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Abstract 

The PhD thesis deals with fabrication and characterization of sensors for force, humidity and 

temperature that can be used for electronic skin (e-skin) concepts. The investigation started 

with the characterization of piezoelectric zinc oxide (ZnO) thin films. The films were deposited 

on rigid glass as well as flexible PET substrates, at different substrate temperatures, using 

plasma-enhanced atomic layer deposition (PEALD). The technique offers sub-nanometer 

thickness control, due to its self-limiting growth per cycle feature. Additionally, the technique 

provides highly dense films with excellent electrical properties, specifically, piezoelectricity. We 

demonstrated that the piezoelectric properties could be tuned by a choice of deposition 

parameters. Of particular importance is the substrate temperature during deposition. This 

parameter defines the preferential crystallographic orientation of the grown ZnO and there for, 

defines the piezoelectric polarization orientation. XRD and PFM investigations revealed 

polycrystalline films with strong (002) orientation with increasing substrate temperature. The 

ZnO thin films were combined with a hydrogel in core-shell nanorods, with the hydrogel 

material of choice being poly(N-vinylcaprolactam) or p(NVCL), which a biocompatible 

thermoresponsive polymer. Upon exposure to water molecules, the hydrogel swells by 

incorporating them into its structure. The swelling behavior is dependent on the concentration 

of water molecules (humidity) and temperature. The hydrogel core was deposited using 

initiated chemical vapor deposition (iCVD), which is a radical polymerization technique, 

involving film growth from volatile vapor-phase monomers. Similar to PEALD, iCVD permits 

fine-tuning of several parameters during growth, which results in different swelling properties. 

Co-polymerization or cross-linking of the hydrogel resulted in a stable film, where no dissolution 

or delamination was observed. Furthermore, an e-skin was demonstrated by sandwiching an 

array of the ZnO-hydrogel core-shell nanorods between two electrodes. The e-skin was able 

to directly sense force and pressure changes through the piezoelectric shell, while sensitivity 

to humidity and temperature was attributed to the swelling of the hydrogel core, which applied 

a mechanical stress on the piezoelectric shell resulting in an electrical output signal. 

Additionally, thorough characterization of the multi-stimuli responsive behavior was conducted 

in combination with other electrical characterization techniques. Finally, the e-skin 

performance and design was compared to FEM simulations for optimization. 
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Kurzfassung 

Die Dissertation befasst sich mit der Herstellung und Charakterisierung von Sensoren für Kraft, 

Feuchtigkeit und Temperatur, die für elektronische Hautkonzepte (E-skin) verwendet werden 

können. Die Untersuchung begann mit der Charakterisierung von piezoelektrischen Zinkoxid 

(ZnO)-Dünnschichten. Die Schichten wurden mit Hilfe der plasmagestützten 

Atomlagenabscheidung (PEALD) auf starren Glas- und flexiblen PET-Substraten bei 

unterschiedlichen Substrattemperaturen abgeschieden. Das Verfahren ermöglicht eine 

Kontrolle der Schichtdicke im Subnanometerbereich, da das Wachstum pro Zyklus 

selbstlimitierend ist. Darüber hinaus liefert das Verfahren hochdichte Schichten mit 

hervorragenden elektrischen Eigenschaften, insbesondere Piezoelektrizität. Wir haben 

gezeigt, dass die piezoelektrischen Eigenschaften durch die Wahl der 

Abscheidungsparameter eingestellt werden können. Von besonderer Bedeutung ist die 

Substrattemperatur während der Abscheidung. Dieser Parameter bestimmt die bevorzugte 

kristallografische Ausrichtung des gewachsenen ZnO und damit auch die Ausrichtung der 

piezoelektrischen Polarisation. XRD- und PFM-Untersuchungen ergaben polykristalline 

Schichten mit starker (002)-Orientierung bei steigender Substrattemperatur. Die ZnO-

Dünnschichten wurden mit einem Hydrogel in Kern-Schale-Nanostäbchen kombiniert, wobei 

als Hydrogelmaterial Poly(N-vinylcaprolactam) oder p(NVCL), ein biokompatibles, 

thermoresponsives Polymer, gewählt wurde. Bei Kontakt mit Wassermolekülen quillt das 

Hydrogel auf, indem es diese in seine Struktur einbaut. Das Quellverhalten ist abhängig von 

der Konzentration der Wassermoleküle (Feuchtigkeit) und der Temperatur. Der Hydrogelkern 

wurde mit Hilfe der initiierten chemischen Gasphasenabscheidung (iCVD) abgeschieden, einer 

radikalischen Polymerisationstechnik, bei der der Film aus flüchtigen Monomeren in der 

Gasphase entsteht. Ähnlich wie PEALD ermöglicht iCVD eine Feinabstimmung verschiedener 

Parameter während des Wachstums, die zu unterschiedlichen Quelleigenschaften führen. Die 

Co-Polymerisation oder Vernetzung des Hydrogels führte zu einem stabilen Film, bei dem 

keine Auflösung oder Delamination zu erwarten war. Darüber hinaus wurde eine E-Skin 

demonstriert, indem eine Anordnung von ZnO-Hydrogel-Kern-Schale-Nanostäbchen zwischen 

zwei Elektroden eingefügt wurde. Die E-Skin war in der Lage, Kraft- und Druckänderungen 

direkt über die piezoelektrische Schale zu erfassen, während die Empfindlichkeit gegenüber 

Feuchtigkeit und Temperatur auf das Aufquellen des Hydrogelkerns zurückgeführt wurde, der 

eine mechanische Spannung auf die piezoelektrische Schale ausübte, was zu einem 

elektrischen Ausgangssignal führte. Darüber hinaus wurde eine gründliche Charakterisierung 

des auf mehrere Reize reagierenden Verhaltens in Kombination mit anderen elektrischen 

Charakterisierungstechniken durchgeführt. Schließlich wurden die Leistung und das Design 

der E-Skin mit FEM-Simulationen zur Optimierung verglichen. 
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1 
Introduction 

 

This chapter provides an introductory overview on the topics covered in this thesis. It 

presents the electronic skin concept as well as an outline for the chapters to come. 
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1.1 Motivation and outline 

The skin is the largest organ in humans and it plays a crucial role as the physical interface 

between the body and the surrounding.[1] Due to its wide sensing range of stimuli, it is 

composed of complex multisensory systems. Mimicking the behavior and the functionality of 

the human skin has become a necessity in the fields of robotics, prosthetics and other medical 

applications and for that reason has been a widely explored challenge in the past 20 years. An 

efficient electronic skin (e-skin) is sensitive to different modes of mechanical excitation, which 

include force/pressure, strain and shear force. Additionally, the e-skin must be sensitive to 

surrounding changes in humidity and temperature. In combination with the desired multi-stimuli 

responsiveness, the e-skin is required to be flexible and stretchable, as both qualities improve 

the performance, lifetime as well as the stability.[2-4] However, harsh operating conditions can 

still lead to damage coupled with deterioration in the performance, there for, an e-skin with 

self-healing capabilities help address this issue. Finally yet importantly, our growing awareness 

of the environmental issues that we collectively face, possesses a necessity to explore 

biocompatible materials fabricated using energy-efficient techniques, as well as the 

biodegradability of these materials after prolonged use of the e-skin.[5,6] 

In this thesis, a new innovative e-skin concept is proposed, as shown in Figure 1. The 

proposed e-skin can detect surrounding changes in force/pressure, humidity and temperature 

through the combination of two active materials in core-shell nanorod structures embedded in 

a structured soft polymeric template. Chapter 2 starts by introducing the basic concepts of an 

e-skin, with focus on the required properties and sensitivities. Section 2.2 introduces the 

concept of hydrogels, their classes, properties and iCVD as a fabrication technique for such 

materials. Section 2.3 introduces zinc oxide with a focus on its piezoelectric properties and its 

nanofabrication using PEALD. Additionally, UV-NIL as well as COMSOL Multiphysics are 

presented in sections 2.4 and 2.5 respectively. In chapter 3, three peer-reviewed publications 

are presented. Section 3.1 presents the piezoelectric properties of ZnO thin films prepared by 

PEALD. Followed by section 3.2, where the e-skin concept is presented and explored.  Section 

3.3 shows an optimization of the e-skin. The appendices provide additional insight by 

presenting device optimization with respect to nanorod aspect ratio and pitch using finite 

element method (FEM) simulations, in addition to initial stability tests. Finally, a list of scientific 

publications and presentations is listed.  
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2 
Fundamentals and Methods 

 

This chapter presents an overview on the fundamentals of electronic skin design and 

fabrication as well as the materials and methods utilized in this thesis. 
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2.1 Electronic skin 

2.1.1 Requirements for e-skin 

Fabrication of an e-skin as close in function and behavior to the human skin imposes design 

considerations and requirements, such as self-healing capabilities, stretchability, flexibility, 

biodegradability and biocompatibility. Additionally, in applications where the e-skin is in direct 

contact with a human (as a wearable device), a fully transparent architecture is more user 

friendly and there for, while being a challenge, is an important design consideration. 

2.1.1.1 Self-healing   

Similar to the human skin, which is capable of self-healing, the repeated long-term use of an 

e-skin makes it prone to mechanical damage such as scratches, fractures and cracks. 

Mechanical damage has a direct effect on performance deterioration (electrical damage) as 

well as reduced life time.[1,2] To mimic the human skin self-healing mechanism in a polymer-

based e-skin, two main strategies are used:[1,3] 

1. Active materials with healing agents encapsulated  

2. Active materials with dynamic reversible bonds   

The use of active materials with healing agents is mainly demonstrated for polymer based e-

skin materials, where, in response to mechanical damage, the encapsulated healing agents 

are released.[2,4] Never the less, this technique is only suitable for a limited number of healing 

cycles, making the use of active materials with dynamic reversible bonds a more favorable 

approach. This is a two-step process that involves diffusion of polymer chains to the damaged 

regions and subsequent reformation of the bonds (ex: covalent, hydrogen, ionic or metal-ligand 

coordination bonds), to restore the original mechanical and electrical properties.[2] Bao et al. 

investigated self-healing polymer consisting of hydrogen bonds and demonstrated high healing 

efficiency at room temperature.[5,6] The self-healing properties of a polymer are defined by the 

term Healing Efficiency, which is calculated from Equation 1:[2] 

 

   𝐻𝑒𝑎𝑙𝑖𝑛𝑔 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑃𝑟𝑜𝑝𝑒𝑟𝑡𝑦 𝑣𝑎𝑙𝑢𝑒 (ℎ𝑒𝑎𝑙𝑒𝑑)

𝑃𝑟𝑜𝑝𝑒𝑟𝑡𝑦 𝑣𝑎𝑙𝑢𝑒 (𝑝𝑟𝑖𝑠𝑖𝑡𝑛𝑒)
 𝑥 100%                                    (1)   

 

A commonly applied approach for self-healing of conductors is the use of polymer/conductor 

composites as an e-skin active material, where conductive nanoparticles (NPs),[7,8] nanowires 

(NWs),[9,10] liquid metals[11] or carbon nanotubes (CNTs)[12,13] are incorporated into a self-

healing polymeric matrix. Son et al. demonstrated a concept of a self-healing polymeric matrix 
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and conductive CNTs.[14] The conductivity of the composite is restored due to the self-healing 

properties of the polymer, thus forcing the CNTs to rearrange a network in the damaged region. 

Wang et al. presented a self-healing multimodal e-skin tattoo based on graphene and SF/Ca2+ 

film with the assistance of dynamic hydrogen bonds and coordination bonds. Within the 

Gr/SF/Ca2+ composite, a drop of water enables the tattoos to self-heal with a healing efficiency 

of ≈100%.[15] Self-healing in semiconductor-based e-skin is still not widely investigated. 

Nevertheless, Bao et al. reported a self-healing organic semiconductor with exposure to 

temperature and vapor.[16] 

2.1.1.2 Stretchability and Flexibility  

As previously stated, e-skin is prone to mechanical damage, which greatly reduces its ability 

to function properly. Mechanical strains are a main source of e-skin damage, thus a material 

that can maintain its performance under various strains is of high relevance. As an example, 

the human skin is able to stretch by 10% while still maintaining its performance.[17] Two 

strategies are employed to improve the stretchability of materials used in e-skin:[1] 

1. Intrinsically stretchable materials 

2. Geometrical arrangement of brittle materials 

Some organic materials possess intrinsic stretchability, which improves robustness as well as 

durability but exhibit poor electrical performance. Examples of such organic materials include 

polydimethylsiloxane (PDMS) and polyurethane (PU), which are classified as low dielectric 

materials (k < 3).[18,19] Improvement of the electrical and dielectric properties of such stretchable 

organic materials is realized by composites. However, high filler concentrations will reduce the 

stretchability, while high concentrations of conductive filler (metal NPs or NWs) in the polymer 

matrix can increase the leakage current.[20] Stretchable conductors can also be realized by 

placing them on stretchable polymeric substrates.[2] Liquid metals such as the eutectic gallium–

indium alloy are conductors with intrinsic stretchability and high conductivity, making them 

applicable as stretchable electrodes and interconnects.[18] Finally, Poly(3,4-

ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) exhibits intrinsic stretchability 

and is widely used as a conductor because of its high conductivity.[21] The stretchability can be 

further improved by adding nonvolatile plasticizers, making the polymer more viscoelastic and 

more stretchable.[2]  

The stretchability of brittle materials can be improved by geometrical designs and patterns. 

Geometries such as Kirigami, serpentine and horseshoe (resulting in 2D spring design) allow 

brittle materials to be more stretchable, as it reduces the actual applied stress.[22-24] Such 

geometries are curved (defined by a radius of curvature), thus offering better strain 

distribution.[23] Other approaches include: 
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1. Cracking: Using discontinuous structures/films, elasticity is achieved using 

discontinuous structures that can deform without loss in conductivity. Discontinuous 

films on elastomeric substrates can be created by cracking a thin film while maintaining 

a percolating pathway,[25] e.g. cracked Au films deposited an elastic substrate, which 

could be stretched up to 100% with high reproducibility.[26] 

2. The stretchability of conductors can be improved by substrate surface roughening to 

promote the propagation of cracks through the conductive layer and to maintain the 

conductive paths.[27] 

3. Deposition of a 1D-conductor network, such as silver (Ag) nanowires. 1D conductors 

limit accumulation of stress in the network during stretching.[28] 

4. Buckling: high-modulus thin films are deposited onto a prestrained elastic substrate, 

when the strain is released, wrinkled (buckled) films are formed.[29] With buckles 

present, a device can be stretched to the value of the prestrain without inducing 

considerable strain in the active components. With buckling, it has been reported that 

porous copper (Cu) or silver (Ag) NWs can sustain strains up to 460%,[30,31] while very 

brittle materials such as Si nanoribbons can withstand ≈20%.[32] 

5. Deposition on rigid islands: which are embedded in a softer elastomeric substrate. In 

this approach, devices are connected by either geometrically engineered or intrinsically 

stretchable interconnects. Because of the large difference in the modulus of the rigid 

islands and the substrate, stress is mostly applied on the interconnects, which prevents 

the active components from being mechanically damaged.[33]  

In addition to improving the stretchability, the above-mentioned techniques improve the 

flexibility of materials used in e-skin. Further techniques can be implemented, which include:[1,2]   

1. Depositing or embedding thin films on a low modulus soft substrate to improve bending. 

2. The using of materials with high fracture strength, such as graphene or CNTs. 

2.1.1.3 Biocompatibility and biodegradability 

In several applications, the e-skin is in close contact with biological interfaces. There for, 

biocompatible and biodegradable materials are essential components of an e-skin. It has been 

demonstrated that certain polymers such as polyvinyl acetate (PVA),[34] polycaprolactone  

(PCL),[35] polylactic acid (PLA)[36] and hydrogels[37] exhibit a highly biocompatible behavior. 

Additionally, silk fiber shows high biocompatibility coupled with diverse mechanical properties, 

good thermal conductivity and good electrical insulation. Moreover, It has been demonstrated 

in a pressure and temperature responsive e-skin.[37,38] Cellulose, another natural fiber, 

demonstrates biocompatible behavior and has been presented by Kharaziha et al. in a 

triboelectric nanogenerator (TENG) based on polycaprolactone (PCL) and cellulose paper.[39] 

Additionally, conventional semiconductors, such as Si, have high biocompatibility and can be 
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used for health monitoring and biomedical implants.[40] However, CNTs have been found to 

show asbestos-like behavior due to their small size and needle-like geometry.[41]  

2.1.2 E-skin sensing modes 

An efficient and effective e-skin is able to mimic and replicate the sensing capabilities of the 

human skin. The human skin is capable of detecting a variety of external stimuli, which helps 

regulate and protect the human body. Such stimuli include pressure, strain, vibrations, shear 

force, humidity and temperature.    

2.1.2.1 Tactile (Pressure and strain) 

The detection of pressure and strain utilizes different transduction mechanisms, with 

capacitive, piezoresistive, piezoelectric, triboelectric and optical sensing mechanisms 

employed. However, piezoresistive and capacitive are more commonly used due to the 

relatively simple sensor architecture and the capability to detect static and dynamic 

responses.[42] Figure 2 depicts the operational concept of pressure and strain sensors relying 

on piezoresistivity, capacitance and piezoelectricity. 

 

 

Pressure and strain detection using a piezoresistive sensor usually relies on two 

mechanisms:[44]  

1. Change in intrinsic resistance of the piezoresistive material, due to change in the 

bandgap structure. 

2. Change in contact resistance Rc between the piezoresistive material and the 

electrodes.  

Therefore, the piezoresistive effect is pressure/strain induced changes in the inter-atomic 

spacing of a conducting or a semiconducting material, which affects the bandgap and therefore 

the piezoresistive coefficient 𝜌𝑐 as given in Equation 2:[44] 

Figure 2. Schematics depicting the most common transduction mechanisms used in 
pressure and strain detection. Figure reproduced with permission from ref. [43] 
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                                                   𝜌𝑐 = 
(
𝜕𝜌
𝜌

)

𝜀
                                                                   (2) 

 

Where, 𝜕𝜌 is the change in resistivity, 𝜌 is the original resistivity and 𝜀 is the strain. The 

Resistance R is related to 𝜌 through Equation 3: 

 

                                                          𝑅 =  𝜌 
𝐿

𝐴
                                                                     (3)       

 

Where, 𝐿 is the conductor length and 𝐴 is the cross-sectional area. The Gauge Factor GF, 

which is used to describe the sensitivity S of a piezoresistive sensor is given in Equation 4: 

 

                                 𝐺𝐹 =  

∆𝑅
𝑅
𝜀

= 1 + 2𝑣 +
(
𝜕𝜌
𝜌 )

𝜀
                                                   (4) 

 

Where, ∆𝑅 is the change in resistance and 𝑣 is the Poisson’s ratio. Piezoresistivity arising from 

a change in the bandgap structure is observed in several materials, such as Si, carbon 

nanotubes (CNTs) and graphene.[45-47] The influence of geometry on the piezoresistivity is 

dominant when the resistivity is constant, with a GF of two being ideal for sensors based a 

geometrical changes.[44] Utilizing both mechanisms, improves the detection range of such 

sensors, as Rc is proportional to the square route of the force F (as shown in Equation 5), 

facilitating detection of low-pressure/strain (ex: detection of gas vibrations).  

 

      𝑅𝑐  ∝  𝐹−
1

2                                                                    (5) 

 

The choice of the sensor active material takes into consideration the transduction mechanism 

among other factors. Skin-like flexible piezoresistive sensors are commonly fabricated from 

metal-based materials, such as liquid metal,[48] metal nanoparticles and nanowires.[49] Carbon-

based materials such as carbon black (CB), carbon nanotubes (CNTs) and graphene are 

another class of materials commonly used. Due to their desirable mechanical properties 



12 

 

coupled with excellent electrical conductivity, conductive polymers such as PEDOT:PSS are a 

suitable material choice.[50] 

A capacitive sensor is composed of a dielectric material sandwiched between two electrodes, 

with parallel-plate configuration commonly employed. Applied pressure/strain induces a 

change in the capacitance C due to geometrical deformations such as a change in the 

thickness d or the active area A of a dielectric, following Equation 6:[43] 

 

                                                      𝐶 =  𝜀0𝜀 
𝐴

𝑑
                                                      (6) 

 

Where 𝜀0 is the vacuum permittivity and 𝜀 is the relative permittivity. A major advantage of 

capacitive sensors is the high static pressure/strain sensitivity, as well as the low power 

consumption.[44] Additionally, dielectrics with a wide range of dielectric constants 𝜀 help expand 

the sensitivity as well as the detection range.[51] Recently, sensors with variable effective 𝜀 are 

being utilized. Another concept presented by Bao and her team, relies on flexible field-effect 

transistors with microstructured gate dielectric as shown in Figure 3, to improve the sensitivity 

by an order of magnitude.[52]  

Capacitive based pressure/strain utilize different classes of dielectric materials, based on their 

dielectric properties (high DK materials) and mechanical properties (active dielectric with high 

compressibility, nanostructured dielectrics or use of porous dielectrics).[43,44] Materials utilized 

in capacitive e-skin include carbon based materials (CNTs and graphene), polymers (PVDF-

TrFE, PDMS and hydrogels) or composites such as Ag NW/flower/Ag NW and microstructured 

PVDF/NMP.[53-56]  

Figure 3. Flexible field-effect transistor based on microstrucutred 
PDMS gate dielectric for improved pressure sensitivity. Figure 

adapted with permission from ref. [52]  
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Piezoelectric pressure/strain sensors rely on the direct piezoelectric effect, where mechanical 

deformations induce dipole moments (due to oriented non-centrosymmetric crystals with net 

dipole moment ≠ 0),[43] which results in generated charge Q within the active piezoelectric 

material. The piezoelectric coefficient dij, calculated from Equation 7, is a standard parameter 

to consider in the design of piezoelectric sensors, where similar to the above-discussed 

pressure/strain sensing mechanisms, high sensitivity with a wide detection range is preferred. 

Inorganic piezoelectric materials exhibit high d33 and d31 values but are brittle (d33-PZT ≈ 

570−650 pC N-1 values),[57] while the opposite is observed for organic piezoelectric materials 

(d33-PVDF-TrFE = −32 pC N-1).[58] However, different approaches are used to provide flexible high 

d33 and d31 coefficient piezoelectric materials such as:  

1. Deposition of thin inorganic materials with high piezoelectric coefficients on flexible 

substrates such as barium titinate thin films on PTFE or ZnO NWs on PET[59,60] 

2. Polymer/inorganic composites, such as P(VDF-TrFE)/BT, BTO-PVDF/GO[20] 

3. Steady piezoelectrets (porous structures with electric charge internal cavities)[61] 

 

                                  𝑑𝑛𝑖𝑗 = 
𝜕𝐷𝑛

𝜕𝑇𝑖𝑗
 =  

𝜕𝑆𝑖𝑗

𝜕𝐸𝑛
                                                       (7)        

 

Where d is the piezoelectric coefficient, D is the electric displacement, T is the stress, S is the 

strain and E is the electric field. Triboelectric nanogenerators (TENGs) have demonstrated 

excellent performance in energy harvesting as well as pressure/strain sensing.[44] The 

triboelectric effect is based on the ability of materials to become electrically charged (surface 

charges) when in contact with another surface and is expressed through an equivalent 

capacitance following Equation 8:[62] 

 

                                                       𝐶  
𝑆

4𝜋𝑘
                                                                   (8)  

 

Where, C is the capacitance,  is the relative permitivitty, k is the electrostatic constant and  

is the charge penetration depth. While the output voltage V is expressed in relation to the 

surface charge density following Equation 9: 

 

                                     𝑉 =  𝑓(𝑄)   (𝐴𝑒𝑓𝑓   )                                                           (9) 
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Where, Q is the charge,   is the surface charge density with an effective area 𝐴𝑒𝑓𝑓 . Material 

combinations utilized in TENGs include Wrinkled PEDOT:PSS, ion-conducting elastomers, Ag 

NWs-MoS2/PDMS and PDMS Films/P(VDF-TrFE).[63-65] 

Optical-based pressure/force sensors convert the mechanical input into an electrical output 

through an intermediate light source. The conversion mechanism requires a sensor equipped 

with a light source, transmission medium and a detector. Such concepts rely on the modulation 

of light intensity by using flexible fiber optics or force-sensitive waveguides. Fiber optics exhibit 

a linear response coupled with low drift but are poorly stretchable. They can be replaced by 

elastomer based waveguides such as PDMS, as shown in Figure 4.[1] Another concept of 

strain sensors rely on a wireless antenna fixed on an elastic substrate, where applied strain 

causes a shift in the resonance frequency of the sensor.[66,67]  

 

Shear force is another type of force, which is sensed by the human skin. In e-skin applications, 

several concepts, such as nanohairs have been proposed to sense shear forces.[68-70] One 

concept proposed by Pang et al., in which the team fabricated a wearable shear force sensor 

composed of two interlocked arrays of high aspect ratio (AR) platinum-coated polymer 

nanofibers on PDMS thin film.[68] Sensitivity to shear force is transmitted to a change in the 

electrical resistance. Another concept relies on two flexible layers with interlocked microdome 

arrays, with high sensitivity to shear forces. Additionally, capacitive-type sensors, with 

sensitivity to pressure and shear forces have been realized.[70] 

 

 

 

Figure 4. Schematics of optical-based pressure/force 
sensor. Figure adapted with permission from ref. [1] 
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2.1.2.2 Humidity  

Sensitivity to surrounding humidity changes is an essential requirement for an e-skin. Such 

sensors can be used in medical applications such as monitoring of human respiration and 

sweat release.[71,72] Similar to pressure and strain sensors, different transduction mechanisms 

are employed, such as, resistance, capacitance, piezoelectricity and optical.[3] According to 

literature, resistive-type humidity sensors are commonly employed in e-skin, which usually 

consists of an inorganic conductor and a hydrophilic polymer. The hydrophilic polymer 

facilitates water molecules adsorption and absorption resulting in a change in the 

conductance/resistance of the conductor. Following such concept, a wide variety of material 

combinations have been reported.[73-77] Such as, combining flexible conductive rubber with 

citric acid and Ag nanoparticles or flexible cellulose nanofibers and CNT.[72] Another approach 

to fabricate flexible humidity sensors for e-skin is ions embedded in a hydrophilic polymer: 

PVA/KOH porous ionic membranes, which are characterized by a drop in the resistance with 

increased humidity (K+ and OH- ions interact with water molecules forming an electrolyte 

solution).[78] 

2.1.2.3 Temperature 

Through thermoreceptors, the human skin is able to detect surrounding changes in 

temperature, making temperature sensitivity a prerequisite for an e-skin. Commonly used 

temperature sensors are composed of pure metals or ceramic semiconductors, which are used 

for their thermoresistive effect (change in charge carrier density and/or charge carrier mobility 

as a function of temperature).[3] The thermoresistive effect represented by the temperature 

coefficient of resistance or α is calculated following Equation 10: [79] 

 

                                                          𝛼 =  
𝑅 − 𝑅0

𝑇 ∗ 𝑇0
                                           (10)  

 

Where, R is the resistance at a specific temperature, 𝑅0 is the initial resistance, T and 𝑇0 are 

the equivalent temperatures. Due to their poor mechanical properties, namely flexibility, 

ceramics and metals are not suitable for e-skin devices, unless structurally modified, e.g. 

metal/Si nanoribbons with enhanced strechability.[80] Graphene, CNT and nanoparticles are 

promising materials for thermoresistive temperature sensors.[81-85] Two main classes of 

thermoresistive sensors are present: 1) metal-based temperature sensors, which exhibit an 

increase in the resistivity with increasing temperature, due to a decrease in the charge mobility. 

2) semiconductor-based temperature sensors, which exhibit a decrease in resistivity, due to 

an increase in the charge carrier density.[86]  
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In addition to the thermoresisitive effect, the thermoelectric and pyroelectric effects are 

commonly used in temperature sensors. A main advantage of sensors relying on both effects 

is that they do not require to be powered externally (active sensors).[86] A thermoelectric 

temperature sensor generates electricity due to the Seebeck effect, calculated following 

Equation 11 and 12.  

 

                                                   𝐽 =  −𝜎∆𝑉 − 𝜎𝑆∆𝑇                                      (11)  

 

And 

 

                                                                          𝑆 = −
∆𝑉

∆𝑇
                                           (12)            

 

Where, J is the current density, 𝜎 is the electrical conductivity, S is the Seebeck coefficient, ∆𝑉 

is the voltage and ∆𝑇 is the change in temperature. Zhu et al. fabricated a thermoelectric 

temperature sensor based on porous PU and PEDOT:PSS.[87] A pyroelectric temperature 

sensor generates an electrical output due to the electrical polarization and is represented by 

the pyroelectric coefficient p, calculated from Equation 13. Ko et al. fabricated such sensors 

based on reduced Graphene oxide/ PVDF composites.[88]   

 

                                                                       𝑝𝑖 =
𝜕𝑃

𝜕𝑇
                                             (13)         

 

Where P is the electric polarization and T is the temperature. Independent of the effect used 

in the e-skin compatible temperature sensor, high sensitivity, wide sensing range, high linearity 

and low hysteresis are of high importance. Generally, temperature sensors are demonstrated 

to exhibit large response and recovery time, which is attributed to the long thermal diffusion 

time.[3] However, it has been demonstrated by Cho et al. that a reduced substrate thickness 

reduces the thermal diffusion time, leading to faster response (100 ms).[89]  
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2.1.2.4 Multi-stimuli 

As previously discussed, an efficient e-skin is capable of multi-stimuli sensing, as single-

stimulus sensors do not provide sufficient information. Different multi-stimuli responsive e-

skins are investigated to mimic the behavior of a human skin, which is sensitive to stimuli such 

as pressure, strain, humidity, temperature and gases:[4] 

1. Pressure/strain-temperature 

2. Pressure/strain-humidity 

3. Pressure/strain-gas 

4. Pressure/strain-temperature-humidity 

5. Pressure/strain-temperature-gas-light  

An example of pressure-temperature multimodal sensing is demonstrated by Chen et al., 

where a rGO-paper composite material was utilized.[90] The composite utilizes its piezoelectric 

and thermoresistive properties and demonstrates a GF value of 18.96 for compressive strain 

and ΔR of -11.3% for a temperature range between 27 and 65°C. Additionally, a combination 

of GO and rGO with graphene electrodes on PDMS substrate is demonstrated by Cho and 

coworkers to deliver pressure/strain-temperature-humidity multimodal sensitivity.[91] Another 

concept presented relies on capacitive sensing, with a sensor composed of an ionic liquid 

(serves as an electrode), a microfluidic channel and CNT/PDMS dielectric layer.[92] The sensor 

is sensitive to vertical and lateral pressure, through changes in the conductivity, as well as 

temperature through changes in the capacitance (associated with the formation of an electric 

double layer within the ionic liquid-CNT/PDMS composite interface). Zhang et al. presented a 

pressure-humidity multimodal sensor, which is composed of screen-printed silk-fibroin 

triboelectric nanogenerator.[93] Humidity is detected through change in the capacitance, while 

pressure is detected through change in the output voltage. Another pressure-humidity 

multimodal sensor composed of paper, porous polyamide PI prepared by direct laser writing 

method is presented by Liu et al.[94] Carbon-based materials are proven to be the most suitable 

candidate for pressure/strain-gas multimodal sensors.[4] This is due to availability, very good 

electrical properties and gas detection functionalities. Gao et al. fabricated such sensors using 

a nanofiber composite film composed of hydrolyzed methyltrichlorosilane on the surface of 

acid modified CNTs on PU/polystyrene-block-poly(ethylene-co-butylene)-block polystyrene 

nanofibers.[95] A concept of multimodal sensing of pressure/strain-temperature-roughness is 

presented by Park et al., where a PVDF-rGO ferroelectric composite is used to detect changes 

in pressure, temperature, humidity and high-frequency dynamic soundwaves.[88] Huang and 

coworkers presented a sensor composed of CB and rGO sprayed onto a paper substrate, with 

sensitivity to pressure, strain, temperature and humidity. However, high cross-talk is observed 

due to measuring only current, while other designs can use two or more signals.[96] 
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2.2 Hydrogels 

Hydrogels are defined as a 3D network of chemically or physically cross-linked polymers 

(occasionally, composed of an amphiphilic molecule) and an entrapped solvent (e.g. water) 

with high degree of flexibility due to large solvent content inside their polymeric mesh, which 

results in a macroscopic viscoelastic behavior. Hydrogels can retain large quantities of water 

or biological fluids. As for the mechanical properties, hydrogels are characterized by a soft 

rubbery texture similar to living tissues, making them an ideal substance for a variety of 

applications. Hydrogels with characteristic properties such as desired functionality, reversibility 

and biocompatibility can be tailored to suite a large variety of applications.[1] Limitations of 

hydrogel properties include low solubility, high crystallinity, non-biodegradability, undesired 

mechanical and thermal properties, unreacted monomers and the use of toxic cross-linkers for 

stability in water-saturated media. Therefore, it is of high importance to tailor these properties 

by copolymerization of a wide range of monomers with predefined properties like 

biodegradation, solubility, crystallinity and biological activities.[1] 

2.2.1 Swelling behavior 

Swelling, as in water retention inside the polymeric mesh, of hydrogels is a complex process 

consisting of a number of steps:[2]  

1. The polar hydrophilic groups of the hydrogel interact with water, referred to as primary 

bound water.  

2. The exposed hydrophobic groups also interact with water molecules, referred to as 

secondary bound water. 

3. The osmotic force of the system, which leads to dilution is resisted by the physical or 

chemical crosslinks, so additional water is absorbed. Referred to as bulk water or free 

water, it fills the voids between the hydrogel chains. 

The swelling magnitude of a hydrogel depends on the temperature and the interaction between 

water molecules and polymer chains, as explained by the Flory–Huggins theory.[3] 

2.2.2 Classification 

The classification of hydrogels depends on their physical properties, nature of swelling, method 

of preparation, origin, ionic charges, sources, rate of biodegradation and observed nature of 

crosslinking.[4] This results in a wide variety of hydrogel classes suitable for different 

applications. An overview of the classification criteria is depicted in Figure 5. 
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2.2.3 Cross-linking 

The cross-linking of a hydrogel limits its solubility in water, making it more stable. Here, 

hydrogels are classified as either physically or chemically cross-linked, both cross-linking types 

are depicted in Figure 6. Physically cross-linked hydrogels are obtained by hydrophobic 

association, chain aggregation, crystallization, polymer chain complexion and hydrogen 

bonding. Such hydrogels are reversible due to the conformational changes. Chemically cross-

linked hydrogels are obtained by covalent bonding, which can be carried out during or post 

polymerization. Chemically cross-linked hydrogels are permanent and irreversible because of 

configurational changes. In physically cross-linked hydrogels, the presence of physical domain 

junctions, hydrogen bonding, hydrophobic interaction, ionic complexations allow ease of 

fabrication, reshaping, biodegradation and non-toxicity. Such advantages are not obtained 

Figure 5. Different classes of hydrogels. Figure reproduced with permission 

from ref. [4] 

Figure 6. Concept of chemical and physical cross-
linking within a hydrogel mesh. Figure adapted with 

permission from ref. [4] 
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from chemically cross-linked hydrogels. A combination of both cross-linking methods results 

in dual-network hydrogels.[1]  

Several methods are employed to synthesize physically and chemically cross-linked 

hydrogels, such as: 

1. Ionic interactions: Alginate is an example of a hydrogel that is cross-linked by ionic 

interactions. Alginate is a polysaccharide with mannuronic and glucuronic acid residues 

cross-linked by calcium ions. 

2. Crystallization: aqueous solutions of Poly(vinyl alcohol) or PVA stored at room 

temperature form a hydrogel with weak mechanical performance. If the aqueous 

solution of PVA undergoes freezing cycles, highly elastic hydrogel is formed, with 

properties depending on the PVA molecular weight, the PVA concentration in water, 

the temperature and the time of freezing and the number of freezing cycles. 

3. Physically cross-linked hydrogels are generally obtained from multi-block copolymers 

or graft copolymers.  

4. Chemical reaction: hydrogels exhibit solubility due to the presence of functional groups 

such as OH, COOH and NH2. Cross-linking by covalent bonds is achieved by the 

reactivity of such functional groups. 

5. Radical polymerization: chemically cross-linked hydrogels can be obtained by the 

radical polymerization of hydrogels with polymerizable groups. Di(ethylene glycol) 

divinyl ether (DEGDVE) has been reported as a suitable cross-linker for p(NVCL).[5,6] 

The monomer has vinyl-groups on both ends, with bonds easily activated by free 

radicals. The outcome of the copolymerization process is a stable thermoresponsive 

polymer. The chemical structure of DEGDVE is shown in Figure 7. 

 

 

 

 

 

 

2.2.4 Thermoresponsive hydrogels 

Thermoresponsive hydrogels are defined by their ability to swell and deswell as a function of 

temperature fluctuations in the surrounding fluid. Such hydrogels can be classified as positive 

or negative temperature responsive.[1] 

Positive temperature hydrogels are characterized by the upper critical solution temperature 

(UCST). Below the UCST, the hydrogel deswells and as a result releases water from its 

mesh,forming hydrogen bonds within the polymer network . Above the UCST, swelling occurs, 

Figure 7. Chemical structure of DEGDVE monomer 
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due to the breakdown of intramolecular hydrogen bonds and the formation of hydrogen bonds 

with water molecules. As a result, the hydrogel will rapidly swell above the UCST.[7]  

Another class is referred to as negative temperature hydrogels, which is characterized by the 

low critical solution temperature (LCST). As a result, the hydrogel transitions from a swollen 

state (below LCST) to a deswollen state (above LCST). Therefore, the LCST is the most 

important parameter for negative temperature hydrogels that can be tailored using several 

approaches, such as mixing a small amount of ionic copolymer or changing the solvent 

composition. Additionally, the LCST of a hydrogel with more hydrophobic content drops. Below 

the LCST, water interacts with the hydrophilic part by forming hydrogen bonds. As the 

temperature increases above the LCST, the hydrophobic interactions within the hydrogel 

become stronger and the hydrogen bonds become weaker.[8,9] Poly(N-isopropylacrylamide) or 

p(NIPAAm) is one of the most studied and investigated thermoresponsive polymer, with a 

reported LCST of around 32°C, which lays between room temperature and body 

temperature.[10] Never the less, its acrylamide functional group is prone to hydrolysis in acidic 

conditions, which results in the release of toxic amide molecules.[11] 

2.2.5 poly(N-vinylcaprolactam) 

In the recent years, p(NVCL) has been reported as a biocompatible alternative to p(NIPAAm). 

P(NVCL) is an amphiphilic water-soluble thermoresponsive polymer with an LCST ranging 

from 31 to 34°C.[11] The LCST of p(NVCL) can be tailored, by increasing the polymer chain 

length, which lowers the LCST. This behavior is explained by its classical Flory-Huggins 

miscibility behavior.[5,12] By varying the polymer chain length, an LCST in the range of 16 to 

40°C can be achieved. The LCST increases with the addition of hydrophilic monomers, and it 

decreases with hydrophobic monomers.[5,11,12]  

The functionality of p(NVCL) is a result of the hydrophilic amide group and the hydrophobic 

aliphatic hydrocarbon chain. The cyclic structure of the caprolactam ring ensures the 

amphiphilic nature of p(NVCL) and its hydrolysis only results in the dissociation of the 

caprolactam ring with nontoxic volatile by-products.[12] The chemical structure of NVCL, 

p(NVCL) and p(NVCL-co-DEGDVE) is shown in Figure 8. 
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2.2.6 Initiated Chemical vapor deposition (iCVD) 

2.2.6.1 Fundamentals of iCVD 

Initiated chemical vapor deposition (iCVD) is a vacuum-based thin film deposition technique, 

which involves chemical species (monomers and initiator) being delivered in the gas-phase. 

The initiator is subjected to elevated filament temperatures and as result decomposes to form 

radicals. The radicals adsorb onto the substrate surface to react with the monomer molecules, 

initiating film growth, as depicted in Figure 9. The reactor design promotes laminar flow of 

vapor-phase monomer/initiator molecules. A crucial parameter to monitor within iCVD process 

is the ratio of monomer’s partial pressure pm to its saturation pressure psat. In general,  
𝑝𝑚

𝑝𝑠𝑎𝑡
 <

0.7 is required to avoid condensation of the gases on different surfaces inside the iCVD 

deposition chamber.[13-15] Typical monomer materials include acrylates, styrenes, 

methacrylates and acrylamides (vinyl monomers). As for the initiator, peroxides (eg; tert-butyl 

peroxide or TBPO), dissociate at energies in the range of 100-170 kJ mol-1, which translates 

to a filament temperature between 150 and 200°C.[16] 

Figure 8. Chemical structure of a) NVCL monomer b) 
NVCL polymer c) NVCL-co-DEGDVE copolymer 
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As described above, iCVD is a chain polymerization technique, where an initiator is used to 

provide active species to start the polymerization process. The reaction involves multiple 

steps:[16] 

1. Initiation: which consists of two reactions, starting with initiator decomposition to form 

radicals.  

 

I → 2R· 

 

Followed by a reaction to produce chain-initiating radicals 

 

R· + M → Cn· 

 

2. Propagation: where growth by the repetitive addition of several monomer molecules to 

the chain-initiating radical molecule:  

 

Cn· + M → Cn+1· 

 

3. Termination: in this step, the radical is eradicated by another radical terminating 

polymer chain growth, with the two radicals Cn• and Cm• joining to form a 

macromolecular chain. 

 

Cn· + Cm· → P 

 

Figure 9. Description of film growth by iCVD 
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2.2.6.2 Uniformity and conformality 

In iCVD, due to the flow kinetics in the gas phase, monomers are able to diffuse into very small 

and complex geometries such as pores and trenches. It has been demonstrated that the 

sticking probability of radicals, defined by the sticking coefficient, is inversely proportional to 

the concentration of adsorbed monomer molecules.[17] Therefore, improved step coverage 

(uniformity and conformality) is obtained with low monomer  
𝑝𝑚

𝑝𝑠𝑎𝑡
 , typically between 0.1 and 

0.3. The step coverage SC is calculated from the sticking coefficient following Equation 14: 

 

                              𝑙𝑛(𝑆𝐶) = −0.18 ∗ 𝛾 ∗  (
𝐻

𝑊
)
2

                                               (14)                

 

Where, 𝛾 is the sticking coefficient, H is the trench height, W is the width of the trench initial 

opening.   

2.2.7 References 

[1]     Ullah, F., Othman, M. B. H., Javed, F., Ahmad, Z., & Akil, H. M. (2015). 

Classification, processing and application of hydrogels: A review. In Materials 

Science and Engineering C, 57, 414–433.  

 

[2]     Park, M. J., Hur, S. M., & Rhee, H. K. (2002). Online estimation and control of 

polymer quality in a copolymerization reactor. AIChE journal, 48(5), 1013-1021. 

 

[3]     Flory, P. J., & Rehner Jr, J. (1943). Statistical mechanics of cross‐linked polymer 

networks I. Rubberlike elasticity. The journal of chemical physics, 11(11), 512-520. 

 

[4]     Qiu, Y., & Park, K. (2001). Environment-sensitive hydrogels for drug 

delivery. Advanced drug delivery reviews, 53(3), 321-339. 

 

 

[5]      Muralter, F., Perrotta, A., Werzer, O., & Coclite, A. M. (2019). Interlink between 

tunable material properties and thermoresponsiveness of cross-linked poly (N-

vinylcaprolactam) thin films deposited by initiated chemical vapor 

deposition. Macromolecules, 52(18), 6817-6824. 

 



37 

 

 

[6]      Muralter, F., Greco, F., & Coclite, A. M. (2019). Applicability of vapor-deposited 

thermoresponsive hydrogel thin films in ultrafast humidity sensors/actuators. ACS 

applied polymer materials, 2(3), 1160-1168. 

 

[7]     Serra, L., Doménech, J., & Peppas, N. A. (2006). Drug transport mechanisms 

and release kinetics from molecularly designed poly (acrylic acid-g-ethylene glycol) 

hydrogels. Biomaterials, 27(31), 5440-5451. 

 

[8]     Klouda, L. (2015). Thermoresponsive hydrogels in biomedical applications: A 

seven-year update. European Journal of Pharmaceutics and 

Biopharmaceutics, 97, 338-349. 

 

 

[9]     Qiao, M., Chen, D., Ma, X., & Hu, H. (2006). Sustained release of bee venom 

peptide from biodegradable thermosensitive PLGA-PEG-PLGA triblock copolymer-

based hydrogels in vitro. Die Pharmazie-An International Journal of Pharmaceutical 

Sciences, 61(3), 199-202. 

 

[10] Muralter, F., Perrotta, A., & Coclite, A. M. (2018). Thickness-dependent swelling 

behavior of vapor-deposited smart polymer thin films. Macromolecules, 51(23), 

9692-9699. 

 

 

 

[11] Lee, B., Jiao, A., Yu, S., You, J. B., Kim, D. H., & Im, S. G. (2013). Initiated 

chemical vapor deposition of thermoresponsive poly (N-vinylcaprolactam) thin films 

for cell sheet engineering. Acta biomaterialia, 9(8), 7691-7698. 

 

[12] Kozanoǧlu, S., Özdemir, T., & Usanmaz, A. (2011). Polymerization of N-

vinylcaprolactam and characterization of poly (N-vinylcaprolactam). Journal of 

Macromolecular Science, Part A, 48(6), 467-477. 

 



38 

 

[13] Baxamusa, S. H., Im, S. G., & Gleason, K. K. (2009). Initiated and oxidative 

chemical vapor deposition: a scalable method for conformal and functional polymer 

films on real substrates. Physical Chemistry Chemical Physics, 11(26), 5227-5240. 

 

[14] Coclite, A. M., Howden, R. M., Borrelli, D. C., Petruczok, C. D., Yang, R., Yagüe, 

J. L. & Gleason, K. K. (2013). 25th Anniversary article: CVD polymers: a new 

paradigm for surface modification and device fabrication. Advanced 

Materials, 25(38), 5392-5423. 

 

[15] Tenhaeff, W. E. & Gleason, K. K. (2008). Initiated and oxidative chemical vapor 

deposition of polymeric thin films: ICVD and oCVD. Adv. Funct. Mater. 18, 979–

992. 

 

[16] Odian, G. (2004). Principles of polymerization. John Wiley & Sons. 

 

[17] Ozaydin‐Ince, G., & Gleason, K. K. (2010). Tunable conformality of polymer 

coatings on high aspect ratio features. Chemical Vapor Deposition, 16(1‐3), 100-

105. 

 

 

 

 

 

 

 

 

 

 

 



39 

 

2.3 Piezoelectric Zinc oxide 

2.3.1 Optical and electrical properties 

Zinc oxide (ZnO) has attracted attention due to its properties as well as synthesis routes. It is 

classified as an inorganic material and a direct bandgap semiconductor, with an energy band 

of 3.37 eV at 300 K. The optoelectronic properties of ZnO makes it suitable in green, blue-

ultraviolet and white light-emitting devices. ZnO possess a large exciton binding energy of 60 

meV, making it suitable for near-band-edge excitonic emissions.[1] Additionally, its electrical 

properties are of particular interest in the field of electronics. It is compliant to wet chemical 

etching, which eases its fabrication in electronics. Due to its transparency, it is applicable in 

fabrication of transparent thin-film transistors, with light insensitivity. The electrical properties 

of ZnO (commonly, an n-type semiconductor, doping with Al, Ga or In) are controlled by doping. 

Conductive doped-ZnO is used as transparent electrode material for displays and solar cells.[2]  

As with most semiconductors in II-VI group, ZnO crystallizes into rocksalt, cubic zinc blende or 

hexagonal wurtzite structure, with the latter being the most thermodynamically stable at 

ambient conditions. ZnO with rocksalt structure is obtainable at high pressures, while zinc 

blende structure is a product of growth on cubic substrates.[2] Figure 10 depicts the three 

crystal structures. 

 

2.3.2 Mechanical properties 

The mechanical properties of ZnO, as any other material, are conceptualized in the hardness 

H, elastic constants C, Young’s E, shear G and bulk B moduli. For the ZnO wurtzite crystal 

structure, four out of five elastic constants are used to calculate the bulk modulus B using 

Equation 14: 

 

              𝐵 =  
(𝐶11 + 𝐶12)𝐶33 − 2𝐶13

2

𝐶11 + 𝐶12 + 2𝐶33 + 4𝐶13
                                 (14) 

Figure 10. Different crystals of zinc oxide. Figure adapted 
with permission from ref. [2] 
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A wide range for the elastic constants for Wurtzite ZnO has been reported in literature, with 

C11 = 157 – 246 GPa, C12 = 82 – 127 GPA, C13 = 64 – 118 GPa, C33 = 83 – 270 GPa and B = 

134 – 183 GPa.[2] E and G are evaluated using Equation 15 and 16, respectively: 

 

                           𝐸 = 3𝐵(1 − 2𝑣)                                          (15)       

 

And 

 

                              𝐺 =
𝐸

2(1 + 𝑣)
                                           (16)       

 

With the Poisson’s ratio 𝑣 calculated from Equation 17: 

 

                        𝑣 =  
𝐶13

(𝐶11 + 𝐶12)
                                          (17)       

 

For single crystalline ZnO investigated with nanoindentation technique, the reported E = 111.2 

± 4.7 GPa and hardness H = 5.0 ± 0.1 GPa. While for polycrystalline ZnO a wide range has 

been reported, with E = 40 - 120 GPa and H = 1.5 – 12 GPa.[2] 

2.3.3 Piezoelectric properties 

The piezoelectric polarization in ZnO crystals can be expressed following Equation18: 

 

                 𝑃𝑖 = 𝑒𝑖𝑗𝑘𝜀𝑗𝑘 = 𝑑𝑖𝑗𝑘𝜎𝑗𝑘                                    (18)       

 

Where 𝑃𝑖 is the electrical polarization, 𝑒𝑖𝑗𝑘 and 𝑑𝑖𝑗𝑘 are the piezoelectric strain and stress 

coefficients, respectively. While, 𝜀𝑗𝑘 and 𝜎𝑗𝑘 are the equivalent strain and stress. This relation 

defines the polarization related to the direct piezoelectric effect, while the indirect piezoelectric 

effect (strain because of applied electric field) is given in Equation 19: 
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                                  𝜀𝑖𝑗 = 𝑑𝑖𝑗𝑘𝐸𝑘                                             (19)            

 

With 𝐸𝑘 being the electric field. In the hexagonal wurtzite structure, the piezoelectric tensor has 

three coefficients, namely d33, d31 and d15. The anisotropic piezoelectric polarization can be 

expressed following Equation 20 or 21: 

                                              (

𝑃𝑥𝑥

𝑃𝑦𝑦

𝑃𝑧𝑧

) = (
0 0 0
0 0 0

𝑒31 𝑒31 𝑒33

   
0 𝑒15 0

𝑒15 0 0
0 0 0

)

(

  
 

𝜀𝑥𝑥

𝜀𝑦𝑦

𝜀𝑧𝑧
𝜀𝑥𝑦

𝜀𝑦𝑧

𝜀𝑧𝑥)

  
 

              (20)  

Or 

                                     (

𝑃𝑥𝑥

𝑃𝑦𝑦

𝑃𝑧𝑧

) = (
0 0 0
0 0 0

𝑑31 𝑑31 𝑑33

   
0 𝑑15 0

𝑑15 0 0
0 0 0

)

(

  
 

𝜎𝑥𝑥

𝜎𝑦𝑦

𝜎𝑧𝑧
𝜎𝑥𝑦

𝜎𝑦𝑧

𝜎𝑧𝑥)

  
 

          (21) 

2.3.4 Bulk and thin film growth 

Bulk growth of single crystalline ZnO is required in several optical applications. ZnO large 

single crystals tend to grow with (0001) preferential orientation on different substrates. 

However, a proper choice of the substrate will facilitate epitaxial growth, reducing in-plane and 

out-of-plane lattice mismatch. Homo-epitaxial growth on ZnO substrate eliminates thermal 

induced strain, lowers defect density and provides control over material polarity. High quality 

large single crystalline ZnO is grown using three main methods:[2] 

1. Hydrothermal 

2. Vapor phase 

3. Melt growth 

Due to the high vapor pressure of ZnO, vapor phase growth is hard to control, while melt growth 

is not easily achievable. Thus, hydrothermal growth is favorable.  

ZnO thin films have been deposited with different techniques namely, sputtering and CVD 

processes. Poly crystalline or amorphous ZnO films are grown by sputtering from a high-purity 

ZnO target. With RF-magnetron sputtering, ZnO films have been deposited on different 

substrates such as, diamond, glass and Si. The deposition temperature ranged from room 

temperature up to 400°C and the ZnO thin films exhibited (001) preferential orientation. Single 

crystalline ZnO films were grown with RF-magnetron sputtering as demonstrated by Kim et al. 
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However, this was demonstrated on sapphire substrates with depositions carried out at 

elevated substrate temperature.[3]  

Another technique employed for deposition of ZnO films is pulsed laser deposition (PLD, in 

which a stream of high-power laser pulses is used to evaporate material from targets, with the 

stoichiometry of the depositing material preserved. The process illustrated in Figure 11. In 

PLD, high-energy source particles are generated, allowing high quality film growth at low 

substrate temperature, ranging from 200 to 800°C. The properties of the grown ZnO films 

depend mainly on the substrate temperature, ambient oxygen pressure, and laser intensity. 

Sputter targets include cylindrical ZnO tablets made from pressed ZnO powder or single 

crystalline ZnO. A pure Zn metal source is less common.  

 

Another technique of interest, to deposit ZnO films, is chemical vapor deposition (CVD). Here 

different modifications exist depending on the used precursor. In case of metal-organic 

precursors, the technique is called MOCVD. In the case of hydride or halide precursors, the 

technique is named hydride or halide CVD. In CVD, ZnO is deposited from vapor-phase 

precursors, which are transported by a carrier gas. The ZnO films deposited using this 

technique exhibit high crystalline, electrical, and luminescence properties. In MOCVD, metal 

alkyls are used, usually dimethyl zinc (DMZ) Zn(CH3)2 or diethyl zinc (DEZ) Zn(C2H5)2 in 

combination with a separate source of oxygen and argon or nitrogen as a carrier gas.[2]  

2.3.4.1 Atomic layer deposition (ALD) 

Atomic layer deposition (ALD) is a chemical vapor deposition method based on self-limiting, 

saturated surface reactions that produce highly conformal und uniform thin films with Angstrom 

level thickness control (defined by a parameter commonly named as  growth per cycle or GPC). 

GPC is the thickness increase of the deposited film after one ALD cycle. Typically, the GPC is 

less than one monolayer due to effects such as steric hindrance, e.g. adsorbates block active 

Figure 11. Description of PLD technique. Figure 
reproduced with permission from ref. [2] 
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groups on the surface. Typically, one ALD cycle involves four steps as depicted in Figure 12, 

which are:[4] 

1. Precursor adsorption 

2. Purging step 

3. Co-reactant exposure 

4. Purging step 

Self-limitation is another key parameter in ALD. Short precursor or reactant doses result in a 

decreased GPC as not enough reactant molecules are available to bind to all active surface 

groups. Contrarily, short purging times result in an increased GPC due to gas phase reactions. 

For a self-limiting ALD process, all four steps have to be in saturated regimes. The GPC varies 

with temperature due to effects resulting in CVD growth or effects leading to variation in the 

GPC while maintaining the self-limiting nature. At low temperatures, the precursor can 

condense on the surface. Additionally, low temperatures do not provide enough thermal energy 

to start the surface reactions. On the other hand, at high temperatures, the precursor can 

decompose and react without the co-reactant. These effects lead to a non-self-limiting ALD 

growth. At an intermediate temperature range, referred to as the ALD window, self-limiting ALD 

growth is obtained, however the GPC can still vary.[5]  

Due to a change in the number of available reactive sites, the GPC is influenced by the number 

of growth cycles. In the first few cycles, deposition only occurs on the substrate surface. After 

a few cycles, both the surface of the substrate and the deposited film are available for 

adsorption. After full coverage of the substrate, the surface consists only of the deposited film. 

Due to these surface changes, the GPC changes in the initial stages and reaches a constant 

value after a number of cycles, which is referred to as the steady regime.[6] 

The first precursors used for ALD growth of ZnO were zinc acetate (ZnAc) and H2O, where the 

chemical reaction is:[7]  

Zn(CH3COO)2 + H2O → ZnO + 2CH3COOH 

However, ZnAc requires a relatively high temperature to react with H2O. There for, precursors 

that are more reactive have been developed for ALD of ZnO. Currently, the most common Zn 

precursor used in ALD is diethyl zinc (DEZ) which reacts readily with H2O, where the chemical 

reaction is:  

Zn(C2H5)2 + H2O → ZnO + 2C2H6 

The exothermic reaction of DEZ with H2O can be used to deposit ZnO thin films at 

temperatures much lower (100–200°C) than those needed for ZnAc. DMZ is also used as 

precursor with a reaction mechanism very similar to DEZ: 
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 Zn(CH3)2 + H2O → ZnO + 2CH4 

DMZ can be used in the same deposition temperature range, however the limits of the ALD 

window, are reported to be slightly lower for DMZ.  

In addition to H2O, several other oxygen sources, such as O2, O3 and N2O, have been used in 

ZnO depositions with DEZ or DMZ in conventional ALD processes, with similar growth rates 

compared to H2O, however higher deposition temperatures are required. O2 is commonly used 

in plasma-enhanced ALD (PEALD), which is employed to deposit films with a higher degree of 

stoichiometry at lower temperatures due to the higher reactivity of plasma.[7] 

Similar to bulk ZnO, ALD ZnO crystallizes into a hexagonal wurtzite structure with high degree 

of crystallinity even at relatively low deposition temperatures. As previously stated, the 

structure of the films can be controlled by the deposition temperature. At deposition 

temperatures below 70°C, the films exhibit a strongly preferred (002) orientation. However, 

above 70°C, the (100) orientation dominates up to 160–200°C. At deposition temperatures 

above 220°C, the preferential orientation changes back to (002). Additionally, the deposition 

temperature affects the stoichiometry of the ZnO films, which in turn influences the electrical 

properties.[8] The n-type conductivity of ZnO is manly due to the defects and impurities in the 

ZnO crystal. Therefore, the electrical properties can be controlled by the amount of these 

defects and impurities. In ALD, this is controlled with the deposition temperature.[2]  

 

 

 

 

 

Figure 12. Four steps of an ALD cycle 
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2.3.4.2 Plasma-enhanced ALD 

O2 plasma, the typical co-reactant in PEALD, is much more reactive than H2O, resulting in 

more stoichiometric films due to complete oxidation of Zn. This is translated to a decrease in 

oxygen vacancies and interstitial Zn, which reduces the n-type carrier concentration, resulting 

in films with higher resistivity. Additionally, the GPC greatly differs between the two processes. 

Significantly smaller ZnO crystallites are obtained from PEALD, which could contributes to the 

increasing the resistivity of the films. PEALD offers advantages over ALD:[9]  

1. Reduced substrate temperature: less thermal energy is needed due to the high 

concentration of reactive species provided by the plasma. This is very handy when 

dealing with polymeric substrates with low thermal stability. However, substrate 

damage from plasma source is possible. 

2. Improved material properties: as mentioned above, the use of plasma delivers films 

with less impurities, enhanced density and electronic properties.  

3. Increased GPC and shorter purging times  

The half-reactions of PE-ALD, applying DEZ and O2- plasma, can be written as:[10] 

OH + Zn(C2H5)2 → OZn(C2H5) + C2H6  

And 

OZn(C2H5) + 6O → OZnOH + CO2 + CO + 2H2O  

Several reactor configurations are available for PEALD, with the plasma source and 

configuration being the main difference:[9]  

1. Direct plasma: here the substrate is placed on the ground electrode, within the plasma 

region. The plasma is created between two parallel electrodes (capacitive coupling). The 

gases are  usually introduced through a showerhead power electrode. Due to the high flux of 

radicals and ions, conformal and fast depositions are obtained. Direct plasma with mesh is 

another configuration of the direct plasma. 

2. Remote plasma: here the plasma is created remotely. The plasma may however still be 

present above the substrate and the ion and electron density may be greater than zero. The 

main advantage of this configuration is the ability to tune the plasma and substrate conditions 

independently. The remote plasma can be generated inductively (through a dielectric tube and 

a coil), with a hollow cathode, or with microwave electron cyclotron resonance.  

3. Radical-enhanced: in a radical-enhanced configuration, the plasma is placed relatively far 

away from the substrate. Through surface collisions on the way to the substrate, most ions and 

electrons are lost and only radicals arrive at the substrate. However, also the radical flux may 

be substantially reduced. The difference between remote and radical-enhanced configurations 
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is rather vague, and a configuration may be closer to one or the other. The general expression 

used for both configurations is remote plasma. 

2.3.5 References 

[1]    Kołodziejczak-Radzimska, A., & Jesionowski, T. (2014). Zinc oxide—from 

synthesis to application: a review. Materials, 7(4), 2833-2881. 

 

[2]    Özgür, Ü., Alivov, Y. I., Liu, C., Teke, A., Reshchikov, M., Doğan, S., ... & Morkoç, 

A. H. (2005). A comprehensive review of ZnO materials and devices. Journal of 

applied physics, 98(4), 11. 

 

[3]     Kim, K. K., Song, J. H., Jung, H. J., Choi, W. K., Park, S. J., & Song, J. H. (2000). 

The grain size effects on the photoluminescence of ZnO/α-Al 2 O 3 grown by radio-

frequency magnetron sputtering. Journal of Applied Physics, 87(7), 3573-3575. 

 

[4]     Burgess, C. H. (2017). Review of tailoring ZnO for optoelectronics through atomic 

layer deposition experimental variables. Materials Science and Technology, 33(7), 

809-821. 

 

[5]      George, S. M. (2010). Atomic layer deposition: An overview. Chemical Reviews, 

110(1), 111–131. 

 

[6]     Puurunen, R. L. (2005). Surface chemistry of atomic layer deposition: A case 

study for the trimethylaluminum/water process. Journal of Applied Physics, 

97,121301. 

 

 
[7]     King, D. M., Liang, X., Carney, C. S., Hakim, L. F., Li, P., & Weimer, A. W. (2008). 

Atomic layer deposition of UV‐absorbing ZnO films on SiO2 and TiO2 nanoparticles 

using a fluidized bed reactor. Advanced functional materials, 18(4), 607-615. 

 

[8]     Abu Ali, T., Pilz, J., Schäffner, P., Kratzer, M., Teichert, C., Stadlober, B., & 

Coclite, A. M. (2020). Piezoelectric Properties of Zinc Oxide Thin Films Grown by 



47 

 

Plasma‐Enhanced Atomic Layer Deposition. physica status solidi (a), 217(21), 

2000319. 

 

[9]     Profijt, H. B., Potts, S. E., Van de Sanden, M. C. M., & Kessels, W. M. M. (2011). 

Plasma-assisted atomic layer deposition: basics, opportunities, and 

challenges. Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and 

Films, 29(5), 050801. 

 

[10] Pilz, J. Plasma-Enhanced Atomic Layer Deposition and Vapor Phase Infiltration 

of ZnO: From Fundamental Growth Characteristics to Piezoelectric Films. Ph.D. 

thesis, Graz University of Technology, 2020. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



48 

 

2.4 Nano imprint lithography (NIL) 

Nanoimprint lithography is a micro/nanoscale fabrication technique with high resolution, low 

fabrication cost and high throughput. Structuring in NIL relies on mechanical deformations 

rather than electrons or photons (conventional in lithography processes), which achieves 

structures with higher resolution, as the diffraction limit (resolution limit in conventional 

lithography processes) is superseded. NIL is capable of sub-10 nm features fabrication with 

proper alignment of mask and substrate/resist as well as the choice of resist material, with 

viscoelastic properties being very important. Additionally, the substrate resist interface, resist 

stamp interface and the substrate stamp interface are defining factors.[1] 

NIL is subcategorized into two main processes, which are: 

1. Thermal-NIL or T-NIL 

2. Ultraviolet-NIL or UV-NIL 

According to Figure 13, T-NIL involves the following fabrications steps:[1] 

1. Polymeric resist is applied as a thin film layer onto the substrate, typically using spin-

coating 

2. The stamp, with defined pattern, is brought into contact (pressure is applied) with the 

substrate/resin 

3. The system is heated up above the glass transition temperature Tg of the resin 

4. After cooling down, stamp demolding is carried out 

5. Optionally, etching is used to transfer the resist pattern into the underlying layer 

 

 

Figure 13. General fabrication steps involved 

in T-NIL 
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2.4.1 Ultraviolet-NIL 

The main difference between UV-NIL and T-NIL is the resin choice, which is cured 

(hardened) by UV-light at room temperature. UV-NIL typically involves the following steps, 

which are depicted in Figure 14: 

1. UV-curable resist is applied onto the substrate 

2. Stamp, typically transparent, is brought into contact with the substrate/resin 

3. UV light exposure through the transparent stamp, results in a cured resin 

4. Demolding is performed and similar to T-NIL, subsequent etching is carried out for 

pattern transfer to underneath layers.  

 

Typically, UV-NIL processes limit the choice of resist material to UV-curable polymers. In 

comparison, T-NIL allows resist material versatility. Additionally, UV-exposure can only be 

performed by using a transparent stamp or/and substrate. However, due to the absence of 

high imprint contact pressure and thermal heating cycles, can be used in structuring large 

substrate areas (d = 30 cm). 

The final thickness ℎ𝑓 of the cured resin is calculated following the Navier-Stroke Equation 

22:[2] 

                                         ℎ𝑓 = (
2𝐹

𝜇𝑎2𝐿𝑉
+

1

ℎ0
2)

−
1
2

                                                   (22)                                    

 

Where, F is the force applied, 𝜇 is the dynamic viscosity, a is the contacting length, L is the 

width of the panel, V is the web speed and ℎ0 is the initial thickness. 

 

Figure 14. General fabrication steps involved in UV-
NIL 
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The time t needed to reach the final thickness hf is calculated following Equation 23: 

 

𝑡 =  
µ𝑎2

2𝑃
(

1

ℎ𝑓
2 − 

1

ℎ0
2) =  

µ𝑎3𝐿

2𝐹
(

1

ℎ𝑓
2 − 

1

ℎ0
2)                           (23)        

 

Based on the stamp material, UV-NIL can be categorized into hard or soft UV-NIL. In hard 

UV-NIL, the demolding force after curing is very high. Moreover, due to the waviness and 

roughness of the substrate and the stamp, parallel and uniform contact is hard to maintain, 

especially for large imprint areas. These drawbacks can be reduced with soft UV-NIL.   

The reproducibility or pattern transfer effectiveness from the stamp to the resin can be 

described thermodynamically following Equation 24:[3] 

 

𝜀 ≈  
𝛾𝑠𝑟

𝐸𝑠𝑡𝑎𝑚𝑝 𝑥 𝑅0
                                    (24)  

 

Where, 𝜀 is the maximum inaccuracy, 𝐸𝑠𝑡𝑎𝑚𝑝 is the Young’s modulus of the stamp, 𝛾𝑠𝑟 is the 

solid-resin interfacial energy and 𝑅0 is the radius and/or height of the structures. To imprint 

high-resolution structures with good fidelity, ε < 0.1 is required. This translates to increased E 

of the stamp and a reduced 𝛾𝑠𝑟, which results in higher replication accuracy for features with 

small R0. Additionally, reducing the demolding force needed to separate stamp from the 

cured resin, minimizes the mechanical stresses that can damage the transferred pattern. A 

lower force during the demolding process reduces the  𝛾𝑠𝑟, between stamp and the cured 

resin, following Equation 25:  

 

                 𝛾𝑠𝑟 = 𝛾𝑠 + 𝛾𝑟 − 2(𝛾𝑠 𝑥 𝛾𝑟)
1
2                               (25)       

 

Proper demolding is essential for defect-free imprints and could be achieved with lower 

stamp resin adhesion energy WA, which is given in Equation 26: 

 

                      𝑊𝐴 = 2(𝛾𝑠 𝑥 𝛾𝑟)
1
2                                            (26)        
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Thus, 𝛾𝑠 and 𝛾𝑟 should be minimized and equal in magnitude (𝛾𝑠 ∼  𝛾𝑟). 

 

2.4.2 Residual free imprint 

The interfacial energy is a dominant factor in residue-free imprinting. The interaction between 

the surface energies of the stamp, the substrate and the resin, which is described by the 

spreading parameter during nanoimprinting SNIL, is given in Equation 27:[3] 

 

𝑆𝑁𝐼𝐿 = 𝛾𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒/𝑠𝑡𝑎𝑚𝑝 − 𝛾𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
𝑟𝑒𝑠𝑖𝑛

− 𝛾𝑠𝑡𝑎𝑚𝑝
𝑟𝑒𝑠𝑖𝑛

             (27)        

 

For 𝑆𝑁𝐼𝐿 < 0, stamp induced dewetting is observed. 

During the coating step, the substrate wetting by the resist, which is described by a positive 

spreading parameter Scoat is given in Equation 28: 

 

𝑆𝑐𝑜𝑎𝑡 = 𝛾𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒/𝑎𝑖𝑟 − 𝛾𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
𝑟𝑒𝑠𝑖𝑛

− 𝛾 𝑎𝑖𝑟
𝑟𝑒𝑠𝑖𝑛

             (28)     

 

Here, complete wetting of substrate surface is desired and is applicable in case 𝑆𝑐𝑜𝑎𝑡 ≥ 0, 

which is achieved with a lower 𝛾𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒/𝑟𝑒𝑠𝑖𝑛. Last, a resin with low viscosity improves 

residual-free-layer imprinting due to improved dewetting. The dewetting velocity V is given in 

Equation 29: 

 

                              𝑉 =
1

η
 𝑥 

𝑆𝑁𝐼𝐿
2

𝐸 𝑥 ℎ
                                     (29)          

 

Where η is the resin viscosity, E is the stamp Young’s modulus and h is the film thickness. 
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2.5 Finite element method simulation 

2.5.1 COMSOL Multiphysics   

COMSOL Multiphysics is a finite element analysis (FEA)/ finite element method (FEM) 

simulation package that provides single-physics and coupled multiphysics modeling. The 

modeling workflow involves defining the geometry, material properties and physics with a 

wide range of possible operating conditions and physical effects considered. Modeling with 

COMSOL Multiphysics allows switching and combining different physical phenomena such 

as electromagnetics, structural mechanics, acoustics, fluid flow, heat transfer and chemical 

reactions. 

The modeling workflow encompasses: 

 Define geometry  

 Define materials and respective properties 

 Define respective physics (single or multi) 

 Meshing 

 Studies and optimization 

 Visualization and post processing 

2.5.1.1 Structural mechanics module 

The structural mechanics module is an FEA package for the analysis of mechanical 

behavior of solid structures. The module delivers a wide range of modeling tools and 

functionalities for solid mechanics, dynamics and vibrations, materials modeling, shells, 

beams, contact and fractures. In addition to modeling of 3D structures, 2D structures are 

modelled (plane stress, plane strain, generalized plane strain, and axial symmetry). The 

Structural Mechanics Module can be combined with a wide range of other COMSOL 

modules to model thermal stress, fluid–structure interaction, and piezoelectricity. Analysis 

types provided within the module include: [1]  

 Static 

 Eigenfrequency 

 Undamped 

 Damped 

 Prestressed 

 Transient 

 Direct or mode superposition 

 Frequency response 
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 Direct or mode superposition 

 Geometric nonlinearity and large deformations 

 Mechanical contact 

 Buckling 

 Response spectrum 

 Random vibration 

 Component mode synthesis 

:Additionally, there are different material models within the module, which include 

materials: can be isotropic, orthotropic or anisotropic Linear elastic•  

 Linear viscoelastic materials•  

 Piezoelectric material•  

 Magnetostrictive materials•  

 Nonlinear structural materials•  

 

2.5.1.1.1 Linear elastic material 

For isotropic linear elastic materials, Hooke’s law relates the stress tensor 𝜎  to the strain 

tensor as given in Equation 30: 

 

   𝜎 = 𝜎𝑒𝑥 + 𝐶 𝑥 𝜀𝑒𝑙 = 𝜎𝑒𝑥 + 𝐶 𝑥 (𝜀 − 𝜀𝑖𝑛𝑒𝑙)                                     (30)                    

 

Where C is the elasticity tensor, 𝜀𝑒𝑙 is the elastic strain (difference between total strain 𝜀 and 

inelastic strain 𝜀𝑖𝑛𝑒𝑙) and 𝜎𝑒𝑥 is the extra stress defined as initial and viscoelastic stress. With 

the inelastic strain calculated from Equation 31: 

 

𝜀𝑖𝑛𝑒𝑙 = 𝜀0 + 𝜀𝑒𝑥𝑡 + 𝜀𝑡ℎ + 𝜀ℎ𝑠 + 𝜀𝑝𝑙 + 𝜀𝑐𝑟 + 𝜀𝑣𝑒                 (31) 

 

Where 𝜀0 is the initial strain, 𝜀𝑒𝑥𝑡  is the external strain, 𝜀𝑡ℎ  is the thermal strain, 𝜀ℎ𝑠 is the 

hygroscopic strain, 𝜀𝑝𝑙  is the plastic strain, 𝜀𝑐𝑟 is the creep strain and 𝜀𝑣𝑒 is the viscoplastic 

strain. The hygroscopic strain is calculated following Equation 32: 
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                                         𝜀ℎ𝑠 = 𝛽ℎ𝑠 𝑥 𝐶𝑚𝑜𝑖                                            (32)              

 

Where 𝛽ℎ𝑠 is the hygroscopic swelling coefficient and 𝐶𝑚𝑜𝑖 is the concentration of moisture. 

The elastic strain energy density 𝑊𝑠 is given following Equation 33: 

 

𝑊𝑠 =
1

2
𝜀𝑒𝑙  𝑥 (𝐶 𝑥 𝜀𝑒𝑙 + 2𝜎0) =  

1

2
𝜀𝑒𝑙  𝑥 (𝜎 + 𝜎0)                 (33)       

 

The stress and strain tensors are generally defined by a 3x3 matrix as given in Equation 34: 

 

[

𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧

𝜎𝑥𝑦 𝜎𝑦𝑦 𝜎𝑦𝑧

𝜎𝑥𝑧 𝜎𝑦𝑧 𝜎𝑧𝑧

]  𝑎𝑛𝑑 [

𝜀𝑥𝑥 𝜀𝑥𝑦 𝜀𝑥𝑧

𝜀𝑥𝑦 𝜀𝑦𝑦 𝜀𝑦𝑧

𝜀𝑥𝑧 𝜀𝑦𝑧 𝜀𝑧𝑧

]                       (34)  

 

Due to the isotropic material symmetry, the elasticity matrix C is given in Equation 35: 

 

𝐶 = 
𝐸

(1 + 𝑣)(1 − 2𝑣)
 

[
 
 
 
 
 
 
 
 
1 − 𝑣 𝑣 𝑣

𝑣 1 − 𝑣 𝑣
𝑣 𝑣 1 − 𝑣

                        
0      0      0
0       0      0
0       0      0

0      0      0
0      0      0
0      0      0

          

1 − 2𝑣

𝑣
0 0

0
1 − 2𝑣

𝑣
0

0 0
1 − 2𝑣

𝑣 ]
 
 
 
 
 
 
 
 

          (35) 
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Piezoelectric material 2.5.1.1.2 

Modelling of piezoelectric materials within the structural mechanics module relies on the 

piezoelectric coupling equations. The stress-charge form of the coupling equations is given in 

Equation 36 and 37: 

𝜎 = 𝐶𝐸𝜀 + 𝑒𝑇𝐸                                                 (36) 

And 

𝐷 = 𝑒𝜀 + 𝜀0𝜀𝑟𝐸                                                (37) 

 

Where, 𝜎 is the stress, 𝐶𝐸 is the elasticity matrix, 𝜀 is the strain, 𝑒𝑇 is the coupling matrix, E is 

the electric field, D is electric field displacement, 𝜀0 is the vacuum permittivity and 𝜀𝑟 is the 

relative permittivity. While, the strain-charge form is given in Equation 38 and 39: 

 

𝜀 = 𝑆𝐸𝜎 + 𝑑𝑇𝐸                                                 (38) 

And 

       𝐷 = 𝑑𝜎 + 𝜀0𝜀𝑟𝜎𝐸                                               (39)        

 

Where, 𝑆𝐸 and 𝑑𝑇 are the material compliance and coupling matrices. Transformation from 

strain-charge to stress-charge follows Equation 40, 41 and 42: 

 

𝐶𝐸 = 𝑆𝐸
−1                                                           (40) 

 

         𝑒 = 𝑑 𝑆𝐸
−1                                                          (41)          

And 

𝜀𝜀 = 𝜀0𝜀𝑟𝜀 − 𝑑 𝑆𝐸
−1𝑑𝑇                                    (42) 
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AC/DC module 22.5.1. 

The AC/DC module provides you with a wide range of modeling features and numerical 

methods for investigating electromagnetic and electrostatic fields by solving Maxwell's 

combination with the structural mechanics module, the piezoelectric equations. In 

[2]based devices.-multiphysics coupling is used to model the behavior of piezoelectric 

The charge conservation equation of electrostatics follows Gauss’ law and is given in 

Equation 43: 

 

                        ∇. 𝐷 = 𝜌𝑣                                               (43)                 

 

Where, ∇ is the curl, D is the electric field displacement,  𝜌𝑣 is the volume electric charge 

density. 

While, the electric field E is derived from the electric potential V following Equation 44: 

 

       𝐸 = −∇ 𝑉                                                 (44) 

 

The current density is calculated from Equation 45, referred to as the equation of continuity: 

 

        ∇. 𝐽 = −
𝜕𝑝

𝜕𝑡
                                                (45)    

 

Where, J is the current density, 𝑝 is the electric charge density and t is time. For linear 

materials, the polarization P is directly proportional to the electric field E, the vacuum 

permittivity 𝜀0 and the electric susceptibility 𝑋𝑒, as given in Equation 46: 

 

        𝑃 = 𝜀0 𝑋𝑒 𝐸                                               (46) 

 

And the electric field displacement D is calculated from Equation 47: 
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         𝐷 =  𝜀0 (1 + 𝑋𝑒)𝐸                                    (47)  

 

2.5.2 References 

[1] COMSOL Multiphysics. (2018). Structural mechanics module. 

[2] COMSOL Multiphysics (2018). AC/DC module.  
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3 
Scientific Publications 

 

In this chapter, the experimental work conducted to realize this thesis is presented in the 

form of peer-reviewed articles. 
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3.1 Piezoelectric Properties of Zinc Oxide Thin Films Grown by Plasma-

Enhanced Atomic Layer Deposition 

 

 
Reference: Abu Ali, T., Pilz, J., Schäffner, P., Kratzer, M., Teichert, C., Stadlober, B., & Coclite, 

A. M. (2020). Piezoelectric Properties of Zinc Oxide Thin Films Grown by Plasma-Enhanced 

Atomic Layer Deposition. Physica Status Solidi (A) Applications and Materials Science, 

217(21). https://doi.org/10.1002/pssa.202000319 

 

3.1.1 Preface 

The work presented in this publication was conducted at Graz University of Technology in 

cooperation with Joanneum Research and University of Leoben. Taher Abu Ali and Julian Pilz 

performed sample preparation, measurements and manuscript preparation. Markus Kratzer 

performed the PFM measurements. Philipp Schäffner helped with data evaluation and 

interpretation. The work was supervised by Christian Teichert, Barbara Stadlober and Anna 

Maria Coclite. The published article is reproduced with permission from the publisher. 
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3.1.2 Introduction 

Zinc oxide (ZnO) has attracted a lot of interest in material research due to its wide band gap 

energy (3.37 eV),[1] high excitonic binding energy (60 mV)[2] and relatively high piezoelectric 

coefficients (d33= 11.67 pCN-1 and d31= -5.43 pCN-1, for bulk ZnO).[3] Such properties, 

associated with its wurtzite structure, make ZnO of particular interest in many applications 

which include electronics (transparent electrodes and transparent thin film transistors),[1,4] 

optoelectronics (laser diodes and solar cells),[2,5] sensors (chemical, piezoelectric and 

pyroelectric),[6,7] transducers (surface acoustic wave devices),[8] and energy harvesting.[9] 

Additionally, ZnO is an n-type semiconductor, where its semiconducting properties are tuned 

by doping, annealing, and most importantly by the growth process and related process 

parameters. Therefore, several techniques have been implemented to synthesize ZnO bulk 

crystals or films and to tailor their properties for different applications.[10] Of particular interest 

is atomic layer deposition (ALD).[10] It allows the deposition of uniform and conformal ZnO thin 

films with Å-level precision.[11,12] Uniformity and conformality are products of self-limiting layer-

by-layer film growth from vapor phase precursors, with each precursor dosing step being 

separated by a purging step. Common ALD processes include thermal ALD and plasma-

enhanced ALD (PE-ALD). PE-ALD allows for the deposition of high-quality films at lower 

substrate temperature compared to thermal ALD as the surface reactions are driven by 

energetic plasma species rather than thermal energy.[13] Such low deposition temperatures are 

suitable for ZnO growth on flexible substrates such as polymers, while maintaining control over 

films’ optical, electrical, and mechanical properties.[14,15]  

Similarly, the piezoelectric properties of ZnO films are influenced by the deposition technique 

and the growth parameters. Table 1 shows the piezoelectric coefficient d33 of ZnO films 

prepared by several deposition techniques as reported in literature. 
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Table 1. Reported piezoelectric coefficient d33 of ZnO films 

Technique Film thickness 

[nm] 

d33 

[pmV-1] 

PLD 200 12[16] 

PLD 50 25[17] 

PLD 800 49.7[18] 

RF magnetron 

sputtering 

285 5[19] 

RF magnetron 

sputtering 

710 5.3[19] 

RF magnetron 

sputtering 

1400 8[19] 

DC sputtering 210 110[20] 

 

The investigation of the piezoelectric properties in these studies were performed by piezo 

response force microscopy (PFM), which measures the indirect piezoelectric effect, i.e., the 

reported values result from a local microscopic effect.[21-23] Macroscopic piezoelectric 

properties can be measured with a stamp setup, which excites the piezoelectric material 

mechanically and measures the direct piezoelectric effect.  

While the piezoelectric characterization has been reported for ZnO films grown by different 

techniques, literature on piezoelectric properties of ZnO films prepared by ALD is very 

limited.[24] Nevertheless, ZnO deposited by ALD and especially PE-ALD has shown ideal 

properties for piezoelectric applications such as polycrystallinity with (002) texture,[15,25,26] high 

resistivity,[15,25] and low amount of impurities.[14,25,27,28] Furthermore, the high reactivity of the 

plasma co-reactant allows for the deposition on thermo-sensitive substrates at substrate 

temperatures as low as room temperature.[14,15] This study therefore focuses on the 

piezoelectric properties of ZnO thin films grown on flexible PET and rigid glass substrates at 

different substrate temperatures. 
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3.1.3 Results 

Since the crystallographic properties have a large effect on the piezoelectric coefficients,[29,30] 

X-ray diffraction was performed. The XRD spectra of ZnO thin films grown on ITO-PET and on 

glass at different substrate temperatures are shown in Figure 15a and 15b, respectively. The 

spectra are shown in a 2θ range in which peaks corresponding to the ZnO wurtzite structure 

were observed. For all the measured spectra in Figure 15a, a decaying background can be 

observed, which can be associated with the amorphous PET substrate. The ZnO samples 

show a polycrystalline pattern with diffraction peaks which can be associated with the (100) 

and (002) crystallographic orientation of the ZnO wurtzite structure. By increasing the substrate 

temperature, the preferential orientation of the films switches from (100) to (002). By further 

increase of the substrate temperature beyond 150°C, the contribution from the (100) 

orientation further diminishes. Furthermore, the (002) peak position shifts to higher angles with 

increased substrate temperature, mainly for the samples deposited on ITO-PET, which could 

be explained by decreased microstrain within the sample. As the c-axis is the polar axis in the 

hexagonal wurtzite structure, a strong (002) preferential orientation of the crystallites is desired 

to enhance the measured piezoelectric current.[14,15,19,31-32]  

 

Figure 15. XRD patterns of ZnO films grown a) on PET and b) on glass at different substrate 
temperatures. Vertical, dashed lines show the peak positions of a ZnO powder reference 

(ICSD-26170) [33] 
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Figure 16. Schematic diagram of device architecture and piezoelectric measurement setup. 
Image not to scale, the area of the tip is 0.8 cm2 and the sample size is 1.5 cm2 

 

The piezoelectric current signal I was measured as a function of time t upon periodic force 

cycles applied to the ZnO thin films by means of the setup shown in Figure 16. Figure 17 

shows the characteristic output plots for the films deposited at 25°C a) on ITO coated PET 

substrate and b) on ITO coated glass substrate. Positive current pulses are generated upon 

pressing onto the sample and negative current pulses upon releasing the stamp from the 

sample. For such films, the average positive piezoelectric peak current generated from one 

cycle was 1.8 ± 0.1 nA when deposited on PET and 0.3 ± 0.1 nA when deposited on glass. 

When the films deposited on ITO-PET were mechanically excited, a recoil current was detected 

upon pressing and releasing, due to the elasticity of the substrate.[34] The piezoelectric charge 

Q was calculated by integrating the piezoelectric current over time, as shown in Equation 48. 

 

𝑄 = ∫ 𝐼 𝑑𝑡          (48) 

 

Figure 17c shows the calculated piezoelectric charge Q, for ZnO thin films deposited on both 

flexible PET and rigid glass substrates at different substrate temperatures T, respectively. A 

linear increase of the piezoelectric charge for films on both substrates was observed. For ZnO 

on PET, increasing the substrate temperature to 50 °C resulted in a piezoelectric peak current 

of I= 3.6  0.1 nA, corresponding to a charge of Q = 180  10 pC. Further increase of the 

substrate temperature to 70 °C resulted in a piezoelectric peak current of I = 5.8  0.1 nA and 

Q = 320  10 pC. The increasing linear trend, attributed to the enhancement of the (002) 

orientation with increased temperature, was measured also for the samples deposited on 

glass: in this case, at 50°C, the generated piezoelectric peak current was I = 1.4  0.2 nA and 

Q = 658 pC. Reaching a maximum of 4.3  0.2 nA (Q = 190  10 pC) for samples deposited 

at 225°C.   
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Figure 17. Piezoelectric current signal vs. time for 9-10 step force cycles applied to ZnO thin 
film deposited at 25°C a) on ITO coated PET b) on ITO coated glass. c) Generated 

piezoelectric charge as a function of the substrate deposition temperature for films grown on 
PET and glass 

 

Piezoelectric current/charge generated from ZnO thin films deposited on rigid glass substrates 

were lower compared to those generated by ZnO thin films on flexible PET substrates, due to 

bending effects of the substrate.[35] Bending of PET substrates generates charges through the 

transverse piezoelectric effect (attributed to the d31 coefficient), which results in higher 

measured piezoelectric current/charge.[36] However, ZnO films deposited on rigid glass 

substrates are not prone to bending, resulting in lower generated piezoelectric current/charge.  

 

As the response of ZnO films deposited on glass is not expected to have d31 contributions, the 

piezoelectric coefficient d33 can be calculated by 

 

𝑑33 =  𝑄/𝐹          (49) 

 

where Q is the piezoelectric charge and F is the excitation force. The calculated d33 coefficients 

are shown in Table 2 below. 
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Table 2. Calculated piezoelectric coefficient for ZnO films deposited on glass substrates at 
different temperatures 

Deposition 

temperature [°C] 

d33 

[pC N-1] 

25 3.0 

50 6.5 

100 10.5 

150 14.8 

225 20.0 

 

The calculated piezoelectric coefficient ranges between 3.0 pC N-1 and 20.0 pC N-1, for ZnO 

films grown within the temperature range of 25°C and 225°C. The d33 values are comparable 

to those reported in Table 1. 

The results obtained from our in-house built piezoelectric setup allows macroscopic 

piezoelectric characterization of ZnO thin films. However, microscopic characterization using 

PFM, gives information about the local piezoelectric properties at a nanometer scale. Figure 

18a shows the topography of ZnO film deposited at 25°C, which is characterized by small 

grains < 30 nm. The phase response (Figure 18b) does not show a coherent orientation of the 

grain polarization. However, large areas are recognizable, where the piezoelectric phase is ca. 

180°. The piezo response (PR) amplitude (Figure 18c) is relatively low, with a maximum 

displacement of 20 pm. The incoherence of the phase response and the low amplitude can be 

explained by the crystallographic properties of the film, i.e. where the wurtzite ZnO structure is 

mostly oriented along the (100) axis. Figure 3d shows the topography of ZnO film deposited at 

225°C, which is characterized by a granular topography with grain diameter of ~60 nm. The 

PR amplitude signal (Figure 18f) follows the grain structure, where regions with higher 

piezoelectric displacement are mostly located within the grains, while at the grain boundaries, 

the displacement is lower. This could be attributed to the fact that the grain boundaries are 

crystallographic defects. From the PFM phase image (Figure 18e), a  

certain degree of phase shift is recognizable. The grains seem to be in-phase with the external 

AC driving voltage, while boundaries seem to be mostly out-of-phase. Considering that the 

wurtzite ZnO structure in this film is mostly oriented along the (002) axis, the PFM phase can 

be related with the grain polarization, being this in-phase, it corresponds to a Zn-terminating 

surface.  
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Figure 18. a) topography b) PR phase and c) PR Amplitude of ZnO at 25°C, d) topography e) 
PR phase and f) PR amplitude of ZnO at 225°C. Both films were grown on Si substrates 

 

3.1.4 Conclusion 

Piezoelectricity in ZnO thin films deposited on flexible PET substrates as well as on rigid glass 

substrates by PE-ALD at different substrate temperatures was investigated. For this purpose, 

the piezoelectric current/charge was macroscopically measured and evaluated with an in-

house built piezoelectric measurement setup, applying a periodic step force signal of 10 N. 

ZnO films grown on flexible substrates showed increased piezoelectric output (up to 320 pC) 

compared to films grown on rigid substrates, possibly due to contributing bending effects upon 

force application. Furthermore, films showed increased piezoelectric output with increasing 

substrate temperature for both substrates, which can be related to an enhanced orientation of 

the crystallites along the polar (002) crystallographic axis. This is confirmed by PFM 

measurements, which indicate a predominant polarization orientation in the film.  

 

3.1.5 Experimental 

ZnO thin films were grown by PE-ALD in an in-house-built direct plasma reactor. Details on 

the setup can be found elsewhere.[14,15] One cycle of the process consisted of 0.15 s diethylzinc 

(DEZ) dose, 22 s Argon (Ar) purge, 8 s O2-plasma (60 W power), and 15 s Ar purge. ZnO films 

were deposited on Si (100) wafers with native oxide (Siegert Wafer, cut to approx. 2 x 2 cm) 

for spectroscopic ellipsometry and piezoresponse force microscopy measurements and on 

PET coated with Indium Tin oxide (ITO; 60 Ω/sq surface resistivity) substrates (Sigma-Aldrich, 

Germany), as well as glass slides and glass coated with ITO (60 Ω/sq surface resistivity) 
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substrates (Sigma-Aldrich, Germany) for crystallographic and macroscopic piezoelectric 

characterization. Depositions on ITO coated PET substrates were performed at substrate 

temperatures of 25°C, 50°C and 70°C. Due to the temperature dependent growth per cycle of 

the ALD process,[14] the number of cycles was adapted for each deposition series to reach a 

thickness of around 65 nm. Depositions on ITO coated glass substrates were performed at 

25°C, 50°C, 100°C, 150°C, and 225°C with resultant film thicknesses of around 50 nm.  

Spectroscopic ellipsometry (SE, J.A. Woollam M-2000V) was performed on films grown on Si 

substrates to determine the thickness and optical constants of the films. Measurements were 

carried out in a wavelength range of 370–1000 nm at three different angles (65°, 70°, and 75°). 

Using a Cauchy model in the transparent region of the ZnO films (450–1000 nm), the thickness 

and refractive index of the films were extracted. 

X-ray diffraction (XRD) in a θ/θ-configuration (Panalytical Empyrean) was performed to 

analyze the specular crystal orientation of films grown on ITO/PET substrates as well as films 

grown on glass substrates. A 1/8° divergence slit, a 4 mm mask, and a P7.5 antiscatter slit 

were used in the setup, and the detector was operated in 1D-mode. 

The macroscopic piezoelectric properties were measured in an in-house-built piezoelectric 

measurement setup. For this evaluation, conductive carbon tape (Science Services GmbH) 

was applied on the ZnO film, as a top electrode. The setup consisted of a pneumatic stamp 

generating a step force signal with magnitude F = 10 N and frequency f = 0.5 Hz. The 

generated piezoelectric current I was measured with a National Instruments PXIe-4139 source 

meter, for 9-10 cycles of step force. Piezoelectric charge Q values were calculated from the 

integrated current signal.  

To confirm the trends of the macroscopic measurements, PFM measurements were performed 

on ZnO films grown on Si. The measurements were conducted utilizing an Asylum Research 

(Oxford Instruments) MFP 3D atomic force microscope using Ti/Ir coated ASYLELEC-01-R2 

conductive probe with a nominal tip radius of (25±10) nm and a cantilever spring constant of 

2.8 (1.4-5.8) N m-1. In order to extend the applicable voltage range, a 10× voltage amplifier 

F10A from FLC Electronics AB was interconnected between the AFM controller output and the 

AFM probe. For signal enhancement, the measurements were performed in Dual AC 

Resonance Tracking (DART) mode, exploiting the superior signal-to-noise ratio enhancement 

at contact resonance.[37] 
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3.2.2 Abstract 

A force, humidity and temperature responsive electronic skin is presented by combining 

piezoelectric zinc oxide (ZnO) and poly-N-vinylcaprolactam-co-di(ethylene glycol) divinyl ether 

hydrogel into core-shell nanostructures using state-of-the-art dry vapor-based techniques. The 

proposed concept is realized with biocompatible materials in a simplified design that delivers 

multi-stimuli sensitivity with high spatial resolution, all of which are prerequisites for an efficient 

electronic skin. While the piezoelectric property of ZnO provides sensitivity to external force 

excitations, the thermoresponsive properties of the hydrogel core provide sensitivity to 

surrounding temperature and humidity changes. The hydrogel core exerts a mechanical stress 

onto the ZnO shell, which is translated to a measurable piezoelectric signal. A localized force 

sensitivity of 364 ± 66 pC N-1 is achieved with very low cross talk between 0.25 mm² pixels. 

Additionally, the sensor’s sensitivity to humidity is demonstrated at 25°C and 40°C, i.e. above 

and below the hydrogel’s lower critical solution temperature (LCST) of 34°C. The largest 

response to temperature is obtained at high humidity and below the hydrogel’s LCST. The 

sensor response to force, humidity and temperature was significantly faster than the system’s 

intrinsic or excitation-induced time scale. Finally, the sensor response to touch and breath 

demonstrated its applicability as e-skin in real life environment. 

3.2.3 Introduction 

The human skin is composed of a complex and specialized sensory system, which detects 

surrounding environmental stimuli and transmits the information to the brain.[1] In the last 

decade, substantial understanding of how this complex system behaves has been gained.[2–4] 

Nevertheless, its replication to form artificial skins is still a relatively new field with massive 

potential. Relying on advancements in functional materials, structural design and state-of-art 

production/deposition techniques, a wide variety of single/multi-stimuli responsive sensory 

systems, suitable for electronic skin (e-skin) applications, have been reported.[5–8] An efficient 

e-skin design requires a combination of functional materials with suitable mechanical and 

electrical properties,[9] in addition to the micro/nanoscale control of the layer’s thickness and 

dimensions, which is optimized by the choice of suitable fabrication techniques.  

For pressure and force detection, the most common methods exploit piezoelectric, 

piezoresistive or capacitive sensing.[10-13] Bao’s group investigated an e-skin design based on 

flexible pressure-sensitive organic thin film transistors deploying a force-sensitive gate 

dielectric capacitance. The sensor has a maximum sensitivity of 8.4 kPa-1 and a fast response 

time of 10 ms. This was realized with a combination of microstructured polydimethylsiloxane 

(PDMS) gate dielectric and a high-mobility semiconducting polymer in a transistor design. The 

sensor relies on capacitance change due to mechanical excitations.[14] Another pressure 

sensitive e-skin design, investigated by Bao’s group, is realized by a composite piezoresistive 
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material consisting of an organic polymer and nickel nanostructured microparticles.[15] Park 

and Jang investigated hybrid piezoelectric/piezoresistive pressure sensors based on a 

nanohybrid material from graphene with free-standing nanofibers of PEDOT/P(VDF-HFP). 

Their e-skin device impresses with a gauge factor as high as 320 under tensile strain thus 

showing high sensitivity to pressure with a low limit of detection of 0.5 Pa only.[16]  

Humidity sensors for e-skin applications have also been investigated.[17,18] Guo et al. 

demonstrated that a tungsten sulfite (WS2) film combined with graphene electrodes and PDMS 

substrate exhibits a high humidity response (up to 90% relative humidity or RH) due to the 

change in the WS2 conductivity.[19] Similarly, e-skin sensitivity to changes in surrounding 

temperature is desired and has been investigated.[20–22] Chen et al. presented a flexible 

temperature sensor for e-skin application based on a semipermeable polyurethane active 

layer, where its resistivity changes noticeably with the surrounding temperature.[23]  

The above-discussed concepts rely on sensors for single physical stimulus. However, multi-

stimuli responsiveness is a prerequisite for an efficient e-skin. Several examples of multi-

stimuli responsive e-skins are present in literature.[24–29] Ho et al. developed a transparent and 

stretchable all-graphene multifunctional e-skin sensor matrix sensitive to humidity, temperature 

and pressure.[30] Another concept of multi-stimuli responsive sensors is presented by Han et 

al., in which an organic aerogel with mixed ion–electron conductivity is developed to be 

sensitive to pressure, temperature and humidity with minimal cross-talk.[31] However, of the 

above-mentioned sensor solutions none can demonstrate multi-stimuli responsiveness and 

location-specific stimuli-response all at once and they also lack of a simplified architecture as 

well as biocompatible materials.  

In this publication, we demonstrate a flexible skin-like sensor that is responsive to multiple 

stimuli (force, humidity and temperature, abbreviated as F-H-T) and, since constructed as an 

array of vertical nanorod pixels, reacts in a location-specific manner to said stimuli. The active 

layer is made of an array of core-shell nanorods consisting of a Poly-N-vinylcaprolactam-co-

di(ethylene glycol) divinyl ether (p(NVCL-co-DEGDVE)) hydrogel core and a zinc oxide (ZnO) 

piezoelectric shell. The choice of p(NVCL) hydrogel is due to its thermoresponsive nature. 

p(NVCL), which is non-toxic and biocompatible,[32] possesses hydrophilic functional groups 

(caprolactam ring) that bond with water molecules. This bonding mechanism is dependent on 

a specific temperature defined as the lower critical solution temperature (LCST): the hydrogel 

undergoes a phase transition from a swollen hydrated state below to a shrunken dehydrated 

state above the LCST, resulting in desired sensitivity to temperature and humidity. In a 

previous contribution, we showed that the LCST can be tailored by copolymerization of the 

NVCL with DEGDVE. This, beyond being a cross-linker, adds hydrophobic functional groups 

to the polymer chains reducing the LCST of p(NVCL).[33]  
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In our design, temperature and humidity changes in the surrounding environment are sensed 

by the p(NVCL-co-DEGDVE) core, which swells as a result (Figure 19a). The hydrogel 

swelling mechanically strains the ZnO shell and a measurable current/charge is in turn 

generated due to its piezoelectric nature.[34] Apart from this indirectly induced mechanical 

stress, an applied force can be directly sensed by the ZnO shell. The choice of ZnO for the 

shell is based on several advantages related to this material. First, it exhibits both 

semiconducting and piezoelectric properties that can be used to transform mechanical 

stresses into electric current for electromechanically coupled sensors and transducers.[35] 

Secondly, ZnO is relatively biosafe and biocompatible, and it can be used for biomedical 

applications with little toxicity. 

Arrays of core-shell structures, like the one schematized in Figure 19a, can be obtained by 

subsequent deposition in porous templates. The template-deposition of polymers or of 

inorganic materials requires the coating of high-aspect-ratio nanopores with high conformality. 

Liquid phase-based or line-of-sight deposition methods (sputtering, plasma-assisted chemical 

vapor deposition, evaporation) may not uniformly fill the pores, resulting in low quality 

nanorods. Therefore, we used initiated chemical vapor deposition (iCVD) for the hydrogel core 

and plasma-enhanced atomic layer deposition (PEALD) for the ZnO shell. Both these 

techniques are driven by surface-limited reactions, which ensure highly conformal coating 

and/or filling of the template pores. We previously demonstrated that the piezoelectric 

properties of ZnO deposited by PEALD depend on the deposition temperature, where a film of 

ZnO as thin as 50 nm deposited on a glass/ITO substrate at 25°C exhibits an apparent d33 

coefficient of 3 pC N-1, which increases to 20 pC N-1 when deposited at 225°C.[36]  

Skin-like sensors usually consist of an array of touch sensitive sites, called tactile pixels or 

taxels, which may be capable of measuring more than one property.[15] In nature, tactile 

recognition, i.e. the detection of object features, such as surface texture and fine form 

discrimination, is carried out by a large number of corpuscles and free nerve endings sensitive 

to mechanical stimuli (mechanoreceptors). Psychophysical studies have shown that the 

limiting spatial resolution of human fingertips is of the order of 1 mm.[1] Skin normally 

experiences multi-axial forces and undergoes a range of angular and linear motions at different 

body locations. This heterogeneity in movements and strains of skin suggests the need for 

location-specific optimization of sensors in artificial skins and prosthetics.[37] Kim et al.[26] have 

achieved such location-specificity in a prosthetic skin equipped with a series of different 

sensors for strain, pressure and temperature in a multi-layered device. Different sensors for 

each stimulus were used (e.g. a sensor for strain, another for temperature, another for 

pressure) and dislocated into the matrix with a quite laborious architecture. To achieve high 

resolution and multi-sensitivity at the same time we used a completely different device 

architecture, based on vertical sensing nanorods with a lateral dimension of only 500 nm, 
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instead of horizontal layers. Each pixel of our device contains thousands of sensing nanorods 

and the signal is read out electronically at every individual pixel. 

3.2.4 Results and Discussion 

The core-shell nanorods are embedded in a polyurethane acrylate (PUA) polymeric template 

that is nanopatterned by UV-nanoimprint lithography (UV-NIL). The nanostructured layer is 

then sandwiched between two electrodes. The detailed fabrication steps of the core-shell 

nanorod array are shown in Figure 19b (thickness of layers not shown to scale). Starting with 

a PET substrate, a bottom electrode (BE) of chromium/silver (Cr/Ag) with thickness of 2.5/50 

nm is first deposited by thermal evaporation through a shadow mask. Then, UV-NIL is utilized 

to imprint nanoholes into a layer of PUA deposited on top with a stamp (Figure 25a)  featuring 

nanorods, as shown in Figure 25b. During the imprint process, a force F = 30 N is applied 

onto the stamp for 30 minutes, which reduces the thickness of the PUA layer to ≈ 6 µm (Figure 

25c). The resulting nanoholes (diameter d = 500 nm and height H = 500 nm) prior to deposition 

of the core-shell layers are shown in Figure 19c.  Subsequently, deposition of the ZnO shell 

with a thickness of 50 nm is carried out at 35°C using PEALD, followed by deposition of the 

p(NVCL-co-DEGDVE) core with a thickness of 200 nm via iCVD. The diameter of the 

nanoholes was chosen to maximize the number of nanorods in the electrode area (108 

nanorods in 1 cm2 electrode area) and at the same time have that both ZnO and the hydrogel 

are thick enough to ensure large response. As a last fabrication step, two designs of an Ag top 

electrode (TE) with a thickness of 50 nm are deposited by evaporation through respective 

shadow masks. The first design is composed of a single TE field with an active area of 1 cm2 

(Figure 19d). The second design is composed of six TE fields, each with an active area of 

0.25 mm2 and spaced 5 mm apart. The fabrication of the sensor consists exclusively of process 

steps that can be carried out sequentially in a pilot line, such as vacuum evaporation for the 

electrodes, nanoimprint lithography and chemical vapor deposition (for the hydrogel core and 

the piezoelectric shell). 

Figure 1c corresponds to the cross-sectional SEM image of a patterned PUA template prior to 

filling, whereby Figure 19e is an SEM close-up of three nanoholes after filling with a thin ZnO 

layer (50 nm) and hydrogel (200 nm). It can be observed that the techniques used to deposit 

the core-shell nanorods deliver the desired uniform profiles: conformal ZnO deposition by 

PEALD and complete filling of nanoholes with the iCVD-deposited hydrogel core. The iCVD 

deposition conditions were optimized to achieve a fractional saturation pressure for the 

monomer (pm/psat) and cross-linker at 0.15 and 0.04, respectively, which is recommended for 

conformal layer coating.[38] During cross-sectional cuts of samples for SEM imaging, slight 

delamination was observed within some nanoholes due to the difference in Young’s modulus 

E of the PUA template and ZnO.[39-43]  
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The working principle of the as-fabricated device is based on the deformation of the 

piezoelectric shell induced by the swelling of the hydrogel. Previous work published by our 

group extensively characterized the swelling behavior of p(NVCL-co-DEGDVE) films on Si 

Figure 19. a) Cross-sectional view of the core-shell nanorod sensing concept, where a ZnO 
piezoelectric shell directly senses force. The hydrogel core, which swells, senses humidity and 

temperature changes and a resultant stress is applied onto the ZnO piezoelectric shell. b) F-H-T 
responsive sensor fabrication routine (dimensions are not shown to scale). Starting with a PET 

substrate, a bottom electrode (BE) is deposited using e-beam evaporation. A PUA template layer is 
then applied and nanostructured using UV-NIL. The ZnO piezoelectric shell is deposited using 

PEALD. Next, the hydrogel core consisting of p(NVCL-co-DEGDVE) is deposited using iCVD and 
finally, two top electrode (TE) designs are deposited with e-beam evaporation (indicated as single 
electrode field and six electrode fields). c) SEM image of a patterned PUA template prior to filling 
with core-shell structures. d) Photograph of the complete sensor design with 1 cm2 TE active area 
under bending. e) Colorized SEM image featuring three core-shell nanorod structures: a conformal 
ZnO shell (yellow) deposited on the nanopatterned PUA (dark blue) and the hydrogel core (navy 

blue) completely filling the nanoholes. f) Corresponding geometry model used for FEM simulations 

a 

b 

d c 

f e 
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(100) substrate, deposited using the same iCVD reactor/conditions used in this work. [33] It is 

indicated that films with 10% nominal cross-linking experienced the highest swelling response 

in water (represented by the ratio of thickness upon swelling to dry thickness, d/ddry) but 

delaminated from the substrate during prolonged water-exposure and therefore were unstable. 

[33] Stable films were obtained with 20% nominal cross-linking.  In the present work, p(NVCL-

co-DEGDVE) films with 25% nominal cross-linking have been deposited for improved stability. 

The cross-linker fraction influences the LCST of the hydrogel (increasing cross-linker fraction 

decreases the LCST). For p(NVCL-co-DEGDVE) with 25% nominal cross-linker fraction, the 

LCST is measured at 34±2 °C.[33]  

The swelling behavior of the hydrogel core is of high importance to simulate the sensor 

performance with respect to humidity and temperature. Within the finite element method (FEM) 

simulation, the symmetrical geometry allows to model one-half of a nanorod. Figure 19f shows 

the geometry used for the simulations: a section of the patterned PUA template (colored in 

blue), bare, with 50 nm of conformal ZnO layer (colored in yellow) and with complete filling of 

the nanohole by the hydrogel core (colored in navy blue). The hydrogel swelling behavior is 

modelled following Equation 50: 

 

𝜀 =  𝛽 𝑥 𝐶𝑚𝑜                                                                                                 (50) 

 

Where, ε is the hygroscopic strain exerted by the hydrogel core on the ZnO shell. β is the 

hydrogel swelling coefficient (m3 kg-1) and Cmo is the moisture concentration in air (kg m-3; 

equivalent to RH %). Table 3 shows β and Cmo values calculated for p(NVCL-co-DEGDVE) 25 

% nominally cross-linked grown on ZnO (50 nm) on a Si substrate. β is calculated at 10, 25, 

35, 40 and 50°C (below and above LCST) at different RH% (Cmo). In addition to simulating the 

response to humidity and temperature, the simulated sensor response to force is performed 

by applying a boundary load condition, where the input force is given per unit area (N m-2). 

The sensor dielectric properties as well as I-V response is performed in order to assess the 

current flow from bottom to top electrode across the template, which acts as a dielectric layer. 

Figure 20a shows the real part of the dielectric constant ε’, which is measured in the frequency 

range f = 42 Hz up to 5 MHz for a sensor with a hydrogel core in comparison to a reference 

sensor without a hydrogel core. The measurements were performed on a sensor with an active 

TE area of 1 cm2. At 42 Hz, the dielectric constant amounts to 6.3 for the sensor with a hydrogel 

core and 5.3 for the sensor without the hydrogel core. ε' drops to 5.3 and 4.7 at f = 10 kHz, 

The sharp drop in ε’ between 10 kHz and 1 MHz is related to dipolar relaxation, which typically 

occurs between 1 Hz and 100 MHz for polymers.[44] The dielectric properties of the hydrogel 
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are influenced by the moisture content inside its polymeric mesh, where the dielectric constant 

of water is ≈ 80.[45] However, in its dry state, a thermoresponsive hydrogel typically shows ε’ 

values of 3 to 4.[46] Moreover, due to the measurements being performed in ambient humidity 

conditions (40% RH) and the much thinner hydrogel core layer in comparison to the PUA 

template layer (200 nm << 6 µm), the sensor overall ε’ is mainly dependent on the thickness 

and dielectric properties of the PUA layer (see supporting note 1 for calculation of theoretical 

dielectric constant). I-V characterization curves were measured for both sensors (with and 

without the hydrogel core) in the voltage range V = ± 20 V (Figure 20b). For the sensor with a 

hydrogel core, the measured current density J is 1.7 × 10-6 A cm-2 at –20 V and 1.3 × 10-5 A 

cm-2 at +20 V. For the sensor without a hydrogel core (reference), J = 1.7 × 10-7 A.cm-2 and 

1.8 × 10-7 A.cm-2 at –20 V and +20 V, respectively. The results indicate that the hydrogel core 

increases the leakage current of the sensor. The current density asymmetry is related to 

charging effects, which are enhanced with the presence of a sensor with a hydrogel core of 

respectively.  

 

 

Full-area force response: Figure 21a-d show the sensor scheme (single TE with an active 

area of 1 cm2) and response to external force stimuli, where different force intensities of F = 

10, 12, 15 and 20 N were applied using a piezoelectric test setup, as schematized in Figure 

26a. Figure 21b shows the generated current as a function of time for a step excitation force 

signal of 10 N for 4 cycles, with a maximum current I of 0.21 ± 0.02 nA measured upon pressing 

with a rounded pneumatic stamp (diameter d = 5 mm). A zoomed-in graph shows a sensor 

response time of ≈ 28 ms (Figure 21c). The charge Q is calculated from integrating I over time 

t and is plotted as a function of the force (Figure 21d).  

 

Figure 20. a) Real part of dielectric constant ε’ measured as a function of frequency f in the 
range of 42 Hz - 5 MHz for a sensor with and without a hydrogel core. b) I-V characterization 

performed at V = ±20 V for a sensor with and without a hydrogel core 

a b 
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Figure 21. a) Schematics of a sensor with a TE active area of 1 cm2 (dimensions are not shown to 
scale). b) Current I response over time t to a 10 N step force stimulus. c) Zoom-in of figure 21b 
showing the sensor response time to 10 N step force stimulus.  d) Charge Q (integrated current 
signal) as a function of excitation force (10, 12, 15 and 20 N) for a sensor with ZnO, a reference 

sensor without ZnO as well as the simulated response using FEM simulations. The variation in the 
charge response for a given force level (error bars) is calculated from three measurements each 

performed on two sensors (sample size, n = 6). The sensor sensitivity to force, SF, is also reported 
in the figure. 21D polarization distribution spatial maps (cf. colour bar) obtained from FEM 

simulation on piezoelectric ZnO with d) (100) preferential orientation and e) with (002) preferential 
orientation  

a b 

c d 

e 
ZnO (100) ZnO (002) 
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As observed from Figure 21d, upon a force excitation of F = 10 N, a charge response of 81.0 

± 1.7 pC is measured, increasing to 364 ± 66 pC at F = 20 N. The charge response corresponds 

in good approximation linearly to the force, with an apparent offset. This offset can be related 

to a high deformation/compression of the hydrogel layer at low forces, thus lowering the stress 

exerted onto the ZnO layer. The sensor sensitivity to force excitations, SF, is calculated 

following Equation 51.  

𝑆𝐹 = Δ𝑄/Δ𝐹                                                                                                                    (51)  

It amounts to 22 - 36 pC N-1. The upper sensitivity limit of the experimental data matches the 

sensitivity Ssim,002 = 36 pC N-1 calculated from the FEM model, where ZnO (002) is considered. 

A reference sensor response (without ZnO shell and hydrogel core) was measured at F = 10, 

12, 15 and 20 N with a maximum Q = 28 ± 12 pC. Given that the response is significantly lower 

than what is measured with a fully fabricated sensor containing the core-shell nanostructures, 

we can conclude that the sensor response to force is due to piezoelectric ZnO. The FEM model 

delivered different charge values compared to the ones measured experimentally. Such 

difference is attributed to two factors: first, ZnO deposited at 35°C crystalizes mainly into (100) 

crystallographic orientation (piezoelectric polar axis is parallel to substrate surface), [36,47,48] but 

also (002) crystallographic orientation (piezoelectric polar axis perpendicular to substrate 

surface). The presence of (002) orientated crystallites in ZnO enhances the piezoelectric 

response to force excitation parallel to the z-axis.[36,49–51] In the FEM model,  ZnO is single 

crystalline, therefore the piezoelectric axis is oriented either completely along the (100) 

direction, or completely along the (002) one. As shown in Figure 21d, the piezoelectric charge 

obtained from the simulation with a (002) oriented ZnO single crystal is higher than the 

piezoelectric charge obtained from the simulation with (100) orientation.  

The experimental results lie in between these two extreme cases, which is expectable, 

considering that the ZnO deposited by PEALD at 35°C has both (100) and (002) oriented 

crystals.  

Another contribution affecting the force response comes from substrate bending, which has to 

be considered for the flexible PET substrates used. Bending of the substrate generates 

charges through the transverse piezoelectric effect (attributed to the d31 coefficient of 

piezoelectric ZnO) in addition to the longitudinal piezoelectric effect (attributed to the d33 

coefficient of piezoelectric ZnO), which increases the measured piezoelectric charge.[52,53] In 

the FEM simulation of a single nanorod the substrate is not considered and the influence of 

substrate bending is not taken into account. To validate the assumption of substrate bending, 

a 2D FEM model is used to model the active layer/thin film/substrate bending due to the 

different contributions of the stress/strain components (Figure 27a). Figure 27b shows the 

stress distribution within the thin film layer and the PET substrate at F = 10 N. It can be clearly 
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concluded that the highest stress occurs close to the stamp edge, which results in strong 

deformation. In this region, the deformation of the substrate induces a large longitudinal tensile 

strain component and a transverse compressive strain component within the thin film/active 

layer as shown in Figure 27c and Figure 27d. The results of the 2D FEM model clearly show 

that the experimentally measured piezoelectric response is strongly influenced by the 

transverse piezoelectric effect due to the bending of the flexible substrate and thus the active 

layer. The 3D polarization distribution spatial map shown in Figure 21e and Figure 21f, 

obtained for F = 10 N applied as force per unit area through a boundary load condition, 

indicates that the maximum charge is generated at the edges of the nanostructure for both 

ZnO orientations, and decays substantially along the lateral dimensions.  

This is important for obtaining site-specific pressure sensing with high lateral resolution and it 

is the advantage of using the nanostructuring approach. Contrarily, if the generated 

piezoelectric charge would be constant along the whole ZnO layer, the resolution of force 

sensing would be lower: the force response would be higher at the excitation location, where 

the force is applied, and would gradually decrease in the lateral direction. 

Localized-area force response: in order to demonstrate such site-specific sensing, a set of 

sensors is fabricated with a structured TE depicted in Figure 22a. The design relies on six 

electrode fields/pixels, each with an active area of 0.5 mm × 0.5 mm and 5 mm spacing 

between neighboring fields. In the experiment, pixel B1 was excited with a step force signal of 

10 N applied through a stamp with d = 1 mm, using the same piezoelectric test setup 

schematized in Figure 26a. Minimum cross talk between electrode fields/pixels is observed as 

shown in Figure 22b. Figure 22c shows the piezoelectric current time response of pixel B1 

when excited over 4 cycles. A peak current I of 0.6 nA was measured, which translates to a 

piezoelectric charge Q = 170 pC per step. Figure 28 shows the generated charge from different 

pixels for step force excitations with magnitude of 10 N and 4 N. At F = 10 N, a maximum 

charge Q = 270 pC is measured for pixel A1 and a minimum charge Q = 100 pC is measured 

for pixels B2 and C1, while for F = 4 N a maximum charge of 170 pC and a minimum charge 

of 30 pC were measured for pixels A1 and C1, respectively. Variations in the measured charge 

at different pixels are attributed to thickness variations along the PUA imprint layer as explained 

in the SI. The sensor response to 5 cycles of force excitations from a finger touch is tested 

using the experimental setup schematized in Figure 26b, where Q is calculated, showing a 

response of 216 to 252 pC with a signal rise time tr = 0.75 s (Figure 22d). 
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Humidity and temperature response: the sensor response upon humidity and temperature 

changes is measured in terms of piezoelectric charge in an environmental chamber as 

depicted in Figure 26c. The response is measured from 25% up to 96% RH, using a sensor 

with a TE area of 1 cm2. The charge response over time at 25 °C for varying humidity conditions 

is shown in Figure 23a, while Figure 23b depicts the charge as a function of relative humidity. 

At 25°C, the hydrogel is below its LCST (34± 2°C) and as a result has a high tendency to 

absorb water molecules, compared to the hydrogel at 40°C, resulting in a maximum response 

of 14.2 ± 1 nC at 96% RH. This is due to the polymer chain configuration, where strong 

hydrogen bonds between the hydrogel’s hydrophilic functional groups (carboxylic and cyclic 

amide) and water molecules are present (Figure 23c and 23d).[54] The sensor sensitivity, SH1, 

at 25 °C is calculated to be 0.1 nC %-1 for the (relative) humidity range 25 to 85% and SH2 = 

1.2 nC %-1 for the RH range between 85 and 96%. The previously observed non-linear increase 

in swelling [55] results in a high increase in SH2 above 85% RH.  Figure 23b shows Q as a 

function of RH at 25°C (below LCST) and 40°C (above LCST) for the sensor with a hydrogel 

layer compared to a reference sensor. Above the LCST, a change in the hydrogel’s polymer 

b a 

c d 

Figure 22. a) Schematics of six TE fields (A = 0.25 mm2) for localized response to force, 
where pixel B1 is excited with F = 10 N, using a force stamp with diameter d = 1 mm 

(dimensions are not shown to scale). b) 3D plot of piezoelectric charge response of pixel B1 
and its neighboring pixels when excited with F = 10 N. c) Current I response of B1 over time, 
t, to 10 N step force signal for 4 cycles. d) Sensor response to 5 cycles of force excitations 

from a finger touch with a maximum response Q = 252 pC 
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chain configuration occurs, which enhances inter- and intramolecular interactions between the 

hydrogel’s hydrophobic groups resulting in less water absorption and incorporation into the 

hydrogel’s mesh (coil-globule transition as depicted in Figure 23c).[54] The hydrogel 

experiences less swelling and thus lower stress is exerted onto the ZnO shell compared to that 

measured at 25°C. Accordingly, above the LCST, the maximum response at 96% RH is 4.0 ± 

0.3 nC, about one third of the value at room temperature. At 40°C, the sensitivity SH3 is 

calculated to be 0.01 nC %-1 between 25 and 85% RH and SH4 = 0.1 nC %-1 between 85 and 

96% RH. The reference sensor shows no response to humidity, confirming that the sensor 

response is indeed due to the hydrogel core swelling.  

These observations with regard to humidity sensing are also confirmed by FEM simulations, 

which according to Figure 23e and 23f show a maximum stress σ of 17.4 MPa at 60% RH 

below the LCST vs 13.4 MPa above LCST. The simulated charge response obtained from the 

FEM model (Figure 23b, dashed lines) is in very good agreement with the experimental data 

for both temperature conditions up to a RH of 80%. In addition, in both cases, the maximum 

stress exerted on ZnO occurs at the edge of the nanostructures.  

In the same experimental setup, the sensor response to temperature was investigated. Figure 

24a displays the sensor response to a temperature profile at 96% RH. The temperature is 

gradually decreased from 50°C to 10°C, therefore ensuring that the hydrogel transitions from 

low to high swelling regime (LCST = 34 ± 2°C). The experiment was repeated for two different 

humidity levels (96% and 40%) as well as for the reference sensor and the corresponding 

charge curves are plotted as a function of temperature in Figure 24b. At 96% RH, the sensor 

temperature sensitivity, ST, was found to be -0.14 nC °C-1 within a temperature range between 

50°C (Q = 0.03 nC) and 30°C (Q = 2.1 nC). Below 30°C, a signal is measured but it does not 

change with temperature. This is a direct consequence of the hydrogel swelling profile, where 

the thickness changes around the LCST and stays constant for lower temperatures. However, 

no response to temperature was observed at low RH (40%), indicating that the hydrogel’s 

sensitivity to temperature occurs around the LCST and at high RH.[55] This trend is also 

confirmed by FEM simulations, which indicate a saturation of the generated charge generation 

below 30°C at 95% and 70% RH. Similar to the above-mentioned humidity characterization 

measurements, a reference sensor without hydrogel layer measured at 96% RH in the 

temperature range of 50°C to 10°C and it showed no significant response to temperature.  
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Figure 23. a) Sensor charge response to changes in humidity (RH = 25% - 96% - 30%) as a 
function of time. b) Humidity response of the sensor at 25°C (below LCST) and 40°C (above 

LCST), respectively, and a reference sensor (without a hydrogel), where SH is indicated for four 
regions. The experimental data are averaged over two measurements (n = 2) and the standard 

deviation is shown as error bar. Where the error bar is not visible, it is hidden by the data symbol. 
c) Schematics of hydrogel swelling mechanism and LCST influence on hydrogel swelling. d) 
Molecular structure of the hydrogel core. Stress distribution in the ZnO shell due to hydrogel 

swelling e) below and (f) above LCST, obtained from FEM model 

a b 

c d 

e f T > LCST T < LCST 

maximum 

stress 
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Finally, yet importantly, we could use the sensor to detect the air blows from a human mouth 

from an approximate distance of 10 cm using the experimental setup schematized in Figure 

26b. For the consecutive blows the charge peaked with values between 0.65 nC to 0.78 nC 

(Figure 24c) and the signal rise time is about tr = 1.1 s (Figure 24d). The sensor response is 

attributed to highly humid air blown from the human mouth rather than to the induced 

temperature change as such an air blow has a relatively low temperature (30°C). 

3.2.5 Conclusion 

In conclusion, we have demonstrated a multi-stimuli force, humidity and temperature (F-H-T) 

responsive sensor fabricated on flexible PET substrate for electronic skin applications. The 

sensor relies on combining piezoelectric ZnO with p(NVCL-co-DEGDVE) hydrogel into novel 

core-shell nanostructures. In a previous paper from our group, we demonstrated that the 

transition temperature of p(NVCL-co-DEGDVE) can be tuned on a large range from ca. 40°C 

a b 

c d 

Figure 24. a) Sensor response Q to temperature T (50°C – 10°C) at 96% RH as a function of 
time. b) Q as a function of temperature at RH = 96% and 40 % and a reference sensor 

without a hydrogel layer, with ST indicated at 96% RH. The experimental data are averaged 
over two measurements (n = 2) and the standard deviation is shown as error bar. Where the 
error bar is not visible, it is hidden by the data symbol.  c) Sensor response to air blown from 
a human mouth, with a maximum Q = 0.78 nC. d) zoomed-in figure 24c showing signal rise 

time tr = 1.1 s 
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to 15°C.[33] This allows to tune its response to a desired temperature range. In this design, the 

used deposition conditions were chosen to obtain a transition at near-body temperature, which 

may be useful for artificial skin applications.  

The core-shell nanorods are embedded into a nanopatterned PUA template. The sensor 

response to force is successfully demonstrated with an in-house piezoelectric measurement 

setup at different force magnitudes, applied parallel to the sensor’s z-axis. The force-sensitivity 

is as high as SF = 22 - 26 pC N-1. As for the response to humidity and temperature, 

measurements in an environmental chamber revealed a maximum sensitivity to relative 

humidity of SH2 = 1.2 nC %-1, obtainable below the LCST of the hydrogel and at high relative 

humidity (≥ 85% RH). Additionally, above the hydrogel LCST and at saturated relative humidity 

levels still a sensitivity of SH4 = 0.1 nC %-1 could be achieved, while a maximum sensitivity to 

temperature ST = -0.14 at 96% RH is obtainable for a temperature range between 30 and 50 

°C. The enhanced sensor sensitivity to humidity and temperature (in comparison to force) is a 

result of the nanostructuring approach,[14,56] which increases the contact surface area between 

the hydrogel core and the piezoelectric shell. We believe this difference in sensitivity for the 

different stimuli can be used for stimuli recognition, upon signal analysis. Alternatively, force 

and temperature can be distinguishable by slightly modifying the template/electrode design, to 

achieve pixels with nanorods filled with hydrogels and pixels with smaller trenches so that the 

rods would be filled only by ZnO.  

Another advantage of this approach is that for force excitations parallel to the sensor’s z-axis, 

the maximum charge is generated at the edges of the nanostructures and decays substantially 

along the lateral dimensions. This enables achieving site-specific force sensing with a very 

high spatial resolution, in principle, down to the dimensions of a single nanostructure, if the 

sensor electrodes were to be miniaturized to such dimensions. Using a design with adjacent 

square electrode fields each having only 0.25 mm², a force excitation could be spatially 

resolved with a negligible low cross talk between neighboring fields. The sensor response time 

to force as well as humidity is comparable to literature.[14,16,18,19,30]  Moreover, the sensor 

response is significantly faster than the system’s intrinsic or excitation induced time scale and 

any delay comes from the specifics of excitation. Finally, the sensor response to a finger touch 

and air blown from a human mouth demonstrates the sensor applicability as e-skin element in 

real life environment. 

3.2.6 Experimental Setup 

Fabrication: the multi-stimuli F-H-T responsive sensor is fabricated according to the processing 

steps shown in Figure 19b. Starting with a 125 µm thick polyethylene terephthalate (PET) 

substrate with dimensions of 90 × 60 mm² (Melinex STS 505, Dupont Teijen Films), e-beam 

evaporation is used to deposit an ultra-thin (2.5 nm) chromium adhesion layer, followed by a 
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layer of silver (50 nm) serving as a bottom electrode (BE). An e-beam deposition rate between 

0.10 and 0.25 nm/s was applied. The BE had an active area of 75 × 40 mm². Then, a resin 

based on polyurethane acrylate (PUA) (NILcureTM, Joanneum Research) was deposited 

manually using a glass pipette (resin volume ≈ 1 mL) and nanostructured by UV nanoimprint 

lithography (UV-NIL) using a UV light source (USDT-20ML-8R, Biostep) with a wavelength λ = 

365 nm and a curing time tcur of 60 s. For imprinting, a transparent polymeric stamp (NILcureTM, 

Joanneum Research) was first prepared from a cyclic olefin copolymer master (COC, 

STRATEC Consumables GmbH and Fianostics GmbH) following the same UV-NIL 

parameters/procedure described above. The nanostructures, i.e. nanoholes, on the master 

had a diameter d = 500 nm, height H = 500 nm, aspect ratio AR = 1 and a pitch = 1000 nm 

and were arranged in 16 square fields each 8 × 8 mm structured squares. During imprinting, a 

force F = 30 N was maintained on the stamp for 30 minutes to reduce the imprint layer to the 

desired thickness t. Finally, after stamp demolding, a UV-post curing step (395 nm, 120 s) 

(BLD-240-C210-ERS, uPowerTek) was performed. To form the piezoelectric shell, a thin ZnO 

layer (50 nm) was deposited at 35°C into the nanostructured PUA template by means of 

plasma-enhanced atomic layer deposition (PEALD), with a custom-built direct plasma ALD 

reactor used. The reactor has an asymmetrical plate configuration, in which the radio frequency 

(RF) and the ground electrode are 18 cm and 20 cm in diameter, respectively. A distance of 

11 cm is maintained between both electrodes. Diethyl zinc (DEZn, Dock/Chemicals) flow into 

the reactor is controlled by an ALD-valve (ALD3, Swagelok). An RF plasma power generator 

(Cesar 13.56 MHz, Advanced Energy) is used to deliver the required input power through a 

matching network (Navio, Advanced Energy). Oxygen (O2) and argon (Ar) are flown into the 

reactor using a mass flow controller (MFC-GE50A, MKS) with a flow rate set to 20 sccm. O2 is 

flown into the reactor during the plasma step, while Ar is used as a purging gas. The pump 

system in use consists of a rotary vane pump (DUO 20, Pfeiffer Vacuum) and a turbomolecular 

pump (TMH071P, Pfeiffer Vacuum). Using a butterfly valve (MKS 253B), the pressure is set to 

200 µbar during the plasma step. At 35 °C, 250 cycles are needed to deposit 50 nm of ZnO. A 

single cycle consists of (1) an O2 plasma step, (2) an Ar purging step, (3) a DEZ step and (4) 

an Ar purging step. 

Subsequently, the p(NVCL-co-DEGDVE) hydrogel core was deposited using initiated chemical 

vapor deposition (iCVD) in an in-house built reactor. Deposition of 200 nm p(NVCL-co-

DEGDVE) was carried out by in-flowing NVCL (98% stabilized, Sigma Aldrich) at a constant 

flow rate of 0.275 sccm, DEGDVE cross-linker (99%, Sigma Aldrich) at a flow rate of 0.25 sccm 

and tert-butyl peroxide (TBPO) initiator (98%, Sigma Aldrich) at a flow rate of 2 sccm into the 

reactor. The filament temperature was set to 200 °C and the stage/substrate temperature to 

35 °C. More details on the reactor can be found elsewhere.[57]  
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As a last fabrication step the top electrode (TE) was formed by depositing a 50 nm Ag layer on 

top using e-beam evaporation. The TE has an active area of 1 cm2 for one set of samples. 

Another set of samples was fabricated with six neighboring TE fields/pixels (electrode active 

area of 0.25 mm2) spaced 5 mm apart. This design is utilized to test the sensor response to 

localized force excitations as well as the cross talk between neighboring TE fields/pixels.  

Characterization: images of the imprint stamp, template layer, nanostructures, ZnO shell and 

p(NVCL-co-DEGDVE) hydrogel core were obtained with a scanning electron microscope 

(SEM, part of an e-line system, RAITH GmbH). Cuts for cross-sectional SEM imaging were 

performed using an ultra-knife (MC 13858, DiATOME) with a knife angle of 45° and cut speed 

of 1 mm s-1. The sensor dielectric properties were measured using an LCR meter (Hioki 3532-

50 LCR HiTESTER, Hioki E.E Corporation), in a frequency range of f = 42 Hz to 5 MHz. I-V 

measurements were performed in the voltage range V = ±20 V using a parameter analyzer 

(PA1004, MB technology). Sensor response measurements to external force were carried out 

using an in-house built setup at F = 4, 10, 12, 15 and 20 N. More details on the setup can be 

found elsewhere.[36] Sensor response measurements to humidity were performed in a 

commercial environmental chamber (SH-222, ESPEC) at relative humidity RH = 25- 96 % and 

temperature T = 25 °C and 40 °C. Due to condensation inside the humidity chamber, a relative 

humidity below 25 % was not obtainable. The generated current was converted into a voltage 

signal using a transimpedance amplifier (TIA) and recorded with a data acquisition system 

(SIRIUS Multi, Dewesoft). The charge Q was then calculated from the calibrated V-I signal via 

numerical integration. The sensor response to temperature was measured using the same 

setup as used for humidity measurements with a temperature range of T = 50°C - 10°C, at RH 

= 40 and 96%. Finally, the sensor response to real life stimuli, namely excitation by finger touch 

and air blown from a human mouth was measured using the Dewesoft data acquisition system, 

similarly to humidity and temperature response measurements.The data is displayed as a 

mean value with a standard deviation. The sample size n is indicated in each figure, where 

applicable.  

FEM simulations: COMSOL Multiphysics® V5.6 in combination with the Structural Mechanics 

module was used to model the sensor response to external stimuli, namely, force, humidity 

and temperature. A multiphysics coupling was applied to account for the piezoelectric effect. 

A 3D geometry model of only half a single nanorod was used and proper symmetry boundary 

conditions were applied on the xz-plane of the geometry. Additionally, a periodic boundary 

condition was applied on the yz-plane to obtain the response over a periodic number of 

nanorods. The top and bottom electrodes were represented by floating potential and ground 

boundary conditions, respectively. The hydrogel swelling behavior was modelled following 

Equation 1 using the hygroscopic swelling node in COMSOL Multiphysics. Laser interferometry 

was used to obtain the thickness change due to swelling and dependently the data shown in 
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Table S1. The PUA template was modelled as a linear elastic material and the ZnO shell as 

piezoelectric material (piezoelectric coupling matrix imported from COMSOL material library, 

d33 = 11.7 pC N-1). Force excitations were applied as force per unit area using a boundary load 

condition.  

Additionally, substrate/active layer bending due to applied force in the piezoelectric 

characterization setup was investigated using a simplified 2D model identical to the 

experimental setup. It consists of a hard flat stamp with radius r = 2.5 mm getting in contact 

with and deforming a layer stack comprising the sensor element. In this model, the sensor 

(active layer) consists of a flat unstructured anisotropic thin film layer with a thickness of 6 µm, 

poisson’s ratio v of the active layer is assumed isotropic (Table 4), on top of a PET substrate 

with a thickness of 125 µm and a sample support out of rubber with thickness 5 mm, as 

depicted in Figure 27a. A symmetry line exists at x = 0 mm. All materials were assumed to 

behave linearly elastic, except for the active layer, for which material’s effective elastic 

properties were first derived from a representative volume element (RVE) based on a unit cell 

containing a single nanorod. The contact boundary condition was applied to the bottom 

boundary of the stamp (source) and the top boundary of the thin film/active layer (drain), while 

the top side of the stamp was successively displaced to obtain a total stamp force F = 0 - 20 

N.  
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3.2.9 Supporting Information  

Supporting note 1: Dielectric characterization  

To validate the measured results, the overall ε’ of the sensor (without and with a hydrogel core) 

is calculated following Equation 52 and Equation 53 (capacitors in series). For simplification, 

the overall dielectric constant is calculated by assuming a planar geometry of three layers with 

thicknesses dPUA = 6 µm, dZnO = 50 nm and dNVCL = 200 nm, leading to a series capacitance: 

𝐶 = 𝜀′𝜀0  
𝐴

𝑑
                                                                                                     (52) 

and 

1

𝐶
=

1

𝐶𝑃𝑈𝐴
+ 

1

𝐶𝑍𝑛𝑂
+

1

𝐶𝑁𝑉𝐶𝐿
                                                                           (53)  

where C is the capacitance, ε’ is the overall dielectric constant, 𝜀0 is the vacuum permittivity, 

A is the active area and d is the total dielectric layer thickness. Assuming ε’
PUA = 5 (measured 

at 1 kHz), ε’
ZnO = 8.5 (value adopted from COMSOL materials library) and ε’

NVCL = 3 (value 

adopted from reference 46), results in ε’ of 5 and 4.7 for a sensor without and with a hydrogel 

core, respectively. When compared to the experimental data, a reverse trend is observed (see 

Figure 20a). In the calculation, the dielectric constant of the dry-state hydrogel is used. 

However, water molecules present within the hydrogel mesh increase the overall 

experimentally measured ε’. Additionally, the assumption of a planar geometry (nanostructures 

not accounted for) is more comparable to experimental value when the hydrogel layer is 

excluded.  

Supporting information figures 

Figure 25a shows an image of the polymeric stamp used to structure the PUA template, where 

the nanostructures have an aspect ratio of 1 (d = 500 nm and H = 500 nm), as shown in the 

SEM image (Figure 25b). Figure 25c shows a cross-sectional SEM image of the patterned 

PUA template (prior to filling). A thickness of 6 µm is achieved with force F = 30 N applied on 

the stamp for 30 minutes during the imprint process (nanoholes not visible).  
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Figure 25. a)  Image of the stamp used in the UV-NIL process. b) SEM image of the stamp, 
showing nanostructures with an aspect ratio of 1. The nanostructures have a diameter and 

height of 500 nm. c) Cross-sectional SEM image of the PUA layer after imprinting and curing, 
revealing a nominal thickness of 6 µm (nanoholes are not visible) 

a 

b c 



98 

 

 

 

 

 

 

 

a b 
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Figure 26. Schematics of a) the piezoelectric characterization setup used to measure data 
displayed in Figure 21, where a pneumatic rigid force stamp with a rounded tip (d = 5 mm) is used 
to apply a step force signal up to 20 N in magnitude. The generated current is recorded using a NI 
PXI data acquisition system. b) Setup used to measure sensor response to force excitation by a 
human finger, where the generated current is converted and amplified into voltage using a TIA. 
The amplified signal is recorded using a Dewesoft DAQ, where the charge Q is calculated by 

numerical integration. c) Setup used to measure sensor response to humidity and temperature 
(results displayed in Figure 23 and 24) 
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Figure 27. Simulated sensor bending during normal force excitation on a soft underground. a) 2D 
geometry model showing a solid stamp in contact with the thin film/active layer. The flat unstructured 

active layer represents a series of adjacent active nanorods with an effective elasticity matrix [𝐸̅𝑀], given in 
Table 4, calculated from a RVE that consists of a unit cell with a single core-shell nanorod. The active 

layer has a thickness of 6 µm, while the PET substrate has a thickness of 125 µm. As in the experimental 
setup, a rubber sample support with a thickness of 5 mm was included in the model. b) Calculated von 

Mises stress within the active layer at F = 10 N, which clearly indicates maximum stress being applied in 
the vicinity of the stamp edge (3.5 × 107 N m-2). c,d) Local strain components ϵYY (c) and ϵXX (d) in the 

active layer for different forces (10, 12, 15 and 20 N). The elastic substrate and soft sample support cause 
a strong deformation near the edge of the stamp (x ≈ 2.5 mm). In the vicinity of the stamp edge the soft 

support causes a strong bending of the substrate, which introduces a compressive in-plane strain (ϵXX  < 0) 
and a tensile out-of-plane strain (ϵYY  > 0). The strain levels in this region dominate over those in the region 

right below the flat face of the stamp (x < 2 mm) and primarily contribute to the piezoelectric response 
under force excitation 

a b 

c d 
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Figure 28 shows the generated charge Q from different electrode pixels/fields (design shown 

in Figure 22a) for step force excitations with a magnitude of 4 N and 10 N. To better understand 

how the final imprint layer thickness is related to the imprint pressure, we refer to the squeeze 

model of a Newtonian fluid, described as:[58] 

𝑡 =  
µ𝑎2

2𝑃
(

1

ℎ𝑓
2 − 

1

ℎ0
2)                                                                               (54) 

Where t is the time needed to reach final imprint layer thickness ℎ𝑓, ℎ0 is the initial imprint layer 

thickness, a is the contacting length, P is the pressure and µ is the dynamic viscosity of the 

liquid uncured resin. The final imprint layer thickness is dependent on the initial thickness as 

well as the contact pressure, which is not applied uniformly, since the imprinting is performed 

by hand. Therefore, it is expected that the final film thickness varies along the PUA imprint 

layer due to uneven pressure distribution during the imprint process. Since the thickness 

influences the dielectric and micromechanic behavior of the local nanorods, this in turn affects 

the response of the individual pixel elements, each integrating over the response of hundreds 

of nanorods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28. Piezoelectric charge response of each electrode pixel to force F = 4 N and 10 N. The 
variation in response from an individual bar (represented by error bar) is calculated from measurements 

performed on two sensors with the design shown in Figure 22a 
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Supporting information tables 

Table 3. Swelling coefficient β and moisture concentration in air Cmo of p(NVCL-co-
DEGDVE) 25% nominally cross-linked at 10, 25, 35, 40 and 50 °C for RH = 20 – 95 % used 
in the FEM model of a single nanorod 

RH  

[%] 

Cmo 

(10 °C)  

[kg m3] 

β 

(10 °C) 

[m3 kg-1] 

Cmo 

(25 °C)  

[kg m3] 

β 

(25 °C) 

[m3 kg-1] 

Cmo 

(35 °C)  

[kg m3] 

β 

(35 °C) 

[m3 kg-1] 

Cmo 

(40 °C)  

[kg m3] 

β 

(40 °C] 

[m3 kg-1] 

Cmo 

(50 °C)  

[kg m3] 

β 

(50 °C) 

[m3 kg-1] 

20 0.002 - 0.005 0.3 0.008 - 0.01 0.1 0.02 - 

30 0.003 - 0.007 0.35 0.012 0.1 0.015 0.2 0.025 0.1 

40 0.004 0.4 0.009 0.4 0.015 0.15 0.02 0.3 0.033 0.2 

50 0.006 1 0.01 0.6 0.02 0.3 0.025 0.4 0.04 0.3 

60 0.0065 2 0.013 1 0.023 0.4 0.03 0.6 0.05 0.5 

70 0.007 4.2 0.016 2.1 0.027 0.7 0.035 0.8 0.06 0.6 

80 0.0075 6.1 0.018 4.1 0.03 1.3 0.04 1 0.066 0.7 

90 0.008 26.4 0.02 9.5 0.035 3.7 0.045 2.3 0.075 1.5 

95 0.009 28.6 0.021 10 0.037 4.7 0.05 2.6 0.08 1.7 
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Table 4. Elasticity matrix and Young’s modulus of different materials used in FEM model of 
substrate bending 

Component Description Symbol Value 

Active layer 

Elasticity matrix 

 

 

 

Poisson’s ratio 

[𝐸̅𝑀] 

 

 

 

v 

(

 
 
 

1.1 𝑥 1010 5.0 𝑥 109 3.4 𝑥 107

5.0 𝑥 109 1.1 𝑥 1010 3.4 𝑥 107

3.4 𝑥 107 3.4 𝑥 107 5.4 𝑥 107

   
1.8 𝑥 105 − 320.0 − 810.0
1.8 𝑥 105 − 574.0 − 458.0
− 826.0 186.0 99.0

− 1.8 𝑥 105 5.7 𝑥 105 − 826
− 320.0 − 574.0 186.0
− 810.0 − 458 99.0

          
3.1 𝑥 109 197.0 − 77.2

197.0 1.7 𝑥 107 − 320.0
− 77.2 − 320.0 1.7 𝑥 107)

 
 
 

  Pa 

 

 

0.3 

Substrate 

Young’s modulus 

 

Poisson’s ratio 

𝐸𝑠𝑢𝑏 

 

vsub 

2.8 GPa 

 

0.4 

Sample support 

Young’s modulus 

 

Poisson’s ratio 

𝐸𝑆𝑆 

 

           vSS 

1.45 MPa  

 

0.49 

Stamp 

Young’s modulus 

 

Poisson’s ratio 

𝐸𝑠𝑡𝑎𝑚𝑝 

 

vstamp 

200 GPa 

 

0.27 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



103 

 

3.3 Enhancement of the sensing performance in multi-stimuli responsive 

hybrid materials  
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Coclite1* 

1 Graz University of Technology, NAWI Graz, Institute of Solid State Physics, 8010 Graz, 

Austria 
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3.3.1 Preface 

The work presented in this publication was conducted at Graz University of Technology in 

cooperation with Joanneum Research. Taher Abu Ali and Marlene Anzengruber prepared the 

samples, performed the measurements and wrote the manuscript. Katrin Unger helped with 

the data evaluation. Barbara Stadlober and Anna Maria Coclite supervised the work. The 

published article is reproduced identical in text and illustrations with permission from publisher. 

3.3.2 Abstract 

Capturing environmental stimuli is an essential aspect of electronic skin applications in robotics 

and prosthetics. Sensors made of temperature and humidity responsive hydrogel and 

piezoelectric zinc oxide (ZnO) core-shell nanorods have shown the necessary sensitivity. This 

is achieved by using highly conformal and substrate independent deposition methods for the 

ZnO and the hydrogel, i.e. plasma enhanced atomic layer deposition (PEALD) and initiated 

chemical vapor deposition (iCVD). In this work we demonstrate that the use of a multi-chamber 

reactor enables performing PEALD and iCVD, sequentially, without breaking the vacuum. The 

sequential deposition of uniform as well as conformal thin films responsive to force, 

temperature and humidity improved the deposition time and quality significantly. Proper 

interlayer adhesion could be achieved via in situ interface activation, a procedure only 

realizable in this unique multi-chamber reactor. Beyond the fabrication method, also the 

mechanical properties of the template used to embed the core-shell nanorods and the cross-

linker density in the hydrogel were optimized following the results of finite element models. 

Consequently, the core-shell nanorod structures showed a response of 550 pC to a force as 

high as 15 N over several compression cycles and maximum sensitivity to humidity of 34 pC %-
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1 and to temperature of 200 pC °C-1. Finally, preliminary galvanostatic electrochemical 

impedance spectroscopy measurements were performed as a base for local signal readout, 

temperature and humidity cross-talk minimization and possibly distinction between different 

stimuli. 
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3.3.3 Introduction 

The performance of sensor materials is commonly evaluated by their response towards 

external stimuli - a large amplitude and a fast response upon excitation are desirable. Lately, 

hydrogels have attracted growing interest for the integration in smart materials due to their 

unique properties.[1–6] Hydrogels are three dimensional polymer networks with the ability to 

incorporate water into their structure and even double or triple their initial volume when 

immersed in water.[7,8] Stimuli responsive hydrogels exhibit significant change in their 

properties when exposed to an external stimulus like humidity, temperature, light,[9] pH,[10] or 

magnetic and electric field.[11] For temperature responsive hydrogels a lower critical solution 

temperature (LCST) can be observed.[12] At this temperature, a phase change takes place and 

the hydrogel network collapses from its expanded state into a globule state as the temperature 

is increased.[13] Hydrogels based on biocompatible polymers with an LCST in the physiological 

temperature range are of particular interest for applications in tissue engineering,[14,15] 

biotechnology[16] or wearable electronics.[17] The strong signal stemming from the sharp LCST 

transition can be easily detected and with the use of smart architectures converted into an 

electrical output.  

In a previous work, we successfully combined a piezoelectric semiconductor material, namely 

zinc oxide (ZnO), and a multi-stimuli responsive hydrogel, namely poly(N-vinylcaprolactam-co-

di(ethyleneglycol) divinyl ether) or p(NVCL-co-DEGDVE) in core-shell nanorod structures 

capable of detecting force, humidity and temperature. As depicted in Figure 29a, the stimuli 

detection is achieved through measuring the piezoelectric current generated upon deformation 

of the ZnO shell due to the hydrogel core swelling in response to humidity (max sensitivity SH 

= 1.2 nC %-1 to relative humidity (RH) in the range of 85 – 96% at 25°C) and temperature (max 

ST =  0.14 nC °C-1 response in the range 30 – 50°C at 96% RH).[17] Additionally, the 

piezoelectric properties of ZnO allow direct detection of the applied force (max SF = 36 pC N-

1), with site-specific force sensing and a resolution down to 0.25 mm2.[17] The fabrication of 

such core-shell nanorod structures requires a deposition process able to operate at low 

temperatures due to the fragile nature of the hydrogel and of the template material. 

Additionally, highly conformal thin films are required for the realization of a nanostructured 

geometry. Initiated chemical vapor deposition (iCVD) is an ideal deposition method for polymer 

thin films due to its substrate independence and the wide range of possible reactants. Under 

certain conditions, the conformality of the process allows for the low temperature deposition of 

high quality polymer films even on substrates with complex geometries.[17,18]  

For the deposition of metal oxides, plasma enhanced atomic layer deposition (PEALD) is 

considered the gold standard in conformal coating. PEALD can be operated at low 

temperatures since the reactions are plasma-driven instead of thermally activated.[19,20] This 

makes PEALD the perfect candidate for coating sensitive substrates. Combined with iCVD the 
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fabrication of uniform and conformal high quality hybrid thin films can be realized. Until now, 

the fabrication of a thin film consisting of one layer deposited via PEALD and a second 

deposited via iCVD was only possible with the consecutive layer fabrication in two separate 

reactors. This is a rather lengthy process and since the interface between the two layers is 

exposed to ambient conditions during the transfer from one chamber to the other, 

contamination can be expected to some extent. A combination of both deposition systems in 

a single multi-chamber reactor would therefore hold benefits like the reduction of overall 

deposition time and the simultaneous improvement of the multilayer quality.  

The main aim of this work is to show the deposition of structured core-shell thin films in a one-

of-a-kind multi-chamber reactor combining PEALD and iCVD and show the advantages of 

interface optimization on the sensing properties. Additionally, the work presents steps towards 

performance enhancement, namely, the influence of the template material mechanical 

properties and the p(NVCL-co-DEGDVE) cross-linker (CL) fraction. Finally, characterization 

with varying humidity and temperature using galvanostatic electrochemical impedance 

spectroscopy (GEIS) is presented as a method for signal readout, temperature and humidity 

cross-talk minimization. 

3.3.4 Experimental 

Sensor fabrication 

Multi-stimuli responsive nanostructured multilayer thin films were fabricated using a custom-

built reactor consisting of a PEALD chamber connected via transfer chamber to an iCVD 

chamber, as shown in Figure 29b. This enables the deposition of 200 nm of p(NVCL-co-

DEGDVE) on top of the 50 nm of ZnO layer without breaking the vacuum. To realize such 

films, two resins, with different mechanical properties (Young’s modulus, Ehard = 2 GPa and 

Esoft = 200 MPa ), based on polyurethane acrylate (PUA, NILcureTM, Joanneum Research) were 

nanostructured on top of aluminum (Al) coated polyethylene terephthalate (PET) substrate (50 

µm, Hueck Folien, Austria) or indium tin oxide (ITO, 100 nm, Rs = 60 Ω sq-1) coated PET 

substrate (Sigma Aldrich, Germany), by UV nanoimprint lithography (UV-NIL). Al or ITO served 

as a bottom electrode (BE). Two types of electrodes were used in order to test the stability of 

our UV-NIL approach. The resultant nanotrenches had a diameter d = 500 nm, height H = 500 

nm, aspect ratio AR = 1 and a pitch = 1000 nm and were arranged in 16 square fields each 

with dimensions of 8 × 8 mm. More details on the setup can be found elsewhere.[17] The 

samples were then placed in the transfer chamber, with the vacuum maintained at ≈ 20 μbar, 

and transferred into the PEALD chamber for the first deposition step. 

The stainless steel PEALD chamber had a volume of 5.28 L with an inner diameter of 100 mm 

and a height of 137.8 mm. Via a stainless-steel transfer boat (70 x 70 mm), the samples were 

placed on the heated (35°C) sample stage, made from pyrolytic boron nitride (Boratec). The 

distance between the ground and the RF top electrode was 78 mm. A gate valve (VAT, 
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Switzerland) regulated the sample transfer between the two chambers. A two-stage rotary 

vane pump (DUO 20 Pfeiffer Vacuum) and a turbopump (Pfeiffer Vacuum, Germany) 

maintained a working pressure of 200 μbar and were connected to the PEALD chamber where 

the pressure was controlled via a butterfly throttle valve (MKS Instruments, USA). Further, a 

Baratron Type 626 pressure transducer and a PDR2000 (MKS Instruments, USA) were 

employed for the readout. Purging gas and co-reactant flows were controlled via the GE50A 

mass flow controller (MKS Instruments, USA). 60 W plasma was generated via the Cesar RF 

power generator (Advanced Energy, USA). The deposition recipe was an adapted version of 

the parameters previously optimized in our group.[21,22] A 0.15s pulse, controlled via an ALD 

valve (Swagelock ALD3, USA), introduced Diethylzinc (DEZ, Sigma Aldrich, USA) into the 

chamber. The deposition process consisted of four steps: 15s O2 plasma dose, 15s Argon 

purge, DEZ dose and a second 15s Argon purge. The desired thickness was reached after 

250 cycles, and the deposition was finalized with a plasma step to activate the surface for the 

following deposition. After evacuation of the transfer chamber, the sample was transported to 

the iCVD chamber without breaking the vacuum for the second deposition step. 

The volume of the iCVD chamber was 3.15 L. A recirculating chiller (Polar Series 500 LC, 

Thermo Scientific, USA) was connected to the aluminum sample stage (d = 85 mm, H = 35 

mm). A two-stage rotary vane pump (DUO 20, Pfeiffer Vacuum, Germany) protected via zeolite 

filter (Molecular Sieve Foreline Trap, Kurt J. Lesker Company, USA) was connected to the 

reactor.  The chamber pressure was monitored via a pressure controller (600 Series, MKS 

Instruments, USA) and regulated via a butterfly throttle valve (MKS Instruments, USA) and a 

manual valve (XLH, High Vacuum Manual Angle Valve, SMC, Japan). Between monomer inlet 

and sample stage, a perforated diffuser plate was installed to ensure homogeneous gas 

mixing. The filament inside the chamber was heated resistively by a low voltage power supply 

(PTN 350-5, Heinzinger, Germany) to 200°C.  

p(NVCL-co-DEGDVE) thin films were deposited directly on the ZnO layer. N-vinylcaprolactam 

(NVCL, Sigma Aldrich, 98% purity, USA) was used as a monomer, di(ethylene glycol) divinyl 

ether (DEGDVE, Sigma-Aldrich, 99% purity, USA) as a cross-linker and tert-butyl peroxide 

(TBPO, Sigma-Aldrich, 98% purity, USA) as an initiator. All chemicals were used without 

further purification. The monomer and cross-linker jars were heated to 85°C and 70°C, 

respectively and line heating of 90°C, whilst the initiator jar and line remained at room 

temperature. Flow rates of 0.1 ± 0.05 sccm for NVCL, 0.2 ± 0.10 sccm for DEGDVE and 0.9 ± 

0.05 sccm for TBPO resulted in the formation of stable and highly responsive hydrogel thin 

films with ≈ 25 and 35% nominal cross-linking. The deposition was run at a working pressure 

of 466 μbar. A laser interferometry setup consisting of a self-contained HeNe laser (λ = 632.8 

nm, HNLS008L-EC, THORLABS, USA) and an energy meter (PM100USB, THORLABS, USA) 

was used for thickness monitoring of the hydrogel layer grown on a Si(100) wafer, which was 
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positioned next to the structured template inside the reactor chamber. After the hydrogel 

deposition was completed, the samples were removed from the reactor. Silver (Ag, 50 nm), 

serving as a top electrode (TE), was deposited via e-beam evaporation with a deposition rate 

between 0.1 and 0.2 nm s-1. Using a stainless-steel shadow mask, eight neighboring Ag 

electrode fields were deposited, each with an active area of 6 x 6 mm. 

Characterization 

The nanostructured samples were investigated for conformality via atomic force microscopy 

(AFM) performed by a Nanosurf Easyscan 2 with NANOSENSORS scanning probe (model 

PPP-NCLR-20). The topography of semi-filled nanostructures and template material was 

recorded.  

The piezoelectric response of the nanostructured multilayer samples was investigated in an 

in-house built setup with a step force-signal F = 10, 12 and 15 N and frequency f = 0.5 Hz. A 

detailed description of the setup can be found elsewhere.[17,19]  

The generated charge to RH = 35- 95% at temperature T = 25 and 40°C, as well as the 

generated charge to temperature range of T = 10 - 50°C, at RH = 40 and 85% was measured 

in a climate chamber (Espec SH222, interior volume 22 L, Japan) with a data acquisition 

system (DAQ, SIRIUS Multi, Dewesoft). More details on the set up can be found elsewhere.[19] 

Additionally, an alternative custom-built setup, which varies the relative humidity from 5 to 75% 

by mixing N2 bubbled through water and pure N2 via needle valves was used, with such 

measurements performed at room temperature. For comparison with the simulated data and 

our previous work, the charge density σ was calculated by normalizing the charge to the 

electrode area. 

The humidity and temperature response of the samples was investigated via galvanostatic 

electrochemical impedance spectroscopy (GEIS) executed with a two-electrode setup (Gamry 

6000 Reference, USA) inside the same climate chamber. Measurements were performed 

within a frequency range f = 200-1500 Hz, where the AC current is set to 1 x 10-7 A and at 

three different temperatures: 10, 23 and 35°C. The relative humidity was raised from 30 to 

95% for each temperature. The set points were controlled via Python scripts where an 

accuracy of ± 0.2 °C and ± 1 % for temperature and RH respectively, was defined. 

FEM simulations 

COMSOL multiphysics v5.6 was utilized to perform an optimization study on the 

nanostructured multilayer thin films response to force, humidity and temperature, using the 

piezoelectric multiphysics obtained from coupling of the solid mechanics and electrostatics 

modules. To that, a 3D model was developed to model the influence of the template material 

rigidity, namely the young’s modulus E and the influence of the hydrogel CL % The geometry 

used within the 3D model is depicted in Figure 35. A 3D model of a cross-sectional single 

nanorod (dnanotrench = 500 nm, height H = 500 nm, pitch = 1000 nm, tZnO = 50 nm and thydrogel = 
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200 nm) was used and multiple boundary conditions were applied- starting with a symmetry 

boundary condition applied to the front xz-plane and a periodic boundary condition applied to 

both yz-planes of the geometry. The hydrogel core was assigned as a hygroscopic material 

and the swelling behavior in response to humidity (RH = 20, 30, 50, 60, 70, 80, 90 and 95%) 

and temperature (T = 10, 25, 35 and 50°C) was modelled following Equation 55. Laser 

interferometry was used to obtain the thickness change due to swelling and dependently the 

data shown in Table 5 and 6. The zinc oxide shell, assumed as single crystalline with 100 

orientation, was assigned as a piezoelectric material following Equation 56 to 58. Additionally, 

the PUA polymeric template was assigned as a linear elastic material, with Esoft,sim = 200 MPa 

representing a soft polymeric template vs Ehard,sim = 2 GPa representing a hard polymeric 

template. A list of the material properties required for the model are given in Table 7. The top 

and bottom electrodes where simulated as floating and ground boundary conditions, 

respectively. Finally, a boundary load condition was applied to the top xy-plane of the geometry 

to simulate the input force F = 10, 12, 15 and 20 N. 

3.3.5 Results and discussion 

Morphological characterization: 

The fabrication steps elaborated in the experimental section are shown in Figure 29c. The 

resultant device, prior to the deposition of the TE, is shown in Figure 29d. Kapton tape is 

applied to cover parts of the BE. This is crucial to inhibit the deposition of any material on the 

covered BE regions. For electrical characterization, the Kapton tape is removed, exposing 

clean Al or ITO surface for contacting.  
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Figure 29. a) Schematics of a multi-stimuli responsive core-shell nanorod explaining the 
detection concept and responsiveness to force (directly sensed by ZnO shell), humidity and 
temperature (swelling of p(NVCL-co-DEGDVE) core is translated to piezoelectric response 
through stress/strain). b) Combined reactor, which consists of 1. iCVD reactor, 2. Transfer 
chamber, 3. PEALD reactor. c) Multi-stimuli responsive nanostructured sensors fabrication 

steps. Dimensions are not indicated to scale. d) An image of the sample prior to deposition of 
Ag TE, with aluminum BE and a hydrogel with 35% cross-linker fraction. The colors come 

from the diffraction grating in the visible spectrum. e) 3D AFM topography image of 
nanostructured PUA template prior to filling, clearly showing periodic nanotrenches with 

hexagonal grid arrangement. f) 3D AFM topography image after partially filling of the 
nanotrenches with 50 nm of ZnO and 150 nm of hydrogel 

According to a previous study from our group, films of p(NVCL-co-DEGDVE) with 20% 

nominal DEGDVE cross-linker, deposited on Si(100) wafers, are stable in aqueous media.[23] 

Furthermore, it has been observed that ending the PEALD deposition with an O2 plasma pulse  

improves the adhesion of the subsequently deposited hydrogel to the ZnO surface. Without 

plasma exposure, the hydrogel would eventually delaminate from the ZnO upon emersion in 

water, whereas this was not observed if the ZnO surface was activated with an O2 plasma 
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before the hydrogel deposition. We conclude that the OH groups, formed by the O2 plasma on 

the ZnO surface, lead to a stronger (covalent) bonding between the hydrogel and the ZnO. 

Tridimensional AFM topography images show the nanostructures prior the deposition 

(Figure 29e) and after deposition of ZnO and p(NVCL-co-DEGDVE) (Figure 29f) over a scan 

area of 10 x 10 µm. The periodicity of nanostructures prior to filling clearly confirms the 

dimensions of the structures as well as the periodicity (d = 500 nm and pitch = 1000 nm, with 

hexagonal grid arrangement). After partial filling of these nanotrenches with the core-shell 

nanorods (50 nm of ZnO and 150 nm of p(NVCL-co-DEGDVE) with 35% DEGDVE fraction) 

no apparent change in roughness could be observed (Figure 29f), which indicates the 

conformality of the PEALD and iCVD techniques. However, due to the limited AFM tip 

dimensions in comparison to the nanostructures, an accurate quantization of the roughness 

was not possible.  

 

Piezoelectric charge response: 

 

Figure 30. a) Piezoelectric current I (vs. time) and charge Q (vs. force) response to force F = 
10, 12 and 15 N, over eight to ten cycles of press and release (the results are averaged over 

three electrode fields). The measurements were performed on a device with Al bottom 
electrode b) Charge density σ as a function of the force F, showing influence of template 
modulus using a FEM model (dashed lines), experimental data (each point was averaged 

over 3 measurements) and our previous experimental results from ref. [14] (solid line). The 
measurements were performed on a device with ITO bottom electrode 
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Figure 31. a) Charge response to humidity (RH = 35 – 95 %) at 25°C (blue) and 40°C (red). 
The sensitivity SH is indicated in the figure. Measurements were performed on a device with 

Al bottom electrode. b) Charge density as a function of RH showing the influence of the 
template modulus for nanorods with 25% cross-linked hydrogel layer. The dashed lines 

correspond to FEM data and are contrasted to the recent experimental data, obtained from a 
device with ITO bottom electrode, (each data point was averaged over 3 measurements) and 

our previous experimental data (solid line). The measurements were performed using the 
bubbler set-up, which allows fast and dynamic control of the humidity but limits it to a 
maximum of 75%. c) Charge density as a function of the relative humidity (30 to 95%) 

showing the influence of the hydrogel cross-linker fraction (25 vs 35%), data obtained from 
FEM simulations 

 

Figure 30a shows the device piezoelectric response to step force signal F = 10, 12 and 15 N 

(f = 0.5 Hz) for eight to ten cycles of press and release, with the piezoelectric current I recorded 

as a function of time and the charge Q (corresponding to the time integral of I(t)), plotted as a 

function of F. In response to F = 10 N, applied with a rounded stamp (d = 5 mm), I = 1.7 ± 0.1 

nA and Q = 261 ± 23 pC are measured. The magnitudes of I and Q increase to 3.3 ± 0.2 nA 

and 550 ± 61 pC at 15 N, respectively. It can be observed that the peak-to-peak current of 

each cycle varies slightly, which is attributed to the hydrogel/Ag interface as well as plastic 

deformation of the hydrogel layer/core due to contact with the relatively hard stamp. 

Additionally, the use of a flexible PET substrate promotes mechanical deformation of the active 
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layer, where in-plane and out-of-plane strain components, which are enhanced with increasing 

force magnitude, influence the micromechanical deformation of substrate and active layer. The 

substrate delayed relaxation results in current peak difference between press and release. 

This leads to the above-mentioned fluctuations between cycles.[24] In our previous work, we 

have demonstrated a maximum Q = 252 ± 25 pC  at F = 15 N for a sample with hard PUA 

template (high E) and an active TE area of 1 cm2. In this work, the improvement in signal 

magnitude is attributed to the softness (low E) of the PUA template, as assessed also with the 

FEM model shown in Figure 30b. Figure 30b shows the charge density σ as a function of F, 

where the influence of the template rigidity (Esoft = 200 MPa vs Ehard = 2 GPa) is investigated 

using the FEM model, and compared to the experimental data and to our previous work. 

According to the FEM model, the soft template (Esoft,sim= 200 MPa) resulted in a charge density 

σ = 6.63 x 10-6 and 8.85 x 10-6 C m-2 at F = 15 and 20 N, respectively, which is at least three 

times the charge density obtained from the FEM model for a hard template (2.04 x 10-6 and 

2.7 x 10-6 C m-2 at F = 15 and 20 N, respectively). The enhanced σ is attributed to the higher 

deformability of the soft template, which is reflected in higher strain on the ZnO shell resulting 

in the generation of more piezoelectric charges. The same trend is observed experimentally 

yielding e.g. σ = 1.22 x 10-5 C m-2 for the soft template and σ = 8.7 x 10-6 C m-2 for the hard 

template at F = 15 N. The small deviations between the experimental and the simulated curves 

(roughly a factor of two) are attributed to the limits of the model, as explained in our previous 

work.[14] Previously, we measured a lower charge density for the hard template, σ = 6 x 10-6 C 

m-2 for F = 15 N. Such improvement is attributed to the improved layers adhesion due to the 

plasma activation step prior to the hydrogel core deposition. Better adhesion leads to improved 

interface between the different layers, which improves interfacial charge transfer. 

Figure 31a shows the response to humidity changes as a consequence of the swelling of the 

hydrogel core, which is translated to piezoelectric charge output due to stress exerted from the 

swollen hydrogel (upon water molecules intake) onto the ZnO shell. Q is measured for a 

relative humidity range of 35 to 95% RH, at 25°C and 40°C, i.e. below and above the LCST, 

respectively, considering that the LCST of the 35% cross-linked hydrogel was determined to 

be 30 ± 2 °C.[20] Below the LCST (25°C), a maximum Q = 850 pC is measured at 95% RH 

(data set shown in blue), which drops to 120 pC above the LCST (data set shown in red). At 

25 °C, the sensitivity to humidity, 𝑆𝐻 =
Δ𝑄

Δ𝑅𝐻%
, is SH1 = 6 pC %-1 for the (relative) humidity range 

35 to 80 % and SH2 = 34 pC %-1 for the RH range between 80 and 95%. Such difference in 

sensitivity for the different humidity ranges, is related to the non-linear dependence of the 

hydrogel swelling with humidity.[7] Above the LCST (40°C), the sensitivity significantly 

decreases since the hydrogel is in its unswollen state, with SH3 = 0.7 pC %-1 between 35 and 

80 % RH and SH4 = 6 pC %-1 for the RH range between 80 and 95%.  
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The influence of the PUA template mechanical properties on the response to humidity is 

investigated in Figure 31b, where the use of a soft template enhances the response magnitude 

and with the same trend validated experimentally.  In our previous work, we reported higher 

response magnitude of the core-shell nanorods to humidity. Such difference is due to the fact 

that the previous sensors were fabricated with a less cross-linked hydrogel (25% nominally 

cross-linked vs 35% in this work).[17] At room temperature, 25% hydrogel planar films on Si 

wafer show a swelling of ≈ 225% of their initial thickness (dry-state), while the 35% films show 

≈ 200% swelling. Moreover, the cross-linker fraction has an influence on the mechanical 

properties of the hydrogel (E10%cl = 5.8 MPa and E75%cl = 107.2 MPa)[23] and as a result, 

influences the applied stress σ on the ZnO shell. This assumption is validated by the FEM 

model and the results are shown in Figure 31c, revealing that a hydrogel with lower cross-

linking results in a higher charge density. 

Figure 32a depicts the response to a temperature profile (10 – 50°C) at 85% RH (data set 

shown in blue) and 40% RH (data set shown in red). Within this temperature range, a transition 

through the LCST is expected. At 85 % RH, a maximum Q = 3700 pC (in comparison to 2100 

pC achieved in our previous work) is measured and a temperature sensitivity, ST1 = 45 pC °C-

1 is calculated between T = 10 – 35°C. The sensitivity increases for the temperature range T = 

35 – 50°C, with ST2 = 200 pC °C-1. As demonstrated in our previous work, a single sensitivity 

to temperature (ST = 140 pC °C-1) is expected at elevated RH and around the hydrogel’s 

LCST.[17] However, for this device, were p(NVCL-co-DEGDVE) has a higher cross-linker %, 

the coil to globule transition is less sharp, providing temperature sensitivity for a wider range, 

in comparison to lower cross-linked p(NVCL-co-DEGDVE).[20] . At 40% RH, a maximum Q = 

2200 pC is measured and the sensitivity ST3 and ST4 are calculated to be 22 and 110 pC °C-1 

respectively. However, as indicated in Figure 32b, a hydrogel with 35% cross-linker fraction 

results in lower σ.  

Figure 32c illustrates the influence of the template modulus on the temperature response for 

a device with 25% cross-linked hydrogel core. The soft template clearly increases the charge 

density as is revealed both in the model and in the measured data. 

The response of the multi-stimuli responsive nanorod skin to six cycles of force excitations 

from touching is about 1800 pC, as shown in Figure 33a and 33b. Additionally, five cycles of 

humid air blown from a human mouth are shown in Figure 33c and 33d. For the consecutive 

blows, a maximum Q = 625 pC is measured. The response is attributed to the high humidity of 

the breath.   



115 

 

 

Figure 32. a) Charge Q as a function of T (10 to 50°C) at 85 and 40% RH, with sensitivity to 
temperature ST indicated in the figure. Measurements were performed on a sample with Al 
bottom electrode.  b) FEM results for σ as a function of RH (30 to 95%) for hydrogels with 

cross-linker fraction 25% and 35%. b) c) σ as a function of T for 25% CL sample at 40% RH, 
showing influence of template E using an FEM model (dashed lines), experimental data (data 
points averaged over 3 measurements) and our previous experimental results from ref. [14] 

data (solid line). Measurements were performed on a sample with ITO bottom electrode 



116 

 

 

Figure 33. a,b) Response to six cycles of force excitation through finger touch yielding a 
maximum response of 1800 pC. c,d) Response to five cycles of air blown from a human 

mouth (Qmax = 625 pC). Measurements were performed on a sample with 35% cross-linked 
hydrogel and Al serving as bottom electrode 

 

GEIS measurements: 

Literature shows that many pressure/force, humidity and temperature sensors rely on change 

in the active material resistance or capacitance to achieve desired sensitivity,[24–30] such 

parameters are probed with GEIS, which is investigated as an alternative and more 

comprehensive route for signal readout.  

The core-shell nanorod devices were sequentially exposed to the temperatures of 10°C, 23°C 

and 35°C. At each temperature, the humidity was ramped from 30% to 95%. In Figure 34a, 

the Bode plots are depicted at the three temperature steps and 45% RH (exemplary). The 

impedance (Zmod) decreases exponentially and the phase increases within the frequency range 

f = 200 to 1500 Hz for all the performed measurements. This is a standard behavior for 

multilayers composed of dielectric materials, where each layer can be modelled as a parallel 

capacitive and resistive component (RC element).[31] A falling Zmod above the so-called cut off 

frequency (dipolar relaxation) is a typical performance of dielectrics.[31–33] Given that the input 
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and the output signals inside a capacitor have a 90° phase shift, the increase in phase angle 

with increasing frequency can be explained by the decrease in impedance of the capacitive 

component of the dielectric. This eases current flow (path of least impedance is favorable).[34] 

Moreover, it can be observed that the phase shifts down (increases) with increasing 

temperature, regardless of the coil-to-globule transition in the hydrogel. At 10 °C, the phase is 

measured to be -80° at f = 1000 Hz, which increases to -87° at 35°C.  

Zmod decreases when temperature is increased from 10°C to 23°C (< LCST) but increases 

again at 35°C (>LCST). At the low frequency range where the measurements were conducted, 

only diffusional-limited electron transfer processes can be observed.[35] The diffusion is 

enhanced by temperature, therefore the higher the temperature, the lower the impedance. 

Diffusion, though, can be also affected by the coil-to-globule transition of the hydrogel. Below 

the LCST, the p(NVCL-co-DEGDVE) forms hydrogen bonds with water molecules and has a 

swollen and expanded coil structure in contact to the top electrode surface, leading to a lower 

diffusional barrier and to a decrease in the impedance. When temperature increases, the 

hydrophobic interaction inside the film becomes overwhelming, resulting in the break of 

hydrogen bonds between the hydrogel and water molecules and producing a contracted and 

compact globule structure, which forms now an effective diffusional barrier, therefore the 

impedance increases again. This is an indication that incorporation of water molecules into the 

hydrogel (which is influenced by the LCST) has a dominant effect on the overall impedance of 

the nanostructured multi-layer film, in comparison to temperature related dipole-dipole 

interactions.  

Further, the phase and Zmod and were extracted at 210 Hz (at this frequency slight diffusion 

processes can still be expected)[36] and at the standard sampling frequency of 1000 Hz and 

plotted versus the relative humidity at the sequentially performed temperature steps (Figure 

34b and 34c). For both frequencies, the decrease in Zmod with increasing RH can be explained 

by the formation of hydronium ions, which hydrate and enhance the diffusion of excess protons 

via Grotthus chain reaction, resulting in a decrease in the resistivity.[37,38] Additionally, at high 

RH levels (≈ 90 %), a decrease in the phase angle magnitude coupled with decrease in Zmod 

can be explained by a decrease in the capacitance of the overall dielectric layers. It can be 

concluded that the phase angle and Zmod are sensitive to humidity and temperature.  

The presented measurements are preliminary results and will only strive to present a proof-of-

concept and the huge potential of extracting information from impedance spectra. A more 

profound analysis would be needed, by measuring each layer individually in a patterned and 

non-patterned configuration. 
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Figure 34. a) Bode plots showing the phase and the impedance (Zmod) as a function of 
frequency f = 200 – 1500 Hz of the patterned multilayer exposed to 10°C, 23°C and 35°C at 
45% RH, n = 3. b), c) Extracted at 210 Hz and 1000 Hz: phase and Zmod versus the relative 

humidity (RH = 30 – 95%) at sequentially performed temperature steps, n = 3 

 

3.3.6 Conclusion 

In conclusion, we fabricated force, humidity and temperature responsive sensors based on 

nanostructured thin films in one-of-a-kind multi-chamber reactor combining PEALD and iCVD. 

The sensing performance was optimized with respect to three parameters: (i) the fabrication 

method that allows in-situ interface activation; (ii) the template mechanical properties and (iii) 

the hydrogel cross-linker percentage. The multi-chamber reactor is equipped with a transfer 

chamber kept under vacuum to permit sample transfer and subsequent depositions without 

breaking the vacuum. Such reactor layout reduces surface contaminations arising from 

transfer processes as well as fabrication time, paving the road for industrial and large-scale 

fabrication. In addition, it improves the adhesion of the hydrogel to the ZnO and reduces 

delamination related to the hydrogel swelling, which yielded devices with better performance 

as apparent from the results compared to our previous work. Further, the devices are assessed 
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for multi-stimuli responsiveness, with a response of 550 pC to a 15 N force, a maximum 

sensitivity of 34 pC %-1 to humidity and 200 pC °C-1 to temperature. Additionally, FEM 

simulations as well as experimental measurements indicate an improvement of the 

performance with the use of a PUA template with lower young’s modulus, concluding first steps 

towards design optimization. Lastly, GEIS is employed to further understand and investigate 

the device’s electrical properties for signal readout. 
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3.3.9 Supporting information 

Geometry used in FEM simulations: 

 

 

 

 

 

 

 

Equations used in FEM simulations: 

Hygroscopic swelling: 

𝜀 =  𝛽 𝑥 𝐶𝑚𝑜                (55) 

Where, 

𝜀 is the hygroscopic strain 

β is the hydrogel swelling coefficient (m3 Kg-1) 

Cmo is the moisture concentration in air (Kg-1 m3), which is equivalent to RH % 

 

 

 

 

 

Figure 35. Geometry of half a nanorod used in the FEM model with 1.PUA template, 
2.ZnO shell and 3.Hydrogel core 
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Piezoelectric consecutive equations (strain-charge form): 

𝜎 =  𝑐𝐸𝜀 − 𝑒𝐸                (56) 

𝐷 = 𝑒𝜀 + 𝜀0𝜀𝑟𝐸           (57) 

Where, 

σ is the stress (Pa) 

cE is the stiffness matrix (Pa) 

ε is the strain 

e is the coupling matrix (C m-2) 

E is the electric field (V m-1) 

D is the electric field displacement (C m-2) 

ε0 is the vacuum permittivity (F m-1) 

εr is the relative permittivity matrix 

 

Charge conservation: 

𝜌𝑣 = ∇ . 𝐷                        (58) 

Where, 

ρv  is the charge density (C m-3) 

∇ is the divergence (m-1) 

D is the electric field displacement (C m-2) 
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Material properties used in FEM simulations: 

Table 5. Swelling coefficient β and moisture concentration in air Cmo of p(NVCL-co-
DEGDVE) 25% nominally cross-linked at 10, 25, 35 and 50 °C for RH = 20 – 95 

RH  

[%] 

Cmo 

(10 °C)  

[kg m3] 

β 

(10 °C) 

[m3 kg-1] 

Cmo 

(25 °C)  

[kg m3] 

β 

(25 °C) 

[m3 kg-1] 

Cmo 

(35 °C)  

[kg m3] 

β 

(35 °C) 

[m3 kg-1] 

Cmo 

(50 °C)  

[kg m3] 

β 

(50 °C) 

[m3 kg-1] 

20 0.002 - 0.005 0.3 0.008 - 0.02 - 

30 0.003 - 0.007 0.35 0.012 0.1 0.025 0.1 

40 0.004 0.4 0.009 0.4 0.015 0.15 0.033 0.2 

50 0.006 1 0.01 0.6 0.02 0.3 0.04 0.3 

60 0.0065 2 0.013 1 0.023 0.4 0.05 0.5 

70 0.007 4.2 0.016 2.1 0.027 0.7 0.06 0.6 

80 0.0075 6.1 0.018 4.1 0.03 1.3 0.066 0.7 

90 0.008 26.4 0.02 9.5 0.035 3.7 0.075 1.5 

95 0.009 28.6 0.021 10 0.037 4.7 0.08 1.7 

 

 

Table 6. Swelling coefficient β and moisture concentration in air Cmo of p(NVCL-co-
DEGDVE) 35% nominally cross-linked at 10, 25, 35, 40 and 50 °C for RH = 30 – 95 % 

RH  

[%] 

Cmo 

(10 °C)  

[kg m3] 

β 

(10 °C) 

[m3 kg-1] 

Cmo 

(25 °C)  

[kg m3] 

β 

(25 °C) 

[m3 kg-1] 

Cmo 

(35 °C)  

[kg m3] 

β 

(35 °C) 

[m3 kg-1] 

Cmo 

(50 °C)  

[kg m3] 

β 

(50 °C) 

[m3 kg-1] 

30 - - 0.007 0.17 0.012 - 0.025 0.062 

40 0.004 - 0.009 0.64 0.015 0.45 0.033 0.23 

50 0.006 0.45 0.01 1.56 0.02 - 0.04 0.46 

60 0.0065 1.31 0.013 2.28 0.023 1.42 0.05 0.66 

70 0.007 2.42 0.016 3.14 0.027 - 0.06 0.94 

80 0.0075 7.62 0.018 4.70 0.03 - 0.066 1.35 

90 0.008 19.13 0.02 7.44 0.035 - 0.075 1.94 

95 0.009 19.3 0.021 7.96 0.037 - 0.08 2.16 
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Table 7. Input parameters of different materials used in FEM models 

Component Description Symbol Value 

ZnO 

 

 Stiffness matrix 

 

 

 

Poisson’s ratio 

 

Density 

 

cE 

 

 

 

            v 

 

            ρ 

(

 
 
 

2.1 𝑥 1011 1.2 𝑥 1011 1.05 𝑥 1011

1.2 𝑥 1011 2.1 𝑥 1011 1.05 𝑥 1011

1.05 𝑥 1011 1.05 𝑥 1011 2.1 𝑥 1011

   
0 0 0
0 0 0
0 0 0

0  0 0
0 0 0
0 0 0

          
4.2 𝑥 1010 0 0

0 4.2 𝑥 1010 0
0 0 4.4 𝑥 1010)

 
 
 

  Pa 

0.3 

 

5680 Kg m-3 

    Coupling matrix            E 

 

 

                                  (

0 0 0
0 0 0

−0.56 −0.56 1.32
   

0 −0.48 0
−0.48 0 0

0 0 0        

)     C m-2 

 

    

p(NVCL-co-

DEGDVE) 

Young’s modulus 

 

Poisson’s ratio 

 

Density 

 

Relative permittivity 

𝐸 

 

v 

 

ρ 

 

εr 

12 MPa 

 

0.3 

 

1200 Kg m-3 

 

2.7 

    

    

PUA 

Young’s modulus 

 

Poisson’s ratio 

 

Density 

 

Relative permittivity 

𝐸 

 

            v 

 

           ρ 

 

          εr 

200 MPa or 2 GPa  

 

0.4 

 

1060 Kg m-3 

 

4.97 
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4 
Conclusions 

 

This chapter provides a summary of the conclusions drawn from the 

peer-reviewed articles presented in chapter 3. 
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The work explored in this thesis presents a new e-skin concept based on force, humidity 

and temperature multi-stimuli responsive nanorods. In this context, three peer-reviewed 

research papers were presented starting with the first work titled ‘Piezoelectric Properties 

of Zinc Oxide Thin Films Grown by Plasma-Enhanced Atomic Layer Deposition’, in which 

ZnO thin films with t = 50-65 nm were deposited by PEALD on ITO coated PET and glass. 

In the paper, the influence of the substrate temperature during deposition on the 

crystallographic orientation and the related directional piezoelectric properties has been 

investigated. At low substrate temperatures (<50°C), the films exhibit (100) preferential 

orientation, which changes to (002) with increasing temperature. ZnO deposited on ITO 

coated PET demonstrated the applicability of PEALD in depositions on flexible substrates 

with low thermal stability. Both macroscopic and microscopic piezoelectric properties were 

explored in two separate setups. Macroscopic characterization of the piezoelectric 

properties was done with an in-house built setup with a step force signal F = 10 N. It has 

been demonstrated that, films grown on PET result in higher piezoelectric charge output, 

when compared to films grown on glass. This is explained by the mechanical deformation 

of the substrate and therefore, the ZnO film on top, which introduces transversal and 

longitudinal strain components contributing to the generated charge. Additionally, the d33 

coefficient of ZnO films deposited on glass substrate was calculated between 3 and 20 pC 

N-1 for substrate temperature between 25 and 225°C. Piezo force microscopy was utilized 

for microscopic characterization of the piezoelectric properties. From the topography 

images, it can be concluded that ZnO deposited at 25°C has polycrystalline morphology 

with grain size ≈ 30 nm, while the piezo response amplitude shows a maximum 

displacement of 20 pm. However, at 225°C a grain size of ≈60 nm is obtained. Within the 

grain, maximum displacement is measured, which decays at the grain boundary.  

In the second publication titled ‘Smart Core-Shell Nanostructures for Force, Humidity and 

Temperature Multi-Stimuli Responsiveness’, the full concept of the multi-stimuli responsive 

nanorods was presented. It started with presenting the full fabrication of the sensor on 

flexible PET substrate, where state-of-the-art nanofabrication techniques such as UV-NIL, 

PEALD and iCVD were utilized. The fabricated device had an active layer with a thickness 

of 6 µm and a nanorod density of 108 cm-2. SEM imaging of the nanostructured polymeric 

template surface as well as filling with the core-shell nanorods was performed. Dielectric 

spectroscopy performed within a frequency range of 42 to 5 MHz, indicated that the 

hydrogel core increases the overall dielectric constant of the active layer, due to 

incorporation of water molecules within its mesh (ε’ = 5.3 at 10 kHz). Moreover, I-V 

characteristic measurements indicated that the hydrogel core increases the leakage current 

as well as current density asymmetry. More importantly, multi-stimuli characterization is 

presented starting with force, where F = 10 – 20 N was applied and a sensitivity Sf = 22-36 
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pC N-1 was demonstrated. As expected, the sensitivity to force is influenced by the flexibility 

of the PET substrate. FEM simulations indicate that the maximum charge response to force 

occurs at the edge of the nanorod and decays substantially along the lateral dimensions, 

which indicates a force sensing resolution down to the geometry of a single nanorod. To 

that, localized force response with minimum cross talk between pixels (A = 0.25 mm2) was 

additionally demonstrated. The e-skin response to humidity and temperature through the 

swelling of the hydrogel core was carried out in an environmental chamber, with SH = 0.1 – 

1.2 nC %-1 below the LCST and SH = 0.01 – 0.1 nC %-1 above the LCST, which was 

measured for 25% cross-linked p(NVCL-co-DEGDVE). Finally yet importantly, the response 

to temperature was demonstrated with ST = 0.14 nC °C-1 at RH = 95%, with a response to 

a temperature range close to the LCST and at elevated humidity.  

The third and last publication titled ‘Enhancement of the sensing performance in multi-

stimuli responsive hybrid materials’ presented a multi-chamber reactor, which facilitates 

transferring the sample between the PEALD and iCVD processes with vacuum conditions 

maintained at 20 µbar, with the aim of reducing surface contaminations during transfer 

processes. Additionally, the work presented an e-skin based on a hydrogel core with 35% 

CL, with a lower swelling magnitude and therefore response magnitude to humidity and 

temperature (a maximum sensitivity of 34 pC %-1 to humidity and 200 pC °C-1 to 

temperature), compared to the e-skin presented in the second publication. The influence of 

the cross-linker percentage on the e-skin performance was tested experimentally and 

compared to data obtained from a FEM model. The work additionally explored the influence 

of the template material’s mechanical properties (hard vs soft) on the e-skin performance, 

with the sensitivity to force increasing to 8.85 µC m-2 for a soft template vs 2.7 µC m-2 for a 

hard template at F = 20 N. 
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A. FEM simulations for device optimization 

A.1 Influence of pitch 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36. FEM 3D stress distribution map showing the influence of the nanorod pitch a) 1000 nm b) 2500 

nm at F = 10 N. The maximum stress on the ZnO shell is independent of the pitch 

Figure 37. Surface charge density σ as a function of the pitch at F = 
10 and 20 N, data based on FEM model. The surface charge density   

remains almost constant for a pitch higher than 1500 nm 

a b 
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Figure 38. FEM 3D stress distribution map showing the influence of the nanorod pitch a) 1000 nm b) 2500 
nm at RH = 60% and T = 25°C (below LCST). A slight increase in the maximum stress applied on the ZnO 

shell occurs with higher pitch 

Figure 39. Surface charge density σ as a function of pitch at RH = 
50, 60 and 80%, data based on FEM model. The pitch does not 

influence the surface charge density 

a b 
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Figure 40. FEM 3D stress distribution map showing the influence of the nanorod pitch a) 1000 nm b) 
2500 nm at T = 10°C and RH = 60%. A slight increase in the maximum stress applied on the ZnO shell 

occurs with higher pitch  

  

Figure 41. Surface charge density σ as a function of pitch at T = 10 
and 50°C, data based on FEM model. Similar to data shown in 
Figure 37, the surface charge density is not influenced by the 

nanorod pitch 

a b 
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A.2 Influence of aspect ratio 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 42. FEM 3D stress distribution map showing the influence of the nanorod aspect ratio (AR) 
a) 1 b) 10 at F = 10 N. The maximum stress increases from 2.24 MPa, for an aspect ratio of 1, to 

3 MPa for an aspect ratio of 10  

Figure 43. Surface charge density σ as a function of AR at F = 10 
and 20 N, data based on FEM model. An increase in the surface 

charge density up to an aspect ratio of 3 is observed 

a b 
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Figure 44. FEM 3D stress distribution map showing the influence of the AR a) 1 b) 10 at RH 
= 60% and T = 25°C (below LCST). A slight increase in the maximum stress applied on the 

ZnO shell occurs with higher aspect ratio 

Figure 45. Surface charge density σ as a function of AR at RH = 50, 
60 and 80%, data based on FEM model. A decrease in the surface 

charge density up to an aspect ratio of 6 is observed 

a b 
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Figure 46. FEM 3D stress distribution map showing the influence of the AR a) 1 b) 10 at T 
= 10°C and RH = 60% (below LCST). The maximum stress increases from 41.2 MPa, for 

an aspect ratio of 1, to 44.9 MPa for an aspect ratio of 10  

 

 

Figure 47. Surface charge density σ as a function of AR at T = 10 
and 50°C, data based on FEM model. A decrease in the surface 

charge density up to an aspect ratio of 6 is observed 

a b 
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B. Initial device stability tests 

B.1 Force (soft template, Al-PET substrate) 

 

 

 

 

 

Figure 48. Force stability test performed on a device with a 
soft polymeric template at F = 12 N and f = 2 Hz. The device 

broke down after 7600 s.  

Figure 49. A zoom-in of figure 46 depicting six cycles of 
response to force, with maximum Q = 700 pC  



143 

 

B.2 Humidity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 50. Humidity stability test (15 cycles) performed on a 
device with a soft polymeric template at RH = 5 – 70%. A 
decrease in the response magnitude is attributed to the 

corrosion of the top electrode as shown in Figure 49 

Figure 51. Image of device tested in figure 48, showing electrode corrosion after 

multiple cycles of humidity exposure  
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