two web position control units with ultrasonic sensors keep the web edge well aligned. 

Both unwinder and rewinder units control the web tension, while the drive NIP roller controls 

the web speed of the polymer circuit. 

The rest of operational functions represent the three modules: coating, UV-NIL and T-NIL. 

Roll-to-roll coating module  

Corona treatment: A corona discharge is always applied before the different coating 

procedures to improve adhesion. The film is fed through a high voltage discharge field which 

produces the ionization of air molecules. It oxidizes the surface creating reactive groups such as 

hydroxyl or carboxyl among others, that bond chemically to the coating material [51]. The 

plasma is generated in the space between a roller and the corona generator, as shown in figure 

3.16. A corona station CVE 241 from Softal is used and it is installed together with a fan to extract 

the ozone generated during the process, which is harmful if breathe in.  

 

Figure 3.16: Photograph of the corona treatment station included into the R2R pilot plant. 

 

Reverse gravure (RG) coating unit: The coating unit consists of a coating roller, a resist 

container, a web lifting arm, and a doctor blade, shown in figure 3.17. To coat the flexible film, 

firstly the resin is poured into the container. Then, the RG roller begins to rotate with the 

selected speed while gets loaded with resin, that is released on the top side upon contact to the 

web. The web lifting arm moves down and puts in contact the (corona activated) advancing web 

with the resin-loaded coating roll.  
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The coating thickness control is crucial for the subsequent NIL processing: too thin films 

may be insufficient to fill the mold cavities, and too thick coatings may lead to adhesion 

problems, insufficient curing at reasonable speed or delamination issues due to inbuilt stress 

after imprint. Final coating characteristics are defined by the resin properties, primarily its 

viscosity, the position of the doctor blade, the web speed and tension, as well as the RG roller 

speed and direction [52]. In reverse coating, where web and coating roll direction are opposite, 

the resulting coating is uniform and rather thick. In forward coating the resulting coating uses 

to be thinner but slightly inhomogeneous [18]. 

 

Figure 3.17: Photograph of the reverse gravure coating unit into the R2R pilot plant. 
 

 

Oven: The oven is placed after the reverse gravure coating unit to evaporate organic 

solvents after the polymer coating, and prior to T-NIL. It works with both hot air and infra-red 

(IR) mechanisms that can be used together or independently. A temperature sensor is located 

inside the oven and temperature can be tuned in the display, where a lower limit can be also 

selected. In the figure 3.18 is shown the oven chamber, the temperature and alarm limit display, 

and the hot air blowers. The IR heater is located inside the chamber. A ventilation system is 

installed together to allow the extraction of solvents.  
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Figure 3.18: Photograph of the oven included into the R2R pilot plant. 
 
 

Roll-to-roll UV-NIL module 

The UV-NIL unit consists of a UV-lamp (GEW E2C) (max. power 5.8 W·cm-2), an imprinting 

roller where the mold is placed, a roller height control, and UV-shields (see figure 3.19). The 

coated web is pressed against the mold and exposed to the UV lamp while the web is moving 

through the module with the same speed than the roller is rotating (yellow arrows show web 

and roller rotation direction). The roller height (distance between mold and UV-lamp) can be 

tuned, varying the area of the coated film in contact with the mold. 

The high intensity UV light generates ozone, so an extraction fan is also installed in this 

module to remove it. 

 

Figure 3.19: Photograph of UV-NIL module included in the R2R pilot plant. 
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The R2R UV-NIL process was employed to fabricate micro-Fresnel lenses using a soft PFPE 

working mold (see section 3.1.2) onto a UV-curable resin (see section 3.1.3). A 125 µm thick PET 

web 10 cm wide was used as substrate (Hifi Industrial Film) (publication 6). 

The PFPE mold was wrapped over the imprinting roller and fixed by Kapton® tape as 

shown in figure 3.20-left. PET film previously activated by a corona treatment (150 W) was 

coated with the optical photoresin by blade coating process. During the UV-NIL process, the 

imprinting roller contacts and imprints the mold into the coated resin web as it rotates, while it 

is exposed to UV light from below, as shown in figure 3.20-right. A box-shaped UV light slit was 

designed to limit the UV exposed area and consequently the curing region (area in contact with 

the mold), to avoid premature curing of the resin before reaching the imprinting zone. During 

the work, process parameters such as web speed, web tension and UV exposure were tuned to 

achieve optimal quality imprinted lenses, avoiding trapped air bubbles, problems with mold-

web contact and prematurely cured or uncured regions. 

 

Figure 3.20: Photograph of the R2R UV-NIL set-up used during the work carried out in publication 6. 

 

Roll-to-roll T-NIL module 

The T-NIL unit consists of two rollers: an imprinting roller where the mold is placed that 

can be heated by an electrical resistance located inside the roller (up to 250 °C), and a backing 

roller, coated with a soft material to allow for controlled force application (figure 3.21). A flexible 

stamp, typically made of Ni, is wrapped around the imprinting roller and heated up to the 

appropriate imprinting temperature. The polymer film or the film coated over a substrate is 

pressed by the mold between the imprinting roller and the backing roller at the required 

pressure and temperature to allow for polymer flow and pattern transfer. The mold rotation 

coupled with the web forward movement (direction marked with yellow arrows), facilities the 

demolding process substantially. 
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Figure 3.21: Photograph and scheme of T-NIL module included in the R2R pilot plant. 

 

The T-NIL module has been used to produce moth-eye antireflective bioinspired surfaces 

on to 275 µm thick PMMA films (Evonik industries AG) by hot embossing (publication 2).  

The mold used was a rigid Ni sheet of 1 mm in thickness and 10 x 2 cm area, too rigid to 

be wrapped around the mold, so that a semi-R2P conformation was adopted, placing the flat 

mold over the polymer film to be imprinted. During the process, the roller was heated and rolled 

over the Ni mold pressing it against the PMMA film during its horizontal displacement as shown 

in figure 3.22. For this process, the web tension was set at 60 - 65 N and the imprinting roller 

pressure at 0.2 - 0.3 MPa were kept constant throughout all experiments. The web speed and 

imprinting roller temperature were gradually changed to study the impact of these parameters 

on the imprinted AR features geometry and resultant functionalities.  

 

Figure 3.22: Photograph and scheme of the R2R T-NIL set-up used in publication 2. 
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3.2.3. Reactive high power impulse magnetron sputtering (HiPIMS)  

PMMA AR surfaces fabricated by T-NIL were coated with TiO2 thin films at the Ångström 

Laboratory (Uppsala university) employing reactive HiPIMS (publication 5). 

Magnetron sputtering is a physical vapor deposition (PVD) technology in which an ionized 

gas, typically Argon, is accelerated towards a target (cathode), holding the material of interest 

to be coated. The energetic ions beat the target producing the removal of atoms on its surface. 

These free atoms travel into the vacuum chamber and may then condense on to surfaces, 

eventually growing into a film [53]. Magnetron sputtering source differs from other traditional 

PVD techniques in that it uses very strong magnets which condense the plasma electrons on the 

target surface, improving the sputtering efficiency and reducing side heating effects. 

In the reactive sputtering, compound thin films can be deposited by including reactive 

species in the atmosphere such as O2 or N2, together with the sputtering gas. This modality of 

sputtering is particularly interesting to deposit metal oxide thin films [54].  

High power impulse magnetron sputtering (HiPIMS) uses very high voltage pulses (in the 

order of kW·cm-2) with short duration (or duty time) focused on the target material [55]. This 

result in a large fraction of the sputtered target material ionized in the plasma cloud without 

overheating. The main advantage of this process is the production of denser, harder, and 

smoother coatings with good adhesion and uniformity, feasible to be deposited on irregular 

shaped surfaces. The process of TiO2 reactive HiPIMS is schematically shown in figure 3.23. 

 

Figure 3.23: Scheme of reactive high power impulse magnetron sputtering process for TiO2 deposition. 
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During the work carried out in the publication 5, TiO2 thin film coatings were sputtered by 

HiPIMS over PMMA nanoimprinted AR surfaces using a Lesker CMS-18 ultra-high vacuum 

deposition system, equipped with four magnetron sputtering sources tilted 16° in a co-

sputtering configuration, with a distance target-to-substrate of 180 mm. The TiO2 compound 

films was deposited using a Ti sputtering target (6 mm thick and 100 mm diameter) in a reactive 

atmosphere of highly pure O2 and Ar, at a working pressure of 0.8 Pa and a mass flow of 3.5 

sccm (standard cubic centimeters per minute) and 60 sccm, respectively. During the depositions, 

the substrates were placed on a rotating substrate holder and kept electrically floating. HiPIMS 

process was powered by a HiPSTER 1 (Ionautics AB) pulsing unit operated with an on-time of 

100 μs at a frequency of 500 Hz, corresponding to a duty cycle of 5 %, and the average power 

was 500 W. The deposition rate was about 9 nm/min, allowing to achieve different thickness of 

uniform conformal coatings over the AR topography. 

3.3. Characterization techniques 

This section describes the characterization techniques considered important for the 

comprehension of the results obtained in this thesis. 

3.3.1. Scanning Electron Microscopy (SEM) 

A scanning electron microscope is an instrument capable of creating an image of a sample 

surface by scanning it with a focused beam of electrons. These subatomic particles interact with 

the sample producing different signals that are used to obtain information of surface topography 

and composition [56]. SEM is widely used in nanoscience and nanotechnology since it surpasses 

the resolution of traditional optical microscopy, limited by the visible light wavelength (~400 nm 

to ~700 nm).  

As shown schematically in figure 3.24, a SEM consists of a column with an electron gun on 

the top, where electrons are generated. They are attracted from an anode to create a beam, 

which is accelerated down by an electric field and pass through a combination of 

electromagnetic lenses and apertures under vacuum, focusing it on the sample surface. Electron 

beam interacts with the sample under vacuum. These interactions can be divided fundamentally 

into elastic or inelastic interactions, being the most useful signals those produced by 

backscattered electrons (elastic interactions) and secondary electrons (inelastic interactions). 

These signals are collected by detectors and the visualization system build a virtual image 

transforming the received information.  
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Figure 3.24: Scheme of a scanning electron microscope. 

 

Secondary electrons (SE) are low energy particles that are ejected from sample atoms 

situated a few nanometers below the sample surface, due to inelastic scattering interactions 

with beam electrons. They are collected and treated to create a digital image whose brightness 

depend on the number of SE reaching the detector for each area. As a result, brightness changes 

on the image means differences in topography, where areas with more height, are represented 

with more brightness and vice versa [57]. 

Backscattered electrons (BSE) are high energy particles that come from the incident 

electron beam. After elastic scattering interaction with sample atoms, they are reflected or 

backscattered out of the specimen and collected in the correspondent detector. BSE are used to 

identify different composition, since elements with higher atomic number backscatter electrons 

stronger than elements with lower atomic number. In consequence, heavy elements appear 

brighter than light ones in the resultant image.  

SEM is used across all the publications in this thesis to characterize the morphological 

characteristics of nano- and microstructured polymer surfaces. For topography characterization 

SE signal is presented, while BSE signal has been useful to detect TiO2 nanoparticles in 

publications 1, 3 and 4 due to the compositional disparity. A FESEM (Field Emission Scanning 

Electron Microscope) (Auriga, Carl Zeiss) working at low voltage and current to avoid the non-

conductive surface charging effect (1kV, 10 pA) was used. FESEM are a special type of SEMs that 

vary from the traditional equipment in the way to produce electrons. In this case, a cold field 

emission gun is employed, which increase the brightness and significantly improve the 

resolution [58]. 

Moth-eye nanoimprinted samples were situated at 45° inclination angle and turned inside 

the sample chamber to achieve a correct visualization of the topography, which significantly vary 



54 
 

depending on the rotating angle, as shown in figure 3.25. The SEM image marked with an orange 

rectangle represent the chosen as correct SEM visualization of the moth-eye topography. 

 

Figure 3.25: Appearance of SE SEM images of moth-eye topography at different rotating angles. Images 
marked in orange are the taken at the chosen as optimal orientation. 

 

3.3.2. Atomic Force Microscopy (AFM) 

Atomic force microscope allows to measure surface topography with high resolution and 

accuracy even at atomic scale, by physically “feeling” the surface of a substrate with a sharp 

probe [59]. The standard configuration of an AFM consists of a cantilever with a tip coupled at 

its end, which moves along the substrate surface mapping the selected surface area. The 

interactions between the tip and the surface cause cantilever deflections registered by a 

photodetector, whose signal is transformed to construct a topography map (figure 3.26).  

 

Figure 3.26: Scheme of an atomic force microscope. 

 

There exist several methods to measure the topography, which depends on the type of 

interactions that occurs between the tip and a sample surface, causing measurable cantilever 

deflections. These methods are contact, non-contact, and tapping modes [60-62].  
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Tapping AFM has been used for the analysis of polymer nanostructured surfaces on this 

thesis because it allows a thorough analysis of the topography without damaging the soft 

surface. In tapping mode, a piezo makes the cantilever oscillate at a specific frequency producing 

an intermittent contact between the tip and the sample surface. When cantilever is separated 

from the surface, atoms from both tip and surface attract themselves weakly due to Van der 

Waals forces. This attraction gradually increases until the contact is produced. Then, atoms are 

so close that they experiment repulsion resulting from the interactions between their electronic 

clouds. The topographic image of the surface is obtained by keeping the oscillation amplitude 

constant during the scan. Therefore, the detected perturbations caused on the amplitude range 

for the intermittent contact, are transformed to a topographic image. 

A Multimode 8 AFM with a Nanoscope V controller from Bruker and a Nanowizard 2 from 

JPK were used in tapping mode in publications 1, 2, 3 and 4 with a tip Tap 300GB-G from Budget 

sensors (radius tip < 25 nm), whose geometry allowed to obtain reliable information about 

moth-eye nanoscopic features. It has a tip radius < 10 nm, forming 20 - 25° along cantilever axis, 

25 – 30° from side, and 10° at the apex. The scans were performed in the same direction relative 

to the sample orientation to avoid tip artifacts as shown in figure 3.27. This is also the 

appropriate direction so that the tip had enough space to deepen into the cavities, allowing for 

a more reliable height estimation. 

 

Figure 3.27: Representation of the preferential scanning direction employed during AFM measurements 
of moth-eye topography. 

 

3.3.3. X-ray scattering using synchrotron radiation 

X-ray has become an essential tool for the study and comprehension of matter structure 

and its associated properties since its discovery in 1895 [63]. X-rays are electromagnetic 

radiation waves with short wavelength (λ), ranging from 0.1 to 100 Å. Due to its small 

wavelength dimensions, in the same order than interatomic distances, X-ray radiation is able to 

interact with ordered matter which act as diffraction lattice.  
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Bragg´s law determine the relationship between the interplanar distance of a crystal, d, 

and the scattering angle 2ϴ, as shown figure 3.28a.  

 

Figure 3.28: Scheme of Bragg´s law (a) and scheme of an X-ray diffraction experiment in transmission 
geometry (b). 

 

 

In X-ray diffraction, the scattering vector �⃗� (figure 3.28b) is defined as equation 3.1: 

 

 �⃗� = 𝑘𝑓
⃗⃗⃗⃗⃗ − 𝑘𝑖

⃗⃗⃗⃗  (Equation 3.1) 

   

Where 𝑘𝑖
⃗⃗⃗⃗  and 𝑘𝑓

⃗⃗⃗⃗⃗ represents incident and scattered vectors, respectively. For elastic 

scattering, incident and scattered vectors modulus are constants, and defined by equation 3.2: 

 

 
|𝑘𝑓
⃗⃗⃗⃗⃗| = |𝑘𝑖

⃗⃗⃗⃗ | =
2 𝜋

𝜆
 (Equation 3.2) 

   

Module of the scattering vector is related to scattering angle 2ϴ through equation 3.3: 

 

 
𝑞 =

4 𝜋

𝜆
sin 𝛳 =

2𝜋

𝑑ℎ𝑘𝑙
 (Equation 3.3) 

   

The essential condition to observe a constructive interference (Bragg peak) is that 

scattering vector �⃗� coincides with some reciprocal space vector, as follows (equation 3.4): 

 

 �⃗�  =  ℎ 𝑎∗⃗⃗⃗⃗⃗ + ℎ 𝑏∗⃗⃗⃗⃗⃗ + ℎ 𝑐∗⃗⃗ ⃗⃗  (Equation 3.4) 

 

Where 𝑎∗⃗⃗⃗⃗⃗, 𝑏∗⃗⃗⃗⃗⃗and 𝑐∗⃗⃗ ⃗⃗  are unitary vector of the reciprocal space. 

When a plane family satisfies the condition of equation 3.4, coherent scattering is 

produced with an angle which is directly proportional to the wavelength, and inversely 
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proportional to the interplanar distances (Bragg´s law: 𝑑 =
𝜆

2 sin 𝛳
). Thus, bigger correlation 

distances scatter at lower angles and vice versa. By varying sample-detector distance, structures 

organized at different length scales can be analyzed. 

X-ray scattering measurements has been performed during this thesis to characterize 

materials at different structural levels and length scales, from interplanar distances in crystalline 

structures of nanoparticles and semi-crystalline polymers, to nanopattern arrays produced by 

nanoimprint lithography at nanoscale. These measurements have been carried out at different 

synchrotron facilities. 

Synchrotron light 

Synchrotron light is produced in fully dedicated installations based on circular 

accelerators, where charged particles, generally electrons, are injected and circulate through 

the ring (metallic pipe under ultra-high vacuum) at relativistic velocity [64]. A synchrotron facility 

is schematically presented in figure 3.29.  

 

Figure 3.29: Scheme of a synchrotron radiation facility. 
 

Electrons are generated from an electron gun and accelerated in a lineal accelerator 

(LINAC). Once injected in the called booster ring, its energy is increased from about 250 MeV to 

several GeV, depending on the critical energy of the synchrotron. The speed increases to almost 

light velocity. When the required energy is achieved, electrons are injected in the storage ring, 

where remain circulating at ultra-high vacuum conditions (10-10 mbar). Re-accelerating conducts 

are situated along the ring to compensate radiation energy losses. Electromagnetic radiation is 

emitted when the beam trajectory is bent by a magnetic field (“break radiation” or 

“Bremsstrahlung”), and this emission is used to carry out experimental work. The generated 
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light received the name of synchrotron light, have a high intensity, several magnitude orders 

above conventional sources, and presents a wide and continuous spectral range of highly 

polarized light, from the far infrared to near -rays [61, 62]. Synchrotron light leaves the storage 

ring through beamlines, tangential to it, where experimental work is carried out. Each beamline 

begins in an optical hutch where light is focused, collimated, and a monochromator separate 

and select the beam wavelength, allowing the experimental use of a focused beam with the 

required characteristics. 

The main advantage of using synchrotron radiation for X-ray diffraction measurements is 

related to the high energy of the beam; It allows to perform time resolved in situ measurements 

while sample characteristics are changing, for example with temperature, during a relatively 

short time. 

Different configurations of X-ray scattering measurements using synchrotron light were 

employed for the different characterizations of this thesis. They are explained in detail below. 

Wide-Angle X-ray Scattering (WAXS) 

Wide-Angle X-ray Scattering is an important technique for the characterization of 

crystalline domains, providing information about interatomic distances. WAXS detector collect 

the scattered intensity at wide angles, typically 2ϴ > 1°. As shown in figure 3.30 the wide-angle 

scattering radiation is collected by a detector situated close to the sample (~15 cm). In the 

configuration shown in the figure, the light beam hit the sample in a standard transmission 

geometry, with a normal incidence. 

 

Figure 3.30: Scheme of the typical set-up for normal incidence WAXS experiments. 

 

Coherent radiation caused by constructive interference between incident beam and 

sample crystalline order, leads to the projection of Bragg reflections collected by the detector. 

If radiation interacts with a monocrystal, the resultant image is composed of spots related to 
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single crystalline planes. However, for polycrystalline samples, crystals can be ordered in any 

direction, hence spots are transformed to diffraction rings as in the spectra in figure 3.30. 

WAXS characterization was used in publication 1 (BM26 at European Synchrotron 

Radiation Facility, ESRF, Grenoble) and in publications 3 and 4 (BL11 at ALBA synchrotron facility, 

Barcelona) for the crystalline phase characterization of TiO2 nanoparticles. 

Grazing Incidence X-ray Scattering (GIXS) 

Unlike in standard transmission geometry, in grazing incidence X-ray scattering the X-ray 

beam interacts with the sample with an incident angle (αi) usually bellow 0.5°. As a result, the 

beam footprint collects information of larger areas compared to those measured in transmission 

geometry, and other surface analysis techniques such as SEM or AFM.  

As schematically shown in figure 3.31, when the incident beam interacts with the sample 

with an incidence angle (𝛼𝑖), two exit angles (𝛼𝑓, ω) are required for the scattering vector 

definition (�⃗�). The rotation angle (ρ) describes the sample orientation respect the incident beam. 

Correlations along the z-axis are related to the scattering vector 𝑞𝑧 and represent repeated 

structures situated in the sample depth, while along the y-axis (at a constant α) are referred to 

𝑞𝑦 indicating structural correlations occurring in the sample plain.  

 

Figure 3.31: Scheme of the typical set-up for GIXS experiments. 

 

GIXS measurements were carried out during this thesis at the ALBA synchrotron facility 

(Barcelona, Spain), using the beamline BL11-NCD-SWEET (Non crystalline diffraction). An X-ray 

beam with wavelength λ = 0.998 Å was set using a Si (111) channel monocromator and 

collimated with an array of Be lenses. The beam dimensions at the sample position were 

estimated to be 40 µm height x 100 µm wide. 

Temperature-dependent GIXS measurements were performed using a linkam® TMS600 

heating stage adapted for grazing incident experiments, configured as shown in figure 3.32. 
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Figure 3.32: Linkam heating stage used for GIXS measurements. 
 

 

Different configurations of GIXS measurements were performed, varying fundamentally 

the distance sample-detector: Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS) and 

Grazing Incidence Small-Angle X-ray Scattering (GISAXS), whose set-ups are shown in figure 

3.33a and b respectively. 

GIWAXS 

GIWAXS experiments, using a short sample-detector distance (15 cm), were performed 

during this thesis to characterize the evolution of the semi-crystalline domains in neat and 

nanocomposite nanostructured surfaces of PVDF in publication 4, and the phase transitions of 

TiO2 coatings deposited over moth-eye nanostructures by magnetron sputtering in publication 

5. A Rayonix LX255-HS detector (pixel size 44.27x44.27μm2, binning 2x2) was used to record the 

2D X-ray patterns, allowing to monitor the changes in the crystalline structures while the 

samples were heated. In publication 4, the temperature was increased from 25 to 200 °C at a 

heating rate of 5 °C/min and in publication 5 an isothermal annealing (200 °C) was performed 

for 1 hour. The experimental set-up is shown in figure 3.33a. 
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Figure 3.33: Set-up of BL11-NCD-SWEET at ALBA synchrotron for GIWAXS (a) and GISAXS (b). 
 

GISAXS 

Grazing Incidence Small-Angle X-ray Scattering (GISAXS) experiments are employed to 

study periodically ordered structures with characteristic correlation distances ranging from tens 

to hundreds of nm. In this case, the detector is situated far away from the sample position 

allowing to collect scattered radiation at small angles, typically 2ϴ < 0.3. 

In the present thesis, GISAXS measurements were performed for the characterization of 

the AR nano topographies, since it can be a useful complement to real space microscopy 

techniques such as AFM (publications 3, 4 and 5). Temperature dependence measurements (25-

200 °C, 5 °C/min) were carried out to determine the influence of nanoparticles (publications 3 

and 4) and sputtered coatings over the nanoimprinted surfaces (publication 5) on the thermal 

stability of the nanoscopic features. The experimental set-up employed is shown in figure 3.33b, 

where the distance sample to detector was 7.5 m approximately. A Pilatus3 S 1M detector (pixel 

size 172x172 μm2) was used for the 2D X-ray patterns recording. 
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Due to the hexagonal order of the nanocone array, the diffraction pattern was strongly 

dependent on the rotation angle rho (ρ). The hexagonal symmetry of the moth-eye 

nanostructure is confirmed by the periodic repetition of the pattern every 60°, as shown in figure 

3.34. All samples were carefully aligned in such a way that the X-ray beam impinges on the 

surface in the direction parallel to the 100 plane. Spectra marked with orange rectangles are the 

correspondent to that direction, and the chosen for the temperature dependent measurements. 

This is a critical step to allow for the later comparison of the behavior of the different samples. 

 

Figure 3.34: 2D GISAXS diffraction patterns of moth-eye AR topography by increasing the rotating angle 
(ρ). Images marked in orange are the taken at the chosen as optimal orientation, repeated each 60°. 

 
 

3.3.4. Optical properties 

To characterize optical transmittance and reflectance of the AR moth-eye films a 

spectrophotometer with an integrating sphere was employed [65]. The integrating sphere is a 

spherical cavity covered of a highly reflective coating, usually barium sulphate, that allows to 

scatter the light uniformly. Therefore, when light irradiates at any point inside the sphere, the 

beam is distributed equally to all other points inside the sphere by multiple scattering 

reflections. The integrating sphere has an aperture where measurement light passes through, 

and a detector, installed in another aperture, where the reflected light is measured. 

In publications 1-5 a Lambda 950 UV-Vis spectrophotometer from Perking Elmer fitted 

with a 150 mm integrating sphere was used to characterize the specular transmittance and total 

reflectance of moth-eye antireflective surfaces. Both measurements were registered ranging 

from 2000 nm to 200 nm wavelength with a data acquisition interval of 5 nm and integration 

time of 0.2 s. The set-up for each type of measurement is explained below. 
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Specular transmittance  

In specular transmittance measurements, both linear and scattered light components that 

had passed through the sample were measured. The baseline correction was performed as 

shown in figure 3.35a, where the integrating sphere was only open in the measurement light 

aperture, so 100 % incident light beam was transmitted. To perform the transmittance 

measurement of a sample, it was placed at the aperture, as shown in figure 3.35b, so only the 

light transmitted through the sample was scattered in the sphere and collected in the detector. 

 

Figure 3.35: Schemes of the set-up used for baseline correction (a) and specular transmittance 
measurements (b). 

Total reflectance  

To determine the total reflectance, the incident light beam was tilted 8° in respect to the 

sample plane, with the aim of measuring both specular and diffuse reflectance. Initially, baseline 

correction was performed as shown in figure 3.36a. The reference sample, made in the same 

material that the integrating sphere, closed completely the sphere except the aperture where 

the measurement light passed through, so the reflection in the sphere was 100 % of incident 

light. However, to perform the total reflectance measurement of the actual sample, it replaced 

the reference sample at the same position, as shown in figure 3.36b. 

 

Figure 3.36: Schemes of the set-up used for baseline correction (a) and for total reflectance 
measurements (b). 
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3.3.5. Mechanical properties 

The study of the mechanical properties on thin film systems and small volumes of 

materials is usually carried out by depth-sensing nanoindentation tests. They essentially consist 

of probing the material whose mechanical properties are unknown, with a hard tip, usually made 

of diamond, while continuously recording force and displacement. In a typical nanoindentation 

test, applied loads are in the micro-millinewtons range, and measured penetration depths of the 

indentation probe are in the nanometers range. The force is applied from zero to a maximum 

previously set load, held constant for a certain amount of time, and finally withdrawn back to 

zero [66]. In figure 3.37 is represented the typical load-displacement plot obtained after a typical 

nanoindentation test. 

 

Figure 3.37: Typical nanoindentation test load-displacement curves for an elastic plastic solid material. 
 

The loading phase of the indentation cycle consists of an initial elastic contact, followed 

by plastic deformation of the specimen material at higher loads. When plastic deformation 

occurs, the unload curve does not follow the loading path, so a residual plastic deformation 

leaves a mark in the specimen surface. The size of the residual impression, unlike traditional 

microhardness tests, is too small to be directly measured, but the maximum penetration depth 

and the known indenter geometry allow an indirect measurement of the contact area, from 

which material hardness can be calculated. On the other hand, from the slope of the unloading 

curve, which is related to the stiffness of the material, the elastic modulus can also be 

determined [67]. 

Although the static conventional nanoindentation is the most extended, there exists other 

testing modes using a nanoindenter, like nanoscracthing, that provides useful information about 

the tribological behavior of the material. The main difference between static nanoindentation 

and nanoscratch tests is the relative movement of the indenter with respect to the specimen. In 
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a nanoscratch test, the indenter moves laterally under a constant or increasing load, and the 

transducer is able to record not only the applied load and indenter displacement, but also the 

damaged caused in the scratched surface by scanning the surface before and after the 

nanoscratch test. 

The mechanical properties of nanotexturized surfaces were characterized in publications 

1, 2, 4 and 5 by nanoindentation and nanoscratch tests specifically designed during this thesis 

for the moth-eye AR topography testing. Mechanical tests were used: i) In publications 1 and 4 

to evaluate the reinforcement effect of TiO2 nanoparticles in nanocomposite and nanoimprinted 

surfaces of PMMA and PVDF respectively, ii) In publication 2 to assess the mechanical 

performance of different topographical shapes obtained varying R2R NIL parameters, and iii) In 

publication 5 to determine the improvement of mechanical properties by coating the AR 

topography with TiO2 films by magnetron sputtering.  

Unlike flat surfaces, the contact area of nanoindentation in nanostructured surfaces is 

difficult to estimate, as such the quantitative calculation of the mechanical properties such as 

hardness or Young´s modulus is not straight forward. For this reason, in the thesis, the 

mechanical behavior obtained for the different nanostructured samples when subjected to 

indentations and scratches are analyzed comparatively to the corresponding smooth reference 

substrate.  

The equipment employed was a Hysitron Triboindenter TI 950 instrument (Bruker, 

Minneapolis, USA) equipped with a spherical diamond tip of 20 µm diameter as indenter probe, 

as shown in figure 3.38. The instrument uses an axial-loading system based on a piezoelectric 

force transducer and a capacitative depth-sensing indenter head. 

 

Figure 3.38: Hysitron triboindenter used for nanoindentation and nanoscratch tests, and a scheme of 
the spherical tip. 
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Nanoindentation  

Nanoindentation tests were performed in load control mode and consisted of consecutive 

load-hold-unload cycles (30 cycles with load-hold-unload times of 1-1-1 seconds), where the 

applied force was gradually incremented, and 50 % of the load was unloaded in each cycle until 

a maximum force of 200 µN was reached. The scheme (load function) of the process is 

represented in figure 3.39. 

 

Figure 3.39: Scheme of the nanoindentation test (normal force vs. time) designed for the mechanical 
characterization of moth-eye bioinspired topography in nanoimprinted polymer films.  

 

The maximum load was set in advance. Several indentation forces were tested and 200 

µN was selected because it produced a maximum penetration depth smaller than the AR 

nanocone height. In this way, the mechanical response observed corresponds to that of the 

topographic features, avoiding measuring the bulk substrate underneath. At least ten 

indentations were performed in each sample to obtain reliable information. 

Due to the unknown and varied area of interaction of the indenter tip with the different 

topographic features of the textured surfaces, the comparison of the mechanical properties was 

done on the basis of the “contact stiffness” defined as the rate of change of depth with load 

during the elastic regime of the nanoindentation, before buckling or plastically deforming the 

nanofeatures. The number of cycles was selected in order to obtain enough cycles within the 

initial elastic region, where the loading and unloading curves in each cycle overlapped.  

The contact stiffness values were calculated from experimental data using the slope of 

the loading-unloading curves obtained in the elastic region, where plastic deformation is 

negligible (up to a penetration depth ≈ 10 nm).  

Nanoscratch tests 

Nanoscratch tests consisted of 16 µm scratches using a constant normal force of 100 µN 

for the nanostructured surfaces included in publications 1, 2 and 4, and up to 1 mN for the 
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HiPIMS TiO2 coated samples in publication 5. These loads were selected in each case for being 

high enough to observe plastic deformation, taking as reference the nanoindentation tests. 

Initially, a pre-scan was performed in order to obtain the non-damage profile, and a post-

scan was also programmed within the same track to obtain the profile after the scratch was 

done. Both pre- and post-scans were performed using a minimum load of 2 µN. The resulting 

data shows the topography profile before, during and after scratch as a function of lateral 

displacement, so the residual depth of the scratch can be calculated and compared in different 

samples. The scanning profiles of the nanoscratch process (normal force and lateral 

displacement as a function of time) are presented in figure 3.40a. In figure 3.40b is shown the 

footprint that leaves an indentation measurement in a moth-eye nanostructured PMMA sample.  

 

Figure 3.40: Schemes of the nanoscratch test (normal force and lateral displacement vs. time) designed 
for the mechanical characterization of moth-eye bioinspired topography in nanoimprinted polymer films 

(a) and SEM images of the nanoscratch mark in a PMMA AR sample at different magnifications (b). 

 

3.3.6. Photocatalysis 

As reported in section 1.1.2, the photocatalytic properties of TiO2 endow a self-cleaning 

character to the nanostructured nanocomposite surfaces fabricated. The methodology followed 

to investigate the self-cleaning capacity was the assessment of the photodegradation of an 

organic dye in contact with the surfaces [68]. 

The photocatalytic activity of TiO2 nanocomposites AR films was measured in publications 

1 and 5 through degradation assays of Rhodamine B (RhB) (MW 479 from Radiant Dyes 

Chemies). The RhB molecular structure and absorbance spectra are shown in figure 3.41.  
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Figure 3.41: Chemical structure of Rhodamine B molecule and its absorbance spectra. 

 

Samples were submerged in 12 ml of RhB water solution (5 mg·ml-1 RhB) in a vessel. They 

were first stored in darkness for 120 min to reach an adsorption-desorption equilibrium of the 

dye. Then, the samples were irradiated with a UV lamp (UVASPOT 400/t from Honle) providing 

80 mW·cm-2 in periods of 10 minutes. The process is sequentially shown in figure 3.42. During 

both storage and irradiation processes the vessels were placed into an ice bath, to avoid water 

evaporation caused by heating.  

 

Figure 3.42: Sequential steps for a photocatalysis experiment: submerging the samples in the RhB vessel 
(a), locating the vessels into an ice bath (b), placing the set below the UV-lamp (c) and turning on the 

lamp for the UV irradiation (d). 

 

At these time intervals, the absorbance spectra of aliquots collected from each sample 

was measured in a Cary UV-Vis spectrophotometer (Varian). The evolution of the RhB maximum 

absorption peak intensity (554 nm wavelength) was evaluated to determine the degradation of 

the dye for each sample (see figure 3.43). The initial absorbance value at 554 nm wavelength 

was set as reference of the initial RhB concentration (C0). The absorbance values at the same 
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wavelength and different times were taken as the dye concentration at each time (Ct), which 

decrease with time while RhB is being decomposed by photocatalytic reactions. The final result 

on these experiments is a plot Ct/C0 (%) vs. time which represents the degradation rate of the 

RhB at the irradiance conditions (see inset in figure 3.43). Each experiment was repeated four 

times to obtain reliable information. 

 

Figure 3.43: Evolution of RhB absorbance peak during a photocatalysis test. The maximum peak (=554 
nm) decreases at each irradiation time (t). The absorbance intensity for each time at 554 nm wavelength 

represents Ct. In the inset the RhB degradation rate Ct/C0 (%) vs. irradiation time. 
 
 

3.3.7. Wetting properties 

An optical tensiometer is an instrument used to characterize wetting surface properties 

and interfacial energies (see section 1.1.2). They are also called goniometers or contact angle 

meters, since they are the instrument chosen to characterize this parameter in surfaces and 

surface treatments quality control processes [69].  

The main components of an optical tensiometer are a sample stage, a high precision 

dispenser to dispense controlled single liquid drops, a camera, and a light source to illuminate 

the drop on the sample stage. The equipment used in this thesis was an Attension Theta from 

Biolin Scientific. The main components are indicated in the figure 3.44. 
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Figure 3.44: Attension Theta optical tensiometer and its components. 

 

In publication 1, this equipment was employed to characterize the wetting properties of 

the nanostructured moth-eye AR PMMA surface nanocomposites by measuring its static contact 

angle. For this, water drops of 2.5 - 3 µl were deposited over the substrates, in at least five 

different areas to obtain reliable CA values. The static CAs were obtained by fitting the drop 

profile to a Young-Laplace curve, as shown in figure 3.45a.  

The photo-induced superhydrophilicity character of TiO2 nanocomposite AR surfaces 

under UV-light exposure was evaluated (see section 1.1.2). Samples were submerged under a 

thin layer of deionized water into a vessel and were exposed to UV-light (UVASPOT 400/T from 

Honle providing 80 mW·cm-2) for 10 min sequentially. After each exposure, samples were dried, 

and its CA was measured. The process is schematically shown in figure 3.45b. 

 

Figure 3.45: Young-Laplace fitting on a CA measurement (a) and scheme of set-up and results of photo-
induced hydrophilicity experiments (b). 

 

In publication 2, static contact angle values were measured on the PMMA AR films 

fabricated by roll-to-roll NIL, to assess the influence of the nanotopography aspect ratio on this 

parameter. The procedures utilized are the same explained above. 
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3.3.8. Weathering 

Weathering test were performed to assess the degradation of nanocomposite and 

nanostructured polymer surfaces under simulated climate conditions. 

In publication 1, accelerated weathering test were carried out in order to investigate the 

weathering resistance of AR PMMA/TiO2 nanostructured surfaces. These tests were performed 

applying UV radiation, temperature, and humidity cycles in a weathering chamber (QUV/basic 

model, Micom Laboratories Inc.) following the standard norm ISO 11507 [70]. It consisted of two 

different steps repeated continuously. During the first step, samples were irradiated with UV 

light (7.1 mW·cm-2) at 60 °C for 4 hours, and the second consisted of water condensation at 50 

°C. Samples were exposed cyclically to these conditions for different times: 100, 200, 400 and 

600 hours. After each cycle, the substrates were characterized in terms of topography changes, 

optical properties, and chemical changes, detected by infrared spectroscopy in attenuated total 

reflectance mode (FTIR-ATR) (Alpha FTIR, Bruker).  

The weathering resistance of PVDF nanostructured nanocomposite surfaces was 

compared with the equivalent PMMA samples in publication 4. In this case, a simpler weathering 

test was performed, where the samples were submerged in 12 ml of deionized water into vessels 

and then irradiated inside a UV chamber (UVASPOT 400/T, Honle) providing 80 mW·cm-2. During 

the irradiation, the beakers were placed in an ice bath to avoid evaporation due to radiation 

heating. Three exposure times were chosen: 0, 120 and 240 min. 

 

3.3.9. Efficiency measurements in concentrator photovoltaics 

Efficiency of the Fresnel lenses fabricated by R2R UV-NIL for concentrator photovoltaics 

(publication 6) was characterized at the Solar Energy Institute of the Technical University of 

Madrid (IES-UPM). The procedures employed for the characterization are described in detail in 

[71, 72].  

Several factors affect the optical efficiency of CPV lenses. Some of them are fabrication 

defects and imperfections such as tip rounding or draft angles, material absorption, reflection 

in lens faces, or losses for the large number of grooves. 

The optical efficiency (𝜂𝑜𝑝𝑡𝑖𝑐𝑎𝑙) is defined as the fraction of incident radiation in the lens 

which reaches the solar cell to be converted into energy, and it is presented in equation 3.5. 
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𝜂𝑜𝑝𝑡𝑖𝑐𝑎𝑙 =

𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙

𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑙𝑒𝑛𝑠 𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒
 (Equation 3.5) 

 

To measure that property on the Fresnel lenses fabricated, a flash based CPV solar 

simulator (Helios 3198) was used. It consists of a parabolic mirror and a Xenon lamp to provide 

a collimated light source, and a large integrating sphere included to the set, which creates an 

aperture angle of ± 0.27° identical to the sun angular aperture. In this case, the solar irradiance 

sensor was a multijunction (MJ) solar cell. The set-up is shown in figure 3.46. 

 

Figure 3.46: Scheme of the optical efficiency measuring set-up. 
 
 

During the optical efficiency measurements, as it has been indicated in equation 3.5, the 

photocurrent of the light received at the cell surface concentrated by the lens (Irradiance solar 

cell) was divided by that produced at the lens aperture. To measure the irradiance at the lens 

aperture, an identical MJ solar cell was used, and placed without concentrating device inside a 

collimating tube to ensure that only direct irradiance is measured (not stray light).  

These optical efficiency measurements are done by performing a focal scan in order to 

find the optimal focal length, i.e. the cell-lens distance which maximizes the photocurrent and, 

consequently, the optical efficiency. 

During this work it was also characterized the light spot size for the calculation of the 

maximum attainable concentration. The procedure was carried out by taking images of the focal 

spot on a Lambertian diffuser with a charged-coupled device (CCD) camera. The set-up is shown 

in figure 3.47.  
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Figure 3.47: Scheme of the measuring set-up to evaluate the size and shape of the light spot. 
 
 

The maximum concentration attainable is defined as shown in equation 3.6: 

 

 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑋 =  

𝐴𝑝𝑝𝑒𝑟𝑡𝑢𝑟𝑒 𝐿𝑒𝑛𝑠

𝐹𝑜𝑐𝑎𝑙 𝑠𝑝𝑜𝑡 𝑠𝑖𝑧𝑒
 (Equation 3.6) 

 

Where the aperture lens is referred to the lens surface area and the focal spot size is 

calculated as (equation 3.7): 

 

 
𝐹𝑜𝑐𝑎𝑙 𝑠𝑝𝑜𝑡 𝑠𝑖𝑧𝑒 =  

𝜋 ·  ø2

4
 (Equation 3.7) 

 

The diameter ø is referred to the spot shape, whose images are processed with MATLAB 

calculating the encircled energy (total energy contained on the light spot and its distribution). 

Despite the estimation of the concentration ratio, crucial to analyze the efficiency of the CPV 

system, this method also allows to analyze the spot imperfections, that can be related to 

roughness or bending of the lens, as well as a misalignment of the assembly process. 

As in the optical efficiency measurement, a focal scan is performed to find the optimum 

focal position.  
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CHAPTER 4 

 

4. Research summary 

During this thesis, the fabrication of functional nanostructured surfaces by nanoimprint 

technology has been developed and scaled up using roll-to-roll technology. Initially, the process 

parameters have been developed at laboratory scale to obtain surfaces with optimized 

performance. In depth characterization of the new physical phenomena obtained from the 

nanostructured surfaces and functionalities derived from them has been performed using 

complementary characterization technologies.  

This thesis has been developed as a compendium of six academic articles, numbered from 

publication 1 to publication 6 indicating the order of publication or submission. In this section is 

described its thematic unit and the research line progress of each publication. 

The investigation began with the work published in publication 1 (Single-imprint moth-

eye anti-reflective and self-cleaning film with enhanced resistance), where the fabrication of 

moth-eye inspired AR PMMA and PMMA/TiO2 nanocomposite surfaces was developed by P2P 

T-NIL. The incorporation of TiO2 nanoparticles into the topography allowed to increase the 

mechanical resistance of the nanosized surface features. Moreover, due to the photocatalytic 

properties of TiO2, additional self-cleaning functionalities were imparted onto the surfaces. 

Since antireflective coatings have direct application in photovoltaic devices, the resistance 

to high temperatures is of paramount importance. Therefore, the thermal stability of the AR 

surfaces upon reinforcement with TiO2 nanoparticles was investigated by in situ GISAXS 

measurements; results are reported in publication 3 (Improved thermal stability of 

antireflective moth-eye topography imprinted on PMMA/TiO2 surface nanocomposites). It was 

found that the nanocomposite increased the thermal stability of the patterns making them more 

resistant to thermal reflow due to the filler restriction to the polymer chain mobility. This in turn 

allows for the preservation of the functional moth-eye patterns at temperatures well above the 

softening point of the polymer matrix, broadening the working temperature range of the AR 

polymer films. 

The resistance to environmental conditions, such as UV-light and humidity, constitute 

another important attribute for a material to be applied in solar devices. Hence, moth-eye 

patterns were produced on PVDF/TiO2 nanocomposites, as reported in publication 4 (Enhanced 

mechanical and thermal resistance of nanoimprinted antireflective moth-eye surfaces based on 
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Poly Vinylidene Fluoride/TiO2 surface nanocomposites.). The UV degradation resistance was 

found much improved when comparing to PMMA/TiO2 nanocomposite surfaces, while they 

offered a comparable mechanical and thermal behaviour.  

In publication 5 (Titania-coated antireflective moth-eye surfaces with improved 

mechanical, thermal and self-cleaning properties), it was proposed an alternative procedure to 

improve the mechanical and thermal performance of moth-eye AR polymer surfaces. To do so, 

the AR PMMA nanoimprinted surfaces were encapsulated using a TiO2 conformal coating 

deposited via high power impulse magnetron sputtering. The resultant surfaces were 

characterized concerning their optical, mechanical and thermal properties, as well as its 

photocatalytic activity, depending on the TiO2 crystalline structure.  

The R2R T-NIL technology was implemented for the fabrication of PMMA AR moth-eye 

surfaces, and this work was presented in publication 2 (Bioinspired antireflective flexible films 

with optimized mechanical resistance fabricated by roll to roll thermal nanoimprint). The 

process parameters were tuned to modulate the AR nanocone geometry and consequently the 

related optical and mechanical performance. 

Finally, the processing expertise developed was implemented in a real application. In 

publication 6 (Roll-to-roll nanoimprint lithography of high efficiency Fresnel lenses for micro-

concentrator photovoltaics), concentrator Fresnel lenses were fabricated by using R2R UV-NIL 

technology, and, in a combined double imprint process, the Fresnel lenses were integrated with 

a moth-eye inspired AR layer which resulted on a reduction of reflection losses and consequently 

an improvement of the optical concentration efficiency. 
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CHAPTER 5 

 

5. Publications 

 

➢ Publication 1: Single-imprint moth-eye anti-reflective and self-cleaning film with enhanced 

resistance. 

 

➢ Publication 2: Bioinspired antireflective flexible films with optimized mechanical resistance 

fabricated by roll to roll thermal nanoimprint. 

 

➢ Publication 3: Improved thermal stability of antireflective moth-eye topography imprinted 

on PMMA/TiO2 surface nanocomposites. 

 

➢ Publication 4: Enhanced mechanical and thermal resistance of nanoimprinted antireflective 

moth-eye surfaces based on Poly Vinylidene Fluoride/TiO2 surface nanocomposites. 

 

➢ Publication 5: Titania-coated antireflective moth-eye surfaces with improved mechanical, 

thermal and self-cleaning properties. 

 

➢ Publication 6: Roll-to-roll nanoimprint lithography of high efficiency Fresnel lenses for 

micro-concentrator photovoltaics.   
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Antireflective transparent materials are essential for a myriad of applications to allow for clear vision and

efficient light transmission. Despite the advances, efficient and low cost solutions to clean antireflective

surfaces have remained elusive. Here, we present a practical approach that enables the production of

antireflective polymer surfaces based on moth-eye inspired features incorporating photoinduced self-

cleaning properties and enhanced mechanical resistance. The methodology involves the fabrication of

sub-wavelength moth-eye nanofeatures onto transparent surface composite films in a combined proces-

sing step of nanoparticle coating and surface nanoimprinting. The resulting surfaces reduced the optical

reflection losses from values of 9% of typical PMMA plastic films to an optimum value of 0.6% in the case

of double-sided moth-eye nanoimprinted films. The composite moth-eye topography also showed an

improved stiffness and scratch resistance. This technology represents a significant advancement not

limited by scale, for the development of antireflective films for low cost application products.

1. Introduction

A large number of products require strategies to avoid undesir-
able reflections and glare for example electronic displays,
optics and lighting, solar panels, architectural glazing, store-
fronts, etc. A low cost solution employed today is the appli-
cation of antiglare coatings to eliminate external reflections.
These coatings make use of diffuse scattering to disperse the
reflected light. Diffusion works by reducing the coherence of
the image that is reflected, making it appear unfocused and as
a trade-off, resolution and clarity are reduced.

Anti-reflective (AR) coatings represent a much more
efficient approach.1 The current AR coating strategies are
based on the multilayer interference and quarter-wave prin-
ciples.2 Multilayer interference coatings are produced by inter-
layering non-absorbing, high and low refractive index
materials. While this strategy is very effective and well estab-
lished, it is costly and it is not suitable for low value added
products. Quarter-wave coatings consist of a single quarter-

wave layer of transparent material whose refractive index is the
square root of the substrate’s refractive index. Quarter-wave
coatings are optimized for one single wavelength and one
angle of incidence; hence, they have a very intense reflection
colour and lack broadband antireflective properties.

An additional approach to realize AR optical properties is
by creating a graded refractive index interface by means of
surface texturization at subwavelength dimensions. These sur-
faces are also called moth-eye AR surfaces from where they
were initially inspired.3,4 Moth-eye AR surfaces impart anti-
reflective properties to an interface not only over a broad spec-
tral range but also over wide angles of incidence.5,6 An
additional important advantage is that they are very low cost
potentially as they do not require additional materials or pro-
cessing steps for production. High aspect ratio moth-eye like
structures can sometimes display self-cleaning behaviour
derived from superhydrophobicity by minimizing the adhesion
of dirt particulates or easing their removal.7

Continuous nanoimprint processing is possibly the techno-
logy most suitable to produce moth-eye AR surfaces at the
industrial scale for low value added products such as architec-
tural windows or solar collectors where high volumes and
large areas are required. In these products, not only reflection
reduction is required, but additional functions, such as trans-
parency, self-cleaning abilities, mechanical strength and dura-
bility will be of clear advantage. The fabrication of effective
moth-eye AR polymer films by nanoimprinting has been

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c8nr02386g

aMadrid Institute for Advanced Studies in Nanoscience (IMDEA Nanoscience),

C/Faraday 9, Ciudad Universitaria de Cantoblanco. 28049 Madrid, Spain.

E-mail: i.rodriguez@imdea.org
bMadrid Institute for Advanced Studies in Materials (IMDEA Materials),

C/Eric Kandel, 2, Tecnogetafe, Getafe. 28906 Madrid, Spain
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reported before8–13 by large scale14 and roll to roll15 processes.
However, for the practical implementation of the technology
there are still several issues to resolve. Firstly, it is the fragility
of the sub-wavelength cone-like features needed to produce
moth-eye AR surfaces. In addition, the high transmittance of
AR surfaces can be drastically reduced by the adsorption of
contaminants from the atmosphere and or deterioration over
time primarily due to photodegradation and wear in exterior
environments.16,17

Titanium dioxide (TiO2), also known as titania, remains as
one of the most widely used additives for its chemical stability
and properties derived from its semiconductor nature.
Currently, titania micro or nanoparticles are added to paints,
plasters or fabrics to impart properties such as UV-blocking,
mechanical resistance, antimicrobial or self-cleaning
properties.18–21 In organic coatings or paint formulations, TiO2

is employed for its dual function as a photocatalyst and as a
photoabsorber.22 As a photoabsorber, TiO2 is an effective UV
radiation screener of wavelengths from 280 nm to 400 nm and
consequently it helps to inhibit polymer photodegradation
and embrittlement due to polymer chain scission.23

As a photocatalyst, with a band gap of 3.2 eV, TiO2 (anatase)
absorbs photons with a wavelength of 388 nm and in the pres-
ence of water and oxygen, highly reactive radicals such as
hydroxyl and hydroperoxyl radicals and activated oxygen
species are produced which are capable of causing oxidative
degradation of organic matter including contaminants.24

These species may also give rise to photocatalytically induced
hydrophilicity that is, the conversion of hydrophobic surface
character to a hydrophilic one upon exposure to UV light.25

TiO2 supported nanoparticles have also found important appli-
cations in heterogeneous photocatalytic decontamination.26–28

To prevent photocatalytic oxidative degradation in the case of
organic host matrices, several strategies have been developed.
Traditionally this has been avoided by using an inert interlayer
to insulate the photooxidation activity often using a silica29 or
a polysiloxane layer.30 More recently, TiO2 functionalization
with silane coupling agents31 or hybrid sol–gel silane coat-
ings32 have emerged as more practical approaches for the
preparation of photocatalytic coatings with reduced impact on
the organic matrices. A more straightforward strategy
employed in outdoor coating formulations is to use a low par-
ticle loading (i.e. ≤2%) where a compromise between achieving
a sufficient photo-oxidation and UV shielding efficiency for a
weathering resistance during the particular service life can be
achieved.33

There have been a number of reports where graded refrac-
tive index surfaces have been conferred with self-cleaning
ability primarily derived from TiO2 photooxidation reactions
together with an enhancement of surface wettability. In this
line of work, Guldin et al. developed anti-reflective coatings
based on a highly porous silica based network produced by
silica sol gel chemistry incorporating TiO2 nanocrystals.34 The
process required the steps of coating, annealing and plasma
etching of the organic components, which makes processing
complicated and difficult to implement in practice, particu-

larly on flexible substrates. Moreover, porous AR thin films
may be prone to water absorption, which will give rise to vari-
ations in the RI and degradation of transmittance. Nakata
et al. coated TiO2 nanoparticles onto a commercial PET pre-
patterned with moth-eye structures. A strong self-cleaning
effect was achieved based on the hydrophilicity imparted by
TiO2 after UV irradiation. However, due to the thick layer of
nanoparticles employed, a marked decrease in the film trans-
parency was observed.35 Kang et al. developed a nano-
imprinted TiO2 moth-eye layer on perovskite solar cells, report-
ing an improvement in the light harvesting efficiency.
However, due to the high refractive indices of both TiO2 layer
and perovskites, the reflection reduction was only moderate.36

TiO2 has also been recently incorporated into a moth-eye
inspired topography made of PDMS to act as a UV filter while
preserving transparency.37

Due to the high elastic modulus of titania nanoparticles,
the incorporation of the nanoparticles has in addition a
reinforcement effect on polymer matrices.38 However, a low
load and adequate dispersion of nanoparticles within the
polymer matrix is necessary to preserve transparency in optical
films.

Here, we describe a first of its kind approach targeted to
improve the current limitations of polymer based moth-eye AR
surfaces. The methodology involves the fabrication in a single
processing step of AR flexible polymer transparent films by
nanoimprinting sub-wavelength moth-eye features onto a
polymer surface loaded with TiO2 nanoparticles. The surface
acquires multiple properties including photoinduced self-
cleaning and enhanced mechanical resistance while improving
the optical transparency compared to the neat flat films. This
methodology could be readily adapted via roll-to-roll to large
area processing for applications such as architectural windows
or flexible solar devices.

2. Experimental
2.1 Synthesis of TiO2 nanoparticles

TiO2 nanoparticles were prepared following the hydrothermal
synthesis method described by Grätzel.39 For this, 20 ml of
titanium isopropoxide(IV) (Acros Organics) was added to 36 ml
of deionised water and the mixture was stirred for one hour.
The resulting product was filtered and washed three times
with deionised water. The filtered product was placed into a
Teflon-lined titanium autoclave and mixed with 3.9 ml of
0.6 M tetramethylammonium hydroxide (Sigma Aldrich). The
reaction was carried out for 14 hours at 120 °C. Finally, the
resulting colloid was centrifuged two times at 10 000 rpm for
10 min to remove aggregates. The final colloidal aqueous solu-
tion contained a concentration of nanoparticles of approxi-
mately 24 wt% with a mean diameter of 24 nm as measured by
dynamic light scattering (Malvern Zetasizer). Wide angle X-ray
diffraction (WAXD) measurements were performed at the
BM26 beamline of the European Synchrotron Radiation
Facility (ESRF, Grenoble) to confirm the formation of the
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anatase phase of TiO2. The detailed characterization of the
nanoparticles is included in Fig. S1.†

2.2 Preparation of TiO2–polymer substrates

Initially, a poly(methyl methacrylate) (PMMA) (Sigma Aldrich)
solution in toluene (7.5 wt%) was spin-coated (1000 rpm) onto
a PET (Hifi Industrial Film, 125 μm thickness) film disk of
5 cm diameter employed as a carrier. A PMMA layer of about
660 nm was obtained (see Fig. S2†). Next, the aqueous dis-
persion of TiO2 nanoparticles was diluted with methanol at
three different concentrations (0.1, 0.5 and 1 wt%) and these
dispersions were spin-coated (3000 rpm) onto the previously
layered PMMA film generating a TiO2 nanoparticle film for the
0.5 and 1 wt% dispersions and a discontinuous particle layer
for the case of 0.1 wt% dispersion (see Fig. S3†).

2.3 Nano-imprinting of the moth-eye AR TiO2 composite
films

The AR structures were created by a thermal nanoimprint
process. Initially, a working mould of polydimethylsiloxane
(PDMS) with the AR moth-eye topography was prepared from a
master nickel anti-reflective mould (HT-AR-02, Temicon). This
was achieved using two layers of PDMS: hard-PDMS (h-PDMS)
(Gelest) and soft PDMS (Sylgard 184, Dow Corning). The
h-PDMS was first mixed and cast onto the master nickel
mould. After a period of 30 min for the filling the cavities, the
mould was spin-coated (1000 rpm for 1 min) in order to obtain
a homogeneous thin layer of h-PDMS. Subsequently, the
h-PDMS was partially cured in an oven for 10 min at 80 °C.
Then the PDMS precursor and initiator mixture were cast on
the partially cured h-PDMS and placed in an oven at 80 °C for
24 hours to cure completely. Finally, the replicated working
mould was peeled off and kept in a clean room environment.

Using the PDMS working mould, the prepared TiO2–PMMA
surfaces were imprinted at 170 °C at 45 bar of pressure for
5 min (Eitre 3 Nanoimprint Lithography System, Obducat).
The different samples prepared were labelled as P-XT-AR,
where “X” refers to the concentration of the TiO2 dispersion
employed.

2.4 Property characterization of AR TiO2 composite films

The topography of the imprinted substrates was characterized by
scanning electron microscopy (SEM) (Auriga FIB-SEM system,
Zeiss) and atomic force microscopy (AFM) in tapping mode
(Multimode 8 AFM with a Nanoscope V controller, Bruker).

The specular transmission and total reflection measure-
ments were obtained using a Lambda 650 UV-Vis spectro-
photometer (PerkinElmer) fitted with a 150 mm integrating
sphere.

The photo-catalytic capacity of the AR composite films was
measured through degradation assays of Rhodamine B (RhB)
aqueous solution (5 mg L−1). For this, the AR films were
placed on a Petri dish with 12 ml of RhB solution. The sub-
strates were first stored in darkness for 120 min to reach an
adsorption–desorption equilibrium of RhB. Subsequently, the
substrates were irradiated with UV light (UVASPOT 400/T,

Honle) providing 80 mW cm−2 of light intensity for periods of
10 min while kept in an ice bath to avoid evaporation caused
by heating. At these intervals, an aliquot was measured with a
spectrophotometer at the peak of maximum absorbance
(554 nm). The results of 4 different experiments were averaged
for each of the 4 different substrates.

The wettability of the prepared substrates was assessed by
measuring the static water contact angle (WCA) using an
optical tensiometer (Attension Theta, Biolin Scientific). The
tests were conducted under sequential 10 min UV irradiation
while the substrates were submerged under a thin layer of
deionised water. After UV exposure, the samples were dried
before WCA measurement. For this, 3 μL droplets of deionised
water were deposited onto the substrates. The static WCAs
were obtained by fitting the drop profile to a Young–Laplace
curve.

Accelerated weathering tests were performed following the
standard norm: ISO 11507 Method A using a weathering
chamber (QUV/basic model, Micom Laboratories Inc.). A cycle
with two steps was selected. During the first step, the samples
are irradiated with UV light (0.71 W m−2) at 60 °C for 4 hours.
The second step consists of water condensation at 50 °C.
These steps were repeated consecutively and the samples were
taken for analysis at four different times: 100 h, 200 h, 400 h
and 600 h.

Evaluation of the artificial weathering effects on the AR
films was carried out by SEM imaging, optical transmittance
measurements and chemical changes detected by infrared
spectroscopy (FT-IR) in attenuated total reflectance mode
(Alpha FTIR, Bruker).

The nanomechanical characterization of the AR nano-
structured surfaces was performed by nanoindentation and
nanoscratch tests using a Hysitron TriboIndenter (TI 950
instrument). A spherical diamond tip with a radius of 10 µm
was employed as the indenter probe. Each nanoindentation
test consisted of 20 load-controlled load–hold–unload cycles
unloading to 50% of the maximum load in each cycle until a
maximum total load of 200 µN was reached. A minimum of 10
indentations were performed on each sample. The nano-
scratch testing consisted of scratches of 16 µm in length, using
a constant normal force of 100 µN. Two additional scans with
a low normal force of 2 µN were programmed before and after
each scratch in order to obtain the topography profile of the
scratched line before and after the test to calculate the residual
depth of the scratch.

3. Results and discussion

The production of nanostructured multifunctional AR surface
composite films is carried out using a single thermal nanoim-
print process. PMMA is employed as a base polymeric material
due to its exceptional optical properties, such as low light
absorption and transmittance values higher than 90% in the
visible spectrum. The fabrication method of the composite
nanostructured films is outlined in Fig. 1. Initially, the

Paper Nanoscale

15498 | Nanoscale, 2018, 10, 15496–15504 This journal is © The Royal Society of Chemistry 2018

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 0
1 

Ju
ne

 2
01

8.
 D

ow
nl

oa
de

d 
on

 8
/2

9/
20

18
 1

1:
43

:1
0 

A
M

. 
 T

hi
s a

rti
cl

e 
is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

Li
ce

nc
e.

View Article Online

87

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c8nr02386g


required TiO2 nanoparticles were synthesized following the
hydrothermal method described by Grätzel39 (see Fig. S1 and
Table S1† for characterization details). The fabrication starts
by layering a PMMA film of 660 nm onto a flexible PET sub-
strate via spin coating of a PMMA solution (Fig. S2† shows the
profilometer profile). Subsequently, a methanol dispersion of
the TiO2 nanoparticles is spin-coated onto the PMMA film.
Three different dispersion concentrations were employed (0.1,
0.5 and 1 wt%) in order to determine the impact of the nano-
particle load on the nanoimprinting pattern fidelity as well as
on the final properties of the AR films. The spin coating
process of the TiO2 particles produces a monolayer of particles
on the surface of the PMMA substrate with a maximum height
of 33 nm (see AFM images in Fig. S3†). In the next step, the
films are imprinted in a thermal process using a PDMS
working mould patterned with the moth-eye topography. After
cooling, the film is de-moulded obtaining the polymer moth-
eye structures filled with polymer dispersed nanoparticles. The

fabrication process is shown in the scheme of Fig. 1a. Double-
sided AR films were also fabricated by imprinting a double-
sided coated substrate placed between two PDMS AR moulds.
The neat PMMA imprinted film is denoted as P-AR and the
imprinted composite films are denoted as P-01T-AR, P-05T-AR,
and P-1T-AR in reference to the initial TiO2 dispersion concen-
trations employed. The quality of the replication was assessed
by SEM and AFM imaging. The height of the cone-like features
obtained ranged from 340 nm for the P-AR film to 290 nm for
the P-1T-AR nanocomposite film (see AFM profiles in Fig. S4
and S5† and geometrical parameters in Table S2†). This
gradual decrease in the cone height is presumably caused by
the increase in viscosity of the softened polymer with the par-
ticle load impacting the flow of the polymer into the cavities of
the mould during the imprinting process. The AFM and SEM
images in Fig. 1b and c show a moth-eye topography imprinted
on the 0.5 wt% TiO2 composite (P-05T-AR); Fig. 1d corres-
ponds to a SEM cross-section image of this film. Both images

Fig. 1 (a) Scheme of the fabrication process of AR moth-eye nanocones on PMMA–TiO2 nanocomposites. (b–d) Morphological characterization of
a P-05T-AR substrate surface, (b) 3D-AFM topography image, (c) SEM image of a tilted sample, (d) SEM image of the cross-section.
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show well-formed cone-like nanostructures with TiO2 nano-
particles distributed on the imprinted layer of nanocone tips
as well as on the valleys.

The optical performance of the nanocomposite moth-eye
surfaces was characterized using a spectrophotometer
equipped with an optical integrating sphere. This equipment
allowed determining the total reflectance at an incidence
angle of 8°. The optical performance of the nanocomposites
prepared with different loads of TiO2 imprinted on a single
side and on both sides was characterized and compared to a
neat polymer flat surface as a reference. The optical character-
ization results are summarized in Fig. 2. As can be seen, the
moth-eye nanostructures reduced significantly the broadband
reflectance seen on the flat film from values of about 9% to
6% (Fig. 2b). Due to the high refractive index of titania (∼2.5),
a reduction in the transmittance and therefore, an increase in
the reflected component was seen as the amount of nano-
particles increased on the films. The P-01T-AR film presented
similar reflectance values to those of the neat film, while these
increased slightly for P-05T-AR and P-1T-AR films signifying
the absorption and scattering effects by the TiO2 particles as
the load increased. Nonetheless, these results also reveal that

a thin monolayer of nanoparticles such that applied on the
surfaces does not deteriorate the optical properties of the AR
films significantly and in fact, all the AR composite films
showed a strong broadband reflectance reduction over the
reference neat PMMA flat film. Remarkably, the total reflec-
tance of P-01T-AR and P-05T-AR films imprinted with moth-
eye features on both sides, reached values below 1% for wave-
lengths in the region of 600 nm, and below 2% in most of the
visible part of the spectrum. The specular transmittance
measurements are shown in Fig. 2a. In this figure, it can be
seen that in accordance with the level of reflection, the trans-
mittance values were above 90% within the range from 400 nm
to 700 nm, which is higher than that of the flat film (∼88%).

The extended transmission and reflection spectra
(200–2000 nm) are shown in Fig. S6.† The substrates being
made of two layers of different plastic materials showed the
typical UV absorption in the 300–400 nm range. In addition,
the higher amount of titania in the P-1T-AR substrate pro-
duced a discernible decrease in transmittance below the
425 nm wavelength range, while the transmittance observed
through the P-01T-AR substrate was very close to that of the
neat P-AR substrate. Likewise, the transmission spectra of the

Fig. 2 Characterization of the broadband transmission and anti-reflective properties. (a)Specular transmission spectra. (b) Total reflection spectra.
(c) Photographs demonstrating the reflection reduction caused by the moth-eye structures on P-05T-AR film (right) over a PET film and a PMMA
coated PET film (left).
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substrates P-01T-AR and P-05T-AR imprinted on both sides dis-
played values as high as 98%, indicating that there were practi-
cally no optical losses due to absorption or diffuse scattering
effects by the TiO2 nanoparticles.

A consistent decrease in optical transmittance for all
imprinted substrates (with or without titania) in the region
from 435 to 400 nm was also noted. To ascertain the origin of
this drop, the transmittance of substrates with no TiO2 par-
ticles and with and without structures were comparatively
measured (see transmission spectra in Fig. S7†). These
measurements proved that the optical scattering losses caused
by the moth-eye nanostructures are responsible for the slight
drop in transmittance seen in that region. The thin layer of
well-dispersed TiO2 nanoparticles within the polymer matrix
in fact did not impair the optical transparency of the moth-eye
films and this is illustrated by the digital photograph in
Fig. 2c. The photograph shows the high transparency and the
reflection reduction brought about by the moth-eye structures
on the P-05T-AR printed film (right) compared to a non-pat-
terned PMMA film where the reflected image of the ceiling can
be clearly perceived (left).

The photo-induced self-cleaning effect was assessed by
monitoring the degradation of the dye Rhodamine B (RhB)
with UV radiation. For this, the AR substrates prepared with
different TiO2 loads were exposed to UV radiation at regular
intervals of 10 min immersed under a thin layer of water to
emulate a humid or wet environment.40 Fig. 3a shows the rela-
tive RhB concentration variation due to photo-catalytic degra-
dation after sequential UV radiation doses. As a control sub-
strate, a neat P-AR film was used (red line). The slight degra-
dation with the exposure time observed for the RhB on this
control can be attributed to the photobleaching induced by
the UV light on RhB. For the imprinted nanocomposite films,
all showed a photocatalytic activity that increased with the
TiO2 load and exposure time. As expected, the maximum
degradation was obtained for the P-1T-AR composite. On this
substrate, the RhB was degraded approximately 70% after
70 min of UV exposure. In this period of time, P-01T-AR

showed 30% degradation only. Tests were carried out to deter-
mine the effect of the thermal imprint process on the photo-
catalytic activity of the TiO2 loaded on the three different sub-
strates (see Fig. S8† for the plotted results). The substrates
with 0.5 and 1% TiO2 surface load, moth-eye imprinted and
non-imprinted or flat, showed a similar catalytic efficiency.
However, in the case of 0.1% TiO2 load, the imprinted AR sub-
strates displayed a marked reduction in photocatalytic
efficiency. This result signifies that in the case of the P-01T-AR
substrate, with more dispersed nanoparticles, the incorpor-
ation of these into the nanocones by the polymer flow during
imprinting is more efficient which is in good agreement with
the height of the nanocones obtained (see profile in Fig. S5†).
In the case of higher loads, (0.5% and 1%), the titania par-
ticles form a quasi-continuous film (see AFM images in
Fig. S3†) whereby the interaction forces among nanoparticles
are stronger which possibly results in a less efficient inte-
gration of the nanoparticles into the matrix and as a result,
the nanoparticles are less embedded showing similar photo-
catalytic efficiency to the non-imprinted substrates.

To evaluate the photoinduced surface wettability, the
different AR composite films were irradiated with UV light
through a thin water layer and after drying, the wettability of
the substrates was determined through water contact angle
(WCA) measurements at the same regular intervals. Newly
imprinted AR surfaces displayed a WCA of about 135°. This
angle was the same for both the neat or composite AR
surfaces. The consistency found in all the surfaces indicates
that the surface roughness of all the substrates was alike
with nanoparticles embedded into the polymer topography as
confirmed by AFM (Fig. 1b). The WCA on the neat and
P-01T-AR surfaces remained hydrophobic with only a slight
drop in the WCA value. However, the WCA for the P-05T-AR
and P-1T-AR substrates decreased over time after exposure to
UV light and at around 40 min of irradiation, the surfaces
became hydrophilic as shown in Fig. 3b. The initial hydropho-
bicity recovered minimally over a period of months (see
Fig. S9†) and only after heating at temperatures above 80 °C,

Fig. 3 (a)Photocatalytic activity for different TiO2 loads on the composite substrates with UV radiation time measured as the decrease in concen-
tration of Rhodamine B by photocatalytic decomposition; (b) wettability conversion on the TiO2 composite surfaces (hydrophobic–hydrophilic)
measured by changes in contact angle as a function of the UV irradiation time under wet conditions.
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the initial hydrophobicity was restored. These results concur
with the photocatalytic activity observed for the TiO2 compo-
sites where the surfaces with higher TiO2 load (0.5–1 wt%) sus-
tained a higher degree of photocatalysis. The wettability switch
of TiO2 polymer nanocomposite surfaces has been reported
before.25,41 From X-ray photoelectron spectroscopy (XPS)
measurements the switch has been associated with an increase
in the content of Ti–OH on the surface upon UV exposure.25

An accelerated weathering test was programmed in order to
investigate the aging resistance of the different substrates. The
test was performed applying UV radiation, temperature and
humidity cycles following the standard ISO 11507 utilizing a
climate chamber. The morphological changes induced by the
accelerated weathering were determined by SEM. The images
indicate that the P-01T-AR nanostructures remained
unchanged even after 600 h. However, for the P-05T-AR and
P-1T-AR films an appreciable increase in roughness and
exposure of nanoparticles on the surfaces could be seen with
increasing radiation time signifying the loss of the polymer
matrix due to photocatalytic degradation (see Fig. S10† for
SEM images of the surfaces after weathering). These results
underline the need for an optimal content of TiO2 nano-
particles to achieve the desired photocatalytic effect with
minimal polymer degradation. The optical quality of the AR
film tested was studied after each weathering cycle by measur-
ing the specular transmittance (see Fig. S11†). The substrates
show a decrease in transmittance when the ageing time and
amount of titania nanoparticles increased. The resistance to
wear of the P-01T-AR films with 0.1 wt% of titania nano-
particles is worth remarking, showing values of 88% transmit-
tance after 600 h of weathering. The chemical changes taking
place after the aging process were also evaluated by attenuated
total reflection Fourier transform infrared spectroscopy

(FTIR-ATR) (Fig. S12† summarizes the FTIR-ATR spectra
obtained). The P-AR and P-01T-AR did not show any appreci-
able chemical change after 600 h of weathering cycles.
However, after 200 h of weathering, the P-05T-AR and P-1T-AR
substrates showed a marked reduction of the PMMA IR bands
indicating a significant degradation of the PMMA matrix
due to photooxidation reactions. The absence of new peaks
corresponding to degraded compounds after weathering
suggests that chain scission and de-polymerization are the
most prevalent degradation mechanisms of PMMA.42

The mechanical robustness of the AR nanocomposite sur-
faces was characterized by nanoindentation. Nanoindentation
has demonstrated to be a valuable technique for the mechani-
cal characterization of polymer nanocomposites and because
of its high sensitivity to small surface deformations, has also
become a useful tool for the measurement of mechanical pro-
perties of surface nanostructures.43,44 Here, nanoindentation
and nanoscratch experiments were specifically designed for
studying the deformation resistance of the imprinted AR nano-
structures to normal and lateral stresses, respectively.
Nanoindentation tests were performed applying incremental
load–unload cycles onto the sample surface using a nanoin-
denter equipped with a 10 μm radius spherical tip until a final
load of 200 µN was applied. This load was preselected from
load–displacement curves where the penetration depths
attained were smaller than the height of the moth-eye nano-
cone structures. Representative load–depth curves obtained for
each of the tested samples are plotted in Fig. 4a. The flat sub-
strate presented initially an elastic response for which the
loading and unloading segments in each loading cycle over-
lapped, while the imprinted samples presented less elastic
recovery with more permanent deformation at lower loads. The
maximum indentation depth at 200 µN was substantially lower

Fig. 4 Mechanical properties of the nanocomposite surfaces measured by nanoindentation: (a) indentation load–depth curves, (b) stiffness values
obtained in the elastic region, (c) scratch test results for three representative samples: PMMA flat, P-AR and P-05T-AR.
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for the flat sample (≈50 nm), than for the P-AR sample
(≈120 nm). The addition of TiO2 nanoparticles improved con-
siderably the mechanical resistance of the moth-eye imprinted
surfaces due to their higher elastic modulus with a reduction in
maximum depth up to ≈90 nm. It is worth noting that in all
experiments the maximum indenter depth reached was lower
than the height of nanostructures that ranged from 290 to
340 nm and therefore, the experiments essentially are indicative
of the mechanical behaviour of the nanostructures. Interestingly,
the moth-eye imprinted surfaces with three different TiO2 loads
(P-01T-AR, P-05T-AR, P-1T-AR) did not show apparent differences
in the mechanical strength (Fig. 4a), suggesting that the quantity
of nanoparticles that is incorporated inside the nanostructures is
comparable regardless of the initial concentration applied onto
the surface. The contact stiffness did however change with the
load of TiO2 nanoparticles. Fig. 4b plots the contact stiffness
obtained from the initial slope of the indentation load–depth
curve in the elastic region, at a penetration of ≈10 nm where
plastic deformation is negligible. The stiffness decreased from
2.5 to 1.9 μN nm−1 upon imprinting the moth-eye nanostructures
on the neat PMMA film. This is presumably due to the decrease
in the effective area in contact upon imprinting the surface.
However, the stiffness increased successively with the TiO2 par-
ticle loading and reached up to ≈2.6 μN nm−1 in the P-1T-AR
substrate. This corresponds to a stiffness enhancement of 37%
over the neat P-AR substrate and a value similar to that of the flat
PMMA surface. Considering that the geometrical parameters of
the nanostructures were equivalent for all the imprinted AR com-
posites, this result indicates that increasing nanoparticle concen-
tration does increase the stiffness owing to the higher nano-
particle loading remaining at the base of the AR nanocones
rather than on the cones themselves, which as seen above,
appears equivalent. Thus, this result confirms the good inte-
gration of the TiO2 nanoparticles on the matrix and its reinforce-
ment effect.34

Nanoscratches with a length of 16 μm were performed at a
constant normal force of 100 μN to evaluate the scratch resis-
tance (see the load profile in Fig. S13†). The results are pre-
sented in Fig. 4c. The normal force during scratching was
selected to maintain a maximum penetration below the height
of the moth-eye nanostructures. Initially a pre-scan was per-
formed whereby the length of the scratch was first scanned
with a small contact force (2 µN) to acquire the topographical
height profile. Subsequently, the scratch was produced and
afterwards, a post-scan was performed at low contact force to
evaluate the residual scratch depth. The arrows on the plots
indicate the direction of the scans during the experiment (left-
to-right for the pre- and post-scans, right-to-left for the scratch
experiment). The differences between the height profiles of the
pre- and post-scans indicate the permanent residual defor-
mation left by the scratch, while the difference between the
height profiles obtained during scratching and the post-scan
corresponds to the elastic recovery. As can be seen in Fig. 4c,
the flat PMMA surface undergoes a scratch depth of ≈35 nm
but it does not suffer any permanent deformation under the
selected working force because the pre and post-scans overlap

completely (black and blue lines). Imprinting moth-eye fea-
tures on the neat PMMA (P-AR graph) results in a substantially
reduced scratch resistance, with a total scratch depth of
≈120 nm, of which, only ≈30 nm are elastically recovered
leaving a residual scratch depth of ≈90 nm. However, loading
the imprinted surfaces with TiO2 nanoparticles resulted in a
substantially enhanced scratch resistance with a residual
scratch depth below 60 nm for the P-05T-AR substrate.
Comparable results were obtained for P-01T-AR and P-1T-AR
substrates (see Fig. S14†). Consistent with the results obtained
through the nanoindentation experiments, the scratch tests
support the presumption that the incorporation of the nano-
particles inside the nanostructures is size constrained by the
nanocone volume. SEM images of the scratch regions in
Fig. S15† show a scratch damage limited to the tip of the nano-
cones corroborating the nanoscratch measurements.

4. Conclusions

This paper has presented a practical methodology to produce
broadband anti-reflective and photo-induced cleaning polymer
composite surfaces with improved durability and mechanical re-
sistance. These multifunctional films have been produced on
titania polymer nanocomposite surfaces via nanoimprinting of
an antireflective moth-eye inspired topography. The films pre-
sented excellent optical performance being anti-reflective and
highly transparent while containing a thin titania load.
Additionally all the nanocomposite films presented a self-clean-
ing function derived from photocatalytic activity and photo-
induced hydrophilicity activated by UV light. The accelerated
weathering tests indicated that with 0.1% TiO2 loading, the film
matrix does not experience an apparent photo-degradation after
600 h, maintaining higher optical quality. Conversely, a larger
amount of nanoparticles induced the degradation of the PMMA
nanostructure matrix, deteriorating the optical properties after
100 h of accelerated weathering. Hence, considerations have to
be made on the loading quantity of titania nanoparticles based
on the specific application and the desired lifetime. Alternatively,
a polymer matrix more stable towards photo-degradation such as
fluorinated polymers can be used. Nanomechanical tests pro-
vided evidence for an enhanced mechanical robustness of the
nanocomposite AR surfaces to both normal and lateral loadings
with respect to neat AR surfaces. It is perfectly plausible to adapt
the fabrication of the multifunctional AR-TiO2 composites to
coating–imprinting sequential roll-to-roll processing method-
ology for large scale and low cost production. Moreover, the
approach presented can be adopted for other polymer/nano-
reinforced systems with added functionalities.
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Bioinspired antireflective flexible 
films with optimized mechanical 
resistance fabricated by roll to roll 
thermal nanoimprint
Alejandra Jacobo‑Martín1, Mario Rueda2,3, Jaime J. Hernández1*, Iván Navarro‑Baena1, 
Miguel A. Monclús2, Jon M. Molina‑Aldareguia2* & Isabel Rodríguez1

This work describes the fabrication process of moth eye antireflective poly (methyl methacrylate) 
transparent films via roll to roll thermal nanoimprint lithography. The process parameters are 
investigated and adjusted in order to obtain from a single moth‑eye structured mold, a range 
of antireflective topographies that gradually vary their geometry from protruding to intruding 
nanocones. A correlation between the process parameters with the optical and mechanical properties 
of the films is established to illustrate the influence of the processing parameters and serve as 
guideline to produce antireflective flexible films with balanced properties and optimized performance 
adequate to the application environment. A finite element model is described predicting the 
mechanical behavior of the moth‑eye PMMA imprinted nanostructures.

Energy harvesting from light as a renewable source is becoming increasingly important as our energy demands 
steadily increase at the same time that we need to move onto low-carbon sources to fight climate change. Towards 
this end, flex ble photovoltaic (PV) devices have attracted enormous attention, particularly to power up all of the 
many portable electronic devices and other low energy devices we use in our daily life.

For these applications, flex ble PVs would be more advantageous than the more established silicon base solar 
cells because today PV devices have become very efficient and can be made at a fraction of the cost. Furthermore, 
they are lightweight and can be made of various shapes and sizes and being flex ble, they can be even fold up. 
Hence, they can be easily transported as portable devices or deployable for installation in remote  places1.

For this type of organic fl xible PV devices, there is a need to have efficient solutions for low-cost antireflec-
tive (AR) covers.

Subwavelength surface-relief structures like those inspired on the nanoscopic corneal nipples found in the 
moth eye and other  insects2,3 have proven to be an effici t and low cost means to reduce light loses due to refl c-
tion and to improve light transmission.

These surfaces typically include arrays of hexagonally packed subwavelength nanocones that effectively create 
a gradual refractive index transition between the air and substrate. Incident light at this interface is gradually 
refracted inwards and consequently refl ction is reduced while light transmittance is increased. Furthermore, 
these bioinspired moth-eye nanocone textures eliminate Fresnel refl ctions over a large spectral bandwidth and 
over omnidirectional angles of  incidence4,5.

Several approaches have been employed to fabricate antirefl ctive textures on polymeric films such as plasma 
 etching6, replication techniques such as  casting7, UV nanoimprint lithography (UV-NIL)8 or hot embossing 
technology, where the antirefl ctive pattern is transferred from a rigid mold, generally silicon, to a thermoplastic 
film by thermal NIL (T-NIL)9–12.

Concerning large scale production of antireflective textures, roll to roll (R2R) nanoimprint lithography is a 
well suited technology due to its high throughput and nano scale  resolution13. Thermal R2R-NIL has been applied 
for the fabrication of functional nano and micro structures on flexible films, based on thermoplastic polymers 
such as polycarbonate, cellulose acetate or  PMMA14–16. Nonetheless, up to date, thermal R2R-NIL has not been 
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employed to produce moth-eye AR surfaces on thermoplastic films. Today, the large scale fabrication of nano-
imprinted antireflective films is performed by UV R2R or roll to plate  NIL17,18. In UV R2R-NIL, the pattern is 
transferred onto a photoresist layer, previously coated generally on a PET web carrier, which is hardened upon 
crosslinking under UV illumination. Compared to R2R UV-NIL, the T-NIL approach presents some important 
advantages. Firstly, it is the lower cost of thermoplastics films compared to UV photoresins. It can be employed 
to pattern self-standing films directly on the material of choice, avoiding refl ction losses occurring at the inter-
face between the web carrier and  photoresins19 and utilization of adhesion  promoters20. Also, the utilization of a 
unique material with functional nanostructured surface eliminate problems related to volume contraction upon 
resin UV curing and differences in thermal expansion between the resin and the carrier  film21.

Many studies have been carried out in order to understand and optimize the nanostructure design (size, 
shape, period, arrangement, etc.) of moth-eye inspired antireflective  surfaces22–24. In general, these studies indi-
cate that the nanocones should be placed at subwavelength distance to each other, and in addition, the height 
of the structures has to have a dimension close to that of the wavelength range to transmit. However, increasing 
the aspect ratio of the nanocones is detrimental for the scratch resistance and durability of the nanostructures 
implying severe limitations on the actual use of antirefl ctive surfaces in real  applications4,25.

Several approaches directed to improve the mechanical performance of the thermally nanoimprinted moth-
eye nanocones have been reported. Yoo et al., coated, by atomic layer deposition (ALD), nanoimprinted PMMA 
and PC surfaces using inorganic materials like  Al2O3

26. Yeo et al., implemented a thermal treatment to improve 
the resistance of PMMA anti-refl ctive  films27. In a previous  work28, we produced surface nanocomposites of 
PMMA/TiO2 by loading the polymer surface with  TiO2 nanoparticles prior to the thermal NIL step of the moth-
eye topography. A different approach to improve the mechanical resistance, has been to modify the geometry 
by making pore-like inverse moth-eye  nanostructures29,30. The improvement of mechanical resistance and the 
resulting optical quality, compared to moth-eye nanostructures, has been determined numerically and experi-
mentally, and it was demonstrated that inverted nanocones were able to sustain a higher mechanical stress while 
retaining a good optical antirefl ctive  performance31,32.

In this work, R2R T-NIL is applied to produce sub-wavelength anti-refl ction structures on PMMA self-
standing films. In order to understand the influence of the processing parameters on the formation of the 
nanocone patterns and consequently, on the optical and mechanical performance of the resulting imprinted 
AR films, a study of the variable processing parameters, including imprint temperature and web speed, at low 
constant pressure is carried out. The influence of the process parameters on the geometrical characteristics and 
aspect ratio of the moth-eye like structures formed from protruding to intruding nanocones is examined and 
correlated with the optical and mechanical properties of the resulting films.

The outcome of the study in combination with fin te element simulations provides guidelines for generating 
with a single moth-eye mold an AR topography with the desired optical performance for a given application and 
at the same time, predicting its mechanical robustness.

Results and discussion
The R2R T-NIL process was carried out using an electrically heated roller which was rolled over a flat nickel mold. 
Th s mold with moth-eye antirefl ctive structures included sinusoidal 2D nanocone features with an average 
height of 350 nm and peak to peak distance of 290 nm. The mold was a rigid nickel sheet of 1 mm in thickness 
(10 × 2 cm) that was placed flat over the polymer film to be imprinted, adopting a configuration similar to that 
of a roll to plate  system13,33. The configur tion employed allowed to prevent film stretching of the patterned area 

Figure 1.  Scheme of the geometry used for the thermal R2R imprinting of PMMA self-standing film and 
magnifi ation of the contact point between the roller mold and the polymer film.
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even at the higher processing temperatures. During the process, the roll is heated and rolled over the Ni mold 
pressing against the PMMA film during its horizontal displacement (cf. Figure 1).

In thermal R2R-NIL, the key process parameters are temperature, pressure and web  speed14–16. In this work 
the pressure was set to a value of 0.2–0.3 MPa for all processes. At this pressure, temperature and web speed 
parameters were varied to assess the pattern transfer fid lity and reproducibility. The R2R T-NIL process was 
carried out at temperatures ranging from 80 °C up to 140 °C, that is from below the glass transition temperature 
 (Tg) of PMMA (105 °C) to well above this softening temperature. The web speed was varied from 0.02 m·min−1 
up to 1 m·min−1. After the process, the imprinted films were cooled down at room temperature by applying a 
constant nitrogen fl w.

Effect of imprinting temperature. At the initial experiments, nanoimprinting was carried out at two 
different web speeds (0.02 and 0.5 m·min−1) while the temperature was varied in both cases from 80 to 140 °C in 
steps of 10 °C. Figure 2a shows the imprinting and characterization results obtained including the SEM images 
and the 3D reconstruction of the AFM surface scans of the moth-eye nanoimprinted films at web speed of 0.02 
m·min−1. It demonstrates the variation of the morphology of the moth-eye features with the processing tem-
perature. Figure 2b shows the AFM 1D height profiles of the samples processed at the lowest, mid and highest 
processing temperatures. Figure 2c graphically plots the height dependence of the nanoscopic features with the 
processing temperature. The mean height values were calculated after measuring at least 30 individual nano-
cones located on different regions of the film surface. As it can be observed, the height profiles obtained can be 
classifi d into two well differentiated groups above and below the  Tg of PMMA.

Above the  Tg, the height corresponds to that of filled moth-eye nanocone protrusions. The height and geom-
etry seen in the SEM images agrees well with what is seen on the 3D reconstruction of the AFM surface scans.

At temperatures below  Tg, the imprinted features observed correspond primarily to inverted nanocones with 
a depth that increases with increasing process temperature. Below  Tg, the polymer is in its glassy state and as 
such, there is a high resistance of the polymer to fl w. Consequently, during the imprinting process the pressure 
is not suffici t to squeeze the polymer into the moth-eye topography. Instead, due to the large differences in 
yield stress and Young´s modulus between the PMMA and the Ni mold, which is about 2 orders of  magnitude34, 
permanent plastic deformation by the Ni mold nanocones is induced at temperatures below the glass transi-
tion. The resistance against deformation decreased, as the yield stress decreased with the process temperature. 
This can be recognized in Fig. 2c by the increase in depth of the intruding nanocones from 90 to 280 nm as the 
temperature is raised from 80 to 100 °C.

Investigation on the formation of cavities by a process of hot embossing below the Tg was reported by Shan 
and co-workers35. They studied the replication accuracy of the micro hot embossing process on PMMA using a 

Figure 2.  (a) SEM images of PMMA R2R nanoimprinted moth-eye structures fabricated at web speed of 
0.02 m·min−1at temperatures as noted. The images were acquired at a tilting angle of 45° and at an equivalent 
rotation angle in all cases. The bottom row shows 3D reconstructions of AFM surface scanned images of 
550 × 550  nm2 imprinted areas. (b) AFM height profiles corresponding to different processing temperatures. 
(c) Height dependence of the moth-eye nanocone structures with the processing temperature. The dotted line 
marks the glass transition temperature of the bulk PMMA.
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Berkovich nanoindentation tip. They found that from a temperature of 85 °C  (Tg − 20 °C) to the vicinity of the 
 Tg, formation of cavities was primarily attributed to plastic deformation under the nanoindentation force, and 
permanent cavities were formed on PMMA substrates with minor elastic recovery as the process temperatures 
came close to the  Tg .

From the AFM images of the substrates imprinted below  Tg where the inverse nanocones are produced, a 
material pile-up or accumulation is clearly visible around the intruding nanocones caused by the indentation 
on the softened polymer. Th s, in combination with the surface roughness of the pristine PMMA film, leads to 
a surface that is not completely flat but presents some inhomogeneities that will certainly have some influence 
on the optical and mechanical properties.

Above the glass transition, the maximum height of the nanofeatures remains approximately constant in all 
experiments and the topmost protruding nanocones with better replica accuracy were obtained with height values 
slightly above 300 nm at  Tg + 35 °C, which is close to that of the moth-eye patterns of Ni mold (see Figure S1 in 
Supporting Information). Th s result indicates that at a temperature above  Tg, the web speed of 0.02 m·min−1 
is slow enough to allow for the viscous polymer flow to reach a comparable level of cavity filling into the mold, 
rendering a mean nanocone height equivalent to that obtained under conventional thermal NIL  conditions28.

In the next paragraphs, the performance of these films in terms of mechanical resistance and optical proper-
ties linked to the specific geometrical parameters of the imprinted nanofeatures is assessed.

Evaluation of the mechanical properties were carried out by nanoindentation and nanoscratch  tests28,36,37. 
Figure 3a shows the characteristic curves corresponding to the load-unload nanoindentation cycles upon applica-
tion of a monotonically increasing nanoindentation load up to a maximum of 200 µN on the different substrates 
under study. The curves represent the probe penetration depth onto the nanocone topography as a function of the 
load applied. Clear differences can be observed between the two groups of imprinted substrates below or above 
the  Tg of the PMMA. The substrates imprinted at temperature close to the  Tg or higher, that is with protruding 
nanocones, presented higher penetration depth values for the same applied load (up to 115 nm at max. load), 
in other words, a lower resistance to probe indentation compared to those imprinted below the  Tg where the 
nanocones were intruding.. On the other hand, it can be appreciated that the substrates imprinted below  Tg at 
80 and 90 °C, show a more elastic behavior whereby the loading and unloading curves exhibited less hysteresis. 
On these substrates, the probe penetration (80 nm ) was close to that of the flat substrate (60 nm).

Nanoscratch tests displayed the same trend. Figure 3b shows the characteristic nanoscratch measurements 
comprising three different scans: pre-scan, scratch and post-scan. Pre and post imaging scans were accomplished 
at a small contact load (ca. 2 µN) while the scratch was performed at 100 µN. The nanoscratch probe performs 
forwards/backwards cycles over the same track but, for the sake of clarity, the depth penetration of each trace 
is represented in sequence, as a function of the time taken for the scan. The load profile and probe lateral dis-
placement are included in the Supporting Information (Figure S2) for clarifi ation of the coupling between 

Figure 3.  Summary of mechanical properties and broadband optical performance of the moth-eye R2R 
nanoimprinted PMMA films processed at web speed of 0.02 m·min−1: (a) Representative nanoindentation 
loading–unloading curves. (b) Representative nanoscratch measurements obtained for a normal applied load 
of 100 µN. Th ee regions are plotted sequentially comprising the pre-scan, the scratch and the post-scan. (c) 
Specular transmittance spectra and (d) total refl ctance spectra.
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probe displacement and applied force during the test. The results provide information about the residual plastic 
deformation caused by the scratch, which is directly related to the probe footprint, i.e., the post-scan penetra-
tion depth. The elastic recovery is the difference between the maximum probe penetration during the scratch, 
and the residual penetration depth measured during the post-scan step. The films imprinted above  Tg, having 
the full moth-eye texture, presented a plastic deformation close to 50 nm in all cases. In comparison, substrates 
processed below the  Tg showed a lower residual deformation. Specifically, the plastic deformation observed on 
the substrate prepared at 80 °C was 20 nm.

The optical characterization of the nanoimprinted samples was performed by using a UV–Vis spectropho-
tometer with integrating sphere, as described in the experimental section. Figure 3c,d summarizes the optical 
performance of the different imprinted films. The specular transmittance and total reflectance curves obtained 
from nanoimprinted films are compared to that of the PMMA flat film as reference. In general, an improvement 
on transmittance and reflectance is observed upon imprinting of the PMMA film. The values obtained can be 
classifi d in two different groups. The moth-eye like nanostructure, obtained upon nanoimprinting at higher 
temperatures, shows better performance in all cases. Nevertheless, the films imprinted with intruding moth-eye 
features and processed below  Tg, presented also an enhanced optical behavior while holding good mechanical 
properties, as noted before. For instance, the film processed at 90 °C shows a 3% improvement in transmittance 
compared to a non-textured flat film.

The impact of a higher processing speed on the imprint results was next investigated. The web speed deter-
mines the contact time between mold and polymer film, this is the instant when heat and pressure are applied 
from the roller-mold to the polymer film at the point of contact (See Fig. 1). Hence, the amount of heat transfer 
and the pressure driven viscous polymer flow into the mold cavities directly depend on this contact time. Fig-
ure 4a shows the SEM images from the films prepared at web speed of 0.5 m·min−1, that is, 25 times faster than 
the previous experiment, together with the 3D reconstruction of the AFM scanned topographies obtained. In this 
case, a more gradual transition from a topography of intruding nanocones to a topography of protruding nano-
cones can be appreciated. The 1D height profile extracted from selected films is shown in Fig. 4b. The nanocones 
height dependence with the processing temperature is presented in Fig. 4c. In this case, a quasi linear dependence 
of the height is observed in both groups below and above the PMMA  Tg. Nonetheless, a smaller than expected 
nanocone mean height was observed on films processed at 110 °C, that is slightly above the Tg compared to that 
obtained at 100 °C. Similar anomalous non-linear behavior has been observed previously while performing a 
study on PMMA hot embossing processability within a range of temperatures across the Tg  region38. In this work, 
it was shown that the PMMA behavior changed abruptly at temperatures from the  Tg to around 10–20 °C above 
the  Tg. Within this temperature range, PMMA polymer chains entanglements allow for a large stress holding 
capability and, consequently, a larger extent of the instant and retarded elastic recovery components upon load 
release, causing a larger reduction of the embossed features than that achieved at temperatures beyond this range.

This anomalous behavior was found somehow more apparent at the faster web speed of 0.5 m·min−1 than in 
the previous experiments at 0.02 m·min−1, indicating that the elastic recovery is larger at the faster processing 

Figure 4.  (a) SEM images of PMMA R2R nanoimprinted moth-eye structures fabricated at web speed of 
0.5 m·min−1 and different temperatures as indicated. SEM images were acquired at a tilting angle of 45° with an 
equivalent rotation angle in all cases. The bottom row shows 3D reconstruction of AFM height images of areas 
ca. 550 × 550  nm2. (b) AFM surface profiles corresponding to selected substrates processed at the indicated 
temperatures. (c) Height dependence of the nanofeatures with processing temperature.
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speed. Rationalization of this trend can be found on the shorter time for stress relaxation during the imprint step 
which leads to a lower reduction in elastic stress and a larger recovery after the force is  released35.

It is worth to note than in the present study, the morphological characterization was accomplished at least 
1 week after sample processing so that, the relaxation effects have been accounted for.

Figure 5 summarizes the mechanical and optical performance of films imprinted at different temperatures 
for a web speed of 0.5 m·min−1. Compared to those samples prepared at equivalent temperatures but using a 
lower web speed ( see Fig. 3), it can be observed that the nanoindentation curves are shifted, in each case, to 
lower probe penetration values, indicating a higher resistance to deformation. Only the film printed at 140 °C 
exhibited similar penetration depths to that printed at lower web speed, while for the films processed at all other 
temperatures, the penetration depths were < 90 nm. A similar trend is observed in the nanoscratch measure-
ments, showing decreased plastic deformation values, which in some cases can be as low as 10 nm. The degree 
of plastic deformation has in fact a direct relationship to the aspect ratio of the moth-eye topography being in 
this case much reduced and predominately formed by inverted nanocones. Consequently, the scratch resistance 
of the films is close to that of pristine flat films. Only the substrates processed at the higher temperature (140 °C) 
present values comparable to those obtained at lower web speed.

Figure 5c,d present the optical transmittance and refl ctivity of the imprinted films, showing a gradual 
improvement from the flat PMMA to the nanoimprinted films at 140 °C, in accordance to the gradual increase 
in aspect ratio of the moth-eye nanocones. The optimum values obtained for transmittance (ca. 96%) and refl c-
tance (ca. 4.5%) are similar to those observed on substrates processed at lower velocity.

In order to fi d a correlation between the processing conditions and the mechanical and optical properties of 
the imprinted films, in Fig. 6 several film properties are plotted as a function of the fabrication parameters. The 
aspect ratio of the moth-eye features was obtained from the AFM scanned images. This value was estimated as 
the ratio between the maximum height/depth measured divided by the peak to peak distance of the hexagonal 
nanofeatures array.

The comparison of the mechanical properties between the reference PMMA pristine flat film and the nano-
imprinted films was done on the basis of the “contact stiffness”, defi ed as the rate of change of probe penetration 
depth with load within the elastic nanoindentation regime which in this case corresponds to probe penetra-
tion depth below 10 nm. In terms of optical properties, the transmittance and reflectance values at 700 nm are 
included. These data obtained at both processing velocities: 0.02 and 0.5 m·min−1, are plotted concurrently in 
Fig. 6. Figure 6 allows visualizing the direct relation between processing parameters and film performance. As 
expected, better optical behavior is achieved for the moth-eye structures with the higher aspect ratio in agreement 
with what has been theoretically predicted and experimentally observed in previous  works39. It can be seen that 

Figure 5.  Summary of mechanical properties and broadband optical performance of PMMA moth-eye R2R 
nanoimprinted films processed at web speed of 0.5 m·min−1: (a) Representative nanoindentation loading–
unloading curves. (b) Representative nanoscratch measurements obtained for a normal applied load of 100 
µN. Th ee regions are plotted sequentially comprising the pre-scan, the scratch and the post-scan. (c) Specular 
transmittance spectra and (d) total refl ctance spectra.
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for the same process temperature, the aspect ratio of the moth-eye topography fabricated at reduced web speed 
is higher, providing better optical performance. Transparency is increased while total refl ctance decreases down 
to 4%. However, higher aspect ratio structures show poorer mechanical resistance, as it can be inferred from the 
decrease of the apparent stiffness by 50%, compared to the flat PMMA film. For a web speed of 0.02 m·min−1, 
there exists a relatively narrow processing window at temperatures slightly below the  Tg of the polymer matrix 
(~ 100 °C), where a good compromise for both optical performance and mechanical resistance can be seen when 
films exhibit refl ctance values as low as 4% and plastic deformations below 20 nm. At this processing conditions, 
low aspect ratio nanoscopic features allow minimizing the decrease in the apparent stiffness while, at the same 
time, the optical response is within the optimal achievable range. When processing at a web speed of 0.5 m·min−1, 
it is necessary to shift the processing temperature to higher values, above 120 °C, to obtain equivalent results.

Effect of web speed. Next, the effect of the web speed, at constant temperature, was investigated as it is one 
of the most critical parameters affecting the pattern transfer during thermal R2R-NIL  processing40. It was previ-
ously mentioned that the web speed defi es the contact time between mold and the polymer. As such, the con-
tact time determines the amount of heat transfer to the polymer substrate increasing the chain mobility and so, 
its viscosity. Th s in turns determines the viscous fl w rate into the mold cavities driven by the pressure applied, 
and consequently the degree of filling of the mold and the height of the imprinted features. The dependence of 
nanofeature height with imprint time has been studied  theoretically41,42.

In thermal R2R-NIL, temperature and web speed are indeed interrelated parameters and need to be adjusted 
concurrently. As previously noted, too high temperatures may cause the polymer web film stretching under the 
roller tension causing pattern distortion and consequently, it is imperative to reduce the processing temperature 
as much as possible.

Hence, based on the experiments described above the temperature of 110 °C, slightly above the  Tg, was 
selected as best suited temperature. Fixing the roll at this temperature, the effect of the web speed on the forma-
tion of the moth-eye structures was investigated.

Likewise, from the industrial production point of view, it is also of high interest to reduce the processing 
temperature and to have extremely short processing times by increasing web speed to the maximum.

Figure 6.  Summary of the R2R nanoimprinted moth-eye films characteristics related to topography aspect 
ratio, optical and mechanical performance as a function of the processing temperature obtained at web speed of 
0.02 m·min−1 (black) and 0.5 m·min−1 (red). The data corresponding to the pristine PMMA film are included for 
comparison. The dotted line marks the PMMA  Tg.
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Figure 7.  (a) SEM images of PMMA R2R nanoimprinted moth-eye structures fabricated at constant roll 
temperature (T = 110 °C) and at different web speeds as noted. SEM images were acquired at a tilting angle of 
45° with an equivalent rotation angle in all cases. Bottom row shows the 3D reconstruction of AFM scans of 
550 × 550  nm2 areas. (b) AFM height profiles corresponding to selected processing temperatures. (c) Height 
dependence of the nanoscopic features with processing speed.

Figure 8.  (a) Representative nanoindentation loading–unloading curves obtained for the nanoimprinted 
moth-eye films processed at 110 °C and at different web speeds. (b) Representative nanoscratch measurements 
obtained for normal applied load of 100 µN. Broadband optical performance of the R2R nanoimprinted 
substrates: (c) specular transmittance spectra and (d) total refl ctance spectra. The dotted line corresponds to a 
two-sided nanoimprinted moth-eye PMMA film prepared at 110 °C and 0.05 m·min−1.
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Figure 7a shows SEM images of the nanoimprinted films when the imprinting web speed was varied from 
0.02 up to 1 m·min−1 together with the corresponding 3D AFM images of the obtained imprinted films. Figure 7b 
shows 1D height profiles extracted from selected films.

It can be observed in Fig. 7c that as the web speed is increased, the aspect ratio of the protruding moth-eye 
nanocones is reduced, and at high speed above 0.2 m·min−1, only intruding nanocones are obtained.

As mentioned above, this is a direct result of the reduction of the contact time at faster process speed. 
Additionally, Mäkëla et al.40, reported an additional effect of the process speed. They observed a reduction on 
the process set temperature at the surface of the Ni mold due the cooling effect from the web moving at higher 
printing speeds. Hence, both effects converge, on one hand, the reduction of temperature and associated polymer 
viscosity and on the other hand, the reduction of time for the polymer to flow into the mold cavities. Accordingly, 
as we see on these experiments, at higher web speeds only intruding nanocones with similar depth are obtained.

The evaluation of the mechanical properties of nanoimprinted moth-eye structures processed at 110 °C and at 
different web speeds in terms of mechanical resistance is shown in Fig. 8a, where characteristic nanoindentation 
load-penetration curves are displayed. The graph shows that the mechanical response is well correlated with the 
nanostructure height whereby, lower probe penetration for equivalent loads are observed for lower aspect ratio 
structures and intruding nanocones. Substrates prepared at low speed (below 0.2 m·min−1) where the aspect 
ratio is highest, show higher probe penetration (up to 120 nm) for an equivalent applied force (up to 200 µN) 
in comparison to those prepared above such web speed, for which the maximum penetration depths decreased 
with increasing web speed. These results indicate that the fully developed high aspect ratio moth-eye like topog-
raphy offers the lower mechanical resistance whereas the substrates prepared at web speeds above 0.5 m·min−1, 
exhibit the lowest penetration depths, hence, the highest mechanical resistance, only ca. 10% lower than that 
measured on the reference flat PMMA film. The nanoscratch tests are in good agreement with this trend. The 
plastic deformation observed on the moth-eye surfaces upon performing the scratch tests presents a similar 
tendency. Nanoimprinted substrates fabricated at lower web speeds show the higher plastic deformation (above 
50 nm) while the films produced at web speed over 0.2 m·min−1 reach values not superior to 25 nm (cf. Figure 8b).

Similar to that observed for substrates processed at constant velocity of 0.5 m·min−1, the optical performance 
of the films gradually improved upon texturization in all cases. The transmittance of the films increased after 

Figure 9.  Summary of the R2R nanoimprinted moth-eye films characteristic parameters related to substrate 
topography, optical and mechanical performance as a function of the processing web speed obtained at constant 
roll temperature of 110 °C. Red circles correspond to the values obtained from two-side nanoimprinted PMMA 
film.
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texturization, from 92% up to more than 95%, while the total reflectance decreased from 8% down to 4%, as it 
can be observed in Fig. 8c,d.

Figure 9 summarizes the mechanical and optical performance together with the topography aspect ratio 
imprinted at a constant temperature and at variable web speed as described above. The graph illustrates the cor-
relation among them, with the gradual trends observed, signifying the direct influence of the web speed on the 
pattern transfer during roll to roll processing.

All the given transmittance and refl ctance values are obtained from PMMA films imprinted on a single side. 
When the moth-eye structures are produced on both sides of the film, the optical performance substantially 
improves as expected. Mäkelä et al. demonstrated the feasibility of performing two-sided thermal R2R-NIL on 
thermoplastic polymer films using both sequential and simultaneous nanoimprint  approaches43. In their work, 
a simultaneous approach was implemented whereby a free standing PMMA film was placed between two Ni 
molds, and the assembly was subsequently heated and rolled-pressed during the horizontal roll displacement. 
Due to tool constrains, only the top roller was heated during the process, however, the pressure and heat transfer 
to the bottom side of the PMMA film was sufficient to allow for the imprinting of the bottom part of the film.

The optical properties of a two-sided nanoimprinted film fabricated at 110 °C and 0.05 m·min−1 are included 
in Fig. 8c,d (dotted lines) and Fig. 9 (red circles) for ease of comparison. Th s substrate showed the best transmit-
tance (~ 97%) and refl ctance (˂ 4%) values.

Numerical simulation of mechanical behavior and dependence on nanocone geometry. Fig-
ure  10 illustrates schematically from top to bottom the moth-eye nanostructure evolution from intruding 
nanocones to protruding moth-eye like nanostructures with decreasing processing web speed (at constant tem-
perature) and increasing temperature (at constant web speed). The impact on the film mechanical and optical 
properties is indicated by the arrows. The practical implication is that inverted nanocones are able to sustain 
higher mechanical stresses, while still retaining a signifi ant antirefl ctive optical performance, as has been pro-
posed  before29–32.

Qualitatively, this geometrical effect on mechanical performance can be ascribed to the reduced surface 
contact as the moth-eye nanocones develop, represented by a red line in Fig. 10. In order to get a better under-
standing and to guide the design of mechanically robust antirefl ctive surfaces, the nanoindentation response of 

Figure 10.  Schematic view of the nanostructure evolution during thermal R2R-NIL from flat PMMA to 
intruding nanocones and to fully developed moth-eye structure showing a reduced contacting surface (red lines 
in each case).

Table 1.  Simulation and experimental conditions of the nanoindentation tests, showing maximum depths and 
relative errors.

Experimental condition FEM simulation description
Maximum depth in experiment (at 
200 µN) [nm]

Maximum depth in simulation (at 
200 µN) [nm] Relative error (%)

Flat PMMA Flat domain (Fig. 12a) 65.2 63 3.4

Nanoimprinted PMMA processed at 
80 °C and web speed of 0.02 m/min

Intruding geometry + idealized rough-
ness (Fig. 12d) 83.4 85 1.9

Nanoimprinted PMMA processed 
at 80 °C and web speed of 0.02 m/
min + 15 µN pre-indentation to elimi-
nate roughness

Intruding geometry (Fig. 12c) 61.6 66 7.1

Nanoimprinted PMMA processed at 
140 °C and web speed of 0.02 m/min Protruding geometry (Fig. 12b) 113.9 114 0.1
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a flat surface, intruding nanocones and protruding moth-eye nanocones were simulated by the Finite Element 
method (FEM). The details of the numerical simulations are described in the experimental methods section. 
The dimensions of the intruding and protruding nanocones were chosen in order to approximate as close as 
possible to the real dimensions of the nanotopography obtained at web speed of 0.02 m·min−1 and processing 
temperatures of 80 and 140 °C respectively. As seen on the AFM images of Figs. 2a and 4a, the inverse moth-eye 
topography produced below Tg shows an irregular surface consequence of the original roughness on the PMMA 
film and the material pile-up during the imprinting of the nanocones. Hence, since these inhomogeneities can 
affect the mechanical response of the topography, to quantify for their effect on the mechanical performance, a 
second model was created whereby small protrusions representing the roughness of the flat areas surrounding 
the structures were added to the inverted nanocone topography with the same geometry modeled before (see 
numerical methods section).

For the simulation of the nanoindentation tests, the geometries considered were flat, intruding (with and 
without considering roughness) and extruding. Details are given in the numerical methods section. Table 1 shows 
the simulation and experimental conditions for the nanoindentation tests, along with the maximum displace-
ments of the tip (at the maximum load of 200 µN) and relative errors.

Figure 11 shows the simulated load–displacement curves obtained for the flat, intruding and protruding nano-
cone topographies, compared with the experimental load–displacement curves. The good correlation between 
the experimental and simulated curves shown for the flat surface, both with maximum penetration depths 
of ~ 63–65 nm, verifies the numerical simulations and the right choice of the material parameters for PMMA. 
For the protruding moth-eye surface topography, the deformation behavior was also accurately predicted by the 
simulation, with a maximum penetration depth of ~ 114 nm in both cases. Th s confi ms that the material proper-
ties do not change upon thermal NIL processing, which was an implicit assumption of the numerical simulations. 
The agreement is also particularly good for the intruding geometry, provided that the surface roughness is taken 
into account, with both the experimental (T = 80 °C) and simulated (FEM intruding + idealized roughness) curves 
reaching penetration depths of the order of 83.4 and 85 nm respectively.

The later can be further confi med by designing one specific nanoindentation measurement. The simulations 
also allowed elucidating the impact of the roughness on the mechanical response of the inverted nanocones. In 
a fi al experiment, taking advantage of the high positioning precision of the sample stage, the inhomogeneities 
inherent to the processing conditions of the intruding geometry (obtained at T = 80 °C and v = 0.02 m·min−1) 
were eliminated by pre-indenting the top surface with a low force of ~ 15 µN, just enough to “flatten” the surface 
roughness. Then the nanoindentation tests were performed on the same site,. The experimental indentation curve 
after “pre-indentation” of the inverted moth-eye nanostructure (cf. Figure 11 red line, T = 80 °C pre-indented) 
fits well with the simulated curve without considering roughness (dotted red line, FEM intruding), and reflects 
a similar mechanical behavior to that of the flat surface. Th s result indicates that elimination of the surface 
inhomogeneities results in a mechanical response that is almost identical to that of the flat surface. Hence, the 
predictions of the mechanical robustness of the antireflective surfaces obtained are in good agreement with the 
experimental results.

Finally, in order to complete the characterization, the wetting behavior of the processed films was evaluated 
by static water contact angle measurements (WCA). Figure S3 shows the WCA values of the films fabricated at 
110 °C at different web speeds. Yet again, a clear dependence of the wettability of the films with the processing 
conditions is observed. Compared to the flat PMMA all nanostructured films present larger WCA values, up 

Figure 11.  Finite element simulated load–displacement curves (dotted lines) obtained for the flat, inverted 
nanocone (with and without roughness) and protruding moth-eye nanostructure. The simulated curves 
are compared with the experimental load–displacement curves (continuous lines) of the corresponding 
nanostructures obtained at different temperatures and web speed of 0.02 m·min−1. In the case of the sample 
processed at 80 °C a curved obtained after sample preindentation is additionally included.
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to more than 150°, for the fully developed moth-eye like texture, which indicates that the films produced are 
highly hydrophobic.

Conclusion
The feasibility of using thermal R2R-NIL technology to produce antirefl ctive moth-eye like surfaces directly on 
free standing thermoplastic PMMA films has been demonstrated.

A systematic investigation was provided on the influence of the web speed and temperature processing 
parameters on the formation of the antireflective topography.

The results indicate that web speed and temperature have a profound effect on the aspect ratio of the imprinted 
antirefl ctive features and consequently on the optical and mechanical performance of the films. It was seen that 
the aspect ratio produces in fact opposing effects on these two properties.

The fin te element simulations model proposed was able to correctly describe the mechanical behavior of the 
moth-eye PMMA imprinted nanostructures. The mechanical behavior observed for the different antireflective 
topographies was due purely to geometrical factors.

A quantitative correlation including the process parameters with the optical and mechanical properties of the 
films has been established to serve as design guideline for selecting a suitable combination of process parameters 
to produce antireflective films with the desired optical performance and mechanical stability.

Experimental methods. Roll to roll thermal nanoimprint lithography was performed using a R2R nano-
imprinting tool (PTMTEC). PMMA self-standing web 10 cm wide, 275 µm thick film (Evonik Industries AG) 
was employed. Web tension (60–65  N) and heating roll pressure (0.2–0.3  MPa), controlled by an air cylin-
der were kept constant throughout all experiments. The nickel moth-eye antirefl ctive mold (HT-AR-02) was 
obtained from Temicon.

SEM characterization was performed using a FSEM microscope (Auriga, Carl Zeiss) working at low voltage 
and current (1KV, 10 pA). AFM was performed in tapping mode using a Bruker Nanoscope 8 Multimode. The 
tip (Tap300GB-G, Budget Sensors) geometry allowed to obtain reliable information about the height of the 
nanoscopic features. All the scans were performed in the same direction relative to the sample orientation to 
avoid tip artifacts and obtain comparable height values.

For the mechanical characterization, nanoindentation and nanoscratch tests were performed using a Hysitron 
TI-950 TriboIndenter. A spherical diamond probe (radius of 10 µm) was employed for both types of measure-
ments. During the nanoindentation tests, the force and penetration depth of the probe, driven into the sample 
surface, are measured during multiple “load-hold-unload” cycles up to the maximum  load44. In this case, the 
measurements consisted of 20 load-hold-unload cycles keeping segment times constant (ca. 1 s). An unloading 
percentage of 50% of the maximum load for each cycle was set until a maximum fi al load of 200 µN was reached. 
A total of 20 indentations were carried out per substrate and at least two different substrates were tested for each 
processing condition. Nanoscratch tests were performed by moving the probe laterally. At least 10 indentations 
were carried out per substrate and at least two different substrates were tested for each processing condition. A 
typical nanoscratch testing consists of scratches of 16 µm in length using a constant normal force of 100 µN. Pre 
and post scans with a low normal force of 2 µN were performed in order to obtain line scans of the topography 
of the scratched area before and after the test, allowing to estimate the plastic deformation remaining on the 
nanoimprinted substrate.

Optical characterization regarding specular transmittance and total refl ction measurements were performed 
by using a Lambda 950 UV–Vis spectrophotometer (Perkin Elmer) fitted with a 150 mm integrating sphere. Both 
parameters were recorded in the range from 400 up to 1200 nm. The reading area was estimated to be ca. 1  cm2. 
Each sample was measured at least in two different positions.

Wetting properties were studied by performing static water contact angle measurements using an optical 
tensiometer (Attension Theta, Biolin Scientific). Water drops of 2.5 µL were gently deposited onto the substrates. 
At least five different areas were measured in each sample to obtain reliable WCA values. Prior to the contact 
angle characterization, a silane monolayer based on FDTS (1H, 1H, 2H, 2H-Perfluorododecyl-trichlorosilane, 
Alfa Aesar) was deposited in gas phase, using the procedure described by Z. Pan et al.45.

Figure 12.  Simulated nanostructured surfaces: (a) flat surface, (b) moth-eye nanostructure (c) inverted 
nanocone with flat surface and (d) inverted nanocones including roughness and material pile-up at the sides.
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Numerical methods. The spherical nanoindentation of different nanostructured surfaces was simulated 
using the commercial FEM software Abaqus®. The Abaqus implicit solver was used in all cases. Two types of 
models were constructed. The flat surface was modeled as a 2D domain by assuming radial symmetry, as shown 
in Fig. 12a. The rest of nanostructured surfaces were modeled in 3D, considering only one sixth of each domain 
to take advantage of the hexagonal symmetry of the problem. For this, symmetry boundary conditions were 
applied to the two lateral boundaries of the domains, while the displacements were constrained at the bottom of 
the domain. The moth-eye nanostructure consisted of tapered pillars with base and top diameters of 250 nm and 
150 nm, respectively, and a height of 350 (Fig. 12b), which corresponds to the film processed at v = 0.02 m·min−1 
and T = 140 °C. The inverted nanocones (Fig. 12c) were modeled with tapered holes of top and bottom diameters 
of 230 nm and 150 nm, respectively, and a height of 120 nm depth (Fig. 1c), which corresponds to the film nano-
imprinted at v = 0.02 m·min−1 and T = 80 °C. Since the inverted nanocones manufactured below  Tg, showed, sur-
face inhomogeneities, to quantify its influence on the mechanical performance, the inverted nanocone topog-
raphy was modeled with the same geometry as above but additionally, including small protrusions on the flat 
surfaces surrounding the hole representing the inhomogeneities due to roughness and material pile-up at the 
nanocone sides (Fig. 12d). These protrusions had a base and top diameters of 100 nm and 20 nm, respectively, 
and a height of 30 nm. The indenter was modeled as a rigid analytical solid with frictionless contact. The nano-
imprinted surfaces were modeled as deformable bodies and meshed with CAX4 elements for the axisymmetric 
models, and with C3D6 and C3D8 elements for the 3D domains. The area beneath the indenter was meshed with 
fi er elements that get progressively coarser far away from the contact area. The indentation experiments were 
carried out by applying a constant displacement rate scheme to the rigid indenter to a maximum load of 200 µN, 
followed by a reversed displacement scheme until total unloading.

An isotropic linear elastic material with Drucker-Prager plasticity and no hardening was used to model the 
PMMA. The Drucker-Prager plasticity captures the typical pressure sensitivity of polymers. Four parameters are 
required to defi e the material: elastic modulus, Poisson’s ratio, yield stress and frictional angle, which were set 
to the values shown in Table 2, by fitting the indentation response on the flat surface. These values are in good 
agreement with the properties expected for  PMMA46,47. The same material parameters were used in all cases, 
which implicitly indicate that the material properties do not change upon thermal NIL processing.

Received: 9 September 2020; Accepted: 4 January 2021

References
 1. Reese, M. O. et al. Increasing markets and decreasing package weight for high-specific- ower photovoltaics. Nat. Energy 3, 1002–

1012 (2018).
 2. Stavenga, D., Foletti, S., Palasantzas, G. & Arikawa, K. Light on the moth-eye corneal nipple array of butterflies. Proc. R. Soc. B: 

Biol. Sci. 273, 661–667 (2006).
 3. Grier, D. G. A revolution in optical manipulation. Nature 424, 810–816 (2003).
 4. Raut, H. K., Ganesh, V. A., Nair, A. S. & Ramakrishna, S. Anti-refl ctive coatings: a critical, in-depth review. Energy Environ. Sci. 

4, 3779–3804 (2011).
 5. Phillips, B. M. & Jiang, P. Engineered Biomimicry: Chapter 12. Biomimetic Antireflection Surfaces ( Elsevier Inc., Amsterdam, 2013).
 6. Kaless, A., Schulz, U., Munzert, P. & Kaiser, N. NANO-motheye antirefl ction pattern by plasma treatment of polymers. Surf. Coat. 

Technol. 200, 58–61 (2005).
 7. Kanamori, Y., Roy, E. & Chen, Y. Antirefl ction sub-wavelength gratings fabricated by spin-coating replication. Microelectron. Eng. 

78, 287–293 (2005).
 8. Burghoorn, M. et al. Single layer broadband anti-reflective coatings for plastic substrates produced by full wafer and roll-to-roll 

step-and-flash nano-imprint lithography. Materials 6, 3710–3726 (2013).
 9. Ting, C.-J., Huang, M.-C., Tsai, H.-Y., Chou, C.-P. & Fu, C.-C. Low cost fabrication of the large-area anti-refl ction films from 

polymer by nanoimprint/hot-embossing technology. Nanotechnology 19, 205301 (2008).
 10. Raut, H. K. et al. Multiscale ommatidial arrays with broadband and omnidirectional antireflection and antifogging properties by 

sacrificial layer mediated nanoimprinting. ACS Nano 9, 1305–1314 (2015).
 11. Tan, G. et al. Broadband antirefl ction film with moth-eye-like structure for flex ble display applications. Optica 4, 678–683 (2017).
 12. Li, J., Zhu, J. & Gao, X. Bio-inspired high-performance antirefl ction and antifogging polymer films. Small 10, 2578–2582 (2014).
 13. Kooy, N., Mohamed, K., Pin, L. T. & Guan, O. S. A review of roll-to-roll nanoimprint lithography. Nanoscale Res. Lett. 9, 320 (2014).
 14. Retolaza, A., Juarros, A., Ramiro, J. & Merino, S. Thermal roll to roll nanoimprint lithography for micropillars fabrication on 

thermoplastics. Microelectron. Eng. 193, 54–61 (2018).
 15. Unno, N., Mäkelä, T. & Taniguchi, J. Thermal roll-to-roll imprinted nanogratings on plastic film. J. Vac. Sci. Technol. B Nanotechnol. 

Microelectron. Mater. Process. Meas. Phenom. 32, 3 (2014).
 16. Sohn, K.-J., Park, J. H., Lee, D.-E., Jang, H.-I. & Lee, W. I. Effects of the process temperature and rolling speed on the thermal roll-

to-roll imprint lithography of fl xible polycarbonate film. J. Micromech. Microeng. 23, 035024 (2013).
 17. Lee, S.-Y. et al. Experimental verifi ation of achieving vertical sidewalls for nanoscale features in electron-beam lithography. J. 

Vac. Sci. Technol. B Nanotechnol. Microelectron. Mater. Process. Meas. Phenom. 32, 06F510 (2014).
 18. Ting, C.-J., Chang, F.-Y., Chen, C.-F. & Chou, C. Fabrication of an antirefl ctive polymer optical film with subwavelength structures 

using a roll-to-roll micro-replication process. J. Micromech. Microeng. 18, 075001 (2008).
 19. Talip, N. B. A. & Taniguchi, J. Fabrication of self-supporting antireflection-structured film by UV–NIL. Microelectron. Eng. 110, 

163–166 (2013).

Table 2.  Material parameters for material model in FEM simulations.

Elastic modulus Poisson’s ratio Yield stress Frictional angle

2.4 GPa 0.4 80 MPa 20°

109



14

Vol:.(1234567890)

Scientific Reports |         (2021) 11:2419  | https://doi.org/10.1038/s41598-021-81560-6

www.nature.com/scientificreports/

 20. Ahn, S. H. & Guo, L. J. Large-area roll-to-roll and roll-to-plate nanoimprint lithography: a step toward high-throughput application 
of continuous nanoimprinting. ACS Nano 3, 2304–2310 (2009).

 21. Fu, X. et al. A rapid thermal nanoimprint apparatus through induction heating of nickel mold. Micromachines 10, 334 (2019).
 22. Choi, K. et al. Nano-tailoring the surface structure for the monolithic high-performance antirefl ction polymer film. Adv. Mater. 

22, 3713–3718 (2010).
 23. Zhang, C., Yi, P., Peng, L. & Ni, J. Optimization and continuous fabrication of moth-eye nanostructure array on flex ble polyethylene 

terephthalate substrate towards broadband antireflection. Appl. Opt. 56, 2901–2907 (2017).
 24. Ji, S., Song, K., Nguyen, T. B., Kim, N. & Lim, H. Optimal moth eye nanostructure array on transparent glass towards broadband 

antireflection. ACS Appl. Mater. Interfaces. 5, 10731–10737 (2013).
 25. Kumar, A., Chaliyawala, H., Siddhanta, S. & Barshilia, H. C. Broadband quasi-omnidirectional sub-wavelength nanoporous antire-

flecting surfaces on glass substrate for solar energy harvesting applications. Sol. Energy Mater. Sol. Cells 145, 432–439 (2016).
 26. Yoo, Y. J. et al. Mechanically robust antireflective moth-eye structures with a tailored coating of dielectric materials. Opt. Mater. 

Exp. 9, 4178–4186 (2019).
 27. Yeo, N. E., Cho, W. K., Kim, D.-I. & Jeong, M. Y. Enhanced anti-scratch performance of nanopatterned anti-reflective polymer 

films. Appl. Surf. Sci. 458, 503–511 (2018).
 28. Navarro-Baena, I. et al. Single-imprint moth-eye anti-reflective and self-cleaning film with enhanced resistance. Nanoscale 10, 

15496–15504 (2018).
 29. Leem, J. W. & Yu, J. S. Artific al inverted compound eye structured polymer films with light-harvesting and self-cleaning functions 

for encapsulated III–V solar cell applications. RSC Adv. 5, 60804–60813 (2015).
 30. Diao, Z., Hirte, J., Chen, W. & Spatz, J. P. Inverse moth eye nanostructures with enhanced antirefl ction and contamination resist-

ance. ACS Omega 2, 5012–5018 (2017).
 31. Mirotznik, M. S., Good, B. L., Ransom, P., Wikner, D. & Mait, J. N. Broadband antireflective properties of inverse motheye surfaces. 

IEEE Trans. Antennas Propag. 58, 2969–2980 (2010).
 32. Kim, J. G. et al. Multifunctional inverted nanocone arrays for non-wetting, self-cleaning transparent surface with high mechanical 

robustness. Small 10, 2487–2494 (2014).
 33. Tan, H., Gilbertson, A. & Chou, S. Y. Roller nanoimprint lithography. J. Vac. Sci. Technol. B: Microelectron. Nanometer Struct. 

Process. Meas. Phenom. 16, 3926–3928 (1998).
 34. Khang, D. Y., Yoon, H. & Lee, H. H. Room-temperature imprint lithography. Adv. Mater. 13, 749–752 (2001).
 35. Ng, S. H., Tjeung, R. T. & Wang, Z. 2006 8th Electronics Packaging Technology Conference. 615–621 (IEEE).
 36. Dragatogiannis, D. A. et al. Nanoscale mechanical and tribological properties of plasma nanotextured cop surfaces with hydro-

phobic coatings. Plasma Processes Polym. 12, 1271–1283 (2015).
 37. Ellinas, K. et al. Plasma micro-nanotextured, scratch, water and hexadecane resistant, superhydrophobic, and superamphiphobic 

polymeric surfaces with perfluorinated monolayers. ACS Appl. Mater. Interfaces. 6, 6510–6524 (2014).
 38. Singh, K. & Dupaix, R. B. Hot-embossing experiments of polymethyl methacrylate across the glass transition temperature with 

variation in temperature and hold times. Polym. Eng. Sci. 52, 1284–1292 (2012).
 39. Sun, J. et al. Biomimetic moth-eye nanofabrication: enhanced antirefl ction with superior self-cleaning characteristic. Sci. Rep. 8, 

1–10 (2018).
 40. Mäkelä, T., Haatainen, T. & Ahopelto, J. Roll-to-roll printed gratings in cellulose acetate web using novel nanoimprinting device. 

Microelectron. Eng. 88, 2045–2047 (2011).
 41. Hirai, Y. et al. Time dependent analysis of the resist deformation in thermal nanoimprint. J. Vac. Sci. Technol. B: Microelectron. 

Nanometer Struct. Process. Meas. Phenom. 25, 2341–2345 (2007).
 42. Ye, H., Yu, Y. & Zhang, T. Simulation and optimization of roll to roll hot embossing based on viscoelastic material PMMA. MS&E 

768, 042024 (2020).
 43. Mäkelä, T., Haatainen, T., Majander, P., Ahopelto, J. & Lambertini, V. Continuous double-sided roll-to-roll imprinting of polymer 

film. Jpn. J. Appl. Phys. 47, 5142 (2008).
 44. Fischer-Cripps, A. C. Nanoindentation 21–37 (Springer, Berlin, 2011).
 45. Pan, Z., Shahsavan, H., Zhang, W., Yang, F. K. & Zhao, B. Superhydro-oleophobic bio-inspired polydimethylsiloxane micropillared 

surface via FDTS coating/blending approaches. Appl. Surf. Sci. 324, 612–620 (2015).
 46. Ashby, M. F. Materials Selection in Mechanical Design (Fourth Edition) (ed Michael F. Ashby) 31–56 (Butterworth-Heinemann, 

2011).
 47. Quinson, R., Perez, J., Rink, M. & Pavan, A. Yield criteria for amorphous glassy polymers. J. Mater. Sci. 32, 1371–1379 (1997).

Acknowledgements
This work has been partially funded by the projects MADRID-PV2-CM (P2018/ EMT-4308) and MAT4.0-CM 
(S2018/NMT-4381), the government of the Comunidad de Madrid, and by the Spanish Ministry of Science and 
Innovation through project BiSURE (Grant: DPI2017-90058-R), the ’Severo Ochoa’ Programme for Centres 
of Excellence in R&D (MINECO, Grant SEV-2016-0686) and the ‘Maria de Maeztu’ Programme for Groups of 
Excellence (MINECO, Grant CEX2018-000800-M). AJM acknowledges the grant by the Regional Ministry of 
Education and Research of the Madrid Community and European Social Fund (ESF) (ref. PEJ15/IND/AI-0626). 
The authors greatly appreciate the assistance of P. Pedraz in AFM tip qualifi ation, T. Ezquerra and E. Rebol-
lar, for her support performing AFM measurements at the IEM-CSIC Institute and M. Rodríguez-Osorio for 
the SEM characterization. Also, the technical support and valuable advice of T. Mäkelä and J. Taivassalo, from 
PTMEC is deeply appreciated.

Author contributions
A.J.M. fabricated the samples and performed characterization and analysis of the results, M.R. developed the 
FEM simulations, J.J.H. designed the research work, assisted in sample fabrication and characterization and 
wrote the manuscript. I.N.B. set up the R2R pilot plant and contributed to the scientific discussion. M.A.M. and 
J.M.M.A. contributed to the mechanical characterization, designed experimental measurements to test the FEM 
model and contributed to the manuscript writing, I.R. supervised the research work and manuscript writing. All 
authors contributed to the discussion and analysis of the results presented.

Competing interests 
The authors declare no competing interests.

110



15

Vol.:(0123456789)

Scientific Reports |         (2021) 11:2419  | https://doi.org/10.1038/s41598-021-81560-6

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-021-81560 -6.

Correspondence and requests for materials should be addressed to J.J.H. or J.M.M.-A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  Th s article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

111

https://doi.org/10.1038/s41598-021-81560-6
https://doi.org/10.1038/s41598-021-81560-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/


 

 

 

  



 

113 
 

 

 

 

 

 

PUBLICATION 3 

  



 

 

  



Improved thermal stability of antireflective
moth-eye topography imprinted on
PMMA/TiO2 surface nanocomposites

Alejandra Jacobo-Martín1 , Jaime J Hernández1 , Patricia Pedraz1 ,
Eduardo Solano2 , Iván Navarro-Baena1 and Isabel Rodríguez1

1Madrid Institute for Advanced Studies in Nanoscience (IMDEA Nanoscience), C/Faraday 9, Ciudad
Universitaria de Cantoblanco, 28049 Madrid, Spain
2ALBA Synchrotron, Carrer de la Llum 2-26, 08290 Cerdanyola del Vallès, Barcelona, Spain

E-mail: jaime.hernandez@imdea.org

Received 8 March 2021, revised 26 April 2021
Accepted for publication 5 May 2021
Published 24 May 2021

Abstract
The thermal stability of antireflective moth-eye topographical features fabricated by nanoimprint
lithography on poly (methyl methacrylate) (PMMA) incorporating TiO2 nanoparticles is
explored. The effect of nanoparticle load on the relaxation dynamics of the moth-eye
nanostructure is evaluated via grazing incidence small angle x-ray scattering measurements by
in situ monitoring the structural decay of the nanopatterns upon thermal annealing. It is
demonstrated that the incorporation of TiO2 nanoparticles to the imprinted surface
nanocomposite films delays greatly the pattern relaxation which, in turn, enhances the stability of
the patterned topography even at temperatures well above the polymer glass transition (Tg). The
improved thermal behavior of the antireflective films will significantly enhance their
functionality and performance in light-trapping applications where temperatures typically rise,
such as solar devices or solar glass panels.

Supplementary material for this article is available online
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Introduction

The fabrication of bioinspired multifunctional components
based on polymers has experienced a vast growth in the last
decades [1–4], being the antireflective (AR) surfaces based on
moth-eye like textures among the most interesting structure-
mediated functionalities [5]. These textures include sub-
wavelength nanocone topographies that effectively create a
graded refractive index interface capable of reducing Fresnel
reflections and consequently increasing light transmission
[6–9]. A number of possible applications for these topo-
graphic features have been reported, such as the imple-
mentation of flexible AR films onto electronic displays for
glare reduction [10] or for light trapping and efficiency
enhancement of solar devices [11, 12].

Typically AR moth-eye patterns have been fabricated by
nanoimprint lithography (NIL) on polymer materials [10, 13].
There are two main variants of the NIL technique: UV-NIL
and thermal NIL (T-NIL). In the former case, the pattern is
transferred from a mold onto a low molecular weight resist
layer using low pressure, and then crosslinked under UV light
to render a hard AR coating. In T-NIL, or hot embossing, a
thermoplastic polymer is softened by increasing the temper-
ature (above its Tg) and mechanically deformed by a mold
under pressure. The features of the mold are filled in by a
viscous polymer flow and a replica is finally obtained onto the
polymer surface upon cooling and demolding. Both processes
are scalable via roll to roll processing and offer different
advantages [14]. One of the main advantages of T-NIL,
besides the lower costs of thermoplastics compared to UV

Nanotechnology

Nanotechnology 32 (2021) 335302 (9pp) https://doi.org/10.1088/1361-6528/abfe26

0957-4484/21/335302+09$33.00 © 2021 IOP Publishing Ltd Printed in the UK1

115

https://orcid.org/0000-0003-2404-2881
https://orcid.org/0000-0003-2404-2881
https://orcid.org/0000-0002-4368-2529
https://orcid.org/0000-0002-4368-2529
https://orcid.org/0000-0002-1853-6773
https://orcid.org/0000-0002-1853-6773
https://orcid.org/000-0002-2348-2271
https://orcid.org/000-0002-2348-2271
https://orcid.org/0000-0003-1723-0833
https://orcid.org/0000-0003-1723-0833
https://orcid.org/0000-0002-7178-8275
https://orcid.org/0000-0002-7178-8275
mailto:jaime.hernandez@imdea.org
https://doi.org/10.1088/1361-6528/abfe26
https://doi.org/10.1088/1361-6528/abfe26
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/abfe26&domain=pdf&date_stamp=2021-05-24
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/abfe26&domain=pdf&date_stamp=2021-05-24


photoresines, is that the functional patterns can be created on
free standing films, avoiding compatibility problems due to
the mismatch in optical, thermal or mechanical properties
when using coatings or layers of different materials [15].

An important drawback in T-NIL is related to the
inherent internal residual stress generated into the nanoim-
printed features during the process in which the polymer
flows under elevated pressure and under confinement condi-
tions [16]. The induced residual stress during the nanoimprint
process may lead to pattern relaxation with associated
dimensional changes and ultimately will lead to pattern decay
and deterioration of the replica fidelity [17, 18].

In the case of thermoplastic surfaces nanostructured by
NIL, pattern relaxation can be accelerated when the imprinted
substrates are subjected to heating. Pattern relaxation on
thermally treated substrates generally can take place by dif-
ferent driving forces acting on the nanopatterns. Firstly, it
may be triggered by internal stress relaxation [17, 19–21].
When films are subjected to heating the temperature increases
nearing the polymer matrix Tg and a rubber like elastic
recovery may take place as a consequence of the storage
modulus decrease, being this effect particularly significant for
polymers with high chain entanglement. With a further
increase in temperature, the polymer would enter into the
viscous flow state. In this state, surface tension becomes the
primary driving force of pattern decay causing polymer
material to slump or reflow which ultimately would cause the
patterns to retreat and finally flatten onto the surface [22, 23].

Thermal reflow of polymer melt has been advantageously
employed as smoothening method to produce ultra-smooth
optical structures such as microlens arrays [24, 25]. Never-
theless, the un-controlled polymer reflow is typically an
undesirable effect since it leads to deterioration of the struc-
tural integrity of the patterns responsible for the functionality
or the properties of the surface. In terms of nanoimprinted
surfaces, several studies have addressed the temperature-
dependent structural stability of the patterns [17, 20]. Dif-
ferent approaches have been attempted to improve their sta-
bility and durability. For instance, surface photochemical
crosslinking induced under UV exposure or plasma treatment
has been reported to enhance the thermal resistance [19].

Other approaches based on the addition of nanofillers
have also shown promising results in this direction. From a
practical point of view, the incorporation of nanoparticles into
a polymer matrix imparts additional properties which depend
on the nature of the filler. For example, enhanced thermal or
electrical conductivity, mechanical stability, flame retardant
or photoinduced self-cleaning capabilities, among other
properties can be achieved [26–29]. In addition, the nano-
metric size of the fillers in polymer nanocomposites plays a
significant role in modifying the physical properties of the
thermoplastic matrix as they are incorporated within the
polymer chains [30]. The confluence between the length scale
of both, nanoparticles and polymer radius of gyration, leads to
an increment of the topological constrains and restriction of
the polymer chains motion, promoting the entangled
dynamics in the polymer chains [31, 32]. This effect has been
exploited for the improvement of the creep resistance or for

increasing the polymer Tg [33, 34], also for the suppression of
the stress relaxation dynamics above the melting temperature
of a poly (ethylene oxide) matrix by the addition of a high
content of silica nanoparticlesd [35].

The effect of nanoparticles on the stability of nanoim-
printed nanocomposite patterns has been investigated in
several works by Bhadauriya et al [36–38]. The authors
showed that the stabilization of the imprinted nanostructures
was due to the deceleration of the polymer relaxation beha-
vior caused by the loading of polymer grafted nanoparticles or
unmodified nanoparticles onto the nanocomposite.

In this communication, we study and explore this effect in
a real application for the enhancement of the thermal stability
of moth-eye AR functional surfaces. The enhanced thermal
stability is brought about by the incorporation of titania (TiO2)
nanoparticles to the imprinted surface and formation of a sur-
face nanocomposite moth-eye pattern. This enhancement is
determined by tracking the pattern decay of the moth-eye
nanostructures in situ upon thermal annealing via grazing
incidence small angle x-ray scattering (GISAXS) measure-
ments. Notably, it is seen that the nanocomposite AR surfaces
preserve their antireflective functionality after being exposed at
temperatures far beyond the Tg of the PMMA matrix.

Previously, we have demonstrated the effect of TiO2

nanoparticles as effective fillers for the improvement of the
mechanical resistance of the moth-eye nanotextured surface
offering, in addition, a photocatalytic activity and a self-cleaning
action [28]. In this work, we further demonstrate the improve-
ment of the thermal stability as additional benefit offered by the
PMMA/TiO2 surface nanocomposite AR topography.

Results

Nanostructured moth-eye surface nanocomposites films were
produced by sequential processing steps of nanoparticle spin
coating and soft T-NIL, as described in detail in the experimental
section. Initially, a TiO2 nanoparticle dispersion is spin coated
over the PMMA film which is subsequently imprinted to obtain
a surface nanocomposite imprinted with a moth-eye like
nanostructure. For this, a dispersion of nanoparticles in methanol
with a concentration of 0.5 wt% was chosen based on previous
results to obtain an optimum balance between transparency and
mechanical reinforcement of the surface [28]. In contrast to
conventional nanocomposites, fabricated in general by melt
blending, solvent mixing or in situ polymerization [36–39]
where the filler is distributed throughout the bulk, the present
fabrication process gives rise, in one step, to a patterned surface
nanocomposite with the nanoparticles concentrated at the surface
on the moth-eye topography. Hence, this process represents a
practical approach to produce reinforced functional surface
nanotopographies, allowing for the matrix properties preserva-
tion (i.e. transparency, flexibility, etc) while reducing processing
steps and nanoparticle´s usage. Figure 1(a) shows the 3D scan
reconstruction of a moth-eye nanostructured PMMA/TiO2 sur-
face nanocomposite obtained by AFM on tapping mode. The
characteristic moth-eye like structures, consisting of a hexagonal
array of nanocones, can be clearly identified. Figure 1(b) shows
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the scanning electron microscope (SEM) image of a
PMMA/TiO2 nanoimprinted film obtained using the secondary
electrons detector and figure 1(c) shows the SEM image
corresponding to the same area, collected on the backscattered
electrons (BSE) detector. In the case of BSE, the signal intensity
is sensitive to the atomic number; hence, it shows brighter spots
corresponding to TiO2 nanoparticles (some of them are pointed
by white arrows in the figure). The image demonstrates the
homogeneous distribution of nanoparticles over the whole
nanoimprinted layer with an average height of the nanostructures
of ca. 330 nm and a pitch of 250 nm. SEM images with higher
magnification have been included in figure S1 (available online
at stacks.iop.org/NANO/32/335302/mmedia).

To assess the thermal stability of the nanoimprinted
moth-eye AR nanocomposite surfaces, monitoring of the
thermally induced pattern decaying process was analyzed and
compared to that of neat films by in situ temperature
dependence GISAXS measurements.

Previous studies to capture in real time the pattern decay
dynamics have been performed by in situ heated AFM mea-
surements [37] with a time resolution of 1 s. However, this
technique presents limitations in terms of scan size (10 μm) and
therefore, in area that can be monitored. Laser diffraction has
been also employed to monitor the decay of imprinted micro-
metric sinusoidal polymer patterns above the Tg through chan-
ges in the diffracted intensity of a laser beam impinging onto the
structured surface [40]. Jones et al tracked in real time the shape
evolution of polymer nanostructures during thermal annealing
using critical dimension small angle x-ray scattering (CD-
SAXS) [20]. Both techniques are based on the diffracted
intensity related to the volume of the material which generates
the electronic density contrast responsible of the scattering pat-
tern. Hence, any pattern collapsing, or material reflow will cause
the subsequent decrease of the scattered intensity that is being
measured. Based on the same principle, GISAXS with the x-ray
beam impinging at glancing angles (<1º) on the surface, pro-
vides improved statistical information from the larger areas
(~mm2) covered by the beam footprint, compared to other
techniques (~μm2) [41]. In addition, the high intensity of syn-
chrotron radiation allows to capture in real time the relaxation
processes and related structural evolution of the moth-eye
topography upon heating at temperature well above the PMMA

Tg. Thus, it is considered a practical tool for the evaluation of the
nanoparticle effect on the pattern relaxation dynamics and rela-
ted thermal stability.

GISAXS measurements were designed to assess the initial
imprint fidelity and to track in real time the pattern decay of
the moth-eye nanostructure during non-isothermal annealing.
Figure 2(a) shows a scheme of the experimental setup geometry,
describing the main axis and scattering angles used for the
calculation of the scattering vectors qx, qy and qz:

p
l

w a a= -q
2

cos cos cos , 1x f i( · ) ( )

p
l

w a=q
2

sin cos , 2y f( · ) ( )

p
l

a a=q
2

sin sin , 3z i f( · ) ( )

where λ is the x-ray wavelength, αi is the incidence angle and ω
and αf are the in-plane and out-plane exit angles, respectively.
For the small exiting angles recorded by means of GISAXS, the
qx contribution is negligible ( »q 0x ). The recorded GISAXS
intensity (I) depends on the square of the form factor (F) and
interference function (S): =I q F S q .2( ) ∣ ∣ · ( ) Therefore, due to
the hexagonal symmetry of the nanocones array on the film
surface, the intensity of the scattering pattern obtained is strongly
dependent on the rotation axis ρ normal to the surface plane (cf.
supporting video V1) where the combination of the form factor
and interference function presents an intensity maximum.
Figure 2(b) shows the characteristic 2D pattern obtained from a
PMMA moth-eye nanocone topography at room temperature
with the x-ray beam parallel to the 100 plane of the hexagonal
array. The characteristic spacing of the 100 reflection of the
hexagonal array was estimated from the position of the first
scattering maximum observed by using the approximation

p»L q2 y, max. The d-spacing value derived from the peak
position, located at 0.0245 nm−1, is in good agreement with the
specified pitch for the AR moth-eye nanocones of 250 nm, being
the outer maxima observed consecutive orders of the first one.
Figure 2(c) shows the simulated 2D pattern of the moth-eye
nanostructure, generated by employing the BornAgain software
[42]. The simulation process, considering the input structural
parameters and the simulated surface are further explained in the
supplementary information (cf. table S1 and figure S2). After the

Figure 1. (a). 3D AFM image reconstruction of a nanostructured moth-eye PMMA surface nanocomposites film. SEM images using the
secondary electrons detector (b) and the backscattered electrons detector (c). The bright areas observed in (c) correspond to TiO2

nanoparticles. White arrows point out some of the larger bright areas which corresponds to high TiO2 content on the topography.

3

Nanotechnology 32 (2021) 335302 A Jacobo-Martín et al

117

http://stacks.iop.org/NANO/32/335302/mmedia


refinement, the simulation results showed a good agreement with
the experimental topographical parameters: a pitch of 230 nm
and a height of 350 nm with the expected hexagonal lattice.
Figure 2(d) shows the comparison of experimental and simu-
lated 1D projections representing the scattering intensity
obtained by the vertical integration of a section of 20 pixels,
centered on the region corresponding to the Yoneda peak [43],
where the maximum on intensity in qz is located (cf. figure 2(c)).

Prior to performing the temperature dependence measure-
ments, the different substrates were carefully aligned to max-
imize the scattered intensity of the 100 reflection and its
corresponding diffraction orders, improving the pattern sym-
metry and allowing to compare the structural decay of the dif-
ferent samples during the temperature ramps (performed from 25
up to 150 °C at a heating rate of 5 °Cmin−1). The moth-eye
nanopattern decay was evaluated based on the analysis of the
scattering vector qy, which provides information about structural
correlations parallel to the sample plane, according to standard
analysis procedures reported earlier [41].

Figure 3(a) shows the 1D integrated scattered intensity as a
function of qy, obtained during the heating ramps. At first sight,
it can be appreciated a clear decrease in the number of visible
diffraction orders above the PMMA Tg as a consequence of
nanopattern distortion and degradation of the lattice perfection.
In both cases the first maxima remain visible up to 150 °C
indicating that the topography of the nanoimprinted surface is

partially preserved even in the neat polymer at the end point of
the reflow reached during the heating ramp. As mentioned, the
existence of restricted polymer chain motions due to chain
entanglements determine the thermal stability of polymer
nanostructures above the Tg [19]. In this work, the molecular
weight (Mw) of the PMMA employed (see Experimental
Section) is ca. 10 times larger than the reported entanglement
Mw of the polymer, which is about 104 g·mol−1 [44].

Figure 3(b) shows the integrated scattered intensity
corresponding to the first maxima as a function of the
temperature. The intensity drop observed can be ascribed to a
decrease in nanofeature height as a consequence of the AR
PMMA patterns decay at these high temperatures [20].
Remarkably, the intensity decay is strongly attenuated in the
case of the titania reinforced nanostructures. Due to the short
beam exposure times employed (0.5 every 30s) PMMA
degradation due to radiation damage can be discarded.

The GISAXS results were confirmed by ex situ atomic
force microscopy measurements. Figure 4(a) shows the AFM
topography images of the nanostructured films before and
after the thermal treatment. The characteristic hexagonal array
of the moth-eye nanostructures can be identified after heating
in both the neat and nanocomposites substrates up to 150 ºC.
However, as it was observed during the GISAXS measure-
ments, the neat PMMA moth–eye pattern shows a noticeable
array distortion and nanocones thinning, with some of them

Figure 2. (a) Scheme of the experimental setup used for GISAXS measurements. The main rotational axis and scattering angles are indicated.
2D experimental (b) and simulated (c) GISAXS patterns obtained at constant incidence angle αi=0.4º with x-ray beam parallel to the 100
crystallographic axes of the hexagonal array. (d) 1D experimental (red) and simulated (black) normalized scattered intensity obtained from
projections performed on the Yoneda peak region, marked with a red rectangle in (b).
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laterally collapsing (pointed by white arrows in figure 4(a)).
On the other hand, the moth-eye patterns on the surface
nanocomposite films remained in place and only a slight
decrease in height was observed. The graph in figure 4(a)-
right shows representative height profiles extracted from the
two samples before and after the thermal treatment. As it can
be observed, the height mean value decreases from ca. 330
nm at the initial stage, down to 70 nm in the case of neat
PMMA (80% decrease in height). The height reduction is
strongly prevented in the case of the surface nanocomposite,
reaching a final height of ca. 215 nm (35% decrease in
height). These results agree well with the in situ temperature
dependence GISAXS measurements and serve to confirm the
enhancement of the thermal stability of the moth-eye PMMA
nanopatterns by the incorporation of the titania nanoparticles.

Due to the interrelation between surface nanostructure and
surface functionality, the impact on the optical performance of
the annealed AR films was next examined. Figure 4(b) shows
the specular transmittance of the reference flat PMMA film
compared with the nanostructured samples before and after
thermal treatment. As can it be observed, the AR topography
improves the transmittance values from ca. 90% in the case of
the pristine PMMA film up to ca. 95% for the neat PMMA AR
film. This increment is slightly lower for the nanocomposite due

to the large refractive index of the TiO2 nanoparticles incorpo-
rated in the layer resulting on a higher absorption [28], never-
theless, the transmittance reached 94% values on the
nanocomposite PMMA AR film. After heating the neat AR
PMMA film up to 150 °C, the transmittance decreased to 91%–

92%, close to the flat PMMA film. However, the AR PMMA
TiO2 surface nanocomposite film retained up to 93%–94% of
the film transmittance.

It has been discussed before that the height and shape of the
nanoscopic features that forms the AR layer has a direct impact
on the optical performance of the films [45, 46]. In this case, the
optical performance obtained is in accordance with the topo-
graphy profiles seen in figure 4. As the height of the PMMA
moth-eye nanocones decreases after thermal treatment (cf.
figure 4(a) top right), a shorter path is available for the gradual
reduction of the refractive index and as a result, the antireflective
effect is less efficient. However, in the case of the PMMA AR
surface nanocomposite, the resistance to the thermal reflow
induced by the addition of nanoparticles, allows to preserve to a
large extent the height of the nanocones (cf. figure 4(a) bottom),
and as such, the optical transmittance of the films remained high
even after thermal treatment at 150 ºC, that is ca. 50 °C above
the Tg of the PMMA.

Figure 3. (a) 1D integrated scattered intensity profiles as a function of qy obtained during the heating ramp for the PMMA and PMMA/0.5%
TiO2 nanoimprinted surfaces. (b) Temperature dependence of the integrated scattered intensity of the 100 reflection (logarithmic scale). The
dotted line indicates the bulk melting temperature of the PMMA matrix.
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The results indicate that PMMA/TiO2surface nano-
composites are able to preserve to a large extent the func-
tionality of the nanoimprinted AR topography above the glass
transition temperature of the polymer matrix which will widen
its usability in real applications. The development of stable
and durable nanopatterned surfaces is of great interest due to
the broad range of applications that could take advantage of
the unique structure-mediated functionalities that can be
obtained. Particularly in the case of moth-eye AR solar cell
covers, the increase in thermal resistance is of high interest
considering the elevated temperatures that can be reached

when the cells are exposed to the sun, approaching the
PMMA Tg in some cases [47].

Conclusions

Moth-eye bioinspired antireflective surfaces were fabricated
by soft T-NIL on PMMA/TiO2 surface nanocomposites. The
thermal stability of the moth-eye nanostructures was studied
by in situ GISAXS measurements whereby the structural
decay of the nanopatterns was followed upon thermal

Figure 4. (a) AFM topography images of PMMA and its TiO2 surface nanocomposite nanoimprinted films at the initial stage (25 ºC) and after
thermal annealing up to 150 ºC. Representative height profiles corresponding to both substrates are shown on the right. (b) Specular
transmittance spectra of antireflective PMMA and its nanocomposite films before and after sample heating up to 150 ºC. The flat PMMA
spectrum is included as reference. (The spectral noisy discontinuities observed around 900 nm are due to the change in detectors in the
spectrophotometer).
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annealing. The analysis of the integrated scattered intensity
obtained from the nanotopography during the heating cycles
revealed that upon addition of TiO2 nanoparticles, the thermal
stability of the nanoimprinted polymer patterns is greatly
enhanced. This effect was observed even after thermal
annealing at temperatures 50 °C above the PMMA Tg,
observing that the optical reflectance and transmittance of the
moth-eye patterned films were unaltered only in the case of
the PMMA/TiO2 surface nanocomposite AR films.

The increase of thermal stability or resistance to thermal
reflow in the nanoimprinted surface nanocomposite patterns
can be ascribed to the anchoring effect of the filler restricting
the polymer chains mobility thus, the pattern relaxation
dynamics. This in turn allows for the preservation of the
functional moth-eye patterns at temperatures well above the
softening point of the polymer matrix, broadening the work-
ing temperature range of the AR polymer films.

The results obtained suggest a simple, scalable, and cost-
effective method to fabricate functional topographies on
surface nanocomposites with improved thermal stability far
beyond the softening temperature range of the polymer
matrix.

Experimental

Synthesis of TiO2 nanoparticles

TiO2 nanoparticles were prepared via hydrothermal reaction
of Titanium isopropoxide (IV) (Acros organics) by using the
procedure described before [28]. Briefly, 20 ml of this reagent
were added to 36 ml of deionized water and stirred for one
hour at room temperature. After that, the suspension was
filtered through a Büchner kitasato system connected to a
vacuum pump and washed with about 2 l of deionized water.
The white powder was placed into a teflon-lined autoclave
and mixed with 3.9 ml of 0.6 M tetramethylammonium
hydroxide (Sigma Aldrich). The solution was heated at
120 °C in an oven for 14 h and subsequently centrifuged two
times (10 min at 10 000 rpm) to remove aggregates. The
crystalline structure of the nanoparticles was characterized by
synchrotron 2D wide angle x-ray scattering (WAXS) mea-
surements. Characteristic diffraction peaks of two different
phases of TiO2 were identified: anatase (87%) and brookite
(13%), both with photocatalytic activity [48] (see figure S3
and table S2 in supporting information). The phase content
was estimated from the peaks integrated intensity ratio as
reported elsewhere [49].

The nanoparticle size (ACS) was estimated by using the
Scherrer formula: = l

b q
ACS ,k

cos

·
·

where k is the shape factor

(∼0.9), λ is the wavelength (0.1 nm), β is the peak broad-
ening (FWHM in radians) and θ is the Bragg angle of
the reflection [50]. The particle size was estimated to be ca.
12 nm, in agreement with AFM height profile measurements
(cf. figure S4). In this case, the real diameter is estimated from
the height of the nanoparticles rather than from the lateral
dimensions, avoiding tip convolution overestimation [51].

The nanoparticle size was further confirmed by SEM (cf.
figure S5).

Mold fabrication

A soft working mold was produced on polydimethylsiloxane
(PDMS) by soft-lithography replication of a commercial
nickel master mold with the moth-eye topography (HT-AR-
02, Temicon). For this, a thin layer of hard PDMS (h-PDMS)
was first used to fill the moth-eye nanocone cavities,
onto which a thick layer of soft PDMS (s-PDMS) was poured
to produce a flexible composite mold. To prepare the
h-PDMS, the recipe was adapted from H Schmid et al and
optimized in order to replicate the moth-eye pattern with
high accuracy. Vinyl and hydrosilane prepolymers (7%–8%
Vinylmethylsiloxane - dimethylsiloxane copolymer trimethy-
lsiloxy terminated and Methylhydroxisiloxane - dimethylsi-
loxane copolymer respectively, ABCD GmbH) were used. 6
μl of a catalyst (platinum-divinyltetramethyldisiloxane com-
plex in vinyl terminated poly (dimethylsiloxane), ABCR
GmbH) and 100 μl of a modulator (1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane 97%, ABCR GmbH) were
firstly mixed with 3.4 g of the vinyl compound, and then 1 g
of the hydrosilane was added. The mixture was degassed
under vacuum and then casted onto the nickel master mold.
After 15 min filling the cavities, the remaining polymer was
eliminated by gravity. The mold was placed in an oven at
80 °C under vacuum for 20 min to only achieve a partial
cured layer. Subsequently onto this layer, 50 g of s-PDMS
(Sylgard 184, Dow Corning) precursor supplemented with the
initiator mixture (10:1) were poured, mixed and completely
cured at 80 °C for 24 h obtaining a PDMS composite mold of
about 3 mm in thickness. The fabrication process is outlined
in figure S6.

Preparation of PMMA/TiO2 nanostructured surface
nanocomposites

PMMA (Sigma Aldrich, Mw=120.000 g·mol−1) thin films
were prepared over two different substrates: polyethylene
terephthalate (PET) films (Hifi industrial films, 125 μm
thickness) and polished silicon wafers (University Wafers,
test grade). PET was chosen for being one of the most widely
used substrate materials in flexible electronics and photo-
voltaics due to its transparency and chemical resistance [52].
Silicon was used for the samples subjected to thermal treat-
ment and x-ray characterization by synchrotron radiation.
Prior to polymer coating, O2 plasma treatment was applied
(150 ml min−1, 5 0 W, 1 min) on the substrates. Then, a
PMMA solution (7.5% w/w) in anisol (Scharlau Chemicals
& Reagents) was spin coated (1000 rpm) onto the substrate.
Next, the sample was placed on a hot plate (90 ºC, 1 min) to
evaporate the residual solvent. This process created a PMMA
thin film over the PET of 460 nm in thickness as estimated by
profilometry using a Dektak XTL Stylus Profiler (Bruker).

For the fabrication of the AR nanocomposite surfaces,
the aqueous dispersion of TiO2 (≈ 24 wt%) was diluted with
methanol (Scharlau Chemicals & Reagents) at a concentration
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of 0.5 wt%, and then, spin coated (3000 rpm) over the PMMA
thin films prepared previously. Then a soft T-NIL step was
performed using an Eitre 3 Nanoimprint System (Obducat)
whereby the prepared substrates were imprinted at 180 °C
applying a pressure of 45 bar for 5 min. Prior to demolding,
the substrates were cooled down to room temperature.

Characterization of AR PMMA/TiO2 composite films

Nanostructured films were characterized by SEM using an
Auriga FIB-SEM system (Zeiss) and atomic force microscopy
(AFM) in tapping mode using a NanoWizard II (JPK) and a
Multimode 8 AFM with a Nanoscope V controller (Bruker).
The SEM tool employed has a local charge compensation
system based on injecting N2 gas which allows to obtain
images directly from the nanoimprinted samples without any
coatings. Due to the hexagonal symmetry of the nanocone
array it has been demonstrated that the sample orientation,
respect to the detector plane, has a strong influence on the
appearance of the SEM images [53]. Thus, all samples were
imaged at equivalent rotation angle using a 45º tilted sample
holder to allow for a direct comparison. AFM measurements
were performed using Tap300GB-G probes (Budget Sensors)
with tip radius <25 nm and a nominal spring constant of
40 Nm−1.

Specular transmittance and total reflectance were mea-
sured using a Lambda 950 UV-Vis spectrophotometer (Perkin
Elmer), fitted with a 150 mm integrating sphere. Both para-
meters were measured from 400 to 1700 nm wavelength
range, at two different positions within the same sample.

X-ray scattering techniques using synchrotron radiation
were used in order to complete the ex situ and in situ thermal
characterization of TiO2 nanoparticles and PMMA/ TiO2

nanoimprinted surfaces. 2D WAXS and Grazing Incidence
Small and Wide-Angle x-ray Scattering (GISAXS/GIWAXS)
measurements were performed at the BL11 NCD-SWEET
beamline of the ALBA synchrotron (Cerdanyola del Vallès,
Spain). An x-ray beam with wavelength λ=0.998 Å was set
using a Si (111) channel cut monochromator and collimated
with an array of Be lenses. The beam dimension at the sample
position was estimated to be 40 μm height and 100 μm wide.
The 2D patterns were recorded with a Pilatus3 S 1M area
detector (pixel size 172×172 μm2) for GISAXS and a
Rayonix LX255-HS detector (pixel size 44.27×44.27 μm2,
binning 2×2) for the 2D WAXS measurements. The scat-
tering vector q for the wide [small] angle scattering experi-
ments was calibrated using chromium oxide (Cr2O3) [silver
behenate] obtaining a sample to detector distance of 100.4
[7615] mm. Incidence angles (αi) were varied between 0.1
and 0.4º. Heating ramps we accomplished from 25 °C up to
150 °C at a heating rate of 5 °C min−1 using a calibrated
Linkam® TMS600 heating stage adapted for grazing inci-
dence experiments. The 2D WAXS data obtained was
reduced to a 1D profile using Fit2D software [54].
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Abstract 

This work describes the fabrication of bioinspired moth-eye antireflective films based on surface 

nanocomposites of poly vinylidene fluoride (PVDF) and TiO2 nanoparticles produced in a single 

thermal nanoimprint lithography step. The incorporation of nanoparticles enhances the 

mechanical and thermal stability of the antireflective topography as demonstrated by 

nanoindentation tests and in situ temperature dependent grazing incidence X-ray scattering 

measurements using synchrotron radiation. The effect of thermal annealing and UV radiation on 

the degradation in the optical performance and durability of the antireflective films is also 

evaluated in weathering tests. Improving the thermal and mechanical behavior as well as the long-

term durability of nanoimprinted polymer antireflective films will significantly expand their 

potential for implementation in solar devices. 

 

Introduction  

Nature has evolved to provide species with many different surface properties and functionalities 

to adapt to their living environment; the study of the principles behind them are the subject of 

interest and continuous study by many research groups.[1] Among the most interesting 

functionalities are those related to the manipulation of light at interfaces.[2] Reducing the light 

reflection and improving the light transmission is crucial for the survival of many nocturnal 

creatures [3] and it is also very useful in many man-made-products and consumer applications.[4] 

For instance, more than 70 % of the solar photovoltaics panels have an antireflective coating 

(ARC) on its surface for reducing optical losses and increasing efficiency.[5] Currently, most of 
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the commercial silicon based photovoltaics (PV) employ single layer ARC based on Si3N4, TiO2, 

or SiO2 coatings.[6] The so called quarter-wave ARC are optimized for a narrow range of 

wavelengths and incidence angles. Multilayer coatings, combining materials with variable 

refractive index, overpass the AR performance in terms of omnidirectionality and broadband 

antireflectivity at expenses of a higher complexity and material consumption during the 

manufacturing process.[7, 8] The AR principle of thin films relies on the suppression of light 

reflections through destructive interferences produced at the layer’s interfaces A different 

approach to implement AR capability is based on texturization processes. Traditionally, micron 

sized inverted pyramidal or random textures, which enhance light trapping through internal 

reflections, have been employed.[9] Nevertheless, subwavelength AR nanostructures, providing a 

graded refractive index, are a better option for the production of thin film PV and emerging low-

cost solar cells.[9, 10] The main advantage of the latter approach is that provides reflections 

suppression over a broad range of spectral bandwidth and incidence angles[11] which is of great 

importance to improve light harvesting in fixed solar modules.[12] Moth eyes, covered by an array 

of subwavelength nanocones, have been particularly inspiring as an antireflective approach based 

on a graded refractive index.[13] Moth-eye AR nanostructures have been directly engraved onto 

Si,[14] or implemented using metal oxide nanostructures such as TiO2
[15] or ZnO.[16] to improve the 

efficiency of solar cells. The conventional fabrication techniques, like dry/wet etching or physical 

and chemical vapor deposition methods, and materials employed allow to achieve most of the 

requirements for AR coatings in PV applications: broadband and omnidirectional antireflective 

efficiency, durability and possibly self-cleaning multifunctionality.[7, 12] Beside these 

developments there is still a need for cost-effective and large-scale fabrication methods of 

effective antireflective strategies. Moth-eye AR nanopatterns can be produced at low cost with 

high accuracy in polymeric materials using nanoimprint lithography (NIL) techniques.[17] 

Furthermore, the technology can be up-scaled by continuous NIL processes based on roll to roll 

(R2R) fabrication to produce AR surfaces in large areas and at very low costs as required for 

many PV technologies.[18] 

However, for solar energy applications, there is a need to have durable and thermally stable 

materials.[12] Polymers, in general, suffer from environmental ageing due to processes of chain 

scission triggered by UV radiation, temperature, humidity and air pollution. These processes 

generally degrade the optical transmittance of the polymer.[19] Furthermore, nanoimprinted 

polymer nanostructures lack of mechanical resistance[20] and thermal stability[21] which may 

compromise their functionality and applicability outdoors at environmental conditions. Regarding 

photodegradation, fluoropolymers such as polyvinylidene fluoride (PVDF), with multiple carbon-

fluorine bonds, have shown superior resistance to UV radiation when compared to other polymers 

and as such, it appears promising for outdoor photovoltaic modules.[22] However, hitherto AR 
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surfaces have not been produced on PVDF by NIL processing. In terms of mechanical resistance, 

some approaches have been proposed to improve the lack of mechanical stability of 

nanoimprinted patterns such as thermal hardening [23] or the use of inorganic hard coatings for 

increase scratch resistance.[24] We have previously reported the incorporation of TiO2 

nanoparticles as mechanical reinforcement of moth-eye AR nanostructures imprinted on PMMA 

surface nanocomposites.[25] It has also been demonstrated by other authors that the presence of 

nanoparticles into nanoimprinted nanocomposite polymer patterns boost their thermal stability 

beyond the softening point of the matrix, delaying and minimizing the slumping and distortion of 

the topographic features induced by thermal processes like reflow.[26] 

In addition to mechanical reinforcement, TiO2 nanoparticles provide for additional functionalities. 

The photocatalytic behavior of titania is well known; TiO2 upon absorption of photons (=388 

nm) in the presence of O2 and H2O, produces reactive oxygen species able to carry out organic 

matter photo-oxidation reactions.[27] These reactions have been exploited for the development of 

self-cleaning surfaces,[28] a highly demanded capability for solar panels.[4, 7, 12] However, these 

photooxidation reactions can also degrade the polymer matrix and deteriorate the optical 

transparency and lifespan of the AR topography.[29]  

PVDF is a semicrystalline polymer which combines chemical, thermal and environmental 

resistance with ease of processing, including both, melting and solution standard methods.[30] 

Depending on processing conditions, PVDF presents different crystalline structures being the 

most common the non-polar α phase and the ferroelectric β phase.[31] Due to its outstanding 

weather resistant properties,[32] PVDF is being used as outer encapsulating layer in 

photovoltaics.[33]  

In this work, we propose the fabrication of moth-eye AR surfaces on PVDF and explore the 

incorporation of TiO2 nanoparticles to produce AR surfaces with enhanced mechanical and 

thermal stability while providing long term durability as required in many photovoltaic 

applications. It will be demonstrated that the formation of PVDF/TiO2 surface nanocomposites, 

at relatively low filler concentration, improves the mechanical and thermal resistance of the AR 

nanoimprinted films, while the chemical stability of the PVDF avoids the potential damage from 

TiO2 photocatalytic oxidative reaction and provides for durability.  

Results 

The nanostructured antireflective films based on the moth-eye topography were produced on 

surface nanocomposites by T-NIL on a PVDF film after a layer of TiO2 nanoparticles (deposited 

from 0.5 % or 1 % w/w dispersions in MeOH) had been spin coated on its surface. During T-NIL, 
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the moth-eye pattern is transferred from a PDMS replica mold to the coated PVDF film by 

applying pressure and temperature (see Figure 1a). The surface nanocomposites produced are 

denoted as: PVDF/0.5% TiO2 and PVDF/1% TiO2. Upon imprinting, the film surface shows the 

characteristic nanocones array of the inspired moth-eye topography as the atomic force 

microscopy (AFM) image shows in Figure 1b. Figure 1c shows the back-scattered (BS) scanning 

electron microscopy (SEM) image of a smooth PVDF film coated with TiO2 nanoparticles by spin 

coating. In this case, the signal intensity is sensitive to the atomic number and so, the brighter 

spots observed correspond to the areas coated with TiO2 nanoparticles, confirming their 

homogeneous distribution over the surface. Figure 1d shows an SEM image of an equivalent area 

after performing a T-NIL process, revealing the moth-eye characteristic nanofeatures with TiO2 

nanoparticles embedded throughout. 

 

 

Figure 1. (a) Outline of the fabrication process of moth-eye like AR texture on PVDF/TiO2 

surface nanocomposites by T-NIL. (b) 3D AFM topography image of a PVDF/0.5% TiO2 

moth-eye nanoimprinted topography. (c) Back-scattered SEM image obtained from a TiO2 

coated PVDF film. (d) SEM image of the same sample after T-NIL. Scale bar in (c) and (d) is 

1 µm. 

The mechanical properties of the nanocomposite imprinted surfaces were evaluated by 

nanoindentation and nanoscratch tests, which have been found well suited techniques to evaluate 

the mechanical behavior of nanostructured layers.[34] Figure 2a shows the characteristic curves 

corresponding to the load-unload nanoindentation cycles (up to a maximum of 200 µN) performed 

on the PVDF films under study: smooth and moth-eye imprinted, neat and nanoparticle reinforced 
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films (for both PVDF/0.5% TiO2 and PVDF/1% TiO2 substrates). As inferred from the lower 

probe penetration depth measured at equivalent loads, reinforced nanostructures exhibit higher 

resistance to penetration than the neat ones. The maximum penetration depth measured for the 

nanostructured PVDF film was ⁓ 180 nm. Upon addition of nanoparticles, the maximum 

penetration was reduced by more than 15 %, rendering values of ca. 150 nm, only 20 nm higher 

than the value observed on the smooth neat PVDF film used as reference. It should be mentioned 

that the mechanical response was similar for the two loading amounts studied. The apparent 

stiffness in each case was extracted from the slope of the unloading segments of the indentation 

cycles performed within the elastic regime, at probe penetrations lower than 10 nm. The contact 

stiffness increased up to 20 % with the presence of nanoparticles, from 0.95 µN·nm-1 for the 

PVDF up to 1.18 µN·nm-1 for the PVDF/1% TiO2 sample.  

The nanomechanical characterization was complemented by nanoscratch tests using the same 

nanoindenter probe. The testing cycle involved three steps including: pre-scanning the surface 

using a contact load of 2 µN in order to obtain its initial topography, followed by a scratch step 

at a constant load of 100 µN and, finally, a post-scan to acquire the residual plastic deformation 

caused by the scratch. As it can be observed in Figure 2b, the smooth PVDF film offers a fully 

elastic response under the scratch testing conditions used, and no residual deformation was 

observed during the post-scan. The nanostructured PVDF, on the contrary, presents a residual 

plastic deformation of 100 nm that can be deduced from the increased depth measured in the post 

scan. However, upon addition of the nanoparticles, this residual plastic deformation after the 

scratch was reduced by ca. 50 %. In agreement with the nanoindentation tests, the scratch 

response was similar for the two nanoparticle loading amounts studied, albeit being slightly better 

for the lowest loading amount. Therefore, the presence of nanoparticles improves not only the 

nanoindentation response, but also the scratch resistance of the moth-eye nanostructures on 

PVDF. 
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Figure 2. (a) Characteristic nanoindentation loading-unloading curves. (b) Nanoscratch 

measurements obtained with an applied normal load of 100 µN. Pre and post-scan regions are 

included. (c) Specular transmittance spectra and (d) total reflectance spectra of AR 

nanostructured films. The curves obtained from the smooth PVDF are included as reference. 

The optical characterization of the PVDF/TiO2 nanostructured AR films, fabricated over PET 

transparent substrates, is presented in Figure 2c-d in terms of specular transmittance and total 

reflectance in the visible spectral region. Although PVDF does not have good transparency due 

to its semicrystalline nature, the imprinting of the moth-eye nanopattern improves their optical 

performance. Compared to the smooth neat PVDF film, the moth-eye topography increased the 

transmittance from ca. 89 % at 700 nm to more than 93 % being this value higher than that of the 

PMMA, that is considered the reference polymer in terms of optical transparency.[35] The 

improvement of transparency was slightly less pronounced in the case of the moth-eye topography 

produced on the lightly reinforced (PVDF/0.5% TiO2) surface nanocomposite (ca. 92 %). On the 

surface reinforced with the higher TiO2 load (PVDF/1% TiO2), due to scattering and UV light 

absorption by the titania nanoparticles, transmittance only improved at wavelengths above 600 

nm. The total reflectance values followed the same trend. In all cases, the best results were 
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observed upon nanoimprinting the films on both sides, obtaining transmittance values above 95 

% for both, the neat and the lightly reinforced moth-eye patterned films. 

The influence of the TiO2 nanoparticles on the thermal stability of the moth-eye imprinted patterns 

was studied by means of in situ grazing incidence small-angle X-ray scattering (GISAXS) 

measurements under non-isothermal annealing using synchrotron radiation. Due to the low 

incident angle of the X-ray beam (< 0.4º), this technique provides averaged geometrical 

information over large areas (⁓ mm2) compared to that obtained by SEM or AFM. Also, it allows 

to perform time resolved experiments, due to the short exposures required to obtain an X-ray 

pattern (<< 1 second),[36] permitting to track, in real time, the distortion of the AR nanostructure 

during heating up to temperatures beyond the melting point of the PVDF nanocomposite matrix. 

The experimental setup, describing the main axis and scattering angles, is outlined in Figure S1. 

Figure 3a shows the characteristic 2D X-ray pattern of the nanostructured surface obtained by 

aligning the sample in such a way that the X-ray beam impinges parallel to a determined plane 

direction of the moth-eye hexagonal array, as depicted in the inset of the figure. The exit angles 

f and  provides information about structural correlations out-of-plane (vertical direction) or in-

plane (horizontal direction), respectively.[37] In this case, due to the structural correlations of the 

hexagonal array, parallel to the surface plane, the analysis is performed using the scattering vector 

𝑞𝑦 =
2𝜋

𝜆
(sin 𝜔 · cos 𝛼𝑓),[38] being  the wavelength of the X-ray beam. The vertical integration 

of a section centered on the so called Yoneda peak[39] (marked with a yellow rectangle in Figure 

3a) allow to extract 1D curves representing the scattering intensity as a function of qy (cf. Figure 

3a-bottom). The characteristic spacing of the reflections was calculated by using the expression 

𝐿 = 2𝜋
𝑞𝑦

⁄ . The d-spacing value derived from the position of the first maximum, located at 0.0246 

nm-1, was calculated to be 254 nm, which is in good agreement with the d-spacing corresponding 

to the 100 planes of the hexagonal lattice with lattice parameter a = 290 nm, reported by the AR 

mold manufacturer. In all cases the samples were carefully aligned to maximize the scattered 

intensity of the mentioned reflection to compare the structural evolution of the different moth-eye 

patterned substrates during the heating ramps. 

As it has been demonstrated in previous works using laser [40] or X-ray diffraction [41], it is possible 

to track the pattern decay of nanoimprinted polymer features trough changes on the scattered 

intensity. The decreasing intensity of the diffracted pattern is related to a reduction in the height 

of the scatterers (nanoscopic moth-eye features) caused by pattern relaxation and/or polymer 

reflow induced at temperatures close or above the glass transition (Tg) of the matrix. Figure 3b 

shows the integrated scattered intensity of the first diffraction peak as a function of the 

temperature, obtained during the heating ramps performed from 25 up to 200 ºC at a heating rate 

of 5 ºC·min-1. At first sight, the intensity decreases strongly on the AR PVDF sample, starting 
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around 130 ºC. The decay is comparably lower for the reinforced nanostructures and almost 

suppressed for the nanocomposite with the higher nanoparticle load. Figure 3c shows the 

integrated 1D scattered intensity as a function of qy patterns. It can be observed that the decrease 

in scattered intensity by the AR PVDF topography is accompanied by a decrease in the number 

of visible diffraction peaks consequence of the distortion of the hexagonal array. This effect is 

strongly attenuated in the case of the TiO2 reinforced AR nanostructures. In all cases the first 

maximum remains visible up to 200 ºC, indicating that the AR topography was not completely 

smoothen at the end of the annealing process, as it will be shown below. 

 
Figure 3. (a) 2D characteristic X-ray diffraction pattern of a PVDF nanostructured sample with 

the beam impinging parallel to the 100 plane, as depicted in the inset. At the bottom, the 1D 

integrated scattered intensity as a function of qy obtained by integrating the intensity on the 

Yoneda peak region, marked with a yellow rectangle. (b) Temperature dependence of the 

integrated intensity of the 100 reflection (logarithmic scale). The dotted line indicates the bulk 

melting temperature of the PVDF matrix. (c) 1D integrated scattered intensity curves as a 

function of qy obtained during samples annealing up to 200 ºC. 

In good agreement with previous reports on reflow measurements performed on surface 

nanoimprinted nanocomposites,[26, 42] the presence of nanoparticles dispersed within the polymer 

matrix improves the thermal resistance of the imprinted nanopatterns. The resistance of the 

polymer matrix to reflow when temperature is increased has been ascribed to the anchoring effect 
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of the nanofiller acting as topological constrains, enhancing the entangling dynamics of the 

polymer chains and restricting their motions, which altogether translates into a more thermally 

stable patterns.[43] 

The evolution of the crystalline structure of the nanoimprinted PVDF and its surface 

nanocomposites was also investigated by performing temperature dependence grazing incidence 

wide-angle X-ray scattering (GIWAXS) measurements using the same heating protocol. The 

detector was placed close to the sample to access to q region of interest for the study of the 

crystalline structure of the polymer. The characteristic 2D patterns obtained are displayed in 

Figure S2. Figure 4a shows the temperature dependence of the 1D integrated scattered intensity 

as a function of the scattering vector 𝑞 = 4𝜋 · 𝑠𝑖𝑛𝜃
⁄  for the PVDF and the nanocomposites, 

obtained from the azimuthal integration of the 2D patterns over a broad angular region. The image 

allows to identify the melting temperature (Tm) of the materials (ca. 160 ºC) by the disappearance 

of the Bragg reflections characteristic of the semicrystalline polymer. In the case of the 

nanocomposites, the diffraction peaks characteristic of the titania nanoparticles (marked with an 

asterisk) persist up to 200 ºC. The initial crystallinity of the samples, calculated by using standard 

deconvolution method,[44] was estimated to be 20 %, 22 % and 25 % for PVDF, PVDF/0.5% TiO2 

and PVDF/1% TiO2 respectively (see Figure S2). The higher degree of crystallinity of the 

nanocomposites can be ascribed to the nucleating effect of the nanoparticles.[45] The values are in 

accordance with those previously reported for PVDF crystallized under confinement.[46] Figure 

4b shows 1D integrated intensity curves obtained at selected temperatures: 25 ºC, 100 ºC and 150 

ºC. In the case of the neat PVDF matrix, clear differences can be observed between the X-ray 

diffractograms obtained at initial and intermediate stages, with the development of crystalline 

peaks characteristic of a cold crystallization process occurring during the slow heating (cf. Figure 

4b, marked by red arrow). In fact, the crystallinity degree of PVDF increased from 20 % up to 26 

% (see Supporting Info.). On the contrary, the X-ray diffractograms obtained at equivalent 

temperatures for the nanocomposites remain unaltered, even in the case of the PVDF/0.5% TiO2 

sample, which showed a crystallinity value similar to that of the neat PVDF at the initial stage. It 

has been reported that, above a certain volume fraction, nanoparticles may cause a steric 

hindrance to the polymer chain mobility during PVDF crystallization, strongly decreasing the 

crystallization rate.[47] These results agree with those obtained in GISAXS experiments and 

corroborate the premise made on the restriction to polymer chain motion caused by the 

nanoparticles within the surface nanocomposite. 
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Figure 4. (a) Temperature dependence 1D integrated scattered intensity as a function of the 

scattering vector q for the PVDF and its nanocomposites. (b) 1D curves corresponding to 

different temperatures. Bragg reflections from the TiO2 nanoparticles are marked with an 

asterisk. 

The GISAXS experiments were complemented with real space topographical characterization of 

PVDF and PVDF/0.5% TiO2 AR films by means of AFM measurements. Given the similar 

mechanical properties and better optical transparency, compared to the nanocomposite with 

higher filler content, the PVDF/0.5% TiO2 nanocomposite was chosen to evaluate the capacity of 

the nanofiller to preserve the moth-eye related antireflective functionality. PVDF nanoimprinted 

films, both neat and surface nanocomposite, were subjected to the same annealing protocol. To 

perform these tests, the samples were heated up to 100, 150 and 200 ºC followed by fast cooling 

using nitrogen flow. Figure 5a presents the AFM images (25x25 µm2) of the nanostructured 

substrates showing a general overview of the film’s surface. It can be noticed the absence of 

distinctive spherulitic or dendritic structures characteristic of semicrystalline polymers, unlike 

observed previously for nanoimprinted PVDF thin films.[48] Nevertheless, the characteristic moth-

eye pattern can be clearly identified up to 150 ºC in all cases (cf. insets). For the samples heated 

beyond the Tm, recrystallization of the films occurs upon cooling, rendering two different 

morphologies. In the case of the pure PVDF the dominant morphology consists on the 

characteristic spherulites formed upon melt crystallization.[49] The surface nanocomposite film 

presents a heterogeneous aspect consisting on small crystalline regions and a somewhat distorted 

topography where in some large areas the hexagonal arrangement characteristic of the moth-eye 

nanofeatures has been partially preserved (cf. Figure 5a inset). This result is in good agreement 

with that observed during the GISAXS measurements, explaining the presence of scattering 

maxima even at almost 50 ºC above the Tm.  
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Figure 5. AFM images of neat PVDF and PVDF/0.5% TiO2 surface morphology of the 

nanostructured films after heat treatment at different temperatures as indicated on the image. 

Insets present magnified regions with detail of the characteristic moth-eye nanotopography. 

Scale bar on insets correspond to 500 nm. 
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Figure 6a shows representative AFM height profiles extracted from the two samples at room 

temperatures and upon heating at 150 and 200 ºC. The mean value of the nanocones height 

obtained from several surface plots is presented in Figure 6b. The results are in line with that 

observed during the temperature dependence GISAXS measurements. The height of the moth-

eye nanocones remains approximately constant up to 100 ºC and then start to decrease. At 150 

ºC, just below the Tm, the nanocones´ mean height reaches ca. 200 nm in the case of the neat 

PVDF while it remains above 250 nm for the nanocomposite, corroborating the enhancement in 

the reflow resistance provided by the TiO2 nanoparticles reinforcement. 

 

 

Figure 6. (a) 1D representative height profiles obtained at different annealing temperatures. (b) 

Nanocones mean height measured after reaching different temperatures during the heating 

ramps. (c) Specular transmittance spectra of AR nanostructured films after reaching different 

temperatures during the heating ramps. 

Figure 6c presents the specular transmittance measured after thermal annealing of both samples. 

The neat PVDF shows a decrease of the specular transmittance of more than 1 % at 150 ºC while, 

in the case of the PVDF/0.5% TiO2 surface nanocomposite, the drop is only ca. 0.4 % in the 

spectral region between 500-600 nm. As expected, the persistence of the AR nanostructure after 

thermal annealing has a direct impact on the preservation of the optical performance of the films.  
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Finally, as was demonstrated in our previous work,[25] the incorporation of TiO2 nanoparticles on 

a PMMA polymer matrix induces a self-cleaning functionality due to the photocatalytic activity 

of the titania. The influence of the photocatalytic activity on the ageing and deterioration of the 

TiO2surface nanocomposites was studied for PVDF as matrix comparatively to PMMA. Figure 7 

shows the SEM images of nanoimprinted films of PMMA, PVDF and their surface 

nanocomposites loaded using the 0.5 % TiO2 dispersions before and after being irradiated with a 

UV light of high intensity (80 mW·cm-2) and exposure times of 120 and 240 minutes. The images 

show an evident photocatalytic degradation of the PMMA nanocomposite after 120 minutes of 

UV exposure. On the other hand, the PVDF nanocomposite did not show significant signs of 

degradation even after 240 min of the strong UV radiation, confirming the higher stability against 

photooxidation and ageing of the fluoropolymer. Thus, PVDF stands out as one of the most 

suitable polymers to produce bioinspired moth-eye antireflective films for photovoltaic 

applications. 

 
Figure 7. SEM images of nanoimprinted samples of PMMA, PVDF and their corresponding 

TiO2 surface nanocomposites before and after UV irradiation (80 mW·cm-2) at different 

exposure times. 
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Conclusions 

Bioinspired antireflective films based on the moth-eye nanotopography were fabricated on 

PVDF/TiO2 surface nanocomposites by T-NIL. The incorporation of titania nanoparticles 

improves the mechanical resistance of the antireflective topography, with an increment on the 

apparent stiffness of more than 20 % compared to the neat PVDF. In addition, it has been 

demonstrated that TiO2 reduces the chain mobility and as a result, the reflow process that typically 

takes place at high temperatures. The improvement of the thermal resistance allows to preserve, 

to a large extent, the antireflective properties of the nanoimprinted films. Weathering tests 

demonstrated that PVDF shows excellent resistant to the photo-oxidative activity catalyzed by 

the anatase nanoparticles, unlike PMMA under equivalent exposure conditions. The fabrication 

of AR polymer-based films with high environmental resistance is a crucial step for its 

implementation in real photovoltaic devices. 

Experimental Section 

Synthesis of TiO2 nanoparticles 

TiO2 anatase nanoparticles were prepared via hydrothermal synthesis according to reported 

procedures.[25] For this, of Titanium isopropoxide (IV) (20 mL) (Acros organics) were added to a 

volume of deionized H2O (36 mL) under constant stirring for 1 hour. The suspension was then 

washed repeatedly, filtered, placed into a Teflon-lined autoclave and mixed with (CH3)4N(OH) 

(3.9 mL, 0.6 M) (Sigma Aldrich). The reactor was placed in an oven at 120 ºC for 14 hours to 

allow reaction. Later, the solution was centrifuged to remove aggregates. A nanoparticle diameter 

of ca. 14 nm was estimated by AFM as described in Figure S3. 

Preparation of nanoimprinted PVDF/TiO2 surface nanocomposites 

PVDF (Nowoflon) thin films (thickness of ⁓ 600 nm, estimated by using a Dektak XTL Stylus 

Profiler, Bruker) were prepared by spin coating (2000 rpm, 1 min.) a PVDF solution in DMF (10 

wt. %) over polyethylene terephthalate (PET) substrates (Hifi industrial films, 125 μm thickness) 

and Si wafers (University Wafers, test grade). The substrates were treated with O2 plasma (150 

sccm, 50 W, 1 min.) prior to the deposition to improve film adhesion. Samples were annealed on 

a hot plate (90 ºC, 1 min) to evaporate the residual solvent. PMMA samples for weathering 

resistance studies were prepared by spin coating at 1000 rpm a (7.5 wt. %) PMMA (Sigma 

Aldrich, Mw=120.000 g·mol-1) solution in anisole (Scharlau Chemicals & Reagents) obtaining a 

thickness of ⁓ 500 nm.  
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For the fabrication of the nanostructured AR nanocomposites, a layer of titania nanoparticles was 

deposited over the PVDF thin films by spin coating a diluted aqueous dispersion of TiO2 in MeOH 

at two different concentrations: 0.5 and 1 wt. %. Higher concentrations produce coatings which 

prevent the polymer to flow into the mold cavities during the T-NIL obtaining un-patterned areas 

(cf. Figure S4).  

A hard polydimethylsiloxane (h-PDMS) mold was replicated by soft-lithography from a 

commercial nickel master mold with the moth-eye topography (HT-AR-02, Temicon) according 

to procedures reported elsewhere.[50] AR PVDF nanocomposites were fabricated by T-NIL using 

an Eitre 3 Nanoimprint System (Obducat). A temperature of 200 ºC for PVDF and 180 ºC for 

PMMA and a pressure of 45 bar (in both cases) were applied during 5 minutes for pattern 

replication. Films were cooled down at room temperature and demolded.  

Characterization of AR TiO2 composite films 

The nanostructured films were characterized by atomic force microscopy (AFM) in tapping mode 

using a NanoWizard II (JPK) and scanning electron microscopy (SEM) with an Auriga FIB-SEM 

system (Zeiss). AFM measurements were performed using Tap300GB-G probes (Budget 

Sensors) with tip radius ˂ 25 nm.  

Optical properties were characterized by using a Lambda 950 UV-Vis spectrophotometer (Perkin 

Elmer), fitted with a 150 mm integrating sphere. Specular transmission and total reflection were 

measured in a range of wavelengths from 400 up to 1200 nm. 

For the weathering tests PVDF/TiO2 and PMMA/TiO2 samples were submerged in 12 ml of 

deionized water into a beaker, and each beaker was cooled down on an ice bath to avoid 

evaporation due to radiation heating. Next, samples were irradiated inside an UV chamber 

(UVASPOT 400/T, Honle) providing 80 mW·cm-2 at three exposure times: 0, 120 and 240 min.  

Mechanical characterization was carried out by nanoindentation and nanoscratch tests using a 

Hysitron TI-950 TriboIndenter, with a spherical diamond probe of 10 μm radius. 10 

nanoindentations and nanoscratches were performed in different areas of each sample. 

Nanoindentations consisted in sequential load and unload cycles, unloading after each cycle 50 

% of the applied load, until a maximum peak load of 200 μN was achieved. During the 

experiment, the load and the penetration depth of the probe were registered. During nanoscratch 

tests, the movement of the probe was horizontal, and a constant normal force of 100 μN was 

applied in a track of 16 μm in length. Pre and post scans with a minimum load of 2 μN were 

performed to acquire the topography profile of the scratched area before and after the scratch step.  
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Grazing Incidence Small and Wide-Angle X-ray Scattering measurements were performed at the 

BL-11 NCD-SWEET beamline of the ALBA synchrotron (Cerdanyola del Vallès, Barcelona). 

An X-ray beam with wavelength λ=0.998 Å was employed. The beam dimensions were estimated 

to be 40 µm in height and 100 µm wide. 2D X-ray patterns were recorded with a Pilatus3 S 1M 

detector (pixel size 172x172 μm2) for GISAXS and a Rayonix LX255-HS detector (pixel size 

44.27x44.27μm2, binning 2x2) for the GIWAXS measurements. The sample to detector distances 

were calibrated using chromium oxide (Cr2O3) and silver behenate standards for wide and small 

angle, respectively. Incidence angles (αi) were varied between 0.1 and 0.4 º. A Linkam® TMS600 

heating stage adapted for grazing incidence experiments was used for non-isothermal annealing. 

Heating ramps were accomplished from 25 ºC up to 200 ºC at a heating rate of 5 ºC·min-1. Data 

reduction was accomplished by using the Fit2D software. [51] 
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ABSTRACT 

Moth-eye biomimetic structures are amongst the most remarkable surfaces in nature 
because of their multi-functionality including antireflection, self-cleaning and 
bactericidal ability. Moth-eye surfaces consist of subwavelength arrays of tapered 
nanostructures that are challenging to reproduce artificially. Nanoimprint lithography is 
probably one of the most suited technologies for this purpose. However, the poor 
mechanical resilience and durability of the polymeric nanocones when exposed to the 
environment, hinders their use in actual applications. To overcome these limitations, this 
work demonstrates the use of a thin oxide coating over the polymer moth-eye features 
imprinted on poly methyl methacrylate (PMMA) films. Particularly TiO2 thin film 
conformal coatings are deposited by high-power impulse magnetron sputtering over the 
antireflective nanopatterns acting as encapsulant. The coating, while preserving the 
antireflective properties, protects the nanostructures against mechanical scratching and 
improves substantially their thermal stability over 250 oC. Furthermore, the TiO2 layer 
provides additional photoinduced self-cleaning functionality and at the same time it 
protects the matrix from UV photodegradation. The robust and durable AR surfaces 
developed may find application on solar cells cover, flat panel displays or on optical 
components. 

 

INTRODUCTION 

Antireflective (AR) coatings are used to reduce reflectance losses and to maximize the 
amount of light transmitted through the interface between two media with different 
refractive indexes.1 They are frequently employed in optical systems such as lenses and 
optoelectronic devices.2   
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AR approaches based on a graded refractive index (GRIN) media are becoming an 
interesting practical alternative to reduce reflections at interfaces over the more 
conventional methods based on destructive interference involving single (quarter 
wavelength) or multi-layered coatings.3 One of the most frequently reported structurally-
based GRIN profile is inspired by the structures present on moth’s eyes, comprising an 
hexagonal array of subwavelength nanocones.4 GRIN structures provide better 
antireflective performance in terms of spectral broadband, omnidirectionality and light 
polarization insensitivity than the traditional layered systems.5  

Bioinspired moth-eye surfaces can be produced at lower cost and larger scale by suitable 
nanofabrication techniques such as nanoimprint lithography (NIL) on polymer materials,6 
which is currently considered one of the most cost-effective options for photovoltaic 
applications.  

The main factor limiting large scale deployment of the polymer nanoimprinted surfaces 
is their inadequate durability in outdoor environment. The limited mechanical, thermal, 
and photochemical stability of the nanopatterns is detrimental to the AR functionality. 
Several approaches have been proposed for the improvement of mechanical properties 
and the scratch resistance of nanostructured AR polymer films including: thermal 
hardening,7 tuning the aspect ratio of the nanoscopic features,8 incorporation of 
nanofillers,9 or encapsulation processes using atomic layer deposition (ALD) of ceramic 
materials such as Al2O3.10 Similar processes have also been demonstrated to be effective 
for the enhancement of the thermal stability. Functional nanostructures based on polymer 
nanocomposites have evidenced improved stability against pattern relaxation above the 
glass transition temperature (Tg) of the polymer matrix.11 Recently, Wang et al. have 
shown that reflow in polymer nanostructures at temperatures well above the matrix glass 
transition (Tg) can be suppressed by the deposition of a TiO2 ultrathin film through ALD.12  

TiO2 is a semiconductor metal oxide with interesting physicochemical properties such as 
wide band-gap, high refractive index and high optical transparency in the visible range, 
while also being chemically stable and non-toxic.13 These properties make TiO2 an 
effective photocatalyst, bactericidal agent and UV-blocker and therefore a highly 
demanded material in wide ranging fields of application from construction materials and 
photovoltaics to personal care products.14  

As deposition processes such as ALD have gathered interest for the coating of 
nanostructures, another alternative are physical vapour deposition methods (PVD) 
namely magnetron sputtering (MS).22 One of the main advantages of MS compared to 
ALD are high deposition rates achievable in the technique, making the process cost-
effective for large scale production.13 In particular, high-power impulse magnetron 
sputtering (HiPIMS) is a promising variant of sputtering that uses ion assistance to lower 
the deposition temperature and allows for obtaining films with better adhesion, higher 
density and smoother morphology as compared to other MS techniques.15  

In the present work, HiPIMS is implemented as method for the deposition of conformal 
TiO2 protective thin film onto functional AR moth-eye nanostructured surfaces fabricated 
by thermal NIL (T-NIL) on PMMA films. Nanoscratch tests and in-situ temperature 
dependence synchrotron grazing incidence small-angle X-ray scattering (GISAXS) 
measurements are carried out to determine the impact of the TiO2 coating on the 
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mechanical and thermal stability of a nanoimprinted AR nanocone structures. The 
photocatalytic activity of the films derived from the crystalline structure of the TiO2 
coating is also evaluated to demonstrate the multifunctionality of the nanoimprinted 
coated surfaces as AR photoinduced self- cleaning surfaces with environmental 
endurance for applications in solar devices. 

 

EXPERIMENTAL METHODS 

A soft composite mold of polydimethylsiloxane (PDMS) was prepared by soft-
lithography replication of a commercial nickel master mold with the AR moth-eye 
topography (HT-AR-02, Temicon). A rigid thin layer of hard PDMS (h-PDMS) 
comprised the AR nanostructure and a bonded thick layer of soft PDMS (s-PDMS) 
provide the required flexibility to perform the subsequent thermal NIL processes.16 AR 
PMMA nanostructured surfaces were fabricated by T-NIL on both self-standing polymer 
films (Evonik Industries AG) and on thin films (⁓500 nm thick) prepared by spin coating 
PMMA solutions (7.5% w/w in anisole) on silicon wafers (University Wafers, test grade) 
at 1000 rpm for 1 minute. The NIL process was performed on an Eitre 3 Nanoimprint 
System (Obducat) at 180 ºC applying a pressure of 45 bar for 5 minutes, cooling back and 
demolding at room temperature. 

The TiO2 thin films were deposited by reactive magnetron sputtering in a Lesker CMS-
18 ultra-high vacuum deposition system. The system is equipped with four magnetron 
sputtering sources tilted with an angle of 16° in a co-sputtering configuration with the 
target-to-substrate distance of 180 mm. A single Ti sputtering target 6 mm thick and 100 
mm in diameter was used. The depositions were performed in an atmosphere of Ar and 
O2 (both gases of 99.9995 % purity) at a working pressure of 0.8 Pa and a mass flow of 
60 sccm (standard cubic centimetre per minute) and 3.5 sccm, respectively. The reactive 
gas mass flow was optimized so that a high deposition rate was achieved without 
hindering the optical and mechanical properties of the coatings. During the depositions, 
the substrates were placed on a rotating substrate holder and kept electrically floating. 
The HiPIMS process was powered by a HiPSTER 1 (Ionautics AB) pulsing unit operated 
with an on-time of 100 μs at a frequency of 500 Hz, corresponding to a duty cycle of 5%, 
and an average power of 500 W. The deposition rate for the films was about 9 nm/min.  

The topography of the nanoimprinted films was characterized by SEM (Auriga FIB-SEM 
system, Zeiss) at low voltage (~1 kV). Samples were tilted at 45º and rotated until 
equivalent orientation of the hexagonal nanocone array was obtained.  

The characterization of optical properties was accomplished on a Lambda 950 UV-Vis 
spectrophotometer (Perkin Elmer), fitted with a 150 mm integrating sphere.  

Nanoscratch tests were performed on a Hysitron TI-950 Triboindenter employing a cone-
spherical diamond probe with a diameter of 20 µm. The measurements consisted of 16 
µm length scratches where pre- and post-scans along the track were performed at low 
load (2 µN) to obtain information of the sample topography before and after the scratch. 
The scratches were performed at three different loads (200 µN, 500 µN and 1 mN) in all 
samples. 
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Grazing incidence small and wide-angle X-ray scattering (GISAXS/GIWAXS) 
measurements were conducted on the BL11 NCD-SWEET beamline at the ALBA 
synchrotron radiation facility. The beam energy was set to 12.4 keV. The moduli of the 
scattering vectors were calibrated using silver behenate and Cr2O3 for small and wide 
angles respectively. The sample-to-detector distance was 7720 mm for GISAXS and 145 
mm for GIWAXS. 2D X-ray patterns were recorded on a Pilatus3 S 1M detector (pixel 
size 172 x 172 µm2) for GISAXS and a Rayonix LX255-HS detector (effective pixel size 
88.5 x 88.5 µm2) for GIWAXS. Temperature-dependent measurements were performed 
using a heating stage (Linkam® TMS600) adapted for grazing incidence geometry. Non 
isothermal annealing was performed from 25 ºC up to 250 ºC at a heating rate of 5 ºC/min. 
Isothermal annealing for the study of the phase transition of TiO2 was performed at a 
constant temperature of 300 ºC. 

Photocatalytic activity of TiO2 was measured through degradation assays of Rhodamine 
B (RhB) (MW 479 from Radiant Dyes Chemies). Samples were submerged into a 
RhB/water solution (5 mg/l) and stored in darkness for 120 min to reach an adsorption-
desorption equilibrium of the dye. Then, the samples were irradiated with a UV lamp 
(UVASPOT 400/t from Honle) providing 80 mW/cm2, while placed into an ice bath to 
keep the temperature low and avoid evaporation. The absorbance spectra were measured 
at intervals of 10 minutes using a Cary UV-Vis spectrophotometer (Varian). 

Static water contact angle measurements were performed with an optical tensiometer 
(Attension Theta, Biolin Scientific) using deionized water droplets (3 μl). The WCA 
values were extracted from the drop profiles fittings using Young-Laplace curves. 

 

 RESULTS AND DISCUSSION 

The antireflective moth-eye nanopatterns, consisting of a hexagonal array of nanocones 
(height ⁓ 350 nm; cone-to-cone distance ⁓ 290 nm), were produced on PMMA films by 
T-NIL. Subsequently, a TiO2 protective layer was deposited on the nanopatterns by 
HiPIMS to encapsulate the nanoimprinted surface as schematically shown in Figure 1a 
(see experimental section for details). Two different TiO2 thicknesses were tested: 50 and 
100 nm. The HiPIMS process renders a conformal and homogeneous titania layer, as it is 
confirmed by the scanning electron microscopy (SEM) images presented in Figure 1b. As 
seen on the images, the well-controlled HiPIMS process allows preserving the nanocone 
topography after the coating process while the material addition causes a widening of the 
nanoscopic features proportional to the thickness of the layer deposited (cf. Figure 1b). 
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Figure 1. (a) Outline of the fabrication of AR PMMA TiO2 coated surfaces using 
sequential T-NIL and HIPIMS process. (b) SEM images of the moth-eye characteristic 
nanocones arrays before and after the TiO2 deposition. Scale bar corresponds to 200 
nm. 

 

The evaluation of the coated films mechanical resistance was accomplished by 
nanoscratch tests as schematically shown in Figure 2a. Similar measurements have been 
used previously to study the mechanical properties of nanostructured polymer films.9-10 
During this experiment, the indenter probe performs horizontal displacements along the 
same path of a typical length of 16 µm. First, a pre-scan is performed at a minimum load 
of 2 µN to obtain the initial surface profile. Then, over the same path, the scratch itself is 
performed by applying normal loads from 0.2 up to 1 mN. Finally, a post-scan is done at 
a low load to read out the level of residual plastic deformation left on the nanoimprinted 
film. Figure 2b shows the corresponding load profiles applied during the three stages of 
the scratch test. Figure 2c shows the representative nanoscratch profiles obtained on the 
different prepared surfaces under study for the applied loads. The probe depths at each 
step are plotted sequentially for clarity. The response of the smooth PMMA surface is 
completely elastic, as can be deduced from the normal displacement profiles proportional 
to the applied load that exhibit equivalent depth during the pre- and post-scans. On the 
other hand, the nanoimprinted sample (PMMA AR) shows variable plastic deformation 
values with the applied load, increasing from ca. 100 nm for 0.2 mN up to ca. 125 nm for 
1 mN. As for coated TiO2 PMMA AR topographies, the maximum penetration depth is 
reduced in both 50 and 100 nm layers for all applied loads. The sample with a 50 nm-
thick film of TiO2 shows a complete elastic response for the lower load applied (0.2 mN) 
while the response of 100 nm-thick TiO2 films is equivalent to those measured on the 
smooth reference PMMA film, showing an elastic response even under applied loads of 
1 mN.  
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Figure 2. (a) Scheme of the nanoscratch tests performed showing the horizontal 
displacement of the indenter probe along the AR nanoimprinted surface. (b) Lateral 
displacement and normal force profiles during nanoscratch. (c) Representative 
nanoscratch profiles obtained on the different samples under study at three different 
loads. The penetration depths measured at each step are sequentially presented to ease 
comparison.  

 

The thermal stability of the AR nanostructure was evaluated by in-situ temperature 
dependence GISAXS. Synchrotron radiation has demonstrated to be a valuable technique 
to track pattern distortions in real time of the nanoimprinted surfaces upon thermal 
annealing due to its high brilliance and time resolution.11 In addition, the grazing 
incidence geometry allows to obtain statistically relevant data since the information is 
collected from a large area illuminated by the beam, which can cover up to several mm2.17 
An outline of the experimental setup, including the main angles and axis, is shown in 
Figure 3a. The exit angle  provides information regarding structural correlations 
occurring on the sample plane which, in this particular case, are related to the hexagonal 
order of the nanocone array. Following the procedure reported in a previous work,11b prior 
to the heating ramp, the samples were carefully aligned to maximize the intensity of the 
scattering reflections corresponding to the (100) plane direction. Figure 3b shows the 
characteristic 1D intensity curves as a function of the scattering vector 𝑞𝑦 =
2𝜋

𝜆
(sin 𝜔 · cos 𝛼𝑓), obtained by the horizontal integration of a section of 20 pixels 

(marked with a white rectangle in the 2D pattern included in Figure 3a) performed at f 

⁓ 0.15º obtained at different temperatures during the heating ramp. The characteristic d 
spacing (𝑑 ≈ 2𝜋

𝑞𝑦
⁄ ), calculated for the first diffraction peak (ca. 250 nm), coincides with 

the pitch of the hexagonal array as reported by the manufacturer. The rest of scattering 
maxima correspond to different diffraction orders of the first one. Annealing was 
performed from 25 ºC up to 250 ºC at a heating rate of 5 ºC/min. In the case of PMMA-
AR samples, a strong decrease in the number of diffraction peaks is clearly observed once 
the temperature surpasses the Tg of the PMMA matrix (~ 105 °C). This effect can be 
ascribed to the reflow and degradation of the nanoimprinted pattern, which leads initially 
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to a reduction in the long-range order due to complete reflow of the polymer 
nanostructures. The smothered surface at the end of the process is shown on the SEM 
inset in Figure 3b. On the other hand, the number of diffraction orders remain constant 
during the heating of the TiO2 coated samples, for both 50 and 100 nm-thick layers, 
indicating that the AR nanostructure has been preserved, as confirmed by the recorded 
SEM images recorded. These results demonstrate that the encapsulation layer deposited 
by HiPIMS is highly effective in extending the working temperature range of the AR 
moth-eye topography, far beyond the softening point of the PMMA matrix.  

As it will be discussed next, the thermal stability of the nanoimprinted moth-eye 
structures has direct implication on the optical performance of the AR topography. 

 
Figure 3. (a) Outline of the GISAXS setup. (b) 1D integrated scattering curves as a 
function of qy obtained at different temperatures for the PMMA AR moth-eye 
substrates without and with 50 and 100 nm TiO2 coating. The insets correspond to SEM 
images of the topography after the thermal treatment. The scale bar corresponds to 500 
nm. (c) Specular transmittance spectra of the samples prepared over quartz substrates 
before and after the annealing. The inset shows the transmittance magnification in the 
visible region of the spectra. 
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Figure 3c presents the specular transmittance of the different AR films, measured in the 
range from 250 to 1400 nm, before and after the thermal treatment. The smooth PMMA 
is included as a reference. It can be seen that upon imprinting the AR nanostructures on 
the PMMA film, the light transmission increases from 92 % to ca. 96 % in the whole 
visible range (cf. inset figure 3d). The transmittance spectra obtained from the TiO2 coated 
samples shows some noticeable differences. TiO2 being a semiconductor with a wide 
band gap, from 3.0 to 3.2 eV depending on the titania polymorph,18 presents a strong 
absorption in the UV region, as can be confirmed in the figure. The PMMA-AR-50 nm-
TiO2 sample shows improved transmittance compared to the reference smooth film, 
practically in the whole visible range, from 450 to 800 nm (cf. inset Figure 3c), reaching 
values of ⁓95%. However, with thicker TiO2 films, as in the case of the PMMA-AR-100 
nm-TiO2 film, a strong absorption peak centred at 440 nm (⁓1.8 eV) becomes very 
apparent and a reduction of the light transmission for wavelengths below 600 nm is 
observed. For higher wavelengths the transmittance increases reaching values of ⁓94%.  

The improved thermal stability of the PMMA moth-eye nanoscopic features provided by 
the TiO2 encapsulation is evident when the values of transmittance of the different AR 
films after heating to 250 ºC are compared. As seen on Fig. 3c, the transmittance of the 
PMMA-AR film decreases to values comparable to that of the smooth PMMA reference 
film (92 %), which in fact is consequence of the loss of the AR topography due to thermal 
reflow upon heating. On the other hand, the spectrum of the coated samples is barely 
affected, maintaining the same spectra profile and transmittance values.  

The dependence of the photocatalytic properties of the TiO2 with the crystalline structure 
has been extensively studied previously.19 In this work, synchrotron grazing incidence 
wide-angle X-ray scattering (GIWAXS) measurements were performed in order to 
characterize the crystalline phase of the deposited coatings before and after the thermal 
annealing. Figure 4a-left shows the 2D X-ray pattern corresponding to the PMMA-AR-
100nm-TiO2 film after HiPIMS deposition. The absence of crystalline peaks and the 
presence of a broad halo indicates that the coated film is amorphous, as frequently 
observed in TiO2 thin coatings prepared by magnetron sputtering.20 However, amorphous 
TiO2 are a much less efficient photocatalyst as compared to crystalline TiO2.21,22 To 
promote the formation of the TiO2 crystalline phase, it is common to perform thermal 
annealing processes at relatively high temperatures.20b In general, an amorphous TiO2 
coating converts into anatase and then rutile as the annealing temperature is increased.23 
From a practical application in solar panels, anatase is the preferred crystalline phase for 
self-cleaning purposes since the photocatalytic performance is considered superior to that 
of the more stable rutile.14b, 24 A thermal annealing step was performed in the PMMA-
AR-100nm-TiO2 sample at 300 ºC for 60 minutes, just below the thermal decomposition 
temperature of the polymer matrix.25 Figure 4a shows the 2D X-ray pattern obtained 
before and after the annealing stage, where the characteristic Bragg rings indicate the 
formation of a crystalline phase. The peak indexing confirmed the phase transition to 
anatase (cf. Figure S1 and Table S1 in the supporting information). It must be highlighted 
that the moth-eye nanostructure is preserved throughout this experiment, as demonstrated 
by the SEM inset images. Additionally, the kinetics of the phase transition was followed 
in real time process, where Figure 4b shows the time resolved evolution of the 1D 
integrated X-ray curves as a function of the scattering vector 𝑞 = 4𝜋 · 𝑠𝑖𝑛𝜃

𝜆⁄ . As can be 
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appreciated in the figure, the characteristic crystalline peaks appeared after ⁓20 minutes 
of thermal treatment, which is a shorter time and lower temperature compared to a similar 
procedure reported in the literature, that employed a temperature range from 400 ºC20b up 
to 700 ºC23 aiming to obtain a relatively high content of the anatase phase. Nonetheless, 
detailed characterization of the structure and impact of the deposition parameters need 
further investigation in order to understand and optimize the crystallinity and 
photocatalytic performance of the coating.  

The photocatalytic activity of the TiO2 coated AR PMMA films before and after the 
annealing treatment was assessed by following the degradation of rhodamine B (RhB) 
under UV irradiation. Figure 4c shows the decrease of the relative concentration of RhB 
as a function of time. The initial 60-minute exposure window demonstrated no 
appreciable differences between both TiO2 coatings, indicating a certain degree of 
photocatalytic activity inherent to the amorphous films, as previously observed.26 
However, after that point, the slope of the curve changed, expressing a lower rate of RhB 
degradation for the amorphous TiO2 compared to the annealed anatase film. Considering 
these results, further optimization of the HiPIMS process may improve the photocatalytic 
properties of the as deposited titania coatings removing the need for the thermal annealing 
step as reported earlier.27  

 
Figure 4. (a) 2D X-ray patterns corresponding to the PMMA-AR-100 nm-TiO2 before 
(left) and after (right) thermal annealing performed at 300 ºC. Inset shows SEM images 
of the moth-eye nanostructure in each case. (b) Real time 1D scattered intensity vs. q 
curves as a function of the annealing time. The corresponding TiO2 Miller indexes are 
indicated. (c) Photocatalytic activity of amorphous and anatase TiO2 as a function of 
UV irradiation time measured through inspection of the decrease in concentration of 
Rhodamine B by photocatalytic decomposition. (d) Images of water drops deposited 
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over the PMMA-AR-100 nm-TiO2 coating before (top) and after (bottom) thermal 
annealing and UV exposure for 30 minutes, revealing the photoinduced 
superhydrophilicity. WCA values measured are indicated in each case. 

 

The photocatalytic oxidation of organic pollutants is an important component of the self-
cleaning effect. Another important component is the ability to eliminate the debris or dust 
off the surface, which can be achieved by spreading water on superhydrophilic surfaces.28 
The photoinduced superhydrophilic behaviour of TiO2 films through UV exposure has 
been well-documented.14a This UV-induced hydrophilicity is believed to arise from an 
increase in the number of hydroxyl groups on the TiO2 surface. In addition, the UV light 
induces the generation of oxygen vacancies and dangling bonds that enable the adsorption 
of water molecules, thus increasing substantially the hydrophilicity.  

The TiO2 coated AR surfaces displayed a photoinduced hydrophilicity. Figure 4d shows 
the profile of water drops deposited over the PMMA-AR-100 nm-TiO2 as deposited 
(measured four weeks after the sputtering) and after thermal annealing at 300 ºC and UV 
illumination for 30 minutes. As it can be observed, the water contact angle (WCA) 
changes dramatically, decreasing from ca. 132º, for the as prepared sample, to less than 
4º in the irradiated film. The spreading of a water drop was recorded (see Video S1) to 
further demonstrate the fast wetting of the surface upon contact. 

On a side note, an additional advantage of the TiO2 coatings over the polymeric AR 
topography is that the matrix is protected from the UV light that typically causes oxidation 
reactions, polymer chain scission and as a result degradation and erosion of the of the 
polymer matrix. The trade off on this is the small reduction in the transmittance of the 
AR nanostructured PMMA films coated with conformal TiO2 coatings (for the 100 nm 
layer less than 1% at the wavelength of 600 nm). 

 

CONCLUSIONS 

Bio-inspired antireflective polymer surfaces with enhanced mechanical durability, high 
thermal stability and self-cleaning properties were obtained by sequential combination of 
T-NIL, for the fabrication of moth-eye nanostructure, and HiPIMS, for the deposition of 
thin conformal TiO2 coatings which protect the nanoscopic features and preserve the AR 
functionality. 

The results show that the scratch resistance of the films increases with the thickness of 
the TiO2 layer deposited. Coatings of 100 nm provide a mechanical response of the 
nanostructured surface equivalent to that of a flat PMMA film.  

Bare AR nanoimprinted moth-eye structures increase the transmittance of the PMMA 
films from values of 92 % for the smooth films up to 96 % for the imprinted ones. The 
transmittance is slightly reduced with increased TiO2 film thickness, a direct consequence 
of the strong UV absorption of TiO2, reaching maximum values of 95 % and 94 % at 600 
nm for coatings with 50 and 100 nm thicknesses, respectively.  

GISAXS temperature dependence measurements confirmed the thermal stability of the 
TiO2 coated AR surfaces up to 250 ºC, well above the glass transition temperature of the 
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PMMA matrix. The thermal stability was verified by measurement equivalent optical 
transmittance values after the thermal exposure. 

Additionally, the TiO2 coating provides to the AR PMMA films with photoinduced self-
cleaning properties. Nonetheless, this photocatalytic activity could be further enhanced 
optimizing the thermal annealing process, performed at relatively low temperature and 
short time frame, which promotes the formation of the anatase crystalline phase. 
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Abstract: Roll-to-roll nanoimprint lithography (R2R-NIL) is an enabling technology for the low-cost mass 
production of high-quality micro- and nano-sized optical elements. Particularly, the fabrication of Fresnel 
lenses using R2R-NIL is a promising approach to produce optical arrays for micro-concentrator 
photovoltaic modules. This work investigates the application of a continuous R2R imprinting process based 
on ultraviolet curing of transparent photopolymer resins (UV-NIL) to fabricate high-efficiency and low-
cost Fresnel lenses. The morphological attributes and the related optical performance of the lenses 
fabricated using roll-to-roll UV-NIL on flexible PET sheets yielded optical efficiency values up to ~ 69% 
at a concentration ratio of 178X, whereas a value of ~ 77% was obtained for the UV-NIL batch processed 
on a flat rigid substrate. Further improvement of the optical efficiency has been achieved by adding moth-
eye inspired antireflective (AR) features on the side opposite to the Fresnel motifs via a double-sided R2R 
UV-NIL process. The process developed paves the way for cost-effective mass production of high-
efficiency Fresnel lenses for micro-concentrator photovoltaics. 

 

1. Introduction 
The increasing demand for renewable energy sources has stimulated the continuous development and 
expansion of photovoltaic (PV) related technologies. Particularly, concentrator photovoltaic (CPV) 
modules have become a promising solution by concentrating sunlight onto small solar cells using lenses or 
mirrors, thus reducing semiconductor material consumption and offering the possibility to replace 
traditional solar cells with more efficient ones like multi-junction (MJ) solar cells [1]. Today, there is a 
trend for downscaling CPV design dimensions to achieve several gains: first, in the optical efficiency of 
the concentrator by reducing the absorption through the optical path; second, in the efficiency of the solar 
cell by reducing series resistance and temperature losses. The so-called micro-CPV approach consists in 
CPV systems where the solar cell size is below 1 mm. The reduction in solar cell size implies a proportional 
reduction in the dimensions of the concentrator optics. On the one hand, the number of (smaller) lenses and 
cells will be increased quadratically, which introduces the challenge of mass-producing lenses in an 
inexpensive way. On the other hand, the small lens dimension enables the use of low-cost continuous 
manufacturing techniques like roll-to-roll (R2R) or roll-to-plate (R2P) nanoimprint lithography (NIL), thus 
making the whole assembly cost-competitive [2]. Due to their low cost, light weight and short optical path, 
[3] Fresnel lenses are nowadays widely used as light concentration elements in CPV. They are frequently 
fabricated in polymethylmethacrylate (PMMA) by injection molding [4, 5] or by casting optical-grade 
silicone on a rigid glass substrate [1]. However, either method involves batch processing, which is 
prohibitively expensive for the sheer number of parts required in micro-CPV [2]. 

R2R-NIL has been recognized as a promising technology to provide for these benefits in Fresnel lens 
fabrication [6, 7]. It constitutes an advanced technology for continuous manufacturing suitable for mass 
production of high-quality micro- and nanopatterned flexible substrates, providing for high-throughput and 
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low-cost production. The more traditional injection molding process used for the fabrication of Fresnel 
lenses consists of several differentiated steps such as filling, molding, cooling, and demolding, which are 
carried out in batches of small areas. In a R2R-NIL process, all these steps occur sequentially while the 
polymer film is continuously fed into the imprinting module [8], raising the throughput. There are two main 
variants of R2R-NIL process. In thermal NIL (R2R T-NIL), the pattern is transferred from a heated mold 
to a softened thermoplastic polymer, whereas in the UV-assisted NIL variant (R2R UV-NIL), the patterning 
material is a low molecular weight photo-resin coated over a web carrier, typically a polyethylene 
terephthalate (PET) film, imprinted using low pressure, and then cross-linked by UV light. Both approaches 
have been reported for the fabrication of functional micro- and nanostructures on flexible films [9-13]. 

Zhang et al. [14] and Huang et al. [15] reported the fabrication of linear and radial Fresnel lenses 
respectively on polymer films by R2R UV-NIL using micro-machined roller molds. However, the lenses 
achieved a light concentration ratio of 16X (i.e., the lens is 16 times larger than the receiver cell) for radial 
Fresnel lenses, and 4X for linear Fresnel lenses, far below the practical concentration ratios above 100X 
needed in MJ cell-based CPV modules [1, 16]. The optical losses in concentrating optics are related to 
different factors [17]. On the one hand, there exist defects that produce scattering like surface roughness or 
waviness and other. On the other hand, shape defects in Fresnel facets like profile errors, tip rounding, or 
non-right draft angles may modify the light path and defocus the concentrated light spot distribution. In 
addition, loss mechanisms linked to the optical material like bulk light absorption, surface Fresnel 
reflections and dispersion are also important [17]. Bulk absorption can be minimized using thin and highly 
transparent materials. Surface reflectance losses, related to the material refractive index, are often reduced 
with antireflective (AR) coatings [18]. 

Although there are several AR solutions, their application to polymeric Fresnel lenses in an effective and 
low-cost way remains challenging. Zhou et al. [19, 20] proposed the incorporation of graded refractive 
index AR coatings based on porous nanomaterials to progressively reduce the refractive index from the 
lens material to the air. They modified the surface of commercial Fresnel lenses by spin-coating mesoporous 
silica nanoparticles, improving the lens transmittance and achieving extra functionalities such as 
antifogging and self-cleaning behavior. Coatings of solid silica nanoparticles were also found to be a low-
cost promising approach to improve light transmission for covered Fresnel lenses [21]. 

Other researchers have centered their studies on surface texturization via subwavelength structures (SWS) 
inspired by moth eyes. These SWS are typically nano-cone shaped structures that effectively produce a 
gradual reduction of the refractive index at the surface, being effective for a broad range of wavelengths 
and incidence angles. C. Steinberg et al. [22] and A. Disch et al. [23] previously reported some innovative 
fabrication routes for Fresnel lenses combined with SWS structures by performing firstly a nano-imprinting 
step of the SWS motifs followed by a UV surface hardening step to finally imprint the Fresnel micro-facets 
over it. Yanagishita et al. [24] fabricated a Fresnel lens including AR nanostructures via NIL using a mold 
patterned by anodic porous alumina on the dented side of the lens. However, in these works the optical 
quality of the lenses fabricated and the related optical efficiency was not characterized, nor the technology 
was implemented on a continuous high-throughput process. 

In this paper, the fabrication and characterization of highly efficient Fresnel lenses on a highly transparent 
optical photo-resin by R2R UV-NIL technology is presented. For this, a flexible polymeric working mold 
was initially prepared in perfluoropolyether (PFPE) [25]. This soft material was found well suited to 
replicate the original precision machined master mold and at the same time appropriate to imprint the lens 
with the optical resin with high fidelity. The quality of replication in terms of surface roughness and feature 
fidelity of the imprinted lenses was characterized by scanning electron microscopy (SEM) and confocal 
microscopy. The optical performance of the fabricated Fresnel lenses was assessed by measuring their 
optical efficiency using a solar simulator with a collimated beam to mimic the direct irradiance that would 
be collected by CPV modules [26] (i.e. light coming only from the solar disc) [27]. The reduction of 
reflectance losses was also explored by incorporating a moth-eye textured AR layer directly on the entrance 
surface of a lens array without web carrier via a double-sided R2R UV-NIL process.  
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2.  Methods 

2.1 Preparation of PFPE lens working mold 

Soft PFPE based working mold of the Fresnel lens array was replicated from a precision machine brass 
master (Wielandts UPMT) by soft-lithography followed by UV-NIL process. For this, firstly, 
polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning) precursor and initiator degassed mixture (10:1) 
was cast over the master mold and placed in an oven at 80 °C for 24 hours to completely cure the elastomer 
before peeling off. Afterwards, a Fluorolink perfluoropolyether MD700 polymer precursor was mixed with 
2 wt.% of 2-hydroxy-2-methylpropiophenone (Sigma Aldrich) photoinitiator. The mixture was degassed 
under vacuum and then was spread over the PDMS replicated structures. The uncured polymer was 
blanketed with a PET film to avoid polymerization inhibition due to the presence of oxygen. The set was 
then covered with a quartz substrate to homogenize the thickness and exposed to UV light in a chamber 
(UVASPOT 400/T from Honle) for 5 minutes. Finally, the PFPE working mold was carefully demolded 
and peeled off from the PDMS and PET film.  

Before its use, this PFPE working mold was coated by a silane layer to facilitate the demolding process 
after imprinting. The silane anti-sticking agent FDTS (perfluorodecyl-trichlorosilane) was applied in gas 
phase using the procedure reported by Pan et al. [28]. For this, 10 µl of 1H, 1H, 2H, 2H-Perfluorododecyl-
trichlorosilane (Alfa Aesar) were poured in an Eppendorf and placed close to the PFPE working mold in a 
closed container. The set was then kept under vacuum at 70 °C overnight to complete the anti-sticking 
treatment. 

2.2  Preparation of moth-eye antireflective working intermediate molds 

The working mold to imprint the moth-eye AR topography was prepared by replicating a commercial 
master nickel mold (HT-AR-02, Temicom) onto a composite PDMS mold. For this, first, a thin layer of 
hard PDMS (h-PDMS) to replicate accurately the AR nanocones was poured onto the nickel mold. The h-
PDMS precursor composition was adapted from the work of H. Schmid et al. [29]. This included 6 μl of 
the catalyst: platinum-divinyltetramethyldisiloxane complex in vinyl terminated poly (dimethylsiloxane) 
(ABCR GmbH) and 100 μl of the modulator: 1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane 97% 
(ABCR GmbH). This mixture was mixed with 3.4 g of a vinyl prepolymer (7-8% Vinylmethylsiloxane - 
dimethylsiloxane copolymer trimethylsiloxy terminated) (ABCR GmbH) and then, 1 g of a hydrosilane 
prepolymer (Methylhydroxisiloxane - dimethylsiloxane copolymer) (ABCR GmbH) was added to the 
mixture and degassed under vacuum before being spread over the master mold. After 15 minutes to allow 
for the filling of the mold cavities, the remaining polymer was removed by gravity and then, placed in an 
oven at 80 ºC for 20 minutes. After this time, 50 g of s-PDMS (Sylgard 184, Dow Corning) containing a 
10:1 ratio precursor-initiator degassed mixture were poured over the partially cured h-PDMS film. The 
materials were finally cured during 24 hours at 80 ºC before demolding the working AR mold of about 3 
mm thickness. 

This PDMS intermediate mold was replicate by T-NIL on to an IPS film (TIP1, Obducat AB) to produce 
the final moth-eye AR working mold. The process was performed using an Obducat Eitre 3 NIL tool 
imprinting, applying 45 bars of pressure and 155 °C for 5 minutes. After cooling and demolding, the AR 
IPS film was ready for the R2R double imprint processes. 

2.3 Fresnel lenses fabrication 

Fresnel lenses were fabricated on a PET film by R2R UV-NIL (samples referred to in this manuscript as 
FL-PET-R2R) and by traditional plate-based UV-NIL process (FL-PET-REF) to be used as a reference for 
comparing the impact of the roll-to-roll processing conditions on the concentration efficiency of the lenses. 
In addition, self-standing (SS) Fresnel lenses were also fabricated with the AR pattern (FL-SS-AR) and 
without the AR pattern (FL-SS-REF), besides its corresponding reference samples FL-SS-REF and FL-SS-
REF-AR prepared by conventional UV-NIL on a plate. 

A roll-to-roll equipment (R2R100 Multi, PTMTEC) was used for the fabrication of FL-PET-R2R, FL-SS-
R2R and FL-SS-R2R-AR substrates. A highly transparent PET film (Hifi Industrial Film) 10 cm wide and 
125 µm thick web was fed into the R2R equipment. For the fabrication of FL-PET-R2R the web was firstly 
activated by corona discharge (150 W) to improve the adhesion, and subsequently it was coated with an 



 

166 
 

optical photo-resin (FOL 1.2, Film Optics) by blade coating, obtaining a film thickness of about 200 µm, 
sufficient to fill the facets of the Fresnel lens array. For the fabrication of FL-SS-R2R and FL-SS-R2R-AR, 
an IPS flat film and the previously prepared with the moth-eye AR topography respectively were fixed with 
Teflon tape to the PET film with the motifs in the upper face. Then the photo-resin was applied over by 
blade coating. Once the surfaces were coated, the R2R UV-NIL process was carried out by the horizontal 
displacement of the PET carrier (0.05 m·min-1), and the PFPE working mold (fixed to the imprinting roller) 
rolling over the uncured surfaces. The contact area between the mold and the coated surface was exposed 
to UV-light to cross-link the polymer, and the web movement facilitated the demolding process. 

Reference lenses (FL-PET-REF, FL-SS-REF and FL-SS-REF-AR) were fabricated by low pressure UV-
NIL. Firstly, the silanized PFPE working mold placed with the motifs in the upper face was coated with the 
photo-resin by blade coating. Then, the coated stamp was covered: (i) with a PET film previously activated 
by oxygen plasma (50W, 1 min, 150 ml·min-1 O2 in a 600 Semi-Auto plasma system, Tepla) for FL-PET-
REF, (ii) with a flat IPS film for FL-SS-REF, and (iii) with an IPS moth-eye AR stamp with the motifs in 
contact to the uncured resin for FL-SS-REF-AR. Following, each set was covered with a quartz piece 
transparent to UV light, and the whole assembly was exposed to UV-light in a chamber (UVASPOT 400/T 
from Honle) during 1 min. Finally, the resulting Fresnel lenses were carefully demolded by peeling off the 
mold. 

2.4 Fresnel lenses characterization 

Fresnel lenses fabricated were imaged using a scanning electron microscope (SEM) (Auriga FIB-SEM 
system from Zeiss). Images were taken by a secondary electron detector at low voltage (1 kV). 

A dual confocal-interferometry microscope Leica DCM 3D was used to characterize profiles and roughness 
of Fresnel lenses. A multiple-slit confocal scanning [30] was used to improve signal and accuracy, where 
the field of view is illuminated with multiple lines rather than a pinhole as in classical confocal microscopy. 
A high-resolution charge-coupled device (CCD) array is used as metrology sensor, and a high-power white 
LED as a coaxial light source. The average roughness Ra at the center of the lens was measured with a 
resolution better than 2 nm in height and 0,14 µm in the horizontal plane (150X magnification). A length 
of 60 µm was averaged to display representative values. Profile measurements were evaluated with a 
vertical resolution better than 3 nm and 0,16 µm in the horizontal plane (50X magnification), measuring 
the same representative line profile in each lens. Complete lens profiles were obtained using Leica’s 
automatic stitching mode enabled by closed-loop high-precision encoded positioning stages. 

Optical efficiency and spot size measurements were carried out using a CPV solar simulator Helios 3198 
from Solar Added Value SL [31]. The measurement procedures have been explained visually [32] and 
described in detail elsewhere [27].  

For the optical efficiency measurements, a small 1-mm2 III-V upright metamorphic triple-junction solar 
cell was used as a receiver. Its small size requires higher precision alignment than the method presented in 
the past [33]. To this purpose, linear actuators in all three axes are used to optimize the cell-lens relative 
position to maximize the short-circuit current (ISC) generated by the device under test (DUT), which is 
considered a good approximation of the photogenerated current. The DUT is the pair composed of a solar 
cell and a Fresnel lens and the ISC is defined as the current generated by the solar cell when voltage is equal 
to 0 V. This procedure is automatized by a MATLAB code. Once the ISC is measured, the resulting 
efficiency is calculated as shown in Equation 1. For the spot size measurement, the solar cell is replaced 
with a Lambertian diffuser, and images of the same are captured by a CCD camera. With image processing 
the diameter of the spot is calculated by defining the encircled energy value of 95% (this value is chosen to 
avoid errors caused by noise such as light proceeding from external sources). With the resulting diameter 
the effective concentration ratio is calculated according to the Equation 2. 
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The reference lens used is from a bulk lens array manufactured by precision glass molding. These lenses 
are not fresnelized but continuous aspherical due to the molding limitations of glass. Measured absolute 
optical efficiencies of 80% at a concentration of 178X and measured spot sizes of slightly under 1 mm² 
have been reported [34]. 

3. Results and discussion 

3.1. Fresnel lenses fabricated by R2R UV-NIL 

3.1.1 Lens array fabrication 
The Fresnel micro-lens masters were manufactured by precision single-point diamond turning (SPDT) on 
brass. 24 hexagonal inserts with the same Fresnel lens relief were assembled into a full array of 4x6 rows 
seen in Figure 1a. The design of the Fresnel lens micro array consisted of 16.6 mm-diameter lenses 
circumscribing hexagons, with a constant feature height of 50 µm, and draft angles of 5° to facilitate the 
SPDT precision machining and allow subsequent demolding processes. The profile of the lens design is 
shown in Figure 1b. The fabrication process of SPDT produced an average tip and valley rounding of 3 µm 
in radius arising from the diamond tool shape.  

 
Figure 1: a) Fresnel lens array master composed of single point diamond turned brass inserts assembled into a full array and b) profile 
of the Fresnel lens array design. 

 

From this master, soft PFPE working molds were prepared and used for plate and R2R UV-NIL processes. 
Firstly, the master mold was replicated with polydimethylsiloxane (PDMS) by common soft-lithography 
[35], and the replica produced was employed to cast a PFPE precursor to fabricate the working mold with 
the negative Fresnel lens relief via UV photo polymerization. An anti-sticking silane layer was applied to 
further facilitate demolding after the imprint step. For the R2R UV-NIL fabrication of FL-PET-R2R, the 
mold was fixed to the imprinting roller as shown in Figure 2a. Because the photo-resin employed was fast 
curing, the height of the imprinting roller was configured as close as possible to the UV source and a metal 
slit was employed to narrow as much as possible the exposed area and limit the cross-linking reactions to 
the contact line with the imprint mold. In Figure 2b the configuration scheme of the UV-NIL module is 
presented, where the web and imprinting roller directions are indicated with yellow arrows. The process 
parameters were adjusted to obtain high fidelity and low defect lens replication. A web tension of 40 N was 
chosen to keep a homogeneous surface contact between the coated web and the mold, avoiding longitudinal 
lens stretching and minimizing the curvature of the PET carrier. Likewise, a web speed of 0.05 m·min-1 
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was selected as the optimum, particularly to allow time for the displacement and elimination of the air 
within the array grooves while the imprinting progressed, hence avoiding defects caused by air bubbles 
trapped within the resin. 

The reference Fresnel lenses (FL-PET-REF) were fabricated using the traditional plate UV-NIL 
configuration (see Figure 2c). Figure 2d shows schematically the configuration of the final lenses obtained 
from both plate and R2R UV-NIL processes, where the Fresnel lens fabricated in a photo-resin supported 
by a PET film. A photograph of the FL-PET-R2R lenses is also displayed. Extended details of the Fresnel 
lens array fabrication were given in the Methods section. 

 

 
Figure 2: a) PFPE working mold of the Fresnel lens array fixed on the imprinting roller, b) scheme of R2R UV-NIL process with the 
web and imprinting roller movement direction marked with yellow arrows, c) scheme of plate UV-NIL, and d) scheme of final lens 
for both processes with a photograph of a FL-PET-R2R array of lenses.  

 

3.1.2 Lens array characterization 
Scanning electron microscope (SEM) images of the cross-section of both Fresnel lenses fabricated: FL-
PET-R2R and FL-PET-REF are shown in Figure 3a. It can be appreciated that the lenses present a good 
surface integrity, a high-fidelity replication of Fresnel lens features, without significant defects derived 
from the imprint process, such as incomplete filling or deformations associated to demolding forces. To 
evaluate the replica fidelity and surface finish quality of the imprinted lenses, profile measurements were 
conducted using noncontact confocal scanning microscopy. Both roughness and geometry of the lens facets 
were characterized since both parameters have a profound influence on the optical performance [17, 36]. 
The values for the average roughness (Ra) and tip rounding radius of a sample facet profile are displayed 
in Table 1. The Ra value was 5 nm for the master mold according to the manufacturer’s metrology, and it 
was increased up to 8 nm for the reference FL-PET-REF lenses imprinted on a plate, and up to 36 nm in 
the case of R2R imprinted FL-PET-R2R lenses. The increase in Ra values on the R2R processed films 
compared to that of the process on a plate could be associated to the increased imprinting speed. It is 
possible that some portion of the air displaced as the mold cavities were filled remained trapped within the 
resin, thus increasing surface roughness. The tip rounding radius of the lens facets after the sequential steps 
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of pattern transfer and replication from the original master mold increased from 3µm in the brass master 
mold to 7 µm for the final lenses for both the FL-PET-R2R and the reference FL-PET-REF. The fidelity of 
the imprint process and related lens profile accuracy was characterized by slit confocal scanning 
microscopy [30] at different areas within the imprinted hexagonal lens array. Figure 3b shows a comparison 
of the first facet profiles obtained for a silicon replica of the original master mold and for the FL-PET-R2R 
and FL-PET-REF lenses. The profiles match rather well, revealing excellent pattern transfer fidelity during 
the imprinting process. Mean absolute error (MAE) values compared to the reference mold were estimated 
to be 0.4 and 1.3 for the FL-PET-REF and FL-PET-R2R respectively. 

 

 
Figure 3: Geometrical characterization of FL-PET-R2R and FL-PET-REF Fresnel lenses: a) SEM images of the profile (left) and 
surface (right) (scale bar 100 µm) and b) first facet from center of the Fresnel lens geometrical profile.  

 

The optical performance of the lenses was characterized using a CPV solar simulator. The effective optical 
efficiency (fraction of incident radiation that is collected by the receiver solar cell, measured through its 
photocurrent) and the effective concentration ratio (lens area divided by measured spot size) of the lenses 
were measured using the procedures described in the experimental section and published in detail elsewhere 
[27, 32]. A collimated beam of white light with a spectrum and divergence similar to that of the solar disc 
is used to illuminate the whole lens array at normal incidence. The effective optical efficiency depends on 
the area of the receiver used to collect the concentrated light: the larger the receiver, the more light is 
collected. Thus, the geometrical concentration ratio, i.e., the ratio between the area of the lens to that of the 
receiver, has to be specified when measuring the effective optical efficiency (we can simply state ‘optical 
efficiency’ for simplicity without ambiguity). Two triple-junction solar cells with different sizes have been 
used to collect light, which yielded geometrical concentration ratios of 6X and 178X. The size of the 
concentrated light spot was measured using a Lambertian diffuser and a CCD camera. The values of optical 
efficiency and effective concentration ratio for the best samples fabricated using plate- or R2R-based UV-
NIL are presented in Table 1, compared to those obtained for a commercial non-Fresnel aspheric glass lens 
with a very high transmittance (Holophane ref. B1A3L13) used as reference [34].  
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Table 1: Geometrical and optical parameters of the UV-NIL produced lenses. 

Lens UV-NIL 

process 

Ra 

(nm) 

Tip Rounding 

(µm) 

Optical 

efficiency 

(6X) 

Optical 

efficiency 

(178X) 

Spot 

size ∅ 

(mm) 

Effective 

concentration ratio 

(X) 

Holophane - - - 91,14% 80.56% 0.98 236 

FL-PET-REF Plate 8 7 83.32% 76,79% 1.29 134.93 

FL-PET-R2R R2R 36 7 78.62% 68.68% 1.44 128.14 

The (effective) optical efficiency for two receiver sizes and the effective concentration ratio parameters are compared to a reference 
aspheric lens (Holophane ref. B1A3L13) [34]. 

 

As shown in Table 1, the optical efficiency of lenses fabricated by R2R UV-NIL (FL-PET-R2R) reached 
values of 78.62% (at 6X), only ~ 13 percentage points (pp) lower than that of the reference glass lens 
(91.14%). It is important to note that the non-Fresnel aspheric reference lens has been chosen as the perfect 
optimum lens, so even if the Fresnel lenses would have been imprinted without any defect, the efficiency 
would be always lower because of the losses at the interface between facets (i.e. tip and valley rounding 
and draft angle). Comparing to the UV-NIL reference lenses (FL-PET-REF), the optical efficiency obtained 
at 6X with the R2R imprinted lenses was approx. 5 pp lower (from 83.32% to 78.62%). On the other hand, 
concerning the optical efficiency values at 178X, a significant decrease was also observed in samples 
processed with R2R (~ 12 pp compared to ~ 4 pp for the plate-processed lenses). In both cases, the decrease 
in efficiency can be largely ascribed to the higher roughness of the lenses, which varied from 8 nm in Ra 
for the FL-PET-REF lenses to 36 nm for those imprinted by R2R UV-NIL. Nevertheless, Fresnel lenses 
fabricated by R2R UV-NIL achieved a sunlight concentration ratio of 128X, which is a remarkable increase 
in optical performance over previous studies: 16X for radial lenses [15]. 

The results above have been obtained for an optimal focal distance. Figure 4a) and b) show, respectively 
the lens optical efficiency and the diameter of the light spot as a function of the cell-lens distance. The 
results are coherent and show a better performance of the reference UV-NIL lens both in optical efficiency 
and spot size. Furthermore, despite the measured spot size is slightly bigger than the 1 mm2 solar cell, most 
of the energy is concentrated in a reduced area (see meshes in Figure 4c) and 4d)). Therefore, as shown in 
Figure 4a), a negligible efficiency drop is obtained if the cell-lens distance is varied by ±0.8 mm with 
respect to the optimum position (note the wide plateau of the blue curve – R2R). This increases the tolerance 
to misalignments in real operation, where the lens temperature changes and so does the material refractive 
index, which in turn modifies the optimal lens focal distance. This higher tolerance to temperature would 
increase the energy yield of the CPV module. Finally, in Figure 4c) and d) the CCD images of the 
concentrated spot are plotted as a 3D mesh (left) and 2D projections (right). The 2D projections include the 
size of the solar cell at 178X and how much the measured spots fill the solar cell area. 
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Figure 4: a) Optical efficiency vs. the focal axis at a concentration of 178X for FL-PET-REF and FL-PET-R2R, where an optical 
efficiency drop of 8 pp is observed for the R2R manufactured lens, b) measured spot size vs. the relative cell-lens distance for the 
same samples, the spot diameter is defined as the circle which contains the 95% of the energy collected by the receiver. In both figures 
a) and b), the x-axis represents the relative cell-lens distance, where zero is the optimal position, which is defined as the cell-lens 
distance that maximizes the efficiency (and minimizes the spot diameter). c) and d) 3D mesh plots (left) and 2D projections (right) of 
the captured spot for FL-PET-REF and FL-PET-R2R, respectively. The increase of spot size diameter is of 0.15 mm, which decreases 
the concentration ratio by 25X, the square seen in the 2D projection represents the size of the 1 mm² solar cell. 

 

3.2 Fresnel lens with AR topography fabricated by double-sided R2R-NIL 
 

3.2.1 Fabrication process 
Further improvement of the optical efficiency was attempted by the incorporation of a moth-eye AR texture 
on the entrance surface of a self-standing lens array to obtain a reduction of reflectance loss at this interface. 
In this case, the lenses were fabricated as self-standing (SS) arrays, that is, without the PET substrate to 
avoid an extra interface and the associated light loss (FL-SS-R2R-AR). A double-sided R2R UV-NIL 
process was developed for this purpose. Initially a working mold containing the AR nano-features was 
fabricated by thermal NIL on a UV transparent, low surface-energy intermediate polymer stamp (IPS) 
thermoplastic film. This working mold was fixed on the R2R PET carrier web and then coated with the 
photo-resin by blade coating. Subsequently, the resin was roll-imprinted with the PFPE mold having the 
Fresnel lens negative array wrapped around the roller as shown in Figure 5a. As the web advanced, the 
resin was cured by the UV-light coming from below. At the end of the imprinting process, a self-standing 
film with the Fresnel lens array on one side and the AR topography on the opposite side, was easily 
demolded and released from the IPS substrate. Self-standing Fresnel lenses without the AR pattern (FL-
SS-R2R) were also fabricated as reference using the same procedure but, in this case, using a flat IPS film. 
Reference samples FL-SS-REF and FL-SS-REF-AR were prepared by conventional UV-NIL on a plate, 
with the setup shown in Figure 5b. In Figure 5c it is shown a schematic of the resulting Fresnel lens and a 
photograph of FL-SS-R2R-AR film obtained. 
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Figure 5: a) Scheme of double-sided R2R UV-NIL process, b) scheme of the double-sided plate UV-NIL, and c) scheme of final 
lens for both processes and a photograph of FL-SS-R2R-AR. 

 

3.2.2 Lens array characterization 
Figure 6a shows a SEM image of a lens FL-SS-R2R-AR, where it can be appreciated that both the micro- 
and nano-topographies were imprinted with high fidelity. Figure 6b shows the first facet of the Fresnel lens 
profile comparing FL-PET-R2R, FL-SS-R2R-AR and the silicon copy of the master mold. These three 
profiles show a high-fidelity match (MAE = 0.6 for the FL-SS-R2R-AR lenses), indicating that the double 
imprinting process does not reduce the pattern transfer accuracy. Figure 6c shows the self-standing lens 
optical efficiency at 178X as a function of the cell-lens distance. A similar trend to that observed in the PET 
supported membranes, with a limited efficiency drop for ±0.8 mm cell-lens distance variation, is confirmed.  

 

Ra values are presented in Table 2, where it can be appreciated the same tendency described before; the 
lenses prepared via plate-based UV-NIL presented lower Ra values, while the R2R processing produced 
higher Ra results. This higher roughness can be assumed to be intrinsically related to the R2R process, with 
no significant differences between the single- and double-sided imprinting process.  
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Figure 6: Geometrical characterization of FL-SS-R2R-AR Fresnel lenses: a) SEM images of the profile (left) and surface (right: top 
for Fresnel facets and bottom for moth-eye AR nanostructure); b) a sample profile of the first facet from the center of the Fresnel lens; 
c) Optical efficiency vs. the focal axis at a concentration of 178X for FL-SS-REF, FL-SS-REF-AR, FL-SS-R2R and FL-SS-R2R-AR. 

 

The transmittance values of a self-standing ~ 200 µm thickness photo-resin layer improved from ~ 90% to 
~ 96% (~ 6 pp) by imprinting AR topography on its surface (see Supplemental Document Figure S1). 
Taking this into account, the AR topography is expected to have an influence improving the effective optical 
efficiency of the self-standing lenses by reducing losses due to light reflection. The equivalent profiles 
measured in plate and R2R UV-NIL fabricated lenses (cf. Figure 6b) make it reasonable to assume that the 
double-sided imprinted lenses should achieve a similar concentration ratio. The effective optical efficiency 
was measured by following the procedure explained before, and the correspondent results are displayed in 
Table 2. 

Table 2: Geometrical and optical characterization parameters of the double-sided UV-NIL produced lenses. 

Lens UV-NIL process Ra (nm) Optical efficiency 

(6X) 

Optical efficiency 

(178X) 

Holophane N/A - 91.14% 80.56% 

FL-SS-REF Plate 9 nm 79.48% 66,91% 

FL-SS-REF-AR Plate 6 nm 84.65% 73.94% 

FL-SS-R2R R2R 23 nm 81.20% 59.88% 

FL-SS-R2R-AR R2R 34 nm 85.98% 67.06% 

Effective optical efficiency values are compared to a reference aspheric glass lens (Holophane ,B1A3L13 )[34]. 

The effective optical efficiency at 6X obtained for the FL-SS-R2R-AR lenses reached values up to ⁓ 86%. 
An improvement of ~ 5 pp efficiency was presumed to be related to the reduction of reflectance loss by the 
AR topography, and it was observed in both sets of lenses, FL-SS-REF-AR and FL-SS-R2R-AR, relative 
to the equivalent lenses without the AR topography. 
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Unlike in results presented in Table 1, in this case upscaling the imprint process via R2R did not affect 
substantially the optical efficiency (79.48% for FL-SS-REF and 81.20% for FL-SS-R2R at 6X). However, 
both FL-SS-REF and FL-SS-R2R were somewhat less efficient than the lenses standing on the PET film 
(FL-PET-REF). Having an additional layer of PET in this case would theoretically lead to a decrease in 
efficiency due to an increased bulk absorption and the reflectance loss at the extra interface. However, it is 
possible that the additional PET film helps to increase flatness on the self-standing lenses patterned on the 
thin flexible films. Thus, considering the different factors, it is reasonable to obtain for both lenses an optical 
efficiency value intermediate between FL-PET-REF and FL-PET-R2R. 

Comparing the optical efficiency of the lenses on a PET film to that of the self-standing ones, a larger 
variability is seen at 178X than at 6X. This can imply that the film substrate improves process repeatability 
and prevents lens warping after curing.  

To incorporate self-standing or PET film-supported Fresnel lenses in practical micro-CPV modules, a 
subsequent lamination step on a glass or PMMA substrate would be required.  

4 Conclusions 
Polymer Fresnel lenses were successfully fabricated by R2R UV-NIL technology. The process allowed for 
high fidelity replication, low surface roughness (Ra ~ 35 nm), and low tip rounding (~7 µm radius). The 
optical performance of the lenses was characterized using a CPV solar simulator. High optical efficiency 
values were achieved for the R2R produced lenses at low concentration (6X), being just ~ 13 pp lower than 
that of a reference non-Fresnel aspheric lens (91.14% vs. 78.53%). Values at 178X varied from 80.56% to 
64.88% (~ 16 pp). A maximum concentration of 128X was achieved, improving remarkably from 16X as 
the best result reported. In addition, polymer Fresnel lenses with moth-eye AR topography on its reverse 
side were successfully fabricated by R2R double-sided imprinting. High quality pattern transfer was 
achieved, and an improvement of ~ 5 pp efficiency with respect to the lenses without AR topography was 
attained. An optical efficiency of ~ 86% was accomplished, just ~ 5 pp less than that of the reference glass 
aspheric lens. The warping effect found in self-standing lenses would be removed upon lamination on glass 
or PMMA substrates for a realistic integration in micro-CPV systems.  

In summary, this study proposes a low-cost, high-throughput fabrication route for the manufacturing of 
high-efficiency Fresnel lenses on flexible substrates with reduced reflectance losses via the incorporation 
of an antireflective layer using a double-sided R2R UV-NIL process that is fast and suitable for mass 
production. 
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CHAPTER 6 

 

6. Conclusions 

During the development of this thesis, some specific conclusions have been drawn and 

are detailed in each academic publication presented in chapter 5. In this section, the most 

relevant general conclusions of the complete work are summarized as follows: 

 

➢ The fabrication of polymer and TiO2 nanocomposite AR surfaces has been 

demonstrated by patterning the moth-eye bioinspired topography using P2P T-NIL.  

 

➢ The inclusion of TiO2 nanoparticles in the AR nanoimprinted polymer forming 

surface nanocomposites has been proven to be a valuable method for improving the 

mechanical resistance of the nanostructures without compromising the optical 

properties. 

 

➢ The photocatalytic activity of the titania nanoparticles expands the functionality of 

the AR nanostructure incorporating in addition photo-induced hydrophilicity and 

self-cleaning behavior. 

 

➢ The formation of moth-eye AR nanostructures on PVDF has been demonstrated for 

the first time. The use of fluoropolymers such as PVDF allows to significantly 

improve the weathering resistance of AR nanocomposite surfaces, being particularly 

interesting to avoid the degradation of the AR nanostructure due to the 

photodegradation caused by the TiO2 photocatalytic activity. 

 

➢ The incorporation of TiO2 nanoparticles improves the thermal resistance of the 

polymer nanostructures, enabling the applicability of moth-eye AR surfaces well 

above the softening point of the polymer (PMMA or PVDF). This effect can be 

ascribed to the restriction of the polymer chain motions due to the anchoring effect 

of the filler which prevents the reflow phenomena.  
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➢ The encapsulation of the AR PMMA nanostructures with a TiO2 coating using HiPIMS 

has been demonstrated as a successful alternative to significantly improve the 

mechanical and thermal resistance of the nanoimprinted layer, and to protect the 

polymer matrix form UV damage, imparting in addition photo-induced 

superhydrophilicity and self-cleaning behavior on the surface. 

 

➢ The T-NIL manufacturing process employed to develop polymer AR nanostructured 

surfaces at laboratory scale has been scaled up using a R2R NIL pilot plant, which 

allows to demonstrate the feasibility of a low-cost and high-throughput fabrication 

process for the production of these functional surfaces. The effect of the processing 

parameters has been analyzed and a quantitative correlation has been established 

with the mechanical and optical properties, to serve as a design guideline to produce 

AR surfaces with tunable performance. 

 

➢  R2R UV-NIL fabrication process has been developed for the large-scale 

manufacturing of Fresnel lenses with application in concentrator photovoltaic 

modules. Moreover, a double imprint process has been designed to incorporate a 

nanostructured AR layer on the optical device, whose effect in optical efficiency has 

been evaluated with promising results in terms of increasing the light concentration 

efficiency. 
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CHAPTER 7 

 

7. Outlook 

NIL fabrication processes and the scaled up R2R NIL technology have been proven suitable 

techniques to produce antireflective nanostructures. The addition of inorganic materials either 

as nanofillers or as coating has proven beneficial to improve the resistance and durability of the 

functional surfaces. 

Nonetheless, there could be further developments to improve certain aspects optimizing 

the material or functional properties to suit particular application needs. Some of these new 

developments are proposed below: 

 

➢ Demonstrate the fabrication of moth-eye AR surfaces by scaled up continuous 

processing of nanoparticle coating and T-NIL via R2R technology.  

 

➢ Study the use of other inorganic materials as nanofillers to attain different 

properties. For example, the use of silicon oxide (SiO2) is proposed for its low 

refractive index, which would improve the optical transmission. ZnO may provide 

some photocatalytic action in the dark. 

 

➢ Incorporate dopped TiO2 nanoparticles to expand the photocatalytic activity of the 

titania also under visible illumination (i.e. reduction of its energy band gap). In 

consequence, there would have the possibility to fabricate nanocomposite surfaces 

with self-cleaning capability under interior lighting. 

 

➢ Likewise, study the compatibility of other sputter-coated materials via HiPIMS, 

particularly other transparent oxides like SiO2, and utilize other polymer matrix to 

study the properties of the material. 

 

➢ Incorporation of moth-eye inspired AR surfaces into solar cells to evaluate the 

improvement of power conversion efficiency derived for the improvement in light 

trapping and transmission provided by the AR topography. 
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LIST OF ABREVIATIONS 

AFM Atomic Force Microscopy 

AR Antireflective 

ARC Antireflective coating 

BSE Backscattered electrons 

CA, ϴ Contact angle 

CAH Contact Angle hysteresis 

CCD Charged-coupled device 

cPs Centipoise 

CPV Concentrator photovoltaic 

DMF Dimethylformamide 

e- electron 

EBL Electron Beam Lithography 

ETFE Ethylene-tetrafluoroethylene 

EUV Extreme Ultraviolet Lithography 

FDTS Perfluorodecyl-trichlososilane 

FESEM Field Emission Scanning Electron Microscopy 

FOPA Fluorooctylphosphonic acid 

FTIR-ATR Fourier transform infrared Spectroscopy in Attenuated Total Reflection mode 

GISAXS Gracing-Incidence Small-Angle X-ray Scattering 

GIXS Grazing-Incidence X-ray Scattering 

HEL Hot Embossing Lithography 

HiPIMS High Power Impulse Magnetron Sputtering 

h-PDMS Hard poly(dimethylsiloxane) 

IBL Ion Beam Lithography 

IPS Intermediate Polymer Stamp 

IR Infrared 

J-FIL Jet and Flash Imprint Lithography 

LINAC Lineal accelerator 

MEMS Microelectromechanical systems 

Micro-CPV Micro-concentrator Photovoltaic 

min minute 

MJ Multi-Junction 
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Mw Molecular weight 

n Refractive index 

NIL Nanoimprint Lithography 

NP Nanoparticle 

P2P Plate-to-plate 

PC Polycarbonate 

PDMS Poly(dimethylsiloxane) 

PE Polyethylene 

PET Polyethylene terephthalate 

PFPE Perfluoropolyether 

PMMA Poly (methyl methacrylate) 

PP Polypropylene 

PS Polystyrene 

PVDF Poly (vinylidene fluoride) 

R2R Roll-to-roll 

RG Reverse Gravure 

RhB Rhodamine B 

ROS Reactive Oxygen Species 

sccm Standard cubic centimeters per minute 

SEM Scanning Electron Microscopy 

SOG Silicon on Glass 

s-PDMS Soft poly(dimethylsiloxane) 

SPDT Single-Point Diamond Turning 

Tg Glass transition temperature 

TiO2 Titanium dioxide, Titania 

Tm Melting temperature 

T-NIL Thermal Nanoimprint Lithography 

TrFE Tri-fluoroethylene 

UV Ultraviolet 

UV-NIL Ultraviolet Nanoimprint Lithography 

Vis Visible  

WAXS Wide-Angle X-ray Scattering 

λ Wavelength 

η optical Optical efficiency 
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APPENDIX: SUPPORTING INFORMATION 

 

 

 

➢ Publication 1: Single-imprint moth-eye anti-reflective and self-cleaning film with enhanced 

resistance. 

 

➢ Publication 2: Bioinspired antireflective flexible films with optimized mechanical resistance 

fabricated by roll to roll thermal nanoimprint. 

 

➢ Publication 3: Improved thermal stability of antireflective moth-eye topography imprinted 

on PMMA/TiO2 surface nanocomposites. 

 

➢ Publication 4: Enhanced mechanical and thermal resistance of nanoimprinted antireflective 

moth-eye surfaces based on Poly Vinylidene Fluoride/TiO2 surface nanocomposites. 

 

➢ Publication 5: Titania-coated antireflective moth-eye surfaces with improved mechanical, 

thermal and self-cleaning properties. 

 

➢ Publication 6: Roll-to-roll nanoimprint lithography of high efficiency Fresnel lenses for 

micro-concentrator photovoltaics. 
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Characterization of synthesized Titania nanoparticles

Figure S1: TiO2 nanoparticle characterization: (a) Absorbance spectrum for synthesized 
TiO2 nanoparticles and digital photograph of colloidal nanoparticles dispersion. (b) 
Dynamic light scattering size measurements. (c) AFM image of TiO2 layered nanoparticles 
(1 wt %) prior imprinting. (d) 1D intensity WAXD profiles derived from the radial 
integration of the 2D diffraction patterns. The Miller indices of the main reflections are 
indicated.
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Table S1: Structural parameters of TiO2 –anatase derived from the WAXD measurements. 

hkl dobs (Å) dcalc (Å)

101 3.52 3.52

004 2.40 2.43

200 1.89 1.89

105 1.69 1.70

211 1.67 1.67

Characterization of PMMA pre-printed surface

Figure S2. Profile of PMMA coating over PET

Figure S3. Morphological characterization of TiO2 layer prior to imprinting.
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Morphological characterization of the moth-eye AR nanoimprinted films

Figure S4: AFM height image of a P-AR substrate and cross-section profile corresponding 
to the black line.

Figure S5. AFM profiles of a single moth–eye cone corresponding to the different TiO2 
composites tested.

Table S2: Morphologic parameters obtained from AFM measurements for the different 
TiO2 composite AR surfaces. 

Sample Pitch 
(nm)

Depth 
(nm) 

Peak top 
width (nm)

Aspect 
ratio

P-AR 250±2 340±15 115±15 2.9
P-01T-AR 252±4 320±15 118±12 2.7

P-05T-AR 255±3 290±30 122±13 2.4
P-1T-AR 255±2 270±20 120±13 2.3
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Extended transmission and reflection spectra

Figure S6. Extended transmission and reflection spectra of the moth-eye imprinted 
nanocomposite surfaces (200-2000 nm). a) Specular transmission spectra. b) Total 
reflection spectra. 

Scattering losses due to the moth-eye nanostructured surface

Figure S7. Reduction in transmittance due to scattering loses caused by the moth-eye 
topography. The spectra compares PMMA free standing films with a flat pristine surface, a 
film patterned on one side and with both sides patterned. 

Photocatalytic experiments on flat and imprinted surfaces

Figure S8. Comparison of photocatalytic activity between imprinted and non-imprinted 
samples with equal TiO2 load.
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Hydrophobicity recovery of the irradiated substrates

Figure S9. Hydrophobicity recovery of the UV irradiated substrates in wet conditions after 
a period of storage at room temperature in dry conditions.

Weathering resistance of UV irradiated AR films

Figure S10. SEM images after the accelerated weathering tests. It can be observed that the 
moth–eye topography of the P-01T-AR substrate remained after 600h of exposure. 
However, the P-05T-AR and P-1T-AR substrates suffered substantial photo-degradation 
after 100 h of exposure. Scale bars correspond to 1 micron. 
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Figure S11. Optical transmittance variation as function of weathering time
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Figure S12. FTIR-ATR of moth–eye imprinted substrates measured before and after the 
accelerated weathering defined cycles. Due to the penetration depth of this technique, at 
the initial time, the characteristic peaks of PET and PMMA are seen in all substrates. The 
carbonyl peak of both polymers appears at 1722 cm-1 for PMMA and at 1714 cm-1 for PET. 
Hence, for monitoring the changes in chemical composition after withering conditions, the 
band at 1144 cm-1, which correspond to a C-O-C stretching vibration of PMMA, was 
compared on the different spectra obtained at 100, 200, 400, and 600h of weathering.
P-AR and P-01T-AR did not show appreciable chemical changes even after 600 h of 
weathering. In contrast, the samples with higher nanoparticle load (P-05T-AR, P-1T-AR) 
show a clear reduction of the PMMA band, indicating the degradation of the PMMA matrix 
due to photo oxidation reactions taking place at accelerated conditions of radiation, heat 
and humidity. 
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Mechanical characterization by nanoindentation and nanoscratch tests

Figure S13. Representative load profile corresponding to a scratch test

Figure S14. Normal scratch displacement profiles on P-01T-AR and on P-1T-AR substrates 
upon application of a constant normal force of 100 µN.

Figure S15. Scratch marks after nanoscratch tests on a P-AR and P-1T-AR substrates using 
a constant normal force of 100 µN. The nanocones display plastic deformation in the 
scratch direction (indicated by the white arrow).
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Supplementary Information 
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fabricated by roll to roll thermal nanoimprint 
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Figure S1 shows the AFM characterization of the moth-eye Ni reference mold. The 
mean measured nanocone height was estimated to be 335 nm. 

 

 

 
Figure S1. AFM characterization of the Ni mold with moth-eye like nanostructure. 
Topography 2D image (left) 1D height profile across the white line  
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Figure S2 shows the set load profile and probe lateral displacement during scratch test. 

 

Figure S2. Set values for normal force (top) and probe lateral displacement (bottom) 
during nanoscratch measurement. 

 

Figure S3 shows the static water contact angle values of the films fabricated at 110ºC at 
different web speeds. 

 

Figure S3. Static WCA values measured on nanostructured PMMA films prepared at 
varied web speeds and constant roll temperature of 110ºC. Selected pictures of water 
drops deposited over different substrates are shown. Drop size was set to 2.5 µl.  
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Improved thermal stability of antireflective moth-eye topography imprinted on 
PMMA/TiO2 surface nanocomposites 

Alejandra Jacobo-Martín,a Jaime J. Hernández,a* Patricia Pedraz,a Eduardo Solano,b Iván Navarro-
Baena,a and Isabel Rodrígueza 

a Madrid Institute for Advances Studies in Nanoscience (IMDEA Nanoscience), C/ Faraday 9, Ciudad Universitaria de 
Cantoblanco. 28049 Madrid, Spain. 

b ALBA Synchrotron, Carrer de la Llum 2-26,08290 Cerdanyola del Vallès, Barcelona, Spain 

 

Figure S1 shows SEM images obtained from different areas of a PMMA/TiO2 nanoimprinted film 
(coated with a 0.5% w/w TiO2 dispersion). 

 
Figure S1. SEM images of a PMMA/TiO2 nanoimprinted film collected from different areas 
using the SE detector (a,b,c). Image c` was recorded in the in lens detector from the same area 
scanned in c. 

 

 

GISAXS simulations were performed using BornAgain software (v. 1.18.) First, the instrumental 
system was defined, setting the same parameters than those used for the real pattern acquisition: 
wavelength = 0.1 nm, detector bins = 1043 x 981 (V x H), etc. Then, based on the real space 
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previously obtained AFM images, a multilayer system was designed, which consisted of the 
polymer-based structures supported on a Si substrate in Air. The initial parameters for the 
simulation were decided based on the real space SEM images (form factor) and the first order peak 
qy maxima position (𝑞𝑦,𝑚𝑎𝑥) of the GISAXS pattern, which was used to calculate lattice length (L) 
by applying the approximation  𝐿 ≈  

2𝜋

𝑞𝑦,𝑚𝑎𝑥
 (interference function). Several form factors and 

interference functions were tested, obtaining the best approximation to the real scattering pattern 
when using a particle layout of pyramids with interference 2D lattice. The simulation process was a 
trial and error iterative process to find the best agreement of the simulated and collected data. After 
each simulation, the simulated and real 2D patterns were visually compared. Moreover, a horizontal 
cut from the simulated 2D pattern was extracted for comparison with the same cut performed on the 
real data. This process of real and simulated data comparison was iteratively done after readapting 
the simulation parameters until a good agreement was obtained.  

Table S1 summarizes the parameters considered in the simulation and Figure S2 shows the 3D 
simulated nanostructured surface.  

 

Table S1. Initial and final simulation parameters: 

 Particle 
height 

Particle 
width 

Alpha Lattice 
length 

Decay 
length (X) 

Decay 
length (Y) 

Initial 330 nm 150 nm 80o 256 1000 
(Cauchy 2D) 

1000 
(Cauchy 2D)  

Final 350 nm 130 nm 80o 230 5000 
(Cauchy 2D) 

5000 
(Cauchy 2D) 

 

 
Figure S2. 3D simulated moth-eye nanostructured surface using parameters from Table S1. 

 

Figure S3 shows the 2D WAXS pattern of synthesized TiO2 nanoparticles and the 1D integrated 
intensity as a function of the scattering vector q with the corresponding assignment of Bragg 
reflections to anatase or brookite crystalline phases.   
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Figure S3. (a) 2D WAXS pattern of the as synthesized TiO2 nanoparticles. (b) 1D integrated 
scattered intensity vs. scattering vector. The main Bragg reflections are indicated, “a” standing 
for anatase and “b” for brookite phases. 
 

Table S2 presents the structural parameters of the anatase and brookite phases of TiO2 derived from 
the WAXS measurements. 

Table S2. Experimental (obs) and calculated (calc) d-spacings for TiO2 crystalline phases. 

TiO2  
hkl dobs (Å) dcalc (Å) 

101 (anatase) 3.51 3.52 
211 (brookite) 
121 (brookite) 

2.97 2.89 
004 (anatase) 2.37 2.43 
221 (brookite)  2.13 2.13 
200 (anatase) 1.89 1.89 
105 (anatase) 1.69 1.70 
211 (anatase) 1.67 1.67 
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Figure S4 shows AFM height profiles traced along individual TiO2 nanoparticles spin coated on a 
silicon substrate. 

 
Figure S4. AFM height image of TiO2 nanoparticles spin coated over a Si wafer (left) and height 
profile of individual nanoparticles (right). 
 

 

Nanoparticle size was estimated from SEM images of spin coated dispersion of TiO2 over Si wafer, 
as shown in Figure S5. 

 
Figure S5. SEM image of TiO2 nanoparticles deposited over Si wafer. 12 nm yellow lines are 
drawn to scale as reference. 
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Figure S6 shows the schematic procedure for the fabrication of the PDMS composite mold. 

The precursor composition was prepared mixing the following components: 

 
Figure S6. Outline of the fabrication process of the PDMS composite working mold. 
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Enhanced Mechanical and Thermal Resistance of Nanoimprinted Antireflective 
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Figure S1 shows a scheme of the GISAXS setup employed indicating the main reference 
and rotation axis. 

 
Figure S1. Outline of the GISAXS setup. 

 

 

Figure S2 shows characteristic 2D x-ray patterns of PVDF and its nanocomposites and the 
peak deconvolution for the estimation of the degree of crystallinity. The best fit was obtained 
by considering the contribution from  and β crystalline phases. The degree of crystallinity 
(Xc) was calculated by using relation 𝑋𝑐 =

∑ 𝐼𝑐

∑(𝐼𝑐+𝐼𝑎)
· 100, where Ic refers to the area 

underneath the crystalline peaks and Ia the area underneath the amorphous halo.  
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Figure S2. (top row) 2D x-ray patterns of PVDF, obtained at 25 and 100 ºC, and its 
nanocomposites at 25ºC. (bottom row) Peak deconvolution and crystallinity degree 
calculated.  

 

Nanoparticle diameter was estimated from AFM topography images calculating the mean 
height of isolated nanoparticles, as shown in Figure S3. 

 

 
Figure S3. AFM height image of a nanoparticle coating (left) and depth histograms 
corresponding to areas where isolated nanoparticles are observed. 

 

Figure S4 shows the SEM image of a nanoimprinted film upon spin coating of TiO2 
nanoparticles dispersed at 2 wt. % in methanol. Large areas remain un-patterned due to 
polymer flow constrain to fill the mold cavities.  
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Figure S4. SEM image of nanoimprinted film showing large un-patterned areas. TiO2 
nanoparticles were spin coated using a 2% w/w dispersion in methanol. 

 

  



 

 

 

  



 

215 
 

 

 

 

 

 

SUPPORTING INFORMATION 

PUBLICATION 5 

  



 

 

  



 

217 
 

Supplementary Information 
 

Titania-coated antireflective moth-eye surfaces with 
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Figure S1 shows the 1D integrated intensity of the annealed PMMA-AR-100nm-TiO2 
sample as a function of the scattering vector q used for the d-spacing calculation. 
 

 
Figure S1. 1D integrated intensity of the annealed PMMA-AR-100nm-TiO2 sample as 
a function of the scattering vector q. The hkl index of the reflections are included at the 
corresponding peaks. 
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Table S1 allows to compare the observed d-spacings extracted from the Bragg reflections 
of the annealed PMMA-AR-100nm-TiO2 sample (dobs) and compare them with the 
calculated d-spacings for the anatase polymorph of the TiO2 (dcalc) 
 
 

Table S1: Structural parameters of anatase derived from the GIWAXS measurements. 
 

hkl dobs 
(Å) 

dcalc 

(Å) 
101 3.52 3.52 

103 2.42 2.42 

004 2.37 2.38 

112 2.32 2.33 

200 1.88 1.89 

105 1.70 1.76 

211 1.66 1.70 
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Roll-to-roll nanoimprint lithography of high 
efficiency Fresnel lenses for micro-concentrator 
photovoltaics: supplemental document 
 

 

Figure S1: Transmittance spectra of a FOL 1.2 photo-resin flat film (black line) and a FOL 1.2 film with 
AR topography imprinted by UV-NIL (red line). 
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