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Abstract: In this study, non-stoichiometry lead-free piezoelectric ceramic Lig g53(Ko.48Nag 535)0966(Nbg9Tag1)O3
(LKNNT) thick films were deposited on Pt/Ti/Si substrates using spin-coating method technology to
form a LKNNT/Pt/Ti/Si structure of the micro-pressure thick films. Additionally, the influence on
the crystalline properties, surface microstructure images, and mechanical properties, and the piezoelectric
properties of the non-stoichiometry lead-free piezoelectric ceramic Lig g58(Ko 48]Nag 535)0.966(INbo.9Tag 1)O3
(LKNNT) thick films were observed, analyzed, and calculated using X-ray diffraction (XRD), field-
emission scanning electron microscopy (FE-SEM), focused ion beam (FIB) microscopy, nano-indention
technology, and other instruments. This study was divided into two parts: The first part was the
investigation into the fabrication parameters and properties of the bottom layer (Pt) and buffer
layer (Ti). The Pt/Ti/Si structures were achieved by the DC sputtering method, and then the rapid
thermal annealing (RTA) post-treatment process was used to re-arrange the grains and reduce defects
in the lead-free Li0.058(K0448Na0.535)0.966(NbO.9TaOAI)03 (LKNNT) thick films. In the second part,
lead-free Lig 0558(Ko.48Nag 535)0.966(INbg.9Tag 1)O3 (LKNNT) powder was prepared by the solid-state
reaction method, and then acetic acid (C;H4O;) solvent was added to form a slurry for spin-coating
technology processing. The fabrication parameters, thick film micro-structure, crystalline properties,
nano-indention technology, and the piezoelectric coefficient characteristics of the developed lead-
free Lig 958(Ko.48Nag 535)0.966(Nbg 9 Tag 1)O3 (LKNNT)/Pt/Ti/Si structure of the micro-pressure thick
film devices a were investigated. According to the experimental results, the optimal fabrication
processing parameters of the lead-free Lig 58(Kg.48Nag 535)0.966(Nbg.9Tag 1)O3 (LKNNT) were an RTA
temperature of 500 °C, a Ti buffer-layer thickness of 273.9 nm, a Pt bottom electrode-layer thickness of
376.6 nm, a theoretical density of LKNNT of 4.789 g/ cm?3, a lattice constant of 3.968 x 10~ cm, and a
ds3 value of 150 pm/V. Finally, regarding the mechanical properties of the micro-pressure devices
for when a microforce of 3 mN was applied, the thick film revealed a hardness of 60 MPa, a Young’s
modulus of 13 GPa, and an elasticity interval of 1.25 um, which are suitable for future applications of
micro-pressure devices.

Keywords: lead-free; piezoelectric ceramic; micro-pressure; thick films

1. Introduction

Micro-pressure sensor devices are the main electrical sensor devices for many con-
sumer electronics [1-4]. Of many different micro-pressure sensors, the piezoresistive
material sensor has wide applications in many consumer electronics because of its simple
structure and economical and highly efficient performance [5,6]. To discuss and develop
the sensitivity properties of micro-pressure sensor devices, various materials and simple
sensitive structure devices have been investigated and discussed in recent years. Until
now, the complexity of the fabrication process and cost increases, different sensor devices
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fabrication processing, sensitive thin films deposition, high-temperature processing, and
ion implantation processes were selected and necessary. The changes in the production
of piezoceramic sensitive elements to thin film elements were also very important in new
sensor (oscillator) methods, such as the detection principles of temperature-compensated
oscillators with reactance effects on piezoelectric resonators [7,8].

According previous studies, the graphene, the diamond-like carbon (DLC), and nano-
crystalline diamond film were widely discussed and self-supporting for nanoscale thickness
films [9,10]. In addition, polysilicon thin film was also developed and investigated for
its sensitive and mechanical membrane properties for applications in micro-pressure sen-
sors [11].

Recently, micro-pressure theory for intraocular pressure (IOP) devices and intracranial
pressure (ICP) application devices has become a very important research topic for the health
care projects. High mortality and poor health were effected by high ICP in traumatic brain
injuries and high IOP in many glaucoma cases [9-11]. To the decrease in precision and the
long-term monitoring health system lack, the experimental measurements of traditional
IOP and ICP of micro-pressure electronic devices were usually for health care.

In addition, microelectromechanical systems (MEMS) have driven the advancement
of piezoelectric ceramics for the miniaturization and development of electronic devices.
In MEMS device fabrication and manufacturing, the components of piezoelectric sensors
have recently changed from the original ceramic bulk material to piezoelectric thick films
and thin films. Piezoelectric ceramic materials are divided into many types of materials,
such as the PZT series, BT series, and KNN series [12-20].

Among them, PZT material systems have revealed excellent properties and character-
istics and are currently widely used in industrial product generation. The development
of lead-free piezoelectric ceramic materials have become an urgent technology in recent
years due to rising environmental awareness. In addition, the KNN material series of
lead-free piezoelectric ceramic materials have the most potential for the development of
micro-pressure devices. Recently, many deposition and fabrication process methods for
thick film and thin film materials, such RF magnetron sputtering, pulsed laser deposition,
chemical vapor deposition, and liquid phase synthesis, have been developed. In addition,
the liquid phase synthesis method was developed using the sol-gel method because of the
low-cost vacuum equipment and low temperature required, and because it easily covers a
large-area substrate.

According to many previous studies on KNN, the buffer layer and the bottom electrode
layer crack and melt [21-27]. Two often discussed and investigated topics in these KNN-
related papers were the thickness variation between the buffer layer, the bottom electrode
layer, and the complete film structure after the RTA processing treatment. In this study, acetic
acid was added to lead-free piezoelectric ceramic powder to form a lead-free piezoelectric
ceramic precursor solution next processing step. To form a Lig g58(Ko 48Nag 535)0.966(INbo.9Tag 1)O3
(LKNNT)/Pt/Ti/Si thick film structure, the lead-free piezoelectric ceramic powder spin-
coated on the Ti buffer layer was fabricated and investigated in this study. In addition, the
mechanical and piezoelectric properties of the microstructure and thin crystalline films
were analyzed and investigated. The lead-free piezoelectric (LKNNT) thick films were
prepared using pressureless sintering method for the spin-coating process and the solid-
state sintering reaction method was used. Finally, these methods were discussed and
investigated.

2. Experimental Detail

To discuss the electric properties, the thin crystalline films, thin film thickness, mi-
crostructure morphology, and the mechanical parameters and piezoelectric properties of
the lead-free ceramic thick film, and the complete (Lig g58(Ko.48Nag 535)0.966(INbo.9Tag 1)O3
(LKNNT)) piezoelectric ceramic thick film structure for the substrate, buffer layer, bottom
electrode layer, and the lead-free piezoelectric thick film were observed and analyzed. The
metal-insulator-metal (MIM) structure diagram is shown in Figure 1.
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Figure 1. The structure of Lig o58(Ko.48Nag.535)0.966(Nbp.9Tag 1)O3 (LKNNT) thick film.

The Lig 958 (Ko .48Nag 535)0.966 (Nbg 9 Tag )O3 (LKNNT) /Pt/Ti/silicon metal-insulator—
metal (MIM) structure samples shown in Figure 1 were divided to discuss the possible
piezoelectric properties of the lead-free piezoelectric micro-pressure devices prepared using
spin-coating technology. First, the single Ti buffer thin film layer and the single Pt bottom
electrode thin film layer were deposited on the silicon substrate to form Pt/Ti/Si structures.
The Pt/Ti metal target of the DC sputtering system was placed 5 cm away from the silicon
substrate. To remove the defects of the metal target and obtain stable plasma during the
DC sputtering deposition time, the pre-sputtering deposition was maintained for 30 min
under the argon gas environment for the as-deposited Pt/Ti thin film prepared. In addition,
the sputtering power for the targets was 160 W. After the spin-coating process at room
temperature, the as-deposited LKNNT thin film was improved and treated using the rapid
temperature annealing (RTA) process. For the RTA processing, the as-deposited LKNNT
thin films were annealed and treated at 500 °C for 30 s. To complete the MIM structure,
several arrays of the circular top electrode with a diameter of 50 m? were formed by Pt
top-electrode of 200 nm for DC sputtering technology in the vacuum system operating of
5 x 107 Torr.

Then, the thin film thickness variation effects of the 10 min RTA treatments at tem-
peratures of 300, 500, and 700 °C were also investigated in the next treatment process.
To prepare the as-deposited lead-free piezoelectric LKNNT thin films, LKNNT powder
was prepared using the solid-state reaction method, adding acetic acid (C;H4O;) solvents
to form a precursor slurry for the spin-coating deposition process. In addition, the as-
deposited lead-free piezoelectric thick films were prepared using spin-coating technology
on the fabricated Pt/Ti/Si structure, forming the LKNNT/Pt/Ti/Si MIM structure for
micro-pressure devices.

To further investigate and determine the thermal annealing treatment effect on lead-
free piezoelectric thick films, the electrical and physical properties were investigated
and analyzed using scanning electron microscopy (SEM) and X-ray diffraction (XRD)
measurements. XRD crystalline analysis, nano-indention analysis, and PFM piezoelectric
characteristic analysis of the thick film devices were also carried out and discussed. In
addition, the electrical properties of the micro-pressure devices were obtained by an Agilent
B1500 semiconductor parameter analyzer. There were about 10 samples per mix for testing.
The standard deviations of the d33 and deformation amplitude values of the data were
presented using cubic notation. In addition, the nano-indention technology was measured
by the Hit 300 instrument (maximum load of 500 mN, load noise background of 1 uN,
load resolution of 0.02 uN, depth range of 200 um, displacement resolution of 0.01 nm,
and deep noise background of 0.3 nm). In addition, the d33 value of the piezoelectric force
microscope (PFM) measurement was determined by the IM-8000 (Keyence corporation of
America, Itasca, USA) instrument.

3. Results and Discussion

In this study, the experimental details are divided two cases: (1) the thicknesses of
thick film of the buffer layer and the bottom electrode layer were determined treated
by rapid temperature post-treatment processing, and (2) the electrical and piezoelectric
characteristics of the lead-free piezoelectric thick film layer for the non-RTA and RTA-
treated samples were compared.
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There were differences in the buffer layer and bottom layer of the lead-free piezoelectric
thick film for the non-RTA and RTA-treated processing. As shown in Table 1, in forming
the Ti/Si structures, the Ti buffer layer was deposited on the silicon substrate prepared by
the DC sputtering method for a 1-2 h sputtering time for thicknesses of 50.4 and 205.4 nm,
respectively. When the sputtering time was 1 h, the thickness of the Ti (59.92 nm) after the
RTA treatment at 300 °C was +19% thicker than that the original thickness (50.4 nm) of the
as-deposited thin films. For the sputtering time of 2 h, the thickness of the Ti (162.6 nm)
after the RTA treatment at 300 °C was —21% thinner than that of the original thickness
(205.4 nm). With the sputtering times of 1 and 2 h, when the RTA temperature increased to
700 °C, the thicknesses of the Ti buffer layer gradually increased to 42.8 (1 h) and 179.8 (2 h)
nm, respectively. In addition, the the as-deposited thick thicknesses were —15% (1 h) and
—17% (2 h), respectively. This was caused by the uneven release of internal stress of the
lead-free piezoelectric thick films during the RTA treatment process, which induced the
uneven shrinkage style.

Table 1. The thickness variation of the Ti/Si structure.

Structure  Sputtering Time (Hour) = RTA Temp. (°C) Film Thickness (nm) Thickness Ratio (%)

None 50.4 +0
300 59.92 +19
! 500 51.36 +2
Ti/Si 700 42.8 -15
None 205.4 +0
300 162.6 -21
2 500 162.6 -21
700 179.8 -13

As shown in Table 2, the platinum (Pt) bottom electrode layer was also deposited
using the DC sputtering method with the sputtering deposition time of 1 h, forming
the Pt/Si structure with a thickness of 470.8 nm. With the RTA post-treatment process
at temperatures of 300, 500, and 700 °C, compared to the as-deposited thick thickness
(470.8 nm), the thickness of the Pt was gradually reduced from —6 to —22%. According
to the above experimental results, the denser and decreases surface microstructure of the
lead-free piezoelectric thick films were caused by the thickness internal stress release and
re-arrangement of the grains.

Table 2. The thickness variation of the Pt/Si structure.

Structure  Sputtering Time (Hour) = RTA Temp. (°C) Pt Thickness (nm) Thickness Ratio (%)

None 470.8 +0

. 300 445.1 -6
Pt/Si 1 500 385.2 —18
700 368.1 2

Based on the above experimental results, and using the RF magnetron sputtering again
(Pt =1h and Ti = 2 h), the Pt (325.3nm)/Ti (256.8 nm)/Si structure was obtained. As shown
in Table 3, the thickness of the Pt electrode layer using the RTA treatment at temperatures
of 300, 500, and 700 °C increased to 376.6 nm (+16%, 500 °C RTA) and then decreased to
368.1 nm (+13%, 700 °C RTA). For the Ti buffer layer, the thickness first increased to 291 nm
(+13%, 300 °C RTA), and then the thick film gradually decreased to 214 nm (—17%, 700 °C
RTA). Figure 2 shows the cross-section images and top-view morphology of the Pt/Ti/Si
structure of the 500 °C RTA post-treatment process. The thicknesses of the Ti (273.9 nm)
and Pt (376.6 nm) layers are also presented.
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Table 3. The thickness variation of the Pt/Ti/Si structure.

Structure Sputtering Time (Hour) = RTA Temp. (°C)  Film Thickness (nm) Thickness Ratio (%)

Ti Pt Ti Pt
None 256.8 3253 +0

Pt/Ti/Si Pt=1h 300 291.0 325.3 +13 +0

Ti=2h 500 2739 376.6 +7 +16

700 214.0 368.1 17 +13

376.6.nm (cs),

2739 r‘lm (cs)

(@) (b)

Figure 2. The cross-section images and top morphology for (a) cross-section view, and (b) top view
of the Pt/Ti/Si structure.

To compare the electrical and piezoelectric characteristics of the lead-free piezoelectric
thick film layer, the Lij 055(Kg.48Nag 535)0.966(INbg.9Tag 1)O3 (LKNNT) powder was prepared
using the solid-state reaction method at different sintering temperatures of 1050, 1070, 1090,
and 1110 °C/4 h, respectively.

Figure 3 presents the surface structure morphology of the XRD measurement de-
tails, The strong (100), (001), and (110) preferred peaks and the crystal orientation of the
Lig 058(Ko.48Nag 535)0.966(Nbg.9Tag 1)O3 (LKNNT) thick films gradually increased at the tem-
perature of 1090 °C. At the sintering temperature of 1110 °C, the crystal orientation (100)
and (110) preferred peaks were obviously reduced. The crystallinity, lattice constants,
and the theoretical densities of the LKNNT thick films are also shown in Table 4. The
crystallinity properties and the (110) preferred peaks of the LKNNT did not reach the opti-
mum conditions at the temperature of 1090 °C. The Lig 058(K.481Nag 535)0.966(INbo.9Tap.1)O3
(LKNNT) powder was prepared at the temperature of 1090 °C, the optimal parameters
were chosen, and acetic acid (C;H4O;) solvent was added to form a precursor slurry for
the spin-coating deposition process based on the above experimental results. The optimal
fabricated parameters to buffer layer and bottom electrode layer were used to form the
Lig.058(Ko.48Nag 535)0.966(Nbg.9Tag 1)O3 (LKNNT)/Pt/Ti/Si structure using the spin-coating
process method.

Table 4. The XRD patterns of the Lig os5(Ko.48Nag 535)0.966(Nbo.9Tap.1)O3 (LKNNT) thick film at
different sintering temperatures.

Sintering (°C) 1050 1070 1090 1110
Aaooy/Atotal 0.730 0.349 0.320 0.317
FWHM (100) 0.198
0.509 0.462 0.525

FWHM (001) 0.184
Aa10)/ Arotal 0.270 0.410 0.402 0.407
FWHM (110) 0.301 0.456 0.423 0.506
Lattice constant (10-8 cm) 3.942 3.961 3.968 3.959

Theoretical density (g/cm3) 4.882 4.811 4.789 4.819
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Figure 3. The XRD patterns of the Lig 958(Kg.48Nag 535)0.966(INbg.9Tag 1)O3 (LKNNT) thick film under
different sintering temperatures for (a) 26 = 20-60°, (b) (100) and (001) peaks, and (c) (110) peak.

Figure 4 presents the SEM images of the Li 53(Ko 48]Nag 535)0.966(INbg 9 Tag 1)O3 (LKNNT)
thick film under the different RTA temperatures of 300°, 500°, and 700 °C. In addition,
the average grain size of the denser and closer LKNNT thick film was about 0.775 pm
according to the SEM microscopy image results.

Figure 4. The SEM images of the Lig 58(Kg.48Nag 535)0.966 (Nbg 9 Tag.1)O3 (LKNNT) thick film under
different RTA temperatures of (a) 300°, (b) 500°, and (c) 700 °C.
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Using nano-indention technology, the micro-pressure applied to the lead-free piezo-
electric ceramic thick film, and the mechanical properties of the strain, hardness, elastic limit,
Young’s modulus, and residual stress properties were measured and discussed. Table 5 and
Figure 5 present the experimental results of the nano-indention technology. The piezoelec-
tric thick film layer exhibited a low elastic range and harder structure, and a non-regressive
displacement curve of the Lig 058(Kg.48Nag 535)0.966(Nbo 9 Tag 1)O3 (LKNNT) /Pt/Ti/Si micro-
pressure structure was observed. To the load stress of the micro-pressure devices ap-
plied using the nano-indention processing technology, the physical deformation of the
Lig.058(Ko.48Nag.535)0.966(Nbg 9 Tag.1)O3 (LKNNT) /Pt/Ti/Si structure occurred and was diffi-
cult to restore immediately. Due to the unloading process, the micro-pressure stress was
released and the displacement was gradually restored, but the internal residual stress was
still not completely released. To release the residual stress of the lead-free piezoelectric
of micro-pressure devices was not enough time and difficult to return the original state
and shape for the permanent indention. When the hardness of the lead-free piezoelectric
thick film increased, low residual stress, high density, and pressure and wear resistance
were observed. The cracking effect of the lead-free piezoelectric thick film penetrated and
directly pressed the bottom electrode layer and the buffer layer. A cracked gap appeared.
On the contrary, the probe distortion and the hardness of the piezoelectric layer decreased
were exhibiting high residual stress, low density, and flexible properties. A buffer gap effect
was observed for the piezoelectric characteristics of the lead-free piezoelectric thick film.

Table 5. The results of the nano-indention processing of the micro-pressure devices using the lead-free
Lig 058(Ko.48Nag.535)0.966(Nbo.9 Tag.1)O3 (LKNNT).

Method Pressureless Sintering Solid-State Reaction
Elasticity interval (um) 2 1.25
Critical stress/deformation (mN/nm) 3.38/2133 3.01/1411
Young’s modulus (GPa) 3.629 13.126
Hardness (MPa) 32.528 60.554

— Solid State Reaction
— Pressureless Sintering

~

Load (mN)

0 — T T
0 500 1000 1500 2000 2500

Displacement (nm)

Figure 5. Load-Displacement of the lead-free Lij o55(Kg.48Nag 535)0.966(Nbg 9 Tag 1)O3 (LKNNT) thick
film.

The piezoelectric coefficient ds3 parameters of the Lig gsg(Kg4sNags35)0.966(Nbo9Tag 1)O3
(LKNNT) thick films for micro-pressure devices were obtained and investigated using piezo-
electric force microscope (PFM) measurements. the piezoelectric force microscope (PFM)
measurement was carried out using DC bias voltage applied between the low electrode of the
micro-pressure sample and the probe. The area under the probe became the single polarization re-
gion, and the memory unit, area, and strength of the lead-free Lij o58(Ko 48]Nag 535)0.966((Nbp 9 Tag 1 )O3
(LKNNT) polarization area were also measured. To AC electric field applied to the single
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polarization region of the Lig o58(Ko.48Nag 535)0.966(INbo.9Tag.1)O3 (LKNNT) samples, and the
thick film produced contact-type resonance and induced deformation. The probe lightly pressed
on the thick film, and the deformation of the lead-free Lij g55(Kg 48]Nag 535)0.966(INbg 9 Tag 1)O3
(LKNNT) thick film caused by the probe calculated from the circuit and the d33 value
obtained.

Figures 6 and 7 show the ds3 values and related output voltages of the lead-free
Lip 058(Ko.48Nag 535)0.966(Nbo 9 Tag 1)O3 (LKNNT) thick film of the micro-pressure devices
measured and discussed using the PFM experimental results. As shown in fig. 7, the slope
proportional to the lead-free piezoelectric coefficient was about 0.0348, and the average
d33 value was about 150 pm/V in voltage range from 0 to 2 V. Table 6 presents the ds3
results of the lead-free piezoelectric ceramic thick film. In this study, the d33 value of the
Li0.058 (K0.48Na0.535)0.966 (NbO.gTaO.l)Og, (LKNNT) thick film was about 150 pm/V, which is
higher than in other reports [28-36].

300

250 4
2004
| [ [ ]
= Egn
E 150 - . . .
o
—
en 100
o)
=
50
0 | | | | |
0.0 0.5 1.0 1.5 2.0 25 3.0
Voltage (V)

Figure 6. The variation of ds3 values of the lead-free Lig 55(Ko.48Nag 535)0.966(INbg.9 Tag 1)O3 (LKNNT)
thick films.

70 -

60 -
50 | slope = 0.0348
40 -

30 -

Voltage (mV)

20 -

10

1
Voltage (V)
Figure 7. The deformation amplitudes of the lead-free Lig o58(Ko.48Nag535)0.966(Nbg9Tag1)O3

(LKNNT) micro-pressure devices using the PFM measurement.

Table 6. The d33 results of the lead-free Lig 955 (Kg 48Nag 535)0.966 (Nbg.9Tag 1)O3 (LKNNT) thin film
[28-35].

Material System Method ds3
KNN Chemical Solution Deposition 46 pm/V
KNN Sol-Gel Method 50 pm/V
KNN RF Magnetron Sputtering 36 pm/V
KNN Pulsed Laser Deposition 58 pm/V
KNN Screen Printing Method 138 pm/V

KNN Chemical Solution Deposition 61 pm/V
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4. Conclusions

In conclusion, the effects of the RTA post-treatment for the Ti buffer layer and the Pt bottom
electrode layer were analyzed and discussed. Using nano-indention and PFM measurements, the
piezoelectric and mechanical properties of the lead-free Lig g58(Ko.48Nag 535)0.966(INbg9Tag 1)O3
(LKNNT) thick film were also determined. In general, the thicknesses of the Ti and Pt
layers using RTA post-treatment process became thinner because of the re-arrangement of
the crystalline grains of the thick film. The optimal fabrication parameters were an RTA
temperature of 500 °C, a thickness of the Ti buffer layer of 273.9 nm, a thickness of the
Pt bottom electrode layer of 376.6 nm, a theoretical density of LKNNT of 4.789 g/cm?, a
lattice constant of 3.968 x 1078 cm, and a ds3 value of about 150 pm/V. For the mechanical
properties of the micro-pressure devices with an applied microforce of 3 mN, the lead-free
Li0_058(K0_48Na0.535)0.966 (Nb().gTaO.l)Og, (LKNNT) thick film revealed a hardness of 60 MPa,
a Young’s module of 13 GPa, and an elasticity interval of 1.25 pum.
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