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ABSTRACT

For a high power density in piezoelectric energy harvesters, both a large direct piezoelectric
coefficient (e31) and a small relative permittivity constant (¢r,33) are required. This study proposed
an energy harvesting device made of an epitaxial Pb(Zr, Ti)O3 (PZT) thin film grown on a Si
substrate. The epitaxial PZT thin film is deposited on the Si substrate by RF magnetron sputtering.
The epitaxial PZT thin film grown on Si substrate has a 33 constant of 318. The output voltage
as a function of input displacement was measured using a shaker to evaluate the direct e3if
coefficients and energy harvester output characteristics. According to the figure of merit (FOM)
defined as (e315)%/eoer,33, the epitaxial PZT/Si cantilever is 32 GPa. At a resonant frequency of 373
Hz under an acceleration of 11 m/s?, the epitaxial PZT/Si cantilever has a high output power of
40.93 uW and power density of 108.3 uW/cm?/g> without any damage, which is very promising

for high power energy harvester applications.
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With the increasing demand for Internet of Things systems, wireless sensor technologies that
enable wireless communication between electronic devices are also being developed.!? However,
because of the limited battery life, self-powered systems are required, as well as low-power circuit
technology or an ecofriendly alternative energy source. In particular, energy harvesters made of
piezoelectric materials like Pb(Zr, Ti)O3 (PZT) have several advantages, including structural
simplicity, high energy conversion efficiency, and high power density. *° They are suitable for the
miniaturization of devices.

It is important to evaluate the piezoelectric material energy conversion efficiency for
piezoelectric energy harvesters (PEHs). Appropriate piezoelectric materials must be used to
generate the maximum output electrical energy for PEHs to improve energy conversion efficiency.
The figure of merit (FOM) can be used to understand the relationship between the piezoelectric
properties of materials and the output power of PEHs.”® For an energy harvester using a
piezoelectric thin film, the FOM is known as (e, )2/g0er33, where e31, €0, and &r33 are the effective
transverse piezoelectric constant, dielectric constant of vacuum, and relative permittivity constant,
respectively.® According to the FOM, a higher power density requires a large e31s coefficient and
small &r33. The epitaxial thin films are good candidates for energy harvesters because they have
low defects, stable performance, low relative permittivity constant, and high ferroelectric and
piezoelectric properties.!®1? According to the thermodynamic calculations, the PZT thin films with
the largest degree of c-axis orientation showed the highest remanent polarization values and the
lowest dielectric constants.!!"'> Epitaxial piezoelectric thin films are typically grown on single
oxide crystals such as MgO or SrTiO3 substrates.'*!> Our previous study demonstrated the
epitaxial PZT thin films on stainless steel substrates for energy harvesting applications using the

laser lift-off (LLO) transfer technology. The epitaxial PZT thin films were initially grown on MgO
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single crystal substrates.'® However, Si is a standard material for fabricating

microelectromechanical system (MEMS) devices. Hence, there is a growing demand for

integrating high-oriented or epitaxial functional thin films on Si substrates. So far, several studies

on the epitaxial growth of PZT thin films on Si substrates have been reported.'”!® Nevertheless,
there are not sufficient reports of the detailed piezoelectric characterizations of the epitaxial PZT
thin films grown on Si substrates. In this study, we have deposited the epitaxial PZT thin film on
(001)SRO/Pt/ZrO2/Si substrate. In particular, (001)SRO/Pt/ZrO: bottom layers on Si indicate high
electrical conductivity through the inclusion of Pt and is a more practical film structure compared
to previous studies using SRO/CeO2/YSZ/Si(100) and SRO/STO/Si(100) substrates.'”'

Accurate piezoelectric coefficient measurements are also critical for predicting the final
performance of devices fabricated with MEMS technology. The effective transverse piezoelectric
coefficient (e31,) is commonly used as an important piezoelectric coefficient for characterizing
piezoelectric applications such as actuators and harvesters.'*? Direct and converse piezoelectric
effects are the basis for measuring piezoelectric properties.'®?'?? It is noted that the e3if
coefficients of piezoelectric thin films could differ from the direct piezoelectric and converse
piezoelectric effects.?? Considering the operation of an energy harvester, the direct e31scoefficients
are preferable for discussing the FOM and estimating the power performance of piezoelectric thin
films.?*2* However, the converse e31 coefficients are typically used for evaluating the FOM of
PEHs in previous studies.”>?® Thus, a system for precisely evaluating the direct e31 coefficients
must be developed to discuss the FOM. This study proposes a method for measuring the direct
piezoelectric coefficient that uses a shaker. In this system, direct e31s coefficients and output
characteristics of the energy harvester can be measured simultaneously.

In this work, epitaxial PZT thin film was deposited on Si substrates with buffered layers. Then
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unimorph cantilever composed of the epitaxial PZT thin film on Si substrate (PZT/Si) was
fabricated to measure the output performance of the energy harvester. A measurement method of
direct e3is coefficients was used to evaluate the output performance of the epitaxial PZT/Si
cantilever. Therefore, we found that the epitaxial PZT thin film grown on Si substrate is very
suitable for use in high-performance energy harvesters. The epitaxial growth of the PZT thin films
on Si substrates would give a big impact for piezoelectric MEMS technologies which mainly use

polycrystalline PZT thin films on Si today.

PZT thin film with a Zr/Ti ratio of 48/52 was deposited on the epitaxial (001)SRO/Pt/ZrO2/Si
substrate by RF magnetron sputtering. The thicknesses of the epitaxial SRO-coated Si substrate
and PZT thin film were 725 and 2.5 pm, respectively. The structural properties of the PZT thin
film were determined using X-ray diffraction (XRD, SmartLab, Rigaku, Japan) and transmission
electron microscopy (TEM). Relative permittivity constant (&r33) and dielectric loss (tan o) of the
PZT thin film were measured using an LCR meter (IM 3536 LCR meter, HIOKI, Japan). The
polarization—electric field (P—E) hysteresis curve was obtained using a ferroelectric tester
(Precision Multiferroic II, RADIANT TECHNOLOGIES, INC., USA). Further details are
provided in sections 1.1 and 1.2 of the Supplementary material. The e31,coefficients from converse
and direct effect and output performance of epitaxial PZT/Si cantilever were measured using the
cantilever method. We cut the specimens into rectangular beams along the (110)Si directions. The
dimensions of the cantilever are 2 mm in width and about 15 mm in length. Details of the
measurement methods are given in sections 1.3 and 1.4 of the Supplementary material.

Figure 1(a) shows the XRD pattern of PZT thin film deposited on (001)SRO/Pt/ZrO-/Si
substrate. The XRD pattern showed strong peaks of {001} and {002} PZT without any other

phases. We also performed a reciprocal space map (RSM) analysis of the PZT thin film on the
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(001)SRO/Pt/ZrO2/Si substrate, as shown in Figure 1(b). In the RSMs of the PZT thin film around
the PZT 004 [Figure 1(b)] and PZT 204 (Figure S1) reflections, only spotty PZT peaks are
observed. This indicates that the PZT thin film was epitaxially grown on (001)SRO/Pt/ZrO2/Si
substrate. We also observed the a-domains (PZT 400) spots as three separated spots in Figure 1(b).
Several studies using crystal structure analysis have reported a similar domain structure.?”-*® The
tilted domains in a PZT tetragonal structure are geometrically caused by the 90° domain with the
{101} domain wall.?” Furthermore, from the peak positions of PZT 004 and PZT 204, the lattice
constants of a and ¢ were calculated as 4.08 and 4.14 A, respectively. This indicates that the c/a
ratio is 1.01, which means that the PZT thin film on the (001)SRO/Pt/ZrO>/Si substrate has a
tetragonal structure. The scanning transmission electron microscopy (STEM) analysis was also
conducted on the PZT thin film grown on the (001)SRO/Pt/ZrO2/Si substrate to confirm the
domain structure of the thin film. An enlarged high-resolution scanning transmission electron
microscopy (HRSTEM) image of the PZT thin film on (001)SRO/Pt/ZrO2/Si substrate shows (100)
and (001) lattice fringes, as shown in Figure 1(c). We confirmed that the lattice parameter values
of (100) and (001) directions were 4.06 and 4.16 A, respectively. It shows that the c¢/a ratio is close
to the value obtained from the RSM estimation. The inset image shows the electron diffraction
pattern of the crystalline PZT phase, which shows the (100) and (001) reflections, suggesting that
the PZT thin film has good crystallinity. These results confirmed that the PZT thin film grows
epitaxially on the (001)SRO/Pt/ZrO2/Si substrate with a tetragonal structure.
The relative permittivity constant (&r33) and dielectric loss (tan J) value of the epitaxial PZT thin
film on Si substrate were 318 and 0.01, respectively. According to the polarization—electric field
(P-E) hysteresis loop measurement (Figure S2), the epitaxial PZT thin film exhibits ferroelectric

properties with a well-saturated square-shape hysteresis loop. The epitaxial PZT thin film on the
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Si substrate had a remanent polarization (Pr) value of 48.6 uC/cm?. The epitaxial PZT thin film on
the Si substrate showed a large Pr value because of the dominant c-axis orientation.

The e31s coefficients of the epitaxial PZT/Si cantilever evaluated from the converse and direct
piezoelectric effect were measured using the cantilever method, and the details of the measurement
method are mentioned in sections 1.3 and 1.4 of the Supplementary material. The setup for
measuring the converse e31s coefficients is shown in Figure 2(a). To evaluate the converse e3if
coefficients of the epitaxial PZT/Si cantilever, the output tip displacement was measured using a
laser Doppler vibrometer by applying a negative unipolar sinusoidal voltage from 5 to 20 Vpp at a
frequency of 600 Hz. For measuring the direct e31 coefficients of the epitaxial PZT/Si cantilever,
we confirmed the output voltage using an oscilloscope as a function of the input tip displacement
generated by the shaker at resonant frequency [Figure 2(b)].

Figure 3 shows the output tip displacements and converse |e314 coefficients of the epitaxial
PZT/Si cantilever as a function of applied voltage. The output tip displacement of the epitaxial
PZT/Si cantilever increased proportionally with the applied voltage, as shown in Figure 3(a). From
the output displacement (dout) generated by the input voltage (Vin), the converse |e31,] coefficients
of the epitaxial PZT/Si cantilever were calculated using the following equation:

2
Eshy 5out

O T T 0y Vi M

where Es, hs, and vs represent Young’s modulus, thickness, and Poisson’s ratio of the substrate,
respectively, and [ represents the length of the unimorph cantilever. We used the values of Es and
vs of <110> Si as 170 GPa and 0.064, respectively.? The derivation of Equation 1 is reported in
detail in our previous study.?? The calculated converse |es1y| values of the epitaxial PZT/Si

cantilever are almost constant, regardless of the applied voltage, and are in the range of 14.0-14.3
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C/m?, as shown in Figure 3(b). This implies that the as-grown PZT thin film is fully polarized in
the thickness direction. The results of the converse piezoelectric coefficients measured by applying
1%, 2%, and 3" voltages to the epitaxial PZT/Si cantilever were shown in Figure S3. We observed
constant and stable values of the converse esis coefficients under the application of repeated
voltages. The epitaxial PZT/Si cantilever has a higher converse |esi/ coefficients than the
polycrystalline PZT/Si cantilever reported in other studies.?>*%3! It is considered that the high
crystal orientation of the {001} plane of the epitaxial PZT thin film contributes to improving the
piezoelectric coefficients.>? Therefore, the epitaxial PZT/Si cantilever is expected to improve the
performance of devices such as actuators that use the converse effect.

Figure 4 shows the direct piezoelectric coefficients |es1/ of the epitaxial PZT/Si cantilever
evaluated from the output voltage as a function of the input displacement at a resonant frequency.
The output voltage of the epitaxial PZT/Si cantilever increased proportionally with the input
displacement, as shown in Figure 4(a). The direct e31 s coefficients were calculated using Equation
2 (for derivation, see section 5 of the Supplementary material) from the relationship between the

input tip displacement (Jin) and the output voltage (Vou):

{417 300 - 1)} CJ1+ @ CRuad” 7, @

3(1 - vh{ly + (U - Lg)}w i’

e1=
where o> and w represent the length and width of the unimorph cantilever, respectively; s and vs
represent the thickness and Poisson’s ratio of the substrate, respectively (Figure S4); ws represents
an angular frequency (ws = 27f); C represents the capacitance of the piezoelectric thin film, and
Rioad is the load resistance of an oscilloscope input impedance (Rioas = 1 MQ). The capacitance of
the epitaxial PZT/Si cantilever is 32.4 nF. To calculate the direct e31 values, the Poisson’s ratio of

<110> Si was 0.064. The direct |e31,] values of the epitaxial PZT/Si cantilever were calculated to
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be 9.3-9.5 C/m? at a resonant frequency of 373-375 Hz, as shown in Figure 4(b). These values
were less than the converse |e31,] values of the epitaxial PZT/Si cantilever, as shown in Figure 3(b).
This is due to the lack of extrinsic contribution, such as domain motion.?? Additionally, the direct
les1f values of the epitaxial PZT/Si cantilever were higher than the epitaxial PZT/MgO
cantilever.?? Thus, it was found that epitaxial PZT thin film on Si substrate is suitable for use in
piezoelectric sensors or energy harvester applications.

Figure 5 shows the output performance of PEHs using the epitaxial PZT/Si cantilever. Using the
measurement system of direct e31scoefficients [Figure 2(b)], we measured the output power of the
epitaxial PZT/Si cantilever at a resonant frequency. First, the output power and voltage were
measured as a function of load resistance at a resonant frequency of 374 Hz and an acceleration of
3 m/s?, as shown in Figure 5(a). The output voltage increases with the load resistance, and the
output electric power [P = V#R] has a maximum value of 3.6 uW at the load resistance of
approximately 13 kQ. The optimal load resistance (Ropt) was obtained from 1/(wC), where @ and
C represent the natural angular frequency and capacitance of the energy harvester, respectively,
and the calculated Ropt (13.06 k) was consistent with the experimental results. Furthermore, we
evaluated the acceleration dependence of the output power with an optimal load resistance at a
resonant frequency, as shown in Figure 5(b). The resonant frequency slightly decreases from 375
to 373 Hz, depending on the acceleration, owing to the softening effect of the spring constant of
the unimorph cantilever (Figure S5).>* The output power increases with acceleration, reaching
40.93 uW at 11 m/s with an input displacement of 151 pum without damaging the cantilever. The
normalized power density was also calculated as the square of the acceleration and the area of the
epitaxial PZT/Si cantilever. Figure S6 shows the calculated power density value is 108.3

uW/cm%g? at 11 m/s2. Furthermore, we estimated the mechanical stress of the epitaxial PZT/Si
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cantilever at the maximum acceleration of 11 m/s> using Equation S15 in section 5 of the
Supplementary material. The calculated value is approximately 120 MPa. According to Coleman
et al., the crack initiation stress was about 500 MPa.?* The maximum stress at an acceleration of
11 m/s? in our study was smaller than the crack initiation stress. Furthermore, we considered the
relationship between the output power and acceleration based on the theoretical study from

Morimoto et al.®

Theoretically, the output power increases with the square of the acceleration
according to Equation S20 in section 6 of the Supplementary material, and it is shown as a dashed
line in the graph, as shown in Figure 5(b). As a result, the experimental values are relatively
consistent with the theoretical values. In addition, the output power was repeatedly measured to
evaluate the reliability and durability of energy harvester performance, as shown in Figure S7. We
confirmed that the output power was constant and stable under the same conditions.

Considering the operation of the energy harvester, the direct e31s coefficients are preferred for
discussing the FOM and estimating the output power performance of piezoelectric thin films. Thus,
we calculated the FOM of the epitaxial PZT/Si cantilever using the converse es1s coefficients as
well as direct e31 coefficients to compare with other studies (summarized in Table I).2%2%30-31,36-338
As a result, the FOM values of the epitaxial PZT/Si cantilever calculated from the converse and
direct e31r coefficient are 70-73 and 32 GPa, respectively. From the perspective of energy
harvesters, our FOM value calculated from direct e31s coefficient is sufficiently high, as seen in
Table I. The measurement methods in this study are appropriate and practical for actuators and
energy harvester devices.

We investigated the piezoelectric coefficients of the epitaxial PZT/Si cantilever from the direct

and converse piezoelectric effects. The converse and direct |e31,] values were estimated as 14.0—

14.3 C/m? and 9.3-9.5 C/m?, respectively, and their relative permittivity constant was 318. The
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FOM value of the epitaxial PZT/Si cantilever evaluated from the direct piezoelectric effect was
calculated as 32 GPa. The epitaxial PZT/Si cantilever has a high output power of 40.93 uW and
power density of 108.3 uW/cm?/g? without any damage at a resonant frequency of 373 Hz under
an acceleration of 11 m/s>. These evaluations indicate that the power generation performance of
the epitaxial PZT/Si harvester is significantly superior. Therefore, it is suggested that the epitaxial

PZT thin film on Si substrate has a high potential for use as high-performance energy harvesters.
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SUPPLEMENTARY MATERIAL

See supplementary material for the complete experimental section and other characterization

results.
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FIG. 1. (a) XRD pattern and (b) XRD reciprocal space map (RSM) around the PZT 004 reflection and (c) enlarged high-resolution
scanning transmission electron microscopy (HRSTEM) image of the PZT thin film grown on (001)SRO/Pt/ZrO>/Si substrate. The

inset shows the electron diffraction pattern.
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FIG. 3. (a) Output tip displacement of the epitaxial PZT/Si cantilever as a function of applied voltage. (b) The effective transverse

piezoelectric coefficient |e31, of the epitaxial PZT/Si cantilever evaluated from the converse piezoelectric effect.
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FIG. 5. (a) Output power and voltage of PEH using epitaxial PZT/Si cantilever as a function of load resistance at a resonant frequency
and with an acceleration of 3 m/s”. (b) The output power with an optimal load resistance at a resonant frequency as a function of

acceleration.
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TABLE

TABLE 1. Typical dielectric and piezoelectric coefficients of PZT-based thin films.

21

Thin film PZT PMnN-PZT PZT PZT PZT PZT PZT
Substrate Si Si Si MgO Si Si Si
Crystal structure Epitaxial Epitaxial Epitaxial Epitaxial Epitaxial Polycrystal Polycrystal

318 ~200 ~220 100 ~700 550 680
&3 t0 200
Comverselesif 140 143 14.0 109 6t0 10 - 11.5-15.0 6.7
[C/m?]
Converse FOM 44 73 ~110 ~60 2010 110 - 27-46 7
[GPa]
Direct |e314
(C/m?] 9.4 - - - 12.0 6.4 -
Direct FOM
[GPa] 32 - - - ~23 9 -
Cantilever
method Wafer
Measurement (Energy Cantilever Cantilever Cantilever flexur Cantilever Cantilever
method harvesting method method method exure method method
method
system for
direct |es1])
Reference This study 25 30 36, 37 38 22 31
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