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Abstract

Human-machine interaction (HMI) relies mainly on vision and hearing, but touch is

essential for perceiving the environment, especially for those who are visually impaired.

To incorporate touch into HMI systems, haptic technologies have been developed, with

piezoelectric actuators being a promising solution. However, challenges exist in integrat-

ing these actuators into touch screens due to their thickness and lack of transparency. Re-

searchers have turned to piezoelectric PZT thin films that provide acceptable haptic per-

formance and optical transparency. Depositing these films onto glass substrates presents

challenges, requiring a low-temperature process to enable cost-effective and large-scale

production. Transparent electrodes, particularly indium tin oxide, are necessary for cre-

ating transparent actuators, but their production process is complex and costly. Chemical

solution deposition (CSD) based on inkjet printing technology is a low-cost and large-

scale deposition method, enabling direct film patterning without expensive lithography.

In this thesis these challenges were addressed by developing a low-temperature flash-lamp

process for PZT film growth, low-temperature combustion processed and inkjet printed

ITO electrodes, and an all inkjet printed haptic device. Additionally, we proposed the

use of thick piezoelectric films for low-power consumption and large deflection in haptic

applications that do not require transparency.
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Chapter 1

Introduction

Currently, human-machine interaction (HMI) predominantly depends on sight and

sound. Nevertheless, the sense of touch is a crucial means for people to perceive and nav-

igate their environment, particularly for individuals with impaired vision. By running our

fingers over objects, we gain a tactile sensation, which results from the mechanical prop-

erties of our skin altering in response to interactions with external stimuli. Regrettably,

this feature remains absent in current HMI technology.

Haptic technology involves the study of touch in modern electronics and provides a

means of conveying subtle tactile sensations through display screens.[22, 23] To achieve

this, it utilizes a variety of actuating technologies that complement the friction modulation

of fingers to simulate texture, as discussed in the Background section. One of the most

promising solutions among the available actuators is the piezoelectric actuator, which is

capable of generating ultrasonic vibrations in a haptic plate.[16] As a finger moves across

the vibrating haptic plate, a thin film of squeezed air is created in between the vibrating

plate and the finger.[24] This squeezed air film reduces friction, allowing for modification

of the friction coefficient of a finger, which makes it possible to simulate artificial textures.

To create a haptic effect, the haptic devices must generate a deflection of 1 µm at their

resonant frequencies.

Great strides have been made in the development of haptic technology. For instance,

in 2020, the French company Hap2U created the world’s first prototype of a haptic smart-

phone display. They employed piezoelectric ceramic actuators to produce the haptic ef-

fect, specifically lead zirconate titanate (PZT) ceramic actuators. However, PZT ceramic

actuators, which are several hundred micrometers thick, are difficult to make thinner.

They must be glued onto the haptic surface, which results in additional production costs

and prevents the use of collective deposition methods. Moreover, they are not transparent,
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making it impossible to integrate them directly into touchscreens made of glass. Addi-

tionally, the operating voltage of these actuators in mobile phone is typically in the range

of 50 V to 150 V (Information source: https://www.powerelectronictips.com/haptics-

components-pt-2-lra-erm-and-piezo-drivers/). An application-specific integrated circuit

(ASIC) designed for voltage amplification is utilized to increase the output voltage to a

level of 100 V.

To address these challenges, transparent actuators are being developed using piezo-

electric PZT thin films on glass wafers, which provide both acceptable haptic performance

and optical transparency. PZT films are considered superior materials among piezo-

electric films, owing to their exceptional piezoelectric properties.[25] They are widely

used in various piezoelectric microelectromechanical systems (MEMS), such as pressure

sensors,[26, 27] accelerometers,[28, 29] energy harvesters,[30, 31] µmirrors,[32] µpumps,[33]

µswitches,[34] piezoelectric haptic device,[17, 35] and inkjet printheads. The successful

formation of the piezoelectric pervoskite phase is critical to the effectiveness of these

thin films. Achieving a phase transition from amorphous to crystalline requires high-

temperature annealing. A well-crystalline PZT thin film is typically processed at tem-

peratures between 550-650 ◦C using physical vapor deposition (PVD) and 650-750 ◦C

using chemical solution deposition (CSD).[36, 37] If the temperature is lower than this

range, the PZT films will crystallize into non-ferroelectric pyrochlore or fluorite phases

rather than the desired ferroelectric pervoskite phase.

However, the maximum processing temperature of most glass wafers is 400 ◦C, pre-

senting a challenge for conventional processing methods. These methods typically rely

on using glasses that can withstand high temperatures, or transfer technologies such

as chemical etching[38] and laser lift off[39]. The former requires an additional buffer

layer (such as HfO2 and TiO2) to prevent lead diffusion into the glass, which adds extra

cost and process complexity. The latter is a complex process and not suitable for large-

scale production. Therefore, a low-temperature process is necessary for a large-scale and

cost-effective production of PZT films on glass. To overcome this obstacle, an efficient

low-temperature process must be developed.

In recent decades, various approaches have been investigated to develop low-temperature

processes, including the photochemical method,[40] annealing under high-pressure O2 and

O3,[41] microwave annealing,[42] combustion synthesis,[43] and laser annealing.[44] Al-

though successful in lowering the temperature, these methods often require long annealing

times, sometimes several hours, or annealing in a reactive atmosphere, which limits their
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use in large-scale and high-throughput production. Additionally, the PZT films produced

using these methods suffer from poor piezoelectric properties. Although laser annealing

can produce films with good piezoelectric properties through fast crystallization, the small

size of the laser spot (typically in the µm2-mm2 range) necessitates raster scanning of the

laser beam, which can lead to inhomogeneities in the film.

On the other hand, transparent electrodes are a crucial component for transparent

actuators. Transparent conducting oxide (TCO) films are the preferred electrode mate-

rials due to their outstanding optical transparency and conducting properties.[5, 45–49]

Among the available TCOs, ITO films have been commercialized and are widely used

in display devices,[50–52] solar cell windows,[53–55] sensors,[56–58] actuators,[1, 59, 60]

and security systems[61] as transparent electrodes. They are typically deposited by sput-

tering, which requires expensive ITO targets and deposition tools. Chemical solution

deposition (CSD) is an attractive deposition approach due to its exceptional advantages,

including low cost, high efficiency, and flexible composition adjustments. However, high-

temperature annealing (typically > 400 ◦C) is necessary to obtain conductive ITO.[62–67]

This high processing temperature results in indium diffusion into PZT films, which de-

grades device performance. Therefore, a low-temperature process must be developed to

overcome this difficulty.

Efforts have been dedicated to lowering the crystallization temperature of metal oxide

films. Two solutions have been proposed: (a) using specific annealing technologies, such

as deep UV photo annealing,[68–72] flash lamp annealing,[61, 73, 74] annealing with

ozone[75–77] or in high-pressure O2 or H2O atmosphere[78–82], and (b) modifying the

solutions, such as combustion synthesis[83–86] and using solution made of crystalline

nanoparticles. Among these methods, combustion synthesis is a simple process that only

requires adding a fuel (such as urea, acetylacetone, or glycine) and an oxidizer (typically

metal nitrates) into conventional solutions to induce an exothermic combustion reaction

upon heating.[87] This method allows for low-temperature annealing in the air and yields

films with smooth surfaces, unlike the rough films typically prepared from nanoparticle-

based solutions.

In microelectronics fabrication, the process of patterning is crucial. Traditionally,

PZT films are patterned using wet or dry etching methods, while lithography is used

to pattern ITO electrodes. However, these methods are either complex or expensive.

A more cost-effective and direct approach to patterning is inkjet printing using CSD,

which enables the deposition of ink droplets based on computer-assisted design (CAD)
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without the need for lithography. In addition to being waste-free, inkjet printing has

been successfully used for the large-scale production of electronic circuits and OLED

displays.[88, 89][90]

For haptic applications that do not require transparency but prioritize low power

consumption and large deflection, our developed metal-insulator-metal (MIM) thin film

actuator (specifically d31 or e31 mode) is not the ideal solution due to its high power

consumption of several watts, resulting from its large capacitance and driving current.

An alternative solution is a d33 or e33 mode actuator with interdigitated electrodes (IDE),

which offers low power consumption but requires a high actuation voltage of over 100 V.

Figure 1.1: Schematic diagram of acoustic haptic device with a transparent structure.[1]

In summary, my goal is to create transparent piezoelectric haptic actuators that can

be directly patterned onto glass, as shown in Figure 1.1. To achieve this, there are

several requirements: (1) Deposition of piezoelectric thin films onto glass is necessary;

(2) Transparent electrodes are required; (3) A fully inkjet-printing process for patterning

the whole actuator is needed; (4) The fabricated haptic devices must be operated at a

resonant frequency exceeding 20 kHz and be able to generate a deflection of over 1 µm.

In the abovementioned context, we have addressed these challenges in a manner that

has not yet been accomplished by the current state of the art. Except Introduction and

Background chapters, the thesis consists of four key chapters, each of which will try to

address an abovementioned challenge and attempt to answer a scientific question from

the perspective of materials science, as follows:

1. Can we directly deposit PZT thin films on glass?

(I) In Chapter 3, I have reviewed current low-temperature processes of PZT films,

which includes their strategies, advances and applications. This review is helpful to guide
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us to develop and design an efficient low-temperature process of PZT films, allowing for

the direct deposition of PZT thin films on glasses. This work has been published as a

review paper in Applied Physics Reviews 8 (4), 041315, and selected as featured article.

(II) In Chapter 4, I have further developed a flash-lamp process to achieve

direct and low-temperature growth of PZT films on glass in seconds. The prepared

PZT films reveal rather good piezoelectric property with a e33,f of -5 C m−2. They

were used to fabricate a haptic device, whose performance fulfills the specification for

commercialization. This work has been submitted to arXiv preprint arXiv:2303.13103

and Nature Communications (under review now).

2. Is it possible to deposit and pattern transparent electrodes using

inkjet printing?

In Chapter 5, I have developed an ITO ink involving a simple combustion re-

action. 400 ◦C-processed 120 nm-thick printed ITO film on fused silica glass shows a

conductivity up to 1200 S cm−1 and a transmittance as high as 89%. Printed ITO film

was used as top electrodes in PZT capacitors, and the results are comparable to those

obtained with platinum top electrodes, which exhibit a remanent polarization of 14 µC

cm−2 and a coercive field of 80 kV cm−2.

3. Is it possible to fabricate and pattern piezoelectric haptic actuators

using a fully printing process?

In Chapter 6, based on inkjet-printed ITO electrodes depicted in Chapter 5

and our inkjet printed PZT films previously demonstrated in ref.[61], I have developed

all-inkjet printed haptic actuators on platinised silicon substrate. At 22 V and 21.23

kHz, all-printed haptic device shows an out-of-plane deflection of 1.2 µm, beyond the

specification that enables a finger to feel it (1 µm). This work provides a strategy to

directly pattern actuators without using lithography or etching.

4. Is it possible to reduce power consumption in haptic actuators with

a MIM structure for those that require a low operating voltage?

(I) In Section 7.1 of Chapter 7, a proof of concept was proposed that the use

of piezoelectric thick film actuators would enable comparable deflection and low power

consumption. Finite element modelling indicated that the induced lateral force is depen-

dent on voltage rather than film thickness, assuming that their piezoelectric coefficient is

same. Additionally, capacitance decreases linearly with increasing thickness, leading to

a decrease in power consumption. To confirm this concept experimentally, we compared

the power consumption of a sol-infiltrated 10 µm PZT actuator with a sol-gel processed
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0.5 µm PZT actuator. The former consumed 15 times less power than the latter. This

work has been published in Applied Physics Letters 121 (21), 212901.

(II) In Section 7.2, I further continued this work by constructing an 80 µm PZT

actuator via screen printing to achieve significantly lower power consumption of a few

mW. At 20 V and 17.8 kHz, the printed thick PZT haptic device produces 1 µm of

deflection with only 5 mW of power. At 150 V, it produces a 9 µm deflection. This

work has been published in Sensors and Actuators A: Physical, 2023, 356, 114346. This

approach offers a promising solution for reducing the power consumption of a haptic

device when transparency is not required.
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Chapter 2

Background

To achieve the goal proposed in the Introduction, it is crucial to acquire a comprehen-

sive understanding of the foundational principles of the related fields, from materials to

devices. This involves studying the properties of piezoelectric oxide films and transparent

conductive oxide films, the film deposition process, and the working principles of surface

haptics.

In Section 2.1, I started with the introduction of piezoelectric films. This section

delves into piezoelectricity and covers the basics of PZT materials, from bulk to thin

and thick films. Furthermore, the applications of these films in sensors and actuators are

briefly introduced.

Moving on to Section 2.2, I provided an overview of transparent conductive oxide

films, which are employed as electrodes. This section explains the fundamental aspects of

their electrical conductivity and optical transparency, along with strategies for optimizing

their optical and electrical performance.

Once the fundamental knowledge of piezoelectric and conductive films is established,

Section 2.3 introduces the chemical solution deposition (CSD) approach used in this thesis

for film deposition. This section includes a concise introduction to solution chemistry,

outlines the general steps involved in a CSD process, and specifically covers solution

deposition technologies such as spin coating and inkjet printing.

Ultimately, the deposited films will be utilized in the fabrication of surface haptic

devices. Section 2.4 briefly presents the fundamentals of surface haptic technologies,

encompassing fingerpad contact mechanics, an overview of various surface haptic tech-

nologies, the squeezed air film theory, and the vibration model in an ultrasonic haptic

device developed by Biet et al.[18].
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2.1 Piezoelectric films and applications

2.1.1 Piezoelectricity

Applying a mechanical force to a dielectric crystal can induce charges at their surfaces.

Materials with this property are named piezoelectric materials. This property is well-

known as direct piezoelectric effect, first discovered in 1880 by Pierre and Jacques Curier.

One year later, Gabriel Lippmann and Curier brothers discovered that applying an electric

field across both sides of a crystal leads to the deformation of a crystal, known as converse

piezoelectric effect.

Piezoelectric equations are developed to qualify the relationship between electrical

and mechanical parameters. These parameters include electric displacement (D), electric

field (E), strain (S) and stress (T). Four forms of piezoelectric equations can be written

by considering any of the two above-mentioned parameters as independent variables. Eq.

(2.1 and 2.2) represents the most common form (strain-charge form):

D = dT + ϵTE (2.1)

S = sET + dtE (2.2)

where d is the piezoelectric coefficient, ϵT is the dielectric constant measured at a constant

stress, sE is the elastic compliance coefficient at a constant electric field,the superscript

t stands for the transpose, respectively.

Typically, a cantilever structure is employed for measuring the converse piezoelectric

coefficient of piezoelectric thin films, as described in Appendix A4.4 on Page 193.

2.1.2 Lead zirconate titanate

Lead zirconate titanate (PZT) is one of the most widely used piezoelectric materials,

thanks to its large piezoelectric response at the specific composition. In this section,

its crystal structure, phase compositions, ferroelectricity and piezoelectricity are briefly

introduced.

Perovskite PZT

PZT with a typical perovskite structure (refer to Figure 2.1), is an important crystal in

piezoelectric materials. The perovskite structure is described by the chemical formula of

ABO3, where A represents a large cation with a coordination number of 12, B represents
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a small cation, and O represents oxygen. In the crystal structure of PZT, A is lead, B

can be Zr or Ti. PZT exhibits an ideal cubic perovskite structure at temperatures above

its Curie temperature Tc, but it is not piezoelectric at these temperatures. Below Tc, the

perovskite structure undergoes different structural distortions (see Figure 2.1b), which

break the centrosymmetry and lead to spontaneous polarization. This is the origin of

the ferroelectricity and piezoelectricity in PZT. Commercial PZT typically has a Tc of

around 200-400◦C,[91] but its recommended maximum operating temperature is 150-250

◦C. [92]

.[93]

Figure 2.1: (a) Cubic perovskite structure above TC and (b) Noncentrosymmetric struc-

tures below TC caused by the distortions of the cubic cell of PZT

Phase diagram of PZT and the morphotropic phase boundary

The chemical formula of PZT is typically written as PbZr1−xTixO3. x is a crucial

parameter in determining the crystal and physical properties of PZT. Figure 2.2 shows

the phase diagram of PZT as a function of temperature and Zr:Ti ratio. The morphotropic

phase boundary (MPB), which occurs at x=0.46-0.51, separates the Ti-rich and Zr-rich

regions, where PZT has tetragonal and rhombohedral structures, respectively. The MPB

is almost temperature-independent within 350 ◦C and is nearly a vertical line. In 1999,

Noheda et al. discovered a monoclinic phase in the MPB region,[94] which acts as a

structural bridge in the phase transition from the rhombohedral to tetragonal phase.

The co-existence of multiple phases in PZT at MPB composition allows for the pres-
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ence of more ferroelectric domain variants. In Figure 2.2b, the piezoelectric coefficients

d31 and d33 and the electromechanical coupling factor (kr) that characterizes the energy

conversion efficiency between electrical energy and mechanical energy are plotted against

the PZT ceramic compositions. The best electromechnical properties are observed at the

MPB composition.

Figure 2.2: (a) Original temperature-composition phase diagram of the PZT solid solu-

tion. (b) Electromechanical properties versus composition of PZT ceramic.[2]

Ferroelectricity in PZT

Piezoelectricity in PZT is a result of its ferroelectric nature, which can be characterized

by measuring the polarization (P) loop as a function of the electric field (E ) at a specific

frequency, exhibiting hysteresis behavior. This relationship is represented by a P-E loop

that demonstrates the reorientation of the polarization in response to a changing electric

field, as depicted in Figure 2.3. Prior to the application of an electric field, the polarization

is nearly zero due to the compensation between the various orientations of polarization.

However, when an electric field is applied, the polarization is reoriented in a specific

direction, reaching a maximum value known as the saturation value, either Pmax or Ps,

depending on the strength of the applied electric field. When the electric field is reduced to

zero, the polarization remains at a non-zero value, referred to as the remanent polarization

Pr. To return the polarization to zero, an opposite electric voltage must be applied,

known as the coercive field Ec. The switching of the polarization is achieved through the

movement of domain walls and domain nucleation.

The P-E hysteresis loop is commonly measured by applying a triangular waveform at

a specific frequency, as extensively described in Appendix A4.2.
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Figure 2.3: Typical ferroelectric polarization versus electric field hysteresis loop.[2]

2.1.3 PZT thin films

The high piezoelectricity of PZT films makes them a popular choice for use in MEMS

sensors and actuators. However, the electromechanical properties of PZT thin films are

highly dependent on various factors, including composition, microstructure, crystallo-

graphic orientation, process conditions, and residual stress. When measuring the effective

piezoelectric coefficients of thin films, it is important to consider the substrate clamping

effect. The piezoelectric coefficients that are commonly used are d33,f and e31,f , which

are defined as:

d33,f = d33 − 2d31s
E
13(s

E
11 + sE12) (2.3)

e31,f = e31 + e33s
E
13(s

E
11 + sE12) (2.4)

where sEij, d33 and e31 are, respectively, compliances at constant electric field and pure

piezoelectric coefficients.

Figure 2.4 illustrates the relationship between the effective transverse piezoelectric

coefficient e31,f and the composition of PZT thin films that are oriented in the {100}

and {111} directions. Similar to PZT ceramics, PZT thin films that are deposited on

platinised silicon and positioned at the MPB exhibit the highest values of e31,f . Addi-

tionally, it is worth noting that, for the same composition, PZT thin films oriented in the

{100} direction demonstrate superior piezoelectric properties compared to those in the

{111} direction.
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Figure 2.4: Transverse piezoelectric response in {111} and {100} textured PZT films as

a function of composition. All of the films were deposited on platinized Si substrates.[3]

The properties of PZT thin films with regard to piezoelectricity can be significantly

affected by the processing conditions employed. Different techniques for depositing thin

films, such as physical vapor deposition, chemical vapor deposition, and chemical solu-

tion deposition, are commonly utilized to create PZT thin films on substrates. Once the

films are deposited, a thermal annealing process is required to transform the initially

amorphous PZT into the piezoelectrically active perovskite phase, typically requiring an-

nealing temperatures in excess of 650 ◦C. If the temperature used is below this threshold,

the PZT thin films crystallize into the non-ferroelectric pyrochlore phase.

Table 2.1 presents the state-of-the-art electromechanical properties of sol-gel PZT thin

films deposited on platinized Si substrates and crystallized at the standard temperature

of 700 ◦C for PZT films.

Table 2.1: State-of-the-art electromechanical properties of PZT thin films with mor-

photropic phase boundary (MPB) composition. Polycrystalline {100} oriented 1 µm-

thick film deposited on platinized Si substrates and annealed at 700 ◦C.[21]

Property dielectric

permittivity

dielectric

loss

Remanent

polarization

Longitudinal

piezoelectric

coefficient

Transversal

piezoelectric

coefficient

symbol ϵr tanδ Pr d33,f e31,f

Unit - - µC cm−2 pm V−1 C m−2

Value 1400 0.05 20 150 -17

The crystallographic orientation of PZT thin films is heavily influenced by the choice
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of substrate or bottom electrode. Platinized silicon substrates (Pt/Ti/SiO2/Si) are among

the most commonly used substrates due to the formation of Pt3Pb resulting from the dif-

fusion of Pb into Pt. Normally, solution-processed PZT film on platinized silicon growth

along the {111} orientation, which has been demonstrated in previous literature.[95]

Note also that this situation also depends on the deposition technologies and deposition

conditions. However, on LaNiO3/SiO2/Si substrates, films tend to preferentially orient

along {100}.[96] These outcomes can be altered by incorporating an additional nucleation

layer. For instance, Godard et al. utilized a lead titanate oxide (PTO) nucleation layer

to facilitate film growth along the {100} orientation instead of the {111} orientation.[95]

2.1.4 PZT thick films

Thin films are films that have a thickness of less than 1 µm, while thick films are those

with a thickness ranging from 1 to 100 µm. As mentioned previously, film thickness plays

a significant role in the electromechanical properties of PZT films. Typically, the piezo-

electric coefficient of PZT films improves with increasing film thickness, as illustrated in

Figure 2.5. The deposition of thick films depends on powder-based deposition technolo-

gies, such as screen printing and aerosol deposition. The initially deposited thick films

are often porous, which is a common characteristic of powder-based films. To densify the

films, high-temperature annealing (up to 1000 ◦C) is required. Such high processing tem-

peratures necessitate the use of ceramic substrates, such as Al2O3 ceramic. Aerosol depo-

sition offers a low-temperature process for creating thick films on temperature-sensitive

substrates like glass and polymers. However, this technique requires powder with small

size and high quality, and it is generally necessary to dry and sieve the powder before

each deposition.[97]

2.1.5 Applications

Piezoelectric devices utilize PZT films in various applications, including sensors, actu-

ators, and energy harvesters. The direct piezoelectric effect is employed in piezoelectric

sensors to convert mechanical energy into electrical signals, which are commonly used

for measuring force or pressure. PZT sensors have been utilized in pressure sensors,[26]

wearable sensors,[98] accelerometers,[28] and gyroscopes,[99] among others. Similarly,

piezoelectric energy harvesters operate on the same principle, converting mechanical en-

ergy into electrical energy, which can then power portable electronic devices. Flexible
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Figure 2.5: Piezoelectric coefficient versus film thickness.[4] Note that in PZT thick films

or ceramics, doping was performed to improve their piezoelectric properties.

piezoelectric energy harvesters have attracted interest in the fields of electronic skin,

implantable/wearable systems, and body sensor networks.[39]

In contrast to piezoelectric sensors, piezoelectric actuators utilize the converse piezo-

electric effect, which converts electrical energy into mechanical energy. They are widely

used to create various devices such as micropumps,[33] inkjet printer heads,[100] mi-

cromirrors, [101] and haptic devices,[17] among others.

As our studies focus on acoustic haptics based on piezoelectric actuators, more infor-

mation about piezoelectric actuators is introduced here. Typically, there are two working

modes of actuator, as shown in Figure 2.6. One uses metal-insulator-metal structure

(MIM), which utilizes the piezoelectric coefficient d31 or e31. Another one uses interdig-

itated structure electrode (IDE), which uses the piezoelectric coefficient d33 or e33. d31

mode actuator usually works at a low voltage but has a large capacitance. d33 mode

actuator usually operates at a high voltage but has a low capacitance, because the effec-

tive film thickness depends on the finger gap, which is in the range of several to tens of

µm (cf. Figure 2.6). d33 mode actuator is, in general, used in those devices that require

low current or low power consumption. These two types of actuators provide different

technological solutions to add haptic effects to different electronic devices.

In order to incorporate actuators directly onto glass screens, a transparent structure is

essential, which requires the utilization of transparent electrodes. In the following section,

27



Processing of Piezoelectric Oxides Films for Surface Haptics

Figure 2.6: Actuators with two different working mode.

I will provide an introduction to the fundamentals of transparent conductive oxides.

2.2 Transparent conductive oxides

Among the various transparent electrodes, transparent conductive oxides (TCOs) are

a class of materials that exhibit both electrical conductivity and optical transparency.[102,

103] These films have found widespread use as transparent electrodes in various electronic

devices, including flat panel displays, solar cell windows, thin-film transistors, and haptic

devices, among others. TCOs typically possess high transmittance in the visible range

owing to their large band gap, which is greater than 3.3 eV.[103] High conductivity

is achieved through a combination of high carrier density, which is usually enhanced

by doping with donor elements, and high carrier mobility, which is dependent on the

intrinsic properties of the TCO material. The most commonly used TCO electrode

materials include aluminum-doped zinc oxide (ZAO), tin-doped indium oxide (ITO),

and fluorine-doped tin oxide (FTO). In the following subsections, we will discuss their

electrical conductivity, optical transparency, and methods for designing highly conductive

TCOs. Specifically, we will focus on ITO, which is still considered the ”gold standard”

among TCOs.

2.2.1 Electrical conductivity

One of the key factors that determine the suitability of TCOs as electrode materials

is their electrical conductivity (σ). Figure 2.7 provides a comparison of the (σ) values

of semiconductors, TCOs, and metals, revealing that the current state-of-the-art TCOs

have conductivity values that lie between those of semiconductors and metals. This is

consistent with the fact that TCOs are produced by doping donor elements into oxide

semiconductors. Furthermore, such conductivity values satisfy the requirements of most

electronic devices. Physical vapor deposited TCOs are known to exhibit the highest
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benchmark conductivity values among TCOs (5000-10000 Scm−1).

To fabricate highly conductive TCOs, it is crucial to comprehend the nature of conduc-

tivity in these materials. The electrical conductivity of TCOs can be expressed through

the equation:

σ = neµ (2.5)

Here, n, e, and µ represent carrier density, elementary electric charge, and carrier mobility,

respectively. This equation demonstrates that σ is dependent on the carrier density and

carrier mobility of the material. The respective values for semiconductors (P-doped Si,

heavily P-doped Si), silver, and ITO are listed in Table 2.2. Among these materials,

silver exhibits the highest conductivity, with a value of approximately 106 Scm−1, owing

to its high carrier density of around 1022 cm−3. Although P-doped Si has a much lower

conductivity due to its low carrier density, it has a significantly higher mobility than silver.

Its carrier density can be substantially increased by heavily doping with phosphorus, but

this also decreases its mobility. This indicates that doping with a donor element can

enhance conductivity, but there is a trade-off between carrier density and mobility. In

the case of TCOs, ITO exhibits a high carrier density comparable to that of silver, but

a low mobility in the range of 20-80 cm2V−1s−1. This can be attributed to the fact that

ITO is prepared by doping Sn into In2O3, which is a semiconductor material.

Figure 2.7: Electrical conductivity of semiconductors, TCOs and metals.[5]

Equation 2.6 describes the mobility µ in terms of the free carrier resistivity relaxation

time τ and the carrier effective mass m∗, as follows:

µ =
eτ

m∗ (2.6)
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Table 2.2: Electrical properties of Ag, Si:P and ITO

Materials σ(Scm−1) n (cm−3) µ (cm2V−1s−1)

Ag 6.80× 105 5.76× 1022 72

Si:P n 10−2 1014 1500

Si:P n++ 100 1019 100

ITO 104 1020-1021 20-80

According to Equation 2.6, µ is directly proportional to τ . Researchers such as Ed-

wards et al.[6] have developed an ”n-µ” diagram, shown in Figure 2.8, which establishes

a ”sorting map” of electrical conductors. The constant conductivity contours shown

in the diagram are straight lines. Electrical conductors can be classified as semimetals

(up-left region), metals (up-right region), TCOs (middle region), and semiconductors

(bottom-right region) based on their distribution in various regions. The diagram con-

firms that TCOs exhibit intermediate characteristics between (semi)metals and semicon-

ductors. When compared to SnO2, In2O3 has a higher electron density and mobility.

Doping Sn into In2O3 increases its electron density, but slightly decreases its electron

mobility.

Figure 2.8: Sorting (Conducting) solids: materials space for semimetals, good metals,

transparent conductors and semiconductors based on n− µ correlations (electron carrier

density and electron mobility, respectively). Data shown are for room-temperature mea-

surements.Constant conductivity contours are shown as straight lines.[6]

Various factors affect the conductivity of ITO films, including the doping concentra-
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tion of Sn, film thickness, growth temperature, and processing conditions, as illustrated in

Figure 2.9.[7, 104] Figure 2.9a confirms that increasing Sn doping concentration enhances

carrier density but decreases carrier mobility, thus indicating an optimal doping range

of 5-10%. Higher growth temperatures lead to larger grain sizes, reducing the number

of grain boundaries and improving electrical properties. On the other hand, increasing

oxygen pressure in the growth environment reduces conductivity due to the reduction of

oxygen vacancies, which act as donors in metal oxides (Figure 2.9c). In some cases, post-

annealing in a reduction atmosphere may be necessary to further enhance conductivity.

Figure 2.9: Resistivity, carrier density and hall mobility of pulse laser deposited ITO

films versus (a) Sn doping concentration; (b) growth temperature; (c) oxygen pressure.[7]

Figure 2.10: Typical transmittance spectrum of TCOs.[5]

2.2.2 Optical Transparency

Optical transparency is the property of a material to allow visible light to pass through

it, typically in the range of 380-700 nm. The transmittance spectrum of TCOs is shown

in Figure 2.10, where two absorption edges are observed in the infrared and ultraviolet

regions, respectively. The infrared absorption is caused by lattice vibrations, while the
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ultraviolet absorption results from electron transitions from the valence to the conduction

band, which is related to the band gap of the material. TCOs exhibit high transmittance

(T%) in the visible region, with a typical value of over 80% at 550 nm wavelength, which

is the wavelength our eyes are most sensitive to. ITO films have a wide band gap of 3.75

eV, which contributes to their high transmittance.[5]

2.2.3 Opto-electrical performance

To ensure a TCO film is of good quality, it must possess both satisfactory transparent

and conducting properties. Typically, the conducting property of a thin film is evaluated

by measuring sheet resistance (Rs) through a four-probe method. The corresponding

resistivity ρ and conductivity σ can then be calculated using the equations: ρ = Rs×t and

σ = 1/ρ, where t is the thickness of the film. In principle, ρ and σ are intrinsic properties

of materials, meaning that Rs is dependent on the thickness of the film. Increasing the

thickness of the film can lead to an improvement in σ since the grains become larger,

which occurs in physical vapor deposition. Therefore, in some applications, a thicker film

can benefit as an electrode, but this may come at the cost of reduced transparency.

Light is fundamentally an electromagnetic wave, and when it interacts with an electron

gas, it generates a plasma oscillation that has the same frequency as the incident light.

Consequently, the surface of conductors reflects the light. Conversely, when the frequency

of the light is high, the carriers are unable to keep up with the rapid oscillation of the

electric field, resulting in the light passing through the conductors without inducing a

plasma oscillation or surface reflection. The oscillation frequency can be obtained through

classical Drude theory, described as following:

ω =

(
ne2

m∗ϵrϵ0

)
(2.7)

where ω is the oscillation frequency, n is electron concentration, m∗ is the effective mass

of electron, σr is the relative permittivity, and σ0 is the vacuum permittivity constant.

In this consideration, there is a trade-off between electron concentration and T%.

Their relation between the sheet resistance and transmittance is qualified using the

following equation:[8]

T =

(
1 +

188.5σopt

RsσDC

)−2

(2.8)

where σopt and σDC are the optical conductivity and the direct current conductivity,

respectively. σDC is frequency dependent and can be calculated through the following
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Figure 2.11: T in the visible range as a function of Rs for TCOs films.[8] SWNTs represent

single-wall carbon nanotudes.

equation: j = σDCE, where j is the current density and E is the applied static electric

field at frequency ω = 0.

Figure 2.11 plots the T% as a function of RS to optimize various TCOs. Materials

located within the dashed box region are suitable for TCO electrodes as they offer both

acceptable transparency and electrical conductivity.

2.3 Chemical solution processing of oxides films

In order to fabricate both piezoelectric films and TCO films, an efficient and cost-

effective process are necessary in the large-scale production. Chemical solution deposition

(CSD) is a favored method for producing thin films of functional oxides due to its simplic-

ity, cost-effectiveness, and flexibility in adjusting composition compared to vacuum-based

deposition methods.

2.3.1 Solution chemistry

The critical initial step in CSD is to prepare a solution, and the solution chemistry

plays a vital role in this process. There are multiple techniques to synthesize solutions

from various precursors, such as dissolving the starting material in a suitable solvent or

converting it into a more soluble or stable derivative through refluxing and distillation.

All of these methods involve a common initial step of dissolving metal precursors into a

solvent. The choice of solvent is critical to ensure that all starting precursors are fully
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dissolved and a uniform solution is formed.

2-methoxyethanol (2-MOE) has been often used as a solvent in the production of

ferroelectric and conductive oxides. As long as solutions are well prepared based on

2-MOE, they exhibit remarkable stability, with no precipitation occurring for up to 2

years. Moreover, they provide precise control and reproducibility of process chemistry,

and demonstrate minimal aging effects. Despite its effectiveness, the use of 2-MOE as a

solvent is problematic due to its toxicity. Consequently, researchers have endeavored to

identify alternative, safer solvents to replace 2-MOE.[105] One such solvent is 1-methoxy-

2-propanol, which has been identified by Godard et al. as a suitable substitute for 2-MOE

in the production of lead titanate solutions. Unlike 2-MOE, 1-methoxy-2-propanol is non-

toxic.[95]

The choice of synthesis strategy is not solely dependent on the dissolution of the

educts. Other factors such as wettability, chemical stability, and flowability of the re-

sulting precursor solution must also be considered. Additionally, appropriate solubility

combined with pyrolysis that leaves only the cations (and oxygen) as a residue is a sig-

nificant limitation in the selection of educts. Metallo-organic compounds are typically

preferred due to their ability to tune solubility in polar or non-polar solvents by modi-

fying the organic part of the molecule. Moreover, the organic moiety pyrolyzes without

residue in an oxidizing ambient atmosphere, making them a suitable choice.

On the other hand, the compatibility of solution to deposition technology should also

be considered, which will be discussed in the following subsection.

2.3.2 General steps

The fabrication of oxide thin films through CSD follows a four-stage process. Firstly,

the precursor solution is deposited onto the substrate using solution deposition techniques.

Secondly, the deposited wet film is heated at a low temperature to remove the solvent,

which is typically performed on a hot plate. Thirdly, the dried gel film is subjected to

further heating at a medium temperature to eliminate the organic components and form

an amorphous oxide film, which is also carried out on a hot plate. Finally, the amorphous

film is densified and crystallized into the desired phase through high-temperature heat

annealing. In some cases, the second and third steps are combined into a single step.
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2.3.3 Solution deposition technologies

Various solution deposition technologies have been developed, which are described in

Figure 2.12. Each of them has their own advantages and disadvantages, which has been

comprehensively reviewed in Pasquarelli et al.[9]

Figure 2.12: Different solution deposition technologies.[9]

Among them, spin coating is the one often used in the deposition of oxides films in

the lab and industry, which enables to deposit uniform film with a surface roughness of

only a few nanometer. Printing technologies is emerging to achieve the direct pattern of

oxides thin films. In these considerations, we will specifically introduce spin coating and

inkjet printing in this subsection.

Spin coating

Spin coating deploys centrifugal force to create uniform thin films. The method in-

volves placing a uniformly flat substrate onto a spindle and dispensing solution onto the

center of the substrate using a syringe with a filter. The substrate is then rapidly acceler-

ated toward the center, causing the liquid to spread over the surface through centrifugal

force. As a result, any extra solution is thrown off the rotating substrate’s edge, leaving

a consistent thin film on the surface.

Ensuring the appropriate wetting property of the substrate is crucial to achieve a

uniform film. Sometimes, surface cleaning is necessary to enhance the substrate surface’s

wetting properties. Generally, there are three methods for cleaning the substrate surface:

plasma cleaning, ozone cleaning, and preheating the substrate to high temperatures.
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Apart from wet property of substrate surface, spin speed is another factor to influence

the film thickness. As long as the solution concentration is unchanged, the relationship

between the film thickness and spin speed can be described as:

t ∝ 1√
w

(2.9)

Moreover, the thickness of the resulting film is affected by various properties of the

prepared solution, including density, viscosity, and solvent evaporation rate. Meyerhofer’s

equation, as expressed in [106], takes these factors into account and quantifies the final

dried film thickness as follows:

tf =

(
3η0E

2(1− C0)ρω2
0

) 1
3

(2.10)

Here, C0 represents the initial concentration of the solution, ρ represents the density, η0

represents the viscosity, ω0 represents the angular velocity, and E represents the evapo-

rating rate.

Following the film deposition step as previously mentioned in the subsection, the func-

tional oxide films are obtained through drying, pyrolysis, and crystallization processes.

To achieve a thicker and denser film, layer-by-layer deposition is required, which involves

repeating these steps multiple times.

Spin coating is the preferred technique for producing high-quality films, however, it

generates significant material waste as more than 90% of the solution is spun off. This

not only has cost implications, but also raises concerns about the potential environmental

impact of disposing of these chemical wastes.

Inkjet printing

Unlike spin coating, inkjet printing allows for direct patterning of the film and waste-

less production. This technique involves producing and patterning films by arranging

and merging drops.

In general, there are two types of inkjet printers, namely continuous inkjet and drop-

on-demand inkjet printers, as schematically shown in Figure 2.13.

(1) Continuous inkjet printing (CIJ)

In CIJ printing a continuous stream of drops is created through the Rayleigh insta-

bility of a liquid column. This liquid stream is forced out through a small nozzle by

pressure. In general, the drop size is larger than nozzle size. The minimum size of drop

can reach around 100 µm. A small pressure fluctuation on the liquid behind the nozzle via
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a piezoelectric actuator is imposed to synchronize drop formation, when multiple nozzles

are operating in parallel. When printing is not needed, drops are deflected through a

deflector to recycling gutter. CIJ printing produces drops at a frequency of 20-60 kHz

with a drop velocity > 10 ms−1. The disadvantage of CIJ is that deflecting drops to

recycling gutter wastes ink, which induces extra cost.

Figure 2.13: Schematic diagram of continuous mode and drop-on-demand mode inkjet

printing.

(2) Drop-on-demand (DOD) inkjet printing

I. Basics of DOD printing:

DOD printing is a more cost-efficient printing method compared to CIJ printing, as

it produces drops based on demands. In DOD printing, computer-assisted design (CAD)

is used to generate and position drops, which are then printed onto the substrate. This

process results in the expected design being achieved through the merging of the printed

drops on the substrate.

Ink at the nozzle is held in place by surface tension in the absence of a pressure pulse.

To maintain stability of the meniscus at the nozzle, it is customary to regulate the static

pressure. In DOD systems, drops are produced at frequencies of around 1-20 kHz and

the resonances occurring within the chamber behind the nozzle significantly affect the

propagation of pressure pulses and the creation of drops. The size of the drops is usually

similar to the size of the nozzle, but it is possible to manage the pressure pulse used to

form the drops to control both the size of the drops and their ejection velocity within a

specific range.

DOD inkjet printing can be classified into two types, thermal DOD inkjet printing

and piezoelectric DOD inkjet printing, based on the method used to generate the pressure
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pulse that expels the drop, as illustrated in Figure 2.14. In a thermal inkjet printing, a

pressure pulse is created by rapidly heating a small volume of ink using a small heater

located within the ink chamber, as shown in Figure 2.14a. Piezoelectric DOD inkjet

printing employs a piezoelectric actuator that generates a pressure pulse when an applied

pulse energy is used.

In practice, piezoelectric DOD inkjet printing is more widely used in the industry

because it is relatively simple to adjust the actuation pulse, allowing for control of drop

size and velocity for any type of fluid.

Figure 2.14: Schematic diagrams of (a) thermal DOD inkjet printing and (b) piezoelectric

DOD inkjet printing.[10]

II. Ink synthesis

The first and most critical step in inkjet printing is to prepare the ink for printing.

Unlike solutions used for spin coating, ink used for inkjet printing has higher viscosity

or density. A good ink enables a stable jetting behaviour, which depends on the ink

properties, such as viscosity η, density ρ, velocity of drop ν and surface tension γ. Given

the parameters of an ink and the nozzle size (a) of the cartridge, the jetting property of

the ink can generally be predicted using the Reynolds number (Re) and Weber number

(We). The Reynolds number is the ratio between the inertial and viscous forces of the

fluid and characterizes its flow, and can be calculated using the equation:

Re =
ρνa

η
(2.11)

The Weber number is the ratio between inertial and surface tension forces, and is defined

as:

We =
ρν2a

η
(2.12)
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In 1984, Fromm discovered that the Re√
We

ratio, also known as the Z-parameter, could

be used to predict the formation of drops in inkjet printing, which is the inverse of the

Ohnesorge number (Oh).[107] According to equations (2.11) and (2.12), the Z-parameter

can be written as:

Z =
1

Oh
=

Re√
We

=

√
αγρ

η
(2.13)

Reis and Derby found that an ink capable of forming a stable jet has a Z parameter within

the range of 1 to 10, as demonstrated in Figure 2.15. This relations are true for Newtonian

fluids. Inks with low values of the Z parameter exhibit excessive viscosity, making them

Figure 2.15: Derby diagram that indicates the range of Z values that enables stable

printing (Z = 1/Oh).[10]

unsuitable for jetting. Conversely, inks with high Z values produce unstable satellite

drops that are difficult to control and prevent the printing of precise patterns. Therefore,

the Z parameter serves as an important criterion for selecting inks with optimal fluid

properties for achieving high-quality inkjet printing.[10]

One feasible approach to produce a printable ink is by altering the concentration and

viscosity of the spin coating solution. To enhance the printability of the spin coating

solution, which commonly has a Z value greater than 10, high viscosity organic materials

are employed to boost the solution’s viscosity. In general, ethylene glycol and glycol are

usually used.

III. surface property of substrate
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In addition to the ink formulation, the surface characteristics of the substrate are also

a crucial factor in influencing the properties of the printed films. Generally, a substrate

with high surface energy results in a large spread drop with a greater size, making it

challenging to print fine patterns. Conversely, a substrate with low surface energy leads

to a smaller spread drop, causing inhomogeneity in the printed films.

One potential solution to the first issue involves utilizing an appropriate self-assembled

monolayer. A study by Godard et al. [108] demonstrated this approach by using

alkanethiolate-based templates to directly pattern PZT films on a high surface energy

substrate. The second issue can be addressed by pre-treating the substrate with argon

or oxygen plasma treatment.

Apart from above approaches, surface energy of the substrate can be also modified

through controlling the substrate temperature (typically in the range of 25-50 ◦C).

IV. Coffee ring effect

After printing, the printed wet film undergoes a drying process as the ink solvent

evaporates. In this stage, a coffee ring effect is often observed. This effect is characterized

by the formation of ridge-like deposits at the edges of the printed structures (as shown in

Figure 2.16). It occurs because the evaporation rate of the solvent is higher at the edge of

the liquid film due to enhanced vapor transport caused by the dry substrate’s proximity.

As a consequence, the solute precipitates preferentially at the contact line, causing it to

become pinned. In order to restore the evaporating solvent, a capillary-driven outward

flow of liquid is generated, thereby sustaining the phenomenon.

Figure 2.16: Flow of ink during solvent evaporation (left) and formed coffee ring after

drying (right).

The result of the coffee ring effect is that the film at the edge of the printed pattern is

significantly thicker than the film in the center, leading to non-homogeneous printed film.
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To reduce this phenomenon, several approaches can be employed, including increasing

the amount of solute, printing at high contact angles, and most notably, using a binary

mixture of solvents.[109]

2.4 Surface haptic technology

The term “haptics” originates from the Greek word “haptesthai”, meaning to touch.

Its essence lies in the transmission and comprehension of information through the sense

of touch. The sense of touch arises from the interaction between materials and skin,

providing our brain with information about the material properties of objects. It is

crucial for humans to feel the objects in their surroundings since without haptics, we

would be unable to grasp or manipulate them. In the realm of virtual reality, haptic

technology is necessary to simulate the sense of touch by applying force, vibration, or

motion to the human skin.

The field of haptic technology is a multidisciplinary field that encompasses knowledge

from various domains such as tribology, biology, psychophysics, mechanical engineering,

material science, computer science, and more. To tackle the challenges presented by this

field, a comprehensive understanding of the principles underlying tactile perception and

fingerpad contact mechanics in sliding contact is essential.

There is a wide range of haptic devices that have been developed for various applica-

tions based on different mechanisms. Typically, these devices can be classified into three

main categories, namely graspable haptics, wearable haptics, and touchable haptics, as

shown in Figure 2.17 [11]. Among these categories, surface haptics is a relatively new

area of research in the field of haptics. The primary goal of surface haptics is to provide

tactile feedback on touch surfaces, such as those found on display screens and front panels

of new-generation home appliances. Actuation technologies are fundamental in surface

haptics, and in subsection 2.1.2, we will provide an overview of surface haptics based on

different mechanisms.

2.4.1 Fingerpad contact mechanics in a sliding contact

Tactile refers to the mechanical interaction between objects and skin. When a finger-

pad touches an object’s surface, it stimulates thermal and mechanical receptors to gen-

erate tactile perceptions, such as softness, roughness, and warmth. This provides source

information to our brain for decoding the material based on our memories. Additionally,

this sensorial response also leads to a psychophysical response, resulting in emotional
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Figure 2.17: Graspable, wearable and touchable haptic devices.[11]

changes. Barnes et al.’s study showed that touching a glass surface rougher than fingers

generates a negative feeling, while touching a smoother glass surface generates a positive

feeling.

These sensorial and psychophysical responses are directly linked to touch surface prop-

erties, as shown in Figure 2.18. Softness is related to materials’ compliance, roughness

is related to the height difference of material surface, and warmth is related to the tem-

perature difference between fingers and the surface. Mechanoreceptive afferents (sensory

receptors) in the skin detect roughness, softness, and warmth, and respond to spatiotem-

poral stimuli such as strain and vibration. This is where contact mechanics comes into

play. In the case of sliding contact, friction plays a strong role. For example, Hamilton

demonstrated that in sliding contact, the maximum tensile stress at the surface and max-

imum shear stress beneath the surface are both proportional to friction.[110] Skeduang et

al. found a negative correlation between finger friction and surface roughness in a sliding

contact between a finger and paper.[111]

Friction is not only important in perceiving roughness and softness but also warmth.

Choi et al. showed that a 20 K temperature change in the surface results in a 50%

increase in tactile friction.[112]

Finger friction

The friction behavior of a material in mechanical engineering is described by the coef-

ficient of friction µ, which is influenced by surface properties like compliance, roughness,

temperature difference, and more. The coefficient of friction is determined using the

following equation:

µ = Fµ/F (2.14)
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Figure 2.18: Schematics diagrams of sensorial properties of softness, warmth, roughness

and slipperiness.[12] δsur and δskin stand for deformation of the object surface and the

deformation of the fingerpad skin, respectively. dfinger, Q, v and τmax are the displacement

of a finger, the heat, the moving speed of a finger and the max. interfacial shear strength,

respectively.

where Fµ is the measured friction force, and F is the normal load which is generally in

the order of several N in a sliding contact.

It should be noted that the equation 2.14 provides the mean coefficient of friction in

mechanical engineering to describe the friction behavior of a material, which is determined

by various surface properties. However, Smith et al. have shown that the rate of change of

friction is more significant than the mean coefficient of friction in describing the friction

behavior. To describe the friction force, David Tabor and Frank Philip Bowden have

proposed a two-term model comprising of an adhesion term Fadh and a deformation term

Fdef , which can be seen in equation 2.15.

Fµ = Fµ,adh + Fµ,def (2.15)

Figure 2.19 is the schematic of adhesion and deformation in a sliding contact between the

fingerpad and surface. Fµ,adh term describes the interfacial component of friction force.

It is calculated by the equation as following:

Fµ,adh = τ · Areal (2.16)

where τ is shear strength of the interface (cf. Figure 2.19) and Areal is the contact area.

Adams et al. demonstrated that for countersurface on which there is a thin organic film

such as skin, τ is a linear function of the mean contact pressure P :[13]

τ = τ0 + α · P (2.17)
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Figure 2.19: Schematic overview of the sliding contact between the fingerpad and a rough

surface.[12]

where τ0 is the intrinsic interfacial shear strength, α is a pressure coefficient.

Fµ,def describes the deformation component that arises from the incomplete recovery

of the energy dissipated by viscoelastic deformation of skin, which is expressed as:

Fµ,def =
3

16
β
δi
ai
F (2.18)

where β is the viscoelastic hysteresis loss fraction, δi is the indentation, 2ai is the diameter

of the contact and F is the normal load (cf. Figure 2.19). β should be measured at a

deformation rate that is comparable to the loading/unloading rate of the sliding contact.

They may be conveniently measured using a sinusoidal deformation by using the following

equation:

β = π · tanδ (2.19)

where tanδ is viscoelastic loss tangent that is defined as the ratio between the storage

and loss modulus.

Fingertip contact mechanics

Tribologists in the field of tribology engineering utilize a spherical contact model to ex-

perimentally investigate elastic-solid (skin-solid) contact mechanics. This is accomplished

by sliding a rigid spherical tip, as illustrated in Figure 2.20. For human skin-solid contact,

it can be approximated as the sum of many spherical contacts, as depicted in Figure 2.19.

This approach is used to better understand the mechanics of tactile perception.
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Figure 2.20: Schematic diagram of rigid spherical probe sliding on soft countersurface.[13]

Based on Hertz’s theory,[113, 114] the contact radius aH and deformation δH in a

spherical contact are described as following:

aH =

(
3

4
· RF

E∗

) 1
3

(2.20)

δH =

(
9

16
· F 2

RE∗2

) 1
3

(2.21)

where R is the radius of curvature of spherical solid (cf. Figure 2.3), F is the normal load

as mentioned earlier. E∗ is the reduced elastic modulus, defined as following:

1

E∗ =
1− ν2

1

E1

+
1− ν2

2

E2

(2.22)

where E1 and E2 are the respective elastic moduli of contacting materials, and ν1 and ν2

are the respective Poisson’s ratio of contacting materials. Considering that our fingerpad

is much softer than touch surface in a sliding contact, this equation is simplified to be:

1

E∗ =
1− ν2

skin

Eskin

(2.23)

therefore, E∗ = Eskin/(1 − ν2
skin). It should be taken into account that the skin on the

fingerpad has a complex and non-uniform structure (see Figure 2.21). Consequently, there

is a gradient of elasticity across the skin depth. To address this issue, Van Kuilenburg et

al. introduced a new concept of effective elastic modulus E∗
eff = f(a), which allows for

the description of skin elasticity on the volar forearm as a function of the length scale a.

(equal to the contact radius in a spherical contact, i.e., aH as previously defined).
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Figure 2.21: Structure of fingertip with a gradient of elasticity across the skin depth.[14]

Friction-induced vibrations at the finger contact surface

As a finger slides across the surface of an object, the resulting friction produces os-

cillations that travel through the skin of the finger and convey information regarding

the object’s properties to mechanoreceptors. These mechanoreceptors translate the vi-

brations into electrical signals, which are then transmitted to the brain (as has been

mentioned earlier).

Mechanoreceptive units can be classified into two main categories: rapidly adapting

units and slowly adapting units. In the context of the hand, there are four types of units

that are particularly relevant: Meissner’s corpuscles, and Pacinian corpuscles, which are

both rapidly adapting, as well as Merkel cells, and Ruffini corpuscles, which are both

slowly adapting (see Figure 2.22).[15] They are sensitive to different frequency, as shown

in Figure 2.22.[15]

Figure 2.22: Schematic diagram of the interaction between the surface and the finger.

Different mechanoreceptors units are sensitive to different vibration frequency.[15]

Specifically, Pacinian corpuscles are the most substantial mechanoreceptors, situated
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in the deeper dermis layer at a depth of 1.5-2.0 mm. They are highly responsive to

mechanical transients and vibrations of elevated frequencies, exhibiting sensitivity within

the 40-500 Hz range, with the most elevated sensitivity occurring around 300 Hz. These

corpuscles are primarily responsible for detecting acceleration vibrations, contributing to

the sensation of vibrations.

As a result of the sensitivity of mechanoreceptors such as Pacinian corpuscles, haptic

technologies that rely on vibration typically operate within the 10-500 Hz range. For

instance, haptic actuators developed by KEMET, a US company, operate within a fre-

quency range of 4-500 Hz, whereas those manufactured by TDK, a Japanese company,

operate at a frequency of 200 Hz. In ultrasonic haptic devices, voltage amplitude modu-

lation is necessary to create a tactile sensation on the user’s finger.

2.4.2 Overview of surface haptic device

Surface haptics refer to the technologies that enable the creation of interactive touch

surfaces by generating tactile effects on surfaces like display screens on mobile phones and

tablets, front panels of new generation home appliances and cars, and more. The imple-

mentation of surface haptic technology has the potential to bring significant changes in

various fields, including automotive, virtual reality, medical, education, online shopping,

gaming, and others. As a result, the development of haptic technology has been gaining

momentum, and the global market for surface haptics is projected to reach a value of ap-

proximately $47 billion by 2030, with a compound annual growth rate (CAGR) of around

13.7% during the forecast period (Infor source: https://www.researchandmarkets.com

/reports/2832340/haptics-global-strategic-business-report).

The modulated interaction force of a finger in a sliding contact is the key to gener-

ating haptic effects using surface haptic technology. This is achieved through the use

of actuation technology, of which there are three alternatives: vibrotactile, electrostatic,

and ultrasonic.

The direction of the force in force modulation can either be normal or tangential.

Figure 2.23 presents the current classification of surface haptic technologies according

to the method of force modulation.[16] This section provides a brief review of different

surface haptic technologies and introduces their mechanisms based on the aforementioned

classification.

47



Processing of Piezoelectric Oxides Films for Surface Haptics

Figure 2.23: Classification of current surface haptic technologies.[16]

Normal Force modulation

The modulation of force in the normal direction involves using vibration motors or

actuators to add vibrations to the touch screen. Our mobile phones have already incor-

porated some basic vibrations, such as when we receive a call or press virtual buttons

during gaming. These haptic buttons provide a tactile feedback that simulates press-

ing a physical button. The localized sensations on the touch surface are created using

piezoelectric actuators.

Force modulation in tangential direction

The modulation of forces in the tangential direction involves creating lateral vibrations

or friction modulation. Lateral vibrations cause the skin to deflect, generating the same

forces as those produced by sliding against a rough surface, and creating a sensation of

roughness for a virtual surface. The advantage of lateral vibrations is that the actuators,

such as electromagnetic and piezoelectric ones, can be placed at the edge of the touched

surface and do not need to be transparent.

Surface haptic technologies that rely on friction modulation are designed to simulate

texture and generate subtle tactile feedback. Two common methods used to achieve this

are electro-adhesion and ultrasonic vibration.

1) Electro-adhesion

Johnsen and Rahbek discovered electrostatic attraction between a charged surface and

human finger,[115] known as “electro-adhesion”. In 1953, Mallinckrodt et al. observed

an alternating electrostatic force that attracts and releases the finger from the surface by

applying voltage to insulated metal electrodes, which is known as “electrovibration”.[116]

Electro-adhesion is the basis for electro-adhesion based surface haptics, which creates

the sensation of texture when a user slides the finger across the surface by applying

an electric charge to the display surface. The haptic effect can be controlled in real-

time by adjusting the voltage. Tanvas, a US start-up company, has developed haptic
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screens based on electro-adhesion, and added haptic effect to flexible TFT-LCD touch

screen monitors.[117] Transparent haptic devices integrated into display screens have been

developed by Tanvas, as shown in Figure 2.24, by controlling the voltage applied to a

transparent indium tin oxide (ITO) matrix, which amplifies and modulates the naturally

occurring friction force between the finger and smooth glass, leading to the sensation of

various textures.

Figure 2.24: The implementation of electro-adhesion-based surface haptics in a standard

display assembly requires only the addition of a patterned ITO layer on the cover glass.

Source: Tanvas

2) Acoustic haptics (Ultrasonic vibration)

Ultrasonic vibrations can be generated on touch surfaces using piezoelectric actuators.

As a finger slides across a haptic plate, high-speed compression and decompression of air

creates a thin squeezed-air film in the contact region between the touch surface and the

finger. This film reduces finger friction and simulates textures on the touch surface, as

demonstrated in Figure 2.25. To form a squeezed-air film, haptic devices must operate

at an A0 Lamb mode and generate a 1 µm out-of-plane amplitude at the resonance of

the plate.

Hap2U, a French start-up company, has developed the world’s first haptic mobile

phone named ”Hap2Phone” by utilizing piezoelectric actuators to generate ultrasonic

vibrations. These actuators are attached to the edges of the touch screen to induce a

standing wave and vibrate the screen.

Piezoelectric ceramic actuators, with a thickness of several hundred µm, have the

capability to generate large deflection. However, their integration with the touch surface

is restricted due to gluing, which hinders collective deposition means and adds additional

49



Processing of Piezoelectric Oxides Films for Surface Haptics

cost. To avoid such issues, piezoelectric films are used as actuators which not only

offer acceptable deflection, but also allow direct integration onto the touch surface. To

demonstrate this, Glinsek et al. have developed a fully transparent haptic device with

piezoelectric thin film actuators and transparent interdigitated electrodes made of ITO

(see Figure 2.25).

Figure 2.25: Squeezed-air film effect in a ultrasonic transparent haptic device.[17]

2.4.3 Squeezed-air film theory

The friction between two solid surfaces in contact can be significantly reduced by the

application of ultrasonic vibration, which creates a squeeze film. The flow of a thin air

film between two surfaces in haptics can be mathematically described using the Reynolds

equation, which is a partial differential equation. In haptics, the two surfaces are the

haptic surface and the fingertip of the user. In this brief introduction, we will outline

how to estimate the reduction in fingertip friction due to the squeezed-air film effect,

based on the models proposed by Sednaoui et al. [19] and Biet et al.[18] from L2EP lab

in University of Lille .

The Reynolds equation can be written as:

∂

∂x

(
ρ
h3

η

∂p

∂x

)
+

∂

∂y

(
ρ
h3

η

∂p

∂y

)
= 6U

∂(hρ)

∂x
+ 12

∂(hρ)

∂t
(2.24)

where h(x, y, t) is the height of the squeezed air film (see Figure 2.26), p(x, y, t) is the

pressure, ρ is the air density, η is the viscosity of the air and U is the tangential velocity

of the surface. The left-side of the equation represents the balance of forces acting on the

air film, while the right-side represents the velocity of the surface.

The given equation can be expressed in a normalized form by using the variables

X, Y , H, P , and T , where X and Y are normalized lengths with respect to the active

length l0, H is the normalized air gap height with respect to the mean air gap h0, P is
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Figure 2.26: Approximation of the finger pad ridges.[18]

normalized with respect to the ambient pressure p0, and T is normalized with respect to

the frequency ω0. The normalized equation is given as:

∂

∂X

(
H3P

∂P

∂X

)
+

∂

∂Y

(
H3P

∂P

∂Y

)
= Λ

∂(HP )

∂X
+ σ

∂(HP )

∂T
(2.25)

Here, the squeeze number Λ and the bearing number σ are defined as:

Λ =
6ηUl0
h2
0p0

(2.26)

σ =
12ηω0l

2
0

h2
0p0

(2.27)

In comparison to the out-of-plane velocity of the surface, the velocity of a sliding

finger can be ignored, specifically U=0. According to the approximate analytical solution

proposed by [19], σ is assumed to → ∞. This way, the nondimensional average squeeze

force Fs per unit length at steady state can be expressed by:[18, 19]

Fs =

∫∫
Ω

(P∞ − 1) dΩ =
1

2Π

∫ 2π

0

(∫ 1
2

− 1
2

(P∞ − 1) dX

)
dT. (2.28)

where P∞ is the the normalized pressure inside the airgap for an infinite value of the

squeeze number σ, and T = ω0t where ω0 is the vibrating frequency and t is time.

The typical friction model can be figured out by combining the Reynolds squeeze film

theory and the Coulomb friction theory. The coefficient of friction under actuation can

be quantified as:

µr =
µ′

µ
= 1− P∞ − P0

Pf

(2.29)

where pf is the fingertip pressure.
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Son et al. [118] compared the friction model described via eq.2.16 to the experimental

results obtained by Sednaoui et al.[19] According to the friction model, an increase in the

amplitude of vibration results in a decrease in the friction experienced by the fingertip,

and at high enough amplitudes, the friction can be completely eliminated, reducing to

zero. However, this model does not align with experimental findings, as shown in Figure

2.27. Further studies have indicated that using a two-term Herschel-Bulkley rheological

equation, instead of the one-term Coulomb friction equation, could provide a solution to

this problem. The adapted model has been presented in the works of Son et al.[118] and

Ahmadkhanlou et al.[119].

Figure 2.27: Comparison of experimental results with the analytical model for the relative

friction coefficients versus vibration amplitude (Sednaoui et al., 2015)[19]

Michael et al. in J. Edward Colgate’s group demonstrated that a vibration amplitude

of 3 µm on an ultrasonically vibrating touch screen enables a 95% reduction in the friction

force experienced by a sliding finger.[24]

2.4.4 Vibration model in ultrasonic haptics

1) Static and dynamic deflection

Euler-Bernoulli (E-B) beam theory, developed by Leonhard Euler and Jacob Bernoulli,

is commonly used to construct vibration models in ultrasonic haptics. Based on E-B

theory, Biet et al., developed a model of tactile plate.[18] They studied a half-wavelength

portion of the plate, λ/2, modeled as a simply supported beam, as shown in Figure 2.28.

The plate is vibrated by piezoelectric ceramic actuator, whose thickness is represented

by hp.
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Figure 2.28: Half-wavelength beam which bends by contracting the piezoceramics.[18]

Combining E-B beam equations with the piezoelectric equations, the static deflection

at λ/4 is obtained to be:

ωmax = w(λ/4) =
−3

16

d31Vz

h2
p

(λ/2)2

a
(2.30)

where d31 is the piezoelectric constant and V is the applied voltage. a can be described

via the following equation:

1

a
=

1− 2f0
1− 3f0 + 3f 2

0 + α(3β + 3β2 + β3 − 6βf0 − 3β2f0 + 3βf 2
0 )

(2.31)

and:

α =
Ei

CE
11p

, β =
hi

hp

, f0 =
z0
hp

(2.32)

where Ei is the Young’s modulus of the plate, CE
11p is the elastic constant, hi is the plate,

hp is the thickness of piezoelectric material, and z0 is the neutral line ordinate.

Typically, in order to achieve maximum displacement, the device is operated at its

resonance frequency. This is why it is necessary to determine the dynamic deflection,

which is the static deflection times the dynamic amplification factor (Q). The ratio of the

strain energy of the entire monomorph Umono to the strain energy of the piezoelectric layer

Upiezo balances with the mechanical quality factor Qm of the piezoceramics to determine

the dynamic amplification factor, which is written as:

Q = Qm
Umono

Upiezo

= Qm
a(1− 2f0)

1− 3f0 + 3f 2
0

(2.33)

Therefore, the dynamic displacement is described as:

ωdyna = Qω(λ/4) = −Qm
3

16

d31Vz

h2
p

(
λ

2

)2
(1− 2f0)

1− 3f0 + 3f 2
0

(2.34)

Not only the parameters of the vibration plate, but also the piezoelectric materials are

observed to be linked with the dynamic deflection.
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Note that in Biet’s model, they used piezoelectric ceramic actuator, meaning its thick-

ness cannot be ignored. As f0 = z0/hp, equation 2.34 can be written as:

ωdyna = Qω(λ/4) = −Qm
3

16
d31Vz

(
λ

2

)2
(hp − 2z0)

h3
p − 3z0h2

p + 3z20
(2.35)

This equation tells that if thickness of piezoelectric element is much smaller than plate

thickness (hp ≪ z0, specifically in the case of actuator made of films), its influence to the

deflection amplitude can be ignored.

2) Resonance frequency

Controlling the frequency of operation is crucial when designing a haptic device. This

section introduces equations that can be used to estimate the resonances of a device and

identify the factors that influence the resonance frequency.

Torres et al., from University of Lille in France, conducted a recent study on the

resonance frequency of longitudinal and transverse mode vibrations in an ultrasonic sur-

face haptic device, based on E-B beam theory.[120] Transverse vibration is caused by

flexural strains, resulting in an out-of-plane vibration. Longitudinal vibration is caused

by extension-compression strains, resulting in an in-plane vibration. The resonance fre-

quency of the transverse mode, which has been widely studied, can be calculated using

the following equation:

frN =

(
1

2π

)(
βn

L

)2

h

√
Ee

12ρ
(2.36)

Here, Ee represents the Young’s modulus of the plate, ρ represents the density of the plate,

L is the length of the haptic plate, and βn represents the wave number. The wave number

can be defined as βn = (2kN + 1)(π/2), where kn ∈ N denotes the number of resonance

frequency. The resonance frequency of longitudinal mode vibrations is computed using

the equation:

frL =

(
1

2π

)
βl

√
Ee

12ρ
(2.37)

where βl is the wave number, defined via klπ/L. kl represents the number of resonance

frequency. According to their studies, it is possible to enhance the energetic performance

of surface haptic devices by controlling the resonances of two modes.
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Chapter 3

State of the art of low-temperature

process of PZT thin films

This chapter provides a comprehensive overview of the current state-of-the-art low-

temperature processes for PZT films, including their strategies, recent advances, and

applications. The advantages and disadvantages of these processes are compared and

summarized in this chapter. The purpose of this review is to offer guidance for the

development and design of efficient low-temperature processes for PZT films. This has

been published as a review paper titled “Toward low-temperature processing of lead

zirconate titanate thin films: Advances, strategies, and applications” (Applied Physics

Reviews, 2021, 8 (4), 041315), which has been attached in this chapter. The paper was

written under the supervision of Dr. Emmanuel Defay and Dr. Sebastjan Glinsek.
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ABSTRACT

Lead zirconate titanate (PZT) thin films stand for a prominent technological brick in the field of microsystems. The recent improvements of
their manufacturability combined with excellent piezoelectric properties have enabled their introduction in industrial clean rooms all around
the world. These films require annealing temperatures beyond 600 �C to crystallize in the desired perovskite phase, which exhibits
outstanding piezoelectric coefficients. This temperature requirement forbids large application fields such as flexible electronics, smart glass
but also system-on-chip approaches. Decreasing the annealing temperature of PZT films would therefore spread further their potential usage
to other applications. The purpose of this paper is to provide the reader with a comprehensive review of the different techniques available in
the literature to process piezoelectric PZT thin films at temperatures compatible with semiconductors (450 �C), smart glass (400 �C), or
flexible electronics (350 �C). We first present the typical ferroelectric and piezoelectric properties of PZT films. The different deposition
techniques and growth mechanisms of these films are then reviewed with a focus on thermodynamics. Then, all the low temperature
processes are detailed, such as seeding effects, the modification of deposition parameters in vapor-phase deposition, special annealing tech-
nologies assisted with UV, lasers, flash lamps, microwave radiations or high-pressure, a focus on the hydrothermal method, and finally what
is called solution chemistry design with notably combustion synthesis. Transfer processing is also detailed, as an alternative way to this low
temperature approach. An outlook of future applications enabled by these innovative techniques is finally provided.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0054004
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I. INTRODUCTION

Thanks to their large piezoelectric response, ferroelectric oxide
films are considered as one of the most promising approaches to
achieve small-scale integration into piezoelectric microelectromechan-
ical systems (MEMS) for high-sensitivity sensors and low-power
actuators, such as pressure sensors,1–7 accelerometers,5,8–15 energy har-
vesters,16–23 micromirrors,24–29 micropumps,30–32 microswitches,33

piezoelectric haptics,34,35 and inkjet printheads.36 Piezo-MEMS exhibit
high performance in both sensing and actuating devices, with large
amplitudes, linear responses, and large energy conversion. On the
basis of a market analysis performed by “Yole Development,” Pb(Zr,
Ti)O3 (PZT) thin films now stand for more than 95% of the market
share of ferroelectric thin films, thanks to their high ferroelectric
properties.37

PZT-based MEMS are one of the most interesting MEMS devices
available today. More and more semiconductor companies are devot-
ing efforts to the development of PZT-based MEMS (observed in
Fig. 1).30,37–43 However, the technological bottleneck for integration of
MEMS devices directly on CMOS devices is the high-temperature
processing of PZT films.44 Unfortunately, there is a trade-off between
piezoelectric properties and deposition/crystallization temperature. A
typical processing temperature for a desired well-crystalline PZT thin
film is 550–650 �C with physical vapor deposition (PVD) and
650–750 �C with chemical solution deposition (CSD). This is substan-
tially higher than the maximum thermal budget of CMOS devices
(450 �C).45–47 When annealed below this specific processing tempera-
ture, PZT typically crystallizes into a non-ferroelectric undesired

pyrochlore or fluorite phase, instead of the ferroelectric (and there-
fore piezoelectric) perovskite structure. The current solution to
MEMS-CMOS integration is that a stand-alone CMOS
“application specific integrated circuit” (ASIC) chip is utilized to
control the associated MEMS. The maximum temperature cur-
rently suggested to manufacture CMOS devices is 450 �C.44 The
use of stand-alone ASICs results in cost and footprint increase.
The direct microfabrication of PZT MEMS on the top of ASICs
requires PZT processing temperature compatible with CMOS devi-
ces, which means below 450 �C.

On the other hand, transparent and flexible devices associated
with PZT thin films have recently been investigated in the fields of
flexible energy harvesters,48,49 memory transistors,50,51 sensors,52–54

and wearable e-skin.55,56 The market of flexible electronics is expected
to reach $87.21 billion by 2024.57 To satisfy the consumer needs,
efforts have been made to integrate PZT thin film-based devices on
flexible plastic substrates, such as polyimide (PI),54,58,59 polyethylene
terephthalate (PET),49,53,60 polyethylene-2, 6-naphthalate (PEN),61,62

and polydimethyl siloxane (PDMS).63–65 Various types of flexible plas-
tic substrates and their glass transition temperatures are shown in Fig.
2. Polymer substrates are temperature-sensitive. They allow maximum
processing temperatures lower than 400 �C, which is incompatible
with the high-temperature processing of PZT films (typically
650–700 �C). Apart from polymer substrates, standard glass substrates
also exhibit maximum processing temperatures below 400 �C.
Consequently, the main obstacle for developing flexible PZT-
integrated devices remains the high temperature processing of PZT
films.

To address such an issue, two strategies have been considered,
namely, low-temperature processing and transfer processing. Low-
temperature processing is the direct way to achieve in situ deposition
on CMOS wafer or polymer substrate. The main obstacle is how to

FIG. 1. Year of electronic devices based on PZT films produced by microelectronics companies. This figure was drawn based on the market report made by the company Yole
Developpement, entitled “Status of the Mems Industry 2018.” IPD: integrated passive devices; FeRAM: ferroelectric random-access memory.
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decrease deposition and/or crystallization temperatures. Over the past
decade, significant research efforts have been made to develop such a
low-temperature process. On the other hand, transfer processing is
another approach to fabricate PZT films on polymer/glass substrates,
which enables an independent optimization of PZT thin films.49,54,66

In this article, we aimed to provide readers with a comprehensive
overview of low-temperature processing of PZT films (<500 �C). We
started with a short discussion on piezoelectric and ferroelectric prop-
erties. The current deposition technologies and nucleation growth
mechanisms have then been reviewed. We thus covered well estab-
lished strategies as well as recent progress in low-temperature process-
ing of PZT films. Afterwards, transfer technologies for the fabrication
of flexible PZT devices fabrication have been detailed. Then, we intro-
duced the main applications in MEMS-CMOS integration and flexible
energy harvesters. Finally, some insights about new challenges and
future prospects have been exposed.

II. FERROELECTRIC AND PIEZOELECTRIC PROPERTIES
OF PZT FILMS

The electromechanical properties of PZT thin films are strongly
dependent on different factors, such as processing conditions (e.g.,
type and temperature of deposition), chemical composition, thickness,
crystallographic orientation, microstructure, and residual stress. In this
paper, we are interested in PZT thin films processed at low tempera-
ture and more specifically in their piezoelectric properties. PZT is a
ferroelectric material, meaning that its piezoelectric properties stem
from its ferroelectric nature and therefore from the presence of a rem-
anent polarization Pr in the absence of electric field. It is generally

easier to characterize polarization rather than piezoelectric properties.
When preparing this paper, we observed that there are much more
papers reporting on polarization than on piezoelectric coefficients.
This explains why we chose polarization as our main figure of merit to
qualify the presence of the desired perovskite phase in the different
PZT films. Note that we nonetheless reported on piezoelectric coeffi-
cients when those were available. Table I displays the state-of-the-art
electromechanical properties of sol–gel PZT thin films deposited on
platinized Si substrates and crystallized at 700 �C, which is PZT film
standard crystallization temperature.68,69 In Table I, d33, f and e31,f are
the effective piezoelectric coefficients of thin films, modified by the
mechanical boundary conditions imposed by the substrate on the films
(no in plane strain and no out of plane stress). As detailed in Ref. 70,
they are defined such as d33;f ¼ d33 � 2d31sE13=ðsE11 þ sE12Þ and e31;f
¼ e31 þ e33sE13=ðsE11 þ sE12Þ, where sEij , d33 and e31 are, respectively,
compliances at constant electric field and pure piezoelectric
coefficients.

III. GROWTH OF PZT THIN FILMS
A. Deposition technologies

Two competing technologies are generally employed in PZT thin
film deposition: vapor-phase deposition and CSD. Vapor-phase depo-
sition encompasses PVD and chemical vapor deposition (CVD). In
PVD, materials are vaporized from a solid or liquid source in the form
of atoms or molecules and transported in the form of a vapor through
low-pressure gases or a plasma to a substrate in vacuum.71–75 PVD is
the earliest technology adopted in the production of PZT thin films,
thanks to its apparent simplicity—one step only—and high through-
put production. However, it strongly relies on expensive pieces of
equipment and a complicated process control.76–78

In the case of sputtered PZT thin films, high-energy plasma spe-
cies tend to remove material that has been previously deposited on the
substrate.79 Hence, PbO is preferentially re-sputtered in Ar or O2

plasma.80 This leads to a different composition of the PZT target in
use and eventually of the sputtered PZT films.81 A 10%-lead excess is
generally implemented in PZT sputtering targets to compensate for
this Pb loss.

In the case of sputtered thin films, Thornton’s Structure Zone
model demonstrated that the temperature is not the only parameter
influencing the films growth. The incident ions’ energy and gas pres-
sure play also a strong role.82,83 This model points out that the film
growth depends on the T/Tm ratio, T and Tm being, respectively, the
substrate temperature and the material’s melting temperature. This
ratio defines three different zones displayed in Fig. 3(a) (Zone 1: T/Tm

< 0.1; Zone 2: 0.3<T/Tm < 0.5; and Zone 3: 0.5<T/Tm < 1).
Thornton extended the model by adding the influence of the pressure

TABLE I. State-of-the-art electromechanical properties of PZT thin films with morphotropic phase boundary (MPB) composition. Polycrystalline {100} oriented 1lm-thick film
deposited on platinized Si substrates and annealed at 700 �C.68,69

Property
Dielectric
permittivity Dielectric losses

Remanent
polarization

Longitudinal piezoelectric
coefficient

Transversal piezoelectric
coefficient

Symbol er tan d Pr d33,f e31,f
Unit / / lC cm�2 pm V�1 C m�2

Value 1400 0.05 20 150 �17

FIG. 2. Various types of flexible plastic substrates and their glass transition temper-
atures. PI: polyimide; PET: polyethylene terephthalate; PEN: polyethylene-2,
6-naphthalate; PDMS: polydimethylsiloxane; PC: polycarbonate; PES: polyethersul-
fone; PEEK: polyether ether ketone; CPI: colorless and transparent polyimide.
Reproduced with permission from J. W. Park, B. H. Kang, and H. J. Kim, Adv.
Funct. Mater. 30, 1904632 (2020). Copyright 2019 John Wiley and Sons.67
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of the sputtering chamber. As seen in Fig. 3(a), the structure in Zone 1
is promoted by high gas pressure, which has little influence on the
film’s structure when T/Tm is high (Zone 3). This suggests that other
conditions like sputtering power can also strongly influence the struc-
ture of the film. Hence, low temperature crystallization could be
achieved through the optimization of sputtering parameters such as
pressure and sputtering power. Besides, Thornton’s model has also
been used in pulsed laser deposition (PLD) to develop low-
temperature PZT thin films, which is discussed in detail in Sec. IVB.

Wilke et al. reported that 3lm-thick sputteredMPB PZT thin films
were deposited on a thin glass substrate (Schott D263). Here are the
sputtering parameters: radio frequency (RF) power density¼ 2W cm�2,
substrate temperature¼ 25 �C, and pressure¼ 2.5–10 mTorr in Ar.
The sputtered films were then crystallized at 550 �C with rapid
thermal annealing (RTA) for 1min. The crystallized PZT thin films
were finally annealed at 550 �C in a box furnace for 24 h to reduce lead
excess.81 ULVAC, as one of the main players in the market of PZT films
deposition tools, recently developed the world’s first low-temperature
(<500 �C) PZT sputtering system. A stable anode preventing charge-up
due to the adhesion of the insulating PZT films is used to stabilize the
sputtering plasma [see Fig. 3(b)].84 ULVAC claims that their sputtered
2lm-thick PZT films on 8 in. wafer at 500 �C exhibit a piezoelectric
constant e31,f¼ 15C m�2 and a breakdown voltage of 200V.84

Pulsed laser deposition [shown in Fig. 3(c)] is an alternative PVD
technique where a focused high-power laser is used to vaporize materi-
als from a target, transport them, and deposit them on a substrate. The
processing temperature is generally lower than that of any other PVD
technologies because of the large kinetic energy of the ablated species.
The deposition temperature and pressure are critical parameters
impacting on the quality of the deposited PZT films.

CVD, and in particular, metal-organic CVD (MOCVD), enables
epitaxial, uniform and pinhole-free films.85–91 As depicted in Fig. 3(d),
MOCVD is performed on heated substrates by chemical reactions
between source gases. Besides, it enables uniform deposition on three-
dimensional structures thanks to its excellent step coverage.92

On the top of displaying good uniformity, low cost, and an accu-
rate control on chemical stoichiometry, CSD generally delivers films
with very good properties; nonetheless, this technique is limited in
high volume production throughput because of time-consuming
multi-deposition and annealing steps. CSD typically includes four fun-
damental steps: (1) preparation of precursor solutions; (2) depositions
using solution-based technologies [the current solution-based technol-
ogies are listed in Fig. 4(a)]; (3) pyrolysis step at intermediate tempera-
ture; and (4) densification and crystallization at high temperature.
Several reviews have detailed solution compositions, deposition strate-
gies, and film growth mechanisms in the fabrication of CSD-derived

FIG. 3. (a) Thornton structure-zone diagram for films deposited by magnetron sputtering. Reproduced with permission from J. A. Thornton, J. Vac. Sci. Technol. 11, 666
(1974). Copyright 1974 American Vacuum Society.83 (b) Specific sputtering system for low-temperature processed PZT films developed by ULVAC. Reproduced with permis-
sion from Kobayashi et al., 2020 IEEE 33rd International Conference on Micro Electro Mechanical Systems (MEMS) (2020). Copyright 2020 IEEE.84 (c) Schematic of a PLD
system. Reproduced with permission from Zhang et al., J. Mater. Chem. C 7, 4760 (2019). Copyright 2019 Royal Society of Chemistry.55 (d) Main features of an MOCVD mod-
ule. Reproduced with permission from K. Suu, Advances in Ferroelectrics (IntechOpen, 2012), Vol. 369. Copyright 2021 Author, licensed under a Creative Commons
Attribution (CC BY) license.92
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ferroelectric films.93–95 In conventional processes, the pyrolysis step
typically occurs at 300–400 �C on a hotplate and the subsequent crys-
tallization step is achieved at temperatures higher than 600 �C, gener-
ally with RTA. Very few studies report on low-temperature processing
pyrolysis steps occurring below 300 �C and crystallization completed
at a temperature lower than 400 �C [cf. Fig. 4(b)].94

B. Thermodynamics and kinetics of nucleation and
growth

When deposition is performed close to room temperature, which
is often the case in CSD processes, understanding the phase transition
from amorphous to crystalline states is important to design low-
temperature processing routines. The transition is understood as an

initial crystal nucleation followed by a growth step. The driving force
of this phase transition is proportional to the difference DG of the
free energies of the amorphous and crystalline states, which is
expressed as

DG ¼ Gcrystl � Gam; (1)

where Gcrystl and Gam are the Gibbs free energies of the crystalline and
amorphous phases, respectively. This driving force plays a crucial role
in the type of nucleation step that is active, which in turn impacts on
the final microstructure of the films. The evolution with temperature
of these Gibbs free energies is depicted in Fig. 5(a). Crystallization nor-
mally stems from the formation of crystalline nuclei at the bottom
interface (i.e., heterogeneous nucleation) or inside the film (i.e., homo-
geneous nucleation) as shown in Fig. 5(b). The energy barriers for

FIG. 4. (a) Various solution-based technologies for film deposition. Reproduced with permission from R. M. Pasquarelli, D. S. Ginley, and R. O’Hayre, Chem. Soc. Rev. 40,
5406 (2011). Copyright 2011 Royal Society of Chemistry.96 (b) Schematic diagram of basic steps of CSD in conventional processing and low-temperature processing. Bretos
et al., Chem. Soc. Rev. 47, 291 (2018). Copyright 2018 Authors, licensed under a Creative Commons Attribution (CC BY) license.94
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homogeneous (DG�homo) and heterogeneous (DG�hetero) nucleations are
defined as94,97

DG�homo ¼
16pc3

3 DGð Þ2
; (2)

DG�hetero ¼
16pc3

3 DGð Þ2
f hð Þ; (3)

where c is the interfacial energy and f ðhÞ is a function related to the
contact angle h:

f hð Þ ¼ 2� 3 cos hþ cos hð Þ3

4
: (4)

The existence of f ðhÞmeans that heterogeneous nucleation has a lower
free energy barrier than homogeneous nucleation. Once created, a
given nucleus grows larger and larger until it forms a grain that reaches
the top of the film.

The kinetics of grain growth can be estimated through the
Johnson�Mehl�Avrami�Kolmogorov (JMAK) equation that
reads98,99

X tð Þ ¼ 1� exp �Ktnð Þ; (5)

where XðtÞ is the volume fraction of the transformed phase, K is the
reaction rate constant depending on temperature, t is the reaction
time, and n is an exponent determined by the growth mode. K is
defined by the Arrhenius equation such as

K ¼ K0 exp
Ea
kBT

; (6)

where K0 is a vibration frequency, Ea is the activation energy, kB is the
Boltzmann constant, and T is temperature. According to Planck’s
equation (E ¼ h� where h and � are Planck’s constant and vibration
frequency, respectively), K0 is approximately kBT/h. Hence, the phase
transition from amorphous to crystalline states can only occur if the
supplied thermal energy surpasses Ea for a duration longer than the
reaction time. In the case of sputtered MPB PZT (53/47), the initial
nucleation from the amorphous phase has a higher activation energy
(441 kJ mol�1) than the crystal growth (112 kJ mol�1).100 It indicates
that crystal nucleation is kinetically limited at low temperature because
of the insufficient thermal energy supplied.

FIG. 5. (a) Schematic diagram of the free energies of a solution-derived amorphous film and the corresponding crystalline perovskite phase. (b) Homogeneous and heteroge-
neous nucleation and growth with respect to temperature for solution-derived thin films.
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IV. LOW-TEMPERATURE PROCESSING

Crystallization in the desired ferroelectric perovskite phase is the
most critical process step in low temperature synthesis. Four routines
have been investigated to succeed in the low-temperature deposition
of functional PZT films: (1) reduction of the activation energy Ea, via,
e.g., seeding processes, high-pressure annealing, or specific design of
chemical reaction routines; (2) supplying thermal energy through
other types of energies, such as UV photo annealing, laser annealing,
microwave annealing, or solution combustion synthesis; (3) modifica-
tion of the deposition parameters and heating processes; and (4) usage
of technologies that can induce high kinetics energy, such as PLD or
MOCVD. Some experiments showed that the combination of different
approaches can end up in a lower crystallization temperature than the
ones based on one single routine. Hence, several approaches have been
attempted successfully. Figure 6 shows the remanent polarization Pr of
PZT films as a function of processing temperature and technology. It
is worth noting that in some cases, notably on Si substrates, Pr reaches
values beyond 40lC cm�2, which is a rather large value. This indicates
either the underestimation of the actual electrode area or a high cur-
rent leakage contribution. However, high Pr is realistic for Ti-rich PZT
films or whenMPB films are grown under compressive in-plane stress.
It is also worth mentioning that it is very challenging to precisely

measure temperature in vacuum, and temperature errors of 50–100 �C
are common.

The majority of CSD-based PZT films have a higher crystalliza-
tion temperature (650–700 �C) than MOCVD (550 �C) and sputtering
(600–650 �C). This is mainly due to residual organics in the as-
deposited gel films, residues that need to be thermally removed prior
to PZT crystallization [see Fig. 5(b)]. Figure 6(b) shows Pr as a func-
tion of processing temperature (below 500 �C) and according to differ-
ent low-T processing techniques. Hydrothermal method, flashlamp
annealing, and laser annealing enable very low processing tempera-
tures (<300 �C). Microwave annealing with a typical frequency of
�2.45GHz enables a processing temperature at 450 �C. Technologies
such as photochemical sol–gel, combustion processing, high-pressure
annealing, seeding method, and seed-layer assisted MOCVD allow for
reducing the thermal budget of PZT thin films down to 350–500 �C.
In Secs. IVA–IVE, the mechanisms and latest advances of these tech-
niques are detailed and discussed.

A. Seeding effect

1. Bottom electrode influence on crystallization

In general, there are two alternative structures for capacitors,
namely, interdigitated electrodes (IDE) and metal–insulator–metal
(MIM). Figure 7(a) displays a schematic diagram of an IDE capacitor
with two interpenetrating comb electrodes on a layer/substrate. In this
case, there is no need for a bottom electrode. Figure 7(b) is the stan-
dard geometry configuration of a MIM PZT capacitor, composed of a
substrate, an adhesion layer, a bottom electrode, PZT and a top elec-
trode. The adhesion layer is used to improve the interfacial adhesion
between the bottom electrode and the substrate; its presence depends
on the nature of the bottom electrode and the substrate. Besides, PZT
crystalline orientation is affected by the adhesion layer material. A
well-thought selection of the bottom electrode is necessary because the
interface between the film and the bottom electrode plays a key role in
the film growth (heterogenous nucleation mechanism inferring prefer-
ential crystalline orientation). For example, sputtered PZT films on
Pt/Ti/SiO2/Si usually crystallize along the {111} orientation, whereas
on LaNiO3/SiO2/Si they orient preferably along {100}.101 Note that
several companies can produce {100}-oriented sputtered PZT on Pt-
coated Si, such as ULVAC in Japan102 and SINTEF in Norway.103

Pt is generally considered as the best bottom electrode for PZT
films. Nittala et al. studied the growth mechanism of CSD-PZT thin
films on Pt by in situ synchrotron x-ray diffraction (XRD).104 They
proposed a mechanism schematically described in Fig. 8. The forma-
tion of Pt3Pb is caused by the diffusion of Pb in Pt [shown in
Figs. 8(a)–8(c)], which stems from the reduction of Pb2þ in a very

FIG. 6. (a) Temperature range typically used for the crystallization of PZT thin films
with respect to different fabrication technologies. The different colors and symbols
denote the different processing techniques. The results taken into account were the
ones reported during the last decade. (b) Progress in the relevant technologies
used for synthesizing MPB PZT thin films at low temperature (<500 �C).

FIG. 7. Typical structures of PZT thin film capacitors: (a) interdigitated electrodes
(IDE) and (b) metal-insulator-metal (MIM).
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reductive atmosphere, inducing a volume increase with time [Fig. 8(d)].
When an intermediate pyrochlore phase starts to grow, the volume
of the Pt3Pb phase rapidly decreases as oxidizing conditions promote
the incorporation of Pb2þ into the crystallizing pyrochlore phase
[Figs. 8(e)–8(f)]. In the last step, pyrochlore converts into perovskite.

A suitable bottom electrode coupled with special deposition tech-
nologies or parameters can enable low-temperature synthesis of PZT
films. For instance, perovskite PZT films were crystallized at 475 �C by
sputtering in an oxygen-free environment on an oxygen-doped
iridium [Ir(O)] bottom electrode. PZT deposited at 475 �C on
Ir(O) showed better ferroelectric properties than on Pt, Ir, or IrO2

electrodes.105 In a recent report, Kang et al. found that in the case of
laser-annealed PZT, a crystalline structure can occur at 200 �C, though
only in the presence of the LaNiO3 bottom electrode. Crystalline
LaNiO3 has similar lattice parameters to PZT. Therefore, it plays the
role of a seed nucleation layer, which reduces PZT nucleation activa-
tion energy as well as crystallization temperature.58

2. Effect of the seed layer and nano-seeds

The insertion of a crystalline metal-oxide-based seed layer
between the initial film and its bottom electrode has been widely stud-
ied in low-temperature processed MOCVD. Figure 9 discloses the
recent advances of functional PZT thin films grown by MOCVD with
the assistance of various metal-oxide seed layers. The utilization of
seed layers enables obtaining desired crystalline orientations, and it
enhances PZT ferroelectric properties in the case of low-temperature
processes. However, seed layers are not able to significantly reduce the
total thermal budget of PZT stacks because their own crystallization
temperature is generally beyond 500 �C. The growth of seed layer
assisted PZT is described in Fig. 10(a). In the case of MOCVD growth,
perovskite PZT thin films can be obtained without the seed layer at
temperature as low as 390 �C, although crystallinity is better when a
PbTiO3 seed layer is used.87 Lattice parameters close to PZT and good
ferroelectric properties are interesting features of seed layers.

As observed in Fig. 9, SrTiO3 enables the growth of PZT films via
MOCVD at lower temperature than with PbTiO3, which is attributed
to a good lattice matching with PZT.88

In the case of CSD, another strategy is to add PZT nanoparticles
as seeds into the solution. This way, these nanoparticles behave like
heterogeneous nuclei and crystalline PZT grows from the surrounding
amorphous phase on the nanoparticles [see Fig. 10(b)]. The latter
reduce the activation energy of the nucleation step, which in
turn reduces the final crystallization temperature. For instance, Wu
et al. demonstrated that the overall activation energy of sol–gel proc-
essed PZT (52/48) was decreased from 219 kJ mol�1 (unseeded)
to 174 kJ mol�1 for 1wt. % of seeds in PZT solution and down to
146 kJ mol�1 for 5wt. % seeded solutions.106,107 Based on this seeding

FIG. 8. Schematic diagram of the mechanism of formation and disappearance of Pt3Pb during the crystallization of solution-deposited PZT thin films, after Nittala et al. (Py:
pyrochlore phase). Reproduced from Nittala et al., J. Appl. Phys. 113, 244101 (2013). Copyright 2013 AIP Publishing.104

FIG. 9. Reported values of Pr as a function of temperature (<500 �C) for seed-
layer-assisted MOCVD and pulsed-MOCVD technologies.
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method, Wu et al. reported the successful fabrication of perovskite
PZT (52/48) using a sol–gel process with an annealing step at 410 �C
for 30 h assisted with a 10nm PbO nucleation layer.108 Later, they
reported that CSD-PZT thin films with 1% nanoseeds crystallized at
430 �C for 40 h. They exhibited a Pr and Ec of 6.7 lC cm�2 and 80 kV
cm�1 at 100Hz, respectively.109 However, the main handicap of this
strategy is the need for long annealing steps. Bretos et al. reported a
new strategy combining UV photo annealing and nano-seeds process-
ing, which combination enables a shorter processing time as well as a
lower crystallization temperature.110 This shows that the combination
of special annealing technologies and nano-seeds is an efficient way to
decrease the processing temperature.

B. Modification of deposition parameters
for vapor-phase deposition

In the case of PZT films grown by PVD, deposition parameters
such as gas pressure, gas atmosphere, and deposition temperature play
a strong role on the final crystallization temperature. As mentioned
earlier, sputtering in an oxygen-free atmosphere can promote the for-
mation of the desired perovskite phase and delay the formation of
non-ferroelectric phases. Schatz et al. investigated the effect of pressure
and temperature on the low temperature deposition of 0.9lm PZT
thin films using PLD.111,112 Statistical design of experiment (DoE)
methods were used to determine the main influencing growth parame-
ters and to derive empirical models for the transverse piezoelectric
coefficient e31,f and leakage current density Jleak with respect to the
growth conditions (oxygen pressure and temperature), as shown in
Fig. 11(a).112 In this case, a cantilever fixture (single side clamping)
and measurement hardware from Aixacct were used. The applied AC
electric field was 100 kV cm�1 at 10Hz. e31,f of �12.5C m�2 was
obtained at a deposition temperature as low as 445 �C. This high e31,f
value is a clear indicator of the decent quality of these PZT films. It
illustrates that optimized values of Tdep and PO2 [regimes I and IV in
Fig. 11(a)] lead to good PZT properties. Following this, experimental

results shown in Figs. 11(b) and 11(c) confirm that low temperature is
beneficial to obtain high-crystallinity and better dielectric properties
when depositing at low pressure (experiments A and C). Permittivity
was measured at 1 kHz and a small AC voltage of 50 mVrms.
Conversely, when deposition pressure is high (experiments D and E),
a high temperature is preferable to obtain functional PZT films.
Sample A (445 �C, 0.05 mbar) displays a Pr of �13.4 lC cm�2 [Fig.
11(b)]. Leakage current density Jleak is below 10�6 A cm�2 at low elec-
tric field (200 kV cm�1).

C. Special annealing technologies

Various annealing technologies have been developed to lower
PZT crystallization temperature. The most common techniques are
UV photo annealing, laser annealing, flashlamp annealing, microwave
annealing, and high-pressure annealing. Detailed information of low-
temperature processed PZT films in recent publications based on those
annealing technologies has been collected in Table II. They reveal that
the coercive field Ec of low-temperature processed PZT films is higher
than that in high-temperature processed films, which indicates the
incomplete crystallization of PZT thin films. Note also that the fre-
quency of the P-E measurements has not been provided in most cases.
It was 100Hz when provided and lower frequency measurements
were not performed. One could think that the value of 100Hz has
been deliberately chosen to screen potential high leakage currents in
the films that would prevent a proper polarization measurement.

1. UV photo-annealing

CSD processes combined with UV photo-annealing (typically
with a wavelength below 250nm) have been utilized to achieve low-T
processing, thanks to the efficient elimination of organic compounds
and the formation of metal-oxide-metal (M-O-M) lattices.113 The
mechanism behind UV photo-annealing has been described in many
reports.94,114,115 Under UV-treatment, the elimination of organic spe-
cies in the precursor film includes two different dissociation processes.
First, the treatment using UV irradiation can excite electrons to higher
energy levels. The photo-excitation of organics due to p!p� transi-
tions promotes the dissociation of alkyl group-O bonds, as well as the
activation of metal and oxygen atoms to form M-O-M bonds at low
temperature, meaning the formation of crystalline PZT at this stage.94

On the other hand, ozone (O3) and oxygen radicals (O�) are generated
because of UV-irradiation in air, which is described by O2þ ht!O
þO, O2þO!O3, and O3þO!2O�þO2. The strong oxidant
character of the generated O3 promotes chemical bond cleavage of the
organic compounds in the precursor film by ozonolysis.

Photosensitivity strongly relies on the chemical components of
the precursor solutions. An appropriate design of photosensitive solu-
tion chemistry coupled with suitable light wavelength is important to
optimize the efficiency of reactions.94 To do so, specific organics are
employed to form photosensitive coordination complexes through
reactions between metals and these organic compounds.116 In the case
of the solution chemistry of PZT thin films, the photosensitive solution
is usually synthesized using titanium and zirconium alkoxides modi-
fied by b-diketonate groups, such as acetylacetone.94,117 Significant
progress has been made over the past decade. For instance, Yue et al.
reported {110}-predominated PZT (40/60) thin films fabricated using
UV photo annealing (k ¼ 185nm and 254 nm treatment) at 480 �C,

FIG. 10. Schematic illustration of the nucleation and growth phenomena in metal-
oxide thin films assisted by the seeding effect, via (a) a seeding layer previously
grown on the substrate and (b) crystalline nanoseeds previously introduced within
the bulk film.94 Bretos et al., Chem. Soc. Rev. 47, 291 (2018). Copyright 2018
Authors, licensed under a Creative Commons Attribution (CC BY) license.

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 8, 041315 (2021); doi: 10.1063/5.0054004 8, 041315-9

VC Author(s) 2021



exhibiting a Pr of 21 lC cm�2, Ec of 100 kV cm�1, and a leakage cur-
rent of 9.7� 10�8 A cm�2 at 100 kV cm�1.118 However, there is no
presence of PZT peaks in XRD diagrams when the films were heated
at 450 �C for 2 h without UV. There were no piezoelectricity measure-
ments provided in this case.

Bretos et al. have made several significant contributions to
explore the design of photosensitive precursors solutions.94,110,119,120 A
new strategy, which combines seeded diphasic precursors and a photo-
activated sol–gel process coupled with UV annealing, was used to
reach a much lower crystallization temperature (350 �C) of randomly
oriented 190nm-thick MPB PZT (52/48) films, enabling their direct
deposition on flexible substrates.110 The growth process with a seeded
photochemical solution is depicted in Fig. 12(a). Figure 12(b) shows
the absorption spectrum of the photoactivated solution (Ph) and the
inset is the photograph of Ph solution, which displays high absorption
in the UV region. The seeded diphasic photoactive PZT sol–gel
[defined as PhS, see Fig. 12(d)] was prepared by adding a suspension
of nanometric PZT (52/48) powder [see Fig. 12(c)] to the photoactive
PZT sol [see Fig. 12(b)], which was carried out by a typical diol- sol–
gel route.109,121,122 PZT films were synthesized through dip-coating,
followed by UV-irradiation at 250 �C and rapid thermal processing at
400 �C. Compared with seed-free Ph processing, PhS processing can
reach lower crystallization temperature around 300 �C (400 �C with
Ph). Figure 12(e) is a photograph of a PZT (52/48) film on flexible

polyimide at 350 �C, which exhibits a Pr of 15 lC cm�2 but very large
Ec of 500 kV cm�1, indicating the incomplete crystallization of this as-
synthesized PZT film [see Fig. 12(f)]. Permittivity is 80 and tan d is
0.03 at 1 kHz. The lab-scale equipment for UV annealing uses a
high-density excimer lamp (k�222nm). This approach gives the
opportunity to go to even lower temperatures with the assistance of
nano-seeds, enabling direct deposition on a flexible substrate. Note
that piezoelectric properties were not measured in this case. In their
latest report, the authors studied the piezoelectric response of
UV-treated MPB PZT films deposited on platinized Si125 and claimed
that piezoelectricity is only present after an annealing step at a temper-
ature of at least 400 �C. Therefore, we can assume that the piezoelectric
properties of MPB PZT fabricated on a polyimide substrate at 350 �C
in the first case were very weak. Further research on UV-annealed
PZT thin films is therefore needed to evaluate their piezoelectric prop-
erties on polymer substrates at T< 400 �C.

Another promising approach is UV/O3 treatment. O3 is a strong
oxidant, which induces the cleavage of the organic compounds in gel
films by ozonolysis.123,124 Shimura et al. processed 500nm-thick PZT
(40/60) thin films by using a commercial solution followed by UV irra-
diation at 200 �C in O3 with an annealing step at 450 �C. As a result,
the resulting PZT (40/60) film exhibited a preferential {111} orienta-
tion with Pr ¼ 24 lC cm�2, Ec ¼ 110 kV cm�1 measured at 100Hz,
and a leakage current of 10�6 A cm�2.123 A diaphragm-type actuator

FIG. 11. Contour plot of the empirical design of experiments (DoE) model response of the transverse piezoelectric coefficient e31,f of a PZT thin film deposited by PLD with var-
iable PZT deposition temperature Tdep and pressure PO2, maintaining all other DoE parameters (i.e., PLD deposition parameters) constant. (b) XRD patterns of PZT thin films
deposited under different conditions. (c) Corresponding permittivity as a function of electric field. (d) Polarization P and current density J vs electric field E of sample A.
Reproduced with permission from A. Schatz, D. Pantel, and T. Hanemann, Thin Solid Films 636, 680 (2017). Copyright 2017 Elsevier.112
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TABLE II. Deposition parameters and electrical characteristics of low-temperature processed PZT based on various annealing technologies, high-pressure annealing, and solution combustion synthesis. The
lines in yellow correspond to PZT films deposited on polymer substrates. The line with the sign � refers to a paper in which the reported polarization is too large to be trusted. Hydrothermal-based works are not
collected on this table, because special substrates are needed and they are not suitable for direct CMOS-MEMS integration and flexible energy harvesters.

Material
(Zr/Ti)
thickness

Deposition
technology

Processing
temperature

in �C Pr in lC cm22 Ec in kV cm21

Leakage
current

in A cm22

Relative
permittivity

er

Loss
tangent
tan d

Piezoelectric
coefficients Reference

e31,f in C m�2 d33,f in
pm V�1

Typical electrical characteristics of high temperature processed PZT films
{100}-PZT
(53/47)

CSD 700 20 50 � � � 1400 0.05 �17 150 68

UV-photo annealing
{110}-PZT
(40/60)

CSD 480 21 100 10�7 at
100 kV cm�1

� � � � � � � � � � � � 118

PZT (52/48)
190 nm

CSD 350 15 at
1300 kV cm�1

500 at
1300 kV cm�1

� � � 80 0.03 � � � � � � 110

{111}-PZT
(52/48)
70 nm

CSD 400 10 195 10�6 at
500 kV cm�1

90 0.08 � � � � � � 125

10�7 at 100 kV cm�1

{111}-PZT
(40/60)
500 nm

CSD 450 24 at 100Hz 110 at
100Hz

10�6 at
1000 kV cm�1

� � � � � � � � � � � � 123

{110}-PZT
(53/47)
500 nm

CSD 500 20 38 � � � � � � � � � � � � � � � 124

Laser annealing
{100}-PZT
(50/50)

Excimer-laser-
assisted multi-ion-
beam sputtering

technique

Room
Temperature

5 at 500 kV cm�1 100 at
500 kV cm�1

� � � 250 0.04 � � � � � � 134

{111}-PZT
(52/47)
1.1 lm

PLD with in-situ
laser annealing

system

370 25 at 400 kV cm�1 50 at
400 kV cm�1

� � � 700 0.025 �6 after poling
at 150 kV cm�1

at 150 �C for
20min

� � � 135

{100}-PZT
(52/48)
350 nm

RF sputter 375 31 at 400 kV cm�1 86 at
400 kV cm�1

� � � 1000 0.06 �11 � � � 131

{111}-PZT
(52/48)
350 nm

RF sputter 375 24 at 400 kV cm�1 64 at
400 kV cm�1

� � � 1000 0.06 �9 � � � 131
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TABLE II. (Continued.)

Material
(Zr/Ti)
thickness

Deposition
technology

Processing
temperature

in �C Pr in lC cm22 Ec in kV cm21

Leakage
current

in A cm22

Relative
permittivity

er

Loss
tangent
tan d

Piezoelectric
coefficients Reference

{110}-PZT
{52/48} 5 lm

Alternative deposi-
tion by sol–gel and
powder-mixing
processing

Room
temperature

16 at 700 kV cm�1 115 � � � � � � � � � � � � � � � 128

PZT (52/48)
200 nm

CSD Room
temperature

18 at 1000 kV cm�1 140 at
1000 kV cm�1

� � � � � � � � � � � � � � � 140

PZT (52/48)
200 nm

PECVD 200 16 at 1250 kV cm�1 100–200 kV cm�1

at 1250 kV cm�1
� � � 750 <0.1 at

10 kHz, 0.4
at 1MHz

� � � 100 58

Microwave annealing
{110}-PZT
(53/47)
420 nm

CSD 450 47 at 600 kV cm�1 86 at 600 kV cm�1 � � � 1130 0.03 � � � � � � 168

{110}-PZT
(52/48) 1 lm

CSD 480 40 at 300 kV cm�1 50 at 300 kV cm�1 � � � 1100 0.04 � � � � � � 169

PZT (52/48)
200 nm

CSD 450 20 at 250 kV cm�1 100 at 250 kV cm�1 � � � � � � � � � � � � � � � 151

{111}-PZT
(52/48)
300 nm

CSD 525 30 at 500 kV cm�1 100 at 500 kV cm�1 � � � � � � � � � � � � � � � 162

Annealing in High-pressure oxygen
�{100}-PZT
(52/48)
300 nm

CSD 400 70 at 20V 170 at 20V � � � � � � � � � � � � � � � 178

Solution combustion synthesis
PZT (52/48)
220 nm

CSD 400 37 at 6 V 100 at 6 V 10�7 at
600 kV cm�1

500 0.1 � � � � � � 204
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was fabricated based on these low-temperature processed films, which
shows a maximum displacement of 130nm at 10V.

By contrast, PZT thin films using UV-based annealing technolo-
gies still lack good piezoelectric properties when annealed at tempera-
ture lower than 400 �C. It means that piezoelectric PZT deposited on
polymer substrates (<400 �C) cannot be currently achieved through
UV annealing and further research efforts are therefore required.

2. Laser annealing

The laser annealing (LA) technique is also an alternative
approach to enable low temperature and fast crystalliza-
tion.47,112,126–132 It makes use of a high energy laser beam to scan the

film of interest in continuous or pulsed modes. The energy provided
by the laser and absorbed by the film has to exceed a certain threshold
to break the bonds between organic components or anions in order to
form M-O-M bonds. Note that it is not absolutely necessary to work
with focused lasers. Two types of lasers are generally employed,
namely, CO2 laser

128 and UV laser.133 The UV excimer laser is more
suitable for annealing ferroelectric oxides, because they have an optical
bandgap in the 2.5–4 eV range, which means that they are able to
absorb UV light in the near-surface region. LA possesses three advan-
tages compared with UV-photo annealing: (1) specific photosensitive
solutions are no longer required; (2) LA can not only be used for CSD-
based PZT, but also for sputtered PZT; (3) LA avoids thermal damages
to the substrate (especially temperature-sensitive substrates) because

FIG. 12. (a) Mechanisms for low-temperature processing of inorganic ferroelectric thin films using activated solutions. Reproduced with permission from Bretos et al., IEEE
Trans. Ultrason. Ferroelectr. Freq. Control 67, 1967 (2020). Copyright 2020 IEEE.95 (b) Absorption in UV range of PZT precursor solutions containing titanium alkoxides modi-
fied with b-diketonate. Reproduced with permission from Bretos et al., Adv. Mater. 26, 1405 (2014). Copyright 2014 John Wiley and Sons.110 (c) Seed dispersion constituted
by PZT nano-powders in ethanol. Reproduced with permission from Bretos et al., Sci. Rep. 6, 1 (2016). Copyright 2016 Authors, licensed under a Creative Commons
Attribution (CC BY) license.125 (d) PhS solution formed by the mixture of Ph sol and dispersion. (e) Photograph of a PZT film on flexible polyimide. Reproduced with permission
from Bretos et al., Adv. Mater. 26, 1405 (2014). Copyright 2014 John Wiley and Sons.110 (f) Ferroelectric hysteresis loop of a PZT film on flexible polyimide (Pl at 350 �C) with
a thickness of 190 nm. Reproduced with permission from Bretos et al., Adv. Mater. 26, 1405 (2014). Copyright 2014 John Wiley and Sons.110
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the annealing temperature of films is tunable by controlling laser
energy and exposure time (milliseconds or sub-milliseconds), which
means that flexible substrates can be used; and (4) it offers flexibility in
manufacturing composites with different computer-assisted geome-
tries. LA has been widely used in the display industry, strongly sugges-
ting that low-temperature laser-annealed PZT films have the potential
for future industrial production.

Significant research efforts on LA have been deployed during the
past decades. Kanno et al. fabricated {100}-oriented PZT (50/50) thin
films on Pt/MgO and platinized-Si at room temperature using an exci-
mer-laser-assisted multi-ion-beam sputtering technique (wave-
length¼ 308nm, energy density of 60–500 mJ cm�2, pulse width of
10 ns, and pulse rate of 10Hz). These PZT films were exposed to the
excimer UV laser during their deposition. On platinized Si, they exhib-
ited a Pr of 5lC cm�2 and Ec of 100 kV cm�1 at 6500 kV cm�1 and
1 kHz using a triangular signal. The corresponding permittivity and
tan d were, respectively, 250 and 0.04. No piezoelectric data were
reported in the paper.134 Rajashekhar et al. fabricated 1.1lm {111}-
oriented MPB thick-PZT (52/48) films on a 70nm-thick sol–gel crys-
tallized PZT seed layer at 370 �C, utilizing PLD with an in situ laser
annealing system (248nm wavelength, 25 ns pulse length, and 400 mJ/
pulse energy), which exhibited a Pr of 25lC cm�2, a coercive field of
50 kV cm�1, loss tangent below 2.5%, and a permittivity of 700.135 e31,f
was measured to be �6C m�2 after poling at 150 kV cm�1 at 150 �C
for 20min. The fabricated PZT thin film on a {100} SrTiO3 single crys-
tal exhibited {100} crystalline orientation and decent ferroelectric and
piezoelectric properties. The results provided in this paper are plausi-
ble because on the one hand PLD can achieve relatively low-
temperature deposition of PZT thin films and on the other hand an in
situ laser annealing system has been built in the growth chamber.
Bharadwaja et al. demonstrated that 248nm-laser-annealed [KrF
pulsed excimer laser (40–45 mJ cm�2)] sputtered PZT films showed a
nearly uniform composition distribution across thickness, comparable
with “gradient-free” sol–gel processed PZT films.131,136–138 These
annealed 350nm-thick MPB PZT (52/48) thin films at 375 �C
had, respectively, Pr of 31 lC cm�2 and Ec of 86 kV cm�1 for {001}-
oriented films and 24 lC cm�2 and 64 kV cm�1 for {111}-oriented
films measured at6 400 kV cm�1.131 In the case of {001}-oriented
PZT films, a 20 nm-thick {001}-oriented PbTiO3 seed layer was used.
e31,f on {001}-oriented films as large as�11C m�2 was measured after
poling at 200 kV cm�1 at room temperature for 5min. In previous
studies, crack issues were usually observed in the case of low-
temperature thick PZT films irradiated with a CO2 laser. In order to
solve this, Tsai et al. used an alternative deposition of randomly ori-
ented MPB PZT (52/48) thin and thick films derived from sol–gel and
powder-mixing spin-coating processes, followed by continuous-wave
CO2 laser annealing with a laser energy density of 121W cm�2.128

The resulting randomly oriented 5lm-thick PZT films on Pt/Ti/SiO2/
Si showed a Pr of 16 lC cm�2 and Ec of 115 kV cm�1. Piezoelectric
measurements were absent in this case. Suresh et al. found that this
crack issue in the case of continuous-wave CO2 laser annealed
200nm-thick randomly oriented MPB PZT (52/48) films could be
solved by using a sputtered (La 0.7 Sr 0.3) MnO3 (LSMO) buffered
SUS430 substrate (LSMO/SUS430) instead of Pt/Ti/SiO2/Si.

139 Hence,
PZT ferroelectric properties could be enhanced.140 The prepared PZT
films showed a Pr of 18lC cm�2 and Ec of 140 kV cm�1 measured at
61000 kV cm�1. The annealing temperature in LA has always been

assumed using modeling, because the actual temperature cannot be
measured at the moment. PZT films in all the cases detailed earlier
have been deposited on high-temperature-compatible substrates. To
evaluate their feasibility on temperature-sensitive substrates, successful
depositions and crystallizations of PZT films on a glass or polymer
substrate are required.

LA remains one of the most promising techniques to achieve
direct crystallization of metal-oxide films on flexible polymer sub-
strates.141–145 To avoid thermal damage to polymer substrates, a large
laser energy combined with a short pulse width is needed to transfer
the generated heat from the surface to the film but not to the substrate.
However, a short pulse duration gives rise to dramatic temperature
gradients across the film thickness. Recently, Kang et al. proposed a
new growth mechanism to solve this issue, called laser-induced liquid
phase crystallization (LLC),58 which is depicted in Fig. 13(a).
Amorphous LaNiO3 (LNO) and MPB PZT (52/48) films were depos-
ited by RF magnetron sputtering on polyimide. Figure 13(b) shows the
inhomogeneous temperature profile in PZT films simulated by numer-
ical modeling. A significant temperature variation between the surface
and the bottom of the PZT film was observed, reaching 600K. As a
result, they found that a pulse energy density of 60 mJ cm�2 applied
for 24 ns can create an ultrafast surface melting of PZT films. Figure
13(c) is the surface morphology of a 50 nm-thick PZT film treated by
various numbers of pulses (1–1000). The film exhibited a perovskite
structure after 1000 pulses through its entire thickness. Figure 13(d) is
a schematic of the LLC growth mechanism. PZT crystallites are ini-
tially grown near the interface region of the melted amorphous PZT/
crystalline LNO film, and the grains grow from these crystallites.
Figure 13(e) is an XRD pattern of an LA-PZT based flexible capacitor,
which reveals a typical perovskite structure in PZT. The capacitor dis-
plays a Pr of 19.5 lC cm�2 measured at high electric field 61250 kV
cm�1 and a relative dielectric permittivity of 700 [see P-E loops in
Fig. 13(f)]. The effective longitudinal piezoelectric coefficient (d33,f)
calculated from mechanical displacement is about 100 pm V�1 as
revealed in Fig. 13(g). This new growth mechanism provides new ideas
to process PZT with LA. The success of deposition of PZT on polymer
substrates is ascribed to this annealing tool that can generate very short
length pulses, in the ns range. In addition, LNO plays a key role in
PZT film crystallization.

3. Flash lamp annealing

Flash lamp annealing (FLA, sometimes called photonic annealing
or intense pulsed light sintering) is a short pulse-mode (in the range of
ls to ms) annealing method. In this technique, photons with different
wavelengths interact with an absorptive layer to deliver thermal energy
to this layer. This technique works with PZT thin films on temperature
sensitive substrates thanks to the mismatch of their thermal properties.
FLA is significantly different from laser annealing because the light
spectrum in use is broad and the beam is not focused. The typical
spectrum spans from UV to IR wavelengths (200–1100nm), with a
maximum plateau in the visible range.

Yao et al. reported direct crystallization of solution-processed
MPB PZT thin films on glass and polymer substrates with FLA.146

Fig. 14(a) shows a schematic diagram of a typical waveform used
during FLA. At the initial step, a low-density (220V) and ten rather
long pulses (1ms each) were applied to induce pyrolysis in the PZT
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gel film. A dwell step was then performed to allow heat for transferring
to the substrate up to a relatively high temperature before the actual
crystallization step. The effects of pulse density and counts on the evo-
lution of the crystallographic phase of 200 nm-thick PZT on glass were
then studied to optimize the FLA parameters, as displayed in Fig. 14.
When increasing the laser pulses at a fixed voltage (350 and 400V),
PZT thin films on a glass substrate are crystallized and predominately
{111}-oriented [indicated in Figs. 14(b) and 14(c)]. An exception is

observed when pulses are 50. As voltage increases from 325 to 450V,
PZT perovskite phase orientation changes from {111} to {100} [cf.
Figs. 14(d) and 14(e)]. When it comes to 1lm-thick PZT films on
polymer substrates (Kapton), 10–25 250 ls-long pulses at 200–250V
and a power density of 2.8 kW cm�2 are found to be optimal for the
crystallization of {100}-oriented PZT films. Despite these encouraging
XRD patterns and the evidence of local ferroelectric switching
observed by piezoresponse force microscopy, neither ferroelectric nor

FIG. 13. (a) Modeling and boundary conditions of laser annealing. (b) Simulated temperature profile in a 50 nm-thick PZT film exposed to 50 mJ cm�2 laser energy. (c)
Topography images of a PZT thin film after laser irradiation with various numbers of pulses (from 1 to 1000). (d) Schematic diagrams indicating the growth mechanism of
laser-induced liquid-phase crystallization (LLC). (e) XRD pattern of a crystallized PZT thin film via laser annealing; the inset shows a photograph of the flexible PZT thin film
crystallized on polymer (f) Ferroelectric P-E loops of a flexible thin film capacitor in the original position and bent state. (g) Local piezo-response curves showing polarization
switching (phase) and the effective longitudinal piezoelectric coefficient. Reproduced with permission from Kang et al., Chem. Mater. 32, 6483 (2020). Copyright 2020
American Chemical Society.58
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piezoelectric macroscopic properties have been reported in this paper.
In this regard, we assume that the piezoelectric properties of the pre-
pared PZT films were not good. However, this work is the only exam-
ple of FLA-processed PZT thin films on glass and polymer substrates.
On the other hand, FLA is compatible with a roll-to-roll process in
industry; therefore, this work can be considered as a good start to
explore FLA-processed PZT on temperature-sensitive substrates.

Ouygang et al. fabricated aero sol–jet printed 6lm-thick MPB
PZT (52/48) thick films crystallized with flashlamp annealing
(87 J�cm�2) with no extra heating and coupled with the simultaneous
application of a poling electric field of 20 kV cm�1 for 5min.147 This
specific set-up is displayed in Fig. 15(a). In this case, five groups of

PZT samples were prepared and their piezoelectric properties were
compared. Top views and cross sections obtained from scanning elec-
tron microscope (SEM) are, respectively, displayed in Figs. 15(b)–15(j).
These samples exhibited very large piezoelectric properties such as
g33 ¼ 22 10�3 Vm N�1 and d33 ¼ 626 pm V�1. Moreover, a dielectric
constant er as large as 3130 was measured. Note that g33 and er were
measured using a self-built cylinder system and an RC bridge circuit.

4. Microwave annealing

Microwave annealing (MA) is one of the most popular annealing
technologies to lower the crystallization temperature of sol–gel derived

FIG. 14. (a) Scheme representing the applied waveform during pulsed thermal processing, where the dotted and solid lines stand, respectively, for the preheat and crystalliza-
tion waveforms. X-ray diffraction patterns of PZT films after pyrolysis and crystallization with different pulse density and pulse counts: (b) at 350 V and (c) at 400 V with different
pulse counts; (d) with 10 pulse counts and (e) with 25 pulse counts, as a function of applied voltage. A 500 ls pulse duration has been used in the preparation of all samples
on glass substrate. Reproduced with permission from Yao et al., J. Eur. Ceram. Soc. 40, 5369 (2020). Copyright 2021 Elsevier.146
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PZT films.148–152 Microwaves are defined by electromagnetic waves
with a wavelength in the range between 1mm and 1 m, meaning fre-
quencies from 1 to 300GHz.153–155 MA includes two modes, namely,
electrical field mode (E-mode) and magnetic field mode (H-mode).
Microwave irradiation can be efficient, as it penetrates the material
through molecular interactions with the incident electromagnetic field
[see Figs. 16(a) and 16(b)].156–160 Therefore, the material becomes the
heating source. The power P (W m�3) absorbed per unit of volume is
expressed as follows:161

P ¼ r Ej j2 ¼ 2pf e0e
0
r tand Ej j2; (7)

where E is the magnitude of the internal electric field, r the total effec-
tive conductivity, f is the frequency, e is the permittivity of free space
(e0 ¼ 8.86� 10�12 F m�1), e0r is the relative dielectric constant, and
tan d is the loss tangent. The penetration depth (D) at which the inci-
dent power is halved reads

D ¼ 3k0=8:686p tand e0r=e0
� �1=2

; (8)

where k0 is the incident wavelength. Therefore, the dielectric proper-
ties of the material of interest, i.e., e0r and tand, are the factors influenc-
ing MA efficiency.

A tentative mechanism for the crystallization of PZT films treated
by MA was proposed by Chen et al. as depicted in Fig. 16(c).162 In the
case of conventional heating of PZT (52/48) films on Pt/Si, intermetal-
lic Pt3Pb generated by the interfacial interaction between film and bot-
tom electrode plays the role of nuclei that induce the phase transition
from pyrochlore (Py) to perovskite (Pv).163,164 However, at the initial

stage, they found that an intermediate phase (denoted Pv’) crystallizes
at the bottom of the film near PZT/Pt interface [Fig. 16(c)], which acts
as nuclei for the perovskite phase growth (Pv). Thus, textured Pv
grains grow gradually vertically, forming a flat interface between Pv
and Py. Finally, columnar perovskite grains reach the surface of the
film [Fig. 16(c)]. Figure 17 shows the schematic of the phase transition
path with its associated Gibbs energy. The transformation process
from amorphous to Py occurs in both conventional processing and
microwave processing, indicating that the activation energy (E0) is
identical. However, the transition from Py to Pv is different. At the
stage of nucleation, thanks to the formation of Pv’, the activation
energy of nucleating Pv was reduced from Ea to Ea1 and Ea2. The
formed Py/Pv flat interface also enhances the ion transport during the
continuous growth of Pv grains, and thereby the Gibbs energy of acti-
vation is reduced from Ea to E3.

MA typical frequency is 2.45GHz, although some attempts in
the millimeter-wave range such as 28, 30, and 83GHz were also per-
formed.165–167 As reported by Bhaskar et al., sol–gel processed
420 nm-thick {110}-prominent PZT (53/47) films were fabricated
using single-mode 2.45GHz E field MA (power 3506 50W) at
450 �C for 30min, showing a Pr of 47 lC cm�2, a Ec of 86 kV cm�1

measured at 6600 kV cm�1, a dielectric constant of 1140, and a dissi-
pation factor of 0.03.168 No piezoelectric data were reported in this
paper. Because of its low dielectric properties, the initial amorphous
gel film was not able to efficiently absorb microwave energy [see Eq.
(10)]. Therefore, in the case of E-mode MA, SiC rods are normally
needed as a sample holder to absorb microwave energy and transfer it
as heat to the PZT thin film. Wang et al. reported that {110}-oriented

FIG. 15. (a) Schematic diagram of a specific photonic annealing technique using in situ poling of the annealed films. From (b) to (e), SEM images top views of PZT films proc-
essed with different annealing conditions: (b) without annealing; (c) conventional annealing (1000 �C for 1 h in an N2 environment); (d) photonic annealing [202 J cm

�2 energy
without the aid of indium tin oxides (ITO) glass]; (e) photonic annealing with simultaneous DC-field poling; images (f)–(j) are cross sections of the un-sintered, traditionally sin-
tered, photonic annealing sintered, and photonic annealing with simultaneous DC-field poling sintered films, respectively. Reproduced with permission from J. Ouyang, D.
Cormier, and D. A. Borkholder, ACS Appl. Energy Mater. 2, 338 (2018). Copyright 2018 American Chemical Society.147
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perovskite PZT (52/48) thin films could be crystallized by the irradia-
tion of a 28GHz multimode millimeter-wave (power¼ 2.5 kW)
at 480 �C for 1.5min.169 The dielectric constant, loss tangent, Pr,
and Ec of 1lm-thick PZT films were 1100, 0.04, 40lC cm�2, and
50 kV cm�1, respectively. On the contrary, the undesired pyrochlore
phase appears when using the conventional thermal process at 480 �C
for 30min.169 P-E hysteresis loops indicate good ferroelectric proper-
ties of PZT thin films. However, it is worth noting that the polarization
in this case is too large to be reliable, suggesting an over-estimated
electrode area. Wang et al. also reported 2.45GHz single-mode H field
microwave processed 200 nm-thick MPB PZT (52/48) films.151,170 As
shown in Fig. 18(a), the temperature reached by microwave irradiation
was 450 �C. Figure 18(b) is the XRD patterns of PZT films using MA-
processing (blue line), conventional annealing at 600 �C (red line), and
450 �C (black line). Interestingly, sharp {100} and {111} peaks were
observed in MA-PZT films, while {111} was the dominating peak in
conventional annealing at 600 �C. No peaks were observed in conven-
tional annealing at 450 �C. The cross-section SEM image in Fig. 18(c)
indicates that PZT films are well-crystallized, which correspond to the
XRD results. The P-E hysteresis loop displayed in Fig. 18(d) reveals
that MA-PZT films exhibit ferroelectric properties comparable to con-
ventional annealing at 600 �C. They also reported that single-mode
H-field MA is more effective than E-field MA and 28GHz multimode

FIG. 16. Schematic illustrations of the distribution of microwave electromagnetic field: (a) in the cavity of a multimode microwave system and (b) the electric field and the mag-
netic field separated in space in the cavity of a single-mode microwave system. Reproduced with permission from Z. Wang and J. Ouyang, Nanostructures in Ferroelectric
Films for Energy Applications (Elsevier, 2019), Vol. 203. Copyright 2019 Elsevier.148 (c) Schematics of crystallization process of PZT films induced by MA. Reproduced with
permission from Chen et al., Acta Mater. 71, 1 (2014). Copyright 2014 Elsevier.162

FIG. 17. Schematic of Gibbs energy of activation of PZT films during their crystalli-
zation vs the ordering of ions in the case of conventional and microwave anneal-
ings. Reproduced with permission from Chen et al., Acta Mater. 71, 1 (2014).
Copyright 2014 Elsevier.162
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millimeter-wave MA. The MA-processed (2.45GHz) MPB thin films
exhibit the lowest processing temperature at 450 �C, and it is repro-
ducible.151,168,170 However, piezoelectric properties were not reported,
meaning that the potential of MA-processed PZT thin films in piezo
MEMS applications remains to be assessed.

An interesting question arises, though: why is H-field MA more
efficient than E-field MA in the thermal processing of MPB PZT (52/
48) films? In this regard, Cao el al. studied the heating origin and crys-
tallization of PZT (52/48) films in a separated E-field and H-field
MA.171 Cao confirmed that PZT was annealed and crystallized more
efficiently inH-field than in E-field. Heating with H-field was obtained
mainly from the contribution of the bottom electrode (Pt/Ti) and the
substrate (Si). This result is consistent with what Wang et al.
reported.151,170

5. High-pressure annealing

High-pressure annealing (HPA) has been developed for the low-
temperature processing of metal-oxide films.67,172–175 The mechanism
on how HPA reduces the crystallization temperature is generally
explained with Gibbs free energy, defined as176

DG T;Pð Þ ¼
1
6

pd3

VC
DGgf!of þ Eel
� �

þ pd2rþ PDV; (9)

where DGgf!of is the free energy change from amorphous to crystal-
line states, r being the interface energy between amorphous and crys-
talline phases, VC the oxide filmmolar volume, DV the volume change
during crystallization, Eel the elastic energy induced by the volume
change, and P the induced pressure. High pressure leads to DV< 0,
which in turn decreases the Gibbs free energy required for nucleation.
This impacts the oxide formation kinetics.173,176 Apart from lowering
crystallization temperature, HPA can also improve the density of
oxides films.177 In the case of PZT films, high oxygen pressure gives a
retarding effect for lead and oxygen volatilization from PZT and ena-
bles incorporating more oxygen into PZT, which decreases oxygen
vacancies.178

Zhang et al. sputtered 300nm-thick MPB PZT (52/48) films on
LaNiO3/Si substrate at 200 �C, followed by a crystallization process at
400 �C using high oxygen pressure annealing (HOPA, �2–8MPa).178

As observed in the corresponding XRD patterns [Fig. 19(a)], {h00} sig-
nals occur after HPA processing (2–8MPa), while there are no PZT-
related signals in the XRD pattern of as-grown sputtered films. The
corresponding P-E loops are shown in Fig. 19(b), revealing that Pr
increased with pressure. Note also that the reported Pr beyond 100 lC
cm�2 sounds too high to be real, which could be induced by the over-
estimation of the actual electrode area or by large leakage current.
Besides, piezoelectric properties were not reported. A potential issue is
that high oxygen pressure might cause damage to semiconductor
circuits.

FIG. 18. (a) Temperature-time profile of a PZT thin film under MA. (b) XRD patterns of PZT thin films crystallized by microwave irradiation (blue line) and conventional thermal
processing at 600 �C (red line) and 450 �C (black line) for 30 min, respectively. (c) Cross-section SEM image of MA processed PZT at 450 �C. (d) P-E hysteresis loops of PZT
films crystallized by microwave irradiation (denoted by A) and conventional thermal processing at 600 �C (denoted by B), respectively. Pv stands for Perovskite phase.
Reproduced from Wang et al., Appl. Phys. Lett. 92, 222905 (2008). Copyright 2008 AIP Publishing.151
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Zhang et al. also attempted to use high argon pressure annealing
(HAPA) rather than oxygen.179 They saw PZT {h00} peaks after
HAPA. However, the ferroelectric properties were poorer than the
ones obtained after by HOPA, which was probably induced by the
occurrence of oxygen vacancies in HAPA.179 The effectiveness of
high-pressure annealing in lowering the crystallization temperature of
oxides thin films has been demonstrated in previous reports,172–175

though studies on high-pressure annealed PZT thin films were all
reported by Zhang’s group.178,179 Therefore, this approach sounds
valid. However, piezoelectric data were never provided, which means
that the potential of high-pressure annealed PZT thin films in piezo
MEMS applications remains to be assessed.

D. Hydrothermal method

The hydrothermal method180–183 is a simple chemical synthesis
method to fabricate nanostructured metal-oxides or hydroxides.184–186

Hydrothermal reactions generally occur in a high-pressure reactor
(Fig. 20), which is normally placed in an oven. The Ti substrate and
SrRuO3/single crystal SrTiO3 has been used as substrates to deposit

polycrystalline and epitaxial PZT hydrothermal films, respectively (see
Fig. 20). In a standard procedure, several metal ions sources are dis-
solved into a solvent, and PZT films are formed through a chemical
reaction in an alkaline solution environment at low temperature (typi-
cally <200 �C). A stirring movement is usually applied to the solution
to accelerate the chemical reaction rate. The common drawbacks of
this approach are a rough surface caused by the relatively large nano-
particle size and the rather large thickness of these films (> 1lm).

In the case of hydrothermally synthesized PZT films, the most
common source materials are ZrOCl2, Pb(NO3)2, TiO2, or TiCl4 and
the mineralizer (KOH),187–190 although Kim et al. demonstrated that
using Ti3þ (TiCl3 for Ti source) reagent instead of Ti4þ allowed for an
even lower reaction temperature.191 The chemical reactions in the
alkaline solution environment can be expressed as follows:183

KOH! OH� þ Kþ; (10)

Pb NO3ð Þ2 ! Pb2þ þ 2NO3
�; (11)

ZrOCl2 ! ZrO2þ þ 2Cl�; (12)

ZrO2þ þ 3OH� þHþ ! Zr OHð Þ4; (13)

TiO2 þ 2OH� þ 2Hþ ! Ti OHð Þ4; (14)

and Pb2þ þ 1� xð ÞZr4þ þ xTi4þ þ 6OH�

! Pb Zr1�x;Tixð ÞO3 þ 3H2O: (15)

Crystalline PZT films are hence deposited on substrates through the
chemical reactions of Pb2þ, Zr4þ, Ti4þ, and OH�. The process above
is influenced by the following parameters: (1) temperature; (2) pres-
sure; (3) stirring speed; (4) deposition time; and (5) solution
concentration.

Significant research efforts have been devoted to hydrothermal
synthesized PZT films. Wei et al. deposited well-crystallized MPB PZT
(52/48) films on Pt/Ti/SiO2/Si substrate using a hydrothermal method
at 160 �C with various kinds of hydroxides [KOH, Pb(OH)2, and
Sr(OH)2], followed by a post-annealing step at 400 �C to remove
undesired residuals such as water and hydroxyl ions.181 PZT films fab-
ricated in a mixture of KOH and Pb(OH)2 solution exhibited a pure
perovskite {111}-oriented structure. Note that the addition of
Pb(OH)2 can compensate for Pb loss in PZT during post-annealing.
As-deposited PZT films post-annealed at 400 �C displayed a Pr of
26 lC cm�2 and Ec of 40.1 kV cm�1 measured at 6 200 kV cm�1.
The leakage current density of the films after annealing is about
5.78� 10�8 A/cm2 at 666 kV cm�1. No piezoelectric data have been
shown in this paper. In order to achieve high quality PZT films by
hydrothermal reaction, one has to optimize the reaction parameters.
Hence, Abe et al. studied how the deposition time and stirring affect
the film thickness while the reaction temperature is 160 �C and pres-
sure is 0.5MPa.192 As observed in the SEM images displayed in
Figs. 21(a)–21(d), the crystal size of nanoparticles remarkably grew
larger as deposition time was extended from 2 to 6 h. The grains nearly
stayed unchanged by further increasing deposition time [see SEM
images in Figs. 21(e)–21(g), and also Fig. 21(i)]. Figure 21(j) underlines
the correlation between stirring speed and film thickness. It was found
that stirring speed in the range of 50–200 rpm does not influence
thickness. However, an abrupt thickness increase occurred at a stirring
speed of 245 rpm and deposition time of 6 h [Fig. 21(j)]. Except those
results, there are no PZT electrical properties reported in this paper.

FIG. 19. XRD patterns (a) and P-E hysteresis loops (b) of as-grown and sputtered
PZT thin films with an oxygen pressure of 2, 4, 6, and 8 MPa. Reproduced with per-
mission Zhang et al., J. Cryst. Growth 310, 783 (2008). Copyright 2007 Elsevier.178
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FIG. 20. Hydrothermal method to deposit polycrystalline (on Ti substrate) and epitaxial (on SrTiO3 substrate) PZT films.

FIG. 21. SEM image of the surface of PZT polycrystalline films with different deposition time (stirring speed: 150 rpm). (a) 2 h. (b) 3 h. (c) 4 h. (d) 5 h. (e) 6 h. (f) 12 h. (g) 18
h. (h) 24 h. (i) Relationship between deposition time and the size of the PZT grains. (j) Relationship between the stirring speed and film thickness. Reproduced with permission
from Abe et al., Jpn. J. Appl. Phys. 54, 07HB06 (2015). Copyright 2015 Japan Society of Applied Physics.192
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E. Solution chemistry design

Another promising strategy in the case of CSD-derived PZT films
is the so-called solution chemistry design. It helps in removing organ-
ics and delivering the expected perovskite crystalline structure. During
such a chemical reaction, MOx is supposed to be the only product and
the other chemical elements initially present are eliminated as gas
products. Hence, chemical reaction design is an efficient and simple
approach to suppress the need for high-temperature annealing.
Controlling the compositions and homogeneity in PZT solutions and
solution combustion chemistry are the most common chemical design
approaches for low-temperature CSD PZT films. In this section, an
overview about these two methods is presented.

1. Controlling the compositions and homogeneity
in PZT solutions

In the case of CSD, rational solution chemistry design allows for
modifying the phase composition, orientation, microstructure, and
crystallization temperature. A low crystallization temperature can be
achieved by forming the metal complexes or coordination compounds,
which have the same arrangement of metal and oxygen ions as in the
final crystalline state already in the solution, or by controlling the
homogeneity of the solution.

Experiments have proved that the crystallization temperature of
PZT reduces when the Zr/Ti ratio is decreased.193 Hence, in a Zr-rich
film, only a thin part of the film near the substrate could crystallize in
perovskite phase at 400 �C, indicating the prevalence of heterogeneous
nucleation. Most of the PZT films remained amorphous even after 5
h-annealing. On the contrary, a Ti-rich film crystallized in perovskite
phase after only 1 h at 400 �C.193 Kosec et al. reported the fabrication
of Ti-rich PZT (30/70) thin films at 400 �C using a modified
2-methoxyethanol route. They found that the high reactivity of zirco-
nium alkoxide n-propoxide results in chemical inhomogeneity of
the PZT precursors.193 To solve this problem, acetic acid was added to
zirconium n-propoxide prior to PZT synthesis. PZT (30/70) films
prepared at 400 �C displayed good ferroelectric properties with Pr
¼ 20 lC cm�2 and coercive field Ec¼ 160 kV cm�1.

2. Solution combustion synthesis (SCS)

Solution combustion synthesis (SCS) corresponds to an exother-
mic chemical reaction. It starts to be widely used for low-temperature
metal-oxide thin films fabrication.194–201 It is simple and efficient
because one only needs to add oxidizers (e.g., nitrates in the form of
metal salts) and fuels (such as acetylacetone or urea for instance) to
the standard components of a solution synthesis. The self-generated
heat occurring in the exothermic reaction can fulfill the localized
energy requirements for the formation of M-O-M bonds and crystalli-
zation and thereby lower the external annealing temperature needed.
The difference of energy need between combustion and conventional
processes is schematically represented in Fig. 22(a). In general, the
driving force for such redox reaction is to reduce Gibbs free energy
(G) by converting the chemical potential into heat. The initial state of
precursor combustion can be regarded as a nonequilibrium quasi-
stationary state because the Gibbs free energy is not minimal [see
Fig. 22(a)]. When the “ignition temperature” is reached, the desired
combustion occurs and Gibbs free energy decreases toward its

minimal value, reaching hence the equilibrium state. The released heat
converted from the initial chemical potential enables the film reaching
high temperature—so-called “combustion temperature,” Tc—for a
short period of time. Therefore, the definition of the crystallization
temperature Tc of combustion-derived MOx films differs from con-
ventional processes, in which it is simply the annealing temperature
provided by an external apparatus. For a specific combustion reaction,
Tc can be estimated using the following equation:202

Tc ¼ T0 þ DH0
r � DH0

p

� �
=Cp; (16)

where T0 is room temperature, DH0
r and DH0

p are the enthalpies of
formation of the reactants and products, respectively, and Cp is the
heat capacity of the products at constant pressure. For instance, Kim
et al. reported an estimated generated temperature of 700 �C from the
combustion reaction of Zn(NO3)2/urea pairs under ideal adiabatic
conditions.196 Since the film is not an isolated system, the energy
exchange with the environment can result in a much lower Tc.

Suitable fuel/oxidizer pairs are key to achieve high-efficiency
combustion reaction.199,203 Table III shows the most commonly used
oxidizers, fuels and solvents. In the case of combustion processing for
PZT films, Tue et al. compared the thermal behaviors of combustion
reactions with various fuels (citric acid, glycine, hydrazine, tricine,
urea, and acetylacetone), and they found that tricine/NH4NO3 and
urea/NH4NO3 pairs exhibit the highest efficiency to Pb- and Zr-
solution combustion reactions over other fuel/NH4NO3 pairs.

204 Some
reports also demonstrated that an addition of co-fuels or bi-fuels can
be advantageous to improve the combustion reactivity.205,206 In addi-
tion, it is worth noting that fuel/oxidizer ratio is one of the most signif-
icant parameters impacting the quality of combustion. Parameter u,
proposed by Jain et al.,207 reads

u ¼ Total valency of fuel
Total valency of oxidizer

: (17)

Here, urea [CO(NH2)2] and M(NO3)v were taken as an example
to explore the effect of u on combustion reaction. The stoichiometric
equilibrium combustion reaction can be described such as

M NO3ð Þt þ
5
6
utCO NH2ð Þ2 þ

15
6

u� 1ð ÞO2

! MOt
2
þ 5
6
utCO2 þ

5
3
utH2Oþ t

3þ 5u
6

� �
N2; (18)

when u ¼ 1, the mixture is stoichiometric and atmospheric oxygen is
not required; when u < 1, there is too much fuel; conversely when
u > 1, there is fuel missing. The addition of large amount of fuel
means that more oxygen is required [see Eq. (18)], which could lead to
insufficient oxygen supply. In contrast, not enough fuel would cause
incomplete combustion, resulting in a low combustion reaction. In the
fuel/oxidizer ratio, the fuel should be always carefully chosen to have
the best correlation with the nitrate precursor (i.e., u ¼ 1) in order to
achieve the highest temperature of the reaction.208 When it comes to
experiments, Tue et al. reported that the optimized molar ratio of fuel/
NO3

� is 1:3 in the case of PZT (52/48) combustion.204

The occurrence of combustion is normally verified by thermal
analysis tools, such as differential temperature analysis (DTA), ther-
mogravimetry (TGA), or differential scanning calorimetry (DSC).
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FIG. 22. (a) Scheme of the SCS process of metal-oxide films, underlying the difference in energy vs the conventional process. Reproduced with permission from Kang et al.,
J. Mater. Chem. C 2, 4247 (2014). Copyright 2013 Royal Society of Chemistry.211 (b) DTA and (c) TG analyses of the conventional PZT and SCS-PZT precursors. (d) XRD pat-
terns of SCS-PZT and conventional PZT thin-films annealed at different temperatures. (e) XRD patterns of SCS-PZT thin-films annealed at 400 �C for different durations
(10–360min). (f) Cross-section SEM images of the SCS-PZT thin-films annealed at 400 �C for different durations: 60, 120, and 360min. Reproduced from P. T. Tue, T.
Shimoda, and Y. Takamura, APL Mater. 8, 021112 (2020). Copyright 2020 AIP Publishing.204
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As performed by Tue et al.204 and shown in Figs. 22(b) and 22(c), the
SCS-PZT (52/48) system exhibits an intensive exothermic signal at
234 �C observed by DTA, in agreement with the abrupt mass loss
observed in TGA curves. It indicates that SCS-PZT enables a lower
crystallization temperature than the conventional ones. Figure 22(d)
shows the XRD patterns of 220nm-thick SCS-PZT films pyrolyzed at
300 �C and annealed at 300–450 �C for 60min. The PZT{111} peak is
observed after 300 �C-annealing, though it overlaps with the Pt{111}
peak. Its appearance indicates nucleation of the perovskite phase of
PZT at a significantly lower temperature (300 �C) than with the con-
ventional process. PZT{111} intensity increases with annealing tem-
perature, such a way that the one corresponding to SCS at 450 �C is
comparable with the conventional one at 700 �C. Figure 22(e) shows
the XRD patterns of 220nm-thick SCS-PZT (52/48) films pyrolyzed at
250 �C and annealed at 400 �C for different annealing times
(10–360min). The non-ferroelectric pyrochlore phase appears first in
films annealed for short durations (10–30min) and disappears in films
annealed for 60min or longer. Figure 22(f) shows SEM cross-sections
of SCS-PZT films annealed at 400 �C for 60, 120, and 360min. They
all exhibit a highly dense columnar structure, which indicates that the
energy generated from combustion enables crystallization at low tem-
perature. Besides, an interesting observation is the appearance of
PZT{100} peaks in SCS-PZT thin films pyrolyzed at 250 �C. This peak
becomes stronger as annealing time is prolonged. The best SCS-PZT
thin film exhibits a large Pr (�37 lC cm�2), Ec ¼ 100 kV cm�1, leak-
age current¼ 0.1 lA cm�2 at 600 kV cm�1, and a dielectric constant
of 500, which was further used in a ferroelectric-gate memory transis-
tor. The efficacy of the combustion synthesis approach has been dem-
onstrated in other metal oxides.194–201 Further investigations are
nonetheless needed to reveal the piezoelectric nature of combustion-
processed PZT thin films.

V. TRANSFER PROCESSING

The transfer process enables the optimization of PZT film syn-
thesis independently from the final host substrate. It plays an impor-
tant role in current transparent and flexible PZT devices.49,54,60,212,213

In the transfer process, PZT is first deposited on a temperature-
compliant substrate, enabling PZT full crystallization. Electrodes are
often added to PZT at this step to make a functional stack. The latter
is then glued/attached to a host substrate (often a polymer). The final
step is the transfer of the PZT functional stack on the host substrate by

inducing a separation at the interface between PZT and the initial
temperature-compliant substrate. In some cases, polymer substrates
are also fabricated using a spin coating approach, which allows for the
absence of glue.

Regarding the transfer itself, there are several possible
approaches. A sacrificial layer lying between PZT and the initial sub-
strate can be etched away, which in turn releases PZT from this initial
substrate. In this case, PZT devices can be fabricated on silicon-on-
insulator (SOI) wafers, which are well adapted to high-temperature
crystallization steps. Then, the sacrificial layer such as, e.g., ZnO or
MgO is removed by an etching process. The etching chemistries of
PZT and the sacrificial layer must be different enough to avoid induc-
ing damages to the final device. The flow chart in Fig. 23 describes the
steps of a typical transfer process by etching, as reported by Liu
et al.214 After the deposition of ZnO, Pt was deposited, acting as the
top electrode after transfer. A very thin Al2O3 layer (10–20nm thick)
was added on Pt to avoid the migration of hydrogen into PZT from
polyimide during the imidization reaction. Indeed, hydrogen degrades
the switchable polarization of PZT (52/48). Thereafter, a 0.8–1.1lm-
thick PZT thin film was deposited via a sol–gel process and crystallized
at 700 �C, followed by the deposition of full sheet Pt (final bottom elec-
trode). Then, polyimide (PI-2611) was spin-coated on the top of the
sample and baked at 100 �C, making a 5lm-thick polyimide substrate
on the top of the functional stack. The release process occurred by
immersing the sample stack in 33% acetic acid heated at 50–60 �C,
which etched ZnO away. In this paper, a so-called “clamped device,”
which meant a similar PZT device on a Si substrate, was used as a ref-
erence to compare with the transferred device’s performances. Hence,
the authors could observe that Pr increased by 45% after transfer
(from 18 to 26 lC cm�2).

Another possible approach is to completely etch away the initial
substrate.215,216 Morimoto et al. sputtered 2.8lm MPB PZT (53/27)
films on a Pt-coated MgO substrate. PZT was crystallized at 600 �C,
followed by the deposition of a Cr electrode. This stack was then
bonded to a cantilever-shaped stainless-steel sheet with epoxy resin
(M610). The MgO substrate was etched away in phosphoric acid
(20%) at 80 �C. The properties of transferred PZT remained nearly
unchanged compared with the initial PZT films with er ¼ 166 and
tan d ¼ 0.04. PZT film e31,f values before and after transfer were
�4.7C m�2 and�4.5C m�2, respectively. This transfer process based

TABLE III. Commonly used oxidizers, fuels, and solvents for solution combustion synthesis.198,203–205,209,210

Oxidizers Fuels Solvents

Metal nitrates Urea (CH4N2O) Water
[M(NO3)v] Acetylacetone (C5H8O2) Kerosene

Glycine (C2H5NO2) Benzene
Metal Nitrates Hydrotrate [M(NO3)v]�nH2O Sucrose (C12H22O6) Ethanol

Glucose (C6H12O6) Methanol
Ammonium nitrate Carbohydrazide (CH6N4O) 2-methoxyethanol formaldehyde
(NH4NO3) Oxalyldihydrazide (C2H6N4O2)
Nitric acid (HNO3) Tricine (C6H13NO5)

Hexamethylenetetramine (C6H12N4)
L-ascorbic acid
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on wet etching is safe for PZT because of the weak acid (such as phos-
phoric acid) used to etch MgO away.216

Rhun et al. recently reported an etching-free transfer process.217

Without using any sacrificial layer, solution processed PZT thin films
crystallized at 700 �C were deposited on a SiO2/Si substrate. Thus, a
glass substrate was bonded on the top of PZT stack using a polymer
glue. The PZT film stack was eventually transferred to the glass sub-
strate by mechanically separating the SiO2/Si substrate. Although no
details were provided regarding the transfer process, the piezoelectric
coefficient d31,eff of the transferred layer was as large as 125 pm V�1.

Laser lift-off (LLO) is another option for etching-free trans-
fer.60,66 Laser-lift-off separation of two layers mostly occurs by means
of selective laser ablation and evaporation of a strongly absorbing
interfacial area.218 The first work of this kind was reported by
Tsakalakos and Sands.219 They transferred a 1.4lm-thick La-doped
PZT (50/50) film from the MgO substrate to stainless-steel substrate
using a 248nm excimer laser pulse. Typically, a PZT film stack can be
deposited on a transparent substrate such as sapphire, MgO and fused
silica, which allows for the laser to pass through the substrate, as illus-
trated in Fig. 24(a). This LLO process has been performed in order to
obtain a flexible PZT pressure sensor, as reported by Zhu et al.54 A
thin sacrificial PZT layer is inserted between the PZT sensor and the
sapphire substrate. After the deposition of patterned electrodes and
functional 400 nm-thick PZT film, a polymer substrate with several
micrometer of thickness was spin-coated. Next, a temperature sensor

made of a spiral Pt structure was also deposited on the top of the PI
substrate and patterned by lithography. A laser with suitable wave-
length and energy density was eventually used to scan the sample
from the sapphire back side to separate the PZT film device and its PI
substrate from the initial sapphire substrate. Figure 24(b) and c are
microscopy images of these final flexible PZT devices. Figure 24(d)
shows a bended device, indicating excellent flexibility of the trans-
ferred devices.

VI. APPLICATIONS OF LOW-TEMPERATURE
PROCESSING

An interesting question that arises is the purpose behind the
development of low temperature-processing of PZT. Currently, there
are two critical reasons. The first one is that the current processing
temperature of PZT films is much higher than the thermal budget of
CMOS circuits (450 �C). In order to meet urgent demands on minia-
turization and high performance of the new-generation of MEMS, it is
necessary to explore low-temperature processing to enable the direct
deposition of PZT films on CMOS chips, as illustrated in Sec. VIA.
The second purpose is to enable using PZT films in emerging flexible
and wearable devices, which requests the direct deposition or the
transfer of PZT on temperature-sensitive polymer or glass substrates.
The current progress in flexible PZT devices is introduced in Sec. VI B.

A. MEMS-CMOS integration

The majority of current PZT MEMS devices must be integrated
and operated with silicon-based CMOS integrated circuits (IC). To do
so, two approaches have been developed, namely, hybrid integration
and system-on-chip (SoC).220–222 Hybrid integration uses a separate
CMOS chip to operate MEMS, which is now the predominant
approach in MEMS technologies [Fig. 25(a)]. As functional PZT thin
films need high thermal budget that damages CMOS circuits, such an
approach enables an independent optimization of the CMOS circuits
and the MEMS devices. It results in higher packaging and test costs.
Moreover, modular multi-chips occupy more space, which limits
product miniaturization. Finally, when separate chips for MEMS and
IC are used, performance-limiting parasitic signals are present due to
the long interconnections between MEMS and logic. As illustrated in
Fig. 25(b), the SoC approach integrates MEMS and CMOS circuits on
the same wafer. SoC offers the possibility of one-step packaging for
both MEMS and CMOS circuits at wafer level, which reduces the
number of packaging and wire bonding steps performed at chip level.
This way, the costs for packaging and testing can be largely reduced.
On the other hand, SoC allows for high-density integration of multi-
systems, thus reducing the size of MEMS devices. However, SoC
imposes to obtain excellent yields for both CMOS and MEMS
technologies.

Some attempts have been made to transfer PZT films on CMOS
chips. For instance, Kousuke et al. fabricated PZT-actuated MEMS
switches on a Si dummy wafer using sol–gel method and then trans-
ferred them to a CMOS wafer by polymer bonding (as shown in
Fig. 26).223 After attaching PZT devices on polymer with glue (first
step in Fig. 26), the dummy wafer with TiO2 adhesion layer were
removed by SF6 and CHF3 plasma, respectively (second step). Next,
top electrodes were deposited on the top of PZT (third step). The poly-
mer glue was finally etched away at 150 �C to release the switches

FIG. 23. Flow chart for preparing released (final device on polyimide) and clamped
(final device on Si) PZT films from the same deposition procedure. Reproduced
from Liu et al., J. Appl. Phys. 122, 164103 (2017). Copyright 2017 AIP
Publishing.214

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 8, 041315 (2021); doi: 10.1063/5.0054004 8, 041315-25

VC Author(s) 2021



FIG. 24. Device fabrication via the laser lift-off (LLO) process. (a) Schematic of the fabrication steps for a PZT-integrated bilateral device. (b) Microscopy image of a typical flex-
ible PZT-integrated bilateral device and (c) its corresponding photograph. (d) Device wrapped on a gel pen refill (bending radius: 2 mm). Reproduced with permission from Zhu
et al., ACS Appl. Mater. Interfaces 12, 37354 (2020). Copyright 2020 American Chemical Society.54

FIG. 25. MEMS and IC integration methods are based on either (a) hybrid multi-
chip solutions or (b) system-on-chip solutions. A. C. Fischer et al., Microsyst.
Nanoeng. 1, 1 (2015). Copyright 2015 Authors, licensed under a Creative
Commons Attribution (CC BY) license.220

FIG. 26. Schematic diagram of wafer-level transfer technology to fabricate PZT-
actuated MEMS switches on a CMOS wafer. Reproduced with permission from
Kousuke et al., 2012 IEEE 25th International Conference on Micro Electro
Mechanical Systems (MEMS) (2012). Copyright 2012 IEEE.223
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structures. However, the complicated process-control required in this
technology makes it not well suited to large-scale industry production.

Hence, reducing the thermal budget appears to be the main hope
to obtain PZT films through SoC technique. As discussed previously,
various strategies for low-temperature processing have been explored
to enable PZT direct deposition on CMOS chips, and progress has
been made recently.123,224 Reijiro et al. directly deposited sol–gel proc-
essed PZT actuator arrays at 450 �C on a silicon substrate via a UV/O3

assisted annealing process. The low-temperature processed PZT films
exhibited a preferential {111} orientation. Pr, Ec, and leakage current
of the PZT film obtained using this fabrication technique were
24C cm�2, 110 kV cm�1 and 10�6 A cm�2, respectively. The maxi-
mum amplitude of the actuators was around 130nm at 10V.123

B. Flexible piezoelectric energy harvesters

PZT piezoelectric energy harvesters (PEH, sometimes called
nanogenerators) take advantage of the direct piezoelectric effect to
convert mechanical energy into electrical energy. It gives the opportu-
nity to develop micro-size self-powered systems, which are able to gen-
erate power from people movements, wind or water flow. Flexible
energy harvesters (FEH) on a polymer substrate have raised interest in
the fields of electronic skin, implantable/wearable systems, and body
sensor networks.

For instance, Park et al. reported an IDE-structured 2lm-thick
PZT (52/48) FEH (i.e., d33 mode) achieved by laser lift off technol-
ogy.48 Figure 27(a) shows this FEH in unbended and bended states.

While mechanically bending this device, charges are generated and
accumulated between electrodes, which creates a signal. In released
state, the piezo-potential between adjacent electrodes disappears and
the charges recover their original position, generating a reverse signal.
Figure 27(b) and c represent those signals issued from periodic bend-
ing and unbending motions. The presented 1.5 � 1.5 cm PZT FEH
delivers an open-circuit voltage of 200V and a short-circuit current of
1.5lA.

Besides, PZT FEH is also a promising solution for wearable
e-skin applications to monitor human health.225,226 Zhang et al.
reported a PZT FEH fabricated via low-temperature PLD technology,
and used it as wearable e-skin.55 The as-fabricated PZT sensor delivers
a high detection sensitivity of 5.82 kPa�1, fast response of 0.38 s and
release time of 0.79 s. They demonstrated that this enables to capture
weak signals, such as human cough signal, fingertip pressing, and heart
beats.

VII. CONCLUSION AND OUTLOOK

The motivation to grow PZT thin films at low temperature is
twofold. First, direct deposition of PZT on CMOS devices (system-on-
chip) and second, direct deposition of PZT on temperature-sensitive
substrates such as polymer or glass. To enable this, processing temper-
ature of PZT thin films must be reduced to at least 450 �C for CMOS
and glass substrates and 350 �C for polymer substrates, goals for which
substantial research efforts have already been deployed. Among the
investigated approaches, the seeding method needs extremely long
annealing time to crystallize PZT films, but this is an effective way to

FIG. 27. (a) Photographs of a PZT flexible
energy harvester captured not bent (left)
and bent (right). (b) and (c) Open-circuit
voltage and cross-sectional current density
measured from PZT FEH in forward (b)
and reverse (c) connections. Reproduced
with permission from Park et al., Adv.
Mater. 26, 2514 (2014). Copyright 2014
John Wiley and Sons.48
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assist other low-temperature processing to obtain the desired orienta-
tion and to decrease crystallization temperature. UV-based and
microwave-based annealing can reduce thermal budget to 450 �C.
Further developments strongly depend on equipment itself, such as
high-power excimer UV light. Laser annealing offers an opportunity
to reach much lower processing temperatures, though a careful con-
trol of processing time and laser density is extremely important.
Although hydrothermal method enables the growth of PZT thick
films at T< 200 �C, special substrates such as Ti must be used and
the films exhibit weak properties. The investigation of combustion
processing of PZT thin films started only in 2020, though this
technique has been widely used in low-temperature semiconductor
film fabrication. The reported results on PZT films are very
promising.

When it comes to flexible devices on polymer substrates, the
majority of the strategies mentioned earlier cannot reach PZT crystalli-
zation at such low temperature (350 �C). Today, high density laser
annealing, especially UV-based lasers, is the most promising way to
realize this, and impressive results have been demonstrated, showing
that PZT thin films crystallize at 200 �C with good piezoelectric prop-
erties. Transfer technology, such as laser lift off, remains the key
approach to obtain optimized PZT thin films independently from
temperature-sensitive substrates. Combining seed effect and UV
annealing enables the crystallization of solution processed PZT thin
films at 350 �C. This suggests that associating two or even more
annealing strategies could help in decreasing further PZT films crystal-
lization temperature. Some attempts have proven successful in fabri-
cating metal oxides thin films, such as highly conductive ITO thin
films fabricated at 200 �C by the combination of UV annealing and
combustion processing. However, only a few related works have been
demonstrated in the case of PZT films. In this regard, we strongly sug-
gest researchers to devote more efforts on this strategy and we believe
that low-temperature processing of PZT thin films will be a key asset
for system-on-chip MEMS-CMOS integration and for wearable elec-
tronics in the foreseeable future.
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Chapter 4

Low-temperature flash lamp process

of PZT films

After thoroughly reviewing the existing solutions for low-temperature crystallization

of PZT films in the previous chapter, it is evident that the current low-temperature

processes for PZT thin films either require long processing times or involve complicated

procedures. While a low crystallization temperature of PZT films has been often suc-

cessfully achieved, the attainment of macroscopic piezoelectric properties has been barely

reported.

In this chapter, we developed a flash-lamp process for the direct and low-temperature

growth of PZT films on fused silica and SCHOTT AF32 glass in a few seconds. The

resulting PZT films exhibited excellent piezoelectric properties, with an e33,f value of

-5 C m2. These films were used to fabricate a haptic device, which met the required

specifications for surface rendering applications. This work has been published as a

preprint titled “Low-temperature growth of PZT piezoceramic films on glass” ,[121] which

has been attached in this chapter.

Note that my colleague, Dr. Juliette Cardoletti, accomplished the growth of ferroelec-

tric PZT films on soda lime glass, which was also included in the submitted paper[121]

but not in this thesis.

Authors contributions: This research constitutes a collaborative effort, wherein my

role encompassed the execution of experiments pertaining to the growth of PZT films on

fused silica glass, as well as the development of a haptic device on AF32 glass, along with

drafting this manuscript. Dr. Sebastjan Glinsek who also spearheaded the team, provided

critical feedback on the experiments and revision on the manuscript. My supervisor, Dr.

Emmanuel Defay, provided critical suggestions to the writing. My colleague, Dr. Juliette
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Cardoletti, accomplished the growth of ferroelectric PZT films on soda lime glass, which

was included in the submitted paper but not in this thesis, and she also performed

data visualization and provided suggestions in writing. My colleague, Alfredo Blazquez

Martinez, provided valuable suggestions on experiments and shared his knowledge on flash

lamp annealing of ferroelectric films, and we worked together to investigate this process.

Alfredo Blazquez Martinez and Dr. Stephanie Girod contributed to the fabrication of

the interdigitated electrode (IDE) designs and aided in the lithography process. The

transmission electron microscopy (TEM) analysis was conducted with the assistance of

our colleagues in Slovenia (Prof. Andreja Bencan and Dr. Brigita Kmet).

4.1 Introduction, experimental results and discus-

sions

Introduction of the research background, experimental methods and results as well as

outlook have been provided in attached paper[121].
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Abstract 

Integration of thin-film oxide piezoelectrics on glass is imperative for the next generation of 

transparent electronics to attain sensing and actuating functions. However, their crystallization 

temperature (above 650 °C) is incompatible with most glasses. We developed a flash lamp 

process for growth of piezoelectric lead zirconate titanate films. The process enables 

crystallization on various types of glasses in a few seconds only. Functional properties of these 

films are comparable to the films processed with standard rapid thermal annealing at 700 °C. 

A surface haptic device was fabricated with a 1 µm-thick film (piezoelectric e33,f  of -5 C m-

2).  Its ultrasonic surface deflection reached 1.5 m at 60 V, sufficient for its use in surface 

rendering applications. This flash lamp annealing process is compatible with large glass sheets 

and roll-to-roll processing and has the potential to significantly expand the applications of 

piezoelectric devices on glass. 
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1. Introduction 

An important trend in next-generation large-scale electronics is the integration of functional 

films on glass wafers for smart windows and display screens. Among the available materials 

for sensors and actuators, piezoelectric oxide thin films are outstanding because of their 

superior electromechanical response compared to nitrides and polymers 1–5. The key for their 

successful integration in microelectromechanical systems (MEMS) has been efficient 

processing, which allows for the preparation of high-quality films in a controllable and 

reproducible manner. Chemical solution deposition (CSD) is among the most popular 

fabrication methods due to its low cost, flexibility in chemical composition and compatibility 

with large-scale microelectronics 6,7. The method is continuously evolving and emerging 

digital printing and roll-to-roll processing technologies will enable high-speed, high-

throughput and large-scale additive manufacturing 5,8. 

In CSD processing the as-deposited amorphous phase is transformed into a crystalline 

perovskite piezoelectric phase via high-temperature annealing. The crystallisation process 

traditionally relies on the use of isothermal heating in tube, box, or rapid thermal annealing 

(RTA) furnaces (see Fig. 1a) 9. The typical processing temperatures are above 650 °C and the 

total annealing time (including heating and cooling) is in the order of tens of minutes. As the 

strain point - the maximum temperature at which glass can be used without experiencing 

creep - of most commercial glasses lies below 600 °C, the development of low-temperature 

processing is required 10,11. 

Efforts have been dedicated to lowering processing temperature, including by photochemical 

processing 12,13, annealing under high-pressure of O2/O3 14, combustion synthesis 15, and laser 

annealing 16,17. While the global temperature has been lowered, the price to pay is either long 

annealing times (often several hours) or the use of reactive atmosphere, which limit the use of 
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these processes in large-scale and high-throughput production. Although laser annealing 

allows for the fast crystallization of films, the small laser spot size (typically in the μm2-mm2 

range) imposes the need for raster scanning of the laser beam, leading to inhomogeneities in 

the films 18. The indirect integration on glass via transfer process has been successful 19, 

however, it significantly complicates the process and adds processing steps. 

Flash lamp annealing (FLA), i.e., annealing through the absorption of sub-millisecond light 

pulses with broad spectrum and strong intensity, enables selective annealing of the films on 

temperature-sensitive substrates 20 and is schematically compared to box-furnace annealing in 

Fig. 1b. FLA can be performed in ambient atmosphere in a few seconds and the irradiated 

areas can reach several hundreds of cm². These features are compatible with high-throughput, 

low-cost and large-scale roll-to-roll production 21. FLA has been successfully used for 

processing different functional thin films, such as conductors (e.g., indium tin oxide, metal 

nanoparticle films) 22,23, semiconductors (e.g., indium zinc oxide) 24,25, dielectrics (e.g., 

alumina, zirconia) 26,27, hybrid perovskites for absorbers in solar cells 28 and light-emitting 

diodes 29. Yao et al. induced nano-crystallization of piezoelectric lead zirconate titanate on 

glass and polyimide substrates, however, macroscopic electromechanical properties, which 

are imperative for sensor and actuator applications, were not demonstrated  30.  

Inspired by the above results and guided by finite element modelling (FEM), we developed a 

process that enables macroscopic crystallization of solution processed PbZr0.53Ti0.47O3 (PZT) 

films on a wide variety of glasses. First, we demonstrate a fast process (several seconds per 

crystallization) on 1 µm-thick PZT thin films on fused silica, resulting in remanent 

polarization Pr, dielectric permittivity r, dielectric losses tanδ and piezoelectric coefficient 

e33, f values of 12 C cm-2, 450, 5 %, and -5 C m-2, respectively. A surface haptic device was 

realized on alumina-borosilicate glass (AF32, Schott), i.e., a standard substrate for 

semiconductor and MEMS industries. The device is based on a 1 m-thick PZT film and its 
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ultrasonic-range surface deflection reaches 1.5 m at 60 V, which fulfils requirement of a 

deflection of 1 m for its commercialization in texture rendering operation 31. Finally, we 

demonstrate the universality of FLA process by direct growth of PZT films on soda-lime, i.e., 

the most widespread type of glass.  

 

2. Results 

2.1. Processes Design and Finite Element Modelling  

Results of the finite element modelling are presented in Fig. 1c and 1d, where a 170 nm 

PZT/fused silica glass configuration was modelled. The absorbance of an amorphous PZT 

layer (~28.5 %) was estimated with a bolometer placed below the sample, considering that 

glass is mainly transparent in the ~300-1000 nm wavelength range of the Xe lamp utilised in 

this work (see Supplementary Section 1 for further information). The modelling of a 130 μs 

pulse with an energy density of 3 J cm-2, indicates that the temperature at the top surface of 

PZT should reach 600 °C, which is sufficiently high to crystallize PZT into the piezoelectric 

perovskite phase 6. Through the glass thickness, the temperature drops significantly as the 

process is non-adiabatic and performed in ambient environment. This maintains the interface 

between the film and the substrate at relatively low temperature, i.e., the temperature exceeds 

400 °C for only 50 s per pulse (see the purple line in Fig. 1c). 4 m below this interface the 

temperature remains below 350 °C. To provide enough energy and time for complete 

crystallization to occur, multi-pulse annealing is necessary. 30 pulses at 3.5 Hz enable the 

temperature of PZT to reach 800 °C while the bulk of the glass substrates remains below 

400 °C (Fig. 1d).  
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2.2. Growth, Phase Composition and Microstructure of the Films 

The films were deposited through a standard CSD process using 2-methoxyethanol as 

solvent, lead acetate and transition metals alkoxides precursors 7. The solutions were spin 

coated, dried at 130 °C and pyrolyzed at 350 °C on hot plates. The deposition-drying-

pyrolysis process was repeated four times to achieve a thickness of 170 nm. The 

crystallization was done with flash lamp annealing. Thick films were obtained by repeating 

the whole process several times. 

Films on fused silica were investigated first and their phase composition was analysed as a 

function of the number of FLA light pulses. Pulsing was performed with the same conditions 

as described in the previous section and in Supplementary Section 2. After 10 pulses, {100} 

and {110} reflections of the perovskite phase appear in the grazing incidence X-ray 

diffraction pattern (Fig. 2a) of 170 nm-thick films. Reflection of the non-piezoelectric 

pyrochlore phase (a small peak at 2θ = 29°), which is kinetically stabilized during 

annealing 32, disappears when the number of pulses is increased to 30. When the number of 

pulses reaches 100, the intensity of perovskite reflections increases indicating enhanced 

crystallinity. The phase evolution agrees with the temperature evolution predicted with FEM 

during multi-pulse annealing (Fig. 1d), i.e., gradual increase of temperature stabilizes the 

perovskite phase. The standard -2 XRD pattern of 1 m-thick PZT on fused silica is shown 

in Supplementary Fig. S2, and only perovskite peaks are present. In contrast, the perovskite 

phase does not form in the film annealed at 700 °C in RTA (Supplementary Fig. S4) 33. To 

the best of our knowledge, without the use of a nucleation layer (or bottom electrode), 

successful crystallization of solution-processed PZT films on amorphous substrates has not 

yet been reported, showing that the developed FLA process is even excelling a typical layer-

by-layer deposition of solution-processed films in standard furnaces. It also enables the 

growth of films in a controllable and repeatable manner.  
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Transmittance of the 170 nm-thick films (50 pulses) at a wavelength of 550 nm is 64%, as 

shown in Fig. 2b, together with its visual appearance. Transparency is preserved in the 1 μm 

film on 2’’ glass wafer (inset of Supplementary Fig. S5). 

A cross-sectional scanning transmission electron microscope analysis was also performed. A 

dark field STEM image (Fig. 2c) reveals relatively porous granular microstructure, which 

agrees with the SEM micrograph of the 1 μm thick film shown in Supplementary Fig. S6. 

The high-resolution STEM image, with the corresponding Fast Fourier Transform (FFT) 

(inset in Fig. 2d), shows a (110) plane reflection with an interplanar spacing of 2.8 Å, which 

is further demonstrated in the zoomed-in STEM image (inset in Fig. 2d). This interplanar 

spacing value is in good agreement with the perovskite phase of PZT and is additional 

confirmation of its presence in the film. While the film is chemically inhomogeneous 

(Supplementary Fig. S7) the energy dispersive X-ray spectroscopy 2D map (Fig. 2c) shows 

no diffusion of Pb into the substrate (as commonly observed in conventionally processed 

films) 34. It is also observed that there was partial diffusion of silicon into the PZT film, at a 

depth of approximately 100 nm (see Supplementary Fig. S8 for more details). However, this 

diffusion did not result in the formation of secondary phase that would compromise the 

ferroelectric and piezoelectric properties of the PZT film, as confirmed earlier in GIXRD 

patterns and later by electrical measurements.   

 

2.3. Electromechanical Characterization  

This section is focused on the films prepared with 50 pulses, as they show optimal 

ferroelectric response. Electrical properties were measured in interdigitated geometry 

employing surface Pt electrodes. Polarization versus electric field P(E) loops are initially 

pinched (Supplementary Fig. S9). This is most likely caused by the presence of charged 
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defects (such as oxygen vacancies) in the films, which at low electric fields pin ferroelectric 

domain walls 35. Electric-field cycling (wake-up) enables their redistribution, which unpins 

the polarization. Indeed, the pinched hysteresis opens during cycling (Supplementary 

Fig. S9). Different number of wake-up cycles in different films could be due to different 

concentration of defects in the films and/or their different pinning energy. 

Ferroelectric and piezoelectric properties are shown in Fig. 3 and were obtained on a 1 µm-

thick film on fused silica glass after 104 wake-up cycles. The maximum polarization Pmax and 

remanent polarization Pr are 25 C cm-2 and 12 C cm-2, respectively. Its coercive field Ec is 

68 kV cm-1. Two sharp peaks, which are linked to domain switching, are observed in the 

current loop (Fig. 3a). Similar results were obtained on 170 nm- and 500 nm-thick films (10 

and 11 C cm-2 in Pr, respectively, see Supplementary Fig. S9 and S10). The displacement of 

a cantilever structure shows a typical butterfly loop (Fig. 3b). At 100 V the vertical 

displacement at the free end of the cantilever is 700 nm, corresponding to a piezoelectric 

coefficient e33,f  of -5 C m-2 36.  

Butterfly loops were also observed in electric-field dependence of relative permittivity r and 

dielectric losses tanδ of the 1 m-thick film (Fig. 3c). Their zero-field values are 450 and 5%, 

respectively. These quantities were also measured as functions of the small signal frequency 

(Fig. 3d). While permittivity slightly decreases with increasing frequency, losses remain 

practically constant, which are typical signatures of perovskite ferroelectric films 37. To have 

better overview of the results, a table with ferroelectric, piezoelectric and optical properties of 

the 170 nm, 500 nm and 1 µm-thick films on fused silica substrates is provided in Table S1 of 

the Supplementary Information. 
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2.4. Device Application  

To demonstrate suitability of the flash lamp annealing process for piezoelectric applications, 

we fabricated and characterized a surface haptic device 38. AF32 glass, which is utilized in 

semiconductor and MEMS industry, was used 39. A 1 μm-thick film was employed to 

increase the force of the actuator during its operation (see Supplementary Section 3.2.1). 

Phase composition and electrical properties of the film are comparable to the films on fused 

silica, as shown in Supplementary Section 3. 

As schematically shown in Fig. 4a, the dimensions of the fabricated haptic device are 

15.4×3 mm2. The thickness of the glass and film are 0.3 mm and 1 m, respectively. Two 

actuating areas were created by fabricating 100 nm-thick Pt IDE electrodes with a gap of 

3 μm between the fingers. The distance between these two actuators is 8.4 mm. More details 

about the haptic device fabrication and measurements are described in the Methods and the 

Supplementary Section 3.2. The out-of-plane displacement at one of the resonance antinodes 

is shown as a function of frequency in Fig. 4b. At 40.2 kHz the device reveals a peak in 

deflection, which corresponds to its mechanical resonance at anti-symmetric (A0) Lamb 

mode. For further info on Lamb mode analysis see Supplementary Fig. S14 and Ref. 40. Its 

position is at the same value as predicted by finite element modelling, whose details are 

described in Supplementary Section 3.2.2.  

The out-of-plane surface displacement in the x-direction (along the length of the device) is 

shown in Fig. 4c. It was measured with an excitation voltage varying from 20 to 50 Vpp at the 

resonance frequency of 40.2 kHz. Four nodes equally spaced along its length are observed, 

which is in line with the wave-shape obtained from the modelling (Supplementary Fig. S13). 

Fig. 4d shows a 2D displacement map of the haptic plate excited at 60 Vpp (30 VAC + 30 VDC) 

at the resonance. The device exhibits a maximum peak-to-peak deflection of 1.5 m, beyond 

the specification of 1 μm, which can be detected by a human finger 31. It also confirms a neat 
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stationary Lamb wave. e33,f can be extracted by matching experimental deflection value with 

modelling 41 and the obtained value is -4.5 C m-2, which is well in-line with the value 

obtained via cantilever measurements on fused silica (Fig. 3b).  

Performance of the device is compared to the previously reported piezoelectric haptic devices 

on glass substrates based on spin-coated 33 and inkjet-printed 5 PZT films with interdigitated 

geometry in Table S2 in Supplementary. Present device consumes 35 mW, which is 

comparable to the other two devices. Note also that 60 V can be applied to handheld devices 

by using either a cascade of several application-specific integrated circuits (ASICs) that can 

increase the output voltage from 3.3 to 100 V or by using an inductor L to make an LC 

resonator at the resonant frequency 33. 

 

2.5. Flash Lamp Annealing for Piezoelectric Films on Soda Lime Glass 

To generalize the approach, we also used this flash lamp process to crystallize PZT films on 

soda-lime glass, which can only sustain temperatures below 400 °C. Because of the lower 

thermal conductivity of soda lime (1.0 W m-1 K-1) compared to fused silica (1.4 W m-1 K-1), 

the rate of heat transfer is slower, resulting in a higher temperature at the interface between 

the film and glass. A two-step process, resembling nucleation and growth in CSD process 6, 

was developed. This process is described in Supplementary Information Section 4, where also 

more details on phase composition and electrical properties are described (Fig. S16 and Fig. 

S17). The films on soda lime glass also crystallize in the perovskite phase and have Pr of 

8 C cm-2, r of 400, and tanδ of 2 %, respectively.  
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3. Discussion 

Macroscopic ferroelectric and piezoelectric properties of the films crystallized during flash 

lamp annealing are demonstrated in this work. The previously unreported process of 

nucleation and grain growth of the perovskite phase has been enabled by the unique tool 

design, which enables creation of high-power pulses (above 20 kW cm-2) with high repetition 

rates (3 Hz) 30,42–44. Detailed comparison with the literature can be found in Supplementary 

Section 5.  

To better understand the effectiveness of flash lamp annealing process we, conducted a 

comparison of the electrical properties between 1 m-thick flash lamp-processed films and 

RTA-processed films on fused silica glass 33. Table 1 displays the corresponding electrical 

parameters. It is worth noting that, in the RTA process, a hafnia buffer layer was applied to 

impede Pb diffusion, and that lead titanate oxide (PTO) nucleation was implemented to 

facilitate growth along {100} and therefore enhance the piezoelectric response 45. Despite the 

doubling of the r value enabled by PTO nucleation, the ferroelectric and piezoelectric 

properties of the material remain relatively comparable.  

It is also interesting to compare flash lamp process with other low-temperature processes of 

chemical solution-deposited PZT films. While reduced processing temperature has often been 

achieved, macroscopic piezoelectric properties of such films are seldomly reported, as 

demonstrated in a recent review paper 9. The highest value reported so far in low-temperature 

films is d33,f = 49 pm V-1 in laser-annealed (LA) PZT films on platinised silicon 17.  For 

comparison, this d33,f value was translated into e33,f  (-3.9 C m-2) by taking the typical value of 

Young’s modulus (80 GPa) of PZT 46,47, which is slightly lower than those of flash lamp 

annealed films. 
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Given that the electrical properties are comparable, it is crucial to assess the processes. RTA 

necessitates a buffer and a processing time of tens of minutes and is incompatible with low-

temperature glass. Laser annealing, on the other hand, requires non-transparent bottom 

electrodes (such as Pt or LaNiO3) for nucleation, without which films cannot crystallize 16,17. 

The small laser spot size also requires raster scanning of the laser beam, leading to 

inhomogeneities in the films. These limitations hinder process efficiency, resulting in reduced 

productivity. In contrast, the flash lamp process offers direct and rapid growth in an ambient 

environment without relying on any buffer or nucleation, while also being highly compatible 

with roll-to-roll production thanks to its large irradiation area. These unique advantages make 

it a high-output process. 

The previous comparison and the results presented above provide evidence that the flash 

lamp process facilitates direct growth of piezoelectric films on a variety of glass substrates, 

which exhibit electromechanical properties meeting the requirements for piezoelectric 

applications, as demonstrated by the successful realisation of haptic rendering device. A 

distinctive advantage of the flash lamp process is its high compatibility with digital inkjet 

printing and large-scale roll-to-roll manufacturing, which puts it ahead of other low-

temperature processes. Through the interaction of light with material, the process allows for 

growth of perovskite films without nucleation layers. Compared to aerosol-based deposition 

technique 48–51, the FLA-based process enables in-situ crystallization of perovskite phase and 

eliminates the need for post-annealing step to improve the properties. All these points are 

strong assets in favour of perovskite piezoelectric films for future transparent and flexible 

electronics. 
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4. Methods 

4.1. Processing and deposition of PZT solution  

Pb(Zr0.53Ti0.47)O3 solution was prepared via the standard 2-methoxyethanol (99.8 %, Sigma-

Aldrich) route using freeze-dried lead(II) acetate trihydrate (99.99 %, Sigma-Aldrich), 

titanium(IV) isopropoxide (97 %, Sigma-Aldrich) and zirconium(IV) propoxide (70 % in 

propanol, Sigma-Aldrich) as starting compounds 52. Concentration (CZr + CTi) was 0.3 M with 

a stoichiometry of metal cations Zr:Ti = 0.53:0.47, which corresponds to the morphotropic 

phase boundary composition with 10 mol.% Pb excess. For more details see Ref. 52. The 

solutions were spin coated on glass substrates for 30 s at 3000 rpm with an acceleration of 

500 rpm/s. Three types of glasses were used: fused silica (2’’ and 0.5 mm-thick, SIEGERT 

Wafer, fused silica) 53, AF32 (2’’ and 0.3 mm-thick, SCHOTT, AF32) 39 and soda lime 

(38x26x1 mm3, Marienfield, ref 1100020 (microscope slides) and 38x25x1 mm3, Epredia, ref 

AB00000102E01MNZ10 (microscope slides)) 54.  Drying and pyrolysis were performed on 

hot plates for 2 min each at 130 °C and 350 °C, respectively. The deposition-drying-pyrolysis 

cycle was repeated four times to obtain 170 nm thick amorphous PZT films.   

 

4.2. Flash lamp annealing 

Crystallization of the amorphous films was performed with a flash lamp annealer (Pulseforge 

Invent, Novacentrix). The parameters to control the annealing process include energy density, 

pulse duration, and repetition rate. The respective values for a standard one-step process 

(fused silica and AF32 glasses) were 3 J cm-2, 130 s and 3.5 Hz. Note that the energy 

density was experimentally measured using a bolometer, and variation within 5 % in lamp 

energy density is observed in fast multipulse process due to the lamp stability. In a two-step 

process (soda lime glass), films were annealed for a few pulses at high energy density 
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followed by numerous pulses at lower energy density. This two-step process is described in 

more details in Supplementary Information Section 4.1. 

 

4.3. Microstructural and optical characterization 

Phase composition and orientation of the films were investigated with grazing incidence X-

ray diffraction (GIXRD) and standard -2 XRD, which were performed on a D8 Discover 

diffractometer (Bruker) using Cu-Kα radiation. The incidence angle of GIXRD was 0.5°. 

Both GIXRD and standard -2 XRD patterns were recorded in the 2 -range from 20° to 

60° with a step-size of 0.02°.  

Samples for scanning transmission electron microscopy (STEM) analyses were prepared by 

grinding, dimpling and final Ar milling (Gatan PIPS Model 691, New York, NY, USA). 

STEM studies were carried out using a probe Cs-corrected Jeol ARM200 CF (Jeol, Tokyo, 

Japan) equipped with Centurio energy-dispersive X-ray spectroscopy system (EDS, Jeol, 

Tokyo, Japan), operated at 200kV. 

Optical spectra were obtained using a UV/Vis spectrophotometer (Spectro L1050, 

PerkinElmer). 

 

4.4. Electromechanical characterization 

Interdigitated (IDE) Pt electrodes were deposited and patterned on top of the films with lift-

off photolithography using direct laser writing (MLA, Heidelberg Instruments), as described 

in our previous work 33. Pt was chosen as it is the most mature electrode material for 

piezoelectric thin films. Two sizes of IDE electrodes were used. Finger width, length of digits 

facing each other, interdigital gap, and pairs of digits were 5 m (5 m),1730 m (370 m), 
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3 m (3 m), and 615 (50), respectively for large (small) IDEs100 nm-thick Pt electrodes 

were sputtered with a MED 020 metallizer (BalTec). 

Electrical characterization was performed using a TF Analyzer 2000 (aixACCT). The 

polarization was measured as a function of electric field P(E) with a triangular waveform at 

100 or 10 Hz. Bipolar fatigue cycling was performed at 1 kHz, with a triangular fatigue 

voltage of 100 V.  

The converse piezoelectric response of 500 nm PZT film on fused silica glass (Fig. 3b) was 

measured with a thin-film sample holder unit (aixACCT) and an interferometer (SP120/2000, 

SIOS) 55. Cantilevers with dimensions of 25 × 3.4 mm2 were cut from the wafers using a wire 

saw. Geometry of the IDE capacitor was the same as for large IDE. The converse 

piezoelectric coefficient e33,f was extracted as described in Ref. 36. A Young’s modulus of 

73 GPa has been used for the fused silica substrate. 

Relative permittivity r and dielectric losses tanδ of 1 m-thick film were measured as 

functions of DC voltage with a probing AC signal of 0.5-1 V at 1 kHz. The IDE used for this 

measurement (Fig. 3c) has finger width of 10 m, length of digits facing each other of 

872 m, interdigital gap of 10 m, and 502 pairs of digits, respectively, corresponding to an 

effective area of 0.86 mm2. Capacitance C and tanδ were measured as functions of frequency 

f with an Agilent E4990A impedance analyzer with an AC voltage of 1 V. Corresponding r 

was calculated from capacitance. The IDE used for this measurement (Fig. 3d) has the 

respective parameters of 10 m, 2340 m, 10 m and 51, respectively, corresponding to an 

effective area of 0.209 mm2. 
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4.5. Haptic device 

The 1-m-thick PZT film was prepared on AF32 glass, as described above. Based upon FEM, 

the IDE Pt electrodes had the overall dimension of 2050 × 2340 m2 and were distributed on 

the 15.4 × 3 mm2 device as schematically shown in Fig. 4a. Copper wires bonded using silver 

epoxy were used to connect voltage and ground electrode pads. The haptic device was placed 

on suspended flexible foam tape and was connected to a waveform generator (33210A 

Keysight) via an amplifier (WMA-300, Falco Systems). The out-of-plane displacement was 

recorded using an OFV-5000 Polytec laser doppler vibrometer. A computer-controlled x-y 

stage was used to move the haptic device for line scans and 2D mapping. The whole set-up was 

controlled with the vibrometer via a LabVIEW program, which have been also demonstrated 

in a previous paper 33. Note that the two actuators were connected in parallel, therefore, the 

voltage applied to each actuator is the same. Note also that all the measurements in Fig. 4 were 

done with a unipolar voltage.  

 

 

 

 

Data Availability 

The data that support the findings of this study are available from the corresponding author 

upon reasonable request. 
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Figures 

 

Figure 1. Schematic representation of annealing processes. Heat distribution in a film, its substrate, and 

processing time in the case of a) conventional box furnace annealing and b) flash lamp annealing. Finite 

element modelling. Temperature profiles during c) single-pulse and d) 50-pulse flash lamp annealing of a  

170 nm-PZT/fused silica glass stack. The red, purple, blue, and black lines correspond to the temperature 

profiles of the top PZT surface, the interface between the film and glass, 4 m below this interface, and the 

bottom of the substrate (500 μm), respectively. The schematic structure of the sample is shown in the inset of c). 

The pulse duration, energy density and repetition rate are 130 s, 3 J cm -2, and 3.5 Hz, respectively.  
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Figure 2. Microstructural and optical characterization of 170 nm-thick PZT films on fused silica glass. a) 

GIXRD patterns of films annealed with different number of light pulses. In a) perovskite reflections are denoted 

according to a powder diffraction file (PDF) No 01-070-4264 56. Py indicates the pyrochlore reflection 

according to PDF No 04-014-5162 56. b) Transmittance of the 50-pulse film. Inset shows its optical appearance. 

STEM results of the 100-pulse film: c) cross sectional dark-field STEM image and EDS analysis across 

substrate/film interface (marked by dashed line) using Pb M and Si K line, d) high-resolution bright-field STEM 

image of two perovskite grains with corresponding FFT image showing (110) planes. Flash lamp annealing was 

performed with energy density, pulse duration and repetition rate of 3 J cm2, 130 s, and 3.5 Hz, respectively.  
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Figure 3. Electromechanical characterization of a 1 µm-thick PZT film on fused silica glass. 

a) Ferroelectric and b) displacement characterizations of the PZT film at 100 Hz and 11 Hz, respectively. 

Dielectric measurements of the PZT film: relative permittivity r and dielectric losses tanδ as function of c) DC 

bias at 1 kHz and d) frequency f. The samples were processed with 50 pulses per layer with energy density, 

pulse duration and repetition rate of 3 J cm2, 130 s, and 3.5 Hz, respectively. 
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Figure 4. Electromechanical characterization of the haptic device. a) Schematic of the device made of the flash 

lamp annealed 1 µm-thick PZT on AF32 glass. Two sets of interdigitated Pt electrodes are placed on top to create 

the actuators. Inset shows its visual appearance. b) Out-of-plane displacement of the surface mea sured as a 

function of frequency at one of the antinodes. 60 Vpp (30 VAC+30 VDC) were applied. c) The displacement along 

x-axis (length of the device) excited at various driving voltages. d) 2D map of the displacement at 60 Vpp. c) and 

d) are measured at the resonance frequency of 40.2 kHz.  
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Tables 

 

Table 1. Comparison of ferroelectric, dielectric and piezoelectric properties of chemical solution deposited 

PZT films processed by flash lamp annealing (FLA), rapid thermal annealing (RTA) and laser anne aling 

(LA). In Ref. 33 a  lead titanate oxide nucleation layer was used to promote growth along (100) orientation, 

which enhances piezoelectric response 45. MIM stands for metal-insulator-metal structure.  

Process Substrate Structure Pr (C cm-2)  r tanδ e33,f  (C m-2)     Ref. 

RTA Fused silica  IDE 16 900 0.05 -8 Glinsek et al. 33 

FLA Fused silica  IDE 11 450 0.05 -5 This work 

FLA AF32 IDE 5 350 0.07 -5 This work 

LA Platinised 

silicon 

MIM 28 - - -4 Fink et al. 17 
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1. Finite element modelling (FEM) 

In order to investigate the feasibility of crystallization of PZT thin films via flash lamp 

annealing, finite element modelling was performed using surface mode of SimPulse software 

to study the temperature evolution across the thickness of the samples1. 

To estimate the absorbance inside the amorphous PZT films two approaches were tested. First, 

the energy density on the surface of the stage of the flash-lamp annealer was measured with a 

bolometer after the light passed through air (2.8 J cm-2), bare fused silica glass (2.6 J cm-2), and 

a fused silica glass with amorphous PZT on top (1.8 J cm-2), see Figure S1. This indicates that 

the absorbed energy density is 0.8 J cm-2, corresponding to an absorbance value of 28.5 %. A 

second approach was also tried by measuring the transmittance and reflectance of an 

amorphous PZT film on fused silica glass with an UV-vis spectrophotometer (see Figure S1b). 

In this method, the average absorbance in the wavelength range of 200-900 nm is 34 %, 

calculated by 100 %-T %-R %. The difference between the two values can be explained by the 

non-uniform absorbance of the sample through the relevant spectrum range and the fluctuating 

energy density of the emitted Xe light. Therefore, in FEM, the value obtained from the 

bolometer measurement was utilized. 
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Figure S1. Absorbance estimation: a) Energy density measured with a bolometer after the light passing through: 

air (empty chamber), 500 µm-thick fused silica glass, and pyrolyzed PZT/fused silica stack. The energy density 

and the length of the applied light pulse were 2.8 J cm-2 and 130 ms. b) Measured transmittance T %, reflectance 

R %, and calculated absorption A of pyrolyzed PZT film on fused silica glass. 

 

2. Films grown on fused silica glass 

2.1. Phase composition and microstructural characterizations 

A standard -2 XRD pattern of a flash lamp annealed 1 m-thick PZT film on fused silica is 

shown in Figure S2. Presence of piezoelectrically active perovskite phase is revealed, and all 

the reflections can be identified with the PZT powder diffraction file (PDF) No 01-070-42642. 

Reflections of secondary phases are not observed.  
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Figure S2. XRD study. θ-2θ XRD patterns of flash lamp annealed 500 nm and 1 µm PZT films on fused silica 

glass. The films were processed with 50 pulses per layer (3 and 6 crystallizations in total, respectively). Parameters 

of each pulse are reported in caption of Fig. 2 in the main manuscript. The powder diffraction files (PDF) No 01-

070-4264 and 04-014-51622 have been used to identify the perovskite and pyrochlore phases, respectively. 

 

 

Figure S3: XRD study. GIXRD pattern of an as-deposited (before FLA treatment) PZT film on fused silica glass. 

Peaks of the perovskite phase are completely absent.  
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GIXRD pattern of the film annealed in a conventional RTA furnace at 700 °C is shown in 

Figure S4. Only pyrochlore phase is detected and cracks appeared on the surface, as previously 

reported in Ref.3.  

 

Figure S4. XRD study. GIXRD pattern of a  conventionally RTA-processed film on fused silica at 700 °C. Py 

indicates the pyrochlore reflection according to PDF No 04-014-51622. 

 

The transmittance spectra of PZT thin films of various thicknesses on fused silica glass are 

shown in Figure S5. The inset shows that 1 µm-thick PZT films are transparent. 

 

Figure S5. Transmittance of 170 nm, 500 nm and 1 µm-thick PZT thin films on fused silica glass. Inset shows 

the optical appearance of the 1 µm-thick film. The films were processed with 50 pulses per layer (3 and 
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6 crystallizations in total, respectively). Parameters of each pulse are reported in caption of Fig. 2 in the main 

manuscript. 

Figure S6 displays cross-sectional scanning electron microscopy (SEM) image of a flash lamp 

annealed 1 m-thick PZT, showing a clean interface between PZT film and  glass. The 

microstructure is granular with present porosity.  

 

Figure S6. Microstructure characterization. Cross-sectional SEM image of flash lamp annealed 1 µm PZT film 

on fused silica glass. Note that the large flake-like structures observed in the glass are due to glass cleaving.  

 

A detailed TEM analysis of the 170 nm-thick PZT thin film on fused silica glass is shown in 

Figure S7. 
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Figure S7. TEM analysis of 170 nm PZT thin film on fused silica glass. a) Cross sectional dark-field (DF) and 

b) bright-field (BF) STEM image with c-f) corresponding EDS mapping showing porous, chemically non-

homogenous film. Pores are darker/brighter spots on DF/BF STEM images, correspondingly. 

 

A 2D map of EDS analysis of the film cross-section (already shown in Fig. 2c in the main 

article) is shown in Figure S8. In the marked area an EDS analysis was performed  showing 

that the Si signal extends into the PZT layer. 
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Figure S8. TEM and EDS analysis of 170 nm PZT thin film on fused silica glass. EDS analysis across substrate-

film interface using the Pb M and Si K lines showing partial diffusion of Si into the PZT film. The dashed area in 

a) marks the region where the b) EDS line analysis was performed. 

 

2.2. Electrical measurements 

2.2.1. 170 nm-thick film grown on fused silica glass 

We found that the films annealed with 50 pulses exhibit the optimal electrical properties. 

Polarization as a function of electric field P(E) and corresponding current density J(E) loops 

of the 170 nm-thick films treated with 50 pulses at 100 and 10 Hz are shown in Figure S9. The 

polarization loops of the films are initially pinched, before opening up during (wake-up effect) 

upon electric-field cycling (1.1×106 bipolar cycles). At 10 Hz, the Pr is 10 C cm-2, and two 

sharp peaks in J(E), linked to ferroelectric switching, are observed. 
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Figure S9. Ferroelectric characterization. a) Polarization P(E) hysteresis loops of the 50 pulses annealed 

170 nm-thick PZT film on fused silica  before and after 1.1×106 wake-up cycles, measured at 100 Hz. 

b) corresponding current density loops J(E). c) P(E) and J(E) measured at 10 Hz, by taking the average after 

500 cycles. Large IDEs were used in these measurements, corresponding to an effective area of 0.36 mm 2. 

 

2.2.2. 500 nm-thick film grown on fused silica glass 

The P(E) and J(E) loops of the 500 nm-thick PZT film on fused silica glass are shown in Figure 

S10a with a maximum polarization Pmax of 21 µC cm-2 and a remanent polarization Pr of 

11 C cm-2. Its coercive field Ec is 95 kV cm-1.  Note that these values were obtained after 103 

wake-up cycles. The displacement of a cantilever structure shows a typical butterfly loop 
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(Figure S10b). At 150 V the vertical displacement at the free end of the cantilever is 625 nm, 

corresponding to a piezoelectric coefficient e33,f  of -5 C m-2 4. 

All the results confirm good ferroelectric properties of 50 pulses flash lamp annealed films. 

 

Figure S10. Electromechanical characterization of a 500 nm-thick PZT film on fused silica glass. 

a) Ferroelectric and b) displacement characterizations of the PZT film at 100 Hz and 11 Hz, respectively. The 

samples were processed with 50 pulses per layer with energy density, pulse duration and repetition rate of 3 J cm2, 

130 µs, and 3.5 Hz, respectively. 

 

2.3. Comparison of properties at different thicknesses 

To have better overview of the results, a table with ferroelectric, piezoelectric and optical 

properties of the 170 nm, 500 nm and 1 µm-thick films on fused silica substrates is provided 

in Table S1. 
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Table S1. Properties of 170 nm, 500 nm and 1 µm-thick PZT films on fused silica glass. Remanent and 

maximum polarization (Pr and Pmax) at an applied voltage of 150 V, relative permittivity and dielectric losses (εr 

and tanδ), piezoelectric coefficient e33,f, and transmittance (T) at a wavelength of 550 nm. The films were 

processed with 50 pulses per layer with energy density, pulse duration and repetition rate of 3 J cm-2, 130 µs, and 

3.5 Hz, respectively. Large IDEs were used in these measurements, corresponding to an effective area of 0.36  mm2.  

Film thickness 
Pr 

(µC cm-2) 

Pmax 

(µC cm-2) 
εr tanδ 

e33,f 

(C m-2) 

T 

(%) 

170 nm 10 19 200 0.05 -2 64 

500 nm 11 21 270 0.05 -5 56 

1 µm 12 24 450 0.05 -5 49 

 

3. Thick PZT film on AF32 glass for surface haptic device 

3.1. Phase composition and microstructural characterization 

A 1 m-thick PZT film was grown on AF32 glass. Process parameters were the same as for 

the films on fused silica, namely 3 J cm-2 in energy density, 130 s pulse duration and 50 pulses 

with a repetition rate of 3.5 Hz. Figure S11 shows -2 XRD pattern of the film. Reflections 

of the perovskite phase are revealed and all of them can be identified with the PZT PDF No 

01-070-42642, as for the film grown on fused silica. Note that the reflection at around 39° 

comes from the Pt electrodes.  

Figure S12 shows cross-sectional SEM image of a 1 m-thick PZT film on AF32 glass, used 

for haptic device. It reveals a dense and granular microstructure, and also a clear interface 

between the film and glass.  
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Figure S11. XRD study. θ-2θ XRD pattern of flash lamp annealed 1 µm thick PZT film on AF32 glass used for 

the haptic device. * denotes the signal of Pt IDE electrode on top of the PZT film. The powder diffraction file 

(PDF) No 01-070-4264 2 has been used to identify the perovskite phase. 

 

 

Figure S12. Microstructure characterization. Cross-sectional SEM image of 1 µm-thick PZT on AF32 glass, 

used for haptic device. The processing conditions have been described in the Methods.  
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3.2. Haptic devices 

3.2.1. Thickness of piezoelectric film 

In general, piezoelectric films show increased electromechanical response with increasing 

thickness due to larger contributions of domains5. In the case of piezoelectric actuators with 

interdigitated (IDE) geometry, additional benefit of using thicker film is an increased in-plane 

force F3 exerted by the piezoelectric layer upon applied electric field E3. The force is expressed 

as: 

 𝐹3 = −𝑒33,f𝐸3𝐴, (1) 

where E3 is an in-plane electric field, e33,f is an effective piezoelectric coefficient and A is a 

cross-section. In IDE geometry E3 roughly equals to an applied voltage U divided by a gap a 

between the fingers, while A equals to a film thickness tf multiplied by a finger length l. The 

above equation can be therefore re-written as: 

 
𝐹3 = −𝑒33,f

𝑈

𝑎
𝑙𝑡f , (2) 

from which it follows that the force exerted by IDE piezoelectric actuator (at constant voltage) 

can be increased by increasing film’s thickness (and decreasing the gap between the fingers). 

Considering these points and ease of processing, we defined 1 μm-thick PZT film as a good 

compromise.   

 

3.2.2.  Finite element modelling (FEM) 

Two-dimension (2D) FEM was carried out using COMSOL software to design a haptic device. 

1 m PZT/AF32 glass structure was used in the modelling with the total length of 15.4 mm. 

Two symmetric actuating areas were created with IDEs with 129 pairs of digits and a spacing 

of 8.4 mm. The width of the fingers and the interdigital gap are 5 m and 3 m, respectively.  

Young’s modulus and Poisson ratio for AF32 glass are 74.8 GPa and 0.238, respectively6. 

Influence of the electrodes on the deflection were ignored due to their lower thicknesses. The 

effective transverse piezoelectric coefficient e33,eff  and relative permittivity r were set to             
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-4.5 C m-2 and 400, respectively. Note that e33,eff was extracted from the modelling by matching 

the experimental displacement value of the haptic device, after having measured the damping 

loss factor 7, which was obtained by sweeping the frequency of the actuator and collecting 

the displacement, as shown in Fig. 4b.  corresponds to the breadth of the resonance peak (f/f), 

where f is the full-width-at-half-maximum and f is the resonance frequency. The obtained 

value of  is 0.0163.  

At a simulated resonant frequency of 40.2 kHz, the device exhibits a maximum displacement 

(1.7 m peak-to-peak) when driven with 60 V. Figure S13 illustrates the device's mode shape 

at resonance, specifically a Lamb wave mode featuring four equally spaced nodes along its 

length. 

 

Figure S13. Finite element modelling of haptic device. Wave shape along the length of the device at resonant 

frequency.  

 

3.2.3. Device performance 

The device is operating in a resonance mode and the standing wave correspond to the anti-

symmetric (A0) Lamb wave, which has been considered as optimal for piezoelectric haptics in 
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previous works8. Lamb waves in glass plates for haptics were extensively studied by Bernard 9. 

Below we show a Figure from his work showing wavevectors of Lamb waves as functions of 

a frequency-thickness product. In our work the glass is 300 µm-thick and is operated at a 

frequency of 40.2 kHz, leading to the frequency-thickness product of 0.012 MHz mm. This is 

below the appearance of any other modes than A0. The fact that Bernard used EAGLE XG and 

we are using AF32 glass does not change the outcome of this analysis as both glasses have 

comparable mechanical properties and density. 

 

 

Figure S14: Wavevectors of different Lamb wave modes as function of frequency-thickness product. Adapted 

from Bernard9.  

 

Performance of the device is compared to other piezoelectric haptic devices on glass with 

interdigitated geometry in Table S2. The three devices are similar in geometry (~3 mm x 

15 mm) and have interdigitated electrode structure, which makes the comparison of device 

performance straightforward. Several points stem from the Table: 1) The device demonstrated 
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in this work operates at lower frequency. This is mainly due to thinner substrate (300 μm vs. 

500 μm). 2) Device in this work needs lower Urms to achieve 1 μm displacement. This is mainly 

due to decreased gap between the fingers (3 μm vs. 10 μm, see Equation (2)) and lower 

substrate thickness. 3) Higher total capacitance in the current device is mainly due to a 

combination of smaller gap and finger width (5 μm vs. 10 μm).  Most importantly, this device 

shows similar power consumption (35 mW) compared to the other two devices, which confirms 

its high quality. 

 

Table S2: Comparison of piezoelectric thin-film haptic devices on glass with interdigitated geometry. f – 

resonant (operating) frequency; Urms – root mean square (rms) voltage at 1 μm deflection; Cdevice – capacitance of 

the device; Pcons – power consumption estimated as Pcons = C f (Urms)2. In all three cases thickness of PZT was 

1 μm and devices had similar geometries. 

Device Glass f (kHz) Urms (V) Cdevice (pF) Pcons (mW) 

Spin-coated3 Fused silica 73.0 43 240 32 

Inkjet-printed10 Fused silica 63.3 46 230 31 

This work AF32 40.2 34 760 35 

 

 

3.3. Electrical measurements 

Figure S15 shows initial P(E) and J(E) loops for a single haptic actuator. Similarly pinched 

loops are observed as on fused silica (see Figure S9). Note that this initially pinched behaviour 

does not influence haptic performance, as was demonstrated in inkjet-printed (RTA-processed) 

PZT films with similar behaviour11. Permittivity and losses values at zero field are 350 and 

0.07, respectively.   
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Figure S15. Ferroelectric and dielectric characterizations of 1 µm thick PZT actuator on Schott AF32 glass. 

a) P(E) and J(E) loops of per actuator, measured at 100 Hz. b) corresponding εr(E) and tanδ(E) loops of the 

actuator, measured as functions of DC voltage with a probing AC signal of 0.5 V at 1 kHz. 

 

 

4. Flash lamp process for growing films on soda lime glass 

4.1. Two-step flash lamp annealing process 

The one-step process used for fused silica and AF32 glass is not suitable for growing PZT film 

on soda lime glass due to appearance of cracks. This can be attributed to the low thermal 

conductivity (1.0 W m-1 K-1) of the substrate, which leads to a slower rate of heat transfer and 

consequently a higher temperature at the interface between the film and glass. 

To address this issue, we have developed a two-step process consisting of "nucleation" and 

"growth" stages. In the first step, 6 pulses with higher power density (2.5 J cm-2 and 170 µs) 

are applied to induce the formation of nuclei within the film. This formation of nuclei reduces 



19 
 

 

 

the activation energy required for the phase transition from an amorphous to a crystalline phase. 

In the second step, the "growth" step, 240 pulses with a lower power density (2.5 J cm-2 and 

250 µs) are applied to grow the film at a lower temperature, thereby preventing the occurrence 

of cracks. For both steps, the repetition rate is set to 0.5 Hz to increase the heat diffusion 

through the sample. 

 

4.2. Phase composition characterization 

Figure S16 displays GIXRD patterns of PZT films with thicknesses of 170 and 500 nm 

deposited on soda lime glass. The dominant reflections in both patterns correspond to the 

piezoelectrically active perovskite phase, suggesting that the FLA process is suitable for layer-

by-layer preparation in solution processing. This is particularly significant for various 

applications. Although a weak reflection at approximately 29° indicates the presence of the 

secondary pyrochlore phase, its relative intensity is considerably lower than that of the 

perovskite reflections. 
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Figure S16. XRD study. GIXRD patterns of 170 nm- and 500 nm-thick PZT films on soda lime glass. * denotes 

the signal of Pt IDE electrode on top of the PZT film. The powder diffraction files (PDF) No 01-070-4264 and 

04-014-51622 have been used to identify the perovskite and pyrochlore phases, respectively. 

 

4.3. Electrical measurements 

The P(E) and J(E) loops of a 170 nm-thick PZT thin film on soda lime are shown in Figure 

S17 along with its dielectric characterization. 
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Figure S17. Ferroelectric and dielectric characterizations. Ferroelectric and dielectric measurements of 

170 nm-thin PZT on soda lime glass. a) P(E) and J(E) loops, measured at 100 Hz. b) εr(E) and tanδ(E) loops, 

measured at 1kHz. Small IDEs was used, whose parameters are 5 µm in digit width, 3 µm in interdigital gap, 

50 pairs of digits and 370 µm in length of digits facing each other. 

 

5. Comparison with previous works 

Table S3: Summary of relevant points in the references previously reporting FLA treatment of PZT films and 

major advancement shown in this work.  

Reference Relevant points in the reference 
Major advancement in our work 

compared to reference 

Yamakawa et al., Jpn. 

J. Appl. Phys., 41 

2630 (2002)12. 

• FLA treatment of PZT thin films. 

• Ambient temperature between 300 and 

500 °C.  

• Crystalline perovskite phase present 

prior FLA treatment.  

• No piezoelectric properties. 

• Ambient environment at room 

temperature. 

• Crystallization of completely 

amorphous initial films. 

• Demonstration of piezoelectric 

properties and a device.   

Yao et al., J. Eur. 

Ceram. Soc., 40, 5396 

(2020)13. 

• FLA treatment of PZT thin films.  

• No macroscopic electromechanical 

characterization (films too leaky). 

• Demonstration of macroscopic 

electromechanical properties and a 

device.   
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Palneedi et al., Adv. 

Mater., 2303553 

(2023)14. 

• FLA sintering of crystalline PZT 

powders deposited on metglas 

(amorphous metal).  

• In-situ FLA crystallization of 

amorphous PZT thin films. 

Ouyang et al., J. Am. 

Ceram. Soc., 99, 2569 

(2016)15. 

• FLA sintering of crystalline PZT 

powders on stainless steel.  

• Non-saturated P-E loops. 

• In-situ FLA crystallization of 

amorphous PZT thin films. 

• Good ferroelectric properties. 

Ouyang, PhD Thesis, 

Rochester Institute of 

Technology (2017)16. 

• FLA sintering crystalline PZT powders 

on stainless steel and PET substrates. 

• Non-saturated P-E loops.  

• In-situ FLA crystallization of 

amorphous PZT thin films. 

• Good ferroelectric properties.  

Marotta, MSc Thesis, 

Rochester Institute of 

Technology (2019)17. 

• FLA treatment of printed PZT thin 

films. 

• No crystallization (XRD) reported. 

• No macroscopic electromechanical 

characterization.  

• In-situ FLA crystallization of 

amorphous PZT thin films. 

• Demonstration of macroscopic 

electromechanical properties.  

 

Two major points are stemming from the Table: 

1) In all the previous reports with demonstrated macroscopic functional properties, FLA 

sintering was performed on already crystalline PZT powders. In this work, FLA 

crystallization, i.e., nucleation of perovskite grains and their growth, was performed from 

amorphous films (see Figure S3). Perovskite formation is nucleation-controlled, with 

activations energies for nucleation and grain growth of 441 kJ mol-1 and 112 kJ mol-1, 

respectively18. In other words, the most energetically demanding process for perovskite 

formation is nucleation from the amorphous phase, which this study is the only one to 

demonstrate with FLA. 

2) In the remaining reports, where they worked on FLA treatment of amorphous PZT films, 

macroscopic ferroelectric results could not be obtained.  The only exception is the work of 

Yamakawa et al.12 on sputtered PZT films. In that case, the FLA treatment was performed 

at elevated ambient temperatures and XRD reveals the presence of the perovskite phase 

already before FLA treatment (Figure 8 in the article). Therefore, this work is the only one 

that shows macroscopic ferroelectric results starting from fully amorphous films. 
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Table S4: FLA processing parameters taken from the literature and compared to the parameters used in 

this work. Note that Ouyang’s PhD thesis16 is omitted as its results are summarized in the article in Journal of the 

American Ceramics Society15. Marotta’s MSc thesis17 is omitted from this analysis also, as little information on 

FLA process is given. *Energy per pulse in Yamakawa’s work12 is estimated from the current delivered to the Xe 

lamp when the voltage is applied. Real energy delivered to the sample is probably much l ower. +Power per pulse 

(unless given) is estimated from the energy divided by pulse width. #In this work energy delivered to the sample 

was measured using bolometer.  

Reference 
Energy per 

pulse 

Pulse 

width 

Power per 

pulse+ 

Number of 

pulses 

Pulse 

frequency 

 J cm-2 μs kW cm-2  Hz 

Yamakawa et al., Jpn. J. Appl. 

Phys., 41 2630 (2002)12. 
27* 1000-1500 18-27 up to 5 not given 

Yao et al., J. Eur. Ceram. Soc., 

40, 5396 (2020)13. 
not given 250-500 Up to 6.4 up to 100 not given 

Palneedi et al., Adv. Mater., 

2303553 (2023)14. 
1.7 – 7.4 250-1000 7 up to 3 1 

Ouyang et al., J. Am. Ceram. 

Soc., 99, 2569 (2016)15.  

2.8 

 
1300 2.2 Up to 15 2 

This work 3# 130 up to 23 Up to 100 3 
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4.2 Chapter conclusion

In conclusion, a one-step fast low-temperature flash lamp annealing process was de-

veloped to facilitate the direct growth of a PZT film on glass, specifically fused silica

and AF32 glass. The resulting films demonstrate a piezoelectric coefficient (e33,f ) of -5

C m−2. Subsequently, a piezoelectric surface haptic device was fabricated using a 1 µm

PZT film on AF32 glass. By inducing a standing Lamb wave at 40.2 kHz, an out-of-place

peak-to-peak displacement of 1.5 µm was achieved, surpassing the threshold required to

create the sensation of a squeezed-air film effect on a finger.

4.3 Challenges

Our current research in this thesis marks a significant step towards the exploration

of this novel process for growing PZT films. However, transforming it into a mutually

beneficial process remains a challenging endeavor.

1. The effectiveness of flash lamp annealing relies on the absorption of the initially

deposited PZT films. When annealing a film deposited on glass, it has been observed

that a thicker film (exceeding 100 nm) is advantageous in absorbing sufficient energy to

reach the crystallization temperature threshold. Consequently, it becomes challenging to

perform flash lamp annealing on a thin nucleation layer (such as PTO developed by our

group[95]) to facilitate crystallization along a specific orientation.

2. The films obtained exhibit a porous structure and a relatively uniform surface,

leading to reduced transmittance compared to conventionally processed PZT films. This,

in turn, adversely affects the piezoelectric properties. Additionally, the film displays an

uneven distribution of elements, indicating inhomogeneity. Finding solutions to address

these issues requires explore the underlying mechanisms.

For example, 1) consider the mechanism behind the light-material reaction for film

crystallization. Are the nuclei forming inside the film body or at the bottom of the film,

given that glass is amorphous? The latter possibility could potentially trigger a reaction

between the film and the glass, similar to the formation of PtPb alloy during the growth

of PZT on platinised silicon. 2) Lead loss: In the conventional annealing of PZT films,

it is typically necessary to add 10% excess Pb into the solution to compensate for lead

loss. However, it is unclear whether this amount is still sufficient in the context of this

new process. Further investigation and efforts are required to determine the adequacy of

this approach.

3. Experimental findings indicate that the developed one-step fast flash lamp process
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is incompatible with glass materials that possess low thermal conductivity, such as soda

lime glass. The inadequate heat dissipation in these glasses leads to high temperatures,

causing cracks to form on the glass surface.

4. In contrast to laser annealing, which primarily affects the surface of the film, flash

lamp annealing involves the absorption of light energy by both the film and the substrate.

This poses a challenge when growing PZT films on polymer substrates since polymers

tend to absorb light in the same UV region as PZT films, resulting in high temperatures

of the polymer substrate as well.

In the end, more efforts are required to improved the quality of flash lamp annealed

PZT films.
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Chapter 5

Inkjet printing of indium tin oxides

top electrodes

This chapter focuses on the improvement of an ITO ink through a combustion reac-

tion to enable the printing of ITO films at low processing temperatures. The resulting

printed ITO films processed at 400 ◦C were used as top electrodes in PZT capacitors and

showed comparable results to those obtained with sputtered ITO top electrodes. The

ITO/PZT/Pt stack shows an remanent polarization of 14 µC cm−2, coercive field of 80

kV cm−1, relative permittivity of 750 and dielectric loss of 0.1.

Authors contributions: In this work, I was responsible for developing ITO ink,

conducting printing, and measuring the devices. Dr. Sebastjan Glinsek and my former

colleague, Dr. Nicolas Godard, developed the PZT solution utilized in this work. Dr.

Sebastjan Glinsek also helped and trained me to perform printing and electrical measure-

ments. SIMS analysis was conducted by our colleagues, Dr. Brahime EI Adib and Dr.

Nathalie Valle.

5.1 Motivation

In recent decades, oxides-based transparent and flexible electronic devices that are

conformable and have a large area have become promising candidates for various applica-

tions such as sensing, imaging, energy-harvesting, healthcare, and robotics.[104] Among

the various transparent conductors, oxide conductors are considered good electrodes for

oxides-based electronics because of their favorable work function, ease of fabrication, su-

perior optical properties, and excellent conductivity. Indium tin oxide (ITO) is regarded

as one of the best oxide conductors and has been widely used in electronics. Currently,

ITO electrodes are typically fabricated using sputtering technology. However, sputtered
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ITO has relatively low transmittance (only 80% for commercial ITO/PET), which is a

significant obstacle to its use in future transparent electronics.[104] The sputtered ITO

electrodes require expensive ITO target, complicated process control and post-patterning

through lithography, which induces extra cost and process complexity.

Recent reports have emphasized the advancement of solution-processed ITO electrodes

that provide exceptional transparency and conductivity. For instance, Fellahi et al. em-

ployed spray pyrolysis to produce solution-processed ITO, which displayed a conductivity

exceeding 3000 S cm−1 and a transmittance of up to 94%.[122] Nonetheless, the high-

temperature annealing process required for solution-processed ITO, typically exceeding

500 ◦C, poses a significant challenge. As previously mentioned, our objective is to utilize

ITO films as a transparent top electrode in a piezoelectric actuator. Nevertheless, uti-

lizing such a high processing temperature would result in indium diffusion into the PZT

film, which would compromise the piezoelectric performance of the PZT film.

In this work, low-temperature solution-processed transparent ITO electrodes were

developed using a combination of combustion synthesis and inkjet printing technology.

Combustion synthesis is based on the exothermicity of redox reaction and can significantly

reduce the crystallization temperature of solution-based oxide films.[83] It is quite simple

and just needs to add indium nitrate as oxidizer and acetylacetone as fuel into the solution,

as has been introduced in Chapter 2 (E.2. Solution combustion synthesis).

On the other hand, inkjet printing is more suitable for industrial manufacturing plat-

forms because of its low cost, ease of process control, and high production throughput,

unlike traditional solution-based methods such as spin-coating, dip coating, and spray-

ing. Ultimately, we aim to utilize the printed ITO electrode to produce fully printed and

transparent piezoelectric actuators.

In this chapter, we introduce the developed inkjet printed low-temperature processed

ITO films as top electrodes of PZT film. The processing temperature is as low as 400 ◦C,

which enables to prevent any diffusion between ITO and PZT films. The PZT capacitors

using inkjet printed exhibited and comparable ferroelectric properties with ones using

the state-of-the-art sputtered ITO electrodes. The Pr and Ec are 14 µC cm−2 and 80 kV

cm−1, respectively.
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5.2 Materials and methods

5.2.1 Processing of PZT thin films

In this study, PZT films with a morphotropic-phase-boundary composition were uti-

lized, which was deposited onto a platinised silicon substrate (SINTEF wafer, 100 nm

Pt/20 nm TiO2/500 nm SiO2/Si) using standard chemical solution deposition via spin

coating.

Prior to deposit PZT film, a solution-processed 10 nm-thick lead titanate oxide (PTO)

nucleation layer was employed to promote the growth of the film along the (100) orien-

tation, which was also deposited via a chemical solution process, as demonstrated in

Godard et al. [95]. The PTO seed layer was deposited via spin coating at 3000 rpm for

30 s, followed by drying at 130 ◦C for 3 min, pyrolysis at 350 ◦C for 3 min and final

crystallization in RTA furnace (AS-Master, Annealsys, France) at 700 ◦C for 1 min.

The PZT solution was synthesized based on a standard 2-MOE route, as previ-

ously demonstrated in [123]. Freeze-dried lead(II) acetate trihydrate (99.99%, Sigma-

Aldrich, USA), titanium(IV) isopropoxide (97%, Sigma-Aldrich, USA) and zirconium(IV)

propoxide (70% in propanol, Sigma-Aldrich, USA) were added and dissolved into 2-

methoxyethanol (2-MOE) solvent (99.8%, Sigma-Aldrich, USA). The precursor was re-

fluxed at 130 ◦C for around 2 h, distilled and diluted to obtain a final concentration of

0.3 M with a Zr:Ti=0.53:0.47 and 10% Pb excess. PZT film was spun onto the PTO

nucleation layer at a spin speed of 3000 rpm for 30 s. Subsequently, the film was dried at

130 ◦C for 3 minutes and pyrolyzed at 350 ◦C for 3 minutes, both done on a hot plate.

This deposition-drying-pyrolysis process was repeated four times, and then the film was

crystallized for 5 minutes at 700 ◦C in air using a rapid thermal annealing furnace (AS-

Master, Annealsys, France). The entire process was repeated three times to obtain a 500

nm-thick film.

5.2.2 Inkjet printing of ITO top electrodes

ITO ink synthesis

ITO solutions (10 ml) were created using In(NO3)3 (99.99%, Sigma-Aldrich) and

SnCl2 (99.99%, Sigma-Aldrich) salts, dissolved in 2-methoxyethanol solvent (99.8%,

Sigma-Aldrich), with an In:Sn ratio of 9:1 and a concentration of 0.4 M. To produce com-

bustion solutions, 800 µl acetylacetone (99%, Sigma-Aldrich) and 360 µl aqueous NH3

148



Inkjet printing of transparent conductive oxides electrodes

(99%, Sigma-Aldrich, 25wt.%) were added. A mixture of 2-methoxyethanol and ethylene

glycol in a volumetric ratio of 1:1 was used as solvent, resulting in inkjet-printable ink.

The ITO ink that was prepared did not exhibit any signs of aging, even after being stored

for near two years.

Jetting behavior of ITO

For printing, a Ceradrop X-series inkjet printer was utilized and the inks were added

into DMC-11610 (Fujifilm) cartridges. Jetting was executed at 26 V and 1 kHz, with

printing nozzles kept at 30°C and the substrate maintained at room temperature. The

ITO ink has shown a stable jetting (Figure 5.1).

Figure 5.1: Jetting of ITO ink with a nozzle voltage of 26 V and a nozzle temperature of

30 ◦C.

Figure 5.2: Schematic diagram of annealing processes of inkjet printed ITO.

Following the printing of each layer, the deposited material underwent two annealing

steps. The first annealing step was performed on a hot plate at 175◦C for 2 minutes,

followed by a second annealing step at 400◦C for 3 minutes. Upon completion of all the

layers, the material underwent a final annealing step on a hot plate at 400◦C for 20-30

minutes, followed by annealing in a rapid thermal annealing furnace (RTA, AS-Master,
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Annealsys) under low pressure (3.72×10−2 mbar) at 350◦C for 20-30 minutes, (see Figure

5.2).

Figure 5.3: Optical appearance of inkjet-printed ITO rectangular patterns on silicon

substrate.

Figure 5.3 displays an inkjet-printed ITO film on a silicon substrate. While a coffee

ring effect is noticeable along the edge, the ITO film in the central region of the printed

patterns appears to be quite smooth.

5.3 Experimental results

5.3.1 XRD and SEM of PZT thin film

X-ray diffraction (XRD) patterns were obtained on a Bruker D8 Discover diffractome-

ter (Bruker), using Cu-Kα radiation, in the 2θ range from 20 to 60◦ with a step size of

0.02◦. More descriptions on XRD measurement have been provided in Appendix 4.1 on

Page 189. The XRD pattern of the as-prepared PZT film is shown in Figure 5.4a, which

indicates a desirable {100} orientation. Additionally, a dense microstructure of the PZT

Figure 5.4: Characterizations of PZT film. a) X-ray diffraction (XRD) of PZT film

deposited on platinised silicon substrate (SINTEF wafer, 100 nm Pt/20 nm TiO2/500

nm SiO2/Si). b) Cross-sectional scanning electron microscope (SEM) image of PZT film

deposited on platinised silicon substrate. Note that in order to promote PZT film to grow

along {100} orientation, a 10 nm-thick PTO nucleation was used.
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film is revealed by the cross-sectional scanning electron microscope (SEM, FEI Helios

NanoLab 650 microscope) image in Figure 5.4b. More descriptions on SEM measure-

ment have been provided in Appendix A3 on Page 191. The various characterizations

performed indicate that the PZT film is of good quality and suitable for use in estimating

inkjet printed ITO electrodes.

5.3.2 Optical transparency of ITO film

Transmittance was measured via Perkin Elmer Lambda 1050 spectrophotometer, as

shown in Figure 5.5. At the wavelength of 550 nm the transmittance reaches up to

89%. Although in this study the whole device is not transparent, its good transmittance

provides potential for the applications in transparent electronics.

Figure 5.5: Optical transparency. Transmittance of 1×1 cm−2-large and 120 nm-thick

inkjet printed 400 ◦C-processed ITO film on fused silica glass.

5.3.3 Electrical conductivity of ITO film

A 1×1 cm−2-large ITO film was printed on a fused silica substrate, and its thickness

was measured using a profilometer. Two scans were performed along different directions

(as shown in Figure 5.6), and the estimated thickness of the film was found to be around

120 nm in the center of pattern. We can also observe that the thickness at the edge is

much thicker, due to the coffee ring effect.

The sheet resistance, denoted by Rs, of an indium tin oxide (ITO) film was determined

using a four-probe in linear configuration with a Keithley 2614B source meter, as depicted
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Figure 5.6: Thickness profile of printed ITO film on fused silica substrate.

in Figure 5.7 and also in Appendix A4.1 on Page 192. The sheet resistance of the ITO

film was measured to be approximately 70 Ω/□, with measurements taken at the central

point of the ITO pattern, marked by a red box in Figure 5.8.

Figure 5.7: Sheet resistance measurements of inkjet printed ITO film on fused silica

glass. In the measurements, current was set as 100µA. ITO film contacted with probe is

marked by red box.

The corresponding conductivity of inkjet printed ITO film can be calculated through

the equation:

σ =
1

Rst
(5.1)

where t is the thickness of ITO film (120 nm thick). This way, the average conductivity is

obtained to be 1250 S cm−1. It is worth noting that these measurements were performed

after annealing the ITO film in a vacuum.

As previously stated in Chapter 2, ITO’s parent material is indium oxide, a semi-

conductor substance. It is well-known that metal-oxide semiconductors are susceptible

to changes in temperature and humidity within their ambient surroundings. It was ob-
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Figure 5.8: Electrical conductivity. a) Sheet resistance of inkjet printed ITO film

after annealing and after exposed in air for one day, obtained by measuring 10 points in

the center of printed ITO pattern. b) corresponding calculated conductivity.

served that the conductivity of ITO films deteriorates when exposed to air. Figure 5.8

illustrates the sheet resistance and corresponding conductivity of an ITO film after being

exposed to air for one day. The conductivity value decreased from 1250 to 700 S cm−1.

Nonetheless, the conductivity can be restored by re-annealing the films at 350 ◦C under

vacuum conditions. Another possible solution to this issue is to apply a passivation layer

to the ITO film in order to prevent its exposure to air.

5.3.4 SIMS of ITO/PZT stacks

To investigate the interface between inkjet-printed 400 ◦C ITO film (2x2 mm2-large

and 200 nm thick) and the PZT film, secondary ion mass spectrometry (SIMS) was

performed prior to using ITO as the top electrode of the PZT capacitor (Figure 5.9). More

details on SIMS have been described in Appendix A2 on Page 190. In addition, SIMS

analysis was conducted on a sputtered ITO electrode (2x2 mm2-large and 100 nm thick)

on the same PZT film as a reference. While a sharper interface between sputtered ITO

and PZT was observed due to the smooth interface, the spectra of sputtered ITO/PZT

and inkjet-printed ITO/PZT are essentially identical. Small amounts of other elements,

such as Pb, Zr, Ti, and Pt, were detected at the beginning of the sputtering process. These

elements are attributed to the mass effect of the SIMS tool used in this work and are not

considered as diffusion. In our previous work, we employed sputtered ITO electrodes in

the production of piezoelectric devices using PZT, and the results demonstrated excellent

performance as reported in the study by Glinsek et al. (2020).[17] It is crucial to ensure
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Figure 5.9: SIMS analysis of a) inkjet printed ITO electrode on PZT film. b) Sputtered

ITO electrode on PZT film. Note that sputtered ITO was annealed at 300 ◦C for 20 min

in air.

that no diffusion of other elements occurs into the ITO electrode, as any such diffusion

could lead to the malfunctioning of the device.

5.3.5 Ferroelectric properties of ITO/PZT/Pt stacks

Small ITO top electrodes

The top electrodes of the PZT film were ITO dots, which were printed using a layer-

by-layer process onto the film’s surface. Figure 4.9a provides an optical appearance

of the printed ITO dots, which covered an area of 0.226 mm2. The initial ITO layer

was directly printed onto the PZT film, and subsequent layers were deposited on the

previously crystallized layers, resulting in differences in droplet size due to the distinct

surface energies of the two films. Figure 5.10 indicates that the initial layer was larger

than the later layers due to the difference between the surface energies of PZT film and

ITO film.

Using a profilometer shown in Figure 5.10b, the thickness of the ITO electrodes was

estimated to be approximately 200 nm. The coffee ring effect was not observed in the

printed ITO electrodes, as shown in Figure 5.10b.

Figure 5.11 shows the P (E) loop of an ITO/PZT/Pt capacitor measured at 100 Hz,

exhibiting a remanent polarization P+
r and P−

r of 13 and 16 µC cm−2 and the coercive field

E+
c and E−

c of 80 kV cm−1 and 43 kV cm−1, respectively. The current versus electric field

I(E) loop has two distinct peaks, indicating domain switching, a common ferroelectric

film characteristic. The P (E) and I(E) loops obtained at 10 Hz (Figure 5.12b) have

similar characteristics, while those obtained at 1000 Hz (Figure 5.12a) are broader due
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Figure 5.10: Thickness of electrode. a) Optical appearance of inkjet printed ITO dots

as top electrodes on PZT film. b) Thickness profile of one of inkjet printed ITO electrode,

which was scanned along the black dash line in a). 15 layers were printed in total.

Figure 5.11: Ferroelectric property. Polarization P and current I versus electric field

E loops measured at 100 Hz.

to the increased dielectric losses observed with increasing frequency, resulting from the

relatively lower conductivity of the inkjet-printed ITO electrode.[17]

To evaluate the performance of PZT capacitors employing inkjet printed ITO as top

electrodes, it is worthwhile to compare them with those utilizing sputtered ITO and Pt

electrodes, as shown in Figure 5.13. Figure 5.13a shows their P (E) loops measured at

100 Hz. Although Ec of inkjet printed ITO/PZT/Pt is slightly higher than the ones

using sputtered ITO and Pt, their maximum polarization value Pmax and Pr stay rather

comparable. The corresponding current density versus electric field J(E) loops are shown

in Figure 5.13. The peak current density (J) of Pt/PZT/Pt capacitor is double of ones

using ITO as electrodes (both sputtered and inkjet printed ITO), thanks to its extremely
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Figure 5.12: Ferroelectric property. P (E) and I(E) loops measured at a) 1 kHz and

b)10 Hz.

high conductivity (see J(E) in Figure 5.13b). Importantly, it is observed that the J(E)

loops of capacitors using inkjet printed ITO and sputtered ITO electrodes are comparable.

This comparison confirms that inkjet printed ITO electrode is an alternative of sputtered

ITO, which enables direct pattern and lithography free.

Figure 5.13: Ferroelectric property comparison. a) P (E) and b) J(E) loops of

PZT capacitors with inkjet printed 200 nm-thick ITO, sputtered 100 nm-thick ITO, and

sputtered 100 nm-thick Pt as top electrodes, respectively, were measured at 100 Hz. The

sputtered ITO and Pt electrodes were deposited in-house. The conductivity of sputtered

ITO was enhanced by post-annealing at 300 ◦C for 20 minutes in air, resulting in a

conductivity of 3000 S cm−1. The dimension of sputtered ITO and Pt circular electrodes

are 200 µm and 100 µm, respectively. It is important to note that PZT films were

deposited on platinised silicon substrate (SINTEF Wafer) in all cases, whose information

has been introduced earlier.
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Figure 5.14 depicts the variation of relative permittivity (ϵr) and dielectric loss (tanδ)

with respect to electric field. The measurements were conducted by applying an AC

signal with a frequency of 1 kHz and amplitude of 100 mV on top of a staircase-like DC

bias with a maximum amplitude of 200 kV/cm. The values of relative permittivity (ϵr)

and dielectric loss (tanδ) at zero field are 750 and 0.15, respectively. The loops exhibit an

asymmetrical shape, which can be attributed to the asymmetry of the top and bottom

electrodes (i.e., ITO and Pt electrodes, respectively).

Figure 5.14: Dielectric property. Relative permittivity ϵr and dielectric loss tanδ

versus electric field measured via applying an ac signal at 1 kHz frequency and 100 mV

amplitude.

Large ITO top electrodes

In the aforementioned measurements, small ITO electrodes were utilized. It is well-

known that device properties can deteriorate when large electrodes are employed, owing

to the increased density of defects with increasing electrode area. In light of this, we also

investigated a capacitor with large inkjet-printed ITO electrodes, with an area of 4 mm2

(2 mm × 2 mm square). The P (E) and I(E) loops obtained at 100 Hz are illustrated

in Figure 5.15. Notably, the Pr (11 µC cm−2 in P−
r and 7 µC cm−2 in P+

r ) decreased

in comparison to those obtained using small ITO electrodes at the same electric field

(Figure 5.11). Additionally, the corresponding I(E) loop exhibited less sharp peaks.
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Figure 5.15: Ferroelectric property of devices with big ITO electrode. a) P (E)

b) I(E) loops of PZT capacitors using 4 mm2 and 90 nm-thick electrodes. PZT film used

in this measurement is 900 nm-thick and deposited on platinised silicon substrate using

a standard CSD process.

The ϵr(E) and tanδ(E) hysteresis curves of PZT capacitors, employing larger ITO

electrodes (4 mm2), were measured at a frequency of 1 kHz (Figure 5.16). The outcomes

show that the ϵr(E) values remain relatively constant, while the tanδ(E) values at the

zero field exhibit a significant increase, up to 0.3. This finding suggests that using large

ITO electrodes can result in elevated losses, due to the relatively low conductivity of

inkjet-printed ITO.

Figure 5.16: Dielectric property of devices with big ITO electrode. ϵr(E) and

tanδ(E) loops of PZT capacitors using large ITO electrodes. The sample is same with

ones used for the measurements in Figure 5-15.

5.4 Chapter conclusion

To prevent indium diffusion into PZT film, a low-temperature processed inkjet printed

ITO was developed based on a combustion synthesis. The processing temperature of

inkjet printed ITO electrode is as low as 400 ◦C. PZT capacitors using the inkjet printed
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small ITO electrodes displayed ferroelectric properties comparable to those using highly

conductive sputtered ITO electrodes. An increase of dielectric loss was observed when

using large ITO electrode.

5.5 Challenges

Despite ongoing efforts, utilizing ITO electrodes in ferroelectric capacitors remains

a challenge. The relatively low conductivity of ITO electrodes, leads to significant di-

electric losses when devices operate at high frequencies, especially when using large ITO

electrodes. This can be clearly observed in the next chapter when using ITO electrode

in an ultrasonic haptic devices working at beyond 20 kHz.

A large stress between ITO and PZT films was also observed when using a large ITO

electrode. When applying voltage to inkjet printed large ITO electrodes, ITO films cracks

(see Figure 5.17).

Figure 5.17: Image that shows inkjet-printed large ITO electrodes (2×2 mm2, 2×4 mm2,

and 2×6 mm2) on a 500 nm-thick PZT film. Upon applying voltage to these electrodes,

the ITO films exhibit cracking. The inset depicts a cross-sectional SEM image of a PZT

thin film.

Remarkably, by annealing the sample at 100-150 ◦C followed by immediate immersion

in acetone, both the ITO and PZT films were lifted off from the Pt substrate, as shown

in Figure 5.18. This is corroborated by performing a scan of the thickness profile across

the width of the pattern (Figure 5.19). For applications requiring device isolation, this

technique could be a convenient means for roughly patterning PZT films.

5.6 Outlook

The focus of this study is on utilizing inkjet-printed ITO as the top electrode of

PZT capacitors to propose the possibility of achieving a transparent capacitor in the

future. However, our low-temperature inkjet printing process for ITO films, which we

have developed, can also be applied to various other applications. As an example, a fully
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Figure 5.18: Photograph shows the sample with large ITO electrodes after immersion in

acetone, resulting in the lifting off of both the ITO and PZT films.

Figure 5.19: The thickness profile of the lifted-off area depicted in Figure 5.18.

transparent antenna has already been printed using this technique, whose performance

is comparable with those made of sputtered ITO films.
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Chapter 6

All inkjet-printed haptic actuators

on platinised Si substrate

This chapter demonstrates the development of all-inkjet printed haptic actuators on

platinised silicon substrates using inkjet-printed ITO and PZT films. The device was able

to produce an out-of-plane deflection beyond the specification for human finger sensitivity

(1 µm) at 22 V and 21.23 kHz. Lithography and etching were not utilized in the direct

patterning of the actuators.

Authors contributions: In this work, I developed ITO ink, conducted printing of

all layers, designed and measured the devices. I prepared PZT ink utilized in this work,

while Dr. Sebastjan Glinsek and my former colleague, Dr.Nicolas Godard, developed the

recipe of PZT ink. I received assistance from my colleague Dr. Veronika Kovacova in

measuring the all-printed haptic devices. Alfredo Blazquez Martinez helped to perform

the SEM analysis.

6.1 Motivation

Recently, Glinsek et al. developed a transparent haptic device on fused silica glass by

employing sol-gel PZT thin film.[17] The device achieved transparency through the uti-

lization of interdigitated ITO electrodes (IDE), which took advantage of the longitudinal

piezoelectric coefficient (d33 or e33). This innovative design facilitated the generation of

a Lamb wave at a frequency of 73 kHz, resulting in an out-of-plane displacement of 2.9

µm at a unipolar voltage of 150 V. However, the limitation of IDE structures is their

requirement for high operating voltages compared with the typical metal-insulator-metal

(MIM) structure. In their study, the PZT film was deposited onto a full wafer using spin

coating, while the ITO electrode underwent patterning through lithography, leading to
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additional costs and process steps.

The precise patterning of PZT thin films is crucial for fabricating functional haptic

devices suitable for practical applications. One promising approach for achieving direct

patterning is through inkjet printing (IJP) technique, which allows for the direct structur-

ing of these films using computer-aided design (CAD). Notably, inkjet printing offers an

advantage over spin coating as it is a wasteless process, unlike spin coating, which often

leads to over 90% solution wastage. These advantages make inkjet printing compatible

with large-scale fabrication in the field of microelectronics.

However, all-inkjet printing of a multi-layer stack poses challenges due to differences

in wetting properties among materials, leading to poor reproducibility and performance.

Although the concept of all-inkjet printing has been demonstrated for organic thin-film

transistors,[124] its application in inorganic piezoelectric devices is yet to be proven.

Several challenges need to be addressed, including the rational design of crystallization

temperatures for each layer, achieving desired piezoelectric properties while avoiding un-

desired orientation and rough surfaces in inkjet-printed piezoelectric thin films, and the

necessity for a printable nucleation layer for {100}-oriented MPB PZT. Additionally, a

printable conductive material that is compatible with PZT thin films is required as elec-

trodes. Previous study has shown the use of inkjet-printed silver dots as top electrodes

on spin-coated PZT thin films; however, the electrode size was limited to a few hundred

micrometers.[123]

This chapter presents an all inkjet printing approach employed to create MIM-structured

piezoelectric haptic actuator on a 0.3 mm-thick platinised Si substrates. The haptic ac-

tuator was constructed by utilizing an inkjet printed ITO film as the top electrode and

an inkjet printed PZT film as the functional piezoelectric layer. The all-printed haptic

device demonstrates an out-of-plane peak-to-peak displacement of 1.2 µm, meeting the

threshold required to generate a haptic effect.

6.2 Chosen films deposition technologies and thick-

ness

Table 6.1 summarizes the deposition methods employed for the films. A 10 nm layer

of TiO2 and a 100 nm-thick layer of Pt were deposited on a 500 nm-thick SiO2 layer

coated on a 0.3 mm-thick Si substrate using evaporation techniques. Note that Ti was

deposited by evaporation and then annealed at 700 ◦C in air for 5 min via RTA to form

TiO2.
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Nucleation PTO, piezoelectric PZT, and top electrode ITO films were created using

inkjet printing, with their respective thicknesses listed in Table 6.1.

Table 6.1: Layer thickness and deposition methods

Functions Materials Techniques Thickness

Substrate SiO2/Si - 0.3 mm

Adhesion layer TiO2 Evaporation 10 nm

Bottom electrode Pt Evaporation 100 nm

Nucleation layer PTO Inkjet printing 10 nm

Piezoelectric layer PZT Inkjet printing 1 µm

Top electrode ITO inkjet printing 100 nm

6.3 Ink synthesis and jetting parameters

Synthesis of printable inks is the first step in the development of printing process.

In our previous reports, in-house processed solutions suitable for spin coating have been

developed to deposit PTO,[95] PZT[108] and ITO[125] films. The inks in this work

were synthesized by modifying those former solutions. The details of inks formula were

collected in Table 5-1.

Table 6.2: PTO, PZT and ITO inks formula, developed in this work.

Functional

materials

Ink

concentration

Added

organics

Solvent Lifetime

PTO 0.1 M - 1-methoxy-2-

propanol

1 month

PZT 0.4 M 1,3-propandiol 2-MOE 6 months

ITO 0.4 M ethylene glycol 2-MOE 1.5 year

The PTO ink used a 0.1 M 1-methoxy-2-propandiol-based solution with a 30% lead

excess. Either concentrating or adding co-solvent can not realize a {100}-oriented PTO

thin film. The trick to print such a low-viscosity ink is to use a cartridge with small

droplet volume, 1 pl in our case (DMC-11601 type), because it requires less viscous inks.

The final PTO ink provided stable jetting at 1 kHz, a nozzle voltage of 20 V and with

nozzle temperature of 30 ◦C.

The PZT ink was formulated using a spin-coating solution with a Zr:Ti ratio of 53 : 47,

10% excess lead, and a concentration of 0.3 M in 2-methoxyethanol (2-MOE). To increase
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ink density and viscosity, the solution was concentrated to 0.4 M and 1,3-propanediol (1-

3-P) was used as a co-solvent at a ratio of 3 : 2 (1-3-P:2-MOE). The resulting modified ink

was stable and suitable for printing with DMC-11610 cartridges, which have a nominal

droplet volume of 10 pl. The ink exhibited stable jetting at a frequency of 2 kHz, a nozzle

voltage of 26 V, and a nozzle temperature of 30 ◦C, with no nozzle clogging or droplet

deviations observed.

Table 6.3: Conditions set in inkjet printer to print these films, and their crystallization

temperature.

ink cartridge

nozzle

size

substrate

tempera-

ture

nozzle

tempera-

ture

voltage frequency crystallization

tempera-

ture

PTO 1 pl 25 ◦C 30 ◦C 20 V 1000 Hz 700 ◦C

PZT 10 pl 25 ◦C 30 ◦C 26-29 V 2000 Hz 700 ◦C

ITO 10 pl 25 ◦C 30 ◦C 26-29 V 1000 Hz 400 ◦C

Chapter 5 has provided a description of the ITO ink formula and printing parameters,

which have also been compiled in Tables 6.2 and 6.3. Figure 6.1 shows the stable jetting

properties of PZT and ITO inks.

Figure 6.1: Depiction of the jetting process for a) PZT ink and b) ITO ink, utilizing

the conditions outlined in Table 6.3.

6.4 Inkjet printing and thermal annealing process

Inks were injected into cartridges using a 0.2 µm PTFE filter. Then, the cartridges

were mounted onto the printhead of a Ceradrop X-Serie (MGI Group, France) inkjet

printer. The distance between printhead and substrate surface was always set as 0.7 cm.

To enhance the surface energy, the platinised Si substrate (SINTEF wafer) was heated

at 400 ◦C for 5-10 minutes before printing. The first step involved printing a single layer

of PTO nucleation onto the Pt surface. This was followed by drying at 130 ◦C for 3
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minutes and pyrolyzing at 350 ◦C for 3 minutes, both performed on a hot plate. The

final step was to crystallize the PTO film via RTA (AS-Master, Annealsys) at 700 ◦C for

1 minute in air.

After the PTO nucleation was crystallized, the PZT film was printed onto it. The

printed layers were dried at 175 ◦C for 1 minutes and pyrolyzed at 350 ◦C for 3 minutes,

both on a hot plate. This printing-drying-pyrolysis process was repeated six times before

crystallizing the film in air at 700 ◦C for 5 minutes via RTA. This entire printing-drying-

pyrolysis-crystallization process was repeated six times (36 layers in total) to achieve a

PZT film thickness of approximately 0.9 µm.

In this case, 400 ◦C-process was used to crystallize ITO. Following the deposition of

each layer, the deposited ITO layer underwent two annealing steps. The first annealing

step was performed on a hot plate at 175◦C for 2 minutes, followed by a second annealing

step at 400◦C for 3 minutes. Upon completion of all the layers (8 layers to achieve around

100 nm), the material underwent a final annealing step on a hot plate at 400◦C for 20-30

minutes, followed by annealing in a rapid thermal annealing furnace (RTA, AS-Master,

Annealsys) under low pressure (3.72× 10−2 mbar) at 350◦C for 20-30 minutes.

6.5 Device design and finite element modelling

For this study, we employed inkjet printing to create patterns on 0.3 mm-thick pla-

tinised silicon substrate with uniform dimensions of 40 mm in length and 10 mm in width

for the haptic device. Two identical actuators were built and arranged in a symmetrical

manner on the Si plate, with a spacing of 26.7 mm between them. The dimensions of the

haptic actuator are 1 mm in length and 10 mm in width.

Figure 6.2: Finite element modelling. Schematic diagram of haptic design based on

0.3 mm Si plate, used in the modelling.

Piezoelectricity module in COMSOL software was utilized to carry out finite element

modeling and determine the resonance frequency at which the A0 Lamb mode was stim-
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ulated. The size of the haptic device utilized in the modeling can be observed in Figure

6.3. Analysis of the eigenfrequency indicated that a Lamb wave was stimulated at a

resonant frequency of 21.9 kHz.

Figure 6.3: Mode shape obtained from the modelling, at its resonance.

6.6 Printing design

Based on the modeling, a pattern was designed for printing haptic devices, as shown

schematically in Figure 6.4. The design involves two actuators positioned on a platinised

silicon substrate with 0.3 mm in thickness and 40 mm x 10 mm in size. The actuators

are spaced apart by 26.7 mm. The lengths of the PTO, PZT, and ITO films are 4 mm, 4

mm, and 1 mm, respectively, while their corresponding widths are 10 mm, 10 mm, and

8 mm. Note that to prevent contact issues between the ITO and Pt electrodes, the ITO

electrode does not span the entire width.

Figure 6.4: Schematic diagram of the design of all inkjet printed haptic device.

To verify the precise dimensions and thickness of the inkjet-printed films, profile maps

were generated as shown in Figure 6.5. The lengths of the PTO, PZT, and ITO films

were found to be 4 mm, 3.6 mm, and 1 mm, respectively. The PZT and ITO films were

accurately positioned at the center of the PTO film. While the coffee ring effect was
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observed at the edges of the PZT film, it was not present in the center. The thicknesses

of the PZT and ITO films were measured to be 900 nm and 100 nm, respectively, which

aligned with our initial design and SEM results which will be shown later. These findings

confirm the accuracy of our printing process.

Figure 6.5: 1D and 2D profilometry of the printed device.

6.7 Characterizations of inkjet printed actuators

6.7.1 Phase composition

θ-2θ XRD patterns were obtained on a Bruker D8 diffractometer. More descriptions

on XRD measurement have been provided in Appendix A1 on Page 189. The XRD

pattern presented in the figure depicts the ITO/PZT film that was inkjet-printed with

the assistance of PTO nucleation. The pattern shows a prominent {100} orientation in

the 0.9 µm-thick PZT film (Fig. 3b). It should be noted that the strongest signal from the

ITO film comes from the (222) reflection. This plane coincides with the (110) reflection of

the PZT film. Additionally, three Pt peaks were observed because our X-ray diffraction

tool operates with various wavelengths (Cu kα1, Cu kα2, Cu kβ radiations, as marked in

Figure 6.6), which leads to the shift of the platinum peak. The variation between these

three wavelengths appears when measuring highly dense and oriented samples, such as

{111}-oriented platinum.

6.7.2 Microstructure characterization

Scanning electron microscopy (SEM, FEI Helios NanoLab 650 microscope) was per-

formed to study the microstructure of printed films. More descriptions on SEM have been

provided in Appendix A3 on Page 191. The cross-sectional SEM image of the all-inkjet-

printed device is shown in Figure 6.7. The PZT film exhibits a dense columnar structure,

with grains extending across the entire thickness of the film. The thickness of the PZT
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Figure 6.6: XRD pattern of inkjet printed actuator, identified via PZT and In2O3

powder diffraction file (PDF) No 01–070–4264 and No. 71-2194, respectively.

film was measured to be 900 nm. The printed ITO film displays a textured structure,

with a thickness of 100 nm, verifying that the combustion process can crystallize ITO film

at 400 ◦C. Clear interfaces between different crystallized layers, particularly between ITO

and PZT, are observed. These results demonstrate that inkjet printing can effectively

fabricate layered structures with well-defined interfaces.

Figure 6.7: SEM. Cross-sectional SEM images of all inkjet-printed haptic actuator (low-

resolution image (left) and zoomed-in image (right)).

6.7.3 Electrical measurement

Ferroelectric and dielectric measurements were performed using a TF Analyzer 2000

(aixACCT, Germany). Polarization-electric field P (E) hysteresis loops were measured
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using a triangular waveform, while relative permittivity versus electric field ϵr(E) loops

were measured at a DC bias with a small ac signal at 1 kHz. More details have been

provided in Appendix A4.2 on Page 192.

The P-E loop of per printed haptic actuator is shown in Figure 6.8a, which reveals an

non-switching behavior. To prevent damage to the haptic actuator, a voltage limit of 10

V was applied during the measurement. However, this voltage level is likely insufficient to

induce a switching behavior. This has been shown in Figure 5.15 in Chapter 4 (Page 131).

Additionally, the relatively low conductivity of the ITO electrode results in a reduction

of the voltage applied to the PZT film, which may be another reason. This also results

in a rather high dielectric loss of 0.9. Although it is a significant problem that needs to

be addressed in the future, I continued to measure the device in this case.

Figure 6.8: Electrical measurement of inkjet printed haptic actuator: a) polar-

ization versus voltage loop measured at 100 Hz, b) capacitance and dielectric loss versus

electric field, measured at 1 kHz.

6.8 Acoustic measurements

The actuators, all of which were printed using inkjet technology, were connected in

series using copper wires attached with silver epoxy. The haptic device was affixed to

flexible bars that were suspended, and then it was positioned on a computer-controlled

stage that was constructed in-house. An electrical signal was generated using a wave-

function generator (Agilent 33210A) and then amplified 50 times using a Falco amplifier

(WMA-300). This amplified voltage signal was then used to operate the haptic device.

The out-of-plane displacement of the haptic device was monitored using a vibrometer

(Polytec OFV-5000), which recorded data from the back of the device. The entire setup

was controlled by a LabVIEW program (National Instruments) that also controlled the
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vibrometer. More details have been provided in Appendix A5 on Page 195.

In the haptic measurement, a reduction in current was achieved by connecting two

actuators in series, halving the total capacitance. Experimental results indicate a resonant

frequency of 21.23 kHz. Line scans of out-of-plane displacement at different frequencies

(Figure 6.9a) reveal a Lamb wave pattern with six nodes. At 21.23 kHz and a unipolar

total voltage of 44 Vpp (22 V AC + 22 V DC, 22 Vpp to each actuator), the device exhibits

maximum peak-to-peak out-of-plane displacement of 1 µm, sufficient for the squeezed-air

film effect to be perceived by a human finger. Figure 6.9b shows the voltage-dependent

displacement at resonance frequency of 21.23 kHz. The displacement increases with the

increasing of voltage.

Figure 6.9: Line scans: a) Frequency-dependent displacement line scan with a unipolar

22 Vpp applied voltage to each actuator. b) Displacement line scan at 21.23 kHz excitation

frequency, showing voltage dependence. Note: the presence of noisy data points resulting

from noise interference caused by soiled points on the back surface of the device.

The Lamb wave shape and peak-to-peak displacement of 1.2 µm at 21.23 kHz and

22 V applied voltage to each actuator are confirmed by the 2D map of out-of-plane

displacement presented in Figure 6.10.

6.9 Chapter conclusion

This study aimed to develop haptic devices using inkjet-printed haptic actuators

composed of ITO/PZT/PTO/Pt layers. All layers, except the bottom electrode, were

deposited via inkjet printing. An in-house manufactured 0.3 mm-thick platinized Si sub-
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Figure 6.10: 2D map of out-of-plane displacement of the fabricated haptic device, at 44

V unipolar and total voltage (22 V for each actuator) and at its resonant frequency of

21.23 kHz. Note that all the values of voltage are read from oscilloscope.

strate was utilized as haptic plates. A standing A0 Lamb waves were induced at 21.23

kHz, and two actuators printed on the 0.3 mm-Si plate generated over 1 µm of deflection,

making them suitable for surface rendering applications.

6.10 Challenges

1) The functional performance of inkjet-printed PZT has not been fully demonstrated

due to the relatively low conductivity of the ITO electrodes. As have mentioned earlier,

this results in a rather high dielectric loss. Typically, the threshold of dielectric loss that

allows an actuator to be used in practical applications is less than 0.2. To resolve this

issue, either the electrical conductivity of the ITO film needs to be further improved or a

thicker ITO film is required. The former is challenging to achieve in a low-temperature

process, while the latter could lead to significant stress between the ITO and PZT films,

potentially causing film cracks as demonstrated in Chapter 5.

2) A significant challenge in haptic actuator design is the requirement for a thick PZT

film (at least 1 µm), which results in large stress between the PZT film and Pt bottom

electrode. During the annealing process, the volume shrinkage of initially inkjet-printed

films generates substantial stress between the films and substrate, particularly when a

coffee ring effect is present. This stress can cause cracks in both the films and bottom

electrode. Such cracking was observed at the edges of printed PZT patterns on in-house

produced Si substrates, but not on commercial SINTEF wafers, likely due to the lower

quality of the in-house evaporated Pt film.

6.11 Outlook

In spite of the aforementioned difficulties, the utilization of inkjet-printed haptic ac-

tuators offers a viable approach to achieve haptic actuators with direct patterning on

haptic plates. The compatibility between inkjet printing and the fabrication of large-
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scale microelectronics, makes it a promising solution for those seeking to pattern haptic

actuators on haptic plates.
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Chapter 7

Power efficient haptic devices based

on piezoelectric thick films

7.1 Piezoelectric thick film for power efficient haptic

actuator

In this chapter, our focus was on exploring the potential of low-power haptic devices

utilizing thick PZT films, exceeding 10 µm in thickness. In section 7.1, we proposed the

use of piezoelectric thick film actuators as a means to achieve comparable deflection and

low power consumption. Finite element modelling confirmed that deflection is primarily

dependent on voltage, rather than film thickness, as long as the stiffness of the device

does not change. As thickness increases, capacitance decreases linearly, leading to a

reduction in power consumption. This was experimentally validated by comparing the

consumption of a sol-infiltrated 10 µm PZT actuator with that of a sol-gel processed 0.5

µm PZT actuator. The former exhibited a consumption that was 15 times less than the

latter. My first-author publication “Power efficient haptic devices based on piezoelectric

thick films”[126] has been attached in Section 7.1.

Authors contributions: I developed the sol-filtration process, conducting the nec-

essary characterizations and electrical measurements on the fabricated devices, as well

as drafting the manuscript. While, Dr. Emmanuel Defay and Dr. Sebastjan Glinsek

provided critical assistance in the writing the manuscript. Additionally, I received help

from my colleague Dr. Veronika Kovacova in depositing the Pt electrodes. The PZT

powders used in this work were provided by our Slovenian colleagues, Silvo Drnovsek and

Prof. Barbara Malic.
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ABSTRACT

Emerging haptic technology based on piezoelectric actuators enables to realize innovative tactile human–machine interface. The standard
solution is based on stand-alone bulk ceramics glued directly on the haptic device. Thin-film actuators with metal–insulator–metal structure
have been developed to directly integrate actuators on haptic plates. The thickness of thin films is limited to 2lm, leading to large capaci-
tance and, thus, too high-power consumption. To solve this issue, we developed haptic devices based on a 10 lm-thick PZT film deposited
on a 0.65mm-thick platinized silicon substrate. These thick films are made of a PZT composite slurry associated with sol-gel sol infiltration.
They are dense and exhibit a permittivity of 1000 and dielectric loss lower than 0.05. Our fabricated haptic device containing three actuators
connected in series exhibits an antisymmetric Lamb wave resonant mode at 62.0 kHz, in line with finite element modeling. At the limit of
touch detection (1 lm out of plane deflection), the power consumption of the haptic device is 150 mW at 40V. This represents a 15-fold con-
sumption reduction with respect to the same haptic device made with 0.5lm-thick PZT thin films.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0106174

Although human–machine interface (HMI) strongly depends on
vision and hearing, it calls for adding the sense of touch.1,2 Hence, sur-
face haptic based on piezoelectric actuators is developed to generate
tactile effect on surfaces.3–5 Piezoelectric actuators can induce an ultra-
sonic wave at certain frequencies.6–8 A squeezed-air film appears
between the vibrating surface and a sliding finger, which in turn
decreases the coefficient of friction.9–11 This enables real-time control
of the friction coefficient of someone’s finger, thus emulating artificial
textures.

Bulk piezo-ceramic haptic actuators stand for the nominal tech-
nological solution. They enable large deflections and are typically
made of PZT ceramics with thickness in the mm-range,12,13 which
require large voltage, typically beyond 100V, and which prevents
using collective fabrication means, inducing fabrication costs difficult
to overcome.

One alternative enabling acceptable deflection and technology
compatible with mass production is based on piezoelectric thin

films.14,15 However, the main drawback of piezoelectric thin film
actuators for haptic is large power consumption induced by their large
capacitance. For example, Hua et al. recently demonstrated a transpar-
ent haptic device based on 0.5lm-ITO/2lm-PZT/0.5lm-ITO
metal–insulator–metal (MIM) stack on Corning LotusTM NXT Glass
(71� 60� 0.5mm3).15 The haptic device showed an out-of-plane
deflection of 1lm at 10Vpp at 22.5 kHz. The power consumption of
the whole haptic device reached 3.6W.

Efforts have nonetheless been devoted to developing power-
efficient devices. Glinsek et al. demonstrated a transparent haptic
device based on a PZT thin film and ITO interdigitated (IDE) electro-
des on fused silica glass.16 The device exhibited a Lamb mode at
73 kHz and an out-of-plane peak-to-peak displacement of 3lm at
150V unipolar. The benefit of the IDE structure is a smaller capaci-
tance than MIM (120 pF for each capacitor in this case), which there-
fore leads to much lower power consumption, namely, 75 mW per
actuator (at 150V unipolar¼ 92 Vrms). Note though that the footprint
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of this device is very much reduced (15� 3� 0.5mm3). A simple lin-
ear increase in the width of the actuators, in order to make a fair com-
parison with the previous work, would multiply by 20 the value of the
capacitance, reaching then 1.5W per actuator. These examples not
only show that consumption is substantial in various haptic devices
from the literature but also that it is not straightforward to come up
with a fair comparison between designs.

To obtain low-power haptic devices, our idea is to develop piezo-
electric thick films actuated with a MIM structure. This enables
decreasing the capacitance value (C) while keeping a similar out of
plane deflection at a given voltage, as explained hereafter. The 1D-
lateral force F induced by voltage U applied to a piezoelectric layer on
a plate is17

F ¼ e31; f
U
tfilm

Afilm; (1)

where e31,f is the effective piezoelectric coefficient, tfilm is the film thick-
ness, Afilm is the cross-sectional area of the film, which equals film
thickness times film width (i.e., Afilm¼ tfilm � wfilm). Equation (1),
therefore, simply reads F¼ e31,f � U � wfilm. This indicates that the
induced force does not depend on PZT thickness. As will be shown in
the finite element modeling (FEM) section, the increase in the struc-
ture’s stiffness remains negligible if the film’s thickness remains within
10% of the substrate’s thickness. In addition, increasing the film’s

thickness proportionally decreases C, the capacitance of the actuator.
As the power consumption is proportional to the capacitance value,
this in turn linearly decreases the overall consumption of the haptic
device. Indeed, power consumption P equals C � f � Urms

2, with Urms

the applied voltage at frequency f.
In this work, we first investigated the impact of PZT film thick-

ness on the performance of a simple haptic device using FEM. It
reveals that the device deflection is hardly ever impacted by PZT thick-
ness. A thicker film enables decreasing power consumption as dis-
cussed before. Based on this analysis, we fabricated two haptic
transducers with identical dimensions but actuated, respectively, with
thin (0.5lm) and thick (10lm) Pb(Zr0.53Ti0.47)O3 (PZT) films. The
thin and thick films were based, on the one hand, on a standard sol-
gel approach and, on the other hand, on a composite slurry coupled
with an infiltration sol-gel process. The fabricated haptic devices
moved by three actuators each exhibited standing Lamb waves at
62.0 kHz (thick films) and 71.5 kHz (thin films). The capacitance of
one thin film actuator is 160 nF whereas that of one thick film actuator
is only 12 nF, both measured at 1 kHz. When 13Vpp (peak to peak)
were applied to each actuator, the thin and thick film haptic devices
exhibited, respectively, a peak-to-peak deflection of 0.4 and 1lm (limit
of detection with a finger) and a consumption of 2.3W (thin film) and
150 mW (thick film). This experiment, therefore, proves that increas-
ing the thickness of PZT films in haptic devices decreases drastically

FIG. 1. Finite element modeling. (a) Geometry of the model built with three PZT capacitors on a 0.65mm-thick silicon substrate. (b) The displacement of the haptic device
(black symbol) and the capacitance of each actuator (red symbol) as a function of PZT thickness. (c) Resonant frequency plotted as a function of PZT thickness. (d) Modeled
shape of haptic device based on a 10 lm-thick PZT film.
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the power consumption and not at the expense of reducing the haptic
effect.

A 2D FEM was performed using COMSOL 5.5 to study the rela-
tionship between PZT thickness and deflection of a simple haptic
plate. A scheme of the haptic device (34� 10� 0.65mm3) is shown in
Fig. 1(a). Three PZT capacitors (2� 10mm2) are placed symmetrically
on the silicon substrate with spacing of 11.3mm between each other.
Electrodes, passivation, and barrier layers were not modeled because
they are too thin to influence the device performance. A voltage of
40V was applied to each PZT actuator. The piezoelectric coefficient
e31 and relative permittivity er were set to �7C m�2 and 1000, respec-
tively. The damping loss factor calculated as Df/fr, where fr and Df are
resonant frequency and resonance width at full width at half maxi-
mum, respectively, is 0.0063 for 0.65mm-thick platinized silicon.
Figure 1(b) shows the modeled maximum deflection of the haptic
device from Fig. 1(a) and each actuator’s capacitance as a function of
PZT thickness. A linear decrease in the capacitance is observed with
PZT thickness, meaning that 1, 10, and 100lm-thick films, respec-
tively, exhibit capacitances of 180, 18, and 1.8 nF. As expected, the cor-
responding peak displacements vs PZT thickness of the haptic device
spread in a much smaller range, varying from 1.6 to 1.8lm only. The
displacement is slightly improved when PZT increases because adding
PZT has a softening effect, visible on the acoustic resonance. Indeed,
the frequency of the latter decreases when PZT thickness increases, as

displayed in Fig. 1(c). It makes sense because PZT is softer and heavier
than Si. Figure 1(d) represents the mode shape of a 10lm-PZT haptic
device at its A0-Lamb wave mode resonance (66.1 kHz) where the
maximum deflection appears.

In this part, only the thick films fabrication process is detailed.
The thin film process is very well established, for instance, in Ref. 16
and the details are given in the supplementary material. The compari-
son between thick and thin film haptic devices will though be per-
formed in the main paper.

PZT thick films were fabricated by the deposition of a composite
slurry (1 g/mL), which was synthesized by dispersing crystalline Nb-
PZT [Pb(Zr0.53Ti0.47)0.98Nb0.02O3] powder into PZT [Pb(Zr0.53Ti0.47)O3]
chemical solution deposition (CSD) solution. More details on processing
and characterization are provided in the supplementary material. The
slurry was deposited on platinized silicon via spin coating and was
annealed at 700 �C to sinter the powders and crystallize the amorphous
deposit. The deposition-heating-crystallization process was repeated up
to seven times to obtain the desired thickness. The cross section scan-
ning electron microscopy (SEM) micrograph of a four-layer-thick film
reveals a porous microstructure [Fig. 2(a)] in which individual deposited
layers can be observed. Its thickness is 6lm.

To improve the density of the films, a so-called “x(1Cþ 4S)” pro-
cedure18 was deployed, in which one composite slurry deposition (1C)
is followed by four CSD solution depositions (4S) to enable infiltration

FIG. 2. Cross-sectional SEM micrographs of (a) a PZT composite thick film after four depositions without infiltration. Sol infiltrated PZT composite thick films with four (b) and
seven (c) depositions. (d) The XRD pattern of the 10 lm-thick PZT film shown in (c). Peaks are denoted with pseudo-cubic Miller indices corresponding to the PZT perovskite
phase.19
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of the sol into the composite. x denotes the number of deposition-
infiltration cycles. Details about this process can be found in the sup-
plementary material (Fig. S2). The cross section of 4(1Cþ 4S) films
displays a much denser microstructure [Fig. 2(b)] than the sample
without infiltration [Fig. 2(a)]. 10lm-thick films were achieved with a
7(1Cþ 4S) procedure [Fig. 2(c)].

The x-ray diffraction (XRD) pattern of the 10lm-thick film with
sol-infiltration [7(1Cþ 4S)] is shown in Fig. 2(d). A pure perovskite
phase is identified using the powder diffraction file (PDF) No. 01–070-
4264.19 The presence and intensity of {100}, {110}, and {200} peaks indi-
cate random orientation, which is a typical feature of nanoparticles-
based thick films.20

Figure 3(a) shows the polarization-electric field [P(E)] loops of
6lm-thick PZT film deposited without infiltration. The remanent polar-
ization (Pr) is 25lC cm�1, and the coercive field (Ec) is 125kV cm�1. Ec
is rather large and linearly shifts as voltage increases. It suggests substan-
tial leakage current as observed in the current density j(E) loops [Fig.
3(b)]. er and tand are, respectively, 400 and 0.2, as shown in Fig. 3(c).

Figure 3(d) shows the P(E) loops of 10lm-thick PZT films
deposited by the 7(1Cþ 4S) sol-infiltration process. Pr is 27lC cm�1

and Ec is 42 kV cm�1, values that are standard for PZT films. Ec is
divided by three after sol-infiltration. It suggests lower leakage current,
which is confirmed in the j(E) loops of Fig. 3(e). At high field, current
is indeed much smaller. The j(E) loops also show two sharp peaks in
current that are linked with the switching of PZT ferroelectric
domains, as expected. er is 1000 and tand is 0.05 [Fig. 3(f)], values
comparable to the values of our sol-gel deposited PZT thin films
(er¼ 900 and tand¼ 0.08, as shown in Fig. S5).

Two slider haptic devices with three actuating areas each were
fabricated according to the modeling [cf. Fig. 1(a)], one based on
0.5lm-thick sol gel films (for comparison) and one with 10lm-thick
sol-infiltrated PZT films. Both devices have the same dimensions,
namely, 34� 10� 0.65mm3.

The three PZT actuators were obtained by depositing and pat-
terning, respectively, 100 nm-thick and 500nm-thick Pt top electrodes
of 2� 8mm2 on PZT thin and thick films. In Fig. 4(b), the P(E) loop
of the marked actuator confirms its ferroelectric nature with
Pr¼ 15lC cm�2. The corresponding current curve does not display
excessive leakage at high field [Fig. 4(c)]. In addition, the C(E) loop
exhibits an expected value of capacitance around 12 nF per actuator
[cf. Fig. 4(d)]. The losses are around 5% at maximum, which is a rather
low value. The respective curves for the thin film actuators are dis-
played in Fig. 4(d) [P(E) loop] and Fig. 4(e) [C(E) loop]. The polariza-
tion is very similar to the one obtained for thick films. However, the
capacitance is much larger, as expected, reaching 160 nF at maximum,
with associated dielectric losses around 8%.

The observed resonant frequencies of the thin and thick film
actuators are, respectively, 71.5 and 62.0 kHz, corresponding to the fre-
quency at which the deflection is the largest. Note that these values are
not exactly the same as the ones predicted by modeling (67 kHz for
the thin films and 66 kHz for the thick films) because the actual final
dimensions, and especially the lengths, was slightly different from ini-
tial design due to imperfect cut.

The out-of-plane displacement of the thick film haptic device was
recorded by scanning across the area of the device, as plotted in Fig. 5(a).
120V peak-to-peak and unipolar (which means 60V DCþ 60 V AC)

FIG. 3. Electrical characterizations of PZT thick films (I) deposition of PZT slurry without infiltration (6 lm-thick) and (II) with infiltration (10 lm-thick). (a) and (d) polarization-
electric field P(E) hysteresis loops, (b) and (e) current density-electric field j(E) curves, and (c) and (f) permittivity er (black curve) and loss tangent tand (red curves) measure-
ments. Electrode area is 3.14 mm2.
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were applied to the three actuators in series, which corresponds to
40V applied to each actuator. A typical anti-symmetric Lamb wave
A0 was observed, which agrees well with the mode shape predicted
by FEM. The maximum displacement reaches 3.0 lm peak-to-peak.
We also observed that only 13.3 V is needed to achieve the mini-
mum deflection that can be detected by a finger, namely 1 lm. A
2D-scan over the entire device surface [Fig. 5(b)] of the deflection
at resonance has also been performed. The same Lamb stationary
wave with four nodes equally spaced along the length was observed.
Note also that the deflection along the y-axis stays unchanged as
expected. The thin film haptic device could only withstand 20V
peak-to-peak and unipolar (which means 10V DCþ 10 V AC) for
the three capacitors in series, which means 6.7V per each actuator.
The maximum deflection at the Lamb wave resonance at 71.5 kHz
only reached 0.2 lm peak-to-peak, as shown in Fig. S7. The deflec-
tion is proportional to the applied voltage, so peak-to-peak

deflection at 13.3 V should be 0.4 lm, which is 2.5 times less than
the thick film device.

Note that increasing the film thickness could induce a change in
piezoelectric properties due to stress relaxation or clamping effect, as
described in Ref. 21. In our specific case, e31,f values obtained by fitting
the model to experimental deflection were�7 and�5C m�2 for thick
and thin films, respectively. Therefore, there is a significant increase in
piezoelectric properties in our thick films (þ40%). The converse e31,f
coefficient of the PZT thick film was also experimentally measured
through a cantilever structure.22 Its value is �7.6C m�2, which is in
line with the value extracted from the haptic experiment. All the details
are described in the supplementary material.

As exposed earlier, the purpose of developing PZT thick film-
based haptic devices is to reduce the power consumption. The
power consumption P to drive one capacitor can be estimated as
P¼CfUrms

2, where C, Urms, and f are capacitance, rms voltage, and

FIG. 4. (a) Top-view and (b) cross-section schematic diagram of fabricated haptic devices based on a 10 lm-thick or 0.5 lm-thick PZT film. (b) and (d) P(E) hysteresis loop
and (c) and (f) C(E) and tand of one of the fabricated actuators based on thick and thin films, respectively.
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resonant frequency, respectively. In order to perform a fair compari-
son, we applied the same voltage to the thin and the thick film haptic
devices, namely, 40V unipolar (20V DCþ 20 V AC, at 24Vrms). The
results are displayed in Table I and show that one thin film actuator
consumes 750 mW, whereas one thick film actuator consumes 50
mW. Therefore, the haptic device with thick films consumes 15 times
less than the one with thin films. As shown before, the thick film hap-
tic device can withstand 120V with the actuators in series. In this case,
the consumption of all actuators is 450 mW. When 40V (unipolar,
peak-to-peak) are applied to the actuator at the resonance, the directly
measured power consumption (Urms � Irms) is 500 mW, which is in
line with the value (450 mW) obtained through Cf(Urms)

2. More mea-
surement details are described in the supplementary material.

Finally, we can also compare approximately these values with the
ones reported in the literature in the introduction by normalizing the
consumption with the actuators’ width. Hence, if all actuators were
10mm in width and if they were driven in order to reach 3–4lm in
deflection, Hua’s15 and Glinsek’s16 would, respectively, consume 3.5W
and 250 mW. In these conditions, our thick film haptic device con-
sumes 450 mW, which is much less than Hua’s because our capaci-
tance is smaller. It is though twice as much as Glinsek’s but our device
enables working at lower voltage (40Vpp per actuator vs 150Vpp).
Note also that we used a 0.65mm-thick Si substrate as haptic plate,
which is more difficult to deflect than the glass substrate used in Ref.
16 (0.5mm thick). At constant voltage, modeling shows that the
deflection of a haptic device with 0.5mm-glass is four times larger
than the same one with 0.65mm-Si. Therefore, this indicates that our
thick film actuators should only need 10Vpp to actuate the same glass
haptic plate with the same dimension to reach a deflection of 3lm.
Our solution clearly calls for even thicker films, as suggested by our
modeling in Fig. 1(b).

As suggested by simple equations, finite element modeling dem-
onstrated that using thick piezoelectric films for haptic devices enables
decreasing power consumption. Dense 10lm-thick PZT films were
fabricated. They were based on a PZT composite slurry complemented
with a sol-infiltration process. Thanks to their dense microstructure,
these PZT thick films exhibit ferroelectric properties comparable with
state-of-art sol-gel PZT thin films. Two haptic devices were fabricated,
respectively, based on PZT thin and thick films. Both are functional
and exhibit an A0 Lamb wave resonant mode at 71.5 and 62.0 kHz,
respectively. The power consumption per thick-film actuator is
50 mW for generating a 1lm out-of-plane displacement, which repre-
sents a 15-fold reduction compared with our 500nm-PZT thin film
haptic device. Our PZT deposition technique enables reaching 10lm
in thickness. Modeling clearly shows that reaching 100lm in PZT
thickness would allow the same deflection with the same voltage, but
this would also reduce consumption by one order of magnitude, down
to a few mW per actuator.

See the supplementary material for further details about process-
ing of solutions, powders, slurries, and films. Microstructural and elec-
trical characterization of the films and haptic devices is also further
described.
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TABLE I. Comparison of 10 lm-PZT thick film-based haptic device fabricated in this
work with 0.5lm-PZT thin film-based haptic device. For a fair comparison, the haptic
devices have the same dimensions. The same voltage has been applied to both
(40 V unipolar, at 24 Vrms) at their respective resonant frequency.

Characteristics
Thick film

haptic device
Thin film

haptic device

Permittivity of PZT measured at 1 kHz 1000 900
Dielectric loss of PZT 0.05 0.08
Remanent polarization of PZT 27 lC cm�2 15lC cm�2

Haptic device frequency 62.0 kHz 71.5 kHz
Capacitance of one actuator 12 nF 160 nF
Peak-to-peak deflection 1lm 0.4 lm
Power consumption of one actuator
(of the three actuators)

50 mW
(150 mW)

750 mW
(2.3W)
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Supplementary Information  

Piezoelectric thick film for power-efficient haptic actuator 

Longfei Song,1,2 Sebastjan Glinsek,1 Silvo Drnovsek,3 Veronika Kovacova,1 Barbara Malic,3 

Emmanuel Defay1 

 

S1. Experimental Methods 

1) Synthesis of Precursors 

Solution Synthesis. Pb(Zr0.53Ti0.47)O3 (PZT) solution was prepared based on the standard 2-

methoxyethanol route. The stoichiometry of metal cations was Pb:Zr: Ti=1.10:0.53:0.47, 

namely morphotropic phase boundary composition with  10%  Pb excess. The solution 

concentration was 0.3 mol l-1. Further details of the synthesis were described in Godard et. al. 

[1]. 

Powder Synthesis. Pb(Zr0.53Ti0.47)0.98Nb0.02O3 (Nb-PZT) powder was synthesized by solid-state 

synthesis from PbO (99.9%, Aldrich), ZrO2 (99.1%, Tosoh), TiO2 (99.8%, Alfa Aesar) and Nb2O5 

(99.9%, Sigma Aldrich) at 1100 oC, as described in Ref. [2]. The powder had average particle 

size of 0.4 μm.  

Slurry Synthesis. Synthesis of the composite slurry is schematically presented in Fig. S1a. 

30 mg of Nb-PZT powder was added into a 30 ml of PZT solution. 3 wt% of Triton X-100 relative 

to Nb-PZT powder was added. Next, the mixture was mixed with a digital disperser (IKA Ultra-

Turrax T25) with a speed of 10,000 rpm for 10 min.  

2) Deposition of the Films 

Deposition of Thick Films via standard route. The deposition and heating steps are shown in 

Fig. S1b. The PZT composite slurry was spin coated on platinised silicon (Pt/TiOx/SiO2/Si, 

SINTEF) with a spin-speed of 3000 rpm for 30 s, followed by drying at 130 oC for 3 min and 

pyrolysis at 350 oC for 3 min (both performed on a hot plate). The crystallization and sintering 

were done at 700 oC for 30 min in a rapid thermal annealing (RTA) furnace (AS-Master, 
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Annealsys). The whole deposition-drying-pyrolysis-sintering process was repeated four times 

to achieve 6 µm-thick film. 

Deposition of Thick Films via sol-infiltration route. The sol-infiltration route is schematically 

presented in Fig. S2. In the first step, a single PZT sol-gel layer was spin-coated on the 

substrate (spin speed 3000 rpm for 30s), followed by drying and pyrolysis at 130 oC and 350 °C,  

respectively, for 3 min. Afterwards, PZT slurry was spin coated (3000 rpm for 30 s), followed 

by four coatings of PZT solution (500 rpm for 60 s), which is the so-called “sol infiltration” 

process. Drying at 130 oC and pyrolysis at 350 oC steps were done after every slurry and 

solution deposition. Afterwards, the crystallization and sintering step was performed at 

700 oC for 30 min in an air atmosphere in RTA furnace. This process was denoted as (1C+4S), 

where 1C stands for one layer of PZT slurry and 4S stands for four layers of the solution. The 

(1C+4S) process was repeated x times to achieve the final thickness, denoted as x(1C+4S). To 

reach 10 µm-thick film, it was repeated seven times. 

Deposition of Thin Films: The PZT solution was spin-coated on a platinised silicon with a spin 

speed of 3000 rpm for 30 s. Drying and pyrolysis were again performed on hot plates at 130 oC 

for 3 minutes and 350 oC for 3 minutes. The deposition-drying-pyrolysis steps were repeated 

four times before the crystallization, which was then done in an air atmosphere at 700 °C in 

an RTA furnace (AS-Master, Annealsys). The whole deposition-heating-crystallization process 

was repeated three times to achieve the final 0.5 µm. Detailed processing was described in 

Ref.[1].  

3) Microstructural Characterization 

Phase composition of the films was investigated with an X-ray diffractometer (XRD, D8 

Discover, Bruker, USA) using Cu-Kα radiation. The patterns were recorded in θ-2θ geometry 

in a 2θ-range of 20-60°, with step size and integration time of 0.04° and 4 s, respectively. 

Scanning electron microscope (SEM, Helios NanoLab 650, FEI) was used to analyze the cross-

sectional microstructures of the films. 

4) Electrical Characterization 

Platinum top electrodes with diameter of 2 mm were sputtered (BALTEC MED 020 Metallizer) 

through a shadow mask on the surface of the films. The electrode thickness for thin and thick 
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film are respectively 200 nm and 500 nm. All electrical measurements were performed using 

TF Analyzer 2000 E (aixACCT). Polarization-electric field P(E) hysteresis loops were measured 

using a triangular waveform at 100 Hz. The relative permittivity-electric field εr(E) and loss 

tangent-electric field loops tanδ(E) of thick films were measured at 1 kHz, with a small AC 

signal of 250 mV and 50 mV for thick and thin films, respectively. 

 

Fig. S1 (a) Scheme of PZT composite slurry preparation process. (b) Scheme of the standard thick-film deposition 

process. 

 

Fig. S2 Scheme of the sol-infiltration process route for fabrication of thick films.  

 

S2. Characterizations and electrical measurements of sol-gel deposited thin film 
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Characterizations were performed and analysed in this section to confirm the quality of as-

deposited PZT thin film. Fig. S3 is the cross-section scanning electron microscope image (SEM) 

that reveals a dense microstructure. θ-2θ X-ray diffraction pattern in Fig. S4 confirms a typical 

perovskite phase with no sign of a secondary phase. P(E) loop in Fig. S5a ensures PZT thin 

film’s ferroelectric nature, showing a Pr of 15 µC cm-2. εr and tanδ are 900 and 0.08, 

respectively, as observed in εr(E) and tanδ(E) butterfly loops in Fig. S5b. 

 

Fig. S3 Cross-section SEM image of sol-gel deposited PZT thin film on platinised silicon substrate. 

 

Fig. S4 XRD pattern of sol-gel deposited PZT thin film. 
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Fig. S5 Ferroelectric characterizations of PZT thin film: a) Polarization-voltage P(E) hysteresis loop, b) 

Permittivity-voltage εr(E) and tanδ(E) loops. Electrode area is 0.785 mm2. 

S3. Fabrication of Haptic Devices and their Characterizations  

Thick- and thin-film samples were cut into 34x10 mm2 (obtained via FEM modelling) using a 

diamond cutter. Three actuators were created by sputtering of Pt electrodes with the size of 

2x8 mm2 and spacing of 11.3 mm (shown in Fig. 4a). The respective electrode thickness for 

thin and thick film are 200 nm and 500 nm. The electrodes were patterned using Kapton tapes. 

The three capacitors were connected in series to reduce the current needed to drive them. 

To do so, Pt between two capacitors was scratched away using a diamond cutter.  

The haptic device was placed on suspended flexible bars and was connected to a waveform 

generator (33210A Keysight) via an amplifier (WMA-300, Falco Systems). A photo of the 

measurement system has been shown in our previous work.[ 3 ] The out-of-plane 

displacement was monitored using a vibrometer (OFV-5000, Polytec). A computer-controlled 

X-Y stage was used to move the haptic device for two-dimension mapping. The whole set-up 

was controlled together with the vibrometer via a LabVIEW program. Three actuators were 

connected in series for haptic measurement. To do so, a cut has been performed on the 

bottom electrode, as schematically shown in Fig. 5a. This cut has been made by simply 

scratching Pt with a diamond cutter. This series connection happened to be necessary to 

decrease the current needed to drive the large capacitance of the thin film actuators (160 nF 

each).  

Note that Falco WMA-300 high voltage amplifier enabling 50× voltage amplification was 

employed to apply high voltage to the haptic device. However, due to the limitation of its 
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output current (300 mA), the actual amplification factor depends on the capacitance and 

frequency (shown in Fig. S6).  In this regard, the voltage values mentioned in our paper are 

the actual voltage values measured by Tektronix TDS2024C oscilloscope (shown in Table S1).  

 

Fig. S6 Full output swing 300Vpp frequency response of Falco WMA-300 high voltage amplifier. This figure was 

re-drawn based on the information provided on the website of Falco System: http://www.falco-

systems.com/High_voltage_amplifier_WMA-300.html. 

 

Table S1. Comparison between the voltage provided by the source generator, 50-folds amplified voltage and 

actual amplified voltage observed from the oscilloscope. Based on those values, amplification factors specific to 

thick and thin films haptics were calculated and shown in the table. 

 
Thick film haptics Thin film haptics 

Capacitance  4 nF 50 nF 

Voltage provided by source 

generator  (U
g
 ) 

2.8 V
pp

 0.8 V
pp

 

U
g
× 50 140 V 40 V 

Actual amplified voltage 

(U
a
 ) 

120 V 20 

Amplification factor (Ug/Ua) 43 25 
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Fig. S7 Out-of-plane displacement scanned along the x axis at 20 V unipolar voltage and 71.5 kHz 

 

S4. Impedance analysis 

In principle, a mechanical resonance in an electromechanical device induces extra current 

need at this resonance because impedance generally decreases. Consequently, we measured 

the impedance of an equivalent haptic actuator to measure specifically the drop of impedance 

at resonance. This haptic actuator was made of 10 µm sol-infiltrated PZT thick film on a haptic 

plate (34×10 mm2), and the applied AC voltage was 5 Vpp. Note that the measurement was 

performed with only one haptic actuator (2×6 mm2). The capacitance versus frequency Cp(f), 

impedance vs. frequency Z(f), and phase vs. frequency θ(f) as shown in Fig. S8, obtained 

experimentally by using a HIOKI IM3570 impedance analyser.  
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Fig. S8 a) Capacitance Cp and impedance Z of the actuator between 5kHz and 100kHz. (b) Impedance Z and phase 

θ, and c) capacitance of the actuator between 55kHz and 66kHz. Note that the measurement was performed 

with only one haptic actuator made of 10 µm sol-infiltrated PZT thick film, and the applied AC voltage is 5 Vpp.  
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Fig. S9  Out-of-plane displacement versus frequency. The measurement was performed with an actuator (2 ×6 

mm2) to drive a 34×10 mm2 platinised silicon haptic plate. The applied voltage is 40 Vpp (20 V AC+20 V DC), which 

is read from oscilloscope. The peak-to-peak out-of-plane displacement generated with one actuator at 

resonance frequency reaches 1.2 µm. 

 

Fig. S8a shows the impedance and the capacitance of the actuator versus frequency. The 

resonance is not visible. When we zoom in the frequency range of the resonance (which has 

been identified at 62.6 kHz from the out of plane amplitude versus frequency displayed in 

Figure S9), we can see a slight change in phase (grey dash line in Fig S8b) and in capacitance 

(black line in Fig S8b). However, the change of capacitance is limited to 0.3 % at 62.6 kHz.  

This means that our approach of extracting the reactive power via Cf(Urms)2 is valid.  

Besides, we checked that other teams observed similar very small variations of impedance at 

resonance on haptic devices.[4] 

We also directly measured the power consumption per actuator from consumed current. A 

small resistor (12 Ω) was connected in series with one haptic actuator made of sol-infiltrated 

PZT thick film, as shown in Fig. S10. Because the resistance of this resistor is less than 5% of 

the actuator's impedance (250 Ω), its contribution to the total resistance is negligible. As the 

actuator and the resistor are connected in series, the voltage drop across the resistor can be 

measured to calculate the current through the actuator. 
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Applying 40 V (unipolar, peak to peak) at the resonance (62 kHz), the voltage on the small 

resistor was 1.2 V (peak to peak) and the calculated current was 100 mA (peak to peak). 

Therefore, the power consumption of the actuator was 500 mW, which is very close to the 

value calculated using Cf(Urms)2 (450 mW). 

 

 

Fig. S10 Schematic diagram of the circuit for measuring the current. 

 

S5. Measurement of piezoelectric coefficient 

We employed a method using cantilever structure, as proposed by Mazzalai et. al.,5 to 

experimentally evaluate the transverse piezoelectric coefficient e31,f. We used sol-infiltrated 

10 µm-thick PZT film-based haptic device (34 × 10 mm2) as the cantilever, on which one of the 

top electrodes (2 × 8 mm2) was used to deflect the cantilever, as schematically shown Fig. S11. 

The cantilever was firmly clamped as also shown in the Figure.  

In the sector between the clamp at x = 0 and the top electrode end at x1 = 2 mm (see Fig. S11), 

the cantilever shows a constant curvature when the voltage is applied. Using a Polytech’s 

laser vibrometer in velocity mode, we measured the displacement (denoted as w(x2)) of the 

cantilever at x2 = 27 mm.  

Fig. S12 shows the screenshot of the oscilloscope window, which respectively reveals signals 

of the source generator, voltage amplifier output and vibrometer output, when applying 40 V 

(unipolar, peak to peak) at 100 Hz. As velocity is measured with the vibrometer, the 

displacement can be calculated following the equation: 𝑤 = 𝑉𝑚/(2𝜋𝑓) , where V is the 
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vibrometer voltage output, m is the velocity range of the vibrometer (5 mm s-1 V-1), and f is 

the frequency, respectively. At 40 Vpp and 100 Hz, the peak-to-peak vibrometer output is 70 

mV, corresponding to the peak-to-peak w(x2) displacement of 560 nm. 

Following ref.[5], the e31,f can be calculated following the equation:  

𝑒31,𝑓 = −
1

3

𝑌𝑠𝑢𝑏
(1 − 𝑣𝑠𝑢𝑏)𝑐𝑓

[𝑐𝑓 + (1 − 𝑐𝑓)(1 − 𝑣𝑠𝑢𝑏)]
𝑤(𝑥2)

𝑥1(2𝑥2 − 𝑥1)

𝑡𝑠𝑢𝑏
2

𝑈
 

where Ysub, νsub and tsub, are Young’s modulus (170 GPa), Poisson ratio (0.28), and thickness of 

the substrate (0.65 mm), respectively. cf (0.8) is the top electrode coverage factor, defined as 

belec/bcant, where belec and bcant are the top electrode width (8 mm) and the cantilever width 

(10 mm), respectively. U is the applied voltage, which is 40 V (unipolar, peak-to-peak). 

The experimentally obtained e31,f of the sol-infiltrated PZT thick film is -7.6 C m-2, which is in 

line with the value extracted from the haptic experiment (-7 C m-2).  

 

Fig. S11 Scheme of the cantilever-tip displacement measurement setup developed for the measurement of the 

transverse piezoelectric coefficient e31,f. 
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Fig. S12 Signals of the source generator (channel 1 in orange), voltage amplifier output (channel 2 in cyan) and 

vibrometer output (channel 3 in purple). 

 

To make sure that e31,f was not measured at mechanical resonance, we also performed 

frequency sweep from 10 Hz to 20 kHz, as shown in Fig. S13. The first resonance is observed 

at 500 Hz, significantly above the piezoelectric measurement (100 Hz).  

 

Fig. S13 Vibrometer output as a function of frequency in the range from 10 Hz to 20 kHz. Note that the velocity 

range of vibrometer for this measurement is 10 mm s-1 V-1. The applied voltage is 40 V (unipolar, peak-to-peak). 
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Screen-printed power-efficient haptic device with large deflection

7.2 Screen-printed power-efficient haptic device with

large deflection

In section 7.2, we extended our investigation to constructing an 80 µm PZT actuator

via screen printing to significantly lower power consumption to a few mW. We found

that only 5 mW were required for a printed thick PZT haptic device to produce 1 µm of

deflection at 20 V and 17.8 kHz. At 150 V, the same device was capable of producing a

deflection of 9 µm. My first-author publication “Piezoelectric thick film for power efficient

haptic actuator” has been attached in Section 7.2.[127]

Authors contributions: I was able to observe the deposition process of thick film

thanks to the opportunity provided by my supervisor Dr. Emmanuel Defay and Prof.

Barbara Malic for my secondment, during which this work was carried out. The PZT thick

film used in this work was prepared by our Slovenian colleagues, Prof. Hana Ursic, Silvo

Drnovsek, and Prof. Barbara Malic. I was responsible for designing and measuring the

fabricated haptic devices and drafting the manuscript, which was subsequently revised

by my supervisor Dr. Emmanuel Defay and Dr. Sebastjan Glinsek. Additionally, I

received assistance from my colleague Dr. Matej Sadl from the Jozef Stefan Institute in

conducting some films characterizations.
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Power-efficient piezoelectric haptic actuators with large deflection 
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A B S T R A C T   

Surface haptic devices based on piezoelectric actuators are one of the most promising solutions to achieve subtle 
touch feedback on various surfaces. In comparison to stand-alone actuators, piezoelectric thick film actuators not 
only have a low power consumption and a large deflection range, but also allow for direct integration on various 
substrates. Herein, we fabricated power-efficient haptic actuators by screen-printing 10 µm-thick platinum 
bottom electrode and 80 µm-thick niobium-doped lead zirconate titanate (PZT) on alumina substrate (25.5 
×12.5 mm2). Our fabricated haptic device containing two actuators (10 ×1 mm2 per actuator) connected in 
parallel exhibits an antisymmetric Lamb wave resonant mode at 17.8 kHz, in line with finite element modelling. 
At the limit of touch detection (1 µm out of plane deflection), the device consumes only 5 mW at a unipolar 
voltage of 20 Vpp. At a unipolar voltage of 150 Vpp, the peak-to-peak out-of-plane displacement reaches nearly 
10 µm.   

1. Introduction 

Haptic technology enables to add the sense of touch in human- 
machine interactions, [1,2] which can be used in the next generations 
of smart electronics, such as smart phones, smart cars and home appli
ances. Piezoelectric actuators are one of the most attractive solutions, 
which can generate ultrasonic vibrations at resonance. [3–5] When a 
finger slides across a haptic vibrating plate, a squeezed-air thin film is 
formed in the contact region between the plate and the finger by the 
high-speed compression-decompression cycle of air. [6,7] This enables 
real-time control of the friction coefficient of a sliding finger, which 
gives the opportunity to emulate artificial textures. Experience shows 
that creating a squeezed-air film effect that anyone can feel requires the 
haptic device to produce at least 1 µm in out-of-plane surface 
deflection.6. 

Piezoelectric actuators can be made of bulk ceramics, thin films, or 
thick films. Bulk piezoelectric ceramic actuators are the current tech
nological solution for commercialization. They are made of PZT ce
ramics with a thickness in the several 100 µm-range, which can hardly 
be thinner. The bulk ceramic actuators are known to enable larger 

deflection than thin and thick film ones, thanks to their higher piezo
electric coefficient. [8,9] However, They are stand-alone and need to be 
glued to the haptic plate, preventing them from using collective fabri
cation means, which induces extra fabrication costs. 

Piezoelectric thin films enable reaching detectable deflection. And 
they are fabricated with technologies compatible with mass production. 
[10] However, the main drawback of piezoelectric thin film actuators 
with metal-insulator-metal (MIM) geometry is large power consumption 
caused by their large capacitance. For example, Hua et al. recently 
demonstrated a transparent haptic device based on 0.5 µm-ITO/2 
µm-PZT/0.5 µm-ITO stack on Corning Lotus™ NXT Glass (71 ×60 ×0.5 
mm3). [11] The haptic device generated an out-of-plane deflection of 1 
µm at 10 Vpp at 22.5 kHz. The power consumption of the whole haptic 
device reached up to 3.6 W. 

With an attempt to reduce the power consumption and fabricate a 
fully transparent device, Glinsek et al. developed a haptic device (15 
×3.7 ×0.5 mm3) on fused silica glass based on 1 µm PZT thin film and 
ITO interdigitated electrodes (IDE) [12], without bottom electrode. At a 
unipolar voltage of 150 V at 73 kHz, the out-of-plane peak-to-peak 
displacement reached 3 µm. The benefit of the IDE structure is the small 
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capacitance of the actuator, i.e., 120 nF per actuator, and thereby the 
low power consumption (32 mW to obtain 1 µm displacement). If the 
actuator had the same width (60 mm) as Hua’s actuator, the device 
would consume 640 mW to generate a 1 µm-deflection. Therefore, 
consumption decreases, but the voltage remains high. 

In our previous work, we showed that 10 µm-thick PZT films 
consume 50 mW to generate a 1 µm-out-of-plane amplitude Lamb wave, 
whereas the same actuator with 0.5 µm-thick film requires 750 mW, i.e. 
15 times more. [13] Our model confirmed what we observed experi
mentally, namely that 1) deflection depends on voltage, not on film 
thickness, as long as the latter does not affect stiffness of the device and 
2) increasing film thickness reduces power consumption by linearly 
decreasing actuator capacitance. 

The screen-printing technology that uses ceramic powder-based 
dispersions as inks allows not only for the efficient production of thick 
films but also for their patterning. [14–16] It is the preferred deposition 
technology for films with a thickness in the range of 10–100 µm. 
Screen-printed thick PZT films have already been used in piezoelectric 
micro-electro-mechanical systems (MEMS). [17,18]. 

In this work, haptic devices consisting of 80 µm PZT thick films were 
screen printed on platinized 0.25 mm thick Al2O3 substrates. The haptic 
device has a dimension of is 25.5 × 12.5 mm2 composed of two actuating 
areas of 10 × 1 mm2 connected in parallel. When actuated, the fabri
cated device exhibits a standing Lamb wave at 17.8 kHz, in line with 
finite element modelling. At 20 Vpp (10 VAC + 10 VDC, Urms = 12.2 V), 
the haptic device generated a peak-to-peak out-of-plane deflection of 1 
µm, reaching the touch limit. The power consumption of each actuator is 
2.6 mW (5.2 mW for the entire device), which is 300 times less than the 
power consumption of a 0.5 µm thin film actuator with the same width 
at the same voltage (750 mW per actuator, as reported in ref. 13). At a 
unipolar voltage of 150 Vpp (75 VAC +75 VDC) the peak-to-peak 
displacement reaches 10 µm. 

2. Finite element modelling 

Two-dimension finite element modelling (FEM) was performed using 
COMSOL software. A scheme of the haptic device (25.5 ×12.5 ×0.25 
mm3) composed of 80 µm-PZT and 0.25-mm Al2O3 substrate is shown in  
Fig. 1a. Two actuating areas (10 ×1 mm2) were created symmetrically 
on the substrate with a spacing of 12.5 mm between each other. A 
voltage of 50 V was applied to each PZT actuator. The effective trans
verse piezoelectric coefficient e31,f and relative permittivity εr were set to 
− 5 C m− 2 and 900, respectively. Note that e31,f was extracted from the 
modelling by matching the experimental displacement value of the 
haptic device, after having measured the damping loss factor η.13 The 
latter was obtained by sweeping the frequency of the actuator and col
lecting the displacement, as will be explained in Fig. 4a. η corresponds to 
the width of the resonance peak (Δf/f), which is 0.0168 in our specific 

case. Young’s modulus and Poisson’s ratio for Al2O3 substrate used in 
the modelling are 420 GPa and 0.2, respectively. [19] The influence of 
the electrodes and barrier on the deflection was ignored due to their 
lower thicknesses. 

The simulated resonant frequency was 19.7 kHz, where the device 
shows its maximum displacement (4 µm peak-to-peak) at 50 V. Fig. 1b 
represents the mode shape of the device at its resonance, which shows a 
Lamb wave mode with four nodes equally spaced along its length. Peak- 
to-peak displacement plotted as a function of voltage is shown in Fig. S1. 

3. Methods  

1) Powder Synthesis 
The powder was synthesized by solid-state synthesis from PbO 

(99.9%, Alfa 12220), ZrO2 (99.1%, Tosoh Tz-0), TiO2 (99.8%, Alfa 
Aesar 42681) and Nb2O5 (99.9%, Sigma Aldrich 208515) in the 
molar ratio corresponds to the stoichiometry of Pb 
(Zr0.53Ti0.47)0.98Nb0.02O3 (PZT) with 2 mol% excess of PbO. The 
powder mixture was milled and heated at 900 ◦C for 2 h. After an 
additional milling step, the powder had an average particle size of 
0.4 µm.  

2) Thick-film samples 
Al2O3 substrates (99.9%, CoorsTEK) were prepared by slip-casting 

Alcoa A-16 powder and sintered at 1600 ◦C for 4 h. Their size, 
thickness and surface roughness are 5 × 5 mm2, 0.25 mm and 
< 0.2 µm, respectively. Standard as-fired thickness tolerance is 
± 10%. They were laser-cut into 25.5 × 12.5 mm2 used for printing 
haptic devices. The PZT screen-printing paste was prepared from the 
PZT powder and an organic vehicle consisting of alpha-terpineol 
2–2-butoxy-ethoxy-ethyl acetate and ethyl cellulose in a mass ratio 
of 60/25/15. First, the PZT barrier layer was deposited by screen- 
printing the paste on the Al2O3 substrate, then it was dried at 
150 ◦C, heated at 600 ◦C for 1 h to remove the organic vehicle and 
sintered at 1100 ◦C for 2 h. In the next step, the platinum paste 
(Ferro E1192) was screen-printed, dried, and heated at 1100 ◦C for 
1 h to form the bottom electrode. All the thermal processes were 
performed in air. 

To create the functional haptic layer, the PZT paste was printed on 
top of the platinized substrate, dried at 150 ◦C, heated at 600 ◦C for 
1 h and sintered at 950 ◦C for 2 h. The packing powder with the 
composition PbZrO3 with an excess of 2 mol% PbO was introduced to 
sustain the vapour pressure of lead oxide in the local atmosphere 
within the covered crucible and prevent expected lead-oxide losses 
from the film. [20]  

3) Microstructural Characterization 
The phase composition of the film was studied with an X-ray 

diffractometer (XRD, D8 Discover, Bruker, USA) using Cu-Kα radia
tion. The patterns were recorded in θ-2θ geometry in a 2θ-range of 

Fig. 1. a) Schematic diagram of the device’s structure used for the modelling. x, y and z axis represent the directions of the length, width and height, respectively. b) 
Mode shape at resonance, obtained from the modelling. 
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20◦− 60◦, with step size and integration time of 0.04◦ and 4 s, 
respectively. Scanning electron microscope (SEM, Helios NanoLab 
650, FEI) was used to analyze the cross-sectional microstructures of 
the films.  

4) Electrical Characterization 
500 nm-thick platinum top electrodes with 10 × 1 mm2 were 

sputtered (BALTEC MED 020 Metallizer) and simply patterned with 
Kapton tape. Polarization-electric field P(E) hysteresis loops were 
measured using a TF Analyzer 2000 E (aixACCT) with a triangular 
waveform at 100 Hz. The relative capacitance and loss were 
measured using an Impedance Analyzer HIOKI at 17.8 kHz and 
500 Hz, respectively, while applying a voltage of 5 VAC.  

5) Acoustic characterization 

The haptic device was placed on suspended flexible bars and was 
connected to a waveform generator (33210 A Keysight) via an amplifier 
(WMA-300, Falco Systems). The out-of-plane displacement was recor
ded using an OFV-5000 Polytec vibrometer. We used a computer- 
controlled X-Y stage to move the haptic device for line scans and 2D 
mapping. The whole set-up was controlled with the vibrometer via a 
LabVIEW program. Note that the two actuators were connected in par
allel, meaning the voltage applied to each actuator is the same. Note also 
that all the measurements in Fig. 4 were all done at a unipolar voltage. 

There was no specific poling process performed prior to the mea
surements. The actual poling of actuators occurred during the mea
surements as soon as the unipolar voltage reached a value beyond the 

film’s coercive voltage at 100 V. 

4. Results 

4.1. Material characterizations 

Fig. 2a shows a cross-sectional scanning electron microscope (SEM) 
image. PZT film is 80 µm-thick, dense, and exhibits a smooth surface. 
The Pt bottom electrode and the barrier PZT film are both approximately 
10 µm-thick. The barrier PZT film was used to prevent Pt diffusion into 
the Al2O3 ceramic substrate, which has been previously demonstrated in 
ref [21,22]. 

Fig. 2b is the X-ray diffraction (XRD) pattern of the screen-printed 
80 µm-thick PZT film. A pure perovskite phase is identified by 
comparing with the powder diffraction file (PDF) No 01–070–4264. [23] 
The relative intensity of {100}, {110}, {111}, {200}, {120} and {121} 
peaks indicate a random orientation, which is a typical feature of 
polycrystalline thick films. [24]. 

4.2. Electrical measurements 

Fig. 3 shows one actuator’s polarization versus electric field P(E) 
hysteresis loop. Its remanent polarization (Pr) is 20 µC cm− 2 and the 
coercive field (Ec) is 13 kV cm− 1. The corresponding current density 
versus electric field J(E) is shown in Fig. 3. At Ec it reveals two sharp 
peaks that link with the domain switching in the PZT film. All the results 
confirm the good ferroelectric properties of the printed PZT film. 

The capacitance per actuator is 1 nF at the resonant frequency of the 
haptic device. Consequently, the relative permittivity εr is calculated as 
950. The dielectric loss tanδ is 0.03 at 500 Hz, which is a rather low 
value. The cantilever structure was utilized to measure the piezoelectric 
coefficient e31,f, which is obtained to be − 7 C m− 2, consistent with the 
modelling value of − 5 C m− 2. Additional information is provided in the 
Supplementary material. 

4.3. Acoustic characterizations 

Fig. 4a shows the out-of-plane displacement versus frequency at 
150 Vpp (unipolar, peak-to-peak, 75 VAC + 75 VDC). At 17.8 kHz the 
device exhibits a peak-to-peak displacement of 9.5 µm, corresponding to 
its resonance. It is slightly different from the modelling, which is due to 
uncertainties on the parameters of the ceramic substrate. 

The out of plane surface displacement versus the position along the 
length of the device (y-axis) is shown in Fig. 4b. It is given at different 
excitation voltages (25, 50 and 150 V). A clear stationary Lamb wave 
with four nodes equally spaced along its length is observed, in line with 
the wave shape extracted from the modelling. The displacement is 
proportional to the applied voltage, as indicated in Fig. 4c. At 150 Vpp 

Fig. 2. a) Cross-sectional scanning electron microscope (SEM) of the printed thick film structure on Al2O3 substrate. Scale bar is 50 µm. b) X-ray diffraction pattern of 
the printed PZT thick film. 

Fig. 3. Polarization and corresponding current density versus electric field (P 
(E), j(E)) of the printed capacitor (10 ×1 mm2). 
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(75 VAC + 75 VDC) the peak-to-peak out-of-plane displacement reaches 
nearly 10 µm, which is essentially one order of magnitude more than the 
lowest finger detectable vibration amplitude. For haptic applications, 
only 20 Vpp (10 VAC + 10 VDC) are required to meet this specification 
(1 µm). Fig. 4d shows a 2D displacement map of the haptic plate excited 
at 100 Vpp (50 VAC + 50 VDC) and 17.8 kHz. It confirms a neat Lamb 
shape mode travelling along the length of the plate, in line with 

modelling. 
To make the haptic effect more visible, we placed a small silicon 

plate on the haptic surface. When applying a unipolar voltage of 100 V 
(50 VAC + 50 VDC), the haptic device is immediately activated and the 
small plate slides, as shown in video 1 in supplementary information, 
indicating a strong haptic effect generated. 

Previous studies have demonstrated that the interaction between an 
ultrasonically vibrating plate and a fingertip causes the fingertip to act 
as a mechanical damper, altering the resonance frequency of the mode 
and lowering the displacement. [25–27]. 

Applying 150 Vpp (75 VAC+ 75 VDC) can generate nearly 10 µm 
peak-to-peak displacement. In order to reduce the maximum voltage 
applied, we further studied the deflection versus DC offset voltage at the 
resonance, while keeping AC voltage amplitude at 75 V. In Fig. 5, we 
observe that the displacement stays unchanged with decreasing DC 
offset (i.e., from unipolar to bipolar). It makes sense because the EC is 
13 kV cm− 1, corresponding to a coercive voltage of 100 V (cf. Fig. 3a), 
which means that applying a bipolar AC voltage within 100 V does not 
induce domain switching. However, this strategy requires poling PZT 
initially at a voltage of at least 100 V, corresponding to its coercive 
voltage. 

5. Discussion 

The power consumption of one of these actuators is CfUrms
2 , where C, f 

and Urms are the capacitance at the resonance, the resonant frequency, 
and the root mean squared voltage, respectively. To achieve the 

Fig. 4. a) Out-of-plane displacement of the surface versus frequency, showing the resonance frequency at 17.8 kHz. b) Out-of-plane surface displacement along y axis 
(length) at various voltage. c) Peak-to-peak maximum displacement versus voltage. d) 2D map of displacement of the whole haptic plate at 100 V (50 VAC+50 VDC). 

Fig. 5. Out-of-plane peak-to-peak displacement measured with an AC voltage 
with an amplitude of 75 V, plus various DC offset from 0 V to 75 V. 
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specification (1 µm) of a detectable haptic effect, the entire device 
consumes 5 mW, corresponding to 2.6 mW per actuator at a unipolar 
voltage of 20 Vpp, Urms = 12.2 V. 

As mentioned earlier, the purpose of using thick film for haptics is to 
reduce consumption. To evaluate our device, we compared its features 
with the ones reported in the literatures by normalizing the consumption 
with the actuators’ width, as shown in Fig. 6. If all actuators were 
10 mm-wide and if they were driven to reach 1 µm in deflection, the 
corresponding haptic devices from the relevant literatures would 
consume respectively 600 mW [Hua],11 96 mW [Glinsek]12 and 
150 mW [Song]13. The consumption of our thick film-based haptic de
vice, limited to 5 mW, is therefore at least 20 times less than the closest 
state of the art. Note that our device also enables working at low voltage, 
as shown in Fig. 6. 

6. Conclusion 

In this work, we developed a haptic device based on 80 µm-thick PZT 
films deposited by screen printing on an Al2O3 ceramic substrate. At 
17.8 kHz, a stationary Lamb wave with four nodes equally spaced along 
its length was generated once a voltage was applied on the PZT actua
tors. At unipolar voltage of 150 Vpp the out-of-plane peak-to-peak 
displacement reaches up to 9.5 µm. A unipolar voltage of 20 V (10 VAC +

10 VDC, Urms =12.2 V) is enough to obtain a one µm displacement, 
corresponding to 5 mW in consumption. This is 20 times less than the 
closest state of the art. The presented results indicate that these thick 
PZT films not only provide large deflections but also consume much less 
energy. This could be a game changer for the fabrication of haptic de
vices, for which one must come up with a solution compatible with 
collective deposition means and low power consumption. 
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1. Finite element modelling  

 

Figure S1 Peak-to-peak displacement versus voltage at the resonance frequency of 19.7 kHz, 

obtained from finite element modelling. 

 

 

2. Measurement of piezoelectric coefficient. 

To experimentally measure the transverse piezoelectric coefficient e31,f, we utilized a cantilever 

structure method proposed by Mazzalai et. al. 1The cantilever was deflected using one of the 

actuators from a fabricated haptic device, as depicted in Figure S2. The electrode dimensions 

were 1 mm in width and 10 mm in length, and the cantilever was firmly clamped as shown in 

Figure S3. 

Within the region between the clamp at x = 0 and the top electrode end at x1 = 1 mm (Figure 

S2), applying voltage to the cantilever results in a constant curvature. Using a Polytech laser 

Doppler vibrometer in velocity mode, we measured the displacement at the free end of the 

cantilever (w(x2)) at x2 = 18 mm. 
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Figure S2 Schematic diagram of the set-up for measuring piezoelectric coefficient using 

cantilever structure.  

 

 

Figure S3 Visual appearance of clamped sample.  



In Figure S4, the oscilloscope window displays signals of the source generator, voltage 

amplifier output (10×CH2), and vibrometer output when a 100 V (unipolar, peak-to-peak) at 

100 Hz is applied. Using the vibrometer's measured velocity and the equation w=Vm/(2πf), 

where V is the vibrometer voltage output, m is the velocity range (5 mm/s/V), and f is the 

frequency, the displacement w can be calculated. At 100 Vpp (unipolar, 50 VAC +50 VDC) and 

100 Hz, the peak-to-peak vibrometer output is 225 mV, as shown in Figure S4, corresponding 

to a peak-to-peak displacement of 1.8 µm (w(x2)). 

 

Figure S4 Signals of the source generator (CH1 in yellow, 2 V peak-to-peak, unipolar), voltage 

amplifier output (CH2 in green, 10 V peak-to-peak, unipolar) and vibrometer output (CH3 in 

purple). Note that Agilent N2863B oscilloscope passive probe (10:1, 300 MHz) was used to 

reduce input signal of CH2 by 10x. This means that the voltage amplifier output should be 10 

times of the value shown in CH2, namely 100 V peak-to-peak. 

 

Following ref.[1], e31,f can be calculated following the equation:  

𝑒31,𝑓 = −
1

3

𝑌𝑠𝑢𝑏
(1 − 𝑣𝑠𝑢𝑏)𝑐𝑓
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𝑤(𝑥2)

𝑥1(2𝑥2 − 𝑥1)

𝑡𝑠𝑢𝑏
2

𝑈
 

where Ysub, υsub and tsub, are Young’s modulus (420 GPa), Poisson ratio (0.2), and thickness of 

the substrate (0.25 mm), respectively. cf is the top electrode coverage factor, defined as 

belec/bcant, where belec and bcant are the top electrode width (10 mm) and the cantilever width 

(12.5 mm), respectively. Therefore, cf is 0.8. U is the applied voltage, which is 100 V (unipolar, 

peak-to-peak). 



The experimentally obtained e31,f of the printed PZT thick film is -7 C m-2, which is in line with 

the value extracted from the modelling (-5 C m-2).  

It is crucial to avoid measuring e31,f  at resonance. Therefore, we conducted a frequency sweep 

of the vibrometer output from 10 Hz to 1 kHz (see Figure S5) to ensure that the first resonance 

was observed at 735 Hz, significantly beyond 100 Hz. It indicates that e31,f obtained at 100 Hz 

is valid. 

 

Figure S5 Vibrometer voltage amplitude swept from 10 Hz to 1000 Hz.  

 

3. Set-up for acoustic characterization 

In the acoustic measurements, the haptic device was fixed by placing it on double-side flexible 

foam tape, as shown in Figure S6 and S7 and also in Supplementary Video 1.  
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Figure S6 Schematic diagram of set-up built for haptic measurement. 

 

 

Figure S7 Visual appearance of haptic device fixed on the flexible bars. Note that the thin 

silicon plate was used to characterize the haptic effect in a visible way, as demonstrated in 

Video 1 in supplementary material. 

 

 

 



4. Comparison between experimental and modelled results 

Table 3 Results obtained through experiments and finite element modelling. 

 Experimental values Modelling values 

resonance frequency f in kHz 17.8 19.7 

peak-to-peak displacement in µm (at 150 Vpp) 9.5 12 

piezoelectric coefficient e31,f in C m-2 -7 -5 
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7.3 Challenges

The challenges persist in processing and integrating PZT thick film on haptic surfaces.

The sol-infiltration process is suitable for producing dense thick films at a temperature

compatible with glass (700 ◦C) without the need for high-temperature densification or

re-crystallization of PZT powders (at 1000 ◦C). However, this process requires long pro-

cessing times due to multiple infiltration steps and subsequent annealing. On the other

hand, spin coating is not an ideal method for depositing the film as it results in significant

waste of PZT powders.

Screen printing is an efficient approach for printing thick films, allowing for depo-

sition of each layer with a thickness exceeding 10 µm while also enabling patterning

and wasteless process. However, it requires sintering at very high temperatures (950°C),

necessitating the use of a ceramic substrate capable of withstanding such temperatures.

Regardless of the chosen method, the quality of the PZT powder plays a crucial role

in producing high-quality PZT thick films.

7.4 Outlook

Combining sol-infiltration with screen printing offers a potential solution to achieve

a wasteless process while partially reducing the processing temperature. Furthermore,

sol-infiltration can also be implemented through inkjet printing, enabling precise pat-

terning of the film and minimizing waste of PZT powders and solution. Additionally,

this approach allows for a computer-controlled process, enhancing process control and

efficiency.

Aerosol deposition emerges as a promising technology for depositing thick films at low

processing temperatures. Fortunately, during my secondment at Jozef Stefan Institute, I

had the opportunity to acquire aerosol-deposited PZT thick films on glass and stainless

steel substrates, which will be subject to future investigations. This technique relies on

the utilization of fine PZT powders. The thickness achieved in each deposition, using

identical parameters, is heavily influenced by the quality of the PZT powders.

Another potential strategy for reducing the processing temperature is the utilization

of flash lamp annealing, which allows selective annealing of the film while maintaining a

low temperature for the substrate.
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Chapter 8

Conclusion and perspectives

8.1 Conclusion

In this thesis, various aspects related to the processing of fabricating surface haptic

devices have been studied. Although conclusions have been provided separately in each

chapter, this chapter offers a more general conclusion that can be drawn from the current

work.

When considering the fabrication process of a surface haptic device on a specific haptic

plate, several factors need to be taken into account. These factors include production

cost, efficiency, process control, and usage requirements. By considering these factors,

several works have been performed:

-Chapter 4: To produce surface haptic devices on glass screens, a flash lamp an-

nealing process has been developed. This process allows for the crystallization of PZT

film within a few seconds and in an ambient atmosphere, which can significantly reduce

the production cost and simplify the process. The resulting haptic device, fabricated on

AF32 glass using flash lamp annealed PZT film, demonstrated an out-of-plane peak-to-

peak displacement of 1.5 µm. This displacement meets the threshold required for surface

rendering applications.

-Chapter 5: For those requiring metal-insulator-metal haptic actuators with a trans-

parent structure, the use of transparent electrodes becomes essential. In this regard, low-

temperature inkjet printed ITO electrodes that are compatible with PZT film have been

developed. Inkjet printing was employed as a cost-effective and simplified alternative to

the expensive and intricate lithography process. The inkjet printed ITO electrode serves

as the top electrode on the PZT film and exhibits comparable ferroelectric properties to

those achieved with sputtered ITO and Pt electrodes.
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-Chapter 6: Patterning plays a crucial role in integrating haptic devices into mi-

croelectronics fabrication. In this context, inkjet printing has been utilized to develop

all inkjet printed haptic actuators. Apart from the bottom electrode Pt, the top elec-

trode (ITO), functional PZT film, and nucleation PTO film were deposited and directly

patterned using inkjet printing. The printed haptic device, created on platinised silicon,

exhibits an out-of-plane peak-to-peak displacement of 1.2 µm at 22 V and 21.23 kHz.

This allows a sliding finger to perceive the sensation of a squeezed-air film. The devel-

oped all inkjet printing process eliminates the need for lithography or etching, simplifying

the production process and reducing costs.

-Chapter 7: For applications that do not require a transparent structure but prior-

itize low power consumption and larger deflection, PZT thin films may not be the ideal

choice. In such cases, PZT ceramic haptic actuators are commonly employed due to their

ability to generate significant deflection, thanks to the large piezoelectric coefficient of

PZT ceramics. However, these actuators are standalone devices and tend to be expen-

sive. To address these considerations, we have utilized PZT thick film to produce haptic

actuators. This approach offers several advantages. Firstly, it can generate comparable

deflection at a low voltage, making it more power-efficient. This is possible due to the

lower capacitance of thick films. Additionally, thick film actuators have the capability to

withstand high voltage, allowing them to generate larger deflection compared to thin film

actuators. By selecting PZT thick film, a desirable balance is expected between deflec-

tion, power consumption, and cost-effectiveness. This makes it an advantageous choice

for applications that do not necessitate transparency.

8.2 Perspectives

Although outlook was provided separately in each chapter, this chapter offers a more

general perspective on surface haptics. Surface haptic feedback is a complex interdis-

ciplinary field. The study and application of surface haptic feedback involve multiple

disciplines, including mechanical engineering, materials science, electronic engineering,

neuroscience, and more. Here, I would like to provide perspectives on the processing for

fabricating haptic actuators from the perspective of materials science.

First of all, it is expected that PZT films will play a significant role in upcoming

haptic applications because of their low-cost and compatibility with different deposition

methods. While bulk ceramic actuators can generate substantial deflection due to their

large piezoelectric coefficient, thin-film actuators allow for the development of transparent
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actuators that can produce acceptable displacement. Furthermore, thin-film actuators

offer the advantage of direct integration onto the haptic surface.

From Chapter 4, we have acquired knowledge about a low-temperature flash lamp

annealing process that facilitates the direct deposition of PZT thin films onto glass sub-

strates. The compatibility of flash lamp annealing with large-scale roll-to-roll printing

makes it possible to efficiently manufacture PZT films on glass, thereby simplifying the

production process. On the other hand, flash lamp annealing can not only be used in thin

film fabrication but also in thick film fabrication, which has been previously demonstrated

in [128].

From Chapter 5, we have demonstrated the possibility of using ITO as top electrodes

on PZT films. In addition to its application in piezoelectric devices, inkjet printed ITO

has also been utilized for printing transparent antennas. These antennas have demon-

strated comparable performance to those made of the state-of-the-art sputtered ITO. An

autonomous IoT communication module based on additively manufactured transparent

antenna set to operate at 2.4 GHz was also demonstrated. (Glinsek et al. Autonomous

low-energy communication module based on transparent printed antenna, in submission)

The promising results suggest that inkjet printed electrodes have the potential to be uti-

lized in various other transparent electronic applications, including thin-film transistors

and back contacts in solar cells, and so on.

From Chapter 6, we have known that an all-inkjet printing method allows for the

direct patterning of haptic actuators on the haptic surface. However, in this work, the

bottom electrodes used are not transparent, resulting in a lack of transparency in the

entire actuator. Previous studies have demonstrated that transparent fluorine-doped tin

oxide (FTO) can be employed as the bottom electrodes in piezoelectric devices,[129] and

it can also be produced using inkjet printing techniques.[130] In the future, there is the

potential to develop FTO through inkjet printing, which would allow it to be utilized as

bottom electrodes, enabling the creation of fully transparent haptic actuators.

On the other hand, by combining inkjet printing (or screen printing) with flash lamp

annealing, it becomes possible not only to efficiently produce PZT films but also to

directly pattern them.

From Chapter 7, we have learned that incorporating thick films in haptic actuators

offers the advantages of reduced power consumption and the ability to generate acceptable

displacement. A combination of screen printing and flash lamp annealing allows for the

rapid production of thick films at lower processing temperatures. Since thick films are
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not transparent, flash lamp annealing anneals only the PZT film. This approach not only

enables the deposition of thick films on special haptic plates like stainless steel which is

the one often used in industry, but also facilitates the use of cheaper electrodes such as

aluminum instead of platinum.

All the haptic actuators developed in this thesis utilized PZT thin or thick films, which,

unfortunately, are not environmentally friendly due to the presence of lead. Therefore,

there is a pressing need for the exploration and implementation of lead-free piezoelectric

materials in haptic actuator technologies. There have been many studies conducted on the

development of printable lead-free films;[131–133] however, these films have not yet been

utilized in haptic actuators. The development of such materials would contribute to more

sustainable and environmentally conscious approaches in the field of haptic technology.

In the end, I firmly believe that advanced haptic technology that enables subtle haptic

feedbacks will be applied to various electronics in the near future, greatly transforming

people’s lifestyles. This serves as our motivation to continue our studies from the per-

spective of materials science.
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Chapter 9

Publications, Conferences and

Activities
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First author and co-first author† contributions

‡ represents the works related to this thesis
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1‡. L Song, S Glinsek, H Ursic, S Drnovsek, M Sadl, B Malic, E Defay, Power-

Efficient Piezoelectric Haptic Actuators with Large Deflection, Sensors and Actuators A:

Physical 2023, 356, 114346.

2‡. L Song, S Glinsek, S Drnovsek, V Kovacova, B Malic, E Defay. Piezoelectric

thick film for power-efficient haptic actuator, 2022, Applied Physics Letters 121 (21),

212901.

3‡. L Song,† S Glinsek, E Defay, Toward low-temperature processing of lead zirconate

titanate thin films: Advances, strategies, and applications, Applied Physics Reviews,

2021, 8 (4), 041315.

4. L Song, T Schenk, E Defay, S Glinsek, Highly conductive low-temperature

combustion-derived transparent indium tin oxide thin film, 2021, Materials Advances

2 (2), 700-705.

5. S Glinsek,† L Song,† V Kovacova, MA Mahjoub, N Godard, S Girod, JL Biagi,R

Quintana, T Schleeh, M Guedra, M Rupin, E Defay. Inkjet-Printed Piezoelectric Thin

Films for Transparent Haptics, Advanced Materials Technologies, 2022, 7 (8), 2200147.

Submitted papers:
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6‡. L Song,† J Cardoletti,† AB Martinez, A Bencan, B Kmet, S Girod, E Defay,

S. Glinsek. Low-temperature growth of piezoceramic films on glass, 2023, submitted in

Nature Communications and under review now.

7. T Wang,† L Song,† S Gharabeiki, M Sood, A Jean-Claude Mireille Prot, M

Melchiorre1, E Defay, S Glinsek, and S Siebentritt, Shifting the paradigm: a stable

passivated hole transport layer for chalcopyrite solar cells, 2023, paper is prepared for

submission.

Co-author contribution

8. S Glinsek, L Song, M Gerard, O Bouton, S Girod, M El Hachemi, E Defay, T

Granzow and J Polesel-Maris, Autonomous low-energy communication module based on

transparent printed antenna, paper is under review in Cell Reports Physical Science.

9. P Parimal Biswas, C Milesi-Brault, A Blázquez Mart́ınez, N Aruchamy, L Song,

V Kovacova, S Glinšek, T Granzow, E Defay, M Guennou, Birefringence induced by

antiferroelectric switching in transparent polycrystalline PbZr0.95Ti0.05O3 film, Physical

Review Materials, 2022, 6 (9), L091403.

Patents

1. Longfei Song, Sebastjan Glinsek, Emmanuel Defay, PZT thick film haptics, LU501047,

priority date 21/12/2021

Another patent as co-inventor has been also applied with a colleague (Taowen Wang)

from the University of Luxembourg in the frame of our PRIDE project (PACE).

Conferences

Oral presentation

1. “Inkjet printed piezoelectric film for transparent haptics” on 2021 International

Symposium on Applications of Ferroelectrics (ISAF) conference 2021 in Australia, held

by IEEE Ultrasonics, Ferroelectrics, and Frequency Control Society.

2. “All inkjet-printed haptic device” on 2021 8th Piezo-MEMS workshop in Japan.

Poster presentation

1. “All inkjet-printed haptic device” on 2022 PACE Young Scientist Conference in

Luxembourg.
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2. “All inkjet-printed haptic device” on 2022 IEEE UFFC-S Ferroelectrics School in

Lyon, France

Summer school

2022 IEEE UFFC-S Ferroelectrics School

Activities

1. “No more battery, let’s harvest energy!” at Researchers’ days that happened in

Rockhal in Luxembourg in November 2022.

2. Organisation of 2022 PACE Young Scientist Conference held by University of

Luxembourg and Luxembourg Institute of Science and Technology.
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Appendix A

Characterization techniques

In Appendix, various characterization techniques that have been employed in my

studies are introduced. These techniques encompass X-ray diffraction, secondary ions

mass spectrometry, scanning electron microscopy, and methods for basic electrical mea-

surements. More specifically, the electrical measurement techniques include four-probe

conductivity measurement, hysteresis loop measurements of polarization (relative per-

mittivity) versus electric field, and measurements of the converse piezoelectric coefficient.

Additionally, I also provided a description and introduction of a homemade set-up utilized

for acoustic measurements.

A.1 X-ray diffraction

A.1.1 θ-2θ and grazing incidence configurations

X-ray diffraction is a analytical method used to study the phase composition of a

crystalline thin film. The regular arrangement of atoms within a crystal leads to the for-

mation of an interference pattern for the waves present in an incident X-ray beam. When

an X-ray beam contacts a crystal at an incident angle θ, it is reflected from the crystal’s

atomic planes at the same angle θ. When the X-rays are reflected from atomic planes

with a regular distance, they undergo constructive interference. Interference patterns can

only arise when the X-rays reflected from different planes interfere constructively. This

means, the path length difference between the beams reflecting off two planes must be

nλ (λ is the wavelength and n is an integer whole number). This can be expressed via

the Bragg law: nλ = 2dsinθ, where d is interplanar spacing and θ is the incident angle.

Two typical configurations for XRD (X-ray diffraction) measurements are generally

used, namely 2θ configuration and grazing incidence configuration (see Figure A.1). In
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Figure A.1: θ/2θ configuration (left) and grazing incidence configuration (right).

the 2θ configuration, the X-ray tube and the detector move symmetrically, allowing for

the measurement of crystal planes that are parallel to the surface. In the grazing incidence

setup, the X-ray source remains fixed at a small angle, while only the detector moves.

This approach enables to measure the surface of the film, excluding the pattern of the

substrate. In this thesis, a Bruker D8 Discover diffractometer (Bruker), using Cu-Kα

radiation, was used to perform XRD measurement.

A.1.2 sin2Ψ approach for estimating strain and stress in thin

film

A method for estimating strain and stress in thin film involves utilizing a sin2Ψ

approach. During X-ray diffraction (XRD) analysis, the Φ angle represents the in-plane

rotation angle around the surface normal, while the Ψ angle represents the out-of-plane

rotation angle that tilts the scattering vector away from the surface normal and into the

film plane, as shown in Figure A.2. This technique relies on determining peak positions

to calculate the lattice spacing dΦ,Ψ at specific Φ- and Ψ-rotations.

Figure A.2: Schematic diagram of Φ- and Ψ-rotations in XRD.[20]
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The strain ϵΦ,Ψ at a Φ and Ψ angle can be calculated via the following equation:

ϵΦ,Ψ =
dΦ,Ψ − d0

d0
= ϵ11cos

2(Φ)sin2(Ψ) + ϵ12sin(2Φ)sin
2(Ψ) + ϵ22sin

2(Φ)sin2(Ψ)

−ϵ33sin
2(Ψ) + ϵ33 + ϵ13cos(Φ)sin(2Ψ) + ϵ23sin(Φ)sin(2Ψ)

(A.1)

where d0 is reference lattice plane spacing, ϵ11 and ϵ22 are in-plane stress while ϵ33 is

out-of-plane strain, ϵ12, ϵ13 and ϵ23 are shear strain.

The previous study has confirmed that the influence of shear components is negligible,

specifically ϵ12 = ϵ13 = ϵ23 = 0 [20, 134]. For films exhibiting a uniaxial fiber texture, the

recorded XRD patterns are Φ-invariant [135]. Specifically ϵ11 = ϵ22. This way, equation

A.1 can be written as:

ϵΦ,Ψ =
dΦ,Ψ − d0

d0
= (ϵ11 − ϵ33)sin

2(Ψ) + ϵ33 (A.2)

To determine the strain without knowing of d0, prior research suggests a solution that

relies on the assumption that all encountered strain arises solely from bi-axial stress

(with the out-of-plane direction being stress-free, as previously established) and that the

in-plane elastic constants exhibit isotropic behavior.[20] This way, ϵ33 is described as a

function of ϵ11:

ϵ33 = − 2ν

1− ν
ϵ11 (A.3)

where nu is Poisson’s ratio. When introduce equation A.3 into equation A.2, it becomes:

dΨ =
1 + ν

1− ν
ϵ11d0sin

2(Ψ) + (1− 2ν

1− ν
ϵ11)d0 (A.4)

By plotting dΨ as a function of sin2(Ψ), the slope k is 1+ν
1−ν

ϵ11d0 while the y-axis

intercept y0 is (1− 2ν
1−ν

ϵ11)d0. This way, ϵ11 can be calculated as long as ν is known.

A.2 Secondary ions mass spectrometry

Secondary ions mass spectrometry (SIMS) technology is used to investigate the ele-

mental depth profile. SIMS instruments employ an internally generated primary beam of

positive ions (such as Cs) or negative ions (such as O) focused onto a sample surface to

generate secondary ions. These secondary ions are transferred into a mass spectrometer

via a high electrostatic potential, as schematically illustrated in Figure A.3.

For in-depth elements distribution analysis, dynamic SIMS is needed. Dynamic SIMS

instruments utilize primary ion beams of oxygen and cesium to enhance the intensities

of both positive and negative secondary ions. As the primary ion dose implanted in the

target increases, starting from the surface or going through an interface, the concentration
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Figure A.3: Schematic diagram of the principle of SIMS.

of the primary species (either oxygen or cesium) will reach an equilibrium state. This

equilibrium is dependent on the sputtering conditions and the characteristics of the target

material. Once a state of equilibrium is achieved, quantitative analysis can be done by

using Relative Sensitivity Factors.

In this thesis, SIMS investigations were done with a CAMECA SC-Ultra SIMS in-

strument operating with a Cs+ bombardment at 1 keV. In this technique, the sample

under analysis is subjected to bombardment with Cs+ ions, resulting in the detection of

secondary MCs+ ions instead of M− ions, where M represents the element that needs to

be analyzed.

A.3 Scanning electron microscope

Scanning electron microscope (SEM) was used to study microstructures of the pre-

pared thin films. It generates images by scanning a sample surface with high-energy

electron beams. Electrons are emitted at the top of the column, accelerated down, and

passed through a combination of lenses and apertures to produce a focused beam of elec-

trons which then scans the surface of the sample (see Figure A.4). When the electrons

interact with the sample, they generate secondary electrons, backscattered electrons, and

characteristic X-rays. These signals are captured by one or more detectors to create im-

ages that are subsequently shown on a computer screen. As the electron beam makes

contact with the sample’s surface, it penetrates the material to a depth of several mi-

crons, which varies based on the accelerating voltage and sample density. This interaction

within the sample gives rise to various signals, including secondary electrons and X-rays.

In this thesis, SEM images were obained through a FEI HeliosNanoLab 650 micro-

scope.
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Figure A.4: Schematic diagram of scanning electron microscope.

A.4 Electrical measurements

A.4.1 Four-probe conductivity measurement

The standard method for measuring the sheet resistance (represented as Rs) of TCO

(transparent conducting oxide) thin films involves the use of four probes. This method

enables the calculation of the resistivity or electrical conductivity of the material. The

four probes are equally spaced along a line, as depicted in Figure A.5, and a current is

applied through the outer probes while the inner probes measure the resulting voltage.

The sheet resistance (Rs) is then determined using the following equation:

Figure A.5: Schematic diagram of the principle of four-probe conductivity measurement.

Rs = k
∆V

I
(A.5)

where ∆V is the voltage and I is the applied current, k is a constant that depends on

the ratio between lateral dimension (d) and probe spacing (s). k is 4.53 when the lateral
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dimension of the sample is more than 40 times the probe spacing, namely d
s
→ ∞. If the

d
s
is smaller than 40, correction factors have to be considered which results in a smaller k.

In our lab, four probes in linear configuration (probe space of 1 mm) with a Keithley

2614B source meter are used to perform sheet resistance measurement, as has been shown

in Figure 5.7.

A.4.2 Polarization-electric field hysteresis loop

aixACCT Systems, shown in Figure A.6, are utilized for conducting electrical mea-

surements on ferroelectric thin films.

Figure A.6: Photo of aixACCT TF-3000 system (aixACCT Systems GmbH).

The characteristic hysteresis loop of ferroelectric thin films, known as the polarization-

electric field (P-E) loop, provides essential parameters such as Pr, Pmax, and Ec, as

previously discussed in Subsection 2.2.1. To obtain the P-E loop, the current i(t) is

measured by applying a triangular waveform with a frequency f , as shown in Figure A.7.

Polarization value can be calculated based on the following equation:

P =
1

A

∫
i(t) dt (A.6)

Correspondingly, P-E loop can be obtained. Consequently, current and corresponding

Figure A.7: The applied triangular waveform at a frequency. Source: axiACCT manual
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polarization as a function of time is shown in Figure A.8a. The obtained P-E loop is

shown in Figure A.8b.

Figure A.8: a) Current and polarization versus time. b) Polarization versus electric field

hysteresis loop.

A.4.3 Relative permittivity and loss tangent versus electrical

field

The relative permittivity ϵr of a capacitor with MIM structure can be calculated via

the equation: C = ϵ0ϵr
A
d
, where ϵ0 is vacuum permittivity constant (8.85×10−12 F m−1),

A is the effective area of top electrode of capacitor and d is the film thickness. Typically, a

staircase DC bias with a small AC amplitude is applied in the measurement by aixAACT

system, as demonstrated in Figure A.9. The capacitance and dielectric loss are derived

from the AC small signal current response of the sample measured by the virtual ground.

Figure A.9: Measurement of relative permittivity by applying a staircase DC bias with

a small amplitude. Source: axiACCT manual
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A.4.4 Converse piezoelectric coefficient measurement

The converse piezoelectric coefficient e31,f of thin film can be measured through a

cantilever structure, as shown in Figure A.10. The cantilever beam is firmly clamped.

Figure A.10: Cantilever structure for converse piezoelectric coefficient measurement.

When apply a voltage on top electrode, the beam is actuated and bends at a constant

curvature. As has been previously reported, the e31,f can be calculated via the following

equation:[136]

e31,f = −1

3

Ysub

1− νsub
[cf + (1− cf )(1− νsub)]

t2sub
d2

U

V
(A.7)

where Ysub, νsub and tsub are Young’s modulus, Poisson’s ratio and thickness of the sub-

strate, cf is the electrode coverage factor that is calculated via welectrode

wsub
(welectrodewsub are

the widths of electrode and substrate, respectively), U is the deflection at the position of

d and at a voltage of U that is typically measured by laser interferometry .

A.5 Setup for Acoustic measurement

The flexible foam tapes were used to support the haptic device, creating a simple

supported beam configuration. This setup was placed on a computer-controlled stage

that was constructed in-house. To generate an electrical signal, a wave-function generator

(Agilent 33210A) was utilized, and the signal was amplified by a factor of 50 using a

Falco amplifier (WMA-300). The amplified voltage signal was then employed to operate

the haptic device. To measure the out-of-plane displacement of the haptic device, a

vibrometer (Polytec OFV-5000) was employed, which captured data from the device’s

back side. A LabVIEW program (National Instruments) was responsible for controlling

both the entire setup and the vibrometer. The whole set-up is schematically shown in

Figure A.11
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Figure A.11: Schematic diagram of the built set-up used for haptic measurement.

Velocity mode in vibrometer was used to measure the surface displacement (d) of

haptic devices, which can be calculated via the equation below:

d =
Uvibrom

(2πf)
× 106 (A.8)

where Uvibro is the vibrometer output in V, m is the velocity range in m/s/V, and f is

the operation frequency in Hz. This way, the unit of obtained displacement is µm.
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Künneth, Alfred Kersch, Jacob L Jones, Thomas Mikolajick, and Uwe Schroeder.

On the origin of the large remanent polarization in la: Hfo2. Advanced Electronic

Materials, 5(12):1900303, 2019.

[21] V Kovacova, N Vaxelaire, G Le Rhun, P Gergaud, T Schmitz-Kempen, and E Defay.

Correlation between electric-field-induced phase transition and piezoelectricity in

lead zirconate titanate films. Physical Review B, 90(14):140101, 2014.

[22] Toshio Watanabe and Shigehisa Fukui. A method for controlling tactile sensation

of surface roughness using ultrasonic vibration. In Proceedings of 1995 IEEE In-

ternational Conference on Robotics and Automation, volume 1, pages 1134–1139.

IEEE, 1995.
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[40] Iñigo Bretos, Ricardo Jiménez, Aiying Wu, Angus I Kingon, Paula M Vilarinho,

and M Lourdes Calzada. Activated solutions enabling low-temperature process-

ing of functional ferroelectric oxides for flexible electronics. Advanced Materials,

26(9):1405–1409, 2014.

[41] XD Zhang, XJ Meng, JL Sun, T Lin, JH Ma, JH Chu, DY Kwon, and Bog G Kim.

Low-temperature preparation of sputter-deposited pb (zr0. 52ti0. 48) o3 thin films

through high oxygen-pressure annealing. Journal of crystal growth, 310(4):783–787,

2008.

[42] Zhanjie Wang and Jun Ouyang. Low-temperature processing of ferroelectric thin

films on si substrates. In Nanostructures in Ferroelectric Films for Energy Appli-

cations, pages 203–235. Elsevier, 2019.

[43] Phan Trong Tue, Tatsuya Shimoda, and Yuzuru Takamura. A facile solution-

combustion-synthetic approach enabling low-temperature pzt thin-films. APL Ma-

terials, 8(2):021112, 2020.

229



Screen-printed power-efficient haptic device with large deflection

[44] Min-Gyu Kang, Myoung-Sub Noh, Jung Joon Pyeon, Woo-Suk Jung, Hi Gyu Moon,

Seung-Hyub Baek, Sahn Nahm, Seok-Jin Yoon, and Chong-Yun Kang. Direct

growth of ferroelectric oxide thin films on polymers through laser-induced low-

temperature liquid-phase crystallization. Chemistry of Materials, 32(15):6483–6493,

2020.

[45] John F Wager. Transparent electronics. Science, 300(5623):1245–1246, 2003.

[46] Hideo Hosono. 9.4 transparent conducting oxides. From Magnetic to Bioactive

Materials, page 51, 2022.
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[113] Heinrich Hertz. Ueber die berührung fester elastischer körper. 1882.

[114] Kenneth L Johnson. One hundred years of hertz contact. Proceedings of the Insti-

tution of Mechanical Engineers, 196(1):363–378, 1982.

[115] Alfred Johnsen and Knud Rahbek. A physical phenomenon and its applications

to telegraphy, telephony, etc. Journal of the Institution of Electrical Engineers,

61(320):713–725, 1923.

[116] Edward Mallinckrodt, AL Hughes, and William Sleator Jr. Perception by the skin

of electrically induced vibrations. Science, 118(3062):277–278, 1953.

[117] Glen Dickson. Tanvas makes inroads with ”surface haptics”. Wiley online library,

https://doi.org/10.1002/msid.0050014, 2022.

[118] Kwon Joong Son. A nonlinear rheological model for the ultrasonically induced

squeeze film effect in variable friction haptic displays. Korea-Australia Rheology

Journal, 29:219–228, 2017.

[119] Farzad Ahmadkhanlou, Gregory N Washington, and Stephen E Bechtel. The devel-

opment of a five dof magnetorheological fluid-based telerobotic haptic system. In

237



Screen-printed power-efficient haptic device with large deflection

Modeling, Signal Processing, and Control for Smart Structures 2008, volume 6926,

pages 31–40. SPIE, 2008.

[120] Diana Angelica Torres, Betty Lemaire-Semail, Christophe Giraud-Audine, Frederic

Giraud, and Michel Amberg. Design and control of an ultrasonic surface haptic

device for longitudinal and transverse mode comparison. Sensors and Actuators A:

Physical, 331:113019, 2021.

[121] Longfei Song, Juliette Cardoletti, Alfredo Blazquez Martinez, Andreja Ben-

can, Brigita Kmet, Stephanie Girod, Emmanuel Defay, and Sebastjan Glin-

sek. Low-temperature growth of piezoceramic films on glass. arXiv preprint

arXiv:2303.13103, 2023.

[122] Nabil Fellahi, Mohammed Addou, Amina Kachouane, Mohamed El Jouad, and

Zouhair Sofiani. Optical properties of undoped and tin-doped nanostructured in2o3

thin films deposited by spray pyrolysis. The European Physical Journal Applied

Physics, 74(2):24611, 2016.

[123] Nicolas Godard, Sebastjan Glinsek, and Emmanuel Defay. Inkjet-printed silver as

alternative top electrode for lead zirconate titanate thin films. Journal of Alloys

and Compounds, 783:801–805, 2019.

[124] Seungjun Chung, Seul Ong Kim, Soon-Ki Kwon, Changhee Lee, and Yongtaek

Hong. All-inkjet-printed organic thin-film transistor inverter on flexible plastic

substrate. IEEE electron device letters, 32(8):1134–1136, 2011.

[125] Longfei Song, Tony Schenk, Emmanuel Defay, and Sebastjan Glinsek. Highly con-

ductive low-temperature combustion-derived transparent indium tin oxide thin film.

Materials Advances, 2(2):700–705, 2021.

[126] Longfei Song, Sebastjan Glinsek, Silvo Drnovsek, Veronika Kovacova, Barbara

Malic, and Emmanuel Defay. Piezoelectric thick film for power-efficient haptic

actuator. Applied Physics Letters, 121(21):212901, 2022.

[127] Longfei Song, Sebastjan Glinsek, Hana Ursic, Silvo Drnovsek, Matej Sadl, Barbara

Malic, and Emmanuel Defay. Power-efficient piezoelectric haptic actuators with

large deflection. Sensors and Actuators A: Physical, 356:114346, 2023.

238



Screen-printed power-efficient haptic device with large deflection

[128] Jing Ouyang, Denis Cormier, Scott A Williams, and David A Borkholder. Photonic

sintering of aerosol jet printed lead zirconate titanate (pzt) thick films. Journal of

the American Ceramic Society, 99(8):2569–2577, 2016.

[129] Ali Shoghi, Hossein Abdizadeh, Amid Shakeri, and Mohammad Reza Golobostan-

fard. Sol–gel synthesis of pzt thin films on fto glass substrates for electro-optic

devices. Journal of Sol-Gel Science and Technology, 93:623–632, 2020.

[130] Wan Zurina Samad, Muhamad Mat Salleh, Ashkan Shafiee, and Mohd Ambar

Yarmo. Transparent conducting thin films of fluoro doped tin oxide (fto) deposited

using inkjet printing technique. In 2010 IEEE International Conference on Semi-

conductor Electronics (ICSE2010), pages 52–55. IEEE, 2010.

[131] Bo Nan, Susana Olhero, Rui Pinho, Paula M Vilarinho, Tim W Button, and
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