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Abstract

Lead zirconate titanate (PZT) has wide applications in microelectromechanical systems (MEMS) 

due to its large piezoelectric coefficients. However, there exist serious issues during PZT wet 

etching even with multiple etching steps, such as residues on etching fronts and large undercut. In 

this paper, a one-step residue-free wet etching process of ceramic PZT is developed with 

fluoroboric acid. In this work, the design of experiments (DOE) method is employed to minimize 

undercut and residues without sacrificing etching rate. The acid concentration, temperature, and 

agitation are the process parameters considered in the DOE. Through DOE analysis of the 

experimental data, an optimal recipe is identified as the volume ratio of HBF4:H2O=1:10 at 23 °C. 

This new PZT etching recipe leads to a high etching rate (1.54 μm/min) with no observable 

residues and a small undercut (0.78:1) as well as a high selectivity over the photoresist (900:1). 

This etching recipe can be used for making various piezoelectric transducers.

Graphical Abstract

Most of PZT wet etching recipes form residues and ultrasonic cleaning is applied, which is not 

suitable for ceramic PZT with multi-layer structures.
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A one-step residue-free recipe without using ultrasonic agitation is developed. The optimal recipe 

with proper etch rate, small undercut and high selectivity to the mask material was found using 

Taguchi design of experiments (DOE) method.

Etch rates with different acid concentrations, stirring speeds and temperatures were experimentally 

obtained and plotted, which can be adopted for different etching purposes.
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I. Introduction

Piezoelectric materials can be used in a wide range of applications, including RF filters [1], 

actuators [2][3], ultrasonic motors [4], acoustic generators [5][6] and acoustic sensors [7]. In 

recent years, with the advancement of piezoelectric thin-film technologies, piezoelectric 

MEMS devices draw a lot of attention from both academia and industry. Various 

piezoelectric materials, including ZnO [8], PVDF [9], PZT [10] and A1N [11], have been 

integrated and micromachined to manufacture ultrasonic transducers, loudspeakers, and bulk 

acoustic wave resonators. Among them, PZT is particularly at the spot of interest due to its 

high piezoelectric coefficients and good electromechanical coupling. PZT thin films are 

typically fabricated by sol-gel processing or sputtering [12][13]. It was also reported that 

ceramic PZT, bonded on silicon, could be thinned down to 26 μm [14]. Compared to thin-

film PZT, ceramic PZT has almost four times higher piezoelectric constants and can provide 

larger electromechanical coupling, thus offering better performances in energy harvesters, 

microsensors and microactuators [15][16]. For example, Aktakka et al. presented a 

piezoelectric energy harvester based on 13 μm-thick ceramic PZT, demonstrating improved 

output voltage and higher power density [17], Wang et al. reported acoustic transducers 

fabricated by bonding and polishing ceramic PZT on an SOI wafer, provided a promising 
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approach to fabricate piezoelectric MEMS devices [18][19]. In all these cases, PZT etching 

is an essential fabrication step.

Both dry and wet etching methods of PZT have been studied and reported [20]-[22]. Dry 

etching processes, including ion beam etching (IBE) and reactive ion etching (RIE), have 

poor selectivity of PZT over the photoresist and metal electrode layers. Low etching rate and 

material redeposition on sidewalls are other limiting factors of the dry etching methods. 

There is also a contradiction between increasing the etch rate and keeping the stability of the 

photoresist [23]. In comparison, wet etching is a more effective method with high etching 

rate, low cost and high selectivity. However, since PZT is a compound consisting of lead, 

zirconium and titanium components, its etching process is quite complicated as multiple 

acids are usually needed. Insoluble by-products are formed in the chemical reaction, 

resulting in residues at the etching fronts. A few wet etching recipes have been reported in 

etching sol-gel PZT thin films, but most of the recipes have common issues such as serious 

residues and large undercut [22][24]. For example, Mancha et al. reported a BHF+HCl 

recipe with a PZT etch rate of 0.6 μm/min, but there existed heavy residues and a large 

undercut ratio (5.5:1, lateral undercut: depth) [24]. Zheng et al. further added NH4Cl and 

reduced the undercut down to 1.5:1 [22], but residues remained.

To deal with the residue issue, an additional 2HNO3:1H2O etching step was added to 

remove residues [22]. Several other methods of residue removal were also reported, 

including a dip process in 70 °CDI water [25] and ultrasonic cleaning [26]. For ceramic 

PZT, Wang et al. tried six different wet-etching solutions and the results showed that the 

recipe consisting of BHF:HNO3:HAC:H2O2:EDTA=1:2:2:1:2 was the optimal one with an 

undercut ratio of 1.31:1 [27]. However, insoluble residues still existed and must be removed 

by DI water after etching.

Almost all of the PZT wet etching processes reported in the literature require two processing 

steps [22][24]-[28], complicating the fabrication. Residues produced during etching may 

decrease or even stop the further etching and cause seriously nonuniform etching fronts. 

Moreover, ceramic PZT is usually bonded on the substrate using adhesives [14][17]-[19], 

forming multi-layer structures with polymer layers built in. As a result, the two-step etching 

recipes for sol-gel PZT that require ultrasonic cleaning may cause peel-off or delamination 

when applied to etch ceramic PZT in multi-layer structures. Thus, one-step PZT etching 

processes are needed, especially for ceramic PZT. One such attempt was reported by Che 

etal. using HNO3: BHF: H2O=4.5: 4.55: 90.95 to realize one-step wet etching of 1.0 μm-

thick sol-gel PZT in only 20 seconds with ultrasonic agitation [29], where the undercut ratio 

was 1.1:1. However, when we applied this recipe except ultrasonic agitation to etch ceramic 

PZT with depths of more than 3 μm, heavy residues still appeared as the etching time needed 

was more than 3 minutes (See Section II).

In this study, a one-step etching recipe without ultrasonic agitation that works for ceramic 

PZT is developed. The recipe produces no residues, small undercut, modest etching rate and 

high selectivity. The paper is organized as follows. In Section II, we look into the problems 

when the popular two-step PZT etching recipes are applied to ceramic PZT. Section III 

introduces the new one-step etching recipe and the design of experiments (DOE) with 
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several process parameters considered. Section IV describes the ceramic PZT etching 

experiments. Section V shows the experiment results and discusses the etch rate, undercut 

and selectivity of this new wet etching process and their relationships with the acid 

concentration, temperature and agitation.

II. Two-step Etch of Ceramic PZT

Two popular PZT wet etching recipes were applied to etch ceramic PZT. The ceramic PZT 

was PZT-5H (CTS Corporation, USA). A recipe consisting of 4.5% BHF:4.55% 

HNO3:90.95% H2O was used to etch a ceramic PZT sample. No ultrasonic agitation was 

applied. The etching rate was 2.4 μm/min. As shown in Fig. 1(a), large residues were present 

during the etching. After dipped in 40°C DI water for 10 minutes, only a small amount of 

residues were removed (Fig. 1(b)). Even after rinsed with water gun for 2 minutes, there 

were still residues remained (Fig. 1(c)).

Another recipe consisting of BHF, HNO3 and HCl with a volume ratio of 2:2:1 was prepared 

to etch another ceramic PZT sample. A mixture of 10 mL BHF, 10 mL HNO3 and 5 mL HCl 

was diluted in 75 mL H2O. The etching rate was about 0.7 μm/min. As shown in Fig. 2(a), 

there was still a residue issue. The residues covered a large portion of the to-be-etched PZT 

area, which may cause various problems. For example, the residues may significantly 

decrease the etching rate of the regions covered by them or even stop further etching, leading 

to poor etching uniformity. In addition, residues, if not removed, may lead to electrical 

contact issues. Ultrasonic cleaning was found to be effective to remove residues. As shown 

in Fig. 2(b), after a 10 seconds ultrasonic cleaning, over 80% residues were removed. Fig. 

2(c) is a zoom-in SEM image showing the exposed and residue-covered regions in the 

etching cavity. However, using ultrasonic cleaning in the etching process has limitations, 

especially when dealing with multi-layer structures with polymer layers embedded or 

microstructures with suspensions or thin membranes.

The wet etching processes discussed above are two-step processes that still lead to residue 

issues in ceramic PZT etching. In this work, we will present a simple one-step wet etching 

process of ceramic PZT. Different from commonly used recipes containing BHF, HCl and 

HNO3, only one acid is required in this new recipe. By using HBF4, we found that ceramic 

PZT can be etched effectively without forming noticeable residues. In the following section, 

a design of experiment (DOE) technique is applied to study the etching rate, undercut, 

selectivity and residue under various etching conditions with HBF4 etching PZT.

III. Design of Experiments

The goal is to develop an etching recipe that meets the three requirements in etching rate, 

selectivity and residue, which will be obtained by controlling three key parameters, i.e., acid 

concentration, temperature, and agitation. This requires a large number of experiments to 

find the optimal etching conditions. To minimize the number of experiments, Taguchi DOE 

method [30] is used in this study. This method creates orthogonal arrays based on different 

process parameters and their levels. Guided by the orthogonal arrays, the number of 

experiments will be greatly reduced and the influences of process variables will be easily 

Wang et al. Page 4

Sens Actuators A Phys. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



determined. In this work, the Taguchi DOE method is employed first to find the proper 

process parameters and determine the effects of those design parameters.

In the Taguchi analysis for this PZT wet etching, the design parameters include the 

fluoroboric acid concentration, temperature, and agitation of the etching. The concentration 

of the fluoroboric acid is expressed in the volume ratio between the coimnercial standard 

fluoroboric acid (50 wt.%) and DI water. Three levels are designed for each design 

parameter, as shown in Table I. The objectives of the experiment are to achieve proper etch 

rate (1–2 μm/min), small undercut ratio (<1), no residue, and high selectivity (> 500) to the 

mask material.

Based on Taguchi analysis, there are three independent design parameters (P=3) and each 

parameter has three levels (L=3). An L9 orthogonal array is applied and nine experiments 

are designed, as shown in Table II. A rotator (ImmunoMix, model 5090) with a rotation 

speed of around 90 rpm and an ultrasonic cleaning bath (Fisher Scientific Co., model: 

FS20D) were used for vibration and ultrasound agitation in the designed experiments.

Next, relationships between the etch rate and the acid concentration, the etchant temperature, 

and the stirring speed of the agitation were studied individually within a proper range. The 

acid was diluted at volume ratios (HBF4:H2O) of 1:1 to 1:30. The experimental setup is 

shown in Fig. 3. A stirring hotplate (Fisher Scientific Co., model: Fisher Scientific Isotemp) 

was used in this work to achieve the designed temperatures and stirring speeds. A 

temperature sensor was connected to the hotplate with its tip submerged in the liquid so that 

the etchant temperature was controlled in real time through the feedback. A magnetic stirrer 

was used to stir the liquid at the specific speeds. The stirring speed was controlled from 150 

rpm to 450 rpm and the temperature effect was studied from room temperature (23 °C to 

60 °C.

IV. Experiments

The ceramic PZT wafer (PZT 5H, CTS) used in this study had an initial thickness of 660 

μm. It was first bonded on a silicon wafer by SU-8 photoresist, and then thinned down to 

about 100 μm with a grinding and chemical mechanical polishing process. After that, the 

thinned PZT wafer was cut into small samples with an area of 2 cm by 2 cm each. A cross-

sectional view of a PZT sample is shown in Fig. 4, where the average PZT grain size was 

about 2.6 μm.

Various square patterns with dimensions ranging from 100 μm to 500 μm were designed. A 

3.5 μm-thick photoresist (AZnLOF 2035) was coated, patterned, and hard baked at 112°C 

for 15 minutes as the etching mask. A few silicon samples were also prepared following the 

same procedure, used for studying the selectivity over the photoresist in the etching process.

For each etching experiment, the sample was etched for 1 minute first to exclude the surface 

effects of the PZT etching, and then etched for two cycles with 5 minutes on average 

(adjusted when etching was too fast or too low) for each cycle. The etch depth was then 

measured with a profilometer (Tencor AS500; KLA-Tencor, Milpitas, CA, USA) and the 

undercut was observed and measured with an SEM and an optical microscope. Also, the 
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SU-8 bonding was strong and no PZT layer peeling-off was observed during the 

experiments.

V. Results and Discussion

All experiments showed that there were no residues observed after the wet etching of the 

ceramic PZT samples with HBF4. The etched patterns were inspected with an optical 

microscope and an SEM. As shown in Fig. 5, the etched pattern was clean and uniform 

without any residues. The actual chemical reactions and mechanism of HBF4 etching PZT is 

out of the scope of this paper and will be investigated further.

The etching results of the experiments based on the Taguchi DOE are shown in Table III.

Table IV shows the mean values of each level of the different design parameters. Because 

the experiments were designed based on the orthogonal array, the mean values of each level 

at different design parameters can be easily calculated to evaluate the influences of those 

design parameters. For example, the etch rate data at the level 1 of the temperature is the 

mean value of all vertical etch rates at 23 °C in Table III, where S is defined as the standard 

deviation, calculated from all data of three levels at the specific design parameters. The 

larger the standard deviation, the stronger the influence of the corresponding design 

parameter is.

As shown in Table IV, the rank of the influence on the etching rate is agitation > volume 

ratio > temperature. However, this conclusion is relative to the three levels set for design 

parameters. From Tables III and IV, we found that with ultrasound agitation, both vertical 

etching rate and undercut increase significantly. For agitation, the effect of the level 3 

(ultrasound) is much stronger than level 2 (vibration), which makes S larger. For instance, 

the 1:1 volume ratio recipe with ultrasonic agitation at 40 °C has an undercut of 19.2 μm/

min. For volume ratio, we found that without any dilution, the etching rate of the PZT is low 

but the undercut is very high. Besides, high concentration acid attacks the photoresist and 

may even cause peel-off.

The selectivity over the photoresist was evaluated based on the patterned silicon samples. 

There was almost no change of the photoresist thickness on the silicon samples after dipped 

in the etching solutions for the same time with PZT samples. The photoresist was intact and 

there was not any peeling-off observed.

The effects of the volume ratio, stirring speed and temperature were studied individually in 

detail. Since ultrasound is a very strong agitation and it increases the etch rate significantly. 

Etching a thin PZT film with ultrasonic agitation is too fast and it is not desired. Instead, 

stirring is chosen as a moderate agitation in the experiments. The results are plotted in the 

following four figures, revealing that etching with a volume ratio of HBF4:H2O=1:10 at 

room temperature (23 °C is the optimal recipe with all design objectives achieved. 

Meanwhile, by controlling the acid concentration, temperature and stirring speed, various 

etch rates can be obtained for different etching purposes. As shown in Fig. 6, the etch rate 

decreases with the decreasing acid concentration while the undercut stays relatively constant 

between 0.6 and 0.8. As shown in Fig. 7, with a constant acid concentration (volume ratio of 
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HBF4:H2O=1:20), the etch rate increases with the increasing stirring speed. A volume ratio 

of 1:20 is chosen in this experiment because a small etch rate is needed as the start point to 

find out how much the etch rate is affected by increasing the stirring speed.

The influence of the temperature is shown in Fig. 8. The etch rate increases with the 

increasing temperature. Moreover, the etch rates at different temperatures under a volume 

ratio (HBF4:H2O) of 1:20 are shown in Fig. 9. By presenting the etch rate in the nature 

logarithm scale, it shows a linear trend between the etch rate and the inverse of the absolute 

temperature. The result shows that the etching process is a reaction limited process and has a 

strong dependence of the temperature. The linear fitted result is consistent with the 

relationship described in Arrhenius equation:

R = R0exp( − Ea ∕ kT) (1)

where R is the rate constant, R0 is the pre-exponential factor, Ea is the activation energy, k is 

the Boltzmann constant and T is the temperature.

As can be seen from Figs. 6-9, the etching rate and undercut are positively correlated with 

the acid concentration, agitation and temperature. Since a typical piezoelectric MEMS 

device usually has a PZT layer with a thickness less than 10 μm, an etching rate in the range 

of 1-2 μm/min is desired. Thus, HBF4:H2O=1:10 at 23 °C is an optimal recipe with all 

design objectives achieved (the etch rate is 1.54 μm/min, the undercut ratio is 0.78:1, and the 

selectivity is over 900 to the photoresist). Also, 23 °C is the room temperature, so setting up 

the experiment is easy. For etching thicker PZT, higher acid concentration, adding agitation, 

and/or increasing the temperature can be applied.

The surface profile of the etched patterns was observed with SEMs and also measured with a 

surface profilometer (Dektak 150, Veeco Instruments, Tucson, USA). One top-view and one 

cross-sectional SEM images of a moderately etched sample are shown in Fig. 10 (a)(b), 

exhibiting a smooth surface and a positive sidewall angle. Fig. 10 (c)(d) show an over etched 

sample with the PZT completely removed in the cavity and the SU-8 exposed. There were 

no residues observed on the over-etched sample. The measured surface profiles of a half-

etched PZT cavity and an over-etched PZT cavity are plotted in Fig. 11, where the cavity is 

designed with a length of 500 μm. As it can be seen from Fig. 11, the half-etched PZT cavity 

has an etch depth of 48 μm and a surface roughness (Ra) of 0.82 μm. The over-etched PZT 

cavity has an etch depth of 106 μm and a surface roughness (Ra) of 0.44 μm. The undercut 

ratio was 0.67 for the half-etched PZT and 0.83 for the over-etched PZT.

The etched PZT surface profile was also measured by an optical profilometer (Bruker, 

contour GT-I) to further evaluate the surface roughness. The 3D profile is shown in Fig. 12, 

where the calculated arithmetical mean height (Sa) is about 0.78 μm for the etching with 

HBF4:H2O volume ratio of 1:20. This roughness is consistent with the relatively large grain 

sizes of ceramic PZT.
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VI. Conclusion

A one-step residue-free wet etching process for ceramic PZT using diluted HBF4 has been 

developed. A moderate etch rate (1.54 μm/min) and low undercut (0.78:1) are achieved at a 

medium volume ratio (HBF4:H2O=1:10). The experimental results have also demonstrated 

that using this wet etching process no ultrasonic agitation is needed, no residues are 

observed and the selectivity to photoresist is high. This simple and effective ceramic PZT 

etching process will greatly accelerate the development of more high-performance ceramic 

PZT-based MEMS devices such as microspeakers and pMUTs.
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Highlights

• A new wet etching recipe for ceramic PZT, which consists of only one acid, 

does not require ultrasonic agitation, and does not generate residues, has been 

developed.

• Taguchi design of experiments (DOE) method is employed to minimize the 

number of etching experiments.

• Experimental results have demonstrated that high etch rate, small undercut, no 

residues and high selectivity can be simultaneously achieved without using 

any ultrasonic agitation, which is critical for making high-performance 

piezoelectric MEMS devices based on adhesive-bonded ceramic PZT.

• Etch rates with different acid concentrations, stirring speeds and temperatures 

are experimentally obtained and plotted in the paper, which can be adopted 

for various etching purposes.
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Fig. 1. 
Residues remained after etching (a). Residues were partially removed after dipped in heated 

DI water (b) and rinsed with DI water gun (c).
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Fig. 2. 
SEM of the etched PZT pattern with residues remained after etching (a) and removed after 

10s ultrasonic cleaning (b). Zoom-in SEM of residues and exposed PZT (c).
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Fig. 3. 
Schematic of the experimental setup.
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Fig. 4. 
SEM of a polished ceramic PZT in cross view.
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Fig. 5. 
SEM of the etched PZT pattern (a) and PZT grains (b).
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Fig. 6. 
Vertical and lateral etch rates vs. acid concentrations in room temperature.
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Fig. 7. 
Vertical etch rate vs. stirring speed in room temperature.
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Fig. 8. 
Vertical etch rate vs. acid concentration with different temperatures.
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Fig. 9. 
Linear fitted results of etch rate vs. 1/T.
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Fig. 10. 
SEM images of the sidewall (a) and the cross view (b) of a moderately etched cavity, the top 

view (c) and sidewall (d) of an over etched cavity.
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Fig. 11. 
Etched profiles of PZT cavities measured by the surface profilometer.
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Fig. 12. 
3D image of the etched surface profile.
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Table I

Design parameters and their levels in the experiment.

Factor Temperature
(°C)

Volume ratio
(HBF4:H2O) Agitation

Level 1 23 1:10 None

Level 2 40 1:1 Vibration

Level 3 60 1:0 Ultrasound
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Table II

Experiments designed based on an L9 orthogonal array.

Trial # Temperature
(°C)

Volume ratio
(HBF4:H2O) Agitation

1 23 1:10 None

2 23 1:1 Vibration

3 23 1:0 Ultrasound

4 40 1:10 Vibration

5 40 1:1 Ultrasound

6 40 1:0 None

7 60 1:10 Ultrasound

8 60 1:1 None

9 60 1:0 Vibration
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Table III

Experimental results.

# Temperature
(°C)

Volume ratio
(HBF4:H2O) Agitation

Etch rate
(vertical)/
μm/min

Undercut

Rate
(μm/min) Ratio

1 23 1:10 None 1.5 1.2 0.80

2 23 1:1 Vibration 5.9 4.7 0.80

3 23 1:0 Ultrasound 0.4 2.6 6.50

4 40 1:10 Vibration 8.6 5.2 0.60

5 40 1:1 Ultrasound 27.2 19.2 0.71

6 40 1:0 None 0.5 2.0 4.00

7 60 1:10 Ultrasound 21.3 16.6 0.78

8 60 1:1 None 7.4 4.8 0.65

9 60 1:0 Vibration 1.3 4.0 3.08
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Table IV

Mean values of each level of design parameters.

Parameter level temperature Volume
ratio Agitation

Etch rate
(vertical)

1 2.6 10.5 3.1

2 12.1 13.5 5.3

3 10 0.7 16.3

S 4.99 6.69 7.04

Rank 3 2 1

Undercut
(lateral)

1 2.8 7.7 2.7

2 8.8 9.6 4.6

3 8.5 2.9 12.8

S 3.38 3.45 5.37

Rank 3 2 1
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