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Abstract: This paper presents an optimized way of lead zirconate titanate (PZT) deposition in order 

to selectively grow three different (100/001), (110), and (111) crystal orientation in two different 

thickness ranges, thinner and thicker than 400 nm. The thickness of the PZT layer is also optimized 

to not diminish the generated bending moment more than 10%. A 1μm PZT layer with (100/001) 

dominant crystal orientation and highly columnar crystal structure is deposited and used in the 

fabrication of a circular PMUT. The PMUT has a 410 μm diameter and resonates at 462 kHz with 

the displacement of 1200 nm/V. 
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1. Introduction 

In recent years, there has been increased interest in piezoelectric micromachined ultrasound 

transducers (PMUTs) in many applications, such as bio-medical ultrasonic imaging, finger print 

sensors, and range finders [1–3]. Lead zirconate titanate (PZT), because of its high piezoelectric 

coefficient and relatively easy deposition process, is the most common piezoelectric thin-film. The 

quality and, likely, the piezoelectric coefficient of the PZT thin-film is inherently linked to its crystal 

orientation and structure. In recent years, there has been research on the optimization of PZT 

properties to suit the needs of specific device performance [4,5]. Due to the fact that selectively 

growing a specific PZT crystal orientation is not a trivial process, in most cases, a mixed crystal 

orientation is acceptable. However, this will affect the piezoelectric coefficient of the PZT layer. 

In this research we optimized the thickness and the deposition process of a PZT thin-film by sol-

gel method (12% PZT 110/52/48 sol-gel solution, Mitsubishi Materials Corporation) in order to control 

the grow in three different (100/001), (110), and (111) crystal orientation. Finally, a PMUT is fabricated 

and measured to investigate the functionality of the deposited PZT layer. 

2. Material and Methods 

A PZT thin-film was deposited by the sol-gel method on a Si/SiO2(600 nm)/Ti(20 nm)/Pt(200 

nm) substrate. Table 1 shows the different recipes that were used. Overall, the PZT solution was 

spin- coated and subsequently pyrolyzed at specific temperature for 5 minutes, and this cycle was 

repeated several times. After 3 to 4 such cycles, a rapid thermal annealing process at 700 °C was 

introduced to render the PZT layer in a perovskite crystalline phase. The number of cycles is 

indicated in Table 1 as “RTP after # step”. The ramp-rate of the RTP is mentioned as well. This 

process was repeated until the desired thickness was obtained. The recipes can be divided into two 
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main categories; with and without seed layer. By using a seed layer, one PZT layer from the same 

sol-gel solution was spin-coated, pyrolyzed and rapid thermally annealed before starting the 

repetitive deposition steps. The recipe of the seed layer deposition is explained in the footer of Table 

1. The deposition process is shown in Figure 1a. 

In order to measure the functionality of the deposited PZT thin-film, a PMUT was fabricated 

based on a deep reactive ion etching (DRIE) process on SOI wafers. Figure 1b illustrates the 

fabrication process. 

Table 1. The parameters of different recipes used for the PZT deposition. 

 

Recipe Seed Layer 
Spin-Coating 

Speed (rpm) 

Pyrolysis 

Temperature (°C) 

RTP after # 

Steps 

RTP Ramp  

Rate (K/s) 

PZT1 No 3000 330 3 10 

PZT2 No 2000 330 3 10 

PZT3 No 3000 330 3 100 

PZT4 Seed layer 1 (x = 1 K/s) 1 2000 300 4 10 

PZT5 Seed layer 2 (x = 2 K/s) 1 2000 300 4 10 

PZT6 Seed layer 3 (x = 5 K/s) 1 2000 300 4 10 

PZT7 Seed layer 4 (x = 6 K/s) 1 2000 300 4 10 

PZT8 Seed layer 5 (x = 10 K/s) 1 2000 300 4 10 

PZT9 Seed layer 6 (x = 100 K/s) 1 2000 300 4 10 

PZT10 Seed layer 2 (x = 2 K/s) 1 2000 300 4 2 

1 Seed layer recipe: 2000 rpm spin-coating → 200 °C 5min HP pyrolyze → RTP x K/s at 700 °C 

for 1 min. 

 

Figure 1. (a) Process flowchart of the PZT deposition (1) without and (2) with a seed layer 

deposition; (b) The fabrication process: (1) Deposition of the SiO2/Ti/Pt and PZT layer. The SiO2 was 

deposited by wet thermal process as an isolation layer; (2) patterning of the PZT layer to access the 

bottom electrode. (3) Deposition and patterning of the top electrode. (4) Deep Reactive Ion Etching 

(DRIE) to release the PMUT membrane. (all electrodes were deposited by RF sputtering). 

3. Results and Discussion 

3.1. PZT Crystal Characterization 

3.1.1. Less Than 400 nm Thick PZT Layer 

The XRD patterns of 360nm thick PZT layers with the first 3 recipes are shown in Figure 2a. 

The PZT deposition without seed layer leads to a mixed orientation of (111) and (110). Moreover, a 

slow spin-coating speed tends to improve the (100/001) crystal orientation. Figure 2b shows the 

crystal orientation of PZT4 and PZT5, in which a seed layer with 1 K/s and 2 K/s RTP ramp-rate were 

used, respectively. The (100/001) and (111) crystal orientations in both recipes were dominant, but in 

PZT5, which the RTP ramp-rate was 2 K/s, the intensity of the (100/001) peak was higher. The XRD 

pattern of PZT6 up to PZT9 recipes are shown in Figure 2c. According to the results of Figure 2b,c, 
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three inferences can be deduced: (1) a low RTP ramp-rate (<6 K/s), in both the seed layer and multi-

coated layers, helps to improve the (100/001) crystal orientation. As a result, in order to amplify the 

(100/001) orientation peak, recipe PZT10, in which the RTP ramp-rate of the multi-coated layers was 

lowered to 2 K/s, was tried and the improvement in its XRD pattern is shown in Figure 3a; (2) PZT 

(110) crystal orientation can be grown by a 5 K/s RTP on the seed layer and a 10 K/s RTP or faster on 

the multi-coated layers; (3) the PZT thin-film can be deposited with a dominant (111) crystal 

orientation, if the seed layer and multi-coated layers are annealed rapidly with a ramp-rate of 10 K/s. 

 

Figure 2. XRD pattern of samples PZT1 to PZT9 (all samples have less than 400 nm thickness). 

3.1.2. More Than 400 nm up to 1 μm Thick PZT Layer 

By depositing a PZT layer with the thickness of 1μm only two crystal orientations had the 

tendency to appear. In the case with a seed layer, (100/001) was the dominant orientation. Otherwise, 

the PZT thin-film was more (110) textured. Due to the (111) crystal orientation of the Pt layer, the 

grown PZT layer had always some (111) texture, as shown in Figure 3a. The cross-section SEM 

image of 600 nm PZT1 and 1 μm PZT6 is shown in Figure 3b,c, respectively. Both samples had a 

columnar crystal structure, but PZT6 was more columnar which indicates the higher piezoelectric 

response of the (100/001) orientation with respect to the other orientations [6]. 

 

Figure 3. (a) XRD pattern of samples PZT5 and PZT10 (400 nm), PZT6 (1 μm), and PZT1 (600 nm); 

(b) cross-section (top) and surface (bottom) SEM images of 600 nm PZT1 and (c) 1 μm PZT6. 

3.2. PZT Thickness Optimization 

By increasing the thickness of the PZT layer, the crystal property of the PZT and the 

position of the neutral axis in the Si/PZT membrane vary. As shown in the bottom of Figure 

3b,c, by increasing thickness, the grain size increases and the crystal structure becomes more 

columnar. The columnar structure helps to improve the piezoelectric coefficient and bigger 

grain size decreases the leakage current. On the other hand, by increasing the thickness, the 

position of the neutral plane in the Si/PZT membrane is moving towards the center of the PZT 

layer, which degrades the bending moment, since the lower part of the PZT works against the 

upper part. This is due to the fact that the bending moment is linearly related to the distance 

from the PZT midplane to the neutral plane [7]. Equation (1) gives the distance between the PZT 

midplane and neutral plane: 
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where, tsi, tpzt, Esi, and Epzt are the Si membrane and PZT layer thickness, and silicon and PZT 

Young’s modulus, respectively. In order to not change the position of the neutral plane more than 

10%, a PZT layer with the maximum thickness of 1 μm should be chosen for a 6 μm silicon membrane. 

3.3. Fabricated PMUT Characterization 

As explained in Section 2, a PMUT was fabricated by depositing a 1 μm PZT10 layer, with a 

dominant (100/001) crystal orientation. The fabricated circular PMUT has 410 μm diameter and the 

thickness of the silicon membrane is 6 μm. Figure 4a shows the optical microscopic image of the 

PMUT. The resonance frequency (462 kHz) and the amplitude were measured by a laser doppler 

vibrometer (LDV) (Polytec, MSA-500, Waldbronn, Germany) and is shown in Figure 4b. The 

obtained displacement was 1200 nm/V. 

Ground bond-pad

Top electrode bond-pad

PMUT membrane

 

(a) 

 

(b) 

Figure 4. (a) The optical microscopic image of the fabricated PMUT; (b) the measured frequency 

response and the measured deflection (inlet) by LDV. 

4. Conclusions 

An optimized deposition method of PZT thin-films by a sol-gel process has been proposed in 

order to grow three different (100/001), (110), and (111) crystal orientations. A seed layer is used to 

guide the crystal orientation of the posterior deposited layers. Unlike the existing reports in literature, 

the seed layer in this research is from the same sol-gel solution used for the main PZT deposition. An 

equation is also derived, from which the optimum thickness of the PZT layer can be found to not 

diminish the generated bending moment more than 10%. A 1μm deposited PZT layer with dominant 

(100/001) orientation and highly columnar structured is used to fabricate a circular PMUT with 410 

μm diameter. The PMUT has 462 kHz resonance frequency and a large 1200 nm/V displacement. 
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