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Abstract 

The increasing concerns about environmental impact and sustainability of human activities have led to a 

renewed interest in naturally derived materials. In this frame, cellulose, the most abundant polymer on 

earth, has attracted increasing attention, since it is extracted from cheap and renewable sources, it is 

extremely versatile and already widely employed in different technological sectors. In this thesis, I 

optimized industrially scalable nanofabrication processes based on soft-lithographic techniques, for the 

realization of tailored photonic architectures in hydroxypropyl cellulose (HPC), a water soluble and 

biocompatible cellulose derivative. I illustrate different strategies to fabricate photonic and plasmonic 

crystal into HPC using nanoimprint lithography (NIL), one of the most promising techniques for large-scale 

manufacturing. Cellulose membranes can be easily patterned into submicrometric periodic lattices that 

exhibit tunable structural colors, can host an organic dye and boost its photoluminescence. Metal coating 

these cellulose photonic architectures results in flexible plasmonic crystals with excellent optical properties 

that can be used as disposable surface-enhanced Raman spectroscopy substrates. An alternative route to 

integrate functional materials into HPC is by transfer printing technique, a nanofabrication strategy that 

provides a straightforward way for the assembly of independently processed materials into spatially 

tailored architectures. I explore the high versatility of this approach embedding metal nanoparticles arrays 

and carbon nanotube networks into HPC adhesive films, obtaining respectively Moiré multilayer 

superstructures and semitransparent conducting electrodes. Interestingly, the HPC adhesives can also work 

as transient tapes for transferring material from a donor substrate to a receiver one, in an ecofriendly 

fashion. HPC tapes adhere perfectly to uneven substrates and can be simply washed away using water. 

Specifically, I demonstrate improved performance of this method compared to standard transfer based on 

elastomers, showing crack free stripping, transfer and piling up of both patterned and continuous thin 

metallic films. Following the line of reducing chemical pollution in nanofabrication processes, I employed 

HPC as non-toxic and water processable sacrificial material for advanced and ecofriendly nanofabrication 

aided by NIL. HPC showed excellent performance when employed as resist under standard electronic 

manufacturing processes, such as reactive ion etching and metal lift off. Silicon nanostructures with feature 
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sizes down to 100 nm and metal nanoparticle arrays are straightforwardly fabricated employing just HPC 

and water as solvent. 
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Resumen 
La creciente preocupación por el impacto medioambiental y la sostenibilidad de las actividades humanas 

ha llevado a un renovado interés para los materiales de origen natural. En este marco, la celulosa, el 

polímero natural más abundante del mundo, ha recibido una gran atención. La celulosa se extrae de fuentes 

baratas y renovables y es un material extremamente versátil y ya ampliamente empleado en diferentes 

sectores tecnológicos. En esta tesis, se han optimizado procesos de nanofabricación escalables y 

compatibles con la industria empleando la técnica de litografía suave, para la fabricación de arquitecturas 

fotónicas en hidroxipropilcelulosa (HPC). La HPC es un derivado de celulosa que es soluble en agua y 

biocompatible. En la tesis se ilustrarán las diferentes estrategias adoptadas para fabricar cristales fotónicos 

y plasmónicos en HPC utilizando la litografía por nanoimpresión (NIL), una de las técnicas más 

prometedoras para la fabricación a gran escala de nanoestructuras. Las membranas de celulosa se pueden 

imprimir fácilmente con motivos periódicos de tamaño submicrométrico, dando como resultado colores 

estructurales, además la celulosa puede hospedar colorantes orgánicos y mediante la corrugación aumentar 

su fotoluminiscencia. El recubrimiento metálico de estas arquitecturas fotónicas de celulosa da como 

resultado cristales plasmónicos flexibles con excelentes propiedades ópticas que se pueden utilizar como 

sustratos desechables para espectroscopía Raman amplificada en superficie. En esta tesis también se 

incluye el estudio de una ruta alternativa para integrar materiales funcionales en la HPC mediante la técnica 

de impresión por transferencia. Esta estrategia de nanofabricación proporciona una manera sencilla para 

ensamblar materiales que han sido procesados independientemente combinándolos en arquitecturas más 

complejas. Además, se demuestra la gran versatilidad de esta técnica fabricando redes ordenadas de 

nanopartículas metálicas y matrices de nanotubos de carbono soportadas en películas adhesivas de HPC, 

obteniendo respectivamente superestructuras tipo Moiré y electrodos conductores semitransparentes. Las 

membranas de HPC también pueden funcionar como cintas adhesivas solubles en agua empleadas para 

transferir material de un sustrato donante a uno receptor de manera respetuosa con el medio ambiente. 

Las cintas de HPC se adhieren perfectamente a sustratos irregulares y se pueden eliminar con agua. 

Específicamente, se demuestra una mejora en la trasferencia de membranas de metal utilizando este 

método respecto al procedimiento estándar que emplea siliconas. La transferencia con HPC previene la 

aparición de grietas durante el proceso de transferencia y permite el apilamiento de películas metálicas 
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finas, tanto con patrón como continuas. Por último y siguiendo la idea de reducir la contaminación derivada 

de los procesos de nanofabricación, se emplea la HPC como resina transitoria no tóxica y procesable con 

agua para su empleo en técnicas de nanofabricación avanzada y ecológica como la técnica NIL. La HPC ha 

demostrado una resistencia y compatibilidad excelente al emplearse en procesos de nanofabricación 

estándar, como el grabado con iones reactivos o la deposición de máscaras de metal. Empleando HPC como 

resina, se han producido nanoestructuras de silicio con tamaños mínimos de hasta 100 nm, también se han 

conseguido fabricar redes de nanopartículas metálicas de manera sencilla empleando solo HPC y agua 

como disolvente. 
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Motivation 
Nowadays, optoelectronics devices play a key role in our daily life, being fundamental components of high-

technological products, such as computers, smartphones and televisions and empowering essential sectors 

like telecommunications, data storage and medical diagnostics. The advent of the internet of things (IoT) 

era has resulted in a dramatic change in the way optoelectronic devices finds application around us. An 

increasing number of cheap and relatively simple physical objects are rapidly getting embedded with 

sensors, software, and communication systems. Our society is becoming extremely connected with 

everyday products and even human being themselves continuously exchanging data with each other, and 

this is only the early stage of IoT. Given their capability to improve the rapid flux of information through 

the IoT, implantable, wearable and product-integrated optoelectronic technologies are attracting increasing 

attention in a wide range of emerging field, such as real-time healthcare monitoring and treatment, ambient 

control, soft robotics, prosthetics, smart clothing and smart packaging, among others. 

While connectivity is expanding in our world, sustainability, the greatest concern of modern times, is deeply 

modifying our approach to product development in different fields, some of which will inevitably overlap 

and influence the design of IoT technologies. Among the various challenges that our society is facing, the 

reduction of toxic and oil-based product use, is one of the pivotal themes of discussions. The development 

of cleaner and more efficient manufacturing processes and the substitution of nonrenewable raw materials 

with more ecofriendly alternatives, have already become a government enforced constrain in many 

industrial sectors, exponentially powering the biomaterials research. A good example of these new policies 

is the recent ban to single-use plastic products in most European countries (EU directive 2019/904). The 

restriction in plastic use has brought the industry focus to naturally derived polymers, and biodegradable 

products like starch plastic bags or polylactic acid cups that almost perfectly resemble plastic are currently 

commercialized. However, how will IoT and the sustainability challenge affect the next generation of 

optoelectronic devices? Which new requirements should they satisfy to be marketable? Here are few 

considerations we can infer from the above discussion. 

 

 Materials.  
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Definitively, naturally derived materials will be protagonists, thanks to their sustainable nature: they 

are typically non-toxic, biodegradable, and their primary sources of extraction are renewable. Electronic 

waste is an already well-known issue, but if we consider that optoelectronic devices will be embedded 

into mass produced goods, having them fabricated with low environmental impact materials will be 

extremely beneficial for their end-of-life disposal and for their easier integration into new generation 

ecofriendly products. Furthermore, biomaterials and specifically biopolymers are excellent candidate 

for the realization of flexible and biocompatible devices, which makes them an extremely promising 

platform for application in the fast-growing field of biotechnology. 

 

 Fabrication processes.  

Sustainability is not only about the material of which a product is made, but also about its production 

process. It is definitively necessary to find low environmental impact fabrication processes with lesser 

toxic residues and CO2 generation. From a more economical point of view, if optoelectronic devices are 

supposed to become component also in relatively cheap and widespread mass-produced goods, their 

fabrication should be low cost and have high throughput. 
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Scope of this thesis 
Nanotechnology has definitively marked a turning point in material science, allowing a deeper 

understanding of the nanoscale phenomena and enabling novel applications for unconventional materials, 

among which biopolymers. In this frame, cellulose and its derivates have raised a renewed interest both in 

industry and in the scientific community. The huge availability and the indisputable low cost and 

renewability of its sources of extraction together with the already high maturity of cellulose related 

technologies, makes cellulose an excellent candidate for the large-scale production of different ecofriendly 

and biocompatible materials. Today a huge number of cellulose derivatives are implemented as functional 

and sustainable materials in a wide range of high-end technologies such as biomimetic, bioengineering, 

flexible electronic, biofuels production and composite materials. Among the commercially available 

cellulose derivatives, Hydroxypropyl cellulose (HPC) is a particularly interesting material with a unique 

combination of characteristics: It is water soluble, thermoformable, biocompatible, edible and 

biodegradable. HPC can for transparent films with excellent mechanical properties, insoluble hydrogels, 

and it assembles in liquid chiral crystals that presents iridescent structural colors when sediments in water. 

Many efforts have been done to provide additional functionality to this multifunctional material, 

particularly in order to make it responsive to external stimuli. Despite the interesting properties of HPC, 

there is still missing a fabrication technique to pattern with high resolution this multifunctional material. 

In particular, patterning of other water-soluble biopolymers such as silk or other cellulose derivatives have 

been recently demonstrated, showing promising results and enabling novel applications of those type 

biomaterials in different branches of photonics. The development of a set of nano structuring technologies 

that are scalable and allow controlled patterning of HPC films would be extremely beneficial to provide 

further functionalities to this widely available and low cost material, opening new paths for its 

implementation in the large-scale fabrication of next generation ecofriendly and biocompatible 

optoelectronic devices.  
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CHAPTER 1 

 Photonic architectures 

Properties and applications 

The way an object appears to our eyes depends on how it interacts with visible light, the region of the 

electromagnetic radiation with wavelength comprised between 400 and 700 nm. A medium that strongly 

absorbs all wavelengths appears black, while one that does not absorb will look transparent. However, the 

surface or contour of an object will also play a role on the final object appearance, inducing reflection, 

refraction, scattering or diffraction effects. This is for instance the reason why clouds look white (Figure 

1.1a) or the opal gemstones look so beautifully colored (Figure 1.1b), even if the materials from which they 

are made (water and glass respectively) are transparent.  

 

Figure 1.1. Light matter interaction in nature. a) Light scattering from water droplets gives rise to the withe 
appearance of clouds. b) The colorful appearance of opals is due to light diffraction from ordered arrays of silica 
nanospheres inside the gemstones. 

The fraction of light that human beings, can perceive, represents only a small portion of the electromagnetic 

radiation spectrum, that ranges from tens of picometer of γ -rays to the kilometer of radio waves, 

comprising, X-rays, infrared, UV and microwaves. The interaction between the oscillating electromagnetic 

waves and the charged particles that constitute matter gives rise to a wide variety of interesting 

phenomena, that since centuries it has stimulated the curiosity of scientists, leading to today’s modern 

photonics. Specifically the recent advances in nanotechnology have enabled light manipulation throughout 

the development of new materials with enhanced functionalities and engineered optical properties. The 
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exploration of light coupling to nanostructured materials has rapidly expanded, finidng applications in 

countless fields, such as energy harvesting, lightning, imaging, sensing and biomimetics. Among the wide 

range of photonic systems that are being currently investigated, periodic patterns have attracted great 

attention for their capability to confine light, improve the performance of optoelectronic devices or access 

extraordinary optical phenomena.  

In this chapter, I will introduce some of the unique properties of photonic and plasmonic crystals, which 

are periodic nanostructured architectures that I widely exploit in this thesis. I will also illustrate some of 

their most advanced applications both in industry and in research, particularly focusing on biomaterial-

based ones. 

 

1.1 Photonic crystals 

Photonic crystals (PhCs) are natural or artificial structures that presents a periodic modulation of the 

refractive index. PhCs present a clear a similarity with the periodically arrangement of atoms in crystal 

lattice structures. Specifically, the behavior of photons in a PhC is comparable to the one of electrons in a 

crystal lattice. PhCs are indeed capable to provide a photonic band gap (PBG), that is a range of energies 

(frequencies) at which photons cannot propagate inside the structure and that is responsible for most of 

the practical properties of the PhCs. PhCs can be divided in three main groups,1 depending on structure 

geometry, as illustrated in Figure 1.2. 

 

Figure 1.2 Photonic crystal types. a) One-dimensional (1-D PhC). b) Two-dimensional (2-D PhC). c)Three 
dimensional (3-D PhC).2 

 

 One-dimensional (1-D PhC or Bragg stacks):  the periodicity occurs in one direction, while in two 

other directions structure is uniform. This class of structures consists in stacks of alternate layers of 
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media with different refractive index, and they are typically employed dielectric mirrors, exploiting 

the forbidden interval for light propagation (photonic bandgap) perpendicular to the periodicity.2 

 

 Two-dimensional (2-D PhC): the periodicity occurs in two directions. This class of structures typically 

presents surface patterns with square or hexagonal lattice consisting in periodically arranged pores 

or protrusions (assuming that one of the two media is air). They are employed as antireflection coating, 

index matching interfaces, photonic crystal fibers, resonant antennas, and for structural color 

generation. These structures show photonic bands and bandgaps in-plane and act as diffraction 

gratings under normal incidence 2 

 

 Three dimensional (3-D PhC): The modulation of permittivity occurs along all three directions. This 

class of structures resents the largest variety of configurations, being opals the most well-known 

example of 3D PhCs found in nature (Figure 1.1b). They consist in silica microspheres assembled in a 

face-centered cubic lattice (FCC) that reflect light with a strong dependence of the incident angle. 

These structures showed have the potential to sustain a full photonic band gap, a forbidden interval 

for light propagation for all directions whith great interest for light manipulation 2 

 

Structures and functionalities of PhC 

The optical properties of the PhCs can be tailored to specific functionalities by the properly designing the 

materials that compose them, their crystal lattice structure, the shape of the features and by combining 

two or more of these approaches. It is possible for instance to obtain specific and selective responses to 

light polarization, wavelength and direction, among others. 

Figure 1.3 shows some example of PhC architectures and their resulting optical properties. Diffraction 

gratings can be designed to achieve maximum efficiency in one given diffraction order like in the case of 

the Blazed grating structure illustrated in Figure 1.3a. Using this type of PhC the maximum optical power 

for a specific wavelength is concentrated in a desired diffraction order, minimizing residual power in the 

other orders, particularly the zeroth. Depending on the grating geometry different wavelengths and 

diffraction directions can be selected. Further functionalities can be obtained employing patterns of 

anisotropic or chiral features. For instance, using the gammadion shape illustrated in Figure 1.3b, it is 

possible to obtain circular dichroism, a selective response to right and left circularly polarized light.3 
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Another example that is particularly easy to find in nature, is the structural color generation. If a radiation 

whose frequency falls inside the PBG impinges on the PhC, it will be completely reflected, giving rise to a 

colorful appearance that is not originated by dies or pigments. Typically PhC color are iridescent, that is 

they depends on the angle of incidence or observation. However, the morpho butterfly illustrated in Figure 

1.3c has developed a lamellar hierarchical structure that allows its wings to look blue from almost any 

point of view. PhC are efficient system for reflecting light with specific wavelength or polarity, yet they can 

be also designed to broadly suppress interface reflection, acting as antireflection coatings (ARC),4 as 

illustrated in Figure 1.3d.5 Interestingly, by introducing defects in the crystal structure of a PhC, it is 

possible to obtain strong spatial light confinement, a strategy that is widely employed in photonic crystal 

waveguides (Figure 1.3e) and that is also the basic principle of operation of distributed Bragg reflector 

laser (DBR) whit vertical cavity. Different light emitting devices often employ photonic crystals to enhance 

both the intensity and directionality of radiation.6–8 Finally by engineering the subwavelength units of the 

PhC it is possible to fabricate metamaterials, unique artificial structures that exhibit properties not 

attainable with ordinary media. Figure 1.3f shows an all dielectric metamaterial that present epsilon-near-

zero response to infrared light that has been fabricated using silicon and silicon dioxide alternate periodic 

stacks.9 
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Figure 1.3 Example of photonic crystal structures and their corresponding functionalities. a) Blazed diffraction 
grating structure fabricated by NILT technology company. b) Pattern of TiO2 gammadions showing intrinsic 
chirality response. RCP light (red helix) is transmitted in the zero-order while LCP light (blue helix) is transmitted 
the first order.3 c) lamellar microstructures of the morpho butterfly that originates its characteristic blue color. d) 
Microlenses array whose surface has been patterned with an antireflection coating (ARC).5 e) Section of a photonic 
crystal fiber and corresponding simulation of electric filed intensity distribution in point defect cavity (Lumerical 
Inc.). f) Epsilon-near-zero all dielectric metamaterial.9 

In this thesis, I fabricated 2-D and 1-D photonic crystals in hydroxypropyl cellulose, employing different 

lattice geometries and characterizing their correspondent optical properties of (see Chapter 5)  
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1.2 Surface plasmon resonances 

The optical properties of metals are extremely different from the ones of dielectric materials. In metals light 

electromagnetic waves can promote resonant oscillations of the free electron cloud (plasma). These 

electron excitations, called surface plasmons, are tightly bounded to the metal surface where they originate 

intense electromagnetic fields with a strong spatial confinement. These characteristics allow precise tuning 

of their associated electromagnetic field distribution by simply designing the metal surface structure, and 

to obtain extremely intense field enhancement in small volumes using very low excitation powers. Surface 

plasmons are also extremely susceptible to physical and chemical changes in their surrounding 

environment, a characteristic that enabled plasmonic-based sensors to reach detections sensitivities down 

to single molecules. 

There are two main types of surface plasmons, named propagating surface plasmon polaritons (simply 

abbreviated SPPs) and localized surface plasmon polaritons (LSPRs). 

 

 Propagating surface plasmon polaritons (SPPs)  

SPPs are hybrid photon-electron excitations that travels at the interface between a dielectric and a 

metallic medium. They emerge due to coupling of the light EM wave with a longitudinal oscillation of 

the metal charge density (Figure 1.4a). SPPs can propagate in plane at the interface, but they are 

evanescent in the perpendicular directions, penetration depths of the order of tens of nanometers 

(Figure 1.4b).10  

 

Figure 1.4 Propagating surface plasmon polaritons. a) Electric charge density waves of surface plasmon polaritons 
propagating at the metal-dielectric interface. b) Decay of the perpendicular electric field intensity inside the 
dielectric and the metal. 
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SPPs only exist for the transverse magnetic (TM) polarization, that is, with the magnetic field 

perpendicular to the propagation plane. Solving Marxwell’s equations with this boundary condition 

leads to the dispersion relation of SPP: 

 

𝑘|| = 𝑘଴ඨ
𝜀௠𝜀ௗ

𝜀௠ + 𝜀ௗ
                                                     (1.1) 

 

𝑘଴ =
𝜔

𝑐
                                                               (1.2)  

 

where 𝑘||is the wavevector parallel to the surface, ω the wave frequency and c the speed of light 

in vacuum while 𝜀௠ and 𝜀ௗ are the metal and dielectric permittivities. However, considering that in 

the dielectric media, light follows the linear dispersion relation: 

 

𝑘|| =  
𝜔

𝑐
ඥ𝜀ௗ                                                            (1.3) 

 

the SPP wavevector results always higher than in the dielectric or air. This means that light 

impinging at a dielectric-metal interface will require an extra in-plane momentum to be able to 

excite the SPPs. There are several strategies to provide this extra momentum to the incoming light, 

including illumination through a prism by total internal reflection, or benefitting from the 

diffraction of a grating (Figure 1.5), being the latter the more practical way for integration in real 

devices, since it allows for direct incorporation of the coupling mechanism into the structure.  
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Figure 1.5 Excitation of SPPs on a metal-dielectric grating at an incidence θ. b Dispersion relation of SPP (red). The 
blue vector represents the momentum provided by impinging light, while the black vector is the momentum 
provided by the grating. 

For a square grating of period a, the coupling condition can be expressed as follow: 

 

𝑘|| = 𝑘||
௜௡ + 𝑚|𝐺|                                                        (1.4) 

 

where 𝑘||
௜௡ is the parallel component of the incident wavevector, G is the reciprocal lattice vector of 

the grating in the same direction of 𝑘||
௜௡ and is connected to the lattice parameter of the grating as 

follow:  

 

|𝐺|=2𝜋/a                                                                (1.5) 

 

 Localized surface plasmon polaritons (LSPRs). 

Localized surface plasmon resonance arises when a light wave impinges on a conductive 

nanoparticle whose size is smaller than the wavelength of light. This interaction produces coherent  

plasmon oscillations (Figure 1.6a) localized in the nanoparticle, whose resonances occur at specific 

frequencies determined by the particle material, shape, size, and by the surrounding environment. 

LSPR do not have a specific propagation direction, but they are strongly coupled to the incident 

electromagnetic radiation and yield to a dramatic increase of the electronic field at the metal-

dielectric interface. 
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Figure 1.6 Localized surface plasmon polaritons (LSPR). a) Electric charge density of a metallic sphere immersed in 
an oscillating electromagnetic field and decay of the generated electric field intensity outside the particle. b) 
Electric field intensity enhancement between to close plasmonic particles (hot-spot). 

In order to explain how the electromagnetic field enhancement works, we consider a metallic 

sphere subject to an external oscillating electromagnetic field 𝐸଴ (Figure 1.6a). If the diameter of 

the particle is smaller than the radiation wavelength, the electric field can be assumed to be 

constant on the particle surface (electrostatic approximation). The behavior of the metallic particle 

can be thus associated with a fluctuating electric dipole, and the resulting electric field at the 

surface 𝐸௦ will consist of two different contributions. 

 

𝐸௦ = 𝐸଴ + 𝐸௦௣                                                           (1.6) 

 

Where 𝐸௦௣  is the contribution of the surface plasmon. The value of the induced dipole can be 

expressed (for spherical particles) as: 

 

µ = 𝜀ଶ𝛼(𝜔)𝐸଴                                                          (1.7) 

 

in which 𝜀ଶ is the dielectric constants of the dielectric material. The polarizability 𝛼(𝜔) depends on 

the shape, dimension and distribution of the metallic nanoparticles trough the function f(r,d) and 

can be expressed as following 

 

𝛼(𝜔) = 𝑓(𝑟, 𝑑)
𝜀ଵ(𝜔) − 𝜀ଶ

𝜀ଵ(𝜔) − 2𝜀ଶ
                                             (1.8) 
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Where the numerical factor 2 is representative of the spherical shape and 𝜀ଵ(𝜔) is the complex 

dielectric constant of the metal. Maximum values of 𝐸௦௣ can be thus obtained for the resonance 

condition 𝑅𝑒(𝜀ଵ) =  −2𝜀ଶ and for minimum values of energy dissipation that is low value of 𝐼𝑚(𝜀ଵ) 

(Fröhlich condition). For wavelengths belonging to the visible range metals like gold and silver are 

capable to satisfy the conditions above. 

Another interesting feature or localized plasmon resonances are the near-field coupling effects 

between particles lying close to each other, like in the case of nanosphere aggregates. As can be 

seen in Figure 1.6b the region between the two particles, so called Hot-Spot, experiences a higher 

enhancement of the local field as compared to that of a single particle.11 

 

1.2.1  Plasmonic crystals 

Spatially periodic metallic structures are appealing architectures thanks to their capability to excite and 

manipulate the plasmonic resonances, modifying the optical properties of metallic surfaces. The excitation 

of an SPP on a metallic grating for instance, manifests itself as dip in the reflection spectra (Wood’s 

anomalies).When the periodicity of the surface structure is comparable with the wavelength of the SPP it 

will cooperatively influence the in-plane propagation of SPPs accessing unusual optical phenomena.12,13 A 

well-known example is the extraordinary optical transmission (EOT) that can be observed in metal film 

perforated with a periodic hole array. In such systems, EOT is originated by resonant light tunnelling 

involving SPP states.14 In the case of a periodic array of discrete plasmonic nanoparticles, the coherent 

interaction that arises from the multiple scattering of ordered elements and the incoming wave can induce 

a spatial redistribution of the LSPR electromagnetic field. The hybrid modes that arise from diffractive 

coupling of light induced by ordered arrays of plasmonic elements are called surface lattice resonances 

(SLR). SLRs, typically give rise to far-field coupling phenomena that are characterized by lower losses 

compared to LSPR and an ultra-narrow absorption peak.15–17 

Similarly to PhCs, different configurations of lattices and scattering elements will originate different 

plasmonic responses. Figure 1.7 shows selected examples of the countless possibilities that can be explored 

using plasmonic crystal architectures. As for PhC, plasmonic system can also have a polarization dependent 

response. For instance, chiral reflectors can be fabricated employing achiral structures like the holes arrays 

illustrated in Figure 1.7a, where selectivity to circularly polarized light has been achieved exploiting Moiré 
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super-structures fabricate by stacking twisted layers of holes arrays.18 An analogous design has been 

implemented by Zheng et al. who obtained a linear polarization rotator piling up multiple layer of plasmonic 

gold lines arrays (Figure 1.7c).19 The coherent nature of surface lattice resonances (SLR) and their large 

spatial extension (that only arise when multiples plasmonic scatterers are placed in a periodically ordered 

fashion) can be instead employed to boost the photoluminescence emission of a dye, simultaneously 

obtaining a much higher directional emission compared to standard LSPR modes (Figure 1.7b).20 The strong 

localized fields that characterise LSPR typically underpin the enhancement of Raman signal, named surface 

enhanced Raman spectroscopy (SERS). By placing gold nanosphere clusters in a periodic array 

(superlattice), Matricardi et al. demonstrated first, that an enhancement of the localized field compared to 

isolate clusters. Second, by changing the superlattice parameter, they achieved broad tunability of the 

LSPR-SLR hybrid mode wavelength along the visible and near infrared region (Figure 1.7d).11 
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Figure 1.7 Example of plasmonic crystal structures and their corresponding functionalities. a) Moiré chiral 
metamaterials fabricated by twisted overlapping of holes arrays in gold films.18 b) Surface lattice resonance (SLR) 
enhancement of photoluminescent signal compared to localized surface plasmon resonance. Sample consists in a 
thick layer of glass (substrate), a periodic array of aluminum particles (plasmonic array) and a layer of dye 
molecules embedded in polystyrene (emitting layer).20 c) Linear polarization rotator fabricated via stacking 
twisted lines arrays.19 d) Simulation of near-field enhancement in a cluster of nanoparticles due to periodic array 
configuration. Extinction spectra, normalized to the maximum, of gold cluster arrays with different lattice 
parameters.11 
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1.3 Biomaterials for photonics and plasmonics 

Despite the widespread use of inorganic materials for the fabrication of optical and electronic devices, their 

intrinsic mechanical rigidity, fragility, and potential toxicity make it challenging to use them in emerging 

applications like flexible electronics and biotechnology. In this frame, naturally derived polymers already 

demonstrated excellent flexibility, combined with unique physical properties, among which 

biocompatibility and environmental sustainability. This field of research has rapidly grown in the last two 

decades,21 particularly pushed by the urge to substitute plastic materials with ecofriendly alternatives and 

by the huge advances in human–machine interfaces and implantable medical devices. 

 

Transient and ecofriendly applications 

With the advent of the new era of internet of things (IoT) and wireless networks, mechanical flexible and 

electronically functional devices, have blossomed. In particular, optoelectronic devices are expected to be 

wirelessly interconnected, sharing relevant information in an ultra-fast way and providing real‐time 

communication. For this reasons wearable and product-integrated optoelectronic devices are catching on 

in various aspects of our daily life, among which, healthcare monitoring and treatment, ambient control, 

soft robotics, prosthetics, flexible optoelectronic devices, textile, packaging, among others.22 

In this context the recent environmental concerns regarding material sustainability are pushing almost any 

technological sector towards the preferential substitution of highly contaminating materials by others with 

lower environmental impact, and easy disposability properties. Photonics is not an exception.21 Figure 1.8 

shows some example of the employment of biodegradable materials for the realization of transient photonic 

and electronic devices. Among these materials, cellulose is widely investigated thanks to its low cost, 

availability and versatility (see Chapter 2 for further details about this material and its derivatives). Many 

pioneering work have been published regarding the fabrication of electronics on paper,23–25 and this 

material as recently attracted interest also for application as low cost transient substrate for plasmonic 

sensing26–28. One example is reported in Figure 1.8e, where a burnable colorimetric sensor for biomolecules 

detection has been developed functionalizing paper with plasmonic NPs.26 

Besides paper, other cellulosic materials have been implemented for the realization of biodegradable 

electronic and photonic architectures. For instance, Figure 1.8a shows biodegradable and flexible electronic 

circuits fabricated using a transparent cellulose nanofibril substrate29 and Figure 1.8c shows a 

16



Chapter 1   Photonic architectures   

 

biodegradable photonic crystals made of pure cellulose fibers, fabricated using replica molding technique.30 

Silk is another widely investigated material for the realization of biodegradable optoelectronic devices, as 

show in Figure 1.8b, where an array of antennas (operating in ThZ) have been fabricated on edible silk 

substrates and conformally transferred onto food surfaces.31 Silk is another widely investigated material 

for the realization of biodegradable optoelectronic devices, as show in Figure 1.8b, where an array of 

antennas (operating in ThZ) have been fabricated on edible silk substrates and conformally transferred 

onto food surfaces.31 Finally, transient substrates could be combined with transient metals or other non-

toxic materials. Figure 1.8d shows a sweat and humidity sensor fabricate using a plasmonic crystal made 

of water soluble metallic magnesium on a polyurethane (NOA) substrate.32 

 

 

Figure 1.8 Examples of ecofriendly photonics and electronics devices. a) Electronic circuit printed on cellulose 
nanofribril paper and its biodegradation (10 and 60 days).29 b) Edible silk adhesive with a ThZ split ring resonators 
(SRRs) conformally adhered onto an egg.31 c) Biodegradable pure cellulose photonic crystal.30 d) Sweat and 
humidity plasmonic crystal sensor fabricated depositing water soluble magnesium on top of a polyurethane 
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substrate.32 e) burnable colorimetric sensor for biomolecules detection based on paper substrate functionalized 
with plasmonic nanoparticles.26 

 

Biotechnology applications 

One of the general trends in biotechnology and medicine is to have intracorporeal or epidermally appliable 

biocompatible devices for continuous monitoring and treatment.33 Many applications of photonics and 

plasmonics are in bio-related fields.21 Light indeed can penetrate living tissue up to few centimeters, 

allowing for nondestructive imaging and sensing techniques, activating chemical reactions or inducing 

temperature changes.  

Implantable waveguides are one of the mostly investigated systems, since they enable light to reach deeper 

tissues for in-vivo monitoring and treatment. Biocompatible and resorbable hydrogel patches for instance 

that both guide light and accommodate functional elements (cells, therapeutic agents, fluorescent proteins 

etc.)34 are promising platforms as implantable devices. Hydrogels can create a low resistance path for light 

inside the body34 as illustrated in Figure 1.9b, and eventually, they can be biologically resorbed by the host 

body after a certain extent (Figure 1.9a).35 Another example is the realization of colorimetric sensors that 

takes advantage of the environmental sensitivity of the optical properties of PhC.36 Following this approach, 

Omentetto et al. fabricated biocompatible silk inverse opals (SIO) for colorimetric sensing of glucose 

contents in liquid media (Figure 1.9c).37 Furthermore, they demonstrated improvement of the heating 

efficiency of gold nanoparticles when integrated in the SIO structure relative to those embedded in an 

unstructured fibroin film.38 The efficient production of heat under optical illumination from plasmonic 

nanoparticles, (plasmon resonance-induced heating)39 is of particular interest for biomedical application 

since it can be used to systematically target and destroy malign tissues, as in anticancer therapies. Finally, 

biocompatible plasmonic arrays can be implemented as SERS substrates for in vivo measurements. Figure 

1.9d illustrated a cell culture on a Ag/Au nanoantennas array demonstrating good cell adhesion combined 

high plasmonic enhancement of the Raman signal coming from the cell membranes.40 
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Figure 1.9 Application of biocompatible photonics in biotechnology. a-b) Polylactic acid (PLA) hydrogels as 
resorbable waveguides in living tissues.34-35 c) biocompatible SERS substrate for cell growth and in vivo membrane 
biosensing.40 d) Colorimetric glucose sensor fabricated with silk inverse opal structure.37 

 

1.4 Commercial applications 

The photonic technology market is already huge and has great growing potential, with forecasts saying it 

will reach $800 billion in 2023.41 Light-based technologies indeed play a critical role in a broad range of 

technological sectors, among which telecommunications, data storage, medical diagnostics, autonomous 

driving, green energy and more. In this frame, dielectric photonic architectures can be found as 

fundamental components in devices like lasers, detectors, sensors, imaging set-ups and optical fibers. Those 

technologies are already widespread in industry thanks to their relatively easy integration in semiconductor 

manufacturing technology and CMOS compatibility42 (they mostly employ same materials as electronic 

industry). Specifically, nanostructured photonic crystals that allows for enhanced light manipulation are 

also approaching commercialization. For example, diffractive optics elements like the ones developed by 

NILT technology company (Figure 1.10c) can be used as beam shaping, beam splitting, diffusers, pattern 

projections, diffractive focusing lenses and gratings and can be found in long range distance sensors like 

LiDAR (Light Detection And Ranging), short range distance sensors, position sensors, motion detection and 

projection systems. In addition, surface-emitting semiconductor lasers with an integrated photonic crystal 

structure featuring a narrow spot beam pattern with narrow spectral linewidth are currently 

commercialized by HAMAMATSU (Figure 1.10a). 
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Figure 1.10 Commercial application of photonic and plasmonic crystals. a) surface-emitting semiconductor laser 
with a photonic crystal structure integrated (HAMAMATSU). A chip of metallic nano/sub-micro structure used as 
SERS substrate (HAMAMATSU). A diffractive optics element made of plastic developed by NILT technology. 

One of the main driving forces towards the large-scale commercialization of those technologies is the 

development of smart manufacturing techniques that has reduced remarkably their still high cost of 

fabrication. One example of company that bets on large-scale manufacturing strategies is NILT technology, 

who specialized in high-end design and fabrication of photonic nanostructures and in their low cost and 

high throughput replication using nanoimprinting based techniques.  

Despite their great potential Plasmonic-based technologies are much further from industrialization, and 

their commercial employments are mostly limited to few companied developing SERS substrates for sensing 

applications (Figure 1.10b).42,43 The inability to scale up to large-scale nanofabrication of plasmonic devices 

plays a key role in their slow commercialization process. Apart from being expensive, common plasmonic 

materials like silver and gold are not compatible with industrial fabrication workflows.43 For instance, dry 

etching of noble metals is difficult due to the lack of volatile compound formation.44 In sum, new fabrication 

techniques and new enabling application for plasmonic materials has to be developed in order to see this 

technology on the market. 
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CHAPTER 2 

2 Cellulosic biomaterials 

Unique features and applications 

If we think about the world “cellulose” today, probably the first thing that comes to mind is paper. The main 

and definitively the most well-known usage of cellulose is actually the production of paper and paperboard, 

but we should bear in mind that, along the course of history, cellulose based materials shaped a 

considerable part of our culture, playing a key role in countless applications: textile, knowledge storage, 

pharmaceutics, food industry, packaging, fuels, electronics, transportation and construction among others. 

It is not surprising that such a widespread material is the second most widely used in the world, after 

concrete. The secret beyond the success of cellulose, lies in more than one essential feature that 

characterized this material and that, from past to present, have raised the interests of human beings toward 

the development of cellulose-based technologies. 

 

Figure 2.1 Sources of almost pure cellulose in nature a) Photo of a cotton flower. b) AFM image of bacterial 
cellulose fibrils. 

 

• Abundancy 
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Cellulose is the most abundant organic polymer on earth, and it is derived from broadly available 

resources. Wood, the oldest material utilized by human beings along with stone, contains 40-50% of 

cellulose. Cotton (Figure 2.1a), probably the most popular textile fiber, is almost pure cellulose, 

accounting with a 90% in content. Also, some species of bacteria produce it as secretion to form 

protective biofilms, as illustrated in Figure 2.1b. These sources of extractions are also renewable: during 

the photosynthesis plants uses water and solar energy to produce cellulose uptaking carbon dioxide 

from the atmosphere. 

 

• Versatility 

The range of modification of cellulose based materials is broad and many books and reviews on this 

subject have been published.1–4 Many different derivates with tailored optical, mechanical and chemical 

characteristic can be obtained by chemical or physical modification of cellulose, giving to this material 

the multifunctionality that is the basis of its widespread industrial applications. 

 

• Biodegradability  

Biodegradation is defined as the brake down of matter into simpler substances through the action of 

living microorganisms. This important feature has recently bought cellulose the focus of attention. 

Cellulose based products could indeed are fully biodegradable and could reduce environmental 

footprint, allowing easy disposability and recyclability of the products made from this material and 

from most of its derivatives.5 

 

• Biocompatibility  

A material can be defined biocompatible if it does not produce a toxic or immunological response when 

exposed to the body or bodily fluids. Also biocompatibility is an attractive feature that have interested 

the scientific community interest toward the development of cellulose based materials for application 

in pharmaceutical industry and in biotechnology.6 

 

In this chapter the main characteristics of cellulose and its derivatives are presented, and a specific section 

is devoted to illustrating more in detail the properties and applications of hydroxypropyl cellulose, the 

cellulose derivative implemented in this thesis. 
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2.1 Cellulose structure and properties 

What gives cellulose all these interesting properties is its chemical structure, which is represented in Figure 

2.2. It consists in a polysaccharide chain (chemical formula (C6H10O5)n) in which several hundred to 

thousands of β-glucose units are repeated. The polysaccharide chains interact with each other via 

hydrogen bonding, forming alternate crystalline and amorphous phases and creating nanofibrillar 

structures. Nanofibrils hierarchically assemble into microfibrils and in turn into the actual cellulose fibers, 

that together with lignin and hemicellulose constitute the plant cell wall. 

 

Figure 2.2 Schematic representation of cellulose chemical structure and of its supramolecular hierarchical 
organization found in plants cell walls. 

This particular supramolecular arrangement and the presence of multiple hydroxyl groups is what imparts 

cellulose its unique properties, among which toughness, variable optical appearance, hydrophilicity and a 

broad chemical variability, which is fostered by the high reactivity of the OH groups. 

A huge number of cellulose derivatives are nowadays produced and commercialized,1,3,5,7 finding 

application in a broad range of multidisciplinary fields.8–10 Some of the tailored chemical and physical 

properties that can be imparted to this multifunctional material are discussed in the next section. 
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2.2 Cellulose derivatives  

Cellulose derivatives can be divided in two main groups: 

 

• Cellulose nanomaterials  

Cellulose possesses a semi crystalline structure in which amorphous and densely packed crystalline 

regions coexist. Like many other biopolymers, cellulose is susceptible to hydrolysis, being the 

amorphous regions more inclined than the crystalline ones. This allows to isolate the so-called cellulose 

nanocrystals (CNC, Figure 2.3a) a colloidal form of cellulose which can be dispersed in water. Also, 

cellulose nanofibers (CNF) are another type of cellulose nanomaterial consisting in long fibrils that 

partially retain the amorphous regions, with lateral size comparable to the one of CNC (c.a. 10 nm).9 

 

• Cellulosic polymers  

A wide range of cellulose based biopolymers can be obtained by chemically substituting the hydroxyl 

group with functional moieties. The properties and the solubility of this group of materials strongly 

depend on the degree of substitution (DS) and the distribution of the functional groups along the 

polymer chain. The most commercially well-known class of chemically modified cellulose derivatives 

are the cellulose esters,2 first and foremost cellulose acetate, one of the earliest synthetic fibers 

synthetized, and cellophane. Another important class of cellulose derivatives are the cellulose ethers, 

which includes carboxymethyl cellulose (CMC), methyl cellulose (MC), ethyl cellulose (EC), 

hydroxyethyl cellulose (HEC), hydroxypropyl cellulose (HPC). These materials are particularly 

interesting, since they are nontoxic, biocompatible and most often water-soluble.11 

 

The main motivations to modify the cellulose is to modify its low solvent solubility and to provide it better 

formability properties (e.g. thermoformability) allowing for easier processing and film formation,5 as can 

be seen in Figure 3.1Figure 2.3b. The above-mentioned modifications of cellulose also allow to tune and 

better exploit some unique characteristic of this material, among which its structural and optical properties. 
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Figure 2.3 a) SEM image of cellulose nanocrystals (CNC). b) thin film of hydroxypropyl cellulose (HPC) fabricated 
by the author spincasting HPC from water solution. 

 

Structural properties 

Cellulose is a very strong material. It is used as structural component by plants and algae. Considering the 

density difference, cellulose is stronger than steel, as it has been recently demonstrated by Song et. Al, who 

densified natural wood obtaining a light weight ultraresistant material with better performances then 

aluminum alloys.4 The tensile strength of cellulose crystalline phase (7.5-7.7 GPa)12 is comparable to that 

of carbon nanotubes (CNT), and for this reason, cellulose nanomaterials are widely investigated as 

mechanical reinforcement in composite blends. Also cellulose derivatives are well-known for the capability 

to create hydrogels and aerogels, a particular class of materials consisting in a network of crosslinked 

polymer chains that creates a highly porous frame, that can be filled by a solvent (hydrogel)10,13 or a gas 

(aerogel).14 Aerogel and hydrogel are very interesting materials for different application fields, thanks to 

their high surface, low density, and low thermal conductivity. 

 

Optical properties 

The typical arrangement of cellulose into microfibers scatters light diffusively, providing the well-known 

white color of paper. However, when it is properly densified, it is optically in the visible range. Most of 

cellulosic polymer can form transparent and flexible films, but also CNF and CNF have been recently used 

to produce transparent nanopaper.9 Finally, both plants and animals can create peculiar cellulose structures 

with a diffractive color appearance. Many studies tried to mimic the complex architectures found 
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nature,15,16 providing different strategies to fabricate both liquid and solid cellulose based photonic 

crystals.17 

 

Among cellulose derivatives, the properties and application of hydroxypropyl cellulose, a particularly 

versatile and commercially available cellulose ether, that has been widely implemented in this thesis, are 

reviewed in the following paragraph. 

 

2.3 Hydroxypropyl cellulose 

Hydroxypropyl cellulose (HPC), commercially known as ‘Klucel®’ is a cellulose derivative in which some of 

the OH group -typically 2.5 to 418- of a linear cellulose backbone has been substituted with an ether group 

(Figure 2.4b). It is industrially produced by alkalization and esterification processes using propylene oxide. 

The resulting polymer presents a remarkable combination of properties, which are summarized in Table 1. 

HPC is readily soluble in many organic solvents and in water, below its critical solution temperature, which 

is approximately 42°C. Above this temperature HPC precipitates, giving rise to a cloudy dispersion. This 

process is reversible and HPC can be rehydrated by cooling back down the water temperature. HPC 

maintains the non-toxicity and biocompatibility properties of pristine cellulose, furthermore it is also the 

only cellulose ether which is at the same time edible and thermoformable.5 It can form tasteless and 

colorless transparent films which can be sealed molded and extruded at relatively low temperatures (100-

150°C).18 The mechanical properties of HPC are also remarkable, with stiffens modulus ranging from 20 

to 110 MPa and a high flexibility without requiring plasticizer.19,20 

The current industrial application of HPC are manifold, but the most widespread are in pharmaceutical and 

food industry. In pharmaceutical industry, HPC is used as artificial tears for eyes lubrication (Lacrisert, 

manufactured by Aton Pharma, Figure 2.4a) and as a binder, coating, and passive excipient for controlled 

released of active ingredients in pharmaceutical tablets (Klucel “F”). In food industry, HPC is used as a 

thickener and as an emulsion stabilizer (European Food Safety Authority number E463). Another food-

related application of HPC is as edible coatings for food products, and it can be applied by extrusion or 

from liquid solution.1 More generally, HPC protective coating are also employed in paper and paper 

packaging as oil barrier.2,5 
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Figure 2.4 a) Artificial tears for eyes lubrication based on HPC water solution. b) Chemical structure of HPC. 

 

Unconventional applications of HPC 

Besides the common industrial applications, many efforts are being done to provide innovative 

functionalities to HPC for exploit its application in fast-growing fields such us biotechnology and 

nanophotonic. Like many other cellulose derivatives, films and coatings of HPC can be also made water 

insoluble by crosslinking of the freely available hydroxyl groups. This can be done adding curing agents or 

by radiation induced crosslinking technique (see section 3.1). The final degree of crosslinking, that will 

determine the solubility and porosity of the film, can be tuned in order to obtain hydrogel structures, like 

the one illustrated in Figure 3.1b,21. This class materials are made of highly porous polymeric networks 

that can swollen absorbing large quantities of solvents, and they are widely investigated for water 

purification22 and for biomedical applications such as in drug delivery and release systems,18 as well as 

wound dressings23 and as tissue engineering.24 Finally, Qi et al. recently demonstrated the 

photolithographic patterning of HPC hydrogel by grafting HPC with methylacrylic anhydride, but the 

minimum fetures resolution is limited to mm range (Figure 3.1a).25 
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Figure 2.5 Emerging applications of HPC a) Hydroxypropyl cellulose methacrylate photo-patternable hydrogel. 
Patterning resolution is in the mm range.25 b) HPC hydrogel obtained by electron irradiation of water solutions.21 
c) Handprint recorded on a strain-responsive sensor fabricated using HPC cholesteric liquid crystals. d) 
Representation of a cholesteric arrangement.26 

HPC is also well known for its optical properties, in particular for the capability to form nematic liquid 

crystalline phase in concentrated aqueous solutions (above 50% in weight). This mesophase present a 

cholesteric structure, in which the linear molecular chains arrange a helicoidal structure, giving rise to 

iridescent colors and chiral response that depend on the pitch between helices. This behavior of HPC is 

very attractive for the development of optically responsive systems, since the reflected color of HPC 

cholesteric crystal can change when subjected to various external stimuli such as a concentration or 

medium refractive index variation, mechanical stress, temperature. Figure 2.5c shows of a colorimetric 

strain sensors based on HPC liquid crystal, fabricated with roll-to-roll process by the group of Vignolini.26,27 

Besides the interesting properties of HPC (summarized in Table 1), there is still missing a fabrication 

technique that allows to pattern with high resolution this multifunctional material. In particular, patterning 

of other water soluble biopolymer like silk28 ore other cellulose derivatives have been recently 

demonstrated,29 showing promising results and enabling novel applications of those type biomaterials in 

different branches of photonics. The development of a set of nano structuring technologies that are scalable 

and that allows controlled patterning of HPC film would be extremely beneficial to provide further 

functionalities to this available and low cost material, opening the path for its implementation in the large-

scale fabrication of new generation ecofriendly optoelectronic devices.  

32



Chapter 2   Cellulosic biomaterials   

 

Table 1. HPC properties and applications 
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CHAPTER 3 

3 Lithographic techniques 

State of the art 

The fabrication techniques that have emerged as a response to the continuous miniaturization of electronic 

components have nowadays reached the capability to form structures with extremely high resolution, 

achieving transistors as small as 5 nm, already commercialized by Samsung1 and TMSC2 companies. 

Lithography is a fabrication process fundamental for the manufacture of the integrated circuit (IC) chips 

that operate everyday optical and electronic devices. Multiple-step sequences of lithography and chemical 

processing steps (etching, oxidation, diffusion and deposition) are necessary in order to create the complex 

network of materials and relief geometries that gives the IC their specific functionality. 

However, the lithographic methods that are currently employed in large scale semiconductor 

manufacturing are facing some severe limitation summarized in the following points.  

 

 Low versatility 

Most lithographic techniques are only suitable for very specific processes, being optimized for silicon-

based manufacturing, that typically involves light sensitive, corrosive materials and flat, rigid 

substrates. This strongly limits their application in research areas that employs unconventional 

materials, like the fast-growing fields of biotechnology and flexible electronics. Those technologies 

indeed employ soft and frequently require devices with curved or rough surfaces.  

 

 High cost 

Reaching resolutions below 50 nm over large areas patterns is challenging. It often involves low 

throughput processes and expensive equipment which further hinders the implementation of 

traditional photolithographic methods for the large-scale manufacturing of emerging nano-devices. 

 

 Environmental impact 
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Traditional lithographic techniques make use of highly toxic and corrosive solvents. The development 

of a cleaner nanofabrication process that employs non-toxic materials would be beneficial from an 

environmental point of view, for the worker health protection, and would decrease the costs of disposal 

of chemical residues. 

 

Huge progresses have been made in the last few decades, developing many different approaches and 

variants of standard lithographic techniques that are compatible with a wider range of materials and allow 

for large-scale fabrication of exotic architectures. In this frame, ancient forms of lithography like embossing, 

molding, stamping and printing have recently gained increased attention in different fields of 

nanofabrication for their nanometric resolution, lower cost, high throughput and versatility. 

This chapter introduces the state of art of lithographic techniques, explaining their working principle and 

illustrating some of their most advanced developments in the light of the above discussion. I will present 

first, the more conventional radiation-based approaches, and second the non-conventional approaches of 

nanoimprinting and soft lithography. A more technical discussion of the techniques used in this thesis for 

the fabrication of periodic plasmonic and photonic crystals is reported in chapter 4. The last section of this 

chapter complements the discussion addressing some environmental and economical consideration and 

comparing pros and cons of the different technique presented. 

 

3.1 Radiation based lithography 

This class of lithographic methods is definitively the most widely used in industry. It is based on the use of 

an electromagnetic radiation (from x-rays to UV light) or a charged particle beam (electrons, or ions) to 

modify a resist. Resist materials need to be susceptive to the specific beam radiation and change their 

chemical status - breaking or formation of chemical bounds - upon irradiation. The radiation source that is 

employed determines the final theoretical resolution achievable before the occurring of diffractive 

phenomena. Some of these techniques are based on the use of a shadow mask to define the irradiated area, 

while some other techniques are mask-less. In the case of charged particles, the beam direction can be 

controlled by electromagnetic lenses which scan it directly on the target region of the substrate surface 

(therefore also called “direct-write” techniques). Figure 3.1 Wavelength of typical radiation source and 

charged particle beams employed in lithography. The blue box specifies whether the technique employ 
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shadow mask, is mask lees or is a direct write technique. Figure 3.1 illustrates the wavelength of typical 

radiation source and charged particle beams employed in lithography. 

 

Figure 3.1 Wavelength of typical radiation source and charged particle beams employed in lithography. The blue 
box specifies whether the technique employ shadow mask, is mask lees or is a direct write technique. 

In the next paragraphs, I will analyze more in detail the working principle of the most employed lithographic 

techniques that are based on radiation sources. 

 

3.1.1 Photolithograhy 

Photolithography is a patterning process that uses light in order to project a geometric feature from an 

optical mask to a light-sensitive film deposited on a substrate. Light exposure selectively changes the 

solubility of the resist material, allowing to reproduce the mask geometric patterns on the resist film by 

solvent dissolution of either the exposed (positive resist) or the unexposed (negative resist) area, as 

illustrated in Figure 3.2a. 
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Figure 3.2 Principle of operation of photolithographic techniques. b) Schematic of the employment of 
trimethylsilyl cellulose (TMSC) as positive and negative bio resist and (c) cellulose micropattern fabricated.3 

Once patterned the photoresist relief geometry is transferred to the substrate material by direct etching of 

the exposed areas or by new material deposition and resist lift off (see Chapter5, section 5.3). 

Photolithography is a fundamental process in circuit board (PCB) and microprocessor manufacturing, 

however, its resolution is limited by the wavelength of the light that is used, following the formula (3.1): 

 

𝐶𝐷 = 𝑘
𝜆

𝑁. 𝐴.
                                                                           (3.1) 

 

Where CD is the critical minimum dimension, λ is the wavelength of the employed radiation, N.A. is the 

numerical aperture of the projection lenses and k is a coefficient that depends on process related factors. 

Current state-of-the-art photolithography tools use deep ultraviolet light with wavelengths of 248 and 193 

nm, which, together with a finely tuned system of lenses achieve minimum feature sizes down to 50 nm. 

Smaller resolution can be achieved using extreme ultraviolet radiation (λ=13.5 nm) or by liquid immersion 

which enables to obtain numerical apertures higher than 1.0. However, a modern CMOS wafer requires 

multiple patterning steps to reach feature size below 10 nm, and usually undergoes up to 50 

photolithographic cycles during its fabrication process. 

 

Photolithographic patterning of bio-resists 
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Various attempts to photopatterned biomaterials like cellulose,4–6 silk,7,8 or polyethylene glycol9–11 could be 

found in the literature. They follow three main approaches to provide photochemical crosslinking of 

biomaterials:  

- Functionalization with light sensitive groups (e.g. Alkyl moieties)  

- Blending with photosensitive resins (e.g. SU8 photoresist) 

- Chemical amplification (e.g. addition of photo acid generator) 

Figure 3.2b-c shows an example of a lithographic patterning process employed to obtain positive and 

negative type cellulose patterns, with lateral resolution of 550 nm.3 In that work the cellulose resist consists 

in trimethylsilyl cellulose, an ethanol soluble derivatives, that has been amplified with a photo acid 

generator.   

 

3.1.2  Interference lithography 

Interference lithography is a variation of photolithography that exploits the diffraction patterns generated 

by two (or more) coherent light beams to fabricate regular periodic arrays. Figure 3.3a shows a schematic 

of an interference lithography set-up, while Figure 3.3b shows a large area (1 cm2) square array of holes 

fabricated using this technique and used in in this thesis in nanoimprint master pattern (see section 3.2).  
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Figure 3.3. a) schematic of an interference lithography set up. b) A large area (1 cm2) square array of holes with 
diameter of 300 nm and lattice parameter of 500 nm fabricated by CEMITEC (Navarra, Spain) and used in this 
thesis as master for replication. 

Complex interference patterns can be achieved interfering more than 2 beams. For instance, if 3 beams are 

employed, arrays with hexagonal symmetry will be generated, while employing 4 beams, rectangular 

symmetry arrays or 3D photonic crystals will be generated. Interference lithography does not require a 

photomask or complex lens system like in standard photolithography and can produce large area patterns, 

but its resolution is still limited by light wavelength and only periodic structures are accessible.12 

 

3.1.3 Electron beam lithography (EBL) 

Electron beam lithography (EBL) employs high energy electrons to change the solubility of the resist 

material, which usually consists in specially formulated resins that undergo chemical reactions under 

certain doses of electron exposition. Electron-beam lithography is a direct writing technique, which means 

it can create custom patterns without requiring a photomask. In EBL the electron beam is focused into a 

nanometer size spot and scanned directly on the resist surface designing the desired geometry. In negative 

resists the electron beam initiates intermolecular bonding, cross-linking smaller precursors into larger and 

insoluble polymeric chains. In a positive resist, such as Poly(methyl methacrylate) (PMMA) the solubility 

changes instead due to scissions of the polymeric chains upon electron irradiation. This technique has 

extremely high resolution (sub 10 nm), since it is not limited by light diffraction, but it has very low 
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throughput, restraining its usage to the typically low volumes of production for research and development 

applications. 

 

Figure 3.4 Charged particles lithography. a) Silk fibroin supramolecular structure modifications induced by 
electron irradiation.13 b) 10 nm lines arrays fabricated in hydroxypropyl cellulose via EBL. c) Monte-Carlo modeling 
results of particles volume interactions for representative beams into silicon.14 d) A 3D model of bacteriophage 
grown by FIB-CVD using gasified phenanthrene (C14H10) as a carbon source for the deposition of diamond like 
carbon.15 

 

E-beam patterning of bio-resists 

Many biomaterials have demonstrated to change their physico-chemical status in response to electron 

irradiation. The main approaches to obtain patterns in biomaterial using EBL are the following: 

- Solvent solubility change due to material crosslinking or degradation  

- Solubility change due supramolecular conformational change 

- Biodegradability (e.g. enzymatic digestion) change due to chemical modification  
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E-beam lithography has been widely employed for patterning of bio-based resists,16 among which proteins 

films like silk13 or egg albumen17 chemically modified PEG 18 and various cellulose derivaitves.19–21 For 

instance, Omenetto et al demonstrated13 that the water solubility of silk can be controlled by electron 

irradiation. This allowed this material to be used both as positive and negative e-beam resist (Figure 3.4a). 

In this thesis the performance of hydroxypropyl cellulose as positive water developable resist have been 

tested, featuring resolutions down to 100 nm as illustrated in Figure 3.4b (see Chapter5, section 5.3). 

 

3.1.4  Ion beam lithography (IBL) 

Ion beam lithography (IBL) is another direct write and high-resolution nanofabrication technique, which 

allows to pattern resists, to locally mill atoms, deposit materials or to locally implant ions directly on the 

substrate surface. IBL uses a narrow beam of charged particles, typically gallium ions, which are accelerated 

toward the target surface, forcing out material (milling) or modifying its chemical properties (resist 

patterning). Beam-induced deposition technologies such as focused ion beam chemical vapor deposition 

(FIB-CVD) and electron-beam-induced deposition (EBID) can also create free standing 3D nanostructures 

with high spatial accuracy into a nearby substrate by decomposition of gaseous molecules into non-volatile 

fragments as illustrated in Figure 3.4d.15 

IBL based on gallium ions can reach resolutions below 20 nm and recently, sub–10 nm geometries have 

been also demonstrated using helium beams as lithographic source, which can produce focused beams that 

reach sub-nm spot sizes. Compared with EBL, IBL requires only about 1–10% of the particle dose (i.e. the 

intensity of the particles flux impinging on the target surface) to expose a resist and it benefits from a 

reduced interaction volume compared to that of an electron beam of similar energy, reducing the long-

range scattering (proximity effect), as illustrated in Figure 3.4c.14 

 

Ion-beam patterning of bio-resists 

High energy ions can be used to modify biomaterials. This technique can be implemented to etch off the 

biopolymer in specific regions (so called “nano-sculpturing”) with increasing depth as the irradiation dosage 

increases, or similarly to e-beam lithography, the ions that penetrate into the film can crosslink induce 

chemical modification such crosslinking or degradation.16 
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3.2 Nanoimprint lithography 

Nanoimprint lithography (NIL) is a straightforward mechanical nanofabrication technique involving a 

prepatterned stamp, called “master” mattern, which is pressed against a deformable resist in order to 

retrace the stamp features. NIL presents numerous advantages over standard lithographic techniques like 

photolithography or e-beam lithography, namely: 

 

 Low cost and high throughput  

Its sheer simplicity lead to much lower operational costs since there is no need of complex equipment 

or optical set-up and master molds can be reused several times or directly implemented in high 

throughput roll-to-roll set-ups (Fig 2.4b), which can dramatically speed up the manufacturing time. 

 

 High resolution 

In NIL the pattern is transferred not by electron, ion or other beams, which makes possible to reach 

resolution beyond the limit set by diffraction (down to few nanometers22–24), without requiring complex 

protocols or high-energy radiation sources. 

 

 Versatility  

NIL is an intrinsically more versatile technique, allowing for wider range of material that can be 

patterned, since there is no need of finely tailored light or electron sensitive resists. This characteristic 

also makes NIL particularly appealing for the rapid and simple patterning of unconventional materials. 

 

Since the initial idea of this technique was developed, numerous variations of the nanoimprint lithography 

have been suggested. The most common variations of NIL are tNIL and UV-NIL, and they differentiate by 

the way the resist is hardened i.e. by temperature change or by UV induced crosslinking. 

 

3.2.1  Thermal nanoimprint lithography (tNIL) 

When Chou and coworkers first invented this technique in 1995 they simply used a rigid silicon stamp to 

mechanically deform a thermally softened PMMA film, achieving in a few minutes large area patterns with 

an extraordinary resolution of 10 nm (Fig. 2.4a),24 far beyond the diffractions limits. tNIL has been the 
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earliest type of nanoimprinting technique developed, and since its discovery, nanoimprint technology has 

been continuously expanded, giving rise to a whole set of techniques based on the principle of mechanical 

deformation of thermo responsive materials, reaching a minimum feature size down to 1 nm.22  

The steps involved in a standard t-NIL process, also called “hot embossing”, are illustrated in Figure 3.5a. 

Briefly, a thin layer of thermoplastic resist is spin-coated on a substrate and a pre-patterned mold is pressed 

against the resist-coated substrate while heating above glass transition temperature (𝑇g) of the resist. The 

mechanical properties of thermoplastic materials can be reversibly changed from solid to viscous by simply 

varying the temperature, as illustrated in Figure 3.5b. 

 

Figure 3.5 Illustration of thermal nanoimprinting process and examples of pattern formation via tNIL process. a) 
Process steps and elements involved. b) Schematic of pressure and temperature settings during a tNIL process. c) 
high resolution 10 nm pillars array in PMMA24 d) Wafer scale micrometric patterning in TOPAS flexible membrane, 
fabricated by the author using the NIL tool available in our group (see paragraph 4.3.1). 

Once the system is cooled down, the resist hardens retaining a negative image of the pattern, and the stamp 

is demolded. Optionally, irreversible curing of the resist can be performed before or after demolding (by 

UV exposure or by chemical or thermal treatment) in order to cross-link polymeric chains and make 

patterns more durable in time, obtaining the best mechanical properties and chemical resistance. As 

previously mentioned, tNIL is a versatile technique that allows the patterning of unconventional material 
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over large areas. Figure 3.5d shows instead a wafer size micro-pattern fabricated by the author with in 

TOPAS plastic film using hard a silicon template and a NILT tool (see section 4.3.1 for further details). 

Nanoimprinting of bio-resists 

Considering that tNIL is based on the mechanical deformation of thermoplastic material, which means that 

any material that present a softening temperature can be (to some extent) patterned with this technique. 

This has allowed to use tNIL for nanoscale patterning of various ecofriendly biopolymers, such as Silk,25 

polyvinyl alcohol (PVA),26 PEG or Chitosan,27 cellulose derivatives,28,29 but also biological media like DNA.30 

Figure 3.6a shows as an example the work developed by of Mäkelä. et al, who demonstrated 

submicrometric pattering of cellulose acetate using a roll to roll set-up with patterning speeds up to 20 

m/min. A common variation of tNIL that is often employed for patterning temperature sensitive materials 

is the solvent assisted method, in which the resist softening is obtained by solvent dissolution (or moisture 

absorption) and subsequent drying. Figure 3.6b and c show Silk patterning with features resolution down 

to 200 nm achieved using both solvent assisted and thermal NIL.25 

 

Figure 3.6 Roll-to-roll set up for high-throughput submicrometric pattering of cellulose acetate films using tNIL 
method.29 b) schematic of tNIL (hot nanoimprinting) and solvent assisted NIL (room temperature Nanoimprinting) 
employed to pattern Silk biofilm. c) Silk biofilm patterned using NIL methods described in (b).25 

 

3.2.2 UV nanoimprint lithography (UV-NIL). 

In UV-NIL, the process steps are very similar to the ones described for tNIL, but in this case, the resist is a 

photosensitive material and it is hardened by UV-light exposure which cross-links the polymeric chains, as 

depicted in Figure 3.7a. For this reason, in UV-NIL the imprinting mold is usually a transparent template 

(quartz, glass or soft silicone stamps). UV-NIL is limited to light sensitive materials, however this technique 

presents some advantages. While tNIL is based on temperature softening of thermoformable resists, and 
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pressure is the driving force to displace the viscous flow of material, in UV-NIL extremely low pressure are 

sufficient to fill the mold features, since the resist material is in the liquid state (or very low viscosity) and 

the surface energy drives the spreading of the resist material into the features, filled simply by capillary 

forces. Furthermore, the lower resist viscosity allows filling of the mold cavity in a shorter time maintaining 

high resolution31 (Figure 3.7b). Another advantage of UV-NIL over tNIL is the room temperature processing, 

which eliminates residual mechanical stresses due to different thermal expansion coefficients of the 

materials involved (mold, template and substrate), and is compatible with temperature sensitive substrates. 

 

Figure 3.7 Illustration of UV-NIL process and examples of patterns obtained using this technique. a) Process steps 
and elements involved. b) 10 nm resolution features.31 c) Glass slide with nanometric patterns fabricated in 
Ormostamp by the author using UV-NIL technique. 

In this thesis, UV-NIL has been used to fabricate negative image of purchased silicon master in a fast and 

reliable way using Ormostamp (Microresist technology) resist. This material is a photocurable 

polydimethylsiloxane with high young modulus (650MPa), suitable to replicate fine structures with high 

aspect ratio and excellent mechanical stability (see chapter 3.1). The fabrication protocol employed can be 

described as an inverted UV-NIL, where the silicon template is placed at the bottom and the UV light is 

shined through a transparent glass substrate that will support the patterned Ormostamp film. Figure 3.7c 

shows square and hexagonal photonic crystals with features size down do 200 nm and aspect ratio greater 

than one fabricated in Ormostamp resist. 
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3.3 Soft lithography 

Despite its high potentiality, nanoimprint method presents some problems that are associated with the 

inherent hardness of the mold. In order to achieve conformal contact between the hard mold and the resist 

film, and to evacuate the air bubble that might be trapped at the interface, high imprinting pressures are 

usually required. Under these conditions, the presence of submicron-size impurities at the mold-resist 

interface can cause serious damage to the mold, limiting its operational lifetime in further imprint 

processes. Furthermore, the low flexibility of hard molds forbids a smooth separation of the stamp-resist 

interface (where typically high friction forces are present), which can lead to sudden breakage of the mold 

or substrate, left resist on the mold pattern, or require specific tools for the demolding step. Those 

limitations can be detrimental for the cost effectiveness of NIL and its implementation in large scale 

industrial processes, since hard mold fabrication can be very expensive.  

To address those issues, soft and flexible replicas of the hard mold based on polymeric materials can be 

made. The earliest soft-lithographic method, called μCP, was developed by the group of Whitesides,32 who 

used an elastomeric stamp to selectively deposit a molecular ink on a target substrate. This approach 

immediately raised high interest, thanks to its ability to form submicrometric structures using inexpensive 

laboratory apparatus and without requiring complex protocols. The invention of μCP launched indeed a 

huge number of related techniques, which explore the use of soft molds not only as stamps for microcontact 

printing, but also as imprinting tools, allowing to pattern curved and irregular surfaces.  

The most commonly used material for the mold fabrication is( polydimethylsiloxane) PDMS, however, other 

polymers such us, Poly(methyl methacrylate) (PMMA), PVA or polyurethane (PU) can be used (see chapter 

4, for further details about mold fabrication). In this thesis, soft lithographic techniques have been by far 

the most employed nanofabrication process, particularly in combination with cellulose derivatives 

biopolymers, as discussed more in details in the articles compilation. Different variation of the soft 

lithographic method has been explored, allowing the fabrication of challenging functional architectures 

with feature resolution down to 100 nm. 

 

3.3.1  Soft nanoimprinting lithography 

The use of flexible molds solved most of the problem related to hard mold-based nanoimprint processes, 

resulting in many advantageous properties, while maintaining the high-resolution of standard hot 
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embossing. The process flow is the same as in standard tNIL and UV-NIL, but instead of hard templates 

soft and flexible molds are used. Figure 3.8 shows some of the most advanced demonstrations of this 

technique. Resolution down to 2 nanometers can be achieved using soft nanoimprint, as demonstrated by 

Rogers and co-workers who successfully replicated the surface topography of single walled carbon 

nanotubes (Figure 3.8a) into UV sensitive resists.23 Curved surfaces can be also easily patterned thanks to 

the flexibility of the mold, as illustrated in Figure 3.8b,33 where a polybenzylmethacrylate thermal resist 

has been deposited on top of a glass lens and patterned using a nanocomposite PDMS mold. Furthermore, 

PDMS presents a certain permeability to solvents, allowing for easy pattern for instance sol-gel materials 

via the previously explained solvent assisted method. This technique takes advantage of solvent 

evaporation through the mold to harden the sol gel solution that will retain the mold shape. Figure 3.8c 

shows a photonic crystal fabricated from a TiO2 paste containing 20 nm TiO2 nanoparticles in an organic 

binder. The TiO2 paste is diluted in ethanol, spincoated on a glass substrate and imprinted with a soft 

PDMS mold at RT for 30 minutes, to allow solvent evaporation and dry hardening of the titania NPs porous 

network. The organic phase is burnt out at 500°C for 1 hour, leaving the inorganic structure behind.34 

 

Figure 3.8 Examples of soft lithographic fabrication. a) replica of 2 nm wide single walled carbon nanotube 
obtained using UV curable resist and soft mold. 23 b) Nanopattern fabricate on the curved surface of a glass lens.33 
c) 1 μm diameter holes array fabricated in sol-gel titania nanoparticles using PDMS soft elastomeric molds. 34 

 

3.3.2 Micro-contact printing (μ-CP) 

In μCP, a patterned elastomeric stamp is used to transfer an ‘inked’ material to a target surface. The 

stamp’s protrusions are typically loaded with the ink by immersion in a liquid suspension or by direct 

evaporation, and then the transfer is made by gently pressing against the receiver substrate. If the 

interaction between ink-receiver is stronger than the ink-stamp, the ink will be successfully printed on the 
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receiver substrate. Microcontact printing has undergone a rapid evolution since its first demonstration, 

reaching 100 nm resolution for self-assembled monolayer patterning, and many books and review articles 

have been written about the widespread application of this technique.35–39 Usually, the patterns of 

molecular films fabricated via μCP can be then use as inhibitor or nucleation site for the selective 

deposition of other materials, as illustrated in Figure 3.9a-d40. This strategy is also widely used in biological 

applications since microcontact printing is particularly suitable for patterning proteins or enzymes films 

that can serve as precursor for selective attachment of other biological media like DNA41 or antibodies or 

for cells growth, as illustrated in Figure 3.9e42. Among the diverse development lines of μCP that are 

nowadays investigated, ink materials are not limited to molecules and macromolecules, but also to 

inorganic elements such as nanoparticles. For example, conductive micro structured electrodes can be 

fabricated using colloidal nanoparticles as ink, as illustrated in Figure 3.9f.43 

 

Figure 3.9 Schematic of μ-contact printing process and examples of applications of this technique. a) Process steps 
for self-assembled monolayer pattern deposition b-d) Selective growth of aromatic hydrocarbons on 
octadecyltrichlorosilane films patterned via microcontact printing.40 e) Influence on mouse hippocampal neuronal 
growth of poly-L-lysine micro dot arrays deposited via μ-contact printing.42 f) Silver colloidal nanoparticles arrays 
fabricated via μ-contact printing.43 
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3.3.3 Transfer printing 

Transfer printing or nanotransfer printing (nTP) is a recently developed printing technique for micro and 

nanofabrication, which, differently from μCP, makes uses of interfacial adhesions forces, glues and 

sacrificial release layers in order to assemble solid materials into functional layouts on a receiver substrate. 

Different variation of nTP have been developed. The most common approach, illustrated in Figure 3.10a, 

takes advantage of the speed-dependent adhesion force of PDMS silicone to pick and/or place material 

from donor to receiver substrates,44 allowing to assembly independently processed materials and the 

generation of exotic structures. For instance, a 3D multiple layers patterns made of overlapped metallic 

channels fabricate by the group of J.A. Rogers is illustrated in Figure 3.10b.45 

 

Figure 3.10 Transfer printing process and examples of applications of this technique. a) Process steps schematics. 
b)45 multilayer metallic channel structure fabricated using PDMS kinetic adhesion control transfer printing. c-d) 
Metal electrode printed directly into human skin.46 

 

Transfer printing with bio-based materials 

Many variations of nTP have been proposed,38,47 and recently, solvent or thermal releasable transfer tapes 

have emerged as an alternative to silicone molds for printing, creating new engineering opportunities in 

the field of flexible and biocompatible electronics, where heterogeneous components are required to be 

transfer-printed onto unconventional substrates materials. nTP tapes show a higher reliability thanks to 

the stronger adhesion achievable between tape and ink, furthermore tapes can be easily fabricated in a 
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wide range of materials, allowing their direct implementation also in biocompatible and biodegradable 

devices.48 Figure 3.10c-d show a strain sensor applied to human skin using the tape transfer printing 

method.46 

Among the biomaterial employed as transfer tape, direct transfer of metal and fabrication of flexible 

electronic circuits have been demonstrated using silk49,50. In this thesis, electrical and optically functional 

architectures of metals and CNTs have been transferred to water-soluble HPC tapes, and deposited at will 

onto arbitrary substrates (chapter 5, section 5.2). 

 

3.3.4  Template induced assembly 

Self-assembly is a bottom-up fabrication technique which takes advantage of the spontaneous aggregation 

of molecules and nanoparticles, leading to the formation of ordered architectures from randomly allocated 

single building blocks. The aggregates formed by bottom-up self-assembly possess well defined order at 

small scales, however uniform patterns over large scales are difficult to achieve due to the formation of 

multiple domains with different orientations. Top-down fabrication techniques like NIL can provide a 

straightforward approach to establish regular arrays of well-defined colloidal clusters over large areas.  
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Figure 3.11 Template induced assembly. a) Schematic of the process employ to assembly colloidal CsPbBr3 
nanocrystals. b) SEM image of the clusters assembled as described in (a).51 c) Gold nanoparticles assembly.52 

The use of patterned PDMS molds to assembly of gold colloids into 2D arrays has been reported by the 

group of L. Marzan and A. Mihi,53,54 who developed a template-assisted strategy to assembly gold 

nanoparticles and nanorods into micrometer and nanometer structures, leading to highly regular plasmonic 

super crystals (Figure 3.11c) with improved SERS response.52 Successful assembly of active materials such 

as colloidal CsPbBr3 nanocrystals (NC) has also been demonstrated in our group (Figure 3.11a-b), showing 

amplified spontaneous emission under lower optical excitation of the superlattice arrangement in contrast 

to equivalent flat NC films.51 

 

3.4 Environmental and economic impact of lithography 

The substitution of oil-based materials with ecofriendly alternatives has paved the way to the green 

electronic field, exponentially powering the biomaterial research. Nevertheless, the intensive use and 

release of hazardous chemicals generated during electronic manufacturing often remains a hidden detail 

when addressing the environmental impact of electronic devices fabrication. This problem mostly affects 

Southeast Asia countries (where most manufacturing plants are located) and represents one the largest 

sources of pollution in the production of electronic devices, with serious consequences for the surrounding 

environment. To give an example Figure 3.12 shows the estimated greenhouse gas emissions in a 
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smartphone lifecycle, where it can be seen that the largest contribution is by far due to its fabrication.55 

Defining new ecofriendly fabrication processes that employs non-toxic material would be extremely 

beneficial to reduce the environmental impact of electronic mass production. 

Specifically, in order to fabricate a single, 2 milligram chip it, it is necessary to use 35 kg of water 1,6 kg 

fossil fuels and 78 g of chemicals.56 If we consider the huge amount of electronic components that are 

manufactured every day, it can be estimated that an electronic manufacturing plant uses anywhere between 

2 to 4 million gallons of ultra-pure water per day, which is roughly equivalent to the water usage of a city 

of 40 000 people.57 As suggested by a study on the fabrication of dynamic random access memory (DRAM) 

between 12% and 25% of the environmental impact (depending on the impact assessment method) of 

microchips fabrication could be attributed to photolithography.58 In particular, during the chip fabrication, 

30% of the total chemical consumption is due the lithographic process - this impact is easy to understand 

if we consider the huge number of photolithographic cycles that are required to fabricate the sub 10 nm 

features that are currently employed in modern transistors. Highly toxic and corrosive solvents are typically 

necessary to process standard light or electron sensitive resist materials. Figure 3.12b shows the standard 

system for the identification of the hazards of materials for emergency response (from the national fire 

protection association, USA) of some of the commonly employed solvents and resist in our group at ICMAB. 

The development of a cleaner nanofabrication process that employs non-toxic materials would be beneficial 

from an environmental point of view, for the worker health protection, and would decrease the costs of 

disposal of chemical residues. 

  

Figure 3.12 a) Green gas emission in a smartphone lifecycle.55 b) NFPA hazard chart of some of the solvents and 
resist employed in our group at ICMAB. 

From an economical point of view, current lithographic techniques present several limitations that 

compromise the downscaling of transistor size. The price for processed wafers has experienced a peak 
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increase with transistor size dropping below 32 nm,59 as can be seen from the chart in Figure 3.13a. This 

is mostly due to the higher complexity of lithographic processes required to obtain smaller features (Figure 

3.13b).60 

 

Figure 3.13 a) IC wafer price increase vs technology nodes.59 b) Impact of lithography on the wafer cost.60 

Overall, nanoimprint lithography represents a valid alternative to standard lithographic technique not only 

because it is not light diffraction limited and suitable for large scale processing, but also because it allows 

the low cost patterning a wider range of more eco-friendly and less hazardous materials. Those 

characteristics makes NIL and soft lithographic techniques excellent candidates to purse a bifold purpose. 

- Providing novel functionalities to biomaterials for their implementation in next generation eco-

friendly and biocompatible devices. 

- Enable the employment of non-toxic material and solvents (e.g. water) as tool for eco-friendly 

fabrication process in electronic manufacturing. 

Table 2 summarize the main advantages and disadvantages of the different lithographic techniques 

illustrated in this chapter, enhancing their applicability conditions for the patterning of bio-based materials. 
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Table 2. Advantages and drawbacks of current lithographic techniques 
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CHAPTER 4 

4 Soft nanoimprinting optimization 

Design, rules, materials and tools 

The soft lithography process can be split into two steps:  

- The fabrication of an elastomeric stamp with engineered relief structures,  

- Its implementation in order to transfer those geometries to a target material.  

In this chapter, the experimental details of these two main process steps are presented. Common issues 

and optimization strategies developed throughout this thesis are discussed, elucidating the key concepts 

necessary for the accurate designing of imprinting molds and for their correct employment in hot 

embossing of thermoformable polymers.  

 

4.1 Replica molding process 

Replica molding (RM) is a nanofabrication process in which, a raw material in the liquid or pliable state 

(precursor) is shaped by casting it into a solid “master” template. After filling of the master’s features, the 

liquid precursors, are solidified by chemical crosslinking, by solvent evaporation or hardened by cooling 

down the temperature and, once separated from the rigid template, they will retain the negative shape of 

the original pattern. The advantages of replica molding are that starting from a single master, many replicas 

can be rapidly generated and that the replicas can be made of different materials, allowing to obtain 

inexpensive copies of the original master template. The process schematics is illustrated in Figure 4.1. 

 

 

64



Chapter 4   Soft nanoimprinting optimization   

 

Figure 4.1: Schematics of the replica molding process. a) casting of the liquid precursor onto the master template. 
b) Solidification of the liquid precursor. c) Release of the replicated soft mold. 

Depending on the master and mold material it might be necessary to first coat the master surface with an 

antisticking layer, to avoid chemical bonding at the interface and reduce the friction upon demolding. In 

the case of silicon templates, they are typically functionalized with a self-assembled monolayer of a 

passivating molecules, such as 1H,1H,2H,2Hperfluorooctyl-trichlorosilane (PFOTS). 

In this thesis replica molding process has been used to fabricate PDMS molds (see section 4.2.3) employed 

in soft lithographic processes and patterned HPC membrane, as illustrated in chapter 5, section 5.1. 

 

4.2 Molds fabrication 

Master templates employed for mold fabrication are usually rigid (silicon, glass or metallic) stamps which 

have been patterned by high resolution lithographic techniques, typically e-beam or interference 

lithography. The most notably used material for the fabrication of soft mold is by far Polydimethylsiloxane 

(PDMS), a silicon elastomer which is relatively low-cost, optically transparent, has a low interfacial free 

energy, is chemically inert, has good gas permeability and good thermal stability. The surface properties of 

PDMS are also relatively easy to modify, and PDMS molds can be used multiple times, in fast and 

straightforward soft lithographic process as explained in section 3.3. 

This section addresses some of the common issues encountered in the replica molding of nanostructured 

templates with high resolution and high aspect ratio features and discusses the strategies that can be 

employed to overcome these limitations. The following experimental data, are based on molds fabricated 

with two types of PDMS with different ranges of stiffness: 

- Soft PDMS (sPDMS, Young modulus E=0.1-5 MPa), commercialized by Dow Corning as Sylgard184. 

- Hard PDMS (hPDMS, Young modulus E=9-11 MPa), commercialized by Alfa Aesar. 

With the exception of the high aspect ratio (HAR) patterns shown in Figure 4.6 where I used SU8 

photoresist (manufactured by Microchem, young modulus 1.5 GPa). To define the patterns geometries, I 

will use the abbreviation illustrated in Figure 4.2. 
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Figure 4.2. List of abbreviation used in this chapter to define the patterns geometry. w = pillar spacing, L = lattice 
parameter, d = pillar diameter, h = pillar height 

 

4.2.1 Pattern resolution 

The resolution of replica molding depends on the ability of the mold liquid precursor to faithfully retrace 

the geometry of the master pattern, being capable to completely fill all the cavities present in the pattern 

and to maintain the relief once solidified. There are two main issue that can limit the resolution of the 

replica: 

- Prepolymer viscosity and wetting capability of the master material 

- Surface tension of the mold material once solidified.  

 

Precursor viscosity 

It is well known that PDMS prepolymer has relatively high viscosity (3900 mPa·s for Sylgard 184), however 

this issue can be easily addressed by diluting PDMS liquid precursor in chloroform or toluene, as it has 

been described by Hyewon Kang et al.1 Figure 4.3 shows the effect of 60% PDMS prepolymer dilution in 

toluene on the replication of two pillar arrays with pillars spacing w of 200 and 100 nm. In the case of 

non-diluted PDMS successful replica can be obtained for the w=200 nm sample (L=500 nm, Figure 4.3b). 

When the spacing between pillar decreases to 100 nm (L=400, Figure 4.3c) the viscosity of the PDMS 

prepolymer is too high to allow complete filling of the template cavities. As a result, the mold presents a 

distorted pattern where the PDMS only percolated in the space corresponding to the lattice diagonals. The 

results obtained using the same master pattern but after 60% toluene dilution are illustrated in Figure 4.3d, 

showing a perfectly replicated array of holes. 
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Figure 4.3. a) Schematic representation of Influence of PDMS prepolymer viscosity on the replica molding 
resolution of pillar arrays with varying lattice parameter. b) SEM image of non-diluted PDMS replica of a in which 
w=200 nm (L=500, d=300). c) Non-diluted PDMS replica of a pattern with w=100 nm (L=400, d=300). d) Same 
replica of the geometry used in c obtained with a 60% dilution of the PDMS prepolymer in toluene. 

 

Surface tension of soft materials 

Surface tension can intensively affect the pattern resolution, depending on the mold material stiffness. The 

low stiffness materials which are required in soft lithographic process are inevitably characterized by a 

high susceptibility to deformation. As previously discussed, this characteristic is a great advantage for many 

applications, however, it can also represent a limiting factor, since the intrinsic softness of the mold material 

can lead to undesired distortion of the replicated features. In the case of soft PDMS, for instance, even if 

surface energy is quite low (22 mN/m), its effective surface tension can compromise the definition of sub 

micrometer patterns.1–3 This is particularly true for features presenting sharp or pointing edges, where 

surface tension tends to minimize the area of interfaces resulting in smoothed and rounded features. Figure 

4.4 shows the different resolutions obtained using higher (hPDMS) or lower (sPDMS) stiffness modulus 

PDMS for the replication of an antireflection coating consisting in a hexagonal array of cones with base 

diameter of 300 nm and cone height of 370 nm. sPDMS molds (E=1.5 MPa) led to low resolution replica, 

with cones height of only 235 nm. The same replica fabricated using a hPDMS (E= 9 MPa) resulted instead 

in cones height of 375 nm, equal to the original master geometry. 
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Figure 4.4 a) Schematic of the effect of silicone mold stiffness on the replica resolution of sharp features 
(hexagonal array of cones) b) soft PDMS replica - young modulus 1 MPa. c) hard PDMS replica - young modulus 10 
MPa. 

 

4.2.2 Pattern mechanical instabilities 

In addition to the fidelity of the replicas respect to the master features, another fundamental issue that is 

strongly influenced by the mold material stiffness is the mechanical stability of the pattern. Mold materials 

must be appropriately chosen to provide not only stamp flexibility but also enough stiffness to the pattern 

relief features that will have to withstand both internal and external stresses. Surface adhesion forces, 

capillary forces due to the presence of liquid phases and external forces involved in the printing process, 

are indeed common causes of different types of mechanical instabilities that often affect the patterns of 

soft lithographic molds. These types of instabilities are likely to occur with features consisting in high 

aspect ratio protrusions (rather the cavities) and they can cause severe deformation of the pattern (pattern 

collapse). In order to understand the way these instabilities arise, I analyze in this section the common 

failure mechanism of high aspect ratio pillars arrays, discussing the conditions that lead to mechanical 

instabilities, the different way they affect the patterns, and providing useful design criteria to fabricate 

mechanically stable, high aspect ratio arrays. The different mechanisms of pattern collapse can be divided 

in: surface adhesion, capillary force, and imprinting pressure driven instabilities, and their typical effects 

are illustrated in Table 3. 
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Table 3. Schematic summary of typical pattern mechanical failure mechanisms in soft mold. 

 

 

Surface adhesion driven instabilities 

As the feature dimension decreases, the ratio between surface areas to volumes increases, and surface 

adhesive forces become significant. For certain pillar geometries, if the mold material is too soft, the 

adhesion force between a pillar and substrate can become dominating over the pillar elastic energy, causing 

the pillar to “ground collapse” (GC), which means that the pillar bends toward the substrate (see Table 3. 

Schematic summary of typical pattern mechanical failure mechanisms in soft mold.Table 3, i). The condition 

to avoid the ground collapse has been estimated by Roca-Cusachs4 and co-workers by balancing the elastic 

energy of the pillar when bended toward the substrate with the energy of adhesion to the substrate, 

obtaining the critical aspect ratio (h/d)cGC reported in Equation 4.1. 
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In which, ν Poisson’s ratio and γs is surface energy of the material, E is the stiffness modulus (or Young 

modulus).  

 

Besides collapsing to the ground, another common deformation occurring especially in dense arrays of 

pillars is the so-called “lateral collapse”, in which two or more adjacent pillars bend laterally and adhere to 

the each other (see Table 3. Schematic summary of typical pattern mechanical failure mechanisms in soft 
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mold.Table 3, ii). To prevent lateral collapse, a stability condition has been obtained by Glassmaker and co-

workers5 by balancing the elastic energy of bending, the energy of deformation required for pillars to 

adhere over a finite area and the energy of adhesion, obtaining the critical aspect ratio (h/d)cLC reported in 

Equation 4.2. 
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In which w is the distance between the pillars and ν,γs , E, the previously defined magnitudes.  

 

As can be inferred by Eq. 4.1 the stability condition to avoid the ground collapse only depends on the 

materials properties (surface energy γs and stiffness E) and on the pillar diameter d. Given a certain 

material, the smaller the diameter, the smaller the lower the pillar aspect ratio achievable. On the other 

hand, the stability condition to avoid the lateral collapse depends also on the inter-pillar distance w. In 

order to have stable patterns of pillars, both conditions should be satisfied. Figure 4.5 shows how these 

two instability mechanisms affect the deformation of soft PDMS (E=1.5 MPa, γs=0.22 N/m) pillars arrays. 

To do so, I compare the stability conditions predicted from equations 1 and 2 with the experimental results 

obtained replicating three different pillar arrays with the following geometries: 

 

Sample L [nm] D [nm] h [nm] 

A 400 300 400 

B 500 300 400 

C 600 330 400 

 

 Sample A 

For pillar array with L= 400 nm (Figure 4.5a,d) the pattern geometry presents the smallest pillar 

spacing w =L-d = 100 nm and the dominant mechanism of instability is the lateral collapse. This can 

be clearly seen by the SEM image in which the pillars appear laterally adhered to each other forming 

domains that range from groups of four pillar to some tens. 

 Sample B 
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For the pillar array with L=500 (w=200) in Figure 4.5b,e it is possible to observe instead a mixed 

collapsing behavior. This pillar geometry falls between lateral collapse regime and ground collapse 

regime, and the SEM image shows indeed some area in which the pillars are individually laying on the 

substrate (ground collapsed), and some areas in which the pillars are laterally collapsed on each other, 

but in smaller groups compared to the L400 sample. 

 Sample C 

Finally, for the pillar array with L=600 (w=270) the main mechanism of instability is the ground 

collapse. Here, since the pillar geometry falls slightly inside the stability condition (Figure 4.5c), besides 

the collapsed areas, it is possible to observe also some domains in which the pillars are stable, as shown 

by the SEM analysis in Figure 4.5f. 

 

Figure 4.5. Mechanical instabilities generated by surface adhesion forces in soft PDMS pillars array with (h/d)>1. 
a,b,c) Calculated critical aspect ratios h/dc vs pillar diameter d. Ground collapse conditions are represented by the 
yellow areas, lateral collapse conditions by the blue areas. In the white areas the pillars are unstable towards both 
collapsing modes, while the green area represents the mechanical stability conditions. The black stars identify the 
aspect ratio h/d and diameter d of the geometries fabricated and (d,e,f) their corresponding SEM images. 

 

Capillary force driven instabilities 

Many lithographic methods rely on the use of liquid solvents. For example, in photolithography the pattern 

is obtained by changing with light the solubility of the resist in specific regions and washing away with 
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solvent the soluble areas. Also nanoimprinting stamps often require the use of solvents: to rinse the mold 

after use, to functionalize its surfaces, to pattern resist in liquid solution, or to dissolve the template used 

for their fabrication. This latter method is particularly employed for the replication of sub 100 nm HAR 

arrays, such as those obtained by the anodic oxidation of alumina. The extremely high friction generated 

by the high surface to volume ratio of this kind of patterns, prevents from standard demolding, requiring 

the employment of sacrificial (destroyable) master templates.6,7 

Whenever a solid surface is placed in contact with a liquid phase, capillarity forces generate as a natural 

tendency of the system to minimize the sum of the liquid-vapor-solid interfacial energies, which can 

promote mechanical instabilities in the mold features. Capillary forces are typically proportional to the 

energy of the liquid-vapor interface, but their precise expression and intensity depends on system geometry 

and on different concurring phenomena such as negative Laplace pressure of capillary bridges, surface 

tension and interaction of capillary menisci. Detailed analysis and quantification of capillarity forces in 

pillars arrays goes beyond the scope of this thesis and can be find elsewhere,8 however for completeness 

in this section it is briefly reported the effect of capillarity forces on the lateral collapse of high aspect ratio 

pillar replicated from porous AAO templates, using a high stiffness, UV curable, SU8 epoxy resin (E=1.5 

GPa). 

In order to replicate AAO porous templates, after casting and hardening of the SU8 resin, to demold the 

stamp, the AAO template is dissolved in aqueous solution of NaOH to release the stamp. Figure 4.6 shows 

three different SU8 pillar arrays obtained via replica molding of AAO templates, in which the pores diameter 

is 90 nm, the lattice parameter L is 125 nm and pores depth are 450 (a), 300 (b) and 150 (c) nm. 
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Figure 4.6. SEM pictures of lateral collapse induced by capillarity forces in high aspect ratio SU8 pillars with height 
of 450 nm (a), 300 nm (b) and 150 nm, obtained by replica molding of anodic alumina oxide templates. 

Considering the stability condition for the lateral collapse expressed in equation 2, the maximum aspect 

ratio theoretically achievable using SU8 (E=1.5 GPa, γs=0.4 N/m) should be ≈5 (corresponding to h=450 

nm and d=90 nm). However, as can be seen from the SEM analysis, lateral collapse is observed for aspect 

ratios as low as 2, and pillar clustering in larger and smaller domains is observed for both aspect ratios of 

5 and of 3.3 (h=300 nm). This behavior has been previously observed in literature,8 the lateral collapse can 

be attributed to capillarity forces generated by the high surface tension of water used for the dissolution 

of the AAO templates.9 

 

Instabilities due to imprinting pressure 

Besides the failure mechanisms that can arise from intrinsic stresses (e.g. surface adhesion force), during 

its operational lifetime, the mold will have to withstand external stresses, particularly, the load pressure 

applied during the imprinting process. As pointed out by Hui et al10 high aspect ratio features can collapse 

when loaded with excessive pressure, resulting in a buckling of the protrusions. On the other hand, applying 

excessive pressure on molds with sparse, low aspect ratio features can lead to unwanted bending of the 

mold roof,11 as schematized in table 1. In this thesis we used low pressures (between 0.5 and 2 bars), 

seldomly causing the arise of those kinds of failures, which have been therefore not further investigated. 

For illustrative purposes Figure 4.7 reports a cross-sectional view of an array of pillars imprinted in a thin 

layer of SU8 at an exaggerated pressure of 3 bars, in which the occurrence of pillars buckling is clearly 

visible.  
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Figure 4.7 SEM picture illustrating the effect of pillars buckling on an imprinted pattern in SU8. Patter geometry is 
d = 200 nm, L = 500 nm and h = 350 nm. 

In this thesis, we used composite molds in which the pattern is made of a thin film of hard PDMS (E= 9 

MPa), supported by a thicker and flexible soft PDMS (E= 1.5 MPa) backbone, obtaining high resolution, 

mechanically stable and large area patterns. The most challenging features fabricated using this type of 

mold have been a square array of pillars with holes diameter 120 nm, holes depth 400 nm and lattice 

parameter of 400 nm, illustrated in chapter 5, section 5.3. Further details about composite mold and 

reprographic materials are detailed in the next paragraph. 

 

4.2.3 Materials for stamp fabrication 

Feature resolution and large area patterning are two main point of interest in any patterning technique. 

Considering the stability criteria explained in the previous paragraph, the smallest feature size that can be 

obtained in a mold is largely determined by the stiffness (i.e. the Young modulus) of the mold material. 

Surface chemistry also plays an important role, since low surface energy pattern are desirable to allow easy 

demolding and to prevent adhesion collapse. The ability to pattern large areas instead is mostly dependent 

on the mold flexibility, which must provide conformal contact with the substrate. Considering that any rigid 

material can become flexible when sufficiently thin, a key strategy in mold fabrication is to design 

engineered multilayer stamps made of a thin layer of a more rigid material to provide stability to the 

nanoscale relief features, supported by a thicker, flexible backbone of a softer material to ensure conformal 

contact.  

PMDS is one of the most used materials in the fabrication of lithographic molds. Soft PDMS is commercially 

available as a 2-component mixture (Sylgard 184), a prepolymer and a curing agent, and it is sufficiently 

hard (E=1-5 MPa) to transfer most micro-sized features. Furthermore, its mechanical properties can be 
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easily tuned by changing the components ratio, the curing time and temperature, as illustrated in Figure 

4.8a. However, the replication of nanostructures with high aspect ratio requires the employment of harder 

materials to provide enough mechanical stability to the pattern, as it clearly appears from Figure 4.5. For 

this reason, PDMS is often employed as soft backbone while tailored formulation of harder silicones with 

better reprographic properties have been expressively developed for nanofabrication purpose, such as hard 

PDMS. 

The recipe to obtain hard PDMS (young modulus of 9-12 MPa) was established by IBM in 2000,12 

optimizing the chain length and the number of reactive groups in each precursor, in order to obtain the 

highest crosslinking degree via a platinum catalyzed addition reaction. PDMS variants with even higher 

modulus up to 80 MPa have been also demonstrated by Verschuuren et al.13 who added to the linear 

molecular chains of standard PDMS precursor a more rigid quaternary branched siloxane precursor. 

 

Figure 4.8a) Stiffness of Sylgard 184 PDMS as a function of prepolymer to curing agent mixing ratio and curing 
process (time and temperature). b-c) Schematic (b) and results obtained nanoimprinting titania sol-gel NPs by 
with sacrificial PMMA molds made from anodic alumina templates. 

Besides PDMS silicones, a wider range of materials have been nowadays implemented for de fabrication of 

lithographic molds finding applications in different fields. The pattern material indeed can be selected and 

engineered to comply its reprographic task (high resolution and mechanical stability of the features) but 

also to provide additional functionalities to the mold. Sacrificial materials like PVA or PMMA present higher 

stiffness then PDMS and they can be used to fabricate patterns with dense, high aspect ratio arrays that 

can be later simply dissolved in water or acetone after imprinting, avoiding a complex demolding step, as 

illustrate in Figure 4.8b-c. Also, UV-curable polymers like Ormostamp, perfluoropolyether (PFPE) or 
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polyurethane-acrylate (PUA) are frequently employed for high resolution pattern replication, often in 

combination with polyethylene terephthalate (PET) substrates.14 This class of materials presents interesting 

properties such as precursor with very low viscosity15 high Young modulus9,16 (PU, Ormostamp) and a low 

surface energy (PFPE).17  

In this thesis we fabricated mechanically stable, high resolution and highly flexible composite molds made 

employing toluene diluted hPDMS and standard sPDMS as backbone. Ormostamp has been extensively 

used with UV-imprinting technique, obtaining high quality hard templates on glass substrates, as explained 

in section 3.2.2. Soft composite molds made of Ormostamp and soft PDMS backbones have also been 

fabricated, however, compared to hPDMS-sPDMS molds, they presented several problems such has 

cracking of the Ormostamp film during imprinting and bending of the mold of upon curing due to different 

crosslinking and thermal shrinkage.18 Finally, I developed HPC water-soluble sacrificial templates 

supported by a soft PDMS backbones that I implemented for μ-contact printing of carbon nanotubes films, 

as illustrated in chapter 5, section 5.2. 

Table 2Table 4 summarizes the most used materials in the fabrication of lithographic molds, providing 

relevant information for their application as reprographic materials. 

 

Table 4. Mechanical and chemical properties of different materials employed for the fabrication of soft 
lithographic molds. 

 Stiffness modulus Surface energy Solubility UV-curable 

SU8 1-2 GPa 40 mN/m low yes 

PFPE 1-10 MPa 12 mN/m low yes 

PUA 100-400 MPa 23 mN/m low yes 

sPDMS 0.1-5 MPa 22 mN/m low no 

hPDMS 9 MPa 22 mN/m low no 

XPDMS 80 MPa 22 mN/m low no 

ORMOSTAMP 650 MPa n.a. low yes 

PMMA 2-3 GPa 30-40 mN/m Organic solvents no 

PVA 1.5-5 GPa 30-40 mN/m water no 

HPC 20- 110 MPa 43 mN/m water no 
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4.3 Hot embossing process 

High temperatures induce a decrease in polymer viscosity due to the increased mobility of the chains, as a 

result of their reduced entanglements and van der Waals interactions.  

Thermoplastic polymers are characterized by the presence of a temperature window, called glass transition 

temperature (Tg), above which there is enough thermal energy to allow changes in the molecules 

conformation. Differently from the melting temperature in crystalline materials, the glass transition is a 

non-sharp change in the macroscopic mechanical properties of the polymer, which slowly pass from a pure 

elastic to a mixed viscoelastic behavior. As illustrated in Figure 4.9, for molding of thermoplastic materials 

the flow temperature Tf is more suitable value than Tg, since it characterizes the drop of viscosity to useful 

values needed for fast and lower pressure imprints, and strongly depends on the material intrinsic 

characteristic (i.e. molecular weight, crosslinking, crystallinity etc.). 

 

Figure 4.9 a) Schematics of the mechanical properties of thermoplastic polymers dependence on temperature and 
molecular weight. The graph illustrates the large drops of stiffness modulus around Tg and Tf and the three 
correspondent behaviors: hard elastic, viscoelastic and viscous. 

The main differences between hot embossing and traditional photolithographic techniques based on 

exposure and development, is that after demolding, there is an excess of material left below the imprinted 

features, that is the so called “residual layer”. During the embossing step, indeed sinking of the stamp is 

accomplished by a complex squeeze flow of the viscous material in the lateral directions. The thickness 
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evolution of the residual layer h(t), can be calculated considering the squeezed flow of a thermoplastic 

polymer underneath a cylindrical stamp protrusion described by the Stefan equation (4.3). 
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Where h₀ is the initial thickness of the layer, η₀ is the viscosity of the polymer, r is the radius of the 

protrusion and F is the applied pressure. 

Due to the strong dependence of h(t) on the pressing area, two observation can be made: 

1) Smaller protrusions will penetrate at a much faster rate into the viscous medium.  

2) Once the filling of the stamp features is completed, the polymer flow drastically decreases and the 

thickness hf of the residual layer left below the imprinted features does not change significantly 

with the time (Figure 4.10). 

 

 

Figure 4.10 Viscous flow of a polymeric film with initial thickness h0 pressed under stamp protrusions with height 
hr. Once the stamp is fully insert, the flow practically stops leaving under the imprinted features a residual layer 
with a thickness h0. 

For most applications it is important to determine and control the thickness hf of this residual layer before 

proceeding to the next processing step. Particularly when the pattern must be transferred to the substrate 

after the embossing step (e.g. deposition or etching), or when the residual layer thickness influences the 

final properties of the sample (e.g. optical properties). Furthermore, it is also important to avoid thickness 

variation of the residual layer to ensure structural homogeneity over the patterned area. For example, when 

the pattern must be transferred from the resist material to the underlying substrate, depending on the 

degree of anisotropy of the etching technique used for the pattern transfer, a more or less intense 

broadening of the imprinted features can occur. Minimizing the thickness of the residual layer can 

dramatically improve the quality of the final pattern, minimizing the lateral erosion during the etching 
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process. Since an excessively prolonged embossing time might be not convenient in terms of throughput 

for industrial applications, other parameters can be tuned to minimize the final thickness of the residual 

layer:  

i) increasing the temperature of embossing (i.e. decreasing the viscosity of the polymer) 

ii) higher pressure can be applied on the mold. 

iii) the initial resist layer thickness can be decreased. 

However, high pressures for embossing as well as excessive temperature increase can causes the breakage 

of the substrate or local deformations and bending of the mold, with detrimental effects on the residual 

layer homogeneity and on the quality of the transferred pattern. 

More conveniently, assuming that after filling of the mold feature the polymer flow practically stops, the 

residual layer thickness can be calculated considering a volume conserving model. A directly proportional 

relation between residual layer thickness and the initial film thickness, which depends on the geometry of 

the pattern, can thus be obtained, as explained in the supporting information of chapter 5, section 5.3. The 

difference in the rate of deformation arising from the viscoelastic flow of polymer has been instead 

exploited in this thesis to perform selective pick up of carbon nanotubes, as explained in chapter 5, section 

5.1Error! Reference source not found.. 

 

4.3.1 Nanoimprinting tool (NILT CNI) 

 

Figure 4.11 NILT CNI nanoimprint lithography tool. a) picture of the device b) graphical illustration of imprint 
pressures and temperatures set points. 

Fine control over the imprinting parameters is crucial in order to have homogeneous and reproducible 

patterning in tNIL. The CNI tool illustrated in Figure 4.11a is a desktop imprinting system that can perform 

both thermal and UV replication of nanoscale patterns fast and cost-efficiently supporting masters and 
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substrates of up to 120 mm in diameter. The CNI tool allows for accurate control of imprint pressure, gas 

pressure and temperature in the imprint chamber. 

- The force pressure, p1 is controlled using a soft cushion that inflates with compressed air 

generating an isostatic distribution on the chamber with pressure ranging from 1 to 11 bars. 

Furthermore, the elastic membrane is transparent to the UV, allowing for simultaneously 

embossing and UV crosslinking. 

- The chamber is connecter to a vacuum pump to control the pressure inside the chamber from 0 to 

1 Bar, allowing drying of resist in solvent assisted imprints. 

- The temperature is provided through the ceramic plate (ceramic stamp carrier), which is placed at 

the bottom of the chamber. The CNI stamp carrier is an integrated hotplate and temperature sensor 

with very small thermal mass, ensuring uniform fast heating and cooling of stamp carrier. 

In a typical imprinting process, the resist material is spin-coated on a substrate, which is then placed on 

top of the ceramic plate. The prepatterned stamp is placed above the substrate, sandwiching the resist film 

between substrate and patterned surfaces. The NILT tool is then closed and the desired chamber pressure, 

temperature and processing times are set using the control software. The software controls everything in 

the imprint process (pressures, temperatures, UV exposure, timing) and allows to design multiple steps. 

Graphical illustration of imprint pressures and temperature set points used for transfer printing of metallic 

films into hydroxypropyl cellulose membranes are shown in Figure 4.11b. Real-time values are also 

provided by the software during replication process. 
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Sustainability is one of the fundamental challenges of modern 
society and in this regard, materials science has been evolving 
towards the preferential substitution of highly contaminating 

materials by others with lower environmental impact. Polymeric 
materials are not an exception. It is estimated that the production of 
plastics worldwide is around 320 million tons each year and increas-
ing1, and only about 10% of that amount is recycled, implying an 
enormous generation of waste with its dramatic effects on ecosys-
tems at the global scale. In this context, biopolymers offer an excellent 
alternative to common plastics due to characteristics such as large 
availability, low cost and biodegradability. They entail advantages 
in three parts of product life cycle: material harvesting, processing 
and fabrication, and disposal. An added value of these materials is 
their possible biocompatibility, which enables their use in new appli-
cations within areas such as medical or food processing. Cellulose 
is probably the most interesting of these biopolymers because it is 
the most abundant on Earth and for centuries has had a wide tech-
nological impact in areas such as textiles, packaging and knowledge 
storage. Cellulose is a polysaccharide that results from the repetition 
of glucose units (Supplementary Fig. 1). It is typically extracted from 
vegetal sources and consists of fibres with dimensions of 2 to 4 mm in 
length and diameters in the range of 2 to 200 µ​m (ref. 2). Importantly, 
these fibres are organized in a hierarchical structure. By further pro-
cessing them by appropriate means such as mechanical, chemical or 
enzymatic treatments, it is possible to obtain cellulose nanoparticles 
(nanofibrils or nanocrystals). This nanocellulose is being actively 
investigated for many electronics, energy and biological applica-
tions3,4. Cellulose and particularly nanocellulose have also enabled 
new avenues in the fabrication of photonic components used, for 
example, in chiral reflectors5,6, photonic electrodes7, anti-reflection 
coatings in solar cells8, multifunctional thermal-9 or humidity-10 
responsive optical materials, flexible substrates for plasmonic sens-
ing11 and surface-enhanced Raman scattering spectroscopy12.

The typical arrangement of cellulose microfibres scatters 
light diffusively, providing the well-known white colour of paper. 
Nanocellulose instead can form compact and transparent films2 or 

colourful optically active ones5, depending on the amorphous or 
crystalline arrangement of the particles. In suspension, it is known 
that cellulose and some of its derivatives may present liquid crystal-
line phases with bright colours13. In particular, the observation of a 
mesophase in hydroxypropyl cellulose (HPC) was first reported by 
Werbowyj and co-workers14. HPC has a structure similar to cellu-
lose but some of the hydroxyl groups of the glucose building blocks 
are hydroxypropylated (Supplementary Fig. 1). Concentrated solu-
tions of HPC present iridescent colours and chiral behaviour due 
to the molecular arrangement of the linear chains in a helicoidal 
structure. This mesophase in HPC may be very attractive for the 
development of responsive systems, such as recently reported strain 
sensors15. Here, we propose an alternative route to easily provide 
cellulose derivatives with an optical functionality. We fabricate 
cellulose-based two-dimensional photonic structures with submi-
crometre features and demonstrate their potential in a variety of 
photonic applications.

Results and discussion
Nanoimprinting HPC. In the search for more versatile methods 
for achieving structural colour in cellulose derivatives, current soft 
lithography techniques16 are especially suited, as they have already 
been demonstrated to be useful for the fabrication of nanostruc-
tures in biopolymers17. Compared with traditional optical lithogra-
phy, soft lithography techniques present advantages such as a low 
cost, large patterned areas, good quality and reproducibility, non-
diffraction-limited and compatible with roll-to-roll processing. 
Furthermore, while the achievement of structural colour in HPC by 
self-assembly is time consuming due to the requirement of molec-
ular ordering, which may last for days or weeks, soft lithography 
allows for a much faster processing. For example, it has been shown 
that it is possible to hot emboss liquid wood18 or to use imprint-
ing methods compatible with roll-to-roll19,20 to structure cellulose-
based polymers in a rapid way.

Concentrated HPC dilutions (above 35 wt%) may form aniso-
tropic phases21; however, in this work, we used diluted solutions  

Hydroxypropyl cellulose photonic architectures by 
soft nanoimprinting lithography
André Espinha   1, Camilla Dore1, Cristiano Matricardi1, Maria Isabel Alonso   1, Alejandro R. Goñi1,2 
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(<​20 wt%) which, additionally, were quickly dehydrated so that the 
self-assembly was hindered. Therefore, unpatterned regions of the 
samples are homogeneous, isotropic and transparent. For nanoim-
printing of the HPC membranes with submicrometric features, the 
two soft lithography protocols illustrated in Fig. 1a were used. The 
first approach consisted of a hot embossing technique where a com-
posite22 hard polydimethylsiloxane (h-PDMS) stamp was slightly 
pressed against a heated HPC membrane. In the second case—replica 
moulding procedure—the HPC solution was poured directly on top 
of the h-PDMS stamp, then dried and finally peeled off. Both meth-
odologies produced equivalent structures on the cellulose deriva-
tive, only differing in the higher feature depth of the hot embossing 
approach (Supplementary Figs. 2 and 3). The replica moulding is 
more adequate for producing thick, flexible membranes while the 
hot embossing is preferred when highest optical quality is intended 
throughout the entire area of the crystal. Different kinds of lattices, 
such as square, hexagonal or simple grooves, with different lattice 
parameters (L) in the submicrometre region may be obtained in this 
way, depending only on the mould used (Supplementary Figs. 4–7).

HPC photonic crystals. Free-standing patterned membranes were 
achieved after peeling-off the samples fabricated with replica mould-
ing (Fig. 1b). Patterns with areas of 1 ×​ 1 cm2, with good reproduc-
ibility through the entire sample, were easily produced. Moreover, 
the patterned films performed as photonic crystals, presenting the 
characteristic iridescent colour. Another attractive feature is their 
flexibility (Fig. 1c) and therefore the potential transfer to other 
surfaces in a conformal way. The possibility of retaining a rigid or 
flexible substrate underneath, accomplished with hot embossing, is 
also useful for enhancing mechanical stability and ease of inspection 
of the optical properties on a flat surface. One major advantage of 
these photonic crystals is their biodegradability inherited from the 
HPC material. In fact, they can be washed away just by immersing 
them in water (Fig. 1d).

Although fast solubility in water is an attractive feature for envi-
ronmental purposes, some strategies may be adopted for obtaining 
cellulose-based insoluble photonic films. Figure 1d–f compares the 
behaviour of three different cellulose-based membranes in water. 
Bare HPC-based films completely dissolved after being immersed 
in water for approximately 30 s (Fig. 1d). A step towards enhanced 
stability was the use of crosslinked HPC membranes (Fig. 1e). The 
crosslinking was achieved by adding divinyl sulfone to the HPC 
solution in water and increasing its pH with sodium hydroxide, 
before carrying out the soft lithographic step. The result is a pat-
terned hydrogel23 that becomes white on water immersion due to 
the increased light scattering coming from the nanopores swell-
ing in the film. Incidentally, this system is a fast and visual humid-
ity sensor as it undergoes a dramatic transition from colourful to 
white aspect. Finally, full mechanical stability under water could be 
achieved by imprinting a non-soluble cellulose derivative—acetyl 
cellulose (Supplementary Fig. 1). In this case, it is possible to obtain 
a non-degradable photonic film that retains its iridescence after 
immersion in water for 60 s (Fig. 1f).

Nanoimprinting is a versatile strategy that allows the fabrica-
tion of HPC photonic crystal films operating at spectral ranges 
determined by their geometry. The different colours exhibited by 
the films depend on the structure, topology or lattice parameter 
imprinted. To exemplify the structural colour functionality and 
characterize the optical properties of the HPC photonic crystal 
membranes, a set of samples with square lattice and varying L was 
tested. Photographs of the samples under normal incidence to the 
films (Fig. 2a) clearly showed the change from blue to green to red, 
as L was increased from 400 to 500 to 600 nm, in agreement with the 
colour observed with an optical microscope (Fig. 2b). The scanning 
electron microscopy (SEM) analysis confirmed the good replica-
tion of the square array of holes, 300 nm in diameter and 220 nm in 
depth, for the three lattice parameters studied (Fig. 2c)—larger-area 
images may be found in Supplementary Fig. 4. Characterization 
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Fig. 1 | Fabrication procedures and water solubility tests of cellulose photonic crystal films. a, Scheme illustrating the hot embossing and replica 
moulding procedures used for the fabrication of cellulose-based photonic thin films and membranes. Glass substrate, blue; HPC, green; PDMS mould, 
brown. See main text for detailed fabrication details. b, Example image of a free-standing HPC photonic crystal. Lateral size of the imprinted area is 1 cm. 
c, Example image of the flexibility exhibited by a self-standing HPC photonic film. d, Sequence of photos illustrating the facile solubility of HPC photonic 
membranes in water. e, Sequence of photos showing the pattern loss of crosslinked HPC in water. f, Sequence of photos exemplifying the stability of 
patterned acetyl cellulose films in water.
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of the reflectance by Fourier-transform infrared spectroscopy  
(Fig. 2d) revealed a peak centred at 430, 550 or 680 nm for each 
sample, respectively, in good agreement with simulations performed 
by finite-difference time-domain (FDTD) calculations, also shown  
Fig. 2d. It is important to highlight that the colours observed in 
these solid crystals arise from the two-dimensional patterned sur-
face, in contrast to the colour achieved by the presence of anisotro-
pic phases in concentrated HPC dispersions in water.

HPC plasmonic crystals. Enhanced optical properties and further 
functionality can be achieved by metal coating the cellulose-based 
photonic membranes. Such plasmonic crystals were produced by 
thermal evaporation of 50 nm of silver on top of HPC gratings. In 
doing so, the optical properties of these samples result from the 
combination of photonic and plasmonic modes. In plasmonic crys-
tals, light fulfilling the condition of Bragg diffraction imposed by 
the lattice launches surface plasmon polaritons (SPPs), where strong 
electric fields at the surface of the metal can be used to enhance any 
light–matter interaction. Previous studies have reported that plas-
monic crystals have been used to enhance light emission,24 amplify 
light absorption in photodetectors25 and produce structural colour 
in metallic surfaces26,27.

Owing to the negative dielectric permittivity of the metal, the 
overall refractive index contrast of the system is enhanced, giving 
origin to much more vivid colours in the cellulose-based plasmonic 

crystals than in their dielectric counterparts (Fig. 3a). Moreover, 
the samples keep the original flexibility (Fig. 3b). Optical charac-
terization of plasmonic crystals consisting of a hexagonal lattice of 
imprinted nanoholes (Fig. 3c), revealed extinction peaks with up to 
80% derived from the presence of the nanopatterns. These peaks 
correspond to the excitation of Bragg SPPs and as L is increased, the 
resonances redshift accordingly. Both the position and the intensity 
of the Bragg SPPs agreed significantly well with theoretical simula-
tions performed by FDTD calculations (dashed curves in Fig. 3c).

As pointed out before, a major advantage of the fabrication 
methods used in this study is the possibility of imprinting HPC on 
top of different substrates. For providing additional functionality to 
the photonic and plasmonic crystals, we tested the fabrication of our 
plasmonic architectures using regular paper as substrate. HPC was 
coated on top of a piece of paper and then nanoimprinted, followed 
by metal evaporation. As illustrated by the SEM images (Fig. 3d,e), 
the patterns were transferred with extremely good quality also in 
this case. This particular example demonstrates the potential of the 
proposed system for functioning as a colourful photonic ink28 in 
applications such as anti-counterfeiting technology, packaging or 
decorative paper. In fact, intense colours were easily achieved with-
out the use of any expensive or toxic chemical pigment and in all 
cases, the photonic crystal presented a good adhesion to the paper 
substrate as the HPC infiltrated the porous cellulose fibres of the 
paper sheet (Supplementary Fig. 8). This method could be adapted 
to other kinds of paper or cardboard with notable industrial impact.

HPC plasmonic crystals for photoluminescence enhancement. 
Plasmonic architectures have been sought as a way to modify and 
enhance the emission of light sources26. The performance of HPC-
based plasmonic crystals was further tested by doping HPC with 
an organic dye—rhodamine B (RhB). This dye is attractive due to 
its high quantum yield and has already been used for doping bio-
polymers such as silk29 or polydiolcitrates30. The samples as viewed 
from the HPC side exhibited the characteristic magenta colour of 
RhB, whereas inside the patterned areas, strong iridescence was 
observed, as in bare plasmonic crystals (Fig. 3f). Photoluminescence 
measurements were done on these crystals (see Supplementary 
Section 5), according to scheme in Fig. 3g, comparing the emission 
from nanopatterned regions and flat regions. An example is pre-
sented for a hexagonal plasmonic crystal of L =​ 800 nm (Fig. 3h). 
The detected photoluminescence for regions inside the patterned 
area was approximately tenfold the signal detected in the reference 
flat area. RhB has a high quantum yield (close to 70%) and in the 
proposed system, the plasmonic structure provided a more efficient 
way to extract light from the membrane.

HPC plasmonic crystals for SERS sensing. Once the optical prop-
erties of the HPC plasmonic crystal membranes had been charac-
terized, we investigated the use of these architectures as disposable 
substrates for the detection of surface-enhanced Raman scattering 
(SERS). Raman sensing is one of the fields where plasmonics has 
had the greatest impact. The use of plasmonic resonances greatly 
amplifies the Raman scattering from the analyte, leading to its iden-
tification, even in scarce amounts. Patterned HPC membranes with 
hexagonal lattice and pillar morphology (L =​ 700 nm) were fabri-
cated using the replica moulding technique previously explained. 
Afterwards, they were silver coated by thermal evaporation 
(100 nm). A representative extinction spectrum of the samples is 
shown in Fig. 4a. The optical characterization of these architectures 
revealed an extinction peak attributed to the excitation of a plas-
monic resonance sustained by the architecture. To assess the SERS 
performance of these substrates, the samples were functionalized 
with thiophenol via the vapour phase and analysed (Supplementary 
Fig. 10). Thiophenol (Fig. 4b, inset) is a well-known Raman probe 
that easily binds to metal surfaces. Its characteristic vibrational 
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modes are positioned at 1,001, 1,026, 1,094 and 1,586 cm−1 (ref. 31).  
These modes could be clearly identified in the spectra taken 
from the probe adsorbed to the surface of our plasmonic crystals  
(Fig. 4b). Interestingly, the geometry employed in our plasmonic 
crystals was suitable for the excitation of plasmonic resonances, 
which in turn facilitated the use of these membranes as SERS 
substrates, active at different excitation wavelengths (λ =​ 532 and 
633 nm). When comparing spectra collected from the flat regions 
of the substrate (grey curves in Fig. 4b) with the spectra collected 
inside the patterns, a clear enhancement of the signal was observed.

SERS is a phenomenon characterized by the presence of hotspots 
at the dielectric/metal interface. These are spatial regions with 
extremely intense electric field31. The Raman signal measured 
originates from the effect of these hotspots on the molecules placed 
therein. There is great interest in the imaging of the above men-
tioned hotspots, to identify the active sensing regions of the SERS 
substrate. Here we demonstrate how the excellent quality of our 
HPC plasmonic crystal membranes enables the identification of 
the hotspots for the two laser frequencies employed. First, electron 
microscopy images (Fig. 4c) and optical microscopy images (Fig. 4d) 
were used to illustrate the hexagonal array of Ag-coated pillars form-
ing the plasmonic substrate. Second, Raman spectroscopy maps 
were performed by scanning the signal throughout the surface and 
monitoring the Raman peak of thiophenol at 1,578 cm−1 (Fig. 4e), 
for both laser frequencies. The Raman signal map for the 532 nm 
laser excitation revealed that the majority of the signal came from 
the regions located between the metallic pillars. In contrast, when 
the sample was illuminated with the 633 nm laser, coinciding with  
the extinction peak, the Raman signal originated at the pillars them-
selves. This observation was further corroborated with numerical 

simulations, in which the position of the extinction peak was fitted 
and the spatial distribution of the electric field intensity at both laser 
frequencies reproduced (Fig. 4f and Supplementary Fig. 12). Whereas 
at λ =​ 532 nm the electric field distribution revealed the presence of 
an extended mode, λ =​ 633 nm corresponded to a hybrid mode where 
the electric field was concentrated mostly at the top of the pillars. 
The good agreement between simulations and Raman measurement 
maps demonstrated that we were capable of imaging the spatial dis-
tribution of hotspots in our plasmonic structures for two different 
resonant optical modes. Moreover, they demonstrate the importance 
of the imprinted nanostructure for enhancing the Raman signal.

Conclusions
We have shown how to produce photonic and plasmonic crystal thin 
films out of HPC. The resulting structures incorporate the biocom-
patibility and biodegradability aspects inherited form the cellulose 
derivative used. Following the recent tendency to explore materials 
for transient electronics32,33, our system opens a wide range of poten-
tial applications in transient photonics. Two routes were presented to 
integrate these photonic architectures in applications: to produce free-
standing flexible samples that may be transferred to other surfaces; 
and to directly nanoimprint a HPC coating on the desired substrate. 
HPC nanoimprinted crystals are a convenient platform for the realiza-
tion of plasmonic systems by simply metal coating the HPC photonic 
membranes. Different morphologies and topologies were produced 
with this method, both free-standing and on top of functional sub-
strates. These samples offer a convenient opportunity for the produc-
tion of colour in packaging systems and in photonic papers30 and they 
could accomplish the function of washable and edible34 detectors or 
labels in food industry. In fact, HPC is an excellent candidate for such 
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matters due to its already established applicability as drug excipient or 
ophthalmic lubricant35. Moreover, we explored the possibility of dop-
ing HPC with an organic dye to achieve a luminescent system. It was 
made evident that the plasmonic crystal improved the out-coupling 
of light, enhancing the photoluminescence signal by tenfold with 
respect to a flat reference. Finally, HPC-based plasmonic crystals in 
the context of SERS were tested. An enhancement of Raman signal 
due to the presence of the nanostructure determined by the HPC sur-
face underneath was demonstrated.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41566-018-0152-1.
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Methods
Chemicals. A h-PDMS kit was acquired from Gelest and a soft oly-PDMS 
Sylgard 184 kit was acquired from Dow Corning. 1H,1H,2H,2H-perfluoro-
octyltrichlorosilane, 97% was purchased from Alfa Aesar. Acetone, divinyl sulfone, 
acetyl cellulose with average molecular weight Mw =​ 30 kDa and HPC with  
average Mw =​ 100 kDa were acquired from Sigma-Aldrich. All chemicals  
were used as received.

Stamps preparation. Composite bilayer stamps comprising a thin h-PDMS layer 
to ensure good pattern replica and mechanical stability, and a thick soft PDMS 
(s-PDMS) layer to allow their manipulation were prepared according to previously 
reported methods22.

Nanoimprinting of cellulose derivatives. A HPC solution in water was prepared 
by adding 23 ml of deionized water to 5 g of HPC powder. The solution was 
intensively stirred and reserved for use in a sealed vial. Regarding the replica 
moulding procedure, the HPC solution was poured on top of a h-PDMS mould 
and spin coated at 500 r.p.m. with an initial acceleration of 100 r.p.m. min s−1. 
Once finished, the membranes were peeled off to obtain free-standing samples. 
For hot embossed samples, a dilution of the original HPC at a new concentration 
of 41 mg ml−1 was initially prepared. Then thin films were prepared by spin 
coating (parameters: acceleration ramp of 1,000 r.p.m. s−1, duration of 60 s at 
3,500 r.p.m.) on top of glass slides or silicon wafers as substrate. The samples 
were heated at 140 °C and imprinted with the h-PDMS mould by applying a light 
pressure for approximately 30 s. Finally, the h-PDMS was demoulded. In the case 
of samples produced with the crosslinker, a solution of NaOH in water was first 
prepared at a concentration of 1 mg ml−1. A HPC mass of 0.16 g was added to a 
volume of 1.808 ml of the NaOH solution and magnetically stirred overnight. A 
divinyl sulfone mass of 0.032 g were added to the mixture and stirred for a few 
more minutes. The replica moulding process was repeated. Insoluble photonic 
membranes were prepared by mixing 0.16 g of acetyl cellulose in 1.832 ml of 
acetone, magnetically stirring overnight and repeating the replica moulding 
procedure. Silver films were deposited on top of HPC membranes using a 
MBRAUN thermal evaporator. The chamber pressure was 4 ×​ 10−7 bar and an 
evaporation rate of 10 nm min−1 was used.

Photoluminescence measurements. The photoluminescence was excited using 
either the 405 nm line of a continuous-wave laser diode or the 514 nm line of 
an Ar+-ion gas laser. The photoluminescence signal was collected using an 
Olympus microscope with a 20×​ objective (numerical aperture (NA) =​ 0.35) in 

backscattering geometry. The microscope was coupled to a high-throughput and 
high-resolution LabRam HR800 spectrometer using a grating of 600 lines mm−1 
and equipped with a liquid nitrogen cooled charge-coupled device (CCD) detector. 
A scheme of the experimental setup is provided in Supplementary Fig. 9. All 
measurements were performed at room temperature.

Raman spectroscopy measurements. The initially free-standing membranes were 
transferred to a flat PDMS block so that their surface was free from wrinkles or 
curving. Raman images were obtained at ambient conditions and in backscattering 
geometry using the WITec Alpha300 R confocal setup. For excitation, either a 
frequency-doubled neodymium-doped yttrium aluminium garnet (Nd:YAG) 
laser emitting at 532 nm or a He–Ne gas laser (633 nm) was coupled into a Zeiss 
microscope through a wavelength-specific single-mode fibre and collimated by 
an achromatic lens. The beam was focused onto the sample, with power 0.25 mW, 
using a Zeiss EC Epiplan-Neofluar (100×​, 0.9 NA) objective, giving an estimated 
spot size of 0.35 μ​m (green) or 0.43 μ​m (red). The pixel size for the images was 
0.1 ×​ 0.1 μ​m2, given by the scanning movement of a piezo-motor-driven sample 
stage. The collected light was focused into a multimode optical fibre, which 
served as the entrance slit for the spectrometer. The 3.5-μ​m-diameter single-mode 
input fibre and the 50-μ​m-diameter multimode output fibre provided the optical 
apertures for the confocal arrangement. A Si back-illuminated 1,024 ×​ 127 pixel 
CCD cooled at −​60 °C was used for detection. Using gratings of 600 grooves mm−1 
with blaze at 500 nm (green) and of 300 grooves mm−1 with blaze at 750 nm (red), 
complete Raman spectra in the interesting spectral range (from about 200 to 
3,500 cm−1) were acquired at each image pixel using integration times of 0.1 s with 
submicrometre spatial resolution (Supplementary Fig. 10). Images were analysed 
using WITec Project FOUR software.

Theoretical modelling. A commercial-grade simulator based on the FDTD 
method was used to perform the calculations (Lumerical Solutions, https://www.
lumerical.com/tcad-products/fdtd). For simulating the thick free-standing HPC 
membranes, 120 reflectance spectra for different thicknesses were calculated 
and averaged so that oscillations due to Fabry–Perot interference were averaged. 
A mesh refinement of 5 nm was used in all structures. Transmittance (T) and 
reflectance (R) were calculated and extinction as 1 −​ R −​ T. The simulations were 
performed for both polarizations and averaged to reproduce unpolarized light 
(Supplementary Fig. 12).

Data availability. The data that support the plots within this paper and  
other findings of this study are available from the corresponding author upon 
reasonable request
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1. Cellulose and cellulose derivatives 

Cellulose is a polysaccharide composed of linear chains of glucose units, as represented in 

Figure S1. Furthermore, these molecular chains organize in a hierarchical structure. The two 

cellulose derivatives used in this work were hydroxypropyl cellulose and acetylcellulose. In the 

first case, some of the hydroxyl groups are substituted by hydroxypropyl groups while in 

acetylcellulose, the substituting group is the acetyl. Further information and molar substitution 

rates can be found here [https://www.sigmaaldrich.com/catalog/papers/22961411]. 

 

 
 

 

Figure S1. Chemical formulas. Chemical formulas of the cellulose and of its derivatives 

hydroxypropyl cellulose and acetylcellulose resulting from the substitution of the hydroxyl 

groups in the original glucose unit. 
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2. Comparison of replica molding and hot embossing fabrication methods 

As stated in the main manuscript, two experimental proceedings were used for fabricating 

hydroxypropyl cellulose photonic membranes namely, replica molding and hot embossing. The 

first one is more convenient for producing thicker samples (> 20 µm) which are easy to peel-

off in order to obtain free standing and flexible membranes (Figure S2a). A very precise 

alignment of the sample is required to characterize optical properties, due to frequent curving 

or bending of the membrane. The hot embossing procedure is preferable whenever very 

reproducible optical properties are required throughout the entire area of the sample and in this 

case, a rigid substrate is typically kept underneath the imprinted HPC thin film (Figure S2b). 

 

  

 
 

 

Figure S2. Photos of samples produced by replica molding or hot embossing procedures. 

Exemplar photo of a free standing HPC photonic membrane fabricated by replica molding (a). 

Exemplar image of a HPC photonic membrane fabricated by hot embossing, whereas a rigid 

substrate in kept below (b). 

 

For further comparing the two processes, atomic force microscopy analysis was performed in 

representative HPC crystals of imprinted holes, square lattice and lattice parameter of 500 nm. 

Results are exhibited in Figure S3. The photonic structure was clearly observed in both cases 

although two aspects highlight from the results. The first one concerns the depth of the cylinders 

that resulted in approximately 220 ± 30 nm in the replica molding case while it was 
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approximately 270 ± 10 nm in the case of the hot embossed crystal. Different factors may 

contribute to this difference such as the different processing temperatures and the different 

cellulose concentration. In fact, it is possible that shrinking effect occurs during the replica 

molding drying step, which does not occur in hot embossing since the sample is already dried. 

 
Figure S3. Replica molding vs hot embossing procedures. a, Atomic force microscopy image 

and a representative profile of a free standing HPC photonic membrane fabricated by replica 

molding and b, one fabricated by hot embossing, whereas a rigid glass substrate in kept 

underneath. 

 

The second point regards the overall profile on the two samples. While the nanostructure is 

superposed to a curved profile with maximum around 7 µm in the case of the replica molding 

sample, the global profile of the hot embossed sample is much more planar. This result points 

out the difference of having the sample freestanding and free to curve or constrained with the 

rigid substrate. 
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3. Additional scanning electron microscopy photos 

Additional scanning electron microscopy images of photonic membranes, of different 

morphologies and topologies are presented in this section. As may be appreciated, 

hydroxypropyl cellulose was suitable for imprinting large areas of holes or pillars arrays, with 

different lattice parameters and square, linear or hexagonal lattice morphologies. 

 

 
 

Figure S4. Additional SEM images. Scanning electron microscopy images of hydroxypropyl 

cellulose photonic membranes with a square lattice of imprinted holes and lattice parameters of 

400, 500 and 600 nm. 
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Figure S5. Additional SEM images. Scanning electron microscopy images of hydroxypropyl 

cellulose photonic membranes with a square lattice of imprinted pillars and lattice parameters 

of 400, 500 and 600 nm. 
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Figure S6. Additional SEM images. Scanning electron microscopy images of linear grooves 

imprinted in hydroxypropyl cellulose with lattice parameters of 400, 500 and 600 nm. 
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Figure S7. Additional SEM images. Scanning electron microscopy images of hydroxypropyl 

cellulose photonic membranes with a hexagonal lattice of imprinted holes and lattice parameters 

of 600, 700 and 800 nm. 
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4. Additional photos of samples imprinted on top of common paper. 

Photonic papers or photonic inks, based on structural color have been suggested for the 

production of colorful systems without the use of toxic, expensive or rare pigments that generate 

color due to selective light absorption. In contrast, structural color is achieved by nano-

structuring non-absorbent materials like HPC, suggested in this communication. In recent years 

also plasmonic crystals are being actively explored for photonic papers or inks applications. 

Nanoimprinting HPC on top of common paper and then coating it with a silver film is therefore 

a very convenient and straightforward way of achieving plasmonic color. 

 

 

Figure S8. Photos of plasmonic crystals imprinted on paper. Photographs of plasmonic 

crystals imprinted on HPC and coated with silver, using regular paper as substrate. Each square 

corresponds to a different morphology or lattice parameter. Imprinted areas are 1 x 1 cm2. 

 

Figure S8 shows some examples of plasmonic crystals fabricated on paper in our laboratory. 

Very intense colors exhibited by these crystals can be observed in the photos, demonstrating 

the potential of the method. 
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5. Photoluminescence (PL) experiments 

For PL measurements, radiation from a diode laser (405 nm) or from a Ar+-ion gas laser (514 

nm) was used as excitation source. The selection of the beam is done by changing the 

configuration of the entrance mirrors and holografic filters. The complete setup is depicted in 

Figure S9.   

 

 

 

Figure S9. Experimental setup used for PL measurements. Scheme illustrating the setup 

used for measurements of photoluminescence. 

 

The input laser excites the sample through an Olympus microscope equipped with a 20 × 

objective (NA = 0.35). Luminescence from the RhB doped HPC plasmonic crystals was 

collected in backscattering geometry and analyzed with a LabRam HR800 spectrometer 

coupled to a liquid nitrogen refrigerated CCD. 
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6. Micro-Raman experiments 

SERS signal of thiophenol functionalized HPC plasmonic crystals was analyzed in 

backscattering configuration with the confocal setup WITec Alpha300 R. A simplified scheme 

is presented in Figure S10. Two lasers (a frequency-doubled NdYAG - λ = 532 nm or a He-Ne 

- λ = 633 nm) were used as excitation sources. 

 

 

 

Figure S10. Experimental setup used for micro-Raman measurements. Simplified scheme 

illustrating the WITec Alpha300 R setup used for measurements of Raman signal. 

 

7. Electric fields simulations. 

A scheme of the cell used in FDTD calculations, in cross section, is shown in Figure S11. It 

extends throughout 2500 nm in the z direction. The red line marks the position of the z plane 

where the projection of the electric field was done. The original plots of the electric field 

distribution calculated using FDTD simulations along two different projections, corresponding 

to the samples prepared for the Raman spectroscopy experiment may be seen in Figure S12. 
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Figure S11. Cross section of FDTD cell. Scheme illustrating the cross sectional view of the 

cell used in FDTD calculations of HPC based plasmonic crystals. The light source is displayed 

in yellow and propagates upwards along the z axis. HPC crystal is illustrated in green and silver 

coating in gray. 

 
 

Figure S12. Electric field spatial distribution in HPC plasmonic crystals. xz and xy 

projections of the electric field distribution for the wavelength of 532 nm (top) and 633 nm 

(bottom). 
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1. Introduction

Among the most recently developed nanofabrication tech-
niques, transfer printing is an ideal candidate for bringing 
the next generation of optoelectronic devices closer to large 
scale manufacturing. This method is low cost and roll-to-roll 
compatible and allows for processing of materials and sub-
strates separately only to be assembled in a later step. This 
characteristic has significantly facilitated the implementation 

Transfer printing is one of the key nanofabrication techniques for the 
large-scale manufacturing of complex device architectures. It provides 
a cost-effective and high-throughput route for the integration of independently 
processed materials into spatially tailored architectures. Furthermore, 
this method enables the fabrication of flexible and curvilinear devices, 
paving the way for the fabrication of a new generation of technologies for 
optics, electronics, and biomedicine. In this work, hydroxypropyl cellulose 
(HPC) membranes are used as water soluble adhesives for transfer 
printing processes with improved performance and versatility compared to 
conventional silicone alternatives. The high-water solubility and excellent 
mechanical properties of HPC facilitate transfer printing with high yield 
for both metal and carbon nanotubes (CNTs) inks. In the case of metal 
inks, crack-free stripping of silver films and the simple fabrication of 
Moiré Plasmonic architectures of different geometries are demonstrated. 
Furthermore, HPC membranes are used to transfer print carbon nanotube 
films with different thicknesses and up to 77% transparency in the visible and 
near infrared region with potential applications as transparent conductive 
substrates. Finally, the use of prepatterned HPC membranes enables 
nanoscale patterning of CNT with feature resolution down to 1 µm.

of conductive and semiconducting mate-
rials in organic substrates overcoming 
fabrication incompatibilities such as dif-
ferent processing temperatures, chemical 
resistance or solubility. Furthermore, 
transfer printing allows nanofabrica-
tion on nonplanar substrates, a useful 
trait in the production of a wide range of 
flexible and innovative devices, such as 
flexible quantum dot displays[1] multifunc-
tional epidermal and intracorporeal elec-
trodes,[2–4] 3D metamaterials,[5,6] graphene 
wearable transparent electrodes,[7,8] smart 
textile materials,[9] and curvilinear opto-
electronic lenses.[10] In general, these fab-
rication methods employ flexible adhesive 
stamps to transfer certain components 
(called inks) from a donor substrate to a 
secondary receiver substrate. This usu-
ally requires two steps, namely picking 
up the ink from the donor substrate and 
its release onto the receiver substrate. The 
ability of the stamp to switch between 
strong and weak adhesion, for retrieval 
and printing, is a critical parameter for 

the reliability and yield of transfer printing processes.
Transfer printing techniques are classified according to the 

methodology used to modulate the adhesion at the stamp/
ink interface.[11–13] The most common technique exploits 
the speed rate dependent adhesion of polydimethylsiloxane 
(PDMS) stamps to enable peeling or releasing the ink mate-
rial by kinetic control.[14] However, issues such as low transfer 
yields, and low adhesion switchability limit the versatility and 
reliability of this technique, hindering further implementation 
in high throughput processes.[11] Furthermore, because of the 
intrinsic softness of PDMS, the inks are likely to be damaged 
by cracks or deformations. This issue is particularly relevant for 
transfer printing of metallic films, since it directly deteriorates 
the electrical properties of the transferred electrode.[15]

A more straightforward technique is tape transfer printing, 
where solvent or thermal releasable adhesive tapes are imple-
mented instead of the elastomeric stamps. This approach shows 
a higher reliability thanks to the stronger adhesion achievable 
between tape and inks, and the improved mechanical prop-
erties of tape materials, which prevents inks from cracking. 
Moreover, transfer printing tapes not only function as sacrificial 
tools for ink transfer,[9,16] but can also act as the final receiving 
substrate,[17,18] allowing to perform only the pick-up step 

© 2020 The Authors. Small published by Wiley-VCH GmbH. This is an 
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without requiring further processing. Solvent soluble transient 
tapes can be easily fabricated in a wide range of materials and 
offer the highest transfer yields. Among them, water soluble 
tapes such as hyaluronic acid or polyvinyl alcohol adhesives, 
have the additional appeal of allowing their implementation 
in biocompatible and biodegradable flexible devices.[9,16] These 
technologies have recently produced extraordinary feats: from 
the easier substitution of traditional substrates by inexpensive 
alternatives with a smaller environmental footprint,[19,20] to 
innovative medical electronic devices.[21–23]

In this work we propose the use of cellulose derivatives as 
water soluble tapes, demonstrating improved performance 
compared to traditional silicone transfer and higher versa-
tility and lower complexity compared to transfer processes 
employing other soluble tapes (see Section S8, Supporting 
Information). Cellulose is the most abundant polymer on 
Earth, has been widely investigated and a huge variety of cel-
lulose derivates are currently commercialized and implemented 
as substrate in a new generation of flexible and biocompatible 
electronic devices[24,25] and in low cost paper-based technolo-
gies such as transient or edible labels for food industry,[26,27] 
biosensors and biomedical devices,[28] photovoltaic cells,[29] and 
paper displays.[30] Among cellulose derivatives, hydroxypropyl 
cellulose (HPC) is a commercially available, low cost, and bio-
compatible material that can form flexible and transparent 
membranes with excellent mechanical properties.[20] HPC is a 
cellulose ether in which the hydroxyl groups on the cellulose 
backbone have been hydroxypropylated. HPC is fully soluble in 
water at temperatures below the cloud-point, which is around 
45 °C) and in most of the organic solvents (ethanol, isopropyl 
alcohol, and acetone), hot or cold.[31]

In this work, we employ HPC as versatile adhesives for 
straightforward transfer printing of nanostructured materials. 
In particular, we fabricate HPC adhesive membranes that can 
act both as sacrificial water-soluble transfer tapes and as the 
final substrate for applications in transient optoelectronics. In 
the first section of this work, we describe the use of the cellu-
lose membranes as water soluble transfer tapes, demonstrating 
their high performance in transfer printing of nanopatterned 
metallic films. HPC mediated transfer printing, provides a 
crack-free process, while keeping large area (cm2) and high 
throughput production. Besides the use of HPC as sacrifi-
cial layer, the capability to rapidly integrate nanostructures 
directly into the HPC paves the way for novel functional tran-
sient metallic or carbon nanotubes (CNTs) based electrodes, as 
shown in the second part of the paper. Finally, we implement 
prepatterned HPC membranes for μcontact printing of CNTs, 
achieving in a single step large area patterning and transfer of 
CNTs arrays with feature sizes down to 1 µm.

2. Results and Discussion

Cellulose-based materials meet most of the requirements of 
a good adhesive, due to their semicrystalline structure and 
complex network of interactions, both hydrophilic (such as 
hydrogen bonding) and hydrophobic.[32] HPC solutions in 
water and alcohol, for instance, are currently implemented 
as ecofriendly glues for leather binding and paper restoration 

(e.g., KlucelG). Bioadhesive properties of HPC films to human 
skin have also been already demonstrated both in liquid crystal-
line solutions[33] and in hot-melt extruded films.[34]

A key parameter for a good adhesive is to provide enough 
deformation to conformally contact the substrate, maximizing 
the total adhesion force. Thus, adhesive tapes should ide-
ally provide low hardness surfaces, but at the same time, they 
should guarantee high cohesive strength and mechanical sta-
bility to withstand stresses during pick-up and to avoid damage 
during handling. Interestingly, dry films of HPC show thermo-
plastic behavior with a dual glass transition temperature: a beta 
transition in the side chains at around 0 °C, which provides 
increased plasticity and flexibility at lower temperatures, and 
a second one at 150 °C.[31] This means that HPC softens and 
deforms plastically and at relatively low temperatures, passing 
smoothly from a viscoelastic behavior to a viscous one for 
temperatures closer to its second Tg. Furthermore, the Young 
modulus of HPC is 110  MPa at room temperature,[35] about 
100 times higher than PDMS. This characteristic is of great 
advantage for transfer printing, particularly during the pick-
up and handling steps, since it reduces the mechanical stress 
induced to the ink during bending and stretching, preventing 
it from cracking.[16] Another advantage of HPC comes from its 
mixed hydrophilic–hydrophobic behavior (see Section S1, Sup-
porting Information) meaning it can be rapidly dissolved both 
in water and in most organic solvents at room temperature. 
Since the membrane can be simply dissolved after transfer, 
successful deposition of the material on the receiver substrate 
does not depend on the interface interaction between the trans-
ferred material and receiver substrate. With HPC, no complex 
chemical treatments are required and it is possible to transfer 
a wider range of materials on a wider range of substrates in an 
easier and straightforward way.

Our transfer printing process is carried out using a flat 
HPC membrane supported by a PDMS slab as illustrated in 
Figure 1a. Here we chose to transfer a continuous 50 nm thick 
Ag membrane patterned with a square array of nanoholes 
(diameter φ = 300 nm, lattice parameter l = 500 nm) obtained 
evaporating the metal on top of a silicon template. Metallic 
nanohole arrays have attracted great interest in the literature 
for exhibiting extraordinary optical transmission among other 
plasmonic properties, finding application as transparent con-
ductive electrodes and metamaterials.[36–38]

Figure 1a shows a schematic of the template-assisted transfer 
printing technique used to pick and place the nanopatterned 
silver films from their donor silicon templates onto the new 
surfaces (flat or curved glass substrates). The HPC membrane/
PDMS slab is pressed against the metal ink for 2 min at 80 °C 
(i). This temperature has been found optimal to ensure pick-up 
of only the top silver layer, providing at the same time enough 
plastic deformation to conformally contact the metal while 
maintaining sufficiently high viscosity to avoid percolation of 
HPC into the silicon template features. After cooling down, the 
HPC/PDMS stack is simply lifted off from the donor substrate 
with the nanostructured metal attached to the HPC mem-
brane (ii). It is worth emphasizing that we can easily pick up 
1 cm × 1 cm areas of patterned silver films without requiring any 
chemical modification of the silicon surface. The as obtained 
HPC/metal stack is then pressed against the recipient substrate 
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(iii). During this step pressure and temperature are applied to 
soften the HPC adhesive, ensuring complete evacuation of the 
air at the interface and conformal contact with the receiver sub-
strate. After cool down, the HPC/metal stack becomes attached 
to the receiver substrate and the PDMS support can be easily 
released. The as obtained sample is then rinsed with water to 
dissolve the HPC layer (iv), leaving the target material physi-
cally attached to the receiver substrate (v).

As can be seen in Figure  1b–d, the reduced strains occur-
ring in the HPC film, prevent the transferred metal layer 
from cracking, unlike what is observed in the case of bare 
PDMS mediated transfer printing. This characteristic is of 
great advantage when the goal is to transfer metal contacts. 
We measured the sheet resistance of the 50 nm silver on glass 
obtained respectively by the HPC/PDMS mediated transfer 
developed in this work (Figure 1c) and by the standard PDMS 
transfer (Figure  1b). We measured a value of 0.6 Ω sq−1 for  
the PDMS transferred film, while in the case of HPC/PDMS 
the sheet resistance is as low as 0.4 Ω sq−1 (see Section S2 of the 
Supporting Information for further details). Despite the larger 
Young modulus of the HPC, the thin membranes employed in 
this work maintained a high flexibility, which allows to easily 
place the Ag plasmonic ink onto curved surfaces as shown in 
Figure  1e. By simply iterating the transfer printing method 
illustrated in Figure 1a, complex metal multilayer architectures 
can be easily achieved. To illustrate the potential of HPC adhe-
sives for multilayer nanofabrication, we built 3D metamaterials 

by subsequently stacking nanopatterned silver films with dif-
ferent geometries. Figure 1f shows an array of silver lines trans-
ferred on top of the 2D silver array of holes on a glass slide. The 
two patterned films (Figure 1f) are shifted with respect to each 
other to better identify each component and the overlapping 
area, which is further detailed in the SEM (Figure 1g). In this 
work aligning of the patterns has been done by eye, obtaining a 
precision of ±1° (calculated measuring the twisting angles a pos-
teriori). Using this technique, we stacked Ag lines with varying 
lattice parameters (from 400 until 600  nm) on top of 500  nm 
holes arrays (Figure  2c,d) and measured their optical proper-
ties. The extinction of the 3D metamaterials (Figure 2e,f) was 
obtained from reflectance and transmittance measurements 
(Figure S3, Supporting Information). These values were com-
pared with their corresponding theoretical values calculated via 
finite-difference time-domain (FDTD) method. The good agree-
ment between both sets of data is depicted in Figure 2e,f, high-
lighting the high quality of the plasmonic stack. The versatility 
of this approach allows for crack free fabrication of countless 
exotic structures with tailored functionality and in a scalable 
manner. Further examples can be found in Figures S3–S7 of 
the Supporting Information, and further investigation of the 
optical properties and their dependence on the twisting angle 
are detailed in Section S4 of the Supporting Information.

As inferred from the SEM images in Figure 2, this technique is 
uniquely suited to fabricate Moiré metamaterials. Moiré photonic 
lattices have received increasing attention lately since they allow 

Figure 1.  a) Schematic of the transfer printing technique used to pick and place nanopatterned silver films. b,c) 2× optical microscope images and 
sheet resistance values (Rs) of 50 nm thick silver films transferred using HPC/PDMS and bare PDMS, respectively. d) SEM picture of the sample in 
(c). e) Photo of nanopatterned silver film transferred to a curved surface. f) Multilayer silver nanostructures on glass obtained by HPC double transfer. 
Silver films thickness is 50 nm. Iridescent colors arise from: holes arrays (green), lines array (purple) and patterns overlapping area (blue). g) SEM 
image of the overlapping area in (f).
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the exploration of transitions between structures with fundamen-
tally different geometries (periodic, general aperiodic, and qua-
sicrystalline).[39] However achieving these kind of architectures 
scalably and with high optical quality remains a daunting chal-
lenge.[37,40] Here we use our HPC adhesives to produce Moiré 
patterns by stacking square arrays of discrete silver nanoparticles 
(NPs). The two Ag NP arrays are twisted with respect to each 
other and separated by an HPC layer whose thickness can be 
precisely adjusted to provide an additional functionality and tun-
ability of the optical properties. For instance, the HPC film can 
host an organic dye as it has been shown elsewhere.[20]

The fabrication process of the Moiré metamaterials (Figure 3a) 
begins with the thermal evaporation of 50 nm on top of a PDMS 
mold prepatterned with an array of pillars. The Ag coated PDMS 
is pressed against an HPC film previously spin-coated on a glass 
slide. This process takes place for 5 min using a nanoimprinting 
tool (NILT) at 0.5 bar and 80 °C, after which the system is allowed 
to cool down to room temperature and the mold released. As a 
result, the array of Ag NPs is transferred from the PDMS mold 
to the HPC film. Next, we deposit an HPC thin film as a spacer 
on top of the already transferred Ag array. To do so, we spin cast 
HPC on a PDMS flat mold to form a thin film and then, we 
transfer it onto the Ag nanostructure using the same NILT set-
tings. HPC films with thicknesses ranging from 200 to 1000 nm 
can be fabricated via direct spin-coating on the PDMS slab as 
described in the Experimental Section. Finally, simply repeating 

the first step, a second layer of NPs is placed on top of the spacer 
introducing a desired twisting angle.

The large area patterns used in this work (1 cm2) greatly 
facilitate the handling and orientation of the membranes in 
this last process. SEM images (Figure  3b–d) clearly show the 
twisting angle-dependent patterns that arise when two NP 
arrays are stacked on top of each other. For a twisting angle of 
10°, the formation of a square Moiré superlattice with a new 
superperiod of 6  µm is clearly visible and responsible for the 
diffraction pattern shown in the inset of Figure  3e. Smaller 
twisting angles lead to larger periodicities (see Figure S6, Sup-
porting Information) while increasing the angle leads to a more 
complex pattern (Figure 3b corresponds to a 45° twist bilayer). 
The differences in the superlattice formation are also observed 
in the diffraction pattern from both 10° and 45° twisted metas-
urfaces when illuminated with a 532 nm laser.

To illustrate the influence of the thickness of the HPC 
interlayer on the optical properties, the transmittance spectra 
from different spacer thickness are shown in Figure  3f. The 
fixed NP bilayer indeed act like a cavity sustaining Fabry–Perot 
modes as can be seen from the thickness dependent features 
in the mid infrared range in the transmission. Cavity-coupled 
plasmonic systems with tunable resonances and Moiré inter-
ferences are particularly promising for application in informa-
tion encoding[41] and in anticounterfeiting.[42,43] To the best of 
our knowledge this is the first demonstration of the integration 

Figure 2.  Stacked silver nanostructures on glass obtained by HPC double transfer SEM images from a) lines (600 nm pitch) on top of hole array 
(500 nm pitch) and b) lines (400 nm pitch) on top of hole array (500 nm pitch). c,d) Simulated (dashed line) and experimental (continuous line) 
extinction from samples a) and b) respectively.
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of those structures in a cellulose-based material, using a cost 
effective and scalable fabrication technique. Most of the integra-
tion of functional materials in paper-based substrates, indeed, 
relies on the spraying of functional inks, which limits material 
performance by restricting the minimum feature size achiev-
able to the order of tenths of micrometers, or requires complex 
fabrication protocols that are not compatible with large scale 
manufacturing.[11,44,45]

Our technique can be applied to a wide variety of inks while 
simultaneously providing means for high-resolution nanopat-
terning. In this next section, we apply the HPC adhesives to 
transfer printing of CNTs. CNTs are a particularly promising 
material for flexible electronics and for implementation as 
transparent electrodes, due to their high conductivity, carrier 
mobility, and superior mechanical properties.[46,47]

Here, the same fabrication process illustrated in Figure 1a, is 
used to transfer 50 to 100 nm thick films of CNTs (CoMoCAT, 
Sigma-Aldrich) from filter paper to the HPC adhesive. By 
pressing a flat HPC membrane for 3 min at 0.5 bars and 
100  °C against the CNT film, we obtained a flexible stack in 
which the dense pattern of CNTs was completely transferred to 
the HPC (Figure 4a,b). Macrodesigns of the CNT area can be 
easily achieved by cutting the filter paper in the desired shape 
before transferring, as illustrated in Figure  4a. Interestingly, 
the thickness of the CNT film transferred to the HPC can be 
tuned by changing the temperature applied before the pick-up 
step, allowing obtaining HPC–CNTs flexible stacks with tai-
lored transparency. The key to transfer CNT films with different 

thickness resides in the different percolation depth of the HPC 
in the CNT network at different temperatures as schematized 
in Figure S8 of the Supporting Information. For pick-up tem-
peratures below 80 °C indeed, the decreased viscosity of the 
HPC membrane hinder the percolation of the polymer into 
the CNT film, which, in this way, is only partially transferred to 
the HPC membrane. Figure 4c shows the transmission spectra 
of HPC membranes with CNTs with decreasing thickness, in 
comparison with the most commonly used transparent conduc-
tive substrates in optoelectronics; indium-doped tin oxide (ITO) 
and fluor-doped tin oxide (FTO). Here, pick-up temperatures 
have been set to 70, 60, and 50 °C obtaining respectively 30, 20, 
and 15 ± 5 nm CNT film thicknesses. In this preliminary work 
we measured the sheet resistance of the CNT electrodes to be 
as low as 305 Ω sq−1 with a 77% averaged transparency in the 
450–1100 nm wavelength range. Detailed electrical characteriza-
tion of CNT semitransparent electrodes transfer printed using 
HPC membranes is reported in Section S6 of the Supporting 
Information.

The definition of active areas in most devices relies on the 
fabrication of electrodes with specific sizes and shapes, often 
achieved by evaporation of metals through shadow masks. Fol-
lowing the same rational, in order to fully exploit the potential 
of CNTs networks as functional electrodes, it is therefore crucial 
to find high throughput processes that allow to pattern them 
with high-lateral resolution, over large areas, and to deposit 
them on arbitrary substrates. To address this issue, we used 
prepatterned HPC membranes as transient molds for µ-contact 

Figure 3.  Multilayer silver nanoparticles arrays embedded in HPC. a) Schematic of the procedure used to transfer print plasmonic arrays from a PDMS 
mold to an HPC film. b–d) SEM back scattered electron image of double particle arrays in HPC. The thickness of the particles is 50 nm, the diameter 
is 330 nm, and lattice period is 600 nm. The rotation angles between 1st and 2nd layer are respectively 45° and 10°. c–e) Diffraction patterns from 
samples (b) and (d), respectively. f) Transmission spectra of double layer with HPC interlayer thickness ranging from 200 to 900 nm. Particle diameter 
is 300 nm, with lattice period of 500 nm and rotation angle of 40°.
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printing of carbon nanotubes, testing the performances of the 
process in terms of lateral features resolution. Compared to the 
previously described template assisted process, in which we 
use flat HPC stamp to pick up metallic films from patterned 
templates, here CNTs patterning is obtained by stamp selec-
tive pick-up (so-called “stamp inking”) from a continuous film 
of CNTs. HPC membranes indeed can be easily molded with 
feature size down to 100 nm as already described in our prior 
work.[19] The process is illustrated in Figure 4a: the prepatterned 
HPC adhesive is pressed against a continuous film of CNTs, 
selectively picking up the material. The CNT-inked HPC stamp 
can be now placed on the receiver substrate and dissolved in 
water, leaving CNT micropatterns attached to the target surface.

Using patterned HPC membranes, large area homogenous 
micropatterns of conductive CNTs showing iridescence under 
white light have been fabricated (Figure 5b,c). The best resolu-
tion obtained in this preliminary research corresponds to the 
1 µm dot array, illustrated in Figure 5d. The correct setting of 
temperature, pressure, and time during the pick-up step is 
the key for obtaining pattern resolution down to the µm scale. 
Considering a viscoelastic flow of the polymer, plastic deforma-
tions at the nanometer scale (i.e., at the CNT–HPC interface) 
will occur at faster rates than the ones at micrometer scale (i.e., 
the HPC stamp features).[48] It is therefore necessary to find a 
tradeoff which allows for percolation of the stamp protrusion in 
the CNTs film, but that at the same time avoids excessive defor-
mation of the micropattern in the HPC mold. The patterns 
shown in Figure 5 have been obtained setting the temperature 
to 100 °C and the pressure to 0.5 bar for 20 s. Longer times led 
to deformation of the HPC mold hence a loss of resolution. On 
the other hand, lower time or temperatures provide only par-
tial percolation of the protrusions in the CNTs, with consequent 
only partial pick up of the film and loss of optical contrast.

3. Conclusions

HPC membranes are promising platforms for the rapid inte-
gration of a wide range of functional materials into flexible and 
biocompatible and water soluble substrates. Here, we have dem-
onstrated the use of HPC membranes as adhesives for improved 
transfer printing of metallic and CNT nanostructures. Our 
approach stands out for its higher simplicity and versatility com-
pared to other water soluble tables (see Section S8, Supporting 
Information). In sum, both continuous and discrete metallic 
films are successfully stripped from silicon and PDMS templates 
without requiring any additional surface treatment. The inks can 
be transferred to the receiving substrate in a completely crack free 
manner and the HPC simply dissolved in water. Thanks to its 
mechanical properties and high solubility in water at room tem-
perature, HPC enables fast and reliable transfer printing process. 
Furthermore, HPC tapes are versatile platforms, which enable 
advanced nanofabrication routes: multiple ink layers can be easily 
stacked, offering a rapid method to obtain Moiré architectures 
with tunable optical properties. Finally, we also demonstrate the 
validity of the HPC adhesives for the simultaneous transfer and 
nanostructuring of CNTs conductive layers, obtaining tunable 
thicknesses and lateral feature sizes down to 1 µm.

Figure 4.  CNTs integrated in HPC membranes. a) HPC membrane after 
CNTs pick up at 100 °C from a G shaped paper filter. b) SEM of the CNTs 
film. c) Transmission spectra of CNT films with decreasing thickness of 
30 nm (black), 20 nm (dark gray), and 15 nm (light gray) compared with 
commercial substrates ITO (Ossila) and FTO (Xop Glass).

Figure 5.  CNTs microstructures arrays fabricated via µ-contact printing technique. a) Schematic of selective CNTs pick-up technique using patterned 
HPC membrane. b) Iridescent colors arising from 3 µm wide CNTs lines array transferred to glass. c) SEM picture of lines array in (b). d) SEM image 
of 1 µm CNTs dot arrays transferred to glass. Lattice parameter is 1.7 µm.
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4. Experimental Section
Materials: Silicon templates, PDMS molds, and HPC membranes 

were fabricated as described in the previous works.[19,20] Hard PDMS 
silicone elastomer kit was purchased from Gelest (Morrisville, PA 
19067, USA) and soft PDMS Sylgard184 silicone elastomer kit from 
Dow Corning Corporation (Auburn, MI 48611, USA). HPC, with average 
Mw ≈ 100 000, powder, 20 mesh particle size (99% through), and degree 
of substitution DS = 3, was purchased from Sigma-Aldrich.

CNTs Films: CoMoCAT CNTs (SG65i) were obtained from Sigma-
Aldrich and used as received. 0.2  mg mL−1 of CNTs were dispersed 
in water, using 2  mg mL−1 of sodium dodecylbenzenesulfonate as 
surfactant. After 15 min of tip-sonication the dispersion was centrifuged 
and the supernatant was used to prepare samples via vacuum filtration. 
To this end, several milliliters of dispersion were filtered with PVP-coated 
polycarbonate filters with a pore size of 0.1 µm. The films were washed 
with copious amounts of water to remove the surfactant, and then dried 
at room temperature.

Simulations: Numerical calculations were performed using Lumerical 
FDTD solutions (www.lumerical.com). A polarized plane wave source, 
with electric field transversal to the lines, impinging at normal incidence 
to different samples was modeled in a Moirè unit cell with periodic 
boundaries. Finally, only the normal diffraction order was considered 
to achieve similar conditions to the experimental setup. The complex 
refractive index of silver was obtained.[49] The glass substrate was set 
with a refractive index of nglass = 1.46.

Flat PDMS Slabs: PDMS slabs were fabricated by pouring a Sylgard184 
with curing agent to prepolymer ration equal to 1:10 on top of a silicon 
wafer and curing for 4 h at 60 °C. An aluminum frame was used to 
obtain 1 cm thick slabs.

HPC Spacer Layers: 27  mg mL−1 HPC solution in water was poured 
on the flat PDMS slab and spin-coated at 4000 rpm, obtaining films of 
100 nm thickness. Film thickness was measured by transferring the film 
to silicon substrates and numerical fitting of the Fabry–Perot oscillations 
from the experimental reflection spectra using the transfer matrix 
formalism. Thicker spacers ranging from 200 to 900 nm were obtained 
by subsequent stacking of the 100 nm thick layers.

Samples Characterization: The reflectivity and transmission of the 
samples were measured using a Fourier transform infrared spectrometer 
(Bruker Vertex 70) attached to a microscope with a 4× objective. Optical 
properties of lines-holes bilayer arrays were measured with light 
polarized transversally to the line direction. SEM QUANTA FEI 200 
FEG-ESEM was used to characterize the morphology of the transferred 
patterns. CNT film thickness and HPC spacers with variable thickness 
were measured using an Alpha-Step D-500 Profilometer from KLA 
Tencor. Sheet resistance was measured on ≈15 × 15 mm2 samples using 
the van der Pauw method.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Section 1. Hydroxypropyl cellulose specifications 
Hydroxypropyl cellulose (HPC) is an ether of cellulose in which some of the -OH groups in 

the backbone glucose chain (Figure S1b) have been substituted with an OCH2CH(OH)CH3 

groups. HPC presents a combination of both hydrophobic and hydrophilic groups, for this 

reason it has a lower critical solution temperature (LCST) and it is soluble in water at 

temperatures below 45°C. Given the high crystallinity of cellulose, HPC must have an MS 

(average number of substituted hydroxyl groups per glucose unit) about 4 to obtain water 

solubility. It is commonly used as passive excipient in pharmaceutical drugs, and as eye 

protectant and lubricant (artificial tears). The chemical formula of HPC is illustrated if Figure 

S1. 

 
Figure S1. a) Chemical structure of HPC b) Chemical structure of cellulose showing 

hydrogen bonding in crystalline configuration. 

 

  

a b 
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Section 2. Continuous metal film transfer 

A 50 nm thick silver layer has been thermally evaporated on a silicon wafer at a rate of 20 

Å/s. The silver layer then was transferred using HPC as described in the main manuscript. 

PDMS mediated transfer of the silver film has been done by pressing and retrieving a flat slab 

of PDMS at room temperature. In order to transfer the as-obtained film (Figure S2,b) we spin-

coated HPC solution in water (0,27g/mL) on top of the PDMS/Ag stack and let it dry for 2 

hours at room temperature. After drying, we peeled off the HCP membrane from the PDMS, 

retrieving the silver film from the PDMS surface. The as obtained HPC/Ag stack was 

transferred to glass as described in the main text. 

 
Figure S2. Sheet resistance values (Rs), photos and optical microscope images of transfer 

printing of 50 nm silver with HPC compared to PDMS. a) silver on HPC after being stripped 

from silicon. b) silver on PDMS after strip from silicon. c) silver on glass after transfer from 

a. d) silver on glass after transfer from b. e) optical microscope of b. f) optical microscope of 

d. g) optical microscope of a-c.  
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Section 3. Experimental and simulated extinction spectra of multilayer nanopattern 

stacks 
Additional SEM images and Transmittance and Reflectance (theory and experimental) data 

from stacked silver nanostructures (line array on top of a hole square array). Here in order to 

reproduce the condition of the experimental measurements, the order zero of diffraction in 

normal direction for the simulated values of T0 and R0 are considered. Disagreements 

between experimental and simulated values for wavelengths above 850 nm are attributed to 

exceeding the operational range of the light polarizer used for those experiments. 

 
Figure S3. Additional SEM images with simulated (dashed lines) and measured 

reflection/transmission spectra for holes-lines double layer arrays with varying lattice period. 

a-d) Hole period 500 nm, line period 600 nm. b-e) Hole period 500 nm, line period 500 nm. c-

f) Hole period 500 nm, line period 400 nm. Extinction is calculated as 1-R-T. 

 

 

Section 4. Influence of twisting angle on the optical properties of Moiré metamaterials. 
The optical properties of double layer structures in the visible range are mostly independent 

on the twisting angle between the patterned arrays for the lattice parameters considered 

herein, since the associated Moiré features appear at longer wavelengths. To verify this 

argument, we measured transmission and reflection for both holes-lines array stacks and 

Moirè nanoparticle stacks varying the twisting angle. Figure S4 shows the results obtained for 

combination of hole arrays with 500 nm lattice period and line arrays with 600 nm (left panel) 

and 500 nm (right panel) lattice period. We tested4 different twist angles for each 

combination and measured different points to ensure reproducibility, without finding any 

significant changes in the optical properties. Figure S5 shows the calculated absorption of the 

Moiré double layer presented in Figure 2 of the main text. Also, in this case we did not find 

any difference in the spectra for 10
◦
 and 45

◦
 rotation angles. For completeness we compare 

those plots with the ones of the bare bottom (black line) and top (green line) Ag nanoparticle 

layers. 
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Figure S4. Additional SEM pictures with measured reflection, transmission and absorption 

spectra of silver holes-lines double arrays with varying twisting angles. Left panel: hole 

period 500 nm, line period 600 nm. Right panel: hole period 500 nm, line period 500 nm. 

Extinctions are calculated as 1-R-T. 
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Figure S5. Additional SEM pictures with absorption spectra calculated as 1-R-T of silver 

nanoparticle Moiré stacks with varying twisting angle.  

 

 

Section 5. Additional Moiré metamaterials fabricated 

 

 
Figure S6. Additional SEM pictures of Moirè patterns obtained by twisted stacking of silver 

nanoparticles square array with schematic of the angle dependence of the interference pattern. 

 

 
 

Figure S7. Additional SEM pictures of multilayer stacks consisting of double stacks of holes 

array in silver with lattice period 500 nm and varying twisting angle. 
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Section 6. Additional characterization of CNT transparent films. 

The key to transfer CNT films with different thickness resides in the different percolation 

depth of the HPC in the CNT network at different temperatures rather than a change in 

adhesive strength of the cellulose. The temperature and pressure are applied when the HPC 

and the CNT film are in contact. Under these conditions, the percolation depth of the HPC 

into the CNTs network can be tuned with the temperature and the duration of this step, as we 

illustrate in the scheme Figure S8e. 

 

 
Figure S8. eDIPS CNTs transferred film characterization a) Measured transparency for films 

of varying thickness transferred to glass. b) average transparency percentage vs measured 

thickness. c) Sheet resistance before and after transfer vs average percentage transparency. d) 

Figure of merit for CNT films of different thickness. e) Scheme illustrating the different 

percolation of HPC within the CNT network with increasing temperature. 

 

In this section we analyze the electrical performance of a different set of CNTS; eDIPS 

SWCNTs, transferred to glass using the HPC mediated transfer print developed in this work.  
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Due to their longer length compared to CoMoCAT CNTs, the partial film transfer decribed in 

figure S8e by tuning the pick-up temperature was not successful when using eDIPS CNTs. 

Instead, we transferred entire films of different initial thickness and compared their sheet 

resistances before and after transfer. 

Films with different thickness were fabricated by vacuum filtration of diluted solution the 

same way as described for the CoMoCAT CNTs in the Materials and Methods section in the 

main manuscript. As seen in Figure S8, for films of about 100 nm thickness, we observed that 

the sheet resistance increased by a factor of 2 after transfer. For 10 nm thin films, the effect of 

transfer was more pronounced, and the sheet resistance instead increased by a factor of 9. This 

effect can be attributed to the partial disruption of CNT-CNT interfaces, due to CNTs moving 

during the dissolution step of HPC in water. To evaluate these transparent conductive films, 

we calculated the figure of merit according to the following formula: 

    
     

  (√   )
 

 

Section 7. Additional images of patterned CNT arrays  

 

 
Figure S9. a-b) Optical transmission image and SEM pictures 25 µm wide CNT line pattern. 

c) SEM close view of 5 µm wide gap between two CNTs lines. d) low magnification SEM 

picture of the 1 μm features CNT pattern. 
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Section 8. Benchmarking with other soluble tapes 
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Section 9. Roughness analysis of transfer printed silver films  

The pressure applied during the transfer process facilitates the conformal contact between the 

Ag and the receiver substrate. We include here an AFM analysis to illusrate the effect of the 

applied pressure on the transferred metal film and its surface roughness. From these analysis, 

we conclude that this pressure range does not seem to deform the Ag layer and that only a 

slight increase of roughness is ibserved comparing the as deposited film (3,4 nm) versus the 1 

bar transferred film (4,2 nm). 

 
Figure S10. AFM analysis and surface roughness values of silver films transfer printed (TP) 

using pressures of 0.5 an 1 Bar, compared with the as deposited silver film. 

 
[9,16,18,50–53]
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A water-processable cellulose-based resist for
advanced nanofabrication†

Camilla Dore,a Johann Osmondb and Agustín Mihi *a

The ideal nanofabrication technique is one that allows the mass production of high resolution submicro-

metric features in a cost efficient and environmentally friendly fashion. A great step towards achieving this

goal has been the development of nanoimprinting lithography, a procedure with tenths of nanometres

resolution while being compatible with roll-to-roll manufacturing. However, an ecofriendly resist that can

be efficiently combined with this process is still missing. In this work, we demonstrate the use of hydroxy-

propyl cellulose (HPC) as a biocompatible, biodegradable, and water processable resist for temperature

assisted nanoimprint lithography (tNIL) by fabricating different photonic architectures. The cellulose

derivative is easily patterned with submicrometric features with aspect ratios greater than 1 using an elas-

tomeric stamp and a hot plate. Silicon photonic crystals and metal nanoparticle arrays are fabricated com-

bining cellulose with traditional nanofrabrication processes such as spincasting, reactive ion etching and

metal lift off. Furthermore, advanced nanofabrication possibilities are within reach by combining the HPC

with traditional resists. In particular, poly(methyl methacrylate) and HPC stacks are easily produced by

liquid phase processing, where one of the two materials can be selectively removed by developing in

orthogonal solvents. This capability becomes even more interesting by including nanoimprinted layers in

the stack, leading to the encapsulation of arrays of air features in the resist.

Introduction

Environmental pollution and worker health protection play
nowadays a key role in electronic manufacturing, driving
cutting-edge technologies towards an ongoing reduction of
toxic and contaminating substances in their production lines.
The development of a ‘green’ nanofabrication process is not
only beneficial from an environmental point of view, but also
reduces the costs associated with the disposal of hazardous
chemicals and creates a friendly working environment.
Furthermore, avoiding organic solvents and corrosive reagents
enables the direct patterning of a wide range of biomaterials
that were incompatible with previous processes.

In light of this, the greatest challenge for emerging nano-
fabrication technologies will be the integration of ecofriendly
fabrication approaches with the cost effective and high
throughput procedures required in large scale industrial pro-
duction. To this end, next-generation lithographic methods

should rely on inexpensive, biodegradable and easily accessible
materials.1–3

Following the recent developments in the semiconductor
and flexible electronics industries, among the emerging high-
resolution patterning techniques, nanoimprint lithography
(NIL) can be considered the most promising approach for
mass production of innovative optic and electronic devices.
Features as small as 10 nm can be produced using NIL,4 and
when compared to electron beam lithography (EBL) and other
high-end photolithographic methods, NIL is simultaneously a
low cost and more versatile technique; it is compatible with
roll-to-roll technology and is suitable for large area patterning.
Furthermore, in nanoimprinting lithography, resist molding is
attained via mechanical deformation, making this technique
suitable for patterning a broader range of materials indepen-
dently of their light or electron sensitivity.

Nanoimprinting lithography is a simple and scalable tech-
nique that enables moving from the laboratory to a larger
scale; however, a viable water processable ecofriendly resist for
this technology is still missing. Indeed, despite the attractive
features of NIL techniques, there are only a few examples of
biodegradable materials used as resists for NIL, while most of
the studies have aimed at developing photolithographic5 and
EBL ecofriendly resists, as recently demonstrated for silk
fibroin and cellulose based materials.6,7

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c8nr04851g

aInstitut de Ciència de Materials de Barcelona (ICMAB-CSIC), Campus de la UAB,

08193 Bellaterra, Catalonia, Spain. E-mail: amihi@icmab.es
bICFO-The Institute of Photonic Sciences, Av. Carl Friedrich Gauss, 3, 08860

Castelldefels, Barcelona
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NIL is a suitable method for the patterning of biopolymers,
finding a wide range of applications, particularly in the pro-
duction of biophotonic platforms.8 Molding of diverse cellulo-
sic materials has previously been reported; for instance, it is
possible to hot emboss liquid wood9 or to use fast imprinting
methods compatible with roll-to-roll to pattern cellulose-based
polymers.10–12 The feasibility of patterning these eco-friendly
materials is the starting point for the development of a viable
green resist for nanoimprinting lithography.

In this work, we utilize hydroxypropyl cellulose (HPC) as a
thermal aided nanoimprint (tNIL) resist fully processed with
water. We aim to provide the first characterization of the HPC
as a green resist and demonstrate its potential by fabricating
photonic crystals and 2D metal nanoparticle arrays. In doing
so, we provide data on the performance of this material in
common nanofabrication processes such as spincasting, reac-
tive ion etching and metal lift off. The opportunity to use cell-
ulose-based materials as lithographic resists is particularly
appealing, first of all because cellulose is the most abundant
polymer on Earth and since centuries it has been extracted
from vegetal sources. In particular, hydroxypropyl cellulose is a
water soluble derivative of cellulose in which some of the OH
groups from the polysaccharide chain have been substituted
with an ether group. HPC is cheap, commercially available,
biodegradable and biocompatible and it is already widely used
in the pharmaceutical industry as a passive drug excipient.
Previous patterning attempts of water processable biopolymers
such as poly vinyl alcohol (PVA) were mainly achieved in the
form of free-standing membranes and by using replica
molding techniques (pouring the polymer directly on the
PDMS mold). PVA is frequently used only as a lift-off layer
since nanoimprinting this material requires the use of hard
molds under high pressures (5 MPa), which hinder conformal
contact with the substrate.13 In contrast, we demonstrate
herein the imprinting of HPC with extremely low pressures (ca.
0.05 MPa) and flexible PDMS molds.

Furthermore, this cellulose based resist is not only an eco-
friendly alternative, but also can be combined with traditional
resists insoluble in water, leading to advanced fabrication pos-
sibilities. As an example, we fabricated alternating stacks of
HPC and PMMA in which each material can be selectively
removed with water or toluene, demonstrating its potential as
a sacrificial layer. Polymeric multilayers are widely studied
systems that find application in many different fields ranging
from biotechnology14 to optics15 and that are currently
employed in advanced lithographic techniques.16,17 Moreover,
combining this method with tNIL, we have been able to
produce ordered arrays of air-holes embedded in PMMA,
opening up the path towards a straightforward nanofabrica-
tion strategy that can find application in the production of
innovative optofluidic devices.18

The characterization of the cellulose-based resist begins
with the fabrication of typical nanostructures by tNIL. The per-
formance of the cellulose derivative in each lithographic step
(dry etching, water lift-off and selective development) is sub-
sequently analyzed.

The patterning process of the HPC film on silicon wafers is
illustrated in Fig. 1a. Briefly, a spincast HPC film is heated at
140 °C on a hot plate above the HPC glass transition tempera-
ture while gently pressing with a pre-patterned PDMS mold.
After being cooled down, the mold is released, leaving the
negative pattern on the HPC layer.

Results and discussion

The first requirement for a good nanoimprinting resist is the
possibility to obtain smooth and homogeneous films with
tunable thicknesses via spin coating. The thickness of the film
depends on the concentration of the polymer solution (which
determines the solution viscosity) and on the spin-coating
speed. HPC solutions in water are optically transparent and
homogeneous. They are simply prepared by stirring HPC
powder in deionized water (see the Experimental section). The
cellulose solutions can be readily spincast on silicon wafers or
glass substrates without any pre-treatment of the substrate
surface. Smooth and homogeneous films of HPC with
different thicknesses are obtained after spincasting. To the
best of our knowledge, there is no preexisting data describing
thin films of HPC obtained by spincasting from aqueous
media. We provide herein a spin rate vs. thickness standard
curve, recorded for different cellulose concentrations (Fig. 1b).
Highly homogeneous layers of HPC on silicon were fabricated
by varying the spin speed between 2000 and 5000 rpm. Lower
spin rates resulted in inhomogeneous HPC films while at
higher spin rates there were not considerable variations in the
film thickness.

In order to characterize the surface roughness of the HPC
films, a topographic analysis (Fig. 1c) of the HPC layers before
and after the imprinting process was performed. We found
that the root-mean-square height (Sq) of the as prepared film
was only 3 nm, which further decreased to 0.8 nm after the
hot embossing process using a PDMS mold.

One of the main differences between thermally assisted
nanoimprinting or hot embossing and traditional photolitho-
graphic techniques is that the patterning process always leaves
an excess of material between the imprinted features and the
substrate.19 This residual layer must be removed in order to
expose the underlying wafer and use the polymer as a litho-
graphic mask. Good control over the thickness and homogen-
eity of this residual layer is required for a successful replication
of the pattern in the substrate. Minimizing the residual layer
thickness dramatically improves the quality of the final
pattern,20 minimizing the lateral erosion during the etching
process.

During the embossing step of the HPC films, the polymer
flows until filling the mold features after which point it
stops,21 and no decrease in thickness of the residual layer
occurs even after prolonged embossing time. A similar behav-
ior was observed by Lee et al.22 during hot embossing of
PMMA films on silicon using tNIL. Following a volume conser-
ving model, it is possible to calculate a directly proportional
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relationship between residual layer thickness and the initial
film thickness that depends only on the mold pattern
geometry.

The excellent mechanical stability of HPC enabled the
fabrication of pillar and hole arrays with aspect ratios greater
than 1 and with minimum feature size down to 100 nm
(Fig. 1d, e and 2f). Alternatively, HPC can also be patterned via
electron beam lithography (EBL) with analogous submicro-
metre resolution. Dosage tests and further details of the per-
formance of HPC under electron beam exposure are provided
in the ESI.†

Large area patterns of 1 cm2 were produced with tNIL in
cellulose showing excellent replication of the PDMS pattern.
Furthermore, hot embossing of HPC does not require any
surface treatment of the PDMS mold and it can be performed

at relatively low temperatures (140 °C) gently pressing the
mold against the film for 1 minute.

At this point of the process, a patterned hydroxypropyl cell-
ulose layer is left on top of a silicon wafer. To transfer the
pattern from the resist to the underlying substrate, dry etching
processes are typically applied. Reactive Ion Etching (RIE) is
one of the most advanced techniques suitable for large scale
integration in surface micromachining processes. However,
the production of high aspect ratio features (deep etching)
requires a fine-tuning of the process parameters and an ade-
quate choice of precursor gases to obtain anisotropic etching.

Silicon deep etching processes often rely on chemistries
that protect the side walls to ensure minimum lateral erosion
and produce vertical side walls and sharp features.23 Among
these techniques, the mixed mode Bosch process (pseudo

Fig. 1 (a) Schematic representation of the thermal nanoimprinting (tNIL) process employed to pattern the HPC resist on glass and silicon substrates.
(b) Spin rates vs. thickness curves for HPC films spincast from aqueous solutions with concentrations of 0.054 g mL−1 (black), 0.047 g mL−1 (red) and
0.041 g mL−1 (green). (c) Atomic Force Microscopy pictures of flat HPC films as prepared (left) and after imprinting (right), reporting the measured
root-mean-square height, Sq. The insets show a photograph of the samples before and after imprinting, in which the red dot highlights the scanned
area. (d) Exemplar SEM top view image of the pillars (left) and holes (right) of an imprinted hydroxypropyl cellulose film on silicon at different mag-
nifications (samples have been covered with 10 nm of gold). (e) Atomic Force Microscopy cross sectional profiles of the imprinted features in (d).
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Bosch) used in this work is particularly suitable for nanoscale
etching24,25 since it allows us to obtain smooth sidewalls
without the need for cryogenic cooling. For the RIE conditions
used in this study (see the Experimental section), we investi-
gated the etching rate of HPC and its selectivity versus silicon.
The ratio between the etching rate of the resist and the wafer
substrate determines the maximum possible depth of the
etched features that can be transferred to the substrate. Mask
erosion can thus be an extremely limiting factor in dry etching
processes, particularly when a polymeric resist is employed.

The imprinted HPC films on silicon wafers underwent
different RIE steps, which were performed in order to deter-
mine the effect of the RIE conditions on the replication of the
pattern. Setting the optimal etching parameters usually

requires several sets of experiments and is far beyond the
purpose of this paper. Here we report a preliminary study of
the etching behavior of hydroxypropyl cellulose in a DRIE
process as a general guideline that can be subjected to further
optimizations. In general, all the etching conditions studied
herein yielded a faithful replication of the pattern into the
silicon wafer. Optical and electron microscopic inspections
indicated excellent homogeneity along the patterned area and
the samples showed the characteristic iridescent color of
photonic crystals (Fig. 2c). The minimum feature size tested in
this work is 100 nm as illustrated in the ESI† (Fig. S10) and
was only limited by the lack of pre-patterned molds with
smaller features in our laboratory. We have not observed any
increase in roughness or distortion of the features in any of

Fig. 2 (a) Etching rates of silicon (black) and HPC (red) and the calculated selectivity of the process for C4F8 flows equal to 70, 80 and 90 sccm
with a fixed ICP power of 300 W. (b) Etching rates of silicon (black) and HPC (red) and the calculated selectivity of the process for ICP powers equal
to 300, 400 and 500 W with a C4F8 flow of 70 sccm. (c) Picture and top view SEM image of a patterned silicon substrate after RIE. (d) SEM cross
section of a sample etched for 2 min with 70 sccm C4F8 flow and 500 W ICP power. Hole depth corresponds to 410 nm. (e) SEM cross section of a
sample etched for 3 min with 90 sccm C4F8 flow and 300 W ICP power. Holes depth corresponds to 260 nm. (f) 120 nm diameter hole patterns
transferred to silicon using HPC as a resist. From left to right: SEM top view images of the original master, imprinted HPC and silicon substrate after
RIE.
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the patterned HPC films; hence, we believe that smaller fea-
tures can be achieved in HPC if new composite stamps with
nanometric patterns are utilized.26

Fig. 2a and b show the etching rates of silicon and HPC
and the corresponding selectivity obtained for three different
C4F8 flows at a fixed ICP power of 300 W and for three
different ICP powers at a fixed C4F8 flow of 70 sccm. The
maximum selectivity is obtained for an ICP power of 400 W
with a C4F8 flow of 70 sccm and corresponds to a value of 1.64,
which is comparable with the values reported for PMMA (ca.
2).27–29 Fig. 2d and e show SEM cross sections of two samples
etched under different RIE conditions. It is worth noting that
increasing the ICP power value with a C4F8 flow fixed at 300
sccm deteriorates the degree of anisotropy of the process. To
compensate for this effect one possibility is to increase the
C4F8 flow (Fig. 2e); however, this deteriorates the selectivity of
the process.

The poor selectivity of resist masks is well known to the
nanofabrication community, which restricts their use to low
aspect ratio features. When deep etching is required, photo-
resist masks are an intermediate step towards the deposition
of a more robust material such as metals. In these cases, a
metal is evaporated on top of the resist mask, and then the
resist is removed from the wafer, leaving the desired metallic
pattern behind. The removal of the resist mask that prevented
the metal deposition on the silicon wafer, typically called “lift-
off”, is a commonly used nanofabrication step that is most
necessary to obtain well-defined features. The possibility to
employ the lift-off technique using HPC as a sacrificial layer is
particularly attractive5,6 considering that the whole process can
be implemented using only water as a solvent, therefore mini-
mizing the use and generation of hazardous and polluting
wastes.

To demonstrate the validity of the cellulose resist in a lift-
off process with water, an array of aluminium nanoparticles
organized in a square array were fabricated. A schematic of the
fabrication process is depicted in Fig. 3c: briefly, HPC was
spincast on glass substrates and thermally imprinted, followed
by a short RIE step required to remove the residual layer from
the imprinted HPC structures and to expose the glass substrate
underneath. Next, 150 nm of aluminum are thermally evapor-
ated above the sample. Finally, the HPC sacrificial layer is
removed in water. After this lift-off step, only an array of alumi-
num nanoparticles remains on the glass surface.

Nanoparticle square arrays with lattice parameters of 400,
500 and 600 nm were fabricated using HPC as a sacrificial
layer. A representative SEM picture of the 400 nm lattice para-
meter nanoparticle array is shown in Fig. 3a. The optical
characterization of the samples (Fig. 3b) shows the presence of
an intense extinction peak corresponding to the Bragg surface
plasmon polariton (Bragg-SPP), which red-shifts with
increasing lattice parameter, which evidences the high
quality of the plasmonic crystals fabricated. Further tuning of
the nanoparticle diameter can be achieved by varying the dur-
ation of the etching step that precedes the metal deposition
(ESI†).

We have demonstrated so far the viability of hydroxypropyl
cellulose as an environmentally friendly water processable
resist, providing spin rates, etching selectivity values and lift
off procedures. It is worth noting that the type of cellulose
derivative and its substitution degree might affect the perform-
ance of the polymer under chemical etching and water devel-
opment. Therefore, it might be possible to find derivatives
with improved response under the nanofabrication processes.

In the following sections, we will demonstrate that HPC is
not only a water processable resist but can also yield new and
exciting advanced nanofabrication possibilities. HPC is bio-
compatible and is completely processed in water; thus it can
be used as a means to pattern many biological materials
incompatible with previous corrosive reagents. Furthermore,
water is orthogonal to most solvents used with traditional
resists, meaning that HCP can be combined with them via
liquid-phase processing and selectively removed. To demon-
strate this additional functionality, we fabricated HPC and
poly(methyl methacrylate) (PMMA) multilayers by alternate
deposition of both polymers. ABAB and BABA stacks were fab-
ricated by alternate spincasting of A (HPC solutions in water)
and B (PMMA solutions in Toluene). Considering that HPC is
not soluble in toluene and PMMA30 is not soluble in water, it
is possible to employ both orthogonal solvents to specifically
dissolve a particular polymer in the stack.

Fig. 4 shows cross-sectional SEM images of the ABAB and
BABA multilayer stacks prior to and after removal of the A or B

Fig. 3 (a) Top view SEM of the fabricated square array of aluminium
pillars with 300 nm diameter, 150 nm height and 400 nm lattice para-
meter. (b) Extinction spectra of the metal arrays with varying lattice
parameters of 400 nm (black), 500 nm (red) and 600 nm (blue). (c)
Schematic of the lift-off process employed to fabricate aluminium nano-
particle arrays on glass substrates.
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layers. As can be clearly seen from the picture, depending on
the solvent used for the development it is possible to comple-
tely dissolve one or the other material, obtaining a monocom-
ponent system consisting of two layers separated by a thin film
of air. It is worth noting that if the films are developed care-
fully it is possible to avoid the lift-off of the upper layer and
the remaining undeveloped films adhere to the substrate and
collapse onto each other. Since we believe that water diffuses
laterally from the edges of the film towards the center, dissol-
ving the HPC can lead to delamination if thick layers of HPC
are employed. Using submicrometric HPC films minimized the
cracking of the PMMA layers and facilitated stack fabrication.

This can be exploited to fabricate novel architectures with
embedded air cavities for instance. To illustrate this advanced
nanofabrication possibility, we combined thermal nanoim-
print lithography with multilayer stacks of PMMA and HPC to
fabricate a 2D air cavity array embedded in PMMA (Fig. 5a).

To fabricate this challenging architecture, a 300 nm layer of
PMMA is spin coated on a silicon substrate and thermally
imprinted as previously described. Next, HPC and PMMA are
sequentially spin coated on the tNIL-PMMA layer: first a thin
layer of HPC followed by a second layer of PMMA at the top of
the stack. The development of the stack with water dissolves
the thin cellulose layer and the top PMMA layer collapses onto
the bottom one, encapsulating the nanoimprinted array of
holes. Fig. 5 shows cross sectional SEM images of the
tNIL-PMMA/HPC/PMMA stack before and after development
with water of the HPC. The presence of air cavities in the film
of PMMA is further confirmed by changes in the reflectance
spectra of the stacks (Fig. 5c) and by optical inspection of the

Fig. 4 Cross sectional SEM images of polymeric stacks on silicon sub-
strates. The film thickness is 450 ± 50 nm for both HPC and PMMA
layers. (a) HPC-PMMA-HPC-PMMA four layer stacks before and after
development in water (HPC layer dissolution). (b)
PMMA-HPC-PMMA-HPC four layer stack before and after devolvement
in toluene (PMMA layer dissolution).

Fig. 5 (a) Schematic process employed to fabricate periodic air cavity arrays embedded in PMMA: briefly, HPC is spincast on thermally imprinted
PMMA (tNIL_PMMA), and then a layer of PMMA is spincasted on top of the stack. Finally, the HPC is removed with water, leaving a hole-array
embedded in PMMA. (b) Cross sectional SEM images of imprinted PMMA-HPC-PMMA stacks on silicon substrates before (top) and after (bottom)
development in water. (c) FTIR reflection spectra of imprinted PMMA on silicon (black) and imprinted PMMA-HPC-PMMA stacks on silicon substrates
before (red) and after (green) development in water.
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films with the naked eye. The tNIL-PMMA film appears irides-
cent due to the 500 nm lattice parameter 2D grating. The
specular reflectance spectrum from tNIL-PMMA (Fig. 5c, black
line) presents the characteristic Fabry–Perot oscillations orig-
inating from the thin film, together with presenting features
in the 550 and 700 nm wavelength ranges, indicating the exist-
ence of diffraction.

When the holes in the stack are filled with HPC, the HCP
and PMMA layers are index matched (refractive indexes are
1.49 for both materials), the iridescence of the pattern dis-
appears and no distinctive features are present in the reflec-
tion spectra (red line). After developing HPC, the presence of
periodic air voids imbedded in the PMMA returns the irides-
cent aspect of the sample and diffraction features appear
again in the reflection spectrum in the 550–700 nm range.

Conclusions

We have demonstrated the use of hydroxypropyl cellulose as a
water processable resist. Patterned areas of 1 cm2 with submi-
crometric features and aspect ratios higher than 1 were fabri-
cated in silicon using a thermally assisted nanoimprinting
technique. We provide key values for spincasting rates, dry
etching recipes and selectivity values of the cellulose resist
comparable with the data reported in the literature for PMMA.
The fabrication of metal nanostructures is also possible by
combining metal deposition on the imprinted resist followed
by water removal of the cellulose derivative. High quality plas-
monic crystals with varying lattice parameter were fabricated
and their optical response was characterized by optical spec-
troscopy. The cellulose based resist has similar characteristics
to traditional resists but is biocompatible and is completely
processed with water, opening up possibilities for nanostruc-
turing many biological materials. Furthermore, HPC can be
used in combination with PMMA, both resists being processed
with orthogonal solvents, enabling many advanced nanofabri-
cation possibilities. To illustrate this added functionality, we
fabricated multilayer stacks of PMMA and HPC in which one
of the two materials can be selectively removed by just develop-
ing the stack in water or toluene. In sum, hydroxypropyl cell-
ulose is a green and water processable nanoimprinting resist
compatible with mass production processes. HPC is processed
orthogonally to most common resists; hence it can be com-
bined with them to yield novel nanostructures with potential
application in photonics, microfluidics and advanced litho-
graphic techniques.

Experimental
Materials

Prepatterned silicon masters were purchased from Cemitec
(Navarra, Spain) and from EULITHA (Switzerland). A hard oly-
dimetylsiloxane (PDMS) silicone elastomer kit was purchased
from Gelest (Morrisville, PA 19067, USA) and a soft PDMS

Sylgard184 silicone elastomer kit from Dow Corning
Corporation (Auburn, MI 48611, USA). 1H,1H,2H,2H-
Perfluorooctyltrichlorosilane (PFOTS), 97%, was purchased
form Alfa Aesar (Thermo Fisher GmbH, Karlsruhe, Germany).
Hydroxypropyl cellulose (HPC), with average Mw ∼ 100 000,
powder, 20 mesh particle size (99% through) and degree of
substitution DS = 3, and poly(methylmethacrylate) (PMMA),
average Mw ∼ 15 000, were purchased from Sigma-Aldrich
Quimica SL (Madrid, Spain).

PDMS molds

PDMS molds were fabricated following previously reported
methods.31 Briefly, silicon masters were functionalized with
PFOTS (perfluorooctyltrichlorosilane) as an anti-sticking layer,
lowering the surface energy and allowing the easy release of
cured PDMS. The molds were fabricated casting on the master
first a thin layer of hard-PDMS and a second thick layer of soft
PDMS as supports. The choice of using a composite mold is
necessary in order to achieve simultaneously mechanical stabi-
lity of the pattern and conformal contact with the substrate.

The three 1 cm2 patterns used in this work consist of
square arrays of cylindrical pillars with 300 nm diameter,
350 nm height and lattice parameters of 400, 500 and 600 nm.

HPC films

First, a stock solution of HPC powder in water with a concen-
tration of 217 mg mL−1 was prepared by mixing and inten-
sively stirring the HPC powder in DI water. This stock solution
was further diluted in water in order to obtain three different
aqueous solutions of 41, 47 and 54 mg mL−1. Each of the
aqueous solutions was stirred on a magnetic plate for 3 h. The
HPC solutions were directly spin coated on clean silicon and
glass surfaces. The spin time was 1 minute and the spin accel-
eration 1000 rpm s−1 for all the experiments performed. Thin
films of HPC with thickness ranging between 2 μm and 50 nm
were obtained by changing the HPC solution concentrations
and the speed of spin coating.

Thermal nanoimprint lithography

HPC films deposited on silicon were placed on a hot plate at
140 °C (glass transition temperature of HPC is 105 °C32). Next,
a patterned PDMS mold was gently pressed against the sub-
strate for 1 minute. Samples were left to cool down to room
temperature and finally demolded.

Sample characterization

Flat HPC film thicknesses were obtained by the numerical
fitting of the Fabry–Perot oscillations from the experimental
reflection spectra using the transfer matrix formalism. The
HPC refractive index value was reported in previous studies.33

The reflectivity and transmission of the samples were
measured using a Fourier Transform Infrared Spectrometer
(FTIR, Bruker Vertex 70) attached to a microscope with a 4×
objective. The depth of the features in HPC and silicon pat-
terns was measured using a Keysight 5100 scanning probe
microscope (AFM tapping mode configuration) and scanning
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electron microscopy (SEM QUANTA FEI 200 FEG-ESEM) cross
sectional image analysis.

Dry etching conditions

Samples were etched using an Oxford Instruments Plasmalab
System 100 ICP. Selectivity values were calculated from five
different sets of etching conditions: (i) 300 W ICP Fw power
and 70 sccm C4F8 flow, (ii) 300 W ICP Fw power and 80 sccm
C4F8 flow, (iii) 300 W ICP Fw power and 90 sccm C4F8 flow, (iv)
400 W ICP Fw power and 70 sccm C4F8 flow, and (v) 300 W ICP
Fw power and 90 sccm C4F8 flow. In all the processes, the
pressure has been set to 15 mTorr, the RF generator power to
35 W and the SF6 gas flow to 45 sccm. Silicon and HPC etching
rates were calculated by linear fitting of the etching depth (see
ESI†) for 1, 2 and 3 minutes etching time (samples i, ii, and
iii) and for etching times 1 and 2 minutes (iv, v).

Metal deposition and lift off

Aluminum was deposited via e-beam evaporation (AJA
International Inc. ATC-8E Orion). Samples were developed in
running DI water for 30 seconds followed by 20 minutes soni-
cation in DI H2O.

PMMA-HPC multilayer stacks: HPC and PMMA stacks were
fabricated by alternate spin coating at 3000 rpm an HPC solu-
tion in DI water (0.054 g mL−1) and a solution of PMMA in
toluene (10 wt%) followed by drying at 50 °C on a hot plate for
15 min. HPC (PMMA) layers were developed by immersing the
samples in water (toluene) for 10 minutes. The samples were
dried in air.

Imprinted multilayer stacks: first, a thin layer of PMMA
(10 wt%, w = 3000 rpm) was hot embossed at 90 °C. Second, a
dispersion of HPC in water (0.0165 g mL−1) was spin coated at
3000 rpm on top of the imprinted PMMA. Finally, a layer of
PMMA was deposited using the same conditions as for the
first PMMA layer. Samples were developed in water for
10 minutes and dried in air.
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Section 1. Calculation of HPC film thickness

Hydroxypropyl cellulose (Mw=100000 KDa) was obtained from Sigma-Aldrich. Further 

information on the material can be found in the following link: 

https://www.sigmaaldrich.com/catalog/papers/22961411 .

The thickness of flat HPC films on silicon was extracted by fitting the experimental reflectivity 

with spectra calculated by the transfer matrix method.30 The reflection spectrum from a thin film 

of the HPC shows characteristic oscillations (Fabry-Perot oscillations) which depend on the films 

thickness and dielectric constants of the layered materials. Figure S1 shows both experimental 

(blue) and calculated (red) reflection spectra in the visible range for two exemplar HPC films with 

different thicknesses. The averaged refractive indexes used for the fittings are 1.47 for HPC29 and 

3.9 for silicon,31 and the film thickness are set to 220 nm for the spectrum on the left and to 405 

nm for the spectrum on the right. Experimental spectra were acquired using an FTIR spectroscope 

attached to a microscope with a 4X objective. Different spots of the samples have been probed, 

showing a high homogeneity of the HPC film.

      
Figure S1: Experimental (blue) and calculated (red) reflection spectra for HPC films on silicon 

with thicknesses of 220 nm (left) and 405 nm (right).

Section 2. Depth of the imprinted features in HPC films

Atomic force microscopy analysis was performed in representative HPC films imprinted with 

holes and pillars with lattice parameter of 400 nm in order to measure the depth or height of the 
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imprinted features. Results are exhibited in Figure S2. The holes depth was approximately 365 

nm while the pillars height was 362 nm. The estimate AFM error in the Z direction is ± 40 nm. 
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Figu

re S2: representative HPC imprinted pillar and holes AFM measurements: Atomic force 

microscopy image and representative profiles with step height calculation for holes and pillars 

imprinted in HPC.

Section 3. Calculation of the Residual layer thickness

The resist volume equivalence model assumed to calculate the residual layer thickness is 

schematized in Figure S3. Once the PDMS mold features are filled with the HPC, the material 

flow stops and the initial HPC volume V₁ must be equal to the volume V₂ obtained after the HPC 
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patterning. The initial thickness hᵢ required to obtain a residual layer with thickness hf equal to 

zero, can thus be calculated knowing the pattern geometry and the features depth hr.

As an example we apply this model to one of the PDMS molds used in this work and consisting 

of a 1 cm2 imprinted area of pillars in a square array with radius r=150 nm, pillars height hr=350 

nm and lattice parameter L= 400. Using the formulas and schemes depicted in Figure S4, the 

minimum initial layer thickness hmin required to fill the mold feature and ideally leaving no residual 

layer corresponds to 195 nm. Spin coated layers with thicknessess hi above the calculated 

minimum thickness hmin will result in the formation of a residual layer with thickness hf = hi – hmin.

Figure S3: resist volume equivalence model: Schematic of volumes involved during HPC 

molding.

Figure S4: PDMS mold geometry: Top view and side view of the PDMS mold used and related 

minimum initial layer thickness calculation. 

To verify experimentally this calculation we scratched the HPC film inside and outside the 

patterned area and we measured via atomic force microscopy the steps height. Outside the patter 

(Figure S6) we obtained an HPC layer thickness of 223 nm, consistent with previous optical 

measurements. Inside the pattern (Figure S5) we measured a film thickness of 381 nm. This 

𝑉1 = 𝑉2

𝐴1 ∗ ℎ𝑟= 𝐿
2 ∗ ℎ𝑚𝑖𝑛

(𝐿2 ‒ 𝐴2) ∗ ℎ𝑟= 𝐿2 ∗ ℎ𝑚𝑖𝑛

(𝐿2 ‒ 𝜋𝑟2) ∗ ℎ𝑟= 𝐿2 ∗ ℎ𝑚𝑖𝑛
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thickness represents the distance between the top of the imprinted feature and the underlying 

substrate. Considering that the holes depth is 350 nm, the residual layer thickness for this sample 

is 31 nm, which is quite close to the theoretically calculated one (28 nm).

Figure S5: HPC thickness inside pattern: Atomic force microscopy image and representative 

profiles with step height of a scratched area inside the HPC patterned region (red dashed line in 

the sample photo).

Figure S6: HPC thickness outside pattern: Atomic force microscopy image and representative 

profiles with step height of a scratched area outside the HPC patterned region (red dashed line in 

the sample photo).
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Section 4. Calculation of the Reactive Ion Etching rates 

In order to etch the residual layer of cellulose and to transfer the patter to the silicon wafer, we 

followed a pseudo Bosch etching process. In a pseudo Bosch etching a mixture of C₄F₈ and SF₆ 

gases is simultaneously injected in the RIE chamber. The ionization of C₄F₈ leads to the formation 

of a polymeric chain of CF₂ that settles on the substrate protecting it from erosion while substrate 

milling is carried out by the accelerated SFx and Fy ions impinging on the substrate. However, the 

DC bias accelerates the ions towards the target material and the passivation layer deposited on the 

horizontal surfaces is removed at a faster rate than the one deposited on the vertical side walls. As 

a result, with an appropriate tuning of the gas ratio and the ICP power, it is possible to achieve a 

dynamic equilibrium in which the Silicon vertical sidewalls are protected by the CF₂ polymer 

while the horizontal surfaces remains exposed to milling ions. Selectivity values (Etching rate 

Si/etching rate HPC) have been estimated testing five different set of etching parameters: i) 300 

W ICP Fw (forward) power and 70 sccm C₄F₈ flow, ii) 300 W ICP Fw power and 80 sccm C₄F₈ 

flow, iii) 300 W ICP Fw power and 90 sccm C₄F₈ flow, iv) 400 W ICP Fw power and 70 sccm 

C₄F₈ flow, v) 300 W ICP Fw power and 90 sccm C₄F₈ flow. For all the experiment, pressure has 

been set to 15 mtorr, RF generator power to 35 W, SF₆ gas flow to 45 sccm. 

Silicon and HPC etching rates shown in figure S7 have been calculated by the linear fit of etching 

depth for etching times of 1,2 and 3 min. (batches i, ii, iii) and for etching times 1 and 2 min. 

(batches iv, v). HPC thicknesses have been calculated by fitting the Fabry Perot oscillation as 

previously described. Measurements have been done on flat HPC areas outside the pattern, or using 

a flat layer of HPC with a known initial thickness as reference. Silicon holes depth has been 

measured with SEM cross section (figure S7).Data in the graphs were calculated in the following 

way:

 Etching rates HPC: [220 – (measured HPC thickness outside pattern)]/etching time

 Etching rate Silicon: (Holes depth)/[(time etching)-(time to remove residual layer)]

 Time to remove the residual layer: [(cellulose etching rate)*(residual layer thickness)] 

assuming a residual layer thickness of 25 nm.

138



Batch (i): Fw power: 300 W, C4F8 flow: 70 sccm

  
HPC etching rate Silicon etching rate

0 0.5 1 1.5 2 2.5 3 3.5
0

100

200

300

400

   
0 0.5 1 1.5 2 2.5 3-100

0

100

200

300

400

Figure S7: Exemplar calculation of etching rates for silicon and HPC for the Batch (i) (300 W of 

Fw power and 70 sccm C4F8 flow). SEM cross sectional photo shows the depth of the holes 

transferred in silicon for etching time of  1, 2 and 3 minutes.

Section 5. Additional photos of Al Nanoparticle arrays fabricated with the lift off technique

Aluminum nanoparticles arrays with varying lattice parameter of 400, 500 and 600 nm fabricated 

with metal deposition and water lift off are shown in Figure S8. Prior to depositing the 150 nm Al 

layer, the samples were etched for 10s using a Reactive Ion Etcher RIE 2000 CE (South Bay 

Technology Inc.). The etching parameters are 20 sccm of O2 flow, 5 mTorr pressure and 30 W 

power and the HPC etching rate is c.a. 160 nm/min. Residual layer thickness of 20 nm was 

considered for each pattern geometry. Further tuneability of the nanoparticle diameter can be 

achieved by varying the duration of the etching step that precedes the metal deposition, taking 

advantage of the lateral erosion that occurs during RIE process (Figure S9).

3 minutes etching 2 minutes etching 1 minute etching
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L= 400, etching time 10 s L=500, etching time 10 s L=600 , etching time 10 s

  
Figure S8: SEM photos of Al nanoparticles arrays with increasing lattice parameter (400, 500 and 

600 nm) deposited via metal deposition and lift off. 

L= 400, etching time 10 s L=400, etching time 20 s L=400 , etching time 30 s          

  

Figure S9: SEM photos of Al nanoparticles arrays with increasing nanoparticles diameter (326, 

336 and 356 nm), deposited via metal deposition and lift off. 

Section 6. Additional photos of high resolution patterning of Silicon using HPC as resist

Anti reflection patterns (AR) have been successfully transferred to silicon using tNIL and HPC as 

resist. The AR nanostructures of the master (NIL technology Aps, Denmark) make use of the bio-

inspired moth-eye effect, and consist in a hexagonal array of conical shaped pillars (holes), with 

lattice parameter of 300 nm. Using these structures we could fabricate asymmetrical holes arrays 

on silicon with minimal dimension of 100 nm (Figure S10). The apparent non-conformity of the 

HPC pattern in the SEM images is essentially an artifact due to the damage of the HPC pillar 

during electron scanning.
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Figure S10: Anti reflection pattern transferred to silicon using HPC as resist. From left to right: SEM 

top view images of aluminum, imprinted HPC and silicon substrate after RIE.

Section 7. Patterning of HPC using electron beam lithography (EBL)

Hydroxypropyl cellulose was tested under exposure of electron-beam irradiation (SEM FEI 

InspectF with Raith Elphy add-on) to test its conversion from soluble to insoluble phase. Fig S11a 

shows square patterns after ebeam exposure at different doses and 1 min development in H2O. The 

corresponding dose curve extracted from these experiments is summarized in Fig S12. The Ideal 

dose inferred from these results is around 150 μC/cm2 while lower dose values correspond to an 

under conversion and higher dose values to an overexposure leading to a thickness decrease. At 

optimal dose 20% of thickness loss compared to initial cellulose layer thickness is attributed to a 

swelling of cellulose material. 
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Figure S11 a) Electron beam exposure of cellulose on Si substrate. Dose ranges from 10 to μC/cm2 

to 20500 μC/cm2, increasing from left to right and from bottom to top. Acceleration voltage of e-

beam was 30kV, current 25 pA. b - d) Close up SEM top views of different size e-beam patterned 

lines in hydroxypropil cellulose .

Fig S12.b –d depicts several SEM images from different size line arrays written with e-beam on 

cellulose using the optimal conditions. Resolutions as low as 350 nm could be achieved using bare 

hydroxypropyl cellulose in this preliminar study.
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Figure S12: Ratio of the thicknesses of e-beam irradiated structures with initial cellulose layer 

thickness versus the applied electron beam dose 

Comparison of HPC with PVA under EBL patterning

HPC shows much higher sensitivity to electron beam patterning than PVA; the dose required for 
PVA patterning4 is at least one order of magnitude higher than the one required for HPC. 

[1] P. D. T. Huibers, D. O. Shah, Langmuir 1997, 13, 5995.

[2] P. Molet, J. L. Garcia-Pomar, C. Matricardi, M. Garriga, M. I. Alonso, A. Mihi, Advanced 
materials (Deerfield Beach, Fla.) 2018.

[3] D. E. Aspnes, A. A. Studna, Phys. Rev. B 1983, 27, 985.

[4] José Marqués-Hueso, Rafael Abargues, Josep Canet-Ferrer, Saïd Agouram, José Luís 
Valdés and Juan P. Martínez-Pastor, Langmuir, 2010, 26 (4), 2825
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6 Summary of results 

In this thesis I adapted and optimized industrially scalable nanofabrication processes based on soft-

lithographic techniques, for the realization of tailored photonic architectures into hydroxypropyl cellulose 

(HPC). The key findings at the basis of this work are: 

 

- HPC free-standing membranes as well as thin films on rigid substrates with thicknesses varying from 

few millimeters to tens of nanometers can be easily fabricated via spin-coating of HPC water solution. 

Fine control over thickness of the film can be achieved tuning solution concentration and spinning 

conditions. 

 

- HPC films are biocompatible non-toxic and edible. Furthermore, free-standing membranes have high 

flexibility and possess adhesive properties, indeed they can conformally adhere to uneven surfaces and 

they can retrieve different materials from donor substrates. 

 

- HPC is soluble in water and thermoformable, so two different methods were employed to pattern its 

surface: replica molding, more suitable for the realization of thick free-standing film, and thermal soft 

nanoimprinting, employed to pattern thin films deposited on solid substrates. A huge number of 

patterns geometry have been demonstrated, reaching minimum feature sizes of 100 nm. 

 

- Different cellulose derivatives (acetyl cellulose) or cross-linked HPC can be used to fabricate photonic 

crystals featuring solubility, hydrogel formation or insolubility under water immersion. 

 

In order to demonstrate the relevance of these findings, I characterized the performance of the fabricated 

HPC-based structures for several specific applications, benchmarking them with the current state of the art 

technology. In doing so, I followed two main goals. 

 

1 Provide innovative optical and electrical functionality to hydroxypropyl cellulose. 

To the extraordinary properties of cellulose based materials, I added a light management functionality 

by shaping HPC films into photonic and plasmonic crystal structures via nanoimprinting lithography. 
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I also demonstrated the easy incorporation into HPC membranes of functional materials like carbon 

nanotubes or exotic metal nanostructures like Moiré multilayers, using a novel modification of the 

transfer printing technique. The versatility of these approaches, opens up new venues in the field of 

cellulose based photonic architectures, offering a smart opportunity for the ecofriendly mass-

production of color in photonic papers, transient optoelectronics for wearable and packaging systems, 

anti-counterfeiting technologies, washable and edible detectors or labels for the food industry. 

Furthermore, the biocompatibility of HPC architectures enables their use in medical applications where 

the photonic and plasmonic crystals could enhance the performance of light driven therapies and 

monitoring systems. Specifically, we obtained the following results: 

 

- The optical properties of cellulose based photonic crystals can be tuned by changing the pattern 

geometry, so they can display different structural colors. Furthermore, by metal coating of the 

photonic crystal membranes it is possible to obtain self-standing and highly flexible plasmonic 

crystals, with even brighter iridescent colors. Furthermore, both cellulose photonic and plasmonic 

crystals can be easily fabricated on office paper substrates. (Section5.1) 

 

- Plasmonic crystals can be used to boost the photoluminescence of light emitting media. By doping 

the HPC based plasmonic crystals with an organic dye - rhodamine B (RhB) - we measured a 

photoluminescence enhancement of the dye in the PhC of ten times respect to a flat film. 

Interestingly, HPC’s high solubility in water and most organic solvents makes it an excellent host 

matrix for a wide range of materials (fluorescent dyes, nanoparticles or any other polymer with 

same solvent compatibility). (Section5.1) 

 

- Plasmonic crystal membranes were further tested as disposable SERS substrates by detecting a 

thiophenol probe. The extremely high quality of the nanostructured pattern enabled to perfectly 

match the simulated spatial distribution of the plasmonic field enhancement with the intensity map 

of the Raman signal arising from thiophenol molecules deposited on the plasmonic crystal. 

(Section5.1) 
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- Transparent conductive electrodes can be fabricated by embedding thin films of Carbon Nanotubes 

into HPC using temperature assisted transfer printing technique. Thickness of the film can be tuned 

by changing transfer temperature, featuring a sheet resistance of 305 Ω/sq with a 77% film 

transparency. (Section 5.2)   

 

- Moiré multilayer stacks with tunable optical properties were fabricated by embedding into HPC 

multiple nanoparticles arrays using a modify transfer printing technique. (Section 5.2)   

 

2 Employing hydroxypropyl cellulose as a tool for green nanofabrication. 

I have introduced an exciting new path for HPC as non-toxic and water processable sacrificial material 

for advanced ecofriendly nanofabrication. I developed HPC water soluble adhesives that can be 

employed as transient tapes for transfer printing (and optionally, simultaneous patterning) of 

functional materials into arbitrary substrates, and simply dissolved in water afterward. Furthermore, I 

demonstrated the viability of HPC as ecofriendly lithographic resist employing it in typical electronic 

manufacturing processes such as reactive ion etching and metal deposition and lift off, using only water 

as solvent. Specifically, I obtained the following results: 

  

- HPC transient tape mediated transfer printing enable crack-free stripping of flat and patterned 

metallic layers, while keeping large area and high throughput production. We compared the 

transferred films obtained with our method against conventional PDMS (polydimethylsiloxane) 

transfer and only in our case, we observed the crack-free transfer from silicon to glass of a 50 nm 

Ag film, with no measurable differences in sheet resistance before and after transfer. Furthermore, 

HPC transient tapes allowed fabrication of Moiré metamaterials on a target substrate by 3D 

stacking different nanopatterned silver motifs (simply iterating the transfer process). (Section5.2)   

 

- I used pre-patterned HPC membranes for µ-contact printing of Carbon Nanotubes (CNTs) into 

tailored geometries within a single step, over 1 cm2 areas and with unprecedented feature sizes 

down to 1 µm (see Figure 1 below). It is worth noting that achieving large area and high throughput 

patterning of CNTs is of paramount importance in order to take advantage of their excellent 

physical properties. This innovative approach directly provides patterning of the CNTs and transfer 
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seamlessly and without additional processing, which greatly facilitates the implementation of this 

exciting material in many applications. (Section 5.2)  

 

- HPC can be used as water-processable and non-toxic NIL resist for ecofriendly nanofabrication. I 

used only hydroxypropyl cellulose and water to fabricate photonic crystals in silicon and 2D metal 

nanoparticle arrays with up to 100 nm resolution over 1 cm2 areas. In particular, I optimized RIE 

conditions in Pseudo Bosch processes, and obtained a selectivity of HPC vs silicon of a value of 2, 

which is comparable with commonly used resist like PMMA (Section 5.3).  

 

- I combined HPC with PMMA, a water insoluble polymer, demonstrating advanced fabrication 

possibilities. I fabricated alternating stacks of HPC and PMMA in which each material can be 

selectively removed with the proper solvent. Furthermore, when combined with nanoimprinting, 

sub-micrometric air cavities are left inside the PMMA, enabling a straightforward nanofabrication 

strategy for novel optofluidic devices. (Section 5.3) 
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7 Conclusions and Outlook 

 

This thesis contributes to the current research on cellulose based materials, providing innovative 

functionalities to HPC and designing novel application for this material in the emerging field of 

nanophotonics. All the nanofabrication processes implemented are based on cheap, straightforward and 

industrially scalable techniques. Two main conclusions can be drawn: 

 

- Both nanoimprint lithography (NIL) and nanotransfer printing (nTP) techniques bring additional 

optical and electrical functionalities to the HPC. 

- HPC can be used as water-processable resist, representing a promising tool for green 

nanofabrication. 

 

Given the novelty of this thesis’s findings, several further investigation paths could be followed: 

 

- The patterning resolution can be decreased below the 100 nm minimum feature size presented here. 

The bottle neck in this case would be the mold fabrication, given the pattern instability issues that 

typically arise for sub 100 nm features. However, this issue can be addressed for instance by changing 

the mold material, and the excellent mechanical properties of HPC (Young modulus from 20 to 150 

MPa) should definitively permit to imprint it with higher resolutions.  

- Sustainable product design and development involves more than one concept, starting from the 

employment of renewable, nontoxic and biodegradable materials, environmentally sustainable 

manufacturing, and design for disassembly and recycling. Further investigation should be done in 

order to address the environmental impact of HPC. In particular, life cycle analysis and 

biodegradability rate test should be done in order to give a more quantitative data on the pollution 

that derives from HPC products fabrication and disposal. 

- The fabrication processes developed in this thesis are extremely versatile and can lead to countless 

optically and electrically functional architectures that could be manufactured in a mass-production 

compatible fashion. This definitively opens the path to further development of HPC based technologies 
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in different application fields, but at the same time, the fabrication strategies developed in this work 

could be easily adapted to other (bio)materials. 

 

The relevance of the paths opened up by this work is further corroborated if we contextualize them in the 

exponentially growing research areas to whom they belong. Figure 7.1 shows the increase number of 

publications on naturally derived polymers in photonic and cellulose based materials in nanotechnology in 

the last 20 years. 

 

Figure 7.1 Number of publications per year about a) Naturally derived polymers for photonics and b) Cellulose in 
nanotechnology. Sources: Web of science. 
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Appendix A 

8 Optimization of metal films deposition 

Thermal evaporation condition for high quality optical response 

In order to obtain the best optical performances from plasmonic structures it is fundamental to employ 

metallic films with high structural quality. The amount of electromagnetic losses of a metallic film depends 

on the specific dielectric function (or relative permittivity) of the material and on the film morphology. The 

latter greatly depends on the deposition conditions including the deposition rate, the pressure in the 

deposition chamber, the substrate type and temperature. This paragraph reports the analysis of the optical 

response of plasmonic film of silver decorated with a square array of holes, produced under different 

thermal evaporation condition. All the metallic films analyzed have been transfer printed into silicon 

substrate using HPC membranes (see chapter 5 section 5.2 for further details). Structural quality has been 

checked via SEM analysis, while in order to address the optical quality, the measured transmission and 

reflection spectra have been compared with the simulated counterpart. The results of this optimization 

have been particularly useful for the fabrication of high quality multilayer nanopatterned films via HPC 

transfer, illustrated in chapter 5 section 5.2. 

Influence substrate wettability.  

The first evaporation test has been done with the following condition: 

- Evaporation substrate: PDMS 

- Evaporation rate: 1 Å/s 

- Film thickness 60 nm 

As can be seen from the SEM analysis shown in figure A.1. surface salinization negatively affects the final 

quality of the Ag film, being responsible for film irregularities due to partial dewetting of the deposited 

metal from the donor substrate. 
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Figure A.8.1: Influence of donor substrate wettability on silver films evaporated on PDMS substrates at an 
evaporation rate of 1 Å/s. Scale bar is 1 μm. 

The following analysis address the influence of the silver evaporation rate on the final film quality, using 

NON-silanized PDMS molds as donor substrates. 

 

Influence of the evaporation rate.  

This second evaporation test has been done fixing the following condition: 

- Evaporation substrate: PDMS (NON-silanized) 

- Ag thickness: 60 nm 

It has been demonstrated in previous works1 that, fast evaporation rates and lower pressures can induce 

formation of smaller grains, diminishing the number of nucleation sites and the grain-boundary pinning by 

residual gases during the metal deposition. This can improve the structural and optical qualities of the film, 

reducing the scattering and the electrical losses at the grain boundaries. Figure 8.2 illustrate the effect of 

the evaporation rate on the optical and morphological properties of silver films.  
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Figure 8.2 Influence of the evaporation rate on 60 nm thick silver films evaporated on PDMS substrates. Scale bar 
is 500 nm. R stand for reflection, T for transmission and A is the extinction calculated as A=1-R-T. 

As can be seen from both the SEM inspection and from the comparison of the measured optical properties 

with the simulated one, the best quality film is obtained for the highest evaporation rate tested. However 

it is visible from the SEM images, that all films presents some cracks that are due to the mechanical 

deformation of the underlying soft PDMS. The last test addresses this issue analyzing the influence of the 

substrate using the optimized condition obtained so far. 

 

Influence of the substrate stiffness 

This last evaporation test has been done with the following condition: 

- Evaporation rate: 50 Å/s 

- Ag thickness: 60 nm 

As expected, by changing PDMS with a non-flexible material like the silicon substrate, we obtained the 

highest quality film. The experimental transmission and reflection spectra (solid lines) almost perfectly 

match the simulated ones (dashed lines), as can be seen from sample b in Figure 8.3 
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Figure 8.3 Influence of the substrate stiffness on 60 nm thick silver films evaporated at 50 Å/s. Scale bar is 500 nm. 
R stand for reflection, T for transmission and A is the extinction calculated as A=1-R-T. 

 

8.1 References 
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Appendix B 

9 Cellupack: hydroxypropyl cellulose packaging 

Ideas generation program 

The Ideas Generation Program is organized every year by the Universitad Autonoma de Barcelona (UAB) 

Research Park and promotes the entrepreneurial spirit and the culture of innovation supporting 

researchers and PhD students from different academic fields in bringing their research to the market, 

looking for the best solutions to specific industrial challenges. 

The 10th edition of the program was entitled “smart food” and addressed various thematic related to the 

food industry, such as reducing food waste, eliminating plastics or decreasing the use of antibiotics. 

Cellupack, was chosen as the most innovative project of the Generating Ideas Program on Smart Food 

(figure B.1), proposing and developing an idea of business based on the use of HPC as an alternative to 

plastic for single use, short-life packaging. The competing projects were evaluated on the bases of the 

innovativeness of the idea, on the business plan development and on the quality of the project presentation 

to the jury.  

 

Figure B.1 Photo of the ideas generation program award ceremony: Cellupack project win the first prize. The 
member of the group, from left to right: Michele Dei (researcher at IMB-CNM), me, Elena Jacas (food technologist). 

Hydroxypropyl cellulose presents a set of unique characteristics that makes it a particularly appealing 

material for packaging proposes: 
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- It is biodegradable, non-toxic and soluble in water, leaving a minimum ecological footprint at the 

end of its service life. 

- It is edible, tasteless, and odorless, allowing to implement it directly as food coating. 

- Differently from PLA or starch it is not food-competing (it is not extracted from alimentary 

resources).  

- It has good final mechanical properties, and act as a discrete oil barrier. 

- It has good film formation properties, it is thermoformable and sealable. 

In the frame of the project, I developed different packaging prototypes fabricated via thermoforming of 

HPC dry films and via casting of HPC from liquid water solution. Figure B1 illustrates some of the 

prototypes realized, from left to right: A single-dose toothpaste encapsulated in HPC, an ice-cream cup and 

an espresso coffee cup.  

 

Figure B.2. Cellupack prototypes. Soluble packaging example made of HPC. From left to right: A single-dose 
toothpaste encapsulated in HPC, an ice-cream cup and an espresso coffee cup. 
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