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Abstract 
A novel microfabrication method of lead-free piezoelectric sodium potassium 

niobate [(K,Na)NbO3, KNN] thin films was proposed, and the piezoelectric 
characteristics of the KNN microactuators were evaluated. The KNN thin films were 
directly deposited on microfabricated Si microcantilevers. The transverse piezoelectric 
coefficient d31 of the KNN films was calculated as −53.5 pm/V at 20 Vpp from the tip 
displacement of the microcantilevers. However, the tip displacement showed large 
electric-field dependence because of the extrinsic piezoelectric effect, and the intrinsic 
piezoelectric effect of the KNN microcantilevers was smaller than that of KNN on 
unprocessed thick substrates. In contrast, the extrinsic piezoelectric effect was almost 
independent of the microfabrication of the KNN films.  
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1. INTRODUCTION 
Recently, piezoelectric thin films have been widely investigated for their 

applications in various microelectromechanical systems (MEMS), such as microsensors 
and microactuators. Lead zirconate titanate [Pb(Zr,Ti)O3, PZT] is one of the most 
popular materials because of its superior piezoelectric properties, and PZT thin films 
have been studied as a key material for piezoelectric MEMS [1]. However, PZT-based 
piezoelectric materials contain toxic lead, making it important to realize lead-free 
piezoelectric materials with piezoelectric properties comparable to those of PZT, even in 
the form of thin films. Just after the discovery of piezoelectric sodium potassium 
niobate [(K,Na)NbO3, KNN]-based ceramics, which have been found to have a high 
piezoelectric coefficient d33 comparable to PZT ceramics [2], the development of 
lead-free piezoelectric materials has been activated. Considering the practical 
applications, KNN ceramics are very useful for the piezoelectric devices because of the 
high Curie temperature of KNN compatible to that of PZT-based piezoelectric materials 
[3].  

To develop the piezoelectric MEMS using lead-free materials, the KNN 
ceramics have to be prepared in the thin-film form, and successively the KNN thin films 
should be microfabricated by using photolithograph and wet- or dry-etching process. 
Recently, the characteristics of the KNN thin films have been reported [4-8]. Shibata et 
al. reported that the KNN thin films deposited by RF magnetron sputtering showed 
large transverse piezoelectric properties comparable to those of PZT thin films [8]. On 
the other hand, it is well known that PZT thin films can be easily microfabricated by 
photolithography and etching processes, such as wet etching with acid solution or dry 
etching using reactive gases like CF4 and Cl2 [9, 10]. However, since KNN is stable to 
acid or alkali solutions, the etching rate of dry etching using inductively coupled plasma 
reactive ion etching is considerably low to remove the micrometer-thick KNN films [11]. 
Because of the difficulty in fabricating the KNN thin films using traditional 
photolithography and etching processes, Xu et al. proposed a new approach for the 
microfabrication of piezoelectric the KNN thin films. In this approach, the KNN thin 
films are deposited on a microfabricated Si substrate by using the sol-gel method and 
the surface is subsequently polished [12]. This method could successfully fabricate 
microrod structures, but the fabrication process of typical microstructures in MEMS, 
such as cantilevers and membranes, has not been established yet.  

In this study, we propose a novel microfabrication method not only to develop 
piezoelectric MEMS devices, but also to evaluate the piezoelectric characteristics of the 
stress-free KNN thin films. We deposited the KNN thin films on Si substrates by RF 
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magnetron sputtering and fabricated the KNN microcantilevers. We measured their 
actuator performance on the basis of which we characterized the transverse piezoelectric 
properties of the microfabricated KNN thin films free from the clamping effect of the 
thick substrates.  

 
2. Microfabrication of KNN thin films 
Figure 1 shows the schematic representation of the fabrication process of the 

KNN microcantilevers. First, Si microcantilevers were fabricated on silicon-on-insulator 
(SOI) substrates. The thicknesses of the active Si and buried oxide (BOX) layers of the 
SOI wafer were 8 and 2 μm, respectively. The active Si layer on the BOX layer was 
then fabricated into the cantilever-shaped structure by reactive ion etching, and was then 
released by wet etching of the BOX layer in buffered HF. We fabricated five types of 
cantilevers, varying in length from 285 to 589 μm, with a constant width of 112 μm. 

After fabrication of Si microcantilevers, the piezoelectric KNN films were 
deposited on them. A Ti adhesion layer (2 nm) and a Pt bottom electrode (200 nm) were 
deposited by RF magnetron sputtering on the SOI substrates having Si microcantilevers. 
Then, the 2-μm thick KNN thin films were deposited on the Pt/Ti-coated SOI substrates 
by RF magnetron sputtering at the substrate temperature of approximately 680 °C in Ar 
and O2 mixed gas atmosphere [7, 8]. The chemical composition of the KNN films was 
approximately Na/(K + Na) = 0.55. Finally, top electrodes (Pt, 150 nm) were deposited 
and patterned by a lift-off process. The crystal structure of the KNN thin films was 
determined by X-ray diffraction (XRD) measurements. Using an impedance meter, we 
compared the dielectric properties of the KNN thin films on unprocessed substrates with 
the dielectric properties of the KNN thin films on microcantilevers. Before piezoelectric 
measurements, we observed the initial deflection of each KNN microcantilever by a 
scanning electron microscope (SEM) and a laser interferometer.  

The piezoelectric properties of the KNN films were evaluated from the actuator 
properties of the KNN/Si unimorph microcantilevers. The resonant frequencies of the 
KNN/Si microcantilevers were compared with their theoretical values. To evaluate the 
transverse piezoelectric properties, a negative unipolar sinusoidal voltage was applied 
between the top and bottom electrodes and the tip displacement of the unimorph 
cantilevers was measured by a laser Doppler vibrometer. For comparison, the 
piezoelectric property of the KNN thin films on unprocessed SOI substrates was also 
measured.  

 
3. KNN films on Si microcantilevers 
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The XRD pattern of the KNN films is shown in Fig. 2. We could confirmed the 
growth of pyrochlore-free KNN films with polycrystalline perovskite phase on the SOI 
substrates having the Si microcantilevers. The KNN films were preferentially oriented 
along c axis in pseudocubic phase, and it is consistent with the previous study [8]. 

The SEM image of the KNN/Si unimorph cantilever with the length of 383 μm 
is shown in Fig. 3. The KNN/Si cantilevers were successfully fabricated without 
sticking to the substrate. On the other hand, the SEM observation revealed that a large 
initial deflection occurred for each KNN microcantilever. The initial tip deflection of 
each cantilevers were measured by the laser interferometer and the results were plotted 
in Fig. 4. According to the literature, the thermal expansion coefficient of KNN is larger 
than that of Si (αKNN = 8.0 × 10−6 [1/°C], αSi = 2.6 × 10−6 [1/°C]) [13, 14]. During the 
cooling process after KNN deposition from 680 to 25 °C, it appears that the KNN thin 
films suffered tensile stress from the Si layer, which caused the initial upward deflection 
of the KNN microcantilevers. The tip displacement y of the double-layered cantilever is 
given by the following equation, 
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where α, ΔT, t, b, L, E, and I are thermal expansion coefficient, temperature change, 
thickness, cantilever width, cantilever length, Young’s modulus, and second moment of 
area, respectively. The Young’s moduli of <110>Si and KNN have been reported as 168 
GPa and 104 GPa [15, 16]. We calculated initial deflection when the temperature of the 
substrate was cooled from 680 ˚C to 25 ˚C, and the calculation results of the deflection 
were also shown in Fig. 4. The calculated values were consistent with the measurements, 
thereby proving that the initial deflection was due to the mismatch of thermal expansion 
coefficients between the KNN thin films and the Si layer of the SOI substrate.  
 
4. Piezoelectric properties of KNN microcantilevers 

The frequency response of the tip displacement was measured by a laser 
Doppler vibrometer for the KNN/Si unimorph microcantilevers, and the results are 
plotted in Fig. 5. The resonant frequency of a KNN/Si double-layered cantilever is 
calculated from the following equation,  
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where ρ and S are mass density and cross-section area, respectively. The densities of Si 
and KNN are reported 2331 kg/m3 and 4250 kg/m3, respectively [16, 17]. In calculation, 
we neglected the electrodes because of the thin thicknesses of them compared with 
those of the Si layer and the KNN thin film. As shown in Fig. 5, the resonant frequency 
of each microcantilever agrees well with the calculated results, indicating that the KNN 
microcantilevers were successfully fabricated with the designed length.  

The relative dielectric constant of the KNN thin films on Si microcantilevers 
was 957–1072, and the dielectric loss (tanδ) was 0.038–0.058. On the other hand, the 
relative dielectric constant and tanδ of the KNN films on unprocessed thick Si substrates 
were 940–1029 and 0.039–0.048, respectively. These results imply that the direct 
deposition on Si microcantilevers does not influence the dielectric properties of the 
KNN films even though the thermal stress was partially released by the initial deflection 
of the cantilevers. 

Figure 6 shows the tip displacements of the KNN microcantilevers as a 
function of the applied voltage. We applied negative unipolar sinusoidal voltage which 
was the same direction of polarization of KNN films. The frequency of the input voltage 
was 1 kHz which was considerably lower than the resonant frequency of the cantilevers. 
A large displacement of 7.6 μm could have been obtained for the 589-μm long 
cantilever at 20 Vpp. However, the tip displacement of each KNN microcantilever 
parabolically increased with the applied voltage.  

Transverse piezoelectric coefficient d31 was calculated from the tip 
displacement δ of each fabricated KNN microcantilever as follows [18]:  
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where V is the applied voltage. The transverse piezoelectric coefficient d31 of each 
KNN/Si microcantilever is plotted as a function of applied voltage in Fig. 7. From the 
tip displacement of each cantilever at 20 Vpp, the d31 of the KNN microcantilevers was 
calculated to be −53.5 pm/V. This result implies that the microactuators composed of 
the KNN thin films had piezoelectric properties compatible with those of the PZT thin 
films. However, because tip displacement parabolically increased with voltage, d31 of 
the KNN microcantilevers showed a large dependence on the applied voltage, i.e., d31 

5 
 



almost proportionally increased with the applied voltage, as shown in Fig. 7. For 
comparison, we also measured the tip displacement of the unimorph cantilever 
composed of the KNN films on the unprocessed thick SOI substrates. A 537-μm thick 
(KNN: 2 μm, SOI: 535 μm), 1.79-mm wide, and 12.8-mm long unimorph cantilever 
was prepared and one end of the beam was cramped by a vise. The piezoelectric 
coefficient d31 was calculated according to Eq. (3) and the results are shown in Fig. 7. 
The piezoelectric coefficient d31 of the KNN films on the unprocessed thick SOI 
substrates were approximately 1.3 times larger than that of the KNN microcantilevers.  

The transverse piezoelectric coefficient d31 of the KNN on both 
microfabricated and unprocessed SOI almost proportionally increased with the applied 
voltage. This implies that the generated strain increases with the square of the electric 
field, and it is similar to the electrostrictive effect. The large dependence on the applied 
voltage might be due to an extrinsic piezoelectric effect such as domain rotation [20]. In 
contrast, the electric field-induced strain under low external voltage was caused by the 
intrinsic piezoelectric effect. In Fig. 7, the extrapolation values of the d31 at zero electric 
field are approximately -5 × 10−12 and -20 × 10−12 m/V for the KNN microcantilevers 
and the KNN/SOI, respectively. This result suggests that the intrinsic d31 of the KNN 
microcantilevers is lower than that of KNN on the unprocessed thick substrate; the 
reason for which is presently unclear. However, the release of the internal stress by 
initial bending of the cantilever might influence the piezoelectric motion of the KNN 
films. On the other hand, compared with the intrinsic d31 at zero electric field, the 
tendency of the increasing of d31 is almost the same for both unimorphs. It indicates that 
the extrinsic piezoelectric effect is almost independent of the microfabrication process 
of the KNN films.  

The tip displacement under the bipolar sinusoidal voltage was measured at 
700-Hz frequency and the displacement loops are plotted in Fig. 8. The KNN unimorph 
actuators of both the Si microcantilevers and the unprocessed SOI show typical butterfly 
loops originating from the domain rotation of the ferroelectric materials. However, the 
coercive electric field of the KNN microcantilever was larger and the curves at the 
coercive electric field, in which domain switching occurs, were rounded than that of the 
KNN films on unprocessed substrates. In the case of KNN microcantilevers, the 
microcantilevers were initially deflected upward as shown in Fig. 3, and considering 
that the downward displacement was as small as 0.1 µm in Fig. 8, the difference of the 
hysteresis loops was not caused by the touch of the tip of the KNN microcantilevers to 
the substrates. Upward initial deflection caused the partial release of tensile residual 
stress of the KNN films, and it would be attributed to the difference of the piezoelectric 
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characteristics of the KNN microcantilevers from the KNN films on the unprocessed 
substrates. 

In this study, we successfully fabricated lead-free piezoelectric KNN 
microcantilevers by direct deposition on microfabricated SOI substrates. This method is 
very useful for developing microdevices composed of functional thin films, which is 
difficult for a conventional etching process. Furthermore, we revealed that the 
characteristic behavior of the microfabricated KNN thin films in the shape of 
microcantilevers differs from the piezoelectric properties of the KNN films on thick Si 
substrates.  

 
5. Conclusions 
We fabricated micro-cantilevers of lead-free KNN thin films on the Si substrate 

and evaluated their transverse piezoelectric properties. After releasing Si 
micro-cantilevers from the SOI substrates, KNN thin films with perovskite structure 
were directly deposited by RF-sputtering. This method enables to fabricate lead-free 
KNN unimorph micro-cantilevers without microfabrication of the KNN thin films using 
conventional etching process. The application of 20 Vpp between top and bottom 
electrodes generated the tip displacement of 7.6 μm for the 589 μm-long 
micro-cantilever and the transverse piezoelectric coefficient d31 of each 
micro-cantilevers was calculated to be -53.5 pm/V at 20 Vpp, although d31 strongly 
depends on the applied voltage. The tip displacement increased parabolically with the 
applied voltage due to extrinsic piezoelectric effect. The intrinsic piezoelectric effect of 
the KNN unimorph micro-actuator was smaller than that of the KNN on the 
unprocessed substrates, while the extrinsic piezoelectric effect was almost same 
between the KNN micro-cantilevers and the KNN on unprocessed SOI substrates.  
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Fig. 1 Fabrication process of KNN/Si unimorph microcantilevers; (a) SOI substrate 
with the Si and SiO2 layers of 8μm and 2μm, respectively. (b) Si layer is fabricated into 
cantilever structures by dry etching. (c) SiO2 under the cantilevers is etched by buffered 
HF. (d) Pt/Ti layers are deposited by RF-sputtering. (e) KNN piezoelectric films are 
deposited by RF-sputtering. (f) Pt top electrodes are deposited on the KNN films and 
patterned by a lift-off process. 
 
 
Fig. 2 XRD patterns of KNN thin films on SOI substrate having microcantilevers. 
Pyrochlore-free KNN films with a preferential c-axis orientation were grown on 
Pt/Ti-coated SOI substrates on which microcantilevers were fabricated. 
 
Fig. 3 SEM image of KNN/Si unimorph microcantilever. KNN/Si microcantilever is 
released from the substrate. 
 
Fig. 4 Initial deflection of KNN/Si microcantilevers as a function of the cantilever 
length. Filled circles and solid line represent the experimental values and calculation 
result, respectively.  
 
Fig. 5 Resonant frequency of the KNN/Si microcantilevers as a function of the 
cantilever length. Filled circles and solid line represent the experimental values and 
calculation result, respectively. 
 
Fig. 6 Tip displacement of KNN/Si microcantilevers as a function of applied voltage. 
The tip displacement of each KNN microcantilever parabolically increased with the 
applied voltage. 
 
Fig. 7 Transverse piezoelectric coefficient d31 of KNN films on Si microcantilevers as 
a function of applied voltage. The cross marks represent d31 of KNN films on 
unprocessed SOI substrates. 
 
Fig. 8 Hysteresis loops of tip displacement vs. bipolar electric field for KNN 
unimorphs on microcantilever and unprocessed SOI cantilever. 
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