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Abstrat 

 

A MEMS Thin Film AlN Supercritical Carbon Dioxide Valve 

 

by 

 

Ya-Mei Chen 

 

Doctorate of Philosophy in Engineering – Mechanical Engineering 

 

Univeristy of California, Berkeley 

 

Professor Albert Pisano, Chair 

 

 

In this thesis, a new piezoelectric valve system with bi-chevron aluminum nitride (AlN) 

actuator is described. The intended application of the new piezoelectric valve is for the 

advanced printing technology with supercritical carbon dioxide as the solvent. With 

supercritical carbon dioxide as the solvent, the ink dissolved will start to nucleate with a 

micronozzle and generate extremely small and uniform ink particles due to rapid expansion of 

supercritical solution (RESS). Therefore, the resolution of the printing can be improved and 

induce a much better printing quality. 

 

To successfully operate this new printing technology, the operation pressure of this valve 

system should be as high as 30 MPa. This operation pressure is much higher than what the 

current piezoelectric MEMS valve can offer. Aluminum nitride is chosen as the piezoelectric 

material over lead zirconate titanate (PZT) because the depolarization of PZT due to 

compressive stresses limits the operating pressure to less than 5 MPa. In order to meet high 

pressure requirements, thin-film AlN is selected because it doesn’t experience compressive 

stress depolarization and is IC compatible. The piezoelectric valve system is designed with bi-

chevron shape not only to amplify the generated stroke but also to reduce undesired out-of-

plane motion. This amplification mechanism is achieved by the cantilever beam structure 

without increasing the size of the valve system significantly. In the bi-chevron, the use of 

piezoelectrics with matched sets of actuator arms enables a push-pull actuation in both 

directions and also reduces out-of-plane buckling. 

 

To verify the working function of the bi-chevron actuator, a pre-prototype device is introduced 

and fabricated. And the result from the static testing of the pre-prototype device is compared 

with the finite element simulation and the theoretical analysis. The result shows a good fitting 

between finite element simulation and the pre-prototype device measurement (maximum error 

is about 17%). However, the error between the theoretical analysis and finite element 

simulation is significant due to the particle top/bottom electrode coverage. This is because 

partial-coverage results in a nonuniform electrical field along the width of the AlN beam and 

simultaneously reduces the generated stroke and the generated force. For the dynamic 

performance, an alternating current (AC) is used to actuate the pre-prototype device rather 

than direct current (DC). It is because AC actuating voltage gives the dynamic response of the 
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pre-prototype device and then indicates the resonant frequency of the pre-prototype devices 

which corresponds to the operation speed while DC actuating voltage has no effect on the 

dynamic performance at all. The result of the dynamic performance shows that the prototype 

device will give 1.5 µm in-plane generated stroke with acceptable out-of-plane generated 

stroke when the device is actuated in 60 kHz with 10 V actuating voltage. The pre-prototype 

device has 1100 µm long, 10 µm wide, and 2° angle AlN beams.  

 

In addition to the pre-prototype device, the prototype device is fabricated for the supercritical 

carbon dioxide valve system. The difference between prototype devices and supercritical 

carbon dioxide devices is that supercritical carbon dioxide devices have been sealed with a cap. 

That means the prototype devices can become goal devices, supercritical carbon dioxide 

valves, after sealing the device with a cap. This prototype device uses a SOI wafer with bi-

chevron AlN actuator to control the flow of the supercritical carbon dioxide valve. This is 

prototype device is also evaluated and the result verify that this fabrication process is correct. 
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Chapter 1  Introduction 
The long term goal of this research is to develop a microfabricated valve to control to control the 

flow of supercritical carbon dioxide that is used in an advanced printing. In this chapter, the 

background of this research will be discussed, including the overview, motivation, and 

achievements. First, we will talk about the new supercritical carbon dioxide valve design. In this 

part, the uniqueness and goal of this new supercritical carbon dioxide will be discussed.  Second, 

we will move to the motivation of this research and discuss the advantages of supercritical 

carbon dioxide printing technology. In the end, the achievement of this project will be 

summarized and discussed. 

 

1.1 Overview: Supercritical Carbon Dioxide Valve 

A supercritical carbon dioxide valve system for supercritical carbon dioxide printing technology 

is introduced and developed in this research (as shown in Fig. 1). To successfully operate the 

carbon dioxide flow in supercritical state, this new valve system is designed to work against 

pressures as high as 30MPa. Compared with other types of microvalves, this supercritical carbon 

dioxide is designed to be actuated piezoelectrically because of excellent typical characteristics of 

piezoelectric microvalves: high operation pressure, high temperature stability, high operation 

frequency, wide range operation temperature, and low power consumption. 

The highest operation pressure of current piezoelectric microvalve design is limited by 

compressive stress depolarization that happens to lead zirconate titanate (Pb[ZrxTi1-x]O3, 0≤x≤1) 

when it is operating under high pressure.  To really achieve high operation pressure, aluminum 

nitride (AlN) is introduced to the supercritical carbon dioxide valve system since AlN doesn’t 

exhibit compressive stress depolarization.  With AlN as the piezoelectric material for the 

supercritical carbon dioxide, we also can achieve higher operation pressure, higher temperature 

stability, and IC compatible at the same. 

Beyond the to usage of a new piezoelectric material for the supercritical carbon dioxide valve, a 

new actuator design, bi-chevron actuator, is introduced to achieve the open/close mechanism of 

the valve system. This bi-chevron actuator design uses vertically and horizontally symmetric 

AlN beams to reduce the undesired out-of-plane motion and then have better control on the fluid 

to avoid the block problem. The bi-chevron actuator design actuating bi-directionally and can 

amplify the generated piezoelectric stroke internally with the cantilever beam structure so as to 

achieve large valve plug motion. Compared with external stroke amplification mechanism, the 

size of the supercritical carbon dioxide valve with this internal stroke amplification mechanism 

(bi-chevron AlN actuator design) can be achieve small volume and there in compatible with 

printing technology.  



 

A model of the electro-mechanical performance of the valve was derived from first 

addition, this theoretical analysis was compared to results derived 

ANSYS. The influence of the geometry of the devices on the performance is evaluated statically 

and dynamically to seek for a deep understandi

system.  

Fig. 1.  Sketch of supercritical carbon dioxide printing technology.
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1.2 Motivation: Supercritical Carbon Dioxide for Advanced Printing 
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Supercritical carbon dioxide is a fluid state of carbon-dioxide when the temperature and pressure

is higher than critical point (31.1 C and 72.9 atm). The pressure

bon-dioxide is shown in Fig. 2 and the region of

in this figure. When the carbon dioxide is in a supercritical state, 

like solubilities and gas-like diffusivities and viscosity

of carbon dioxide is close the critical point, any small change in the temperature 

large change of viscosity and density of the carbon

organic compounds, supercritical carbon dioxide is an excellent nonpolar solvent

used to replace organic solvent. 

temperature phase diagram for carbon dioxide. The red line in this figure points 

out the change of temperature and pressure of the supercritical carbon dioxide due to rapid 

expansion of supercritical carbon-dioxide when it goes through a nozzle. 

Kodak, a new printing technology with supercritical carbon dioxide as solvent

The ink dissolved in the super in the supercritical carbon dioxide will start to 

ink particles when the fluid goes through a Rapid Expansion of 

olution (RESS) process over a nozzle (as shown in Fig. 3) [2

, the pressure and the temperature of the supercritical carbon dioxide will start to drop

C) and room pressure (1 atm). At that time, very high supersaturations 

reached immediately and then cause the dissolved ink to nucleate with small
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temperature and pressure 

he pressure-

region of supercritical carbon 

supercritical state, the carbon 

like diffusivities and viscosity. In addition, 

change in the temperature 

change of viscosity and density of the carbon-dioxide [1]. For 

organic compounds, supercritical carbon dioxide is an excellent nonpolar solvent and can 

 

red line in this figure points 

out the change of temperature and pressure of the supercritical carbon dioxide due to rapid 

on dioxide as solvent for ink has 

in the supercritical carbon dioxide will start to 

xpansion of 

2]. In the RESS 

dioxide will start to drop to 

very high supersaturations are 

small ink particles size 



 

and narrow size distribution. The

much smaller ink particles with RESS (as shown in 

jet technologies. 

Fig. 3.  Sketch of rapid expansion of supercritical solution (RESS) with a nozzle design

 

Fig. 4.  Illustration of the significant difference in precipitation kinetics between traditional liquid 

and compressed (supercritical) fluid system [
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The new printing technology can generate much more uniform and 

much smaller ink particles with RESS (as shown in Fig. 4) than can be achieved in common ink 

Sketch of rapid expansion of supercritical solution (RESS) with a nozzle design

Illustration of the significant difference in precipitation kinetics between traditional liquid 

and compressed (supercritical) fluid system [3]. 

new printing technology can generate much more uniform and 

) than can be achieved in common ink 

 

Sketch of rapid expansion of supercritical solution (RESS) with a nozzle design. 

 

Illustration of the significant difference in precipitation kinetics between traditional liquid 



 

In order to evaluate the quality of the ink particles, a setup 

generate the ink particle with RESS process. In this setup, the RESS process happens in a 

micronozzle since the micronozzle will

particles that are generated with this system is as shown in 

shows that the ink particles generated

than 10 nm in diameter [4]. This size is 

diameter from the traditional technology (as shown in 

particle size, the resolution of the

printing technology. 

Fig. 5.  Setup of printing technology with supercritical carbon dioxide as the solvent [

 

Fig. 6.  Trace of ink particles with a MEMS nozzle

generated by the printing system with supercritical carbon dioxide 
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order to evaluate the quality of the ink particles, a setup as shown in Fig. 

generate the ink particle with RESS process. In this setup, the RESS process happens in a 

the micronozzle will replace the expansive chamber. The trace of the ink 

ith this system is as shown in Fig. 6. And the experiment data 

generated from this new printing technology has a size 

his size is thousand times smaller than the ink dye with 10 µm in 

from the traditional technology (as shown in Fig. 7). With such kind of 

resolution of the new printing technology will be much better than the current 

Setup of printing technology with supercritical carbon dioxide as the solvent [

 

Trace of ink particles with a MEMS nozzle made by J. Heppener. These ink particles are 

generated by the printing system with supercritical carbon dioxide as solvent

Fig. 5 [4] [5] is used to 

generate the ink particle with RESS process. In this setup, the RESS process happens in a 

replace the expansive chamber. The trace of the ink 

he experiment data 

from this new printing technology has a size that is smaller 

thousand times smaller than the ink dye with 10 µm in 

With such kind of small ink 

better than the current 

 

Setup of printing technology with supercritical carbon dioxide as the solvent [4]. 

. These ink particles are 

as solvent. 
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Fig. 7.  Distribution of the size of ink particles from the supercritical carbon dioxide printing 

technology [4]. 

 

In addition to better resolution, there are some other advantages of this new printing technology 

compared with the current printing technology. The summary of the advantages of Kodak 

printing technology with supercritical carbon dioxide are: 

1. Cheap and easy to get: Around 0.0039% of the atmosphere is comprised by carbon 

dioxide and there is no need to purchase chemicals to make the solvent for this new 

printing technology since we can get the material of the solvent from air. After collecting 

carbon dioxide from the air, it will be transformed to supercritical carbon dioxide with 

the supercritical extraction process. Compared with the current printing technology, this 

supercritical carbon dioxide is cheap and easy to get. 

2. Green solvent for ink: In this new printing technology, supercritical carbon dioxide is 

used as the solvent for the ink. Carbon dioxide is nontoxic for the environment and can 

be considered as a green solvent compared with the solvent used in the current printing 

technology. 

3. Generate high density, uniform, and small ink particles and get better performance than 

dye ink: When the supercritical carbon dioxide with the dissolved ink goes through a 

rapid expansion of supercritical solution, the dissolved ink will start to nucleate and then 

generate ink particles. This process is very fast and then can generate extremely small 

and uniform ink particles for the printer. 

4. Get dry ink and then no smudge problem: When the supercritical carbon with the 

dissolved ink goes through a rapid expansion, the dissolved ink will start to nucleate and 

then generate ink particles. At the time, the solvent, supercritical carbon dioxide, will 

become carbon dioxide gas due the change of the temperature and pressure and then 

become part of the air after it exits the system. So only the dry ink particles will hit the 

printing paper and then there is no smudge problem for the printing. 
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1.3 Achievements of this thesis 

In this research, a supercritical carbon dioxide valve system is introduced to the new printing 

technology developed by Kodak. A clear approach is developed and verified to bring the 

supercritical carbon dioxide vavle system to commercialization in the future. To summary, this 

thesis has the following achievements for the supercritical carbon dioxide valve system: 

• Introduced a piezoelectric microvalve with bi-chevron AlN actuators for supercritical 

CO2 advanced printing technology. 

• Analyzed the device with theoretical analysis and finite element simulation to evaluate 

the influence of geometry parameters on static and dynamic performance. 

• Developed a new fabrication process to realize the design idea of the goal devices. 

• Fabricated and characterized the devices and setup experiment to evaluate the static 

performance and dynamic performance of the devices. 

The detail of the operation and characterization of supercritical carbon dioxide valve will be 

discussed in detail in the following sections. 
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Chapter 2  Supercritical Carbon Dioxide 

Valve for Advanced Printing Technology 

2.1 MEMS Valves 

To apply this new supercritical carbon-dioxide into printing technology, a valve with small valve 

volume, low power consumption, high temperature stability, high working pressure, and high 

operation frequency is needed. Here, micro electromechanical system (MEMS) technology is 

applied for the development of supercritical carbon dioxide valve since MEMS devices have 

smaller volume and can be integrated with IC circuit. And it has more possibility to meet the 

requirements of the valve for this new printing technology. In MEMS, there are four main 

different microvalves (as shown in Fig. 8) [6]: electromagnetic microvalve (Fig. 8 (A)), 

electrostatic microvalve (Fig. 8 (B)), thermal  microvalve (Fig. 8 (C)), and piezoelectric 

microvalve (Fig. 8 (D)). The detail of these MEMS valve will be discussed in the following. 

   
(A) Electromagnetic MEMS Valve  (B) Electrostatic MEMS Valve 

   

   
(C) Piezoelectric MEMS Valve  (D) Thermal MEMS Valve 

Fig. 8.  Illustrations of actuation principles of MEMS valves: (A) electromagnetic MEMS valve, (B) 

electrostatic MEMS valve, (C) piezoelectric MEMS valve, and (D) thermal MEMS valve. 
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2.1.1 Electromagnetic MEMS Valve 

The first MEMS electromagnetic valve is introduced by Terry et al. in 1979 [7]. This valve is 

designed for gas chromatographic (GC) air analyzer application (as shown in Fig. 9 and Fig. 10). 

It is a normal closed valve with a solenoid-actuated diaphragm. It consists an etched silicon seat 

with orifice, a nickel diaphragm, and a solenoid actuator/plunger assembly (as shown in Fig. 9). 

The most popular material for electromagnetic MEMS valves are NiFe [8-11]. Sadler et al. 

makes Ni/Fe and Si Membrane works together to achieve a normally closed valve. The detail of 

Sadler’s design [10] is as shown in Fig. 11 and Fig. 12. 

Electromagnetic microvalves can generate high force and large stroke with low power 

consumption since it is actuated by electromagnetic force. It is really good to operate under high 

pressure. However, its size is large compared with other kind of MEMS valve. So this large size 

limits its application on printing technology since smaller size of the valve system is desired in 

printing technology. 

 

Fig. 9.  Cross section of the first MEMS electromagnetic valve. It is vertical scale is exaggerated for 

clarity [7]. 

 

 

Fig. 10.  SEMS photography of etched miniature valve of the first MEMS electromagnetic valve [7]. 
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Fig. 11.  Normally closed magnetic microvalve show with both fluidic and electrical connections 

made to as glass motherboard [10]. 

 

 

Fig. 12.  Photography of assembled microvalve by Sadler et al. Valves. and actuators are attached 

to the glass motherboard which routes electrical and fluidic connections [10]. 
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2.1.2 Electrostatic MEMS Valve 

Electrostatic MEMS valve use electrostatic force to move a membrane or a rigid body to achieve 

the open and close function [12-21]. Electrostatic MEMS valve can operate at high frequency 

with low power consumption. Its volume is much smaller than an electromagnetic valve and it 

gives the acceptable stroke for valve application. Because of these advantages, electrostatic 

MEMS valves are very popular for gas flow control. Yang et al. introduced a design for gas fuel 

delivery application (as shown in Fig. 13). This work is successfully integrated with combustor, 

exhaust, turbine, and compressor to become a microengine (as shown in Fig. 14 and Fig. 15). 

However, it is rarely used to control fluid due to electrolysis of liquids at high voltage. In 

addition, it can’t be used for conductive fluid since conductive fluidic will influence the electric 

field that actuates the system. 

 

 

 
(A) Schematic assembly  (B) Photography of test package 

Fig. 13.  Package assembly for electrostatic microvalve testing by Yang et al. [20]. 
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Fig. 14.  Two-dimensional cross-sectional schematic of the fuel electrostatic microvalve [20]. 

 

 

Fig. 15.  Cross section of the microengine with integrated electrostatic microvalve array [20]. 
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2.1.3 Thermal MEMS Valve 

Compared with other MEMS valves, a thermal MEMS valve [22-36] can generate both large 

stroke and large force. However, there are many drawbacks for the usage of thermal MEMS 

valve. Since the heating effect actuates thermal MEMS valves, it always consumes more power 

and operates at a lower frequency that is limited by the cooling and heating. In addition to these 

disadvantages, its operation temperature is limited, too. Regardless of these limitations, many 

thermal MEMS valve designs are introduced for high force valve application. As shown in Fig. 

16, Kim et al. introduces a normally-opened thermal MEMS valve that use PDMS 

(polydimethylsiloxane) as the main material of the valve and ITO (Indium tin oxide) as the 

heater. The picture of this design with inlet and outlet are as shown in Fig. 17. 

 
(A) Cross section view of the thermal microvalve 

 

 
(B) The cavity of PDMS replica of the microvalve 

Fig. 16.  Sketch of the thermal microvalve by Kim et al. [32]. 
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Fig. 17.  Photograph of the fabricated thermal MEMS valve by Kim et al. [32]. 
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2.1.4 Piezoelectric MEMS Valve 

The last type of MEM valve is piezoelectric MEMS valve [37-55]. This kind of valve uses 

electric voltage to control the open/close of the valve with piezoelectric effect [57]. Compared 

with the other MEMS valves, piezoelectric MEMS valve has low power consumption, high 

working frequency, good temperature stability, and high operation pressure. Such kinds of 

advantages make piezoelectric MEMS valves very popular and become widely used in MEMS 

valve. However, the piezoelectric MEMS valve always generates less generated stroke compared 

with the other type of MEMS valve. To improve this drawback, an external or internal stroke 

amplification mechanism is very common in a piezoelectric MEMS valve design to achieve the 

goal generated stroke. The most stroke amplification mechanism is achieved by hydraulic 

(external) [39, 40] or mechanical (internal) [50]. Robert et al. [40] introduced a design that 

hydraulically amplifies the stroke to achieve a movement up to 16.5 µm (as shown in Fig. 18). 

However, this device will have out-of-plane flow and leads to difficulty on controlling the flow. 

In addition, the hydraulic amplification chamber increases the size significantly since it will 

introduce a hydraulic chamber into the system. Compared with this hydraulically amplified 

design, a mechanically amplified design induced by Zhao et al. [50] (as shown in Fig. 19) can 

keep the size small and achieve stroke amplification with bimorph design. So in order to keep the 

volume of the piezoelectric valve as small as possible, a mechanical stroke amplified should be 

used while developing a piezoelectric valve system.  

 

Fig. 18.  Schematic of the piezoelectrically driven hydraulic amplification microvalve by Roberts et 

al. [40]. 
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Fig. 19.  Schematic of the piezoelectrically driven mechanical amplification microvalve by Zhao et 

al. [50]. 

 

The benefits and handicaps for these four different kinds of MEMS valve have been discussed in 

the previous sections. Based these discussions, piezoelectric valves are selected to be the 

candidate of supercritical carbon dioxide valve since it meets the design requirements for the 

new printing technology: small volume, high operation frequency, low power consumption, high 

working pressure, and high temperature stability. And while developing a supercritical carbon 

dioxide for this new printing technology, a mechanically stroke amplification mechanism will be 

used in order to gain the desired stroke and keep the volume small at the same time. 

 

 

 

2.2 Supercritical Carbon Dioxide Valve 

Here, since the highest operation pressure of current MEMS piezoelectric valve is less than 5 

MPa [48], we design a new supercritical carbon dioxide valve with bi-chevron AlN actuator (as 

shown in Fig. 20) that meets the requirements of the new supercritical carbon dioxide printing 

technology.  This device has an entrance on the top of the whole system for the supercritical 

carbon dioxide (as shown in Fig. 20). Before the supercritical carbon dioxide gets into the 

microchannels and then the nozzles, this supercritical carbon dioxide will be delivered into the 

carbon dioxide supply at first (as shown in Fig. 20). In the nozzle part, the rapid expansion of 

supercritical carbon dioxide solution will happen and then generate the extremely small and 

uniform ink particles. In this valve system, there is a cap will cover the top of the whole system 

for sealing propose. The actuation mechanism of this supercritical carbon dioxide valve design is 
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achieved by a bi-chevron aluminum-nitride (AlN) actuator. And AlN is a piezoelectric material 

for the actuation to induce open/close mechanism.  

This SCV is designed to have half open and half close mechanism. That means this valve is 

neither fully open nor fully closed when no electrical voltage is applied (as shown in Fig. 21) to 

actuate the valve system (the equilibrium point). At the equilibrium point, the fluid can flow 

through valve if there is any supercritical carbon dioxide exists in the carbon dioxide supply. 

However, we can control, open or close, the outside carbon dioxide supply source to really turn 

off the flow at the equilibrium point. While we would like to open the SCV, we can apply an 

electrical field to push the bi-chevron AlN actuators to move backward and then the fluid can 

flow through the microchannel to the nozzle (as shown in Fig. 22). With this design, the 

microchannel will be cleaned when high pressure fluid goes through.  Therefore, there will be no 

block problem because the particles accumulate in the microchannel will be brought by the high 

pressure fluidic while it goes through the valve. When we would like to close the SCV, we can 

apply a electrical field to push the bi-chevron actuators to move forward and then the fluid can’t 

flow through the microchannel to the nozzle (as shown in Fig. 23) since there is no path for the 

fluidic to get to the nozzle. 

In Fig. 21, Fig. 22, and Fig. 23, the supercritical carbon dioxide will flow through the valve 

system from the top, bottom, and side channel. The flow going through the valve system from 

the top of the plug is labeled as Qtop. Qtop can be reduced by decreasing the distance between the 

cap and the top of the plug. And the flow going through the valve system from the bottom of the 

plug is labeled as Qbottom. Qbottom can be reduced by decreasing the oxide the distance between the 

silicon substrate and the bottom of the plug. In the fabrication process for the supercritical carbon 

dioxide valve, a silicon-on-isolator (SOI) wafer with less oxide thickness will be chosen since 

that will induce less distance between the bottom of the plug and the silicon substrate. Qtop and 

Qbottom will contribute the leakage of the valve system and should be reduced. And Qside means 

the flow going through the system with the side channel. For Qside, it should be increased as 

much as possible since it contributes to the flow rate of the valve system without increasing the 

leakage.  

If we combine carbon supply, microchannels, SCVs, and nozzles into the same system, we will 

get a SCV system (as shown in Fig. 24and Fig. 25) for the supercritical carbon dioxide printing 

technology. With this combination of the carbon dioxide supply, microchannels, SCVs, and 

nozzles, we can let the whole SCV system to achieve the following requirements for supercritical 

carbon dioxide printing technology: 

1. 170 µm nozzle-to-nozzle spacing (150 dot per inch (dpi)): The nozzle to nozzle spacing is 

designed to be 170 µm. This means this device can achieve the 150 dpi requirement for 

printing technology. 



 

2. 10 mg/sec carbon dioxide flow

have 10 mg/sec carbon dioxide flow rate. With this flow rate, there will be 

supercritical carbon dioxide flow to generate the 

3. Minimum out-of-plane 

chevron AlN actuator design is symmetric vertically and horizontally. With this bi

direction symmetric design, the out

design is minimized. 

4. Operation under 30 MPa

new MEMS piezoelectric valve can operated at a pressure higher than 5 MPa. The new 

MEMS piezoelectric valve design developed by this work can work under a pressure as 

high as 30 MPa. 

5. Sufficient sealing force and it can be increased by adding more AlN beams

maximum sealing force of the SCV design is determined by the number of the AlN 

beams in the bi-chevron

of AlN beams in the bi

6. Easy to extend by simply repeating

design and geometry and can be extended by repeating 

to get more exits for the ink particles in a row by simply repeating the SCV designs.  

 

 

Fig. 20.  Sketch of a single SCV design with cap, entrance of supercritical carbon dioxide, carbon 

dioxide supply, microvalves, and bi
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10 mg/sec carbon dioxide flow rate for each nozzle: The whole system is design

have 10 mg/sec carbon dioxide flow rate. With this flow rate, there will be 

dioxide flow to generate the desired ink particles for the printing.

plane generated stroke of the actuator due to symmetric design

chevron AlN actuator design is symmetric vertically and horizontally. With this bi

direction symmetric design, the out-of-plane generated stroke of the bi

peration under 30 MPa: Unlike the previous MEMS piezoelectric valve designs, this 

new MEMS piezoelectric valve can operated at a pressure higher than 5 MPa. The new 

MEMS piezoelectric valve design developed by this work can work under a pressure as 

Sufficient sealing force and it can be increased by adding more AlN beams

maximum sealing force of the SCV design is determined by the number of the AlN 

chevron AlN actuator design. If more sealing force is needed, the number 

of AlN beams in the bi-chevron AlN actuator design can be increase

Easy to extend by simply repeating: The design of the SCV system doesn’t have complex 

design and geometry and can be extended by repeating the designs in a row. So it is easy 

the ink particles in a row by simply repeating the SCV designs.  

Sketch of a single SCV design with cap, entrance of supercritical carbon dioxide, carbon 

upply, microvalves, and bi-chevron AlN actuator. 

: The whole system is designed to 

have 10 mg/sec carbon dioxide flow rate. With this flow rate, there will be sufficient 

ink particles for the printing. 

of the actuator due to symmetric design: The bi-

chevron AlN actuator design is symmetric vertically and horizontally. With this bi-

stroke of the bi-chevron actuator 

: Unlike the previous MEMS piezoelectric valve designs, this 

new MEMS piezoelectric valve can operated at a pressure higher than 5 MPa. The new 

MEMS piezoelectric valve design developed by this work can work under a pressure as 

Sufficient sealing force and it can be increased by adding more AlN beams: The 

maximum sealing force of the SCV design is determined by the number of the AlN 

actuator design. If more sealing force is needed, the number 

be increased to achieve this goal.  

: The design of the SCV system doesn’t have complex 

designs in a row. So it is easy 

the ink particles in a row by simply repeating the SCV designs.   

 

Sketch of a single SCV design with cap, entrance of supercritical carbon dioxide, carbon 



 

Fig. 21.  Sketch of SCV and flow of supercritical carbon

applied. Qtop is the flow going through the valve system from the top of the plug

going through the valve system from the bottom of the plug.  Q

valve system with the side channel.
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Sketch of SCV and flow of supercritical carbon-dioxide device when no electrical field is 

is the flow going through the valve system from the top of the plug

going through the valve system from the bottom of the plug.  Qside is the flow going through the 

valve system with the side channel. 

 

dioxide device when no electrical field is 

is the flow going through the valve system from the top of the plug. Qbottom is the flow 

is the flow going through the 
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Fig. 22.  Sketch of SCV and flow of supercritical carbon-dioxide device when the electrical field is 

applied to open the valve. Qtop is the flow going through the valve system from the top of the plug. 

Qbottom is the flow going through the valve system from the bottom of the plug.  Qside is the flow 

going through the valve system with the side channel. 
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Fig. 23.  Sketch of SCV and flow of supercritical carbon-dioxide device when the electrical field is 

applied to close the valve. Qtop is the flow going through the valve system from the top of the plug. 

Qbottom is the flow going through the valve system from the bottom of the plug.  Qside is the flow 

going through the valve system with the side channel. 
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Fig. 24.  Sketch of the SCV system without sealing cap. 

 

 

Fig. 25.  Sketch of the SCV system with sealing cap. 
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Chapter 3  AlN Bi-Chevron Actuator for 

Supercritical Carbon Dioxide Valve (SCV) 

Design 

3.1 Piezoelectric Material for Actuator Application with Stroke 

Amplification Mechanism 

When a piezoelectric material responds to an applied voltage by a change of its shape, it is 

demonstrating the “inverse piezoelectric effect”. When a piezoelectric material converts 

mechanical energy to electrical energy, it is demonstrating the “direct piezoelectric effect”. 

Based on this, for piezoelectric actuators, an electrical energy will be applied on the piezoelectric 

material to generate a mechanical energy to produce stroke or force to achieve certain purpose. 

The single-layer piezoelectric actuator can be achieved by transverse mode (as shown in Fig. 26), 

parallel mode (as shown in Fig. 27), or shear mode (Fig. 28). In Fig. 26, Fig. 27, and Fig. 28, the 

piezoelectric is free to shrink or expand since there is no opposite force to constrain the 

deformation. The stroke generated by these different modes of piezoelectric is governed by the 

following equations: 

1. Parallel mode piezoelectric actuator: The generated stroke (parallel expansion) can be 

expressed by the following Equation (3.1) 

∆TT = E�d�� = VT d�� 
(3.1) 

  

2. Transverse mode piezoelectric actuator: The generated stroke (transverse expansion) can 

be expressed by the following Equation (3.2) 

∆LL = ∆WW = E�d�
 = Vd�
T  
(3.2) 

  

3. Shear mode piezoelectric actuator: The generated stroke (movement of the edge) can be 

expressed by the following Equation (3.3) 

∆X = Vd
� (3.3) 

  

where ∆T is the elongation or shrink in the thickness direction (the same direction as the 

polarization), ∆L the elongation or shrink in the length direction, ∆W the elongation or shrink in 

the width direction, ∆X the relative movement of two corners due to the shear deformation, T is 

the thickness, L is the length, W is the width, d31 is one element of the piezoelectric strain matrix 

that represents the influence the applied electric field in the polarization/thickness direction on 

the normal strain change in the width and length direction, d33 is one element of the piezoelectric 

strain matrix that represents the influence the applied electric field in the polarization/thickness 
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direction on the normal strain change in the thickness direction, d51 is one element of the 

piezoelectric strain matrix that represents the influence the applied electric field in the 

polarization/thickness direction on the shear strain change, and V is the applied voltage on the 

piezoelectric material. So far, these three different piezoelectric actuator modes have been widely 

used in the actuator application. And for bi-layer piezoelectric actuator and other kind of 

piezoelectric actuators, they will use these three piezoelectric modes with some modification to 

achieve more generated stroke or generated force [58-60]. 

 

Fig. 26.  Parallel mode piezoelectric actuator where P indicates the polarization the piezoelectric 

material. 

 

 

Fig. 27.  Transverse mode piezoelectric actuator where P indicates the polarization the piezoelectric 

material. 

 

 

Fig. 28.  Shear mode piezoelectric actuator where P indicates the polarization the piezoelectric 

material. 
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However, the generated stroke of piezoelectric actuator is too small. In order to achieve the 

desired generated stroke, usually a stroke amplification mechanism is needed.  This stroke 

amplification mechanical can be achieved by an external [61] system or by an internal [62-91] 

system. This external system can be hydraulic [61]. However, an external stroke amplification 

mechanism is rarely used since it will increase the volume of the system significantly and add the 

difficulty to the fabrication process of the device. Due to this reason, an internal stroke 

amplification system is more popular than an external stroke amplification mechanism. This 

internal system can be achieved by bimorph system [62-69] (as shown in Fig. 29), buckle beam 

[70] (as shown in Fig. 30), cantilever beam [71-80] (as shown in Fig. 31), rainbow structure [81-

83] (as shown in Fig. 32), or stacked structure [84-91] (as shown in Fig. 33). 

 

Fig. 29.  Sketch of C-block actuator and showing material layers design arrows indicating the 

poling direction by Brei et al. [62]. 
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Fig. 30.  Sketch of buckling beam motion amplifier by Jiang et al. [70]. 

 

 

Fig. 31.  Sketch of the cymbal transducer by Dogan et al. [71]. 

 

 

Fig. 32.  Sketch of composite Moonie actuator by Sugawara et al. [81]. 
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Fig. 33.  Sketch of the meader-line actuator by Robbins et al. [84]. The meander  line is supported at  

its  clamped ends and in the middle  where  the  actuator  output connector  slides on  the  actuator  

base. All  of  the  piezoelectric  bars  are  connected  electrically  in  parallel by  the  conducting  

(aluminum)  connector  bars. 

 

Compared with other piezoelectric material, lead zirconate titanate (PZT) is most popular 

material for piezoelectric actuator applications and has been widely used. However, lead 

zirconate titanate ((Pb[ZrxTi1-x]O3, 0<x<1) or PZT) has the following disadvantages:  

1. Not integrated circuit (IC) compatible: Lead (Pb) is avoided to be used in current 

semiconductor fabrication process since it is toxic. That is why PZT is not IC compatible 

since it contains Pb.  

2. External strong field and high temperature for PZT polarization process: For PZT 

material, it is not polarized while just getting deposited. And an external strong electric 

field and high temperature process is needed to force the PZT material gets polarization 

[92-94]. This external strong electric field and high temperature process may damage the 

IC underneath. 

3. Compressive-stress depolarization: PZT material always suffers a decrease of 

piezoelectric coefficient while working under high pressure (compressive stress) [95-98]. 

This limited the maximum operation pressure of the piezoelectric valve with PZT can 

work. 

Due to these results, PZT is not chosen as the piezoelectric material for the supercritical carbon 

dioxide valve design. For the supercritical carbon dioxide valve, we introduce AlN as the 

piezoelectric material. Aluminum-nitride (AlN) is a wurtzite phase (w-AlN) material with a wide 

band gap (6.2 eV) and is widely used in MEMS now, especially for deep ultraviolet 
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optoelectronics and radio frequency (RF) filter applications.  The details of AlN material 

properties are given in Appendix B.  AlN is a hard piezoelectric material and is capable of 

generating relatively large forces during actuation.  Sputtered AlN is deposited as intrinsically 

piezoelectric and then it requires no poling. And AlN can withstand high compressive stress 

without compressive-stress depolarization.  In addition, AlN is compatible with CMOS, which 

allows integration of piezoelectric devices with control circuitry. Last, AlN has higher Young’s 

modulus than the other piezoelectric materials and then can produce higher wave speed which 

will generate higher frequency for higher working speed. 

The breakdown electric field (EB), of piezoelectric material is the other important limitation for 

the operation and should be considered carefully before the operation. The breakdown electric 

field is the maximum electric field that the piezoelectric material can sustain without causing any 

damage to the device. To avoid any possible damages coming from the exceed applied electric 

field, our design will be operated under a electric field that is half of the breakdown electric field.  

For AlN, its breakdown electric field is 1400 kV/cm.  So for 1 µm thick AlN film, the maximum 

voltage difference can be applied on the AlN film is 140 V. And for 3 µm thick AlN film, the 

maximum voltage difference can be applied on the AlN film should be 420 V. This rule about 

the maximum applied electric field will be followed when the actuator design is operated for the 

desired working function.  

 

 

 

3.2 Operation of Bi-Chevron Actuator 

Here we introduce a new actuator design, bi-chevron AlN actuator, with generated stroke 

amplification mechanism for the supercritical carbon-dioxide valve (SCV). The sketch of this bi-

chevron AlN actuator design is as shown in Fig. 34. This bi-chevron AlN actuator design is a 

modification of the chevron thermal actuator design described by Sinclair et al. [99] (as shown in 

Fig. 35). This thermal actuator design can generate high generated force and amplify the 

generated stroke with the chevron structure. However, due to the work function of thermal 

actuator, this chevron thermal actuator can only move in “uni-direction” and unwanted out-of-

plane stroke will be generated at the same time. In order to improve this design, we introduce a 

“bi-directional AlN chevron actuator” (bi-chevron AlN actuator, as shown in Fig. 34) which can 

generate bi-directional movement and reduce out-of-plane generated stroke at the same time.  



 

Fig. 

 

Fig. 
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Fig. 34.  Bi-chevron AlN actuator design. 

Fig. 35.  Chevron thermal actuator [99]. 
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This bi-chevron actuator is made of piezoelectric material, AlN, and has equal pairs of 

piezoelectric AlN beams in both right side and left side. And for each side, there is the same 

number of piezoelectric beams in upper pair and lower pair. When we apply a negative electrical 

field to the polarization to the upper pair piezoelectric beams (A-A cross-section in Fig. 36) and 

a positive electrical field to the polarization to the lower pair piezoelectric beams (B-B cross-

section, as shown in Fig. 36), this will make the upper pair piezoelectric beams start to expand 

(A-A cross-section, as shown in Fig. 36) and the lower pair piezoelectric beams start to shrink 

(B-B cross-section, as shown in Fig. 36). And this combination of the push (by the upper pair 

AlN beams) mechanism and the pull (by the lower pair AlN beams) mechanism will force the 

actuator to move forward (as shown in Fig. 36). At this time, the upper pair piezoelectric beams 

expand and tend to have some out-of-plane stroke. However, the lower pair piezoelectric beams 

want to shrink and constrain this out-of-plane stroke. So with this symmetric design of upper pair 

and lower pair piezoelectric beams, the out-of-plane generated stroke is decreased compared to a 

traditional chevron design. 

When we would like to move the actuator backward, a positive electrical field will be applied to 

the polarization to the upper pair piezoelectric beams and a negative electrical field will be 

applied to the polarization to the upper pair piezoelectric beams (as shown in Fig. 37). And then 

the upper pair piezoelectric beams start to shrink (A-A cross-section, as shown in Fig. 37) and 

the lower pair piezoelectric beams start to expand (B-B cross-section, as shown in Fig. 37).  And 

then this push (by the lower pair AlN beams) and pull (by the upper pair AlN beams) mechanism 

will force the actuator to move down. That means that we can control the movement of the bi-

chevron AlN actuator by altering the electrical field to achieve the bi-directional movement and 

this design gives us more freedom of movement. In addition, the generated force of the bi-

chevron AlN actuator can be increased by adding more AlN beams into the system. If less 

generated force and less volume of the system are needed, we also can decrease the number of 

AlN beams to achieve these requirements. 
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Fig. 36.  Sketch of the bi-Direction chevron AlN actuator for moving forward. 
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Fig. 37.  Sketch of the bi-Direction chevron AlN actuator for moving backward. 
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3.3 Theoretical Analysis for Bi-Chevron AlN Actuator Design 

In order to estimate the generated stroke and generated force of the bi-chevron AlN actuator, a 

simplified model for the bi-chevron AlN actuator is introduced and this simplified model is as 

shown in Fig. 38. This simplified model can be used to estimate the operation of an expansive 

AlN beam in the bi-chevron AlN actuator due to the applied electrical field that is in the opposite 

direction of the polarization of AlN film.  Once this simple mechanical model is defined, the 

following equation can be used to calculate the generated stroke (∆y): 

∆ = � × �−���� + ��1 + ∆�� �� − �������  

(3.4) 

  

where ∆y is the generated stroke with the stroke amplified mechanism, ∆L is the length 

expansion of the AlN beam due the applied electric field, L is the original length of the AlN 

beam without applied electrical field, and θ is the initial angle of the actuator beam without 

applied electrical field.  From Equation (3.2), we know the expansion of AlN beam is a function 

of actuating voltage (V) and applied electrical field (E3) in the polarization direction: 

∆�� = ∆!! = "#�
$ = %�#�
 
(3.2) 

  

Equation (3.4) and Equation (3.2) can be combined to get the following equation (3.5) to show 

the relationship between the generated stroke (∆y) and the applied electrical field (E3) 

∆ = � × &−���� + '�1 + %�#�
�� − �������( (3.5) 

  

And the stroke amplification can be represented as the following equation: 

∆∆� = �∆� × �−���� + ��1 + ∆�� �� − �������  

(3.6) 

  

Equation (3.6) can be combined with Equation (3.2) 

∆∆� = 1%�#�
 × &−���� + '�1 + %�#�
�� − �������( (3.7) 

  

From Equation (3.7), we find out the stroke amplification is independent of the geometry of the 

AlN. It is only relative to the applied electrical field (E3), the material properties of AlN (d31), 

and the AlN beam angle (θ). 

And from the simplified model, the generated force, P, can be calculated with the following 

equation: 

) = *���� (3.8) 
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where F is the force that the piezoelectric beam generates in the beam length direction and P is 

the generated force coming from transformation of the beam force, F, to the moving direction 

because of the amplification mechanism. The actuating beam force, F, is a function of the area of 

the cross section (A) and the normal stress (S11) on the cross section and is shown in the 

following equation: 

* = + × ,

 = �! × $� × �%� × -�
� (3.9) 

  

where the normal stress (S11) is the function of the applied electric field (E3) and the piezoelectric 

stress coefficient (e31). Equation (3.8) and equation (3.9) can be combined to get the following 

Equation (3.10) to describe the relationship between generated force (P) and applied electrical 

field (E3) 

) = �! × $� × �%� × -�
� × ���� (3.10) 

  

Equation (3.5) and equation (3.10) are the governing equations for the operation of a single AlN 

beam in the bi-chevron AlN actuator design. We find out Equation (3.5) and Equation (3.10) are 

both function of beam angle (θ). In order to evaluate how beam angle (θ) influences the 

generated stroke (∆y) and the generated force (P), we will introduce two performance parameter, 

normalized generated stroke (∆y/L) and normalized generated force (P/F), and they are defined 

as the following equations: 

∆� = −���� + '�1 + %�#�
�� − ������� 
(3.11) 

  

And 

)* = ���� 
(3.12) 

  

 With these two equations above, we can plot normalized generated stroke (∆y/L) and the 

normalized generated force (P/F) as function as the beam angle (θ) (as shown in Fig. 39). In Fig. 

39, the applied electrical field (E3) is half of the breakdown electrical field (EB).  The 

piezoelectric material used in this theoretical analysis is AlN and its material properties are as 

shown in Appendix B. From Fig. 39, it shows that the generated stroke will decrease and the 

generated force will increase when the beam angle is increasing. Thus, there is a trade-off 

between generated stroke and generated force since they are both function of beam angle. If 

more generated force is needed, more AlN beams can be added into our design without 

significantly diminishing the generated stroke. For the generated stroke amplification, we can use 

Equation (3.7) to calculate the value and the plot is shown in Fig. 40. From Fig. 40, we know the 

generated stroke is amplified at least 5 times with the bi-chevron design. 

 



 

Fig. 38.  Simplified model for the bi

 

Fig. 39.  Normalized generated stroke and normalized generated force as a function of piezoelectric 

beam angle. 
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Simplified model for the bi-chevron actuator design

 

Normalized generated stroke and normalized generated force as a function of piezoelectric 

 

chevron actuator design. 

 

Normalized generated stroke and normalized generated force as a function of piezoelectric 



 

 

Fig. 40.  Generated stroke amplification as a function of piezoelectric beam angle

 

To get acceptable generated stroke and generated force from the bi

same time, we need to choose a value

From Fig. 39 and Fig. 40, we choose 4° to become the beam angle since it can gives generated 

stroke about 15 times without losing too much generated force.  This beam angle will be used for 

the design of the goal device, supercritical carbon dioxide valve (SCV).

 

 

 

3.4 Generated Stroke Simulation for Bi

ANSYS 

Here, we will use finite-element

actuator design. The software that we use for this

Solid 5. Solid 5 is an element that is compatible for the static and dynamic simulation for 

piezoelectric material. The bi-

the each pair (Fig. 41 and Fig. 

of AlN beams, the width of the 
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Generated stroke amplification as a function of piezoelectric beam angle

To get acceptable generated stroke and generated force from the bi-chevron AlN actuator

, we need to choose a value of the beam angle that can achieve the

, we choose 4° to become the beam angle since it can gives generated 

stroke about 15 times without losing too much generated force.  This beam angle will be used for 

the design of the goal device, supercritical carbon dioxide valve (SCV). 

Stroke Simulation for Bi-Chevron AlN Actuator D

element-method (FEM) to simulate the operation of 

The software that we use for this FEM simulation is ANSYS

Solid 5 is an element that is compatible for the static and dynamic simulation for 

-chevron AlN actuator in the FEM simulation has 8 AlN beams in 

Fig. 42).  In the following FEM simulation, we will change

the width of the AlN beams, the thickness of AlN beams, and

 

Generated stroke amplification as a function of piezoelectric beam angle. 

chevron AlN actuator at the 

of the beam angle that can achieve these requirements. 

, we choose 4° to become the beam angle since it can gives generated 

stroke about 15 times without losing too much generated force.  This beam angle will be used for 

Actuator Design with 

method (FEM) to simulate the operation of this bi-chevron AlN 

FEM simulation is ANSYS with the element 

Solid 5 is an element that is compatible for the static and dynamic simulation for 

chevron AlN actuator in the FEM simulation has 8 AlN beams in 

simulation, we will change the length 

, and the beam angle of 
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the AlN beams to evaluate influence of the geometry on the performance of bi-chevron AlN 

actuators. 

 

Fig. 41.  Top view of FEM mode for bi-chevron actuator simulation. There are 8 AlN beams in each 

pair AlN beams. 

 

 

Fig. 42.  Isotropic view of FEM mode for bi-chevron actuator simulation. 
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In addition to the influence of geometry, we also consider the effect the coverage of top and 

bottom electrode. In the fabrication process, we can have the self-alignment bottom electrode (as 

shown in Fig. 43 (A)) and non-self-alignment bottom electrode (as shown in as shown in Fig. 43 

(A)). In the simulation, the gap between the edge of top/bottom electrode and AlN is 3 µm. The 

fabrication process of devices with non-self-alignment bottom electrodes is to pattern the bottom 

electrode first, deposit AlN next, and then pattern the AlN in the end. For the device with self-

alignment bottom electrodes, the bottom electrode and AlN will be pattern in the same time. 

 

 

 

 

 

 

(A) Non-self-alignment bottom 

electrode 
 

(B) Self-alignment bottom 

electrode 
  

Fig. 43.  Cross section of non-self-alignment bottom electrode and self-alignment bottom electrode. 

 

The generated stroke of devices with non-self-alignment bottom electrode for 500 µm long AlN 

beam, 700 µm long AlN beam, 900 µm long AlN beam, and 1100 µm long AlN beam with 

different beam width, different beam angle, and different beam thickness is as shown in Fig. 44, 

Fig. 45, Fig. 46, and Fig. 47. In these figures, the applied electrical field is kept at 100 volt/µm 

for all devices. From Fig. 44, Fig. 45, Fig. 46, and Fig. 47, we can observe the influence of AlN 

beam length, AlN beam width, AlN beam angle, and AlN beam thickness on generated stroke 

and the influence of these geometry parameter are summarized as following: 

A. The AlN beam angle will influence the generated stroke. Generated stroke will decrease 

when AlN beam angle increases. This is the same as what is predicated in Equation (3.5). 

B. The AlN beam length will influence the generated stroke. Generated stroke will increase 

when AlN beam length increases. This is the same as what is predicated in Equation (3.5). 

C. The AlN beam width will influence the generated stroke. When the width of the AlN 

beam is increasing, the generated stroke will increase. 

D. The AlN beam thickness will have small influence on the generated stroke. 

For the device with self-alignment bottom electrode,  the generated stroke of devices for 500 µm 

long AlN beam, 700 µm long AlN beam, 900 µm long AlN beam, and 1100 µm long AlN beam 

with different beam width, different beam angle, and different beam thickness is as shown in Fig. 



 

48, Fig. 49, Fig. 50, and Fig. 51

same characteristics of the influe

stroke for device with non-self

bottom electrodes. 

To estimate the influence of non

electrode, the generated stroke of device with these two different bottom electrodes can be put in 

the same plot (as show in Fig. 

with self-alignment bottom electrode is more than the generated stroke o

alignment bottom electrode. This is because the devices with non

electrode will result in a less uniform electrical field along the width of the AlN beam and 

simultaneously reduce the generated stroke. 

 

Fig. 44.  Generated stroke of non

different beam width and different beam angle
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51. From Fig. 48, Fig. 49, Fig. 50, and Fig. 51

same characteristics of the influence of AlN beam length/width/angle/thickness on generated 

self-alignment bottom electrode as for device with self

of non-self-alignment bottom electrode and of self

electrode, the generated stroke of device with these two different bottom electrodes can be put in 

Fig. 52). From Fig. 52, we can know the generated stroke of devices 

alignment bottom electrode is more than the generated stroke of devices with non

alignment bottom electrode. This is because the devices with non-self-alignment bottom 

electrode will result in a less uniform electrical field along the width of the AlN beam and 

simultaneously reduce the generated stroke.  

Generated stroke of non-self-alignment bottom electrode for 500 µµµµm long AlN beam with 

different beam width and different beam angle. 

51, we can find the 

thickness on generated 

alignment bottom electrode as for device with self-alignment 

alignment bottom electrode and of self-alignment bottom 

electrode, the generated stroke of device with these two different bottom electrodes can be put in 

, we can know the generated stroke of devices 

f devices with non-self-

alignment bottom 

electrode will result in a less uniform electrical field along the width of the AlN beam and 

 

m long AlN beam with 



 

Fig. 45.  Generated stroke of non

different beam width and different beam angle

 

Fig. 46.  Generated stroke of non

different beam width and different beam angle
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Generated stroke of non-self-alignment bottom electrode for 700 µµµµm long AlN beam with 

different beam width and different beam angle. 

Generated stroke of non-self-alignment bottom electrode for 900 µµµµm long AlN beam with 

different beam width and different beam angle. 

 

m long AlN beam with 

 

m long AlN beam with 



 

Fig. 47.  Generated stroke of non

different beam width and different beam angle

 

Fig. 48.  Generated stroke of self

different beam width and different beam angle
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Generated stroke of non-self-alignment bottom electrode for 1100 µµµµm long AlN beam with 

different beam width and different beam angle. 

Generated stroke of self-alignment bottom electrode for 500 µµµµm long AlN beam with 

different beam width and different beam angle. 

 

m long AlN beam with 

 

long AlN beam with 



 

Fig. 49.  Generated stroke of self

different beam width and different beam angle

 

Fig. 50.  Generated stroke of self

different beam width and different beam angle
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Generated stroke of self-alignment bottom electrode for 700 µµµµm long AlN beam with 

different beam width and different beam angle. 

Generated stroke of self-alignment bottom electrode for 900 µµµµm long AlN beam with 

different beam width and different beam angle. 

 

m long AlN beam with 

 

m long AlN beam with 



 

Fig. 51.  Generated stroke of self

different beam width and different beam angle

 

Fig. 54 to Fig. 56 can be used to verify the influence of non

electrical field distribution along cross sections for devices with fully

electrode (as shown in Fig. 54

self-alignment bottom electrode

Fig. 56, we know the electrical field

top electrode and bottom electrode (fully

less uniform one is when the AlN beam is 

alignment bottom electrode, actual device

electrode nor fully-bottom electrode cover

device). And these different is very apparent near the edge of the AlN beam and then reduce

generated stroke because of the uniform electric field the edge of the AlN beam

54, Fig. 55, and Fig. 56). 
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Generated stroke of self-alignment bottom electrode for 1100 µµµµm long AlN beam with 

different beam width and different beam angle. 

can be used to verify the influence of non-uniform electrical field. 

istribution along cross sections for devices with fully-covered top/bottom 

54), self-alignment bottom electrode (as shown in 

alignment bottom electrode (as shown in Fig. 56) from ANSYS simulation.  

, we know the electrical field is the most uniform when the AlN beam

top electrode and bottom electrode (fully-covered top/bottom electrode, ideal device), and the 

when the AlN beam is only fully-covered by bottom electrode 

, actual device). The worst one will be the one neither 

bottom electrode covered (non-self-alignment bottom electrode, actual 

And these different is very apparent near the edge of the AlN beam and then reduce

generated stroke because of the uniform electric field the edge of the AlN beam

 

ong AlN beam with 

uniform electrical field. The 

covered top/bottom 

(as shown in Fig. 55), and non-

from ANSYS simulation.  From Fig. 54 to 

when the AlN beam is covered by both 

ectrode, ideal device), and the 

covered by bottom electrode (self-

one will be the one neither fully-top 

alignment bottom electrode, actual 

And these different is very apparent near the edge of the AlN beam and then reduce the 

generated stroke because of the uniform electric field the edge of the AlN beam (as shown in Fig. 



 

Fig. 52.  Generated stroke of non

AlN beam, different beam width, and different beam angle

 

(A) Fully-covered top/bottom electrode

 

(C) Non-self-alignment bottom electrode

Fig. 53.  Sketch for devices with 

bottom electrode, and devices with non
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Generated stroke of non-self-alignment and self-alignment bottom electrode for 

AlN beam, different beam width, and different beam angle. 

 

22 

covered top/bottom electrode  (B) Self-alignment bottom electrode

  

 

 

alignment bottom electrode   

Sketch for devices with fully-covered top/bottom electrode, devices with self

bottom electrode, and devices with non-self-alignment bottom electrode. 

 

alignment bottom electrode for different 

 
alignment bottom electrode 

 

covered top/bottom electrode, devices with self-alignment 
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Fig. 54.  The distribution of electric fiend in the cross section of the AlN beam with fully-covered 

top/bottom electrode. The thickness and width of the AlN are 3 µm and 16 µm. The applied 

electrical field on the beam is 100 V/µm. The top electrode coverage width (W’) and the AlN beam 

width (W) are all 16 µm in this simulation. 

 

 

Fig. 55.  The distribution of electric fiend in the cross section of the AlN beam with self-alignment 

bottom electrode. The thickness and width of the AlN are 3 µm and 16 µm. The applied electrical 

field on the beam is 100 V/µm. The top electrode coverage width (W’) and the AlN beam width (W) 

are 10 µm and 16 µm in this simulation. 
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Fig. 56.  The distribution of electric fiend in the cross section of the AlN beam with non-self-

alignment bottom electrode. The thickness and width of the AlN are 3 µm and 16 µm. The applied 

electrical field on the beam is 100 V/µm. The top electrode coverage width (W’) and the AlN beam 

width (W) are all 10 µm in this simulation. 

 

 

 

3.5 Generated Force Simulation for Bi-Chevron Actuator Design with 

ANSYS 

The generated force of devices with non-self-alignment bottom electrode for 500 µm long AlN 

beam, 700 µm long AlN beam, 900 µm long AlN beam, and 1100 µm long AlN beam with 

different beam width, different beam angle, and different beam thickness is as shown in Fig. 57, 

Fig. 58, Fig. 59, and Fig. 60. In these figures, the applied electrical field is kept at 100 volt/µm 

for all devices. And the generated force of devices with self-alignment bottom electrode is as 

shown in Fig. 61, Fig. 62, Fig. 63, and Fig. 64. From Fig. 57 to Fig. 64, we can evaluate the 

influence of AlN beam length, AlN beam width, AlN beam angle, and AlN beam thickness on 

generated force on the generated force: 

A. The AlN beam angle will influence the generated force. Generated force will increase 

when AlN beam angle increases. This is the same as what is predicated in Equation 

(3.10). 

B. The AlN beam width will influence the generated force. Generated force will increase 

when AlN beam width increases. This is the same as what is predicated in Equation 

(3.10). 



 

C. The AlN beam thickness will influence the generated force. Generated force will increase 

when AlN beam thickness increases. This is the same as what is predicated in Equation 

(3.10). 

D. The AlN beam length 

And the comparison of devices with self

alignment bottom electrodes is as shown in 

device with self-alignment bottom electrode

electrodes is due the uniform electrical field (as shown 

Fig. 57.  Generated force of non

different beam width and different beam angle
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The AlN beam thickness will influence the generated force. Generated force will increase 

when AlN beam thickness increases. This is the same as what is predicated in Equation 

 will have small influence on the generated stroke.

nd the comparison of devices with self-alignment bottom electrodes and devices with non

is as shown in Fig. 65. The difference of gene

alignment bottom electrodes and device with non-self-alignment bottom 

is due the uniform electrical field (as shown in Fig. 54 to Fig. 56

Generated force of non-self-alignment bottom electrode for 500 µµµµm long AlN beam with 

different beam width and different beam angle. 

The AlN beam thickness will influence the generated force. Generated force will increase 

when AlN beam thickness increases. This is the same as what is predicated in Equation 

influence on the generated stroke.  

and devices with non-self-

. The difference of generated force between 

alignment bottom 

56), too.  

 

m long AlN beam with 



 

Fig. 58.  Generated force of non

different beam width and different beam angle

 

Fig. 59.  Generated force of non

different beam width and different beam angle

 

48 

Generated force of non-self-alignment bottom electrode for 700 µµµµm long AlN beam with 

different beam width and different beam angle. 

Generated force of non-self-alignment bottom electrode for 900 µµµµm long AlN beam with 

different beam width and different beam angle. 

 

m long AlN beam with 

 

long AlN beam with 



 

Fig. 60.  Generated force of non

different beam width and different beam angle

 

Fig. 61.  Generated force of self

different beam width and different beam angle
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Generated force of non-self-alignment bottom electrode for 1100 µµµµm long AlN beam with 

different beam width and different beam angle. 

Generated force of self-alignment bottom electrode for 500 µµµµm long AlN beam with 

different beam width and different beam angle. 

 

m long AlN beam with 

 

m long AlN beam with 



 

Fig. 62.  Generated force of self

different beam width and different beam angle

 

Fig. 63.  Generated force of self

different beam width and different beam angle
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Generated force of self-alignment bottom electrode for 700 µµµµm long AlN beam 

different beam width and different beam angle. 

Generated force of self-alignment bottom electrode for 900 µµµµm long AlN beam with 

different beam width and different beam angle. 

 

m long AlN beam with 

 

m long AlN beam with 



 

Fig. 64.  Generated force of self

different beam width and different beam angle

 

Fig. 65.  Generated force of non

AlN beam, different beam width, and different beam angle
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Generated force of self-alignment bottom electrode for 1100 µµµµm long AlN beam with 

different beam width and different beam angle. 

Generated force of non-self-alignment and self-alignment bottom electrode for different 

beam, different beam width, and different beam angle. 

 

m long AlN beam with 

 

alignment bottom electrode for different 
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3.6 Resonant Frequency Simulation for Bi-Chevron Actuator Design 

with ANSYS 

The 1st in-plane resonant frequency (as shown in Fig. 66) and the 2nd in-plane resonant frequency 

(as shown in Fig. 67) for 500 µm long AlN beam, 700 µm long AlN beam, 900 µm long AlN 

beam, and 1100 µm long AlN beam with different beam width, different beam angle, and 

different beam thickness are as shown from Fig. 68 to Fig. 75. And the plots that show more 

comparison between the effect of beam length, beam width, and beam angle are as shown in Fig. 

76 and Fig. 77. From Fig. 68 to Fig. 77, we can evaluate the influence of AlN beam length, AlN 

beam width, AlN beam angle, and AlN beam thickness on 1
st
 in-plane resonant frequency and 

2
nd

 in-plane resonant frequency and the influence of the geometry are summarized as following: 

A. The in-plane resonant frequency is not influenced by the top/bottom electrode coverage 

since the FEM simulation doesn’t include the top electrode and bottom electrode into the 

calculation. 

B. The AlN beam angle will influence the in-plane resonant frequency. In-plane resonant 

frequency will increase when AlN beam angle increases. And the in-plane resonant 

frequency will saturate at certain value while the beam angle keeps on increasing. 

C. The AlN beam width will influence the in-plane resonant frequency. In-plane resonant 

frequency will increase when AlN beam width increases. 

D. The AlN beam thickness will not influence the in-plane resonant frequency.  

E. The AlN beam length will have hug influence on in-plane resonant frequency. In-plane 

resonant frequency will decrease when AlN beam lenght increases. 

About the influence of the AlN beam thickness for the in-plane resonant frequency, it is can be 

explained by the following equation that used to evaluate the 1
st
 in plane resonant frequency 

frequently in solid mechanics [100]: 

. = 120 �8%23+� 

(3.13) 

  

where E is the Young’s modulus of object, ρ is the density of the object, I is the moment of the 

inertia, L is the beam length, A is the area of the cross section of the object, and π is a 

mathematical constant whose value is the ratio of any Euclidean plane circle's circumference to 

its diameter. For the in-plane vibration, the moment of the inertia (I) and the area of the cross 

section (A) can be written as the following equations: 

2 = 45�12  
(3.14) 

  

   And 

+ = 4 × 5 (3.15) 
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where t is the beam thickness, and w is the beam width. If we combine Equation (3.13) to (3.15), 

the following equation can be used to calculate the 1
st
 in-plane resonant frequency of a cantilever 

beam: 

. = 120 �2%5�33�  

(3.16) 

  

From Equation (3.16), we can see the thickness (t) of the cantilever beam has no effect on the in-

plane resonant frequency of the cantilever beam. That is why in our FEM simulation, the bi-

chevron AlN actuators with different beam thickness (the same beam length and the same beam 

width) have the same in-plane resonant frequency. 

 

 

Fig. 66.  Mode shape of the bi-chevron AlN Actuator at first in-plane resonant frequency 

 



 

Fig. 67.  Mode shape of the bi

 

Fig. 68.  First in-plane resonant frequency for 500 

and different beam angle. 
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Mode shape of the bi-chevron AlN Actuator at second in-plane resonant frequency

plane resonant frequency for 500 µµµµm long AlN beam with different beam width 

 

plane resonant frequency 

 

m long AlN beam with different beam width 



 

Fig. 69.  Second in-plane resonant frequency for 500 

and different beam angle. 

 

Fig. 70.  First in-plane resonant frequency for 700 

and different beam angle. 
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plane resonant frequency for 500 µµµµm long AlN beam with different beam width 

plane resonant frequency for 700 µµµµm long AlN beam with different 

 

m long AlN beam with different beam width 

 

m long AlN beam with different beam width 



 

Fig. 71.  Second in-plane resonant frequency for 700 

and different beam angle. 

 

Fig. 72.  First in-plane resonant frequency f

and different beam angle. 
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plane resonant frequency for 700 µµµµm long AlN beam with different beam width 

plane resonant frequency for 900 µµµµm long AlN beam with different beam width 

 

m long AlN beam with different beam width 

 

m long AlN beam with different beam width 



 

Fig. 73.  Second in-plane resonant frequency for 900 

and different beam angle. 

 

Fig. 74.  First in-plane resonant frequency for 1100 

and different beam angle. 
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plane resonant frequency for 900 µµµµm long AlN beam with different beam width 

plane resonant frequency for 1100 µµµµm long AlN beam with different beam width 

 

m long AlN beam with different beam width 

 

m long AlN beam with different beam width 



 

Fig. 75.  Second in-plane resonant frequency for 1100 

and different beam angle. 

 

Fig. 76.  In-plane resonant frequency for different  beam length and the same beam width for the 

same beam angle (4°). 
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plane resonant frequency for 1100 µµµµm long AlN beam with different beam width 

plane resonant frequency for different  beam length and the same beam width for the 

 

m long AlN beam with different beam width 

 

plane resonant frequency for different  beam length and the same beam width for the 



 

Fig. 77.  In-plane resonant frequency for different beam length and the 

same beam width (5µm). 
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plane resonant frequency for different beam length and the same beam angle for the 

 

 

same beam angle for the 
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Chapter 4  Fabrication Process of Pre-

Prototype Device and Prototype Device for 

Supercritical Carbon Dioxide Valve 
Before the fabrication process for our goal device, the working function of the key component, 

bi-chevron AlN actuator, in the SCV design should be proven. In order to achieve this, we would 

like to introduce two different devices that can be used to verify the working function and 

fabrication process of the supercritical carbon-dioxide valve design: pre-prototype device (as 

shown in Fig. 78 (A)) and prototype devices (Fig. 78 (B)). 

 

(A) Pre-Prototype Device  (B) Prototype Device 

Fig. 78.  Sketch of pre-prototype device and prototype device. 

 

There are two major differences between the pre-prototype device and prototype device and 

these differences are: 

1. Composition of the movement part: For the pre-prototype devices, the moving part is 

composed only of AlN. And for the prototype devices, the moving part is composite both 

of AlN and silicon. Due to this reason, the pre-prototype is only an actuator and doesn’t 

function as a valve. So in our approach, the pre-prototype device will be fabricated first 

to verify the design idea and working function of the bi-chevron AlN actuator. Once it is 

done, the prototype devices can be fabricated and this prototype device can become SCV 

after sealed with a cap. 
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2. Releasing method: The pre-prototype device is released by isotropic silicon substrate etch 

with xenon difluoride gas (XeF2). However, the prototype device is released by silicon 

dioxide etch (SiO2) with vapor hydrofluoric acid (HF). This difference is made necessary 

by the use of silicon for the valve: XeF2 would attach the valve component. 

Due to the different design goal, the fabrication process for pre-prototype devices and prototype 

devices will be dissimilar. In addition, there will be some different design considerations for 

these two different fabrication processes. The detail about these differences of the fabrication 

process and the design consideration will be discussed more in the following sections. 

 

 

 

4.1 Fabrication Process for Pre-Prototype Device 

To fabricate the pre-prototype device, a very stable fabrication process developed by Piazza et al. 

[115] for AlN RF filter is used. This fabrication process for the pre-prototype device (as shown 

in Fig. 79 (A)) is started with a high-resistivity silicon substrate. First, the photoresist (PR) is 

deposited and defined for the following lift-off step of the bottom electrode aluminum (Al). After 

this step, the bottom electrode Al is deposited with s-gun sputtering and then the coming step is 

lift-off to get the pattern of the bottom electrode (as shown in as shown in Fig. 79 (B)).  

Next, aluminum nitride (AlN) thin film can be deposited with AlN sputtering tool. And the stress 

of this AlN thin film should be controlled between 0~100 MPa tensile to avoid the buckling and 

breaking of the AlN beams since the pre-prototype device contains long and thin AlN beams and 

that makes the influence of the stress become significant. The stress control of AlN thin film can 

be adjusted by changing the Ar flow rate, N2 flow rate, or sputtering power [98-104]. In addition 

to the stress control, the process parameter of AlN thin deposition should be optimized to get the 

best crystal orientation (higher piezoelectric coefficient) for the goal of better performance, 

generated stroke and generated force. The quality of the crystal orientation of the AlN thin film 

can be determined the full width at half maximum (FWHM) value of the rocking curve from the 

x-ray diffractometer [102, 103, 104, 106, and 108] (XRD). 
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(A) Top view of the pre-prototype device   

   

 

  

(B) Deposit and define the bottom electrode   

   

 

  

(C) Deposit and wet etch AlN for AlN via   

   

 

  

(D) Deposit and define the top electrode   

 

  

(E) Etch AlN to define the shape of the pre-prototype device   

   

 

  

(F) Deposit and define a thick Au layer   

   

 

  

(G) Release the structure with isotropic silicon etch   

Fig. 79.  Fabrication process of pre-prototype devices. (A) is the top view of the pre-prototype 

device after the fabrication process. (B)-(G) are the cross sections of the pre-prototype device 

during the fabrication process. 
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After the AlN thin film is deposited, the AlN via will be defined to offer the connection between 

the bottom electrode and the top electrode (as shown in as shown in Fig. 79 (C)).  The AlN via 

can be etched by immersing the wafer in 160 C hot phosphoric acid with oxide as the etch mask 

and then the oxide etch mask will be removed for the next step. Once the AlN via is defined, the 

top electrode will be defined by the PR lift-off method (as shown in Fig. 79 (D)). The top 

electrode Al film is deposited by s-gun sputtering, the same metal sputtering machine for the 

bottom electrode.   One the top electrode is patterned, the AlN will be etched by plasma etch 

(Lam3 aluminum reactive ion etcher, RIE, by Lam Research) tool to get the outline of the AlN 

actuator (as shown in Fig. 79 (E)). The etch mask for this AlN dry tech is low-temperature oxide 

(LTO) since oxide etch mask gives a better AlN/SiO2 selectivity than AlN/PR and generates a 

more steep side wall. The oxide etch mask for AlN etch can be removed by plasma etch (Lam2 

oxide RIE by lam research) since the selectivity between oxide/AlN and oxide/Al is excellent. 

Once the oxide etch mask for the AlN dry etch is removed, we can deposit and define a thick 

gold (Au) layer with lift-off method to cover the electrical pad and AlN via area (as shown in Fig. 

79 (F)). This thick Au layer is used to reduce the resistivity near AlN via due to the poor step 

coverage of the top Al electrode on the AlN via part. As this step is finished, the finally step is to 

release the pre-prototype device with XeF2 gas (as shown in Fig. 79 (G)). 

In Fig. 80, there is a scanning electron microscope (SEM) image of a pre-prototype device from 

the fabrication process described as the previous section. The device in Fig. 80 has been released 

with XeF2 gas. In each pre-prototype device, there is a built-in Vernier scale (as shown in Fig. 

81). The built-in Vernier scale is used for the generated stroke measurement. Further details on 

the Veriner scale for generated stroke measurement will be discussed in the following sections. 

 

 

Fig. 80.  SEM image of the pre-prototype device. 

 



64 

 

 

Fig. 81.  SEM of the Vernier scale on the pre-prototype device. 

 

 

 

 

4.2 Fabrication Process for Prototype Device and its Process Parameter 

Since the working function of the pre-prototype devices is verified, the prototype device can be 

fabricated with the corresponding fabrication process. However, before this, the corresponding 

fabrication process should be modified to seek for better performance of the prototype device. 

To realize our design idea for the prototype design, a new fabrication process that combines 

silicon-on-insulator (SOI) wafer and prototype design (bi-chevron AlN Actuator) has been 

developed (as shown from Fig. 82 to Fig. 120). The whole fabrication process of this prototype 

device is started on a SOI wafer with 10 µm device layer and 0.25 µm isolating oxide layer. 

The fabrication process for the prototype devices is started with a SOI wafer that has a 10 µm 

thick device layer and 0.25 µm thick isolation layer (as shown in Fig. 82).  First, an 1.3 µm OCG 

825 (G-line) will be deposited (as  shown in Fig. 83) and defined (as shown in Fig. 84) to define 

the microchannel for supercritical carbon-dioxide flow. After hardbake, this wafer will be put 

into deep reactive-ion etching (DRIE) system, Surface Technology Systems (STS) Advanced 

Silicon Etch (ASE) system. This system will etch the device silicon layer that is not protected by 

the PR. Due the excellent selectivity (100:1 between G-line PR and silicon) between silicon and 
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oxide in STS, the DRIE will stop at the interface of device layer and oxide layer and this step 

will not attack the substrate at all (as shown in Fig. 85). Here, STS is operated under low 

frequency (LF) mode since it used for the etching of silicon layer to oxide layer. The SOI LF 

option can reduce the non-uniformity etch of the wafer (bull’s-eye effect), the micro loading 

effect (RIE lag), and the aspect ratio dependent etching effect (ARDE). 

After strip the photoresistive (PR) for the etch mask of STS (as shown in Fig. 86), the wafer will 

be cleaned with piranha. And then the wafer will be deposited with 2 µm tetraethooxysihme 

(TEOS) oxide as the sacrificial layer (Fig. 87). Here TEOS oxide is chosen as the oxide material 

for sacrificial layer because TEOS oxide has much better step coverage than thermal oxide and 

low-temperature oxide (LTO) [109-111]. That is why TEOS oxide can fill the trench with less 

oxide thickness deposition [112].  However, TEOS oxide doesn’t have good insulation quality. 

Thus after the TEOS oxide deposition, the wafer will be annealed in furnace 1000°C for 1 hour 

to improve the quality of TEOS oxide [113]. 

After TEOS oxide annealing, a 2µm PR will be deposited and define (as shown in Fig. 88 and 

Fig. 89) for the following the sacrificial layer definition step.  And then the PR will be hardbaked 

to become the etch mask for the following oxide wet etch step. Here wet oxide etch is used 

instead of dry oxide etch. It is because wet etch can offer a less steep side wall than dry etch and 

then can avoid the bad bottom electrode coverage over the opening. After using buffer HF (BHF) 

5:1 for TEOS oxide wet etch (as shown in Fig. 90), the etch mask PR will be striped (as shown in 

Fig. 91). Here buffer HF is used instead of HF since HF will peel off the PR and buffer HF will 

not. 

 

 

 

Fig. 82.  SOI wafer for the prototype device for the prototype device. 
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Fig. 83.  Deposit photoresist for the prototype device. 

 

 

Fig. 84.  Deposit photoresist to define microchannel for the prototype device. 

 

 

Fig. 85.  Etch device layer in STS with photoresist etch mask for the prototype device. 
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Fig. 86.  Strip PR for the prototype device. 

 

 

Fig. 87.  Deposit sacrificial layer TEOS to fill the microchannel for the prototype device. 

 

 

Fig. 88.  Deposit photoresist to define TEOS oxide for the prototype device. 
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Fig. 89.  Define PR for the prototype device. 

 

 

Fig. 90.  Wet etch TEOS oxide for the prototype device. 

 

 

Fig. 91.  Strip PR for the prototype device. 
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Next, the bottom electrode molybdenum (Mo) can be deposited. The quality of the bottom 

electrode Mo is very important since it will influence the quality (crystal orientation) of the 

piezoelectric layer (AlN) that is deposited on the bottom electrode Mo. In order to get really high 

quality of Mo layer, these special steps were performed in the fabrication process: 

1. Piranha clean before the deposition: The wafer should be cleaned with piranha before 

the deposition. Piranha can remove any organic and dirty particles on the wafer surface 

and then offer better surface condition for the bottom electrode material to crystallize. 

This can result in better crystal orientation of the bottom electrode material. 

2. Seed layer deposition before the deposition: A Seed layer [114-122] is deposited on the 

dielectric layer to improve the crystal orientation of the bottom electrode by introducing a 

lower energy barrier (activation energy/potential barrier) material. The seed layer must be 

thin, smooth, continuous, and high purity to make sure that there are no cracks or holes. 

For bottom electrode (Mo), different seed layer materials (AlN seed layer [114-117], Au 

seed layer [117], or Ti seed layer [118-122]) have been used to improve the quality of 

bottom electrode Mo and then induce a good crystal orientation of the AlN thin film. 

Due to these reasons, a 30 nm thick AlN seed layer is deposited before the deposition of bottom 

electrode Mo since this AlN seed layer can improve the crystal orientation of Mo. The stress of 

the bottom electrode Mo layer is controlled to between 0 MPa to 100 MPa tensile to avoid the 

broken of the AlN bema due to the high tensile stress. The stress and crystal orientation of Mo 

can be optimized by altering the process parameters [123]. Next a well crystal-oriented and low 

stress 250 nm Mo thin film is deposited (as shown in Fig. 92and then follows by the 2µm AlN 

thin film deposition (as shown in Fig. 93).  Here the stress of the AlN thin film is controlled 

between 0 MPa tensile to 100 MPa tensile to avoid any fracture of the AlN beams. And in order 

to obtain excellent crystal orientation of the AlN film, all the AlN seed layer, Mo bottom 

electrode, and AlN piezoelectric layer are all deposited in the machine without breaking the 

vacuum. This will reduce the opportunity for any contamination when the wafer is exposed to the 

air and then keep the best surface condition for the following deposition. 

Once the active AlN layer deposition is done, the plasma-enhanced chemical vapor deposition 

(PECVD) oxide is deposited to become the etch mask for AlN via etch (as shown in Fig. 94). 

This PECVD oxide is deposited at a temperature around 200°C. After this low-temperature 

PECVD oxide deposition, a PR layer will be deposited (as shown in Fig. 95), defined (as shown 

in Fig. 96), and then hardbaked to define AlN via wet etch area. With this PR layer as the etch 

mask, the PECVD oxide will be wet etched (as shown in Fig. 97with 5:1 BHF and then the PR 

can be striped (as shown in Fig. 98). 
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Fig. 92.  Deposit bottom electrode Mo for the prototype device. 

 

 

Fig. 93.  Deposit piezoelectric layer AlN for the prototype device. 

 

 

Fig. 94.  Deposit AlN via etch mask for the prototype device. 
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After strip the PR, hot phosphoric (160 °C) will be use to etch AlN via (as shown in Fig. 99) 

with the low-temperature PECVD oxide as the etch mask. Here, hot phosphoric is selected for 

the AlN via wet etch because its good selectivity between AlN and Mo. And then the whole 

wafer will be put in the BHF 5:1 again to etch away the oxide etch mask used for AlN via etch 

(as shown in Fig. 100). Next, the top electrode Mo will be deposited on the active AlN layer by 

RF sputtering (Fig. 101). The stress of the top electrode Mo is controlled within 0 MPa tensile to 

100 MPa tensile to avoid the bending or buckling of AlN after vapor HF releasing step. 

Next, G-line PR will be deposited (as shown in Fig. 102) and defined (as shown in Fig. 103) to 

be used for the etch mask of the top electrode Mo etch. After all, the top electrode Mo will be 

etched with the plasma etch tool (as shown in Fig. 104) and then the etch mask, PR, will be 

striped (as shown in Fig. 105). 

 

 

Fig. 95.  Deposit PR to define the AlN via for the prototype device. 

 

 

Fig. 96.  Define PR for the prototype device. 
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Fig. 97.  Wet etch the oxide to define the etch mask for AlN via for the prototype device. 

 

 

Fig. 98.  Strip PR for the prototype device. 

 

 

Fig. 99.  Hot phosphoric etch AlN via for the prototype device. 
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Fig. 100.  Wet etch away the etch mask of AlN via for the prototype device. 

 

 

Fig. 101.  Deposit top electrode Mo for the prototype device. 

 

 

Fig. 102.  Deposit PR to define top electrode for the prototype device. 
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The next step will be the AlN etch with oxide etch mask. The oxide etch mask is deposited by 

200°C PECVD (as shown in Fig. 106tool. And then, the PR will be deposited (as shown in Fig. 

107), defined (as shown in Fig. 108), and hardbaked. With this PR etch mask, we will do oxide 

dry etch to define the oxide etch mask for AlN (as shown in Fig. 109) and then the PR etch mask 

for oxide etch (Fig. 110) will be stripped.  Since the oxide etch mask is defined, we can start the 

AlN etch (as shown in Fig. 111) to define the outline of the bi-chevron AlN actuator.  

In order to reduce the resistivity near AlN via and get better electrical connection between top 

electrode and bottom electrode near AlN via, a 200 nm Au is deposited to cover the AlN via area. 

For the 200 nm Au deposition, an opening of the PECVD oxide etch mask for the AlN etch is 

needed. To do this, we will deposit (as shown in Fig. 112), defined with photolithography (as 

shown in Fig. 113), and hardbake PR to make an opening on wet oxide etch of the AlN etch 

mask. Next we wet etch the AlN oxide etch mask with BHF 5:1 (as shown in Fig. 114) and after 

this step the PR is stripped (as shown in Fig. 115). Since the opening for Au deposition is 

generated, we can start the lift-off process for the Au deposition.  

For the lift-off process, we will deposit PR (as shown in Fig. 116) and then define this PR (as 

shown in Fig. 117). And then, we can deposit the Au layer (as shown Fig. 118) and perform the 

lift-off process to define the Au (as shown in Fig. 119). After dicing the wafer for singulation, we 

can release the device with HF to avoid the broken of the beam due to stiction (as shown in Fig. 

120). The pictures of prototype device from this fabrication process are as shown in Fig. 121 and 

its Vernier scale for the generated stroke measurement is as shown in Fig. 122.  

 

 

Fig. 103.  Define PR for top electrode etch for the prototype device. 
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Fig. 104.  Top electrode Mo etch for the prototype device. 

 

 

Fig. 105.  Strip PR for the prototype device. 

 

 

Fig. 106.  Deposit PECVD oxide as the etch mask for AlN etch for the prototype device. 
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Fig. 107.  Deposit PR to define the etch mask for AlN etch for the prototype device. 

 

 

Fig. 108.  Define PR to define the etch mask for AlN etch for the prototype device. 

 

 

Fig. 109.  Dry etch oxide to define the etch mask for AlN etch for the prototype device. 
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Fig. 110.  Strip PR for the prototype device. 

 

 

Fig. 111.  Dry etch AlN to define AlN with the oxide etch mask for the prototype device. 

 

 

Fig. 112.  Deposit PR for Au lift-off for the prototype device. 
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Fig. 113.  Define PR for Au lift-off for the prototype device. 

 

 

Fig. 114.  Wet etch PECVD oxide for Au lift-off for the prototype device. 

 

 

Fig. 115.  Strip PR for the prototype device. 
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Fig. 116.  Deposit PR for Au lift-off for the prototype device. 

 

 

Fig. 117.  Define PR for Au lift-off for the prototype device. 

 

 

Fig. 118.  Deposit Au for lift-off for the prototype device. 
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Fig. 119.  Lift-off Au for the prototype device. 

 

 

Fig. 120.  Vapor HF releasing for the prototype device. 
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Fig. 121.  SEM pictures of the prototype device. 

 

 

Fig. 122.  SEM pictures of the Vernier scale on the prototype device. 

  

Pad for electrical wire 

AlN plug 

Top 

electrode Mo 

Vernier 

Scale 
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Chapter 5  Experiment Testing of Pre-

Prototype Device and Prototype Device for 

Supercritical Carbon Dioxide Valve 

5.1  Static Characteristic of Pre-Prototype Device 

The fabricated pre-prototype device will be mounted on the package chip and then be wire-

bonded for the electrical connecting (as shown in Fig. 123). Once this step is finished, the pre-

prototype device with its package chip will be applied with the corresponding electrical field to 

make the movement (as show in Fig. 124). In the setup, two DC power supplies (Hewlett 

Packard E3612A) are used to apply different electrical field on the upper pair and lower pair AlN 

beams to actuate the pre-prototype devices (as shown in Fig. 124). In Fig. 124, there are two 

10KΩ resistors connecting to the positive and negative input voltage. These two resistors are 

used to over-current causing the device to burn and fail. In this setup, a microscope is focused on 

tip of the pre-prototype device to observe the change Veriner scale part (as shown in Fig. 125 (A)) 

and this change of Vernier scale can be record by a computer for the calculation of the generated 

stroke (as shown in Fig. 125 (B)).  

 

Fig. 123.  Fabricated pre-prototype on the package chip. 

 



 

Fig. 124.  Sketch of electrical connecting for the DC power supplies and the devices for in

generated stroke measurement.

 

(A) Computer setup to record the image of the 

movement of pre-prototype devices

Fig. 125.  Setup for in-plane generated stroke measurement during DC actuating voltage
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Sketch of electrical connecting for the DC power supplies and the devices for in

generated stroke measurement. 

 

 

Computer setup to record the image of the 

prototype devices 

 (B) Microscope used observe 

image of the movement 

plane generated stroke measurement during DC actuating voltage

 

Sketch of electrical connecting for the DC power supplies and the devices for in-plane 

 
Microscope used observe 

image of the movement  

plane generated stroke measurement during DC actuating voltage. 



 

To verify the bi-direction movement, the pre

forward and backward with corresponding electrical f

the pre-prototype device is at equilibrium position (as shown in 

electrical field will be applied on the upper pair AlN beam

applied on the lower pair AlN beams. This will actuate 

(as shown in Fig. 126 (B)). And then, next, a negative electrical field will be applied on the upper 

pair AlN beams and a positive electrical field will be applied on the lower 

will actuate the pre-prototype device to move backward

movement of the pre-prototype can be calculate

with the following equation: 

∆
 

where ∆G is the movement of the pre

the fixed end, ∆d2 is the gap between the 

aligned electrode after movement, and M is the number of the aligned electrode before 

movement. From the above equation, we know the resolution of the Vernier scale is determined 

by the difference between ∆d1

(A) Equilibrium Position 

Fig. 126.  Images of Vernier scale when the pre

to move forward, and move backward.  
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direction movement, the pre-prototype device will be actuated to move both 

forward and backward with corresponding electrical field. Before applying any electrical field, 

prototype device is at equilibrium position (as shown in Fig. 126 (A)

electrical field will be applied on the upper pair AlN beams and a negative electrical field will be 

r AlN beams. This will actuate the pre-prototype device to move forward

. And then, next, a negative electrical field will be applied on the upper 

pair AlN beams and a positive electrical field will be applied on the lower pair AlN beams. This 

prototype device to move backward (as shown in Fig. 126

prototype can be calculated from the Vernier Scale (as shown in 

∆7 = �∆#
 − ∆#�� × �8 − 9� 

is the movement of the pre-prototype device, ∆d1 is the gap between the electrodes for 

is the gap between the electrodes for the free end, N is the number of the 

aligned electrode after movement, and M is the number of the aligned electrode before 

movement. From the above equation, we know the resolution of the Vernier scale is determined 

1 and ∆d2. 

 

 

 

 

  (B) Forward Movement  (C)

Images of Vernier scale when the pre-prototype device is at equilibrium position, actuated 

backward.   

prototype device will be actuated to move both 

Before applying any electrical field, 

(A)). First, a positive 

s and a negative electrical field will be 

prototype device to move forward 

. And then, next, a negative electrical field will be applied on the upper 

pair AlN beams. This 

126 (C)).  And the 

(as shown in Fig. 127) 

(5.1) 

 

is the gap between the electrodes for 

, N is the number of the 

aligned electrode after movement, and M is the number of the aligned electrode before 

movement. From the above equation, we know the resolution of the Vernier scale is determined 

 
(C) Backward Movement 

prototype device is at equilibrium position, actuated 
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(A) Vernier scale before the movement  (B) Vernier scale after the movement 

Fig. 127.  Sketch of Vernier scale for movement calculation. 

 

The comparison of generated stroke between theory, finite-element simulation, and measurement 

for pre-prototype devices with 1100 µm long, 5 µm wide, and 1 µm thick AlN beams is as shown 

in Fig. 128and Error! Reference source not found.. The generated stroke of the pre-prototype 

devices agrees well with finite-element-method (FEM) simulation values from ANSYS 

(maximum error is about 17 %). This difference is suspected to come from the 0.6 µm resolution 

of the Vernier scale for the pre-prototype devices. The discrepancy between theory and ANSYS 

is due to the partial-coverage of the top electrode; this has been confirmed by simulation (as 

shown in Fig. 129). From Fig. 129, it is evident that as the width of the actual top electrode (W’) 

approaches the width (W) of the idea device, the generated force (F’) and generated stroke (∆L’) 

of actual device approaches the generated force (F) and generated stroke (∆L) of ideal device. 

This is because partial-coverage results in a nonuniform electrical field along the width of the 

AlN beam and simultaneously reduces the generated stroke and the generated force. FEM 

simulation results show the actuation force of the fabricated devices can overcome 10 MPa 

pressure for a 10 µm by 10 µm plug area for 1 µm AlN thin film. 

 

Table. 1.  Comparison of generated stroke from theoretical calculation, FEM simulation (ANSYS), 

and measurement data from device. The maximum 17 % error between ANSYS and device is 

suspect to be from the limitation of the resolution of the Vernier scale (0.6 µm). 

Beam Angle (°) Theoretical (µm) FEM (µm) Measurement (µm) Error   

2 4.554 2.158 1.8 17 % 

4 2.442 1.144 1.2 5 % 

8 1.248 0.588 0.6 2 % 

 



 

Fig. 128.  Theoretical design relationship of normalized generated stroke and normalized generated 

force for the bi-chevron actuator compared to FEM (ANSYS) and device measurement during DC 

power actuation. 

 

(A) Actual Device 

Fig. 129.  Top electrode coverage of pre
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Theoretical design relationship of normalized generated stroke and normalized generated 

chevron actuator compared to FEM (ANSYS) and device measurement during DC 

 

 

 (B) Ideal Device 

Top electrode coverage of pre-prototype devices

 

Theoretical design relationship of normalized generated stroke and normalized generated 

chevron actuator compared to FEM (ANSYS) and device measurement during DC 

 

 

 
  

prototype devices. 



 

Fig. 130.  Simulation of top electrode coverage for actual device and ideal device and its influence 

on normalized beam stroke and normalized beam force

 

 

 

5.2  In-Plane Dynamic Characteristic of Pre

In order to evaluate the dynamics performance of the 

for in-plane generated stroke, we use the planar m

This setup uses a high-speed camera with stroboscopic technique and a digital image processing 

for dynamic measurement. Te high

device due the input voltage for

calculate the motion of the device from the

The setup of the MPA is as shown in the 

400 junction box to apply different voltage

chevron actuators). MMA-400 can 

same time and then these actuating voltages

these devices.  The sketch of how the 

Fig. 132. 
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Simulation of top electrode coverage for actual device and ideal device and its influence 

normalized beam stroke and normalized beam force. 

Dynamic Characteristic of Pre-Prototype Device

In order to evaluate the dynamics performance of the pre-prototype (bi-chevron actuator

, we use the planar motion analyzer (PMA) setup

speed camera with stroboscopic technique and a digital image processing 

for dynamic measurement. Te high-speed camera can capture image of the movement

for different frequency [124]. Digital processing

motion of the device from the image data collected.  

f the MPA is as shown in the Fig. 131. In the setup, we can use the Polytec MMA

400 junction box to apply different voltages with varying frequency on the 

400 can generate a positive sine wave and a negative sine wave at the 

actuating voltages are connected to the devices correctly

.  The sketch of how the actuating voltage is applied on the device is as shown in 

 

Simulation of top electrode coverage for actual device and ideal device and its influence 

Prototype Device 

chevron actuator) design 

setup made by Polytec. 

speed camera with stroboscopic technique and a digital image processing 

of the movement of the 

igital processing software is used to 

. In the setup, we can use the Polytec MMA-

with varying frequency on the prototype device (bi-

negative sine wave at the 

correctly to actuate 

s applied on the device is as shown in 



 

Fig. 131.  Setup of PMA for in

 

Fig. 132.  Sketch for the electrode connecting for PMA system and the device
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Setup of PMA for in-plane generated stroke measurement

Sketch for the electrode connecting for PMA system and the device

 

plane generated stroke measurement. 

 

Sketch for the electrode connecting for PMA system and the device. 
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To measure the generated stroke under different frequency, the MPA setup actuates these devices 

with 10 V with actuating frequency ranging from 50 kHz to 150 kHz. The maximum voltage the 

PMA system can supply is 10 V and the actuating voltage for the dynamic testing is set at 10 V. 

In order to get a more accurate plot, the data is collected at a frequency of 500 Hz and the image 

is analyzed in 40 points for each frequency. With this measurement setting, the frequency 

spectrum of the generated stroke is as shown in Fig. 133 and Fig. 134. Fig. 133 shows the 

dynamic response of the pre-prototype device with 1100 µm long, 5 µm wide, 1 µm thick, and 8° 

AlN beams. In Fig. 133, the first in-plane resonant frequency can be observed around 70 kHz. 

And Fig. 134 shows the dynamic response of the pre-prototype device with 1100 µm long, 10 

µm wide, 1 µm thick, and 2° AlN beams. In Fig. 134, the first in-plane resonant frequency can 

be observed around 60 kHz. 

In Fig. 133 and Fig. 134, we can see the beam width and beam angle will influence the 1
st
 in-

plane resonant frequency and maximum generated stroke corresponding to this resonant 

frequency. However, in these plots, there is some noise. This noise is because the out-of-plane 

generated stroke effects make it difficult to accurately process the digital image and in turn 

calculate the in-plane generated stroke. This is one of the reasons why only a few of the devices 

among the devices that operate successfully during static actuation can yield sufficient dynamic 

response data. Another possible reason is the illumination issue. During the measurement, the 

illumination should be adjusted since it will vary under different frequency for the same setting. 

This results in dark images at particular frequency and cannot be analyzed by the digital image 

processing. 

 



 

Fig. 133.  In-plane generated stroke for 1100 

beam angle. 

 

Fig. 134.  In-plane generated stroke for 1100 

beam angle. 
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plane generated stroke for 1100 µµµµm long AlN beam with 5 µm beam width and 8

plane generated stroke for 1100 µµµµm long AlN beam with 10 µm beam width and 2° 

 

m long AlN beam with 5 µm beam width and 8° 

 

m long AlN beam with 10 µm beam width and 2° 
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5.3  Out-of-Plane Dynamic Characteristic of Pre-Prototype Device 

To evaluate the out-of-plane dynamic performance of the pre-prototype device, we will just the 

laser Doppler vibrometer (LDV) (as shown in Fig. 135) for the out-of-plane generated stroke 

measurement. In this setup, the light coming from laser source will be split into two parts. One 

part will go the photo-detector directly and the other part will go the measured devices. The light 

going the device will be reflected with a frequency shift due to Doppler effect [125]. The 

frequency shift is a function of the velocity of the object: 

.: = 2 ";<=>?@A  
(5.2) 

  

where fd is the frequency shift due to the Doppler effect, Vobject is the velocity of the object, and λ 

is the wavelength of the laser light. Once we compared the frequency of the lights going to the 

photodetector and the light going the device, we can calculate the frequency shift due to the 

Bragg cell and Doppler effect. Since the frequency shift (fb) due to the Bragg Cell is known, we 

will be able to calculate fd due to Doppler effect and then calculate the velocity of the object with 

Equation (5.2).  And the displacement and the velocity of the object have the following 

relationships: 

";<=>?@ = 20 × .; × ,;<=>?@ (5.3) 

  

where fo is the frequency of the light coming from the laser source and Sobject is the out-of –plane 

displacement of the object. So with Equation (3.3), we will be able to calculate the out-of-plane 

displacement of the object from the out-of-plane velocity of the object. 

 

Fig. 135.  Sketch of LDV for out-of-plane generated stroke measurement. 

 



 

With the setup as shown in Fig. 

plane generated stroke and the data is compared with the frequency response for in

generated stroke (as shown in 

plane generated stroke and out

µm long AlN beam, 10 µm AlN beam width, 

actuating voltage for this plot is 10 volts both for in

generated stroke. 

Fig. 136.  In-plane generated stroke and out

with 10 µm beam width and 2° beam angle

 

From Fig. 136, we find out the first in

the pre-prototype device is actuated around 

with 10 V actuating voltage and have the acceptable out

time.   
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Fig. 135, we will be able to get the frequency response for out

plane generated stroke and the data is compared with the frequency response for in

(as shown in Fig. 136). In Fig. 136, there are the frequency responses of in

out-of-plane generated stroke for a pre-prototype device with 1100 

µm long AlN beam, 10 µm AlN beam width, 1µm beam thickness, and 2° AlN beam angle. The 

actuating voltage for this plot is 10 volts both for in-plane generated stroke and out

plane generated stroke and out-of-plane generated stroke for 1100 

with 10 µm beam width and 2° beam angle. 

, we find out the first in-plane resonant frequency will show up around 60 kHz. If 

is actuated around 60kHz, we will get in-plane generated

uating voltage and have the acceptable out-of-plane generated stroke at the same 

, we will be able to get the frequency response for out-of-

plane generated stroke and the data is compared with the frequency response for in-plane 

, there are the frequency responses of in-

prototype device with 1100 

and 2° AlN beam angle. The 

plane generated stroke and out-of-plane 

 

plane generated stroke for 1100 µµµµm long AlN beam 

plane resonant frequency will show up around 60 kHz. If 

plane generated around 1.5 µm 

plane generated stroke at the same 
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5.4 Static and Dynamic Characteristic of Prototype Device 

The fabricated prototype device will be mounted on a package chip (as shown in Fig. 137 (A)) 

and then has the corresponding wire bonding geometry to actuate the prototype device (as shown 

in Fig. 137 (B)). After the device is measured on the setup (as shown in Fig. 124)  for static 

measurement of generated stroke, the prototype device will have 0.3 µm generated stroke and its 

AlN beams are 1100 µm long, 10 µm wide, 2 µm thick, and 9 degree. The actuating voltage for 

this prototype device is 130 V and it will generate 65 V/µm electric field. 

 

 

(A) Prototype devices in a package chip  (B) Prototype devices with its wire-bonding 

Fig. 137.  Prototype devices after mounted on the package chip and wire-bonded. 
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Chapter 6  Conclusion and Outlook 

6.1 Conclusion 

This work develops a new supercritical carbon dioxide valve system with bi-chevron AlN 

actuator for the advanced printing technology with supercritical carbon dioxide as the solvent. 

With supercritical carbon dioxide as the solvent for the ink, the ink particles generated from 

RESS process will be extremely small and extremely uniform and the size of these ink particles 

can thousand times smaller than the size of ink dye of current printing technology. Due to this 

excellent performance, this new printing technology should be developed for better printing 

quality and resolution. However, there are some design requirements while designing a valve 

system for this new printing technology since it has some unique characteristics. The design 

requirements for this supercritical carbon valve design are as shown in the following: 

• High pressure application 

• IC fabrication process compatibility  

• High frequency operation 

• High temperature stability 

• Small volume for printing requirement 

• Good flow control to avoid block problem 

In this work, a supercritical carbon dioxide valve that meets these requirements is introduced for 

this new printing technology. This supercritical carbon dioxide valve is actuated by a bi-chevron 

AlN actuator to achieve open/close mechanism. In this valve system, AlN is chose as the 

piezoelectric material than PZT because of the following results: 

• Integrated circuit (IC) compatible 

• No external strong field and high temperature is needed for polarization process 

• No compressive-stress depolarization 

In addition, this actuator is designed with bi-chevron shape not only to amplify the generated 

stroke but also to reduce the out-of-plane stroke. This amplification mechanism is achieved by 

the cantilever beam structure without increasing the size significantly. And the out-of-plane 

generated stroke is minimized due to the symmetric design in vertical direction and in horizontal 

direction.  

This bi-chevron AlN actuator is analyzed base on the simple model and the result shows a 

conflict between the generated stroke and the generated force with varying AlN beam angle. And 

a finite element simulator, ANSYS, is used to give more inside view about the operation of the 

bi-chevron AlN actuator. From the finite element simulation, the influence of the geometry on 

the performance is summarized as following: 
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• Partial top/bottom electrode coverage will influence the generated stroke and the 

generated force due to the uniform electric field distribution. 

• Beam width will influence the generated stroke, the generated force, and the in-plane 

resonant frequency. 

• Beam length will influence the generated stroke and the in-plane resonant frequency. 

• Beam angle will influence the generated stroke, the generated force, and the in-plane 

resonant frequency. 

• Beam thickness will only influence the generated force. 

To verify the working function of the bi-chevron actuator, a pre-prototype device is introduced 

and fabricated. And the result from the static testing of the pre-prototype device is compared 

with the finite element simulation and the theoretical analysis. The result shows a very good 

fitting between finite element simulation and the pre-prototype device measurement. However, 

the error between the theoretical analysis and finite element simulation is significant due the 

particle top/bottom electrode coverage. For the dynamic performance, the result shows that the 

prototype device will give 1.5 µm in-plane generated stroke with acceptable out-of-plane 

generated stroke  when the device is actuated in 60 kHz with 10 V actuating voltage. The pre-

prototype device has 1100 µm long, 10 µm wide, and 2° angle AlN beams. 

In addition to the pre-prototype device, the prototype device is fabricated and this prototype 

device can become goal device, supercritical carbon dioxide valve, after sealing the device with a 

cap. This prototype device uses a SOI wafer with bi-chevron AlN actuator to control the flow of 

the supercritical carbon dioxide valve. This is prototype device is also evaluated and the result 

verify that this fabrication process is correct. 

In summary, in this work, a supercritical carbon dioxide valve is introduced to control the flow 

of supercritical carbon dioxide for advanced printing technology. Some unique achievements 

have been done in this work and are summarized as following: 

• The first work introduces AlN as the piezoelectric material for actuator application. 

• The first valve is design for the supercritical carbon dioxide flow application. 

• The first actuator design can work under a pressure as high as 30 MPa. 

• The valve design can generate two dimensional flow rather than three dimensional flow 

for better control on the flow. 

• The static and dynamic performances of fabricated bi-chevron AlN actuators are verified 

with the finite element simulation and theoretical analysis and give a satisfying result.  

Although this work has verified the future development for the supercritical carbon dioxide valve 

design, there are more that we should improve to really bring this design to commercialization 

and they will be discussed in the following section. 
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6.2 Outlook 

In order to further demonstration this technology and bring it to commercialization, the analysis 

and fabrication of the supercritical carbon dioxide valve should be improved for better 

performance of the devices. What  can be improved will be discussed in the following. 

 

6.2.1 Fluidic Simulation for Supercritical Carbon Dioxide Flow  

When the supercritical carbon dioxide goes through the SCV system, it will transfer its state 

from supercritical carbon dioxide to gas carbon dioxide. This transformation is very critical for 

the fluidic performance of the system and should be characterized carefully. However, there is no 

commercial software for such kind of simulation. In the future work, if the fluidic simulation for 

the supercritical carbon dioxide flow can be developed, the fluidic performance of the SCV 

system can be optimized. 

 

6.2.2 Stress Gradient Control for AlN Thin film  

The stress control of the AlN thin film is very critical for the fabrication process of the prototype 

devices since bad stress control will induce the fail of the devices.  In the previous fabrication 

process, the stress is controlled between 0~100 MPa tensile. This stress control is focus on the 

average stress control. However, in the future work, the stress gradient in the thickness direction 

should be minimized since it will induce the buckling of the AlN beams. 

 

6.2.3 Orientation Control for AlN Thin film  

In addition to the stress gradient control of the AlN thin film, the crystal orientation control of 

AlN thin film is very important, too. For the future work, the full width of half maximum from 

rocking curve of the AlN thin film should be minimized since it means a better piezoelectric 

quality.  

 

6.2.4 Stability for the Vapor HF Etch  

The etch rate of the vapor HF that is used to release the prototype device is not very stable. The 

process parameter for the releasing should be optimized for more stable etch rate. Or the 

cleanline of the etch chamber should be improved to avoid any change of the etch rate. 
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6.2.5 Step coverage of TEOS oxide 

TEOS oxide is used in the fabrication process to fill the trench. The step coverage should be 

improved to minimize the TEOS thickness needed to fill the trench. The step coverage can be 

improved by adjusting the pressure, temperature, and O2/TEOS ratio. 

 

6.2.6 Resolution of Bonding Alignment 

The leakage of the valve system is determined by how performance the bonding of device wafer 

and cape wafer. The resolution of bonding alignment should be minimized for less leakage.  

 

These suggestions include the analysis, fabrication, and package. If these suggestions are really 

achieved in the future, the performance of the device can be improved. These suggestions will be 

applied for the future work and then lead to the commercialization of the supercritical carbon 

dioxide valve.  
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Appendix A. Constitutive Equations for 

Piezoelectric Material 
The constitutive equations for piezoelectric material are as shown in the following: 

B$C = D�EFB,C − D-FGB%C 

D$F = D�EFD,F − D-FGD%F 
$ = �E: , − -G ∙ % 

 

BKC = D-FB,C + DLMFB%C 

DKF = D-FD,F + DLMFD%F 
K = -: , + LM ∙ % 

{T}: stress tensor 

{S}: strain tensor 

{D}: electric flux density 

{E}: electric field 

[c
E
]: tensor of elastic moduli 

[εS
]: dielectric constant 

[e]: piezoelectric stress matrix 

 

The coupled equations for piezoelectric material from Mechanical field (Navier’s equations) are 

as following: 

B.<C + ∇ ∙ B$C = 3BOP C 

.< + ∇ ∙ $ = 3OP  
B,C = ∇BOC 

, = ∇O 
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{u}: mechanical displacement 

{fb}: mechanical body force 

 

From Maxwell’s equation, the following equation will be applied in electrostatic field 

∇ ∙ BKC = −Q< 

∇ ∙ K = −Q< 

 

∇ × B%C = 0 

∇ × % = 0 

 

B%C = −∇" 

% = −∇" 

And  

BKC ∙ B�C = −Q@ 

K ∙ � = −Q@  

V: scalar electrical potential 

qb: free electric charge density  

qt: surface electric charge density  

 

Coupled field equations 

1. B.C + ∇ ∙ BSC = 3BOP C 

B.<C + ∇ ∙ B$C = 3BOP C 

B.<C + ∇ ∙ TD�EFB,C − D-FGB%CU = 3BOP C 

B.<C + ∇ ∙ TD�EFB,C + D-FG∇"U = 3BOP C 
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3BOP C − ∇ ∙ TD�EFB,C + D-FG∇"U − B.<C = 0 

 

.< + ∇ ∙ S = 3OP  
.< + ∇ ∙ V�E: , − -G ∙ %W = 3OP  

.< + ∇ ∙ V�E: , + -G ∙ ∇"W = 3OP  
3OP − ∇ ∙ V�E: , + -G ∙ ∇"W − .< = 0 

2. ∇ ∙ BKC = 0 

∇ ∙ BKC = Q< 

∇ ∙ TD-FB,C + DLMFB%CU = Q<  

∇ ∙ TD-FB,C − DLMF∇"U = Q< 

 

∇ ∙ K = Q< 

∇ ∙ X-: , + LM ∙ %Y = Q<  

∇ ∙ X-: , − LM ∙ ∇"Y = Q<  

Strong form 

3BOP C − ∇ ∙ TD�EFB,C + D-FG∇"U − B.<C = 0 

∇ ∙ TD-FB,C − DLMF∇"U = Q< 

 

3OP − ∇ ∙ V�E: , + -G ∙ ∇"W − .< = 0 
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∇ ∙ X-: , − LM ∙ ∇"Y = Q<  

Weak form 

3BOP C − ∇ ∙ TD�EFB,C + D-FG∇"U − B.<C = 0 

3OP − ∇ ∙ V�E: , + -G ∙ ∇"W − .< = 0 

If the material is static, the acceleration is zero and then 

−∇ ∙ TD�EFB,C + D-FG∇"U − B.<C = 0 

−∇ ∙ V�E: , + -G ∙ ∇"W − .< = 0 

Integral to get weak form 

Z &−∇ ∙ $ − .<( ∙ [#Ω
Ω

= 0 

Z V−∇ ∙ \�E: , + -G ∙ ∇"] − .<W ∙ [#Ω
Ω

= 0 

And 

∇ ∙ ^$ ∙ [_ = ^∇ ∙ $_ ∙ [ + $: `∇[a 

^∇ ∙ $_ ∙ [ = ∇ ∙ ^$ ∙ [_ − $: `∇[a 

And then 

Z &−∇ ∙ $ − .<( ∙ [#Ωc = 0 

Z &− ^∇ ∙ $_ ∙ [ − .< ∙ [( #Ωc = 0 

Z &−∇ ∙ ^$ ∙ [_ + $: `∇[a − .< ∙ [( #Ωc = 0 
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− Z ∇ ∙ ^$ ∙ [_ #Ωc + Z $: `∇[a#Ωc − Z .< ∙ [#Ωc = 0 

Because 

Z ∇ ∙ [#Ωc = Z [ ∙ �#Aec  

Z ∇ ∙ ^$ ∙ [_ #Ωc = Z ^$ ∙ [_ ∙ �#Aec  

So 

− Z ^$ ∙ [_ ∙ �#Ωc + Z $: `∇[a#Ωc − Z .< ∙ [#Ωc = 0 

− Z [ ∙ 4#Aec + Z $: `∇[a#Ωc − Z .< ∙ [#Ωc = 0 

− Z [ ∙ .@#Aec + Z V�E: , + -G ∙ ∇"W : `∇[a#Ωc − Z .< ∙ [#Ωc = 0 

− Z [ ∙ .@#Aec + Z ∇[: �E: ∇O#Ωc + Z ∇[: -G ∙ ∇"#Ωc − Z .< ∙ [#Ωc = 0 

− Z .@ ∙ 4#Aec + Z ∇[: �E: ∇O#Ωc + Z ∇[: -G ∙ ∇"#Ωc − Z [ ∙ .<#Ωc = 0 

Weak form 

∇ ∙ K = Q< 

∇ ∙ X-: , − LM ∙ ∇"Y = Q<  

Z T∇ ∙ K − Q<U5#Ωc = 0 

Because 

∇ ∙ `K5a = `∇ ∙ Ka5 + K ∙ �∇5� 

`∇ ∙ Ka5 = ∇ ∙ `K5a − K ∙ �∇5� 
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So 

Z T∇ ∙ K − Q<U5#Ωc = 0 

Z T∇ ∙ `K5a − K ∙ �∇5� − Q<5U#Ωc = 0 

Z ∇ ∙ `K5a#Ωc − Z K ∙ ∇5#Ωc − Z Q<5#Ωc = 0 

Z K5 ∙ �#Aec − Z K ∙ ∇5#Ωc − Z Q<5#Ωc = 0 

Z 5K ∙ �#Aec − Z ∇5 ∙ K#Ω − Z 5Q<#Ωcc = 0 

Z 5K ∙ �#Aec − Z ∇5 ∙ X-: , + LM ∙ %Y #Ωc − Z 5Q<#Ωc = 0 

Z 5K ∙ �#Aec − Z ∇5 ∙ X-: , − LM ∙ ∇"Y #Ω − Z 5Q<#Ωcc = 0 

Z 5K ∙ �#Aec − Z ∇5 ∙ -: ,#Ωc + Z ∇5 ∙ LM ∙ ∇"#Ωc − Z 5Q<#Ωc = 0 

− Z 5Q@#Aec − Z ∇5 ∙ -: ,#Ωc + Z ∇5 ∙ LM ∙ ∇"#Ωc − Z 5Q<#Ωc = 0 

− Z 5Q@#Aec − Z ∇5 ∙ -: ∇O#Ωc + Z ∇5 ∙ LM ∙ ∇"#Ωc − Z 5Q<#Ωc = 0 

So we get the two weak form equations 

− Z [ ∙ .@#Aec + Z ∇[: �E: ∇O#Ωc + Z ∇[: -G ∙ ∇"#Ωc − Z [ ∙ .<#Ωc = 0 

− Z 5Q@#Aec − Z ∇5 ∙ -: ∇O#Ωc + Z ∇5 ∙ LM ∙ ∇"#Ω − Z 5Q<#Ωcc = 0 

Let 

[ = B[C 
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O = BOC 

4 = B4C 

∇[ = DKfFB[C 

∇O = DKfFBOC 

�E = D�EF 
-G = D-FG 

. = B.C 

∇5 = DKgF5 

∇" = DKgF" 

LM = DLhF 
With these symbol  

− Z B[CGB.@C#Aec + Z �DKfFB[C�GD�EF�DKfFBOC�#Ωc + Z �DKgFB[C�GD-FG�DKgF"�#Ωc
− Z B[CGB.<C#Ωc = 0 

− Z 5Q@#+ic − Z �DKgF5�GD-F�DKfFBOC�#Ωc + Z �DKgF5�c DLMF�DKgF"�#Ω − Z 5Q<#Ωc = 0 

Let 

BOC = DjfFBkC 

B[C = DjfFBlC 

" = DjgFB�C 

5 = DjgFB#C 

And then 
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− Z B[CGB.@C#Aec + Z �DKfFB[C�GD�EF�DKfFBOC�#Ωc + Z �DKfFB[C�GD-FG�DKgF"�#Ωc
− Z B[CGB.<C#Ωc = 0 

− Z �DjfFBlC�GB.@C#Aec + Z `DKfF�DjfFBlC�aGD�EF�DKfFDjfFBkC�#Ωc
+ Z `DKfF�DjfFBlC�aGD-FG�DKgFDjgFB�C�#Ωc − Z �DjfFBlC�GB.<C#Ωc= 0 

− Z 5Q@#+ic − Z �DKgF5�GD-F�DKfFBkC�#Ωc + Z �DKgF5�G
c DLMF�DKgF"�#Ω − Z 5Q<#Ωc =

= 0 

− Z �DjgFB#C�GQ<#+ic − Z �DKgFDjgFB#C�GD-F�DKfFDjfFBkC�#Ωc
+ Z �DKgFDjgFB#C�c DLMF�DKgFDjgFB�C�#Ω − Z �DjgFB#C�GQ<#Ωc == 0 

Rearrange the two above equations 

− Z �DjfFBlC�GB.GC#Aec + Z `DKfF�DjfFBlC�aGD�EF�DKfFDjfFBkC�#Ωc
+ Z `DKfF�DjfFBlC�aGD-FG�DKgFDjgFB�C�#Ωc
− Z �DKfFDjfFBlC�GB.<C#Ωc = 0 

− Z �DjgFB#C�GQ@#+ic − Z �DKgFDjgFB#C�GD-F�DKfFDjfFBkC�#Ωc
+ Z �DKgFDjgFB#C�c DLMF�DKgFDjgFB�C�#Ω − Z �DjgFB#C�GQ<#Ωc = 0 

 

BlCGTDmffFBkC + DmfgFB�C − B*CU = 0 

B#CGTDmgfFBkC + DmggFB�C − BnCU = 0 

Where 
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DmffF = Z �DKfFDjfF�GD�EF�DKfFDjfF�#Ωc  

DmfgF = Z �DKfFDjfF�GD-FG�DKgFDjgF�#Ωc  

BoC = Z DjfFGB.@C#Aec + Z DjfFGB.<C#Ωc  

DmgfF = Z �DKgFDjgF�GD-F�DKfFDjfF�#Ωc  

DmggF = − Z �DKgFDjgF�GDLMF�DKgFDjgF�#Ωc  

BnC = − Z �DjgF�GQ@#+ic − Z �DjgF�GQ<#Ωc  
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Appendix B. Material Properties of Aluminum 

Nitride 
The material properties of AlN that we used for all FEM simulation are as shown in the 

following: 

• Stiffness matrix 

D�F =
pq
qq
qr3.45 1.25 1.20 0 0 01.25 3.45 1.20 0 0 01.20 1.20 3.95 0 0 00 0 0 1.18 0 00 0 0 0 1.18 00 0 0 0 0 1.10wx

xx
xy ^10

 8 z�{ _ 

• Piezoelectric stress matrix 

D-F = V 0 0 0 0 −0.48 00 0 0 −0.48 0 0−0.58 −0.58 1.55 0 0 0W ^| z�{ _ 

• Piezoelectric strain matrix 

D#F = V 0 0 0 0 −4.068 00 0 0 −4.068 0 0−2.646 −2.646 5.532 0 0 0W `10~
� z "{ a 

• Dielectric matrix 

DLF = V8.0 0 00 8.0 00 0 9.5W `10~

 * z{ a 

• Breakdown electric field 

%� = 1400 �" �z{  
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