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ABSTRACT 

MEMS valves typically actuate a flow-obstructing element to cover or uncover a gas 

flow path. This approach is prone to leakage, causing incomplete isolation across the 

valve. As a result, an exceptional open-to-closed flow rate ratio would be on the order of 

106. The limited open-to-closed flow rate ratios of conventional MEMS valves limit their 

utility for higher vacuum systems. One reason for the relatively high leakage in 

conventional MEMS valves is that the roughness of the valves’ contact surfaces prevents 

leak-free seals. Liquid-based sealing offers an opportunity for improved sealing. 

The design, fabrication, and successful demonstration of a microvalve that uses 

the surface tension of molten solder to make a reversible, ultra low-leak seal are 

presented. The valve comprises two components: a silicon chip with a solder-ringed flow 

orifice and integrated heater, and a piezoelectric translational actuator with a solder-

ringed sealing plate. When the valve is open, the solder rings are separated and flow can 

pass through the orifice. To close the valve, the actuator brings the solder rings into 

contact while the heater melts the solder and seals the plate over the orifice. The silicon 

orifice plate builds on a prior valve design, and a new, planar actuator with an 

Archimedes spiral architecture is created. Actuation, thermal, mechanical, electric, and 

sealing models predict the system’s performance. The viable ranges of all of the key 

dimensions and parameters are obtained based on the models, and the design of each 
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component is optimized. The actuator’s performance is verified experimentally, and the 

valve is assembled and tested for opening/closing performance and for sealing function. 

The highest-performing actuator demonstrates unipolar displacements of 29 µm 

and blocked forces of 15 mN, in agreement with the analytical and finite element results. 

Two valves demonstrate the transition from open to closed to open, but both failed to 

close again. The valve’s open state flow rate is 530 sccm, and the upper bound on the 

closed state leak rate of the valve itself is 4.5×10-5 sccm, corresponding to an open-to-

closed flow ratio of greater than 107. The valve’s performance is also consistent with a 

leak-free seal. 
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TABLE OF SYMBOLS 

Orifice plate 

as Side length of orifice plate 

ts Thickness of orifice plate 

Solder structure 

Ac Cross-sectional area of solder in open state 

Ad Cross-sectional area of solder at the moment of solder separation 

Aw Area of wetting ring 

Hi Initial height of solder 

Hc Distance between actuator and orifice plate at the moment of 

solder separation 

H0 Initial distance between actuator and orifice plate 

H1 Distance between actuator and orifice plate when actuator is at 

lowest position 
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H2 Distance between actuator and orifice plate when actuator is at 

highest position 

Rc Radius of solder cross-section at the moment of solder separation 

r’ Radius of curvature of cross-section of solder 

ri Inner radius of wetting ring 

ro Outer radius of wetting ring 

tw Thickness of wetting ring 

W Width of wetting ring 

Γ Surface tension of solder 

θs Wetting angle of solder 

φs Angle of solder at the moment of solder separation 

Membrane 

Fq Pressure across membrane 

hc Convection coefficient 

kP Concentrated force correction coefficient 

kq Pressure correction coefficient 
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ksn Conduction coefficient of silicon nitride 

Pe Equivalent concentrated force caused by pressure 

Pf Adhesion force from actuator 

rb Inner radius of membrane 

rm Out radius of membrane 

rmx Radius of any point on the membrane 

TB Temperature at the base of fin 

Te Room temperature 

Tmx Temperature of any point on the membrane 

tm Half thickness of membrane 

Δp Pressure difference between inside and outside of solder 

𝝈𝒎𝒂𝒙_𝒒 Max stress in membrane caused by pressure 

𝝈𝒎𝒂𝒙_𝑷 Mas stress in membrane caused by concentrated force 

Resistive heater 

Ah Cross-sectional area of wire 

ah Equivalent square side length 
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Ih Current in wire 

Jh Current density in wire 

Lh Total length of wire 

Ph Heater power 

𝑸 Input power 

q Heat flow rate 

Rh Heater resistance 

Rx, x = 1, 2, … Thermal resistance 

sh Inter-wire spacing 

th Wire thickness 

Vh Voltage applied on heater 

wh Wire width 

ρ Electrical resistivity 

Actuator 

a Archimedes’ spiral constant 

d Outer diameter of actuator 
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𝒅𝟑𝟏 Transverse piezoelectric coefficient 

E3 Transverse electric field 

Iz Moment of inertia 

J Torsional constant 

L Length of actuating tether 

Mt Bending moment at tip of tether 

P Vertical force at tip of tether 

r Polar radius of any point on spiral 

r1 Inner boundary of tether 

r2 Outer boundary of tether 

𝒔𝟏𝟏𝑬  PZT compliance at constant electric field 

Tt Torque at tip of tether 

T1 Stress in tether 

t Thickness of single PZT layer 

U Total strain energy of system 

ulower Energy density for lower PZT layer 
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uupper Energy density for upper PZT layer 

V Voltage applied on actuator 

w Width of tether 

z Out-of-plate coordinate 

⍺  Bending angle 

β Torsional angle 

δ Unipolar deflection of the actuator 

δc Minimum required unipolar deflection of the actuator to open the 

valve 

δs Minimum required unipolar deflection of the actuator to close the 

valve 

𝜺𝟑𝟑𝑻  Permittivity at constant stress of PZT layers 

θ Polar angle of any point on spiral 

θ1 Electrode starting angle 

θ2 Electrode ending angle 
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Leaking test 

Lr Leaking rate 

Pa Atmospheric pressure 

Vr Volume test setup at vacuum side 
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Chapter 1 

INTRODUCTION 

1.1 Context 

High vacuum is important for many applications in MEMS, such as chip scale 

atomic clocks, high-Q resonators, MEMS pressure sensors and the electron emitters used 

in electron microscopes and mass spectrometers. For example, chip scale atomic clocks 

are operated by isolating the isotope atoms, which requires a pressure as low as 10-7 Torr 

(Nguyen, 2005; Knappe, 2005). Vacuum also improves the performance of high-Q 

resonators; air damping will prevent resonators from obtaining their highest Q factors. 

Gui (1995) shows that for typical resonators operating at atmospheric pressure, the Q 

factor ranges from 10 to 1000. Compared with the typical resonators, the high-Q 

resonator in Fong (2010) shows that at a pressure of 6 x 10-4 Torr, the Q-factor can reach 

the order of 105. The resonator reported in Khine (2008) demonstrates that at a pressure 

of 3.6 x 10-5 Torr, the Q-factor can reach 106.  

Vacuum encapsulation of the chamber of MEMS pressure sensors can also be 

critically important, with the chamber’s absolute pressure strongly affecting the 

performance of the sensor. In Zhang (2001), an absolute capacitive pressure sensor is 

reported that requires a working pressure of 10-4 Torr. High vacuum is also very 

important for electron emitters to produce narrow and collimated electron beams with 

precisely the desired kinetic energy. The field emitter in Kleps (2001) works properly in a 

high vacuum chamber at the pressure of 10-8 Torr. 
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Paradoxically, the high vacuum required by most MEMS devices is achieved by 

macroscale vacuum pumping systems because current MEMS vacuum pumping systems 

cannot reach the high vacuum required by the applications. Therefore, significant 

research about micro pumps has been developed with the goal of decreasing pump size 

and power consumption. However, the development of micro pumping systems has 

remained a challenge. For example, mechanical displacement pumps have been 

demonstrated (Zhou, 2011; Kim, 2007; Kim, 2011; Sharma, 2009). However, the 

ultimate performance of these pumps is often limited by valve leakage, by the dead 

volume in the pump chamber due to its geometry, and by the challenges of ensuring that 

the pump’s actuators generate sufficient force and stroke. A MEMS mechanical 

displacement pump reported in 2011 by Zhou (2011) achieved 164 Torr above the 

vacuum from 760 Torr. At the time, it was the lowest base pressure for any mechanical 

displacement micro pumps. 

Alternative mechanical pumping methods can also offer ample pumping from 

atmospheric pressure. For example, Yang (2012) reported a micromachined 

turbomolecular pump that could reach about 10 Torr from a starting pressure of 760 Torr. 

However, the fabrication process of the key component, miniature turbine rotor, is 

complicated.  

Other pump approaches have been studied for pumping from intermediate 

pressures (such as those produced by a mechanical displacement pump) to still lower 

pressures. One example is the Knudsen pump. Gupta (2012) demonstrated a Knudsen 

pump that achieved about 50 Torr from a starting pressure of 760 Torr. In other work 

published by An (2014), a chamber can be reduced from 760 Torr to 50 Torr using a first 
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stage Knudsen pump, and then from 50 Torr to ~ 0.9 Torr using a second stage Knudsen 

pump. Another example of a kind of pump that reduces a volume from a low pressure to 

a still lower pressure is the miniature ion pump. For example, the work by Basu (2015) 

uses a nanostructured field emission electron source to generate a vacuum from 7.8×10-7 

Torr to 7.2×10-7 Torr. 

None of the single-stage current micro pumps can achieve pressures in the range 

of micro or even milli Torr above vacuum directly from a starting pressure of 760 Torr. 

Practical pumping solutions therefore require multiple stages of pumping, each of which 

operates in the pressure range in which it has optimal effectiveness.  These pumping 

stages must each be connected to the vacuum space when they are actively pumping, but 

they must be entirely disconnected from the vacuum space when they are not actively 

pumping.  If the separation between pumps with a higher base pressure and the vacuum 

space is not complete, leakage between the higher base pressure pumps and the vacuum 

space will disrupt further evacuation. Extremely high performance (well-sealed) vacuum 

valves are therefore required for the system as a whole to function properly.  

1.2 Chip-Scale Vacuum Micro Pump (CSVMP) 

The context for the present research is the DARPA-funded Chip-Scale Vacuum 

Micro Pump (CSVMP) program. The goal of the CSVMP program was to develop a 

reliable and effective MEMS vacuum pump that is able to reach high vacuum.  As 

described above, the pump system includes multiple different types of pumps that are 

connected to the space that is being evacuated by well-sealed valves for effective system 

operation. 



	 11 

As shown in figure 1.1, the entire pump consists of three components, including a 

two-stage mechanical displacement pump, a two-stage ion pump, and the valve that 

isolates the mechanical displacement pump from the ion pump. The purpose of the 

mechanical displacement pump is to pump down the pressure in the target space from 1 

atmosphere of pressure to 30 Torr. The ion pump is designed to reduce the pressure from 

30 Torr to 10-2 Torr. The working principle of the ion pump is to ionize the residue 

molecules in the pump, and then capture the ionized molecules with the “getter”. The 

getter is maintained at the opposite polarity compared with the ionized molecules so that 

the residual species, once ionized, will be driven into the getter. Because of the limited 

capacity of the getter, the system is very sensitive to leakage. Leakage introduces more 

molecules into the space that is being evacuated, so that more ionized molecules have to 

be captured by the getter. Once the getter is saturated, it cannot capture molecules any 

more. Models indicate that 10-9 standard cm3 per minute (sccm) leakage will allow the 

ion pump to run for about one year before the capacity of the getter becomes full. Thus, it 

is necessary to add a valve with extremely low leak rate between the mechanical 

roughing pump and the ion pump. The state of the art in MEMS valves is reviewed in the 

following section. 
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Figure 1.1 Schematic of the chip-scale vacuum micro pump 

 

1.3 State-of-the-Art for MEMS Valves 

The working principle for many MEMS valves is to block flow through an orifice 

by actuating a plate to cover or uncover the flow path as shown in figure 1.2. The details, 

however, vary widely. The actuating mechanisms can be electrostatic (Huff, 1990;  

Jerman, 1990; Ohnstein, 1990; Robertson, 1994; Galambos, 2009; Goll, 1997), magnetic 

(Santra, 2002; Khoo, 2001; De Bhailis, 2000; Olaru, 2000), piezoelectric (Linnemann, 

1998; Richter, 1998), pneumatic (Liu, 2014; Ohori, 1998; Yang, 1998; Jeong, 2000), or a 

combination of some of these actuating mechanisms (Potkay, 2005; Potkay, 2012). 

Among the valves referenced above, Potkay (2012) has the lowest leaking rate with a 

value of 2.2×10-3 sccm, rendering these valves inappropriate for isolating multiple 

vacuum pumps from the target vacuum space.  The valves referenced above offer open 

state flow rates of up to around 50 sccm, corresponding to an open-to-closed flow rate 

ratio of less than 105. Some valves that operate on this principle of pressing a sealing 
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plate over an orifice have nonetheless demonstrated higher performance than is typical. 

In Hirano (1997), a valve uses electromagnetic actuation to achieve a low leakage on the 

order of 10-7 sccm. However, the open state flow rate of this valve can only reach 0.189 

sccm; used in a MEMS pumping system, its low open-state gas flow rate could greatly 

prolong the evacuation of the vacuum space. The open-to-closed flow rate is nonetheless 

around 106, greater than those of typical MEMS valves. The valve reported in Yang 

(2004) has a better open flow rate of approximately 80 sccm. However, its closed-state 

leaking rate of approximately 10-4 sccm exceeds that of Hirano (1997), minimizing its 

utility for pump isolation. Its open-to-closed flow rate ratio is relatively high, however, at 

nearly 106. Despite the relatively higher performance of the valves of Yang (2004) and 

Hirano (1997), no MEMS valves that utilize this conventional concept for flow 

obstruction are suitable for the multi-stage pump application that is targeted here.  

 

Figure 1.2 The schematic of most current micro valve in a) closed state and b) in open 
state 

 

One important reason for the high leakage in conventional MEMS valves is that 

the roughness of the valves’ contact surfaces prevents leak-free seals. Other sealing 

mechanisms have been shown and studied, many of which utilize the ability of a liquid to 
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wet a surface in order to create an extremely low-leak seal. For example in Hartshorne 

(2004), an electromagnetic field is used to manipulate ferrofluidic liquids to open and 

seal a valve by blocking and unblocking its flow path. The open state flow rate and sealed 

state leaking rate were not given. One challenge for this valve is its large size, which 

limits its potential to be integrated with MEMS pumping systems. However, its 

innovative liquid sealing mechanism avoids the contact surface roughness issues. 

Another example using the liquid sealing is the valve reported in Stenmark (2012). 

In this application, the valve’s flow path is initially sealed by solidified solder. The valve 

is permanently opened by melting the solder; the molten reflows to the reservoir, opening 

the flow path. The single-use micro valve published in Manginell (2012) accomplishes 

the opposite by closing once rather than by opening once as in the case of Stenmark 

(2012).  In Manginell (2012), a high aspect ratio ring of solder is externally heated, 

causing it to reflow over a flow orifice and sealing a vacuum sampling container for later 

analysis.  This valve cannot be opened again once it is sealed, and it requires an external 

source of power to melt the solder.  

Recently, Dighe (2014) reported a leak-free, permanently sealable MEMS valve 

with an integrated heater for vacuum applications. It is a single-use vacuum valve built 

on a silicon chip. The air flow passes through an orifice through the center of a silicon 

island that is supported by a silicon nitride membrane. The orifice is surrounded by a high 

aspect ratio ring of solder on one side of the island. A gold resistive heater is located on 

the other side of the island. When the heater is energized to heat up the central island to 

reach a temperature higher than the melting point of the solder, the solder reflows, 

plugging the orifice to block the flow path. The flow rate of this valve in open state is 60 
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to 400 standard cm3 per minute (sccm). The upper bound on the leaking rate in the 

valve’s closed state is around 10-4 sccm; however, within the limits of the measurement, 

this result is also consistent with a leak free seal. The lower bound on the open-to-closed 

flow rate ratio of this device is 105 to 106. However, similar to Manginell (2012) , while 

the permanent seal in this work has the potential for leak-free operation, the major 

disadvantage of this device is that it is a single-use system. Once the valve is sealed, it is 

not designed to be reopened. 

Clearly, these valves do not meet the requirements by CSVMP project for 

reversible operation and the potential for a leak-free or ultra low-leak seal. However, the 

concept of using liquid surface tension to seal valves offers a pathway toward an initial 

sealing concept for the design of the present valve. 

1.4 Resealable Leak-Free Valve 

In the Chip Scale Vacuum Micro Pump system, the reversible leak-free valve is 

placed in the flow path between the mechanical pump and the ion pump. The mechanical 

pump starts to reduce the pressure down to 30 Torr. Then the valve is actuated and sealed. 

The ion pumps finally begin the pump down to base pressure. The design specifications 

for this valve are as follows: 

1. Nearly leak-free seal (corresponding to a sealed state leakage of less than 10-9 

standard cm per minute (sccm) for a given getter design) 

2. Open state flow rate ³ 60 sccm 

3. Volume < 0.5 cm3 

4. Power consumed < 1 W 
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5. Must be MEMS-compatible 

Based on these requirements, a structure like the one shown in Figure 1.3 is 

proposed. 

As shown in figure 1.3, the general idea of this valve is to rely on the surface 

tension of the molten solder to establish a leak-free seal, which is similar to Dighe (2014). 

However, the sealing mechanism is different. In Dighe (2014), when the high aspect ratio 

ring of solder melts and reflow upon heating, the interior edges of the ring meet in the 

middle to shut off the air flow. In contrast, in the present valve the solder has a low aspect 

ratio so that it alone does not seal the orifice upon melting. Instead, the solder ring seals 

to a separate actuator plate that is actuated into a position from which it contacts the 

molten solder. A two-layer design has been created to accomplish this function. The first 

layer is an orifice plate similar to the valve in Dighe (2014). The second layer is an 

actuated sealing plate that makes and breaks contact with the solder that surrounds the 

orifice on the orifice plate. 

The valve comprises two structural components: the actuator plate and the orifice 

plate. Figure 1.3 shows system diagrams, including the actuator plate that controls the 

position of the sealing surface, the orifice plate, and a cross-section of the assembled 

structure in both the open and closed configurations. Fig. 1.3f shows the flow path in the 

open configuration; gas passes through the central orifice and between the two (separate) 

rings of solder on the orifice and sealing plates. Fig. 1.3f also shows the interrupted flow 

path in the closed configuration; the passage of gas through the central orifice is blocked 

by the merger of the solder rings on the orifice, sealing the valve. 
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The solder is melted by a resistive heater that surrounds the central flow orifice on 

the orifice plate. To minimize the required input power, the flow orifice and heater 

occupy a circular “island” that is connected to the rest of the orifice plate by a thermally-

insulating membrane. When the valve is closed (i.e. when the solder rings are merged), 

the heater directly heats the solder on both the orifice and actuator plates. When the valve 

is open (i.e. when the solder rings are separate), heat is transferred to the solder on the 

actuator plate when the two rings are pressed together by the actuator. The actuator is 

planar for compact integration with the orifice plate. It produces out-of-plane 

displacement and force to separate and merge the solder. 

This two-layer design offers liquid sealing to minimize the leakage, a low power 

design, a planar compact structure, and a mechanism for valve reuse. The architecture is 

therefore selected for the CSVMP micro pump system. 
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Figure 1.3 Schematics of a) the actuator plate and b) close-up of its nickel ring; c) the 
orifice plate and d) close-up of its flow orifice in a thermally-insulated island; and e) the 
valve assembly and f) close-up of its open state (above, with gap permitting orifice access) 
and closed state (below, with sealed gap). 

 

1.5 Dissertation outline 

In the remainder of this dissertation, Chapter 2 presents the system modeling to 

determine the ranges of system dimensions and parameters. The modeling includes 

analytical modeling of the silicon orifice plate, analytical analysis of the actuated sealing 

plate, and analytical analysis of the integration of the two layers to form the final valve 

system.  Chapter 3 presents the selection of the detailed design parameters based on the 

model results, together with finite element analysis (FEA) of the actuated sealing plate. 
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Chapter 4 focuses on the details of the manufacturing processes for the actuators, the 

orifice plates, and the fully-assembled valves. Chapter 5 presents the testing methodology, 

as well as the results of all of the subsystem and full system tests. Finally, Chapter 6 

reviews the conclusions from the results and highlights the opportunities for future work. 
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Chapter 2 

SYSTME MODELLING 

2.1 Design Concept 

As shown in figure 2.1, the concept of the valve relies on the surface tension of 

the molten solder to establish a ring-shaped solder seal between the upper actuator and 

the lower die. When the valve is open, the solder ring is separated and air flow can pass 

through the through hole and flow to the other side through the gaps of the actuator. To 

close the valve, the resistive heater on the bottom of the central island is energized to heat 

up the central island to a temperature that is higher than the melting point of the solder. 

The membrane around the central island isolates the heat generated by the heater on the 

central island instead of permitting it to be rapidly conducted away. Then when the 

voltage is applied on the actuator, the central plate of the actuator moves downwards and 

contacts the solder on the central island. The solder on the actuator and the solder on the 

central island merge, forming a seal. Then the excitation on the heater is removed to let 

the solder cool down to become solid again to create a stable, ring-shaped solder seal. 

When the excitation is then removed from the actuator, the valve remains sealed. To 

reopen the valve, the heater is energized to melt the solder again, and the actuator lifts the 

sealing plate to separate the solder and break the seal. When the solder has separated, the 

heater and valve excitations are removed, and the valve remains open. 
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Figure 2.1 Schematics of a) assembled valve, and zoom-in views of the solder structure in 

b) open state and c) closed state 

 

As described here, there are two structural components in the design: the actuator 

and the orifice plate (the silicon die). The orifice plate includes three main structural and 

functional sub-components: the membrane, the solder structure and the heater. Each 

component and sub-component is discussed below in more detail. 

2.1.1 Actuator 

The purpose of the actuator is to move the sealing plate straight up and down to 

open and close the valve repeatedly. This requires the actuator to generate enough 

translational displacement and force to open and close the valve. The actuator should also 

be compact enough to be integrated with the silicon MEMS chip (the orifice plate) that 

contains the other system components to create a planar system with an overall MEMS-

scale form factor. It will be a bonus benefit if the actuator can be manufactured by 

commercial means. 
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Most current micro actuators cannot offer a good balance of large displacement 

and large force, with commercial manufacturability and compact size. Therefore, an 

initial design of an actuator with Archimedes’ spiral actuating tethers is proposed to 

integrate large translational displacement, large force, commercially manufacturability 

and MEMS integratability together into one device. The actuator must survive the 

temperature increase that it undergoes when its central solder ring is heated to the melting 

point. Taking all these requirements into consideration, PZT-5A4E is chosen to be the 

candidate material because it has a relatively high translational piezo coefficient of -

19010-12 m/V, a high Curie Point of 350 C and commercial manufacturability. 

2.1.2 Orifice Plate 

The silicon orifice plate that houses the flow orifice is the base for the entire 

device. There are many components integrated onto the orifice plate to provide the 

needed functionalities of the valve.  

The orifice plate is fabricated in silicon because it can host these diverse functions 

and is readily manufacturable. Each integrated structure is discussed below. 

2.1.2.1 Membrane 

The first key sub-component is the membrane that supports the central island. The 

first function of the membrane is to survive 1 atmosphere of pressure across the 

membrane, together with the adhesion force caused by the molten solder during 

separation. The second function of the membrane is to offer thermal isolation to the 

central island, so that the necessary power to melt solder is minimized, and the risk of 
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damaging thermally sensitive components connected is reduced. Based on these two 

requirements, the membrane material should have high failure strength for robust 

structure, and a low thermal conductivity for good thermal isolation. 

There are many MEMS-compatible materials, including silicon, MEMS-

compatible metals, silicon oxide and silicon nitride. Silicon and metals are ruled out 

because they are typically good thermal conductors. For the other two remaining 

candidate materials, silicon oxide and silicon nitride both have relatively low thermal 

conductivity, with oxide’s 1.4 W/mK outperforming nitride’s 30 W/mK. However, 

silicon nitride’s failure strength (11 GPa) is much higher than that of silicon oxide (1 

GPa). Moreover, for the membrane application, the typically tensile residual stress in 

silicon nitride is more beneficial than the typically compressive residual stress in silicon 

oxide. Therefore, the most promising material for the membrane is silicon nitride. 

2.1.2.2 Solder Structure 

One purpose of the solder structure is to melt and merge with the solder on the 

sealing plate when the sealing plate moves down to stop the flow and close the valve. The 

other purpose of the solder structure is to separate into two halves in order to open the 

valve. To open the valve, the solder heats up and the sealing plate actuates the halves 

apart in order to allow the air flow through the orifice and gaps in the actuator. 

To ensure the airflow through the structure, it is necessary to fabricate an orifice 

through the orifice plate. This is not challenging compared with making a leak-free 

sealing using molten solder. Two requirements must be satisfied to make the leak-free 

seal: first, the interface between the solder and the substrate it sits on needs to be leak-
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free, and second, the solder should remain localized after melting instead of reflowing 

everywhere across the surface. These two requirements mean that the solder material 

should only wet the substrate it sits on, and it shouldn’t wet the surrounding substrates. 

Moreover, the melting point of the solder should be low and its boiling point should be 

high, so that it doesn’t evaporate and cause outgassing to the vacuum during heating. 

Several solders were considered, including indium and several solder alloys from 

Indium Corporation. An alloy, IND #282 (57% Bi, 42% Sn and 1% Ag), was chosen as 

the solder because it has a low melting point of only 140 C and a very high boiling point 

of 1922 C. Moreover, a test was run and showed that IND #282 has the best wettability 

to nickel, a MEMS-compatible metal, among all the candidate materials, and that it 

doesn’t wet silicon. 

2.1.2.3 Heater 

The resistive heater is located at the bottom of the membrane, on the opposite side 

of the orifice plate from the solder sealing ring. The heater’s purpose is to heat up the 

central island above the melting point of the solder whenever the valve is being opened or 

closed. Several materials typically used to fabricate heaters were considered. However, 

since the dimensions of the heater wire are very small, the current density in the wire can 

be very high, which may cause the heater wire to fail. Among all the candidate metals, 

gold is very promising because of its high current density and straightforward 

compatibility with microfabrication. Because gold meets the requirements and is 

patterned via a well-developed process, the material for the heater is chosen to be gold. 
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2.2 System modelling 

To make the entire valve work properly, several requirements for the actuator, the 

orifice plate and the assembled device should be met. The requirements for the actuator 

are: 1) the actuator should have enough travel to open and close the valve; 2) the actuator 

should generate enough force to break the molten solder bridge; and 3) the solder should 

stay on the wetting ring rather than wetting the surrounding actuator material. The 

requirements for the orifice plate are: 1) the membrane withstands 1 atmosphere of 

pressure difference; 2) the membrane is able to offer enough thermal isolation for the 

solder to reach its melting temperature with a heat input of less than 1 W; 3) the heat 

generated by the heater should be large enough to melt the solder given the membrane’s 

degree of thermal isolation; 4) the solder should also be confined to the wetting ring so 

that it may interact with the actuator’s solder; and 5) an alignment mark must be included 

for proper component alignment during device assembly. The requirements for the 

assembled device are: 1) the membrane is robust enough to survive the adhesion force 

caused by the surface tension during solder separation; and 2) the temperature of the 

solder should be higher than its melting point, while the highest temperature on the 

actuator should not be higher than 60% of Curie point of the solder. The purpose of the 

modelling is to ensure that the design can satisfy all of these requirements and to 

optimize the design based on the requirements. 

In the coming sub-sections, the modelling of assembled device, actuator and 

orifice plate will be presented separately, and the parameter ranges that satisfy the system 

requirements will be obtained. 
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2.2.1 Orifice Plate 

2.2.1.1 Introduction 

In order to design the orifice plate die and optimize its dimensions to satisfy the 

requirements, four analytical models are created to estimate the behaviors of the sub-

components on the die, the solder structure, the membrane, the heater and other sub-

components. 

As mentioned in previous sections, the requirements for the orifice plate are: 1) 

the membrane can survive 1 atmospheric pressure plus applied actuator forces; 2) the 

membrane is able to offer enough thermal isolation; 3) heat generated by the heater 

should be able to melt the solder; 4) solder can stay on the wetting ring and interact with 

actuator; and 5) the die includes an alignment mark for aligned assembly of the actuator 

to the orifice plate. To satisfy the first two requirements, structural and thermal models of 

the membrane are established and analyzed. A heater model is used to predict behavior of 

the heater when it is energized so that the third requirement can be satisfied. A model of 

the wetting process is created to predict the solder structure and its interaction with the 

actuator to meet the fourth requirement. Finally, the fifth requirement is readily satisfied 

by depositing an appropriately-structured visible alignment mark on the die. 

2.2.1.2 Wetting Model 

The sealing concept of the valve depends on the interaction between the solder 

structure and the actuator. When the actuator moves the sealing plate downwards and 

contacts the solder, the solder melts itself shut; when the solder heats up and the actuator 
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moves upwards, the sealing plate separates the solder apart. This wetting model 

determines not only the required dimensions of the solder structure itself, but also the 

required translational displacement range of the actuator. 

 

Figure 2.2 Schematics of a) zoomed-in view of the assembled device including solder 

wetted around the flow orifice and on the actuator’s wetting ring. Figure 2.2 also shows 

cross-section views of the solder b) in initially open state when the solder is separate, c) 

in closed state when the solder is merged, d) at the moment of solder separation during 

valve opening (i.e. in critically open state) and e) in fully open state when the solder has 

re-separated into two rings. 

 

Figure 2.2 shows the schematic diagrams of a) zoomed-in view of the assembled 

device including solder wetted around the flow orifice and on the actuator’s wetting ring. 

Figure 2.2 also shows cross-section views of the solder b) in initially open state when the 

solder is separate, c) in closed state when the solder is merged, d) at the moment of solder 

separation during valve opening (i.e. in critically open state) and e) in fully open state 

when the solder has re-separated into two rings. 

The geometries of Figure 2.2 b-e also show the key geometrical parameters that 

are used to predict solder separation behavior as the actuator’s sealing plate pulls away 

from the flow orifice. To make the calculations simple, several assumptions are made. 

First, the cross-section of the solder is always symmetric along the vertical central line. 
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Second, the volume of the solder is held constant during opening and closing operations. 

Third, the solder structures on the upper and lower wetting rings are totally identical. 

Fourth, the cross-section of the solder is in an arc shape when valve is in the open state. 

2.2.1.2.1 Optimizing the Thickness 

The thickness of the wetting ring is important because when solder wets the 

nickel, an intermetallic layer is formed at the interface between the solder and the nickel. 

If the intermetallic layer becomes thick enough that it reaches the substrate silicon, the 

entire nickel wetting ring is peeled off. Liu (2000) demonstrates that in the range of the 

solder’s melting temperature, the thickness of the intermetallic layer is more than 100 nm 

thick. To prevent peeling of the nickel wetting ring from the substrate, a 100-nm thick 

titanium adhesion layer may be deposited on the silicon substrate, followed by deposition 

of a nickel layer that is as thick as possible. However, as the thickness of the nickel layer 

increases, the risk of cracking due to the nickel’s internal stress increases. The thickest 

nickel layer can be deposited by the tool used is 500 nm before the cracking occurs, so 

this value is chosen for the design. 

2.2.1.2.2 Optimizing the Radii and Width 

The inner and outer wetting ring radii, r1 and r2, together with the wetting ring’s 

width W, determine the initial height of the solder structure, and thus also determines the 

necessary translational displacement of the actuator required to contact and separate the 

solder. One key prerequisite to form a complete solder seal is that the solder should 

propagate along the entire nickel wetting ring during its initial application. However, it is 

difficult to demonstrate analytically how r1, r2 and W affect the propagation of solder 
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along the wetting ring. Therefore, wetting test chips with various sized wetting rings were 

fabricated to see the effect of the wetting dimensions on the propagation of the solder 

along the wetting ring. The results show that the inner and outer radii have a major 

impact on the propagation of the solder, whereas the width has a lesser effect if the width 

W is not too large. (Ring width mainly determines the initial height of the solder and will 

be discussed next.) The smaller the radius of the wetting ring, the more uniformly the 

solder can be applied. If the wetting ring is too long and skinny, the solder cannot 

propagate along it. Similar physics have already been observed on straight wetting strips 

by Brinkmann (2002). Although a smaller wetting ring can offer more uniform solder 

structure, it also complicates application of the solder to the wetting ring. Therefore, the 

outer radius r2 is chosen to be 450 μm. The inner radius r1 is calculated as r1 = r2-W after 

the width W is selected. 

The initial clearance between the wetting rings on the actuator and on the orifice 

plate is determined by the distance between the facing surfaces of the actuator and of the 

die. In the real device, this distance is controlled by a metal foil tape which serves not 

only as a spacer, but also as an electrical conduct pad to the backside electrode on the 

actuator. To make the device more compact, a foil tape with thickness of 50 μm is chosen, 

which is the thinnest foil tape with a soldering layer that can be found in the market. 

Therefore, the thickness is set to H0 = 50 μm. The wetting angle of the solder on the 

nickel is measured to be 30. Then the initial height of the solder structure Hi is equal to: 

 𝐻𝑖 = (1 −
√3

2
)𝑊 (2.1) 
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In order to ensure that the two solder rings can come into contact so that they can 

merge, the deflection of the actuator δ should be larger than the minimum actuator 

deflection to close the valve, 𝛿𝑠 , which is equal to H0-2Hi. Simplifying this equation 

yields 

 𝐻0 − (2 − √3)𝑊 = 𝛿𝑠 < 𝛿 (2.2) 

 

Figure 2.3 Predicted minimum actuator deflection to close the valve as a function of the 

wetting ring width. The arrow indicates the regime that meets the requirements for the 

design. 

 

Figure 2.3 shows the predicted minimum actuator deflection to close the valve as 

a function of the wetting ring width for the chosen actuator/die separation of 50 μm. The 

design specification for the deflection is limited to be less than 35 μm for several reasons. 

First, it might be difficult to design an actuator that can offer such high displacement with 

high force output, compactness and commercial manufacturability. Second, a larger 

deflection corresponds to a thinner solder thickness, which requires a narrower wetting 

ring. The narrower the wetting ring is, the higher the requirement for assembling 
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accuracy becomes. These constraints dictate that the wetting ring width should be larger 

than 60 μm. 

When the upper sealing plate reaches its lowest point, the distance between the 

upper and lower wetting rings is H1. The valve now is in its closed state. To reopen the 

valve, the actuator is energized in the reverse direction. After the solder is melted, the 

upper wetting ring moves upwards and pulls on the solder structure. The side profiles of 

the solder boundaries are assumed to be arc-shaped to provide a worst-case estimate of 

the necessary actuator deflection. When the distance between the upper and lower 

wetting rings reaches the critical distance, Hc, at which the two side boundaries are about 

to intersect in the middle, the solder structure is about to break. The deflection of the 

actuator should therefore be higher than the minimum actuator deflection to open the 

valve, 𝛿𝑐, which is 

 𝛿 > 𝛿𝑐 = 𝐻𝑐 − 𝐻0 (2.3) 

Since it is assumed that the volume of the solder doesn’t change, the area of the 

solder at the cross-section doesn’t change either. The cross-sectional area of the solder 

can be calculated as 

 𝐴𝑐 = (
1

3
𝜋 −

√3

2
)𝑊2 (2.4) 

Assume that wetting angle of the solder in figure 2.2d is φ, the area of the solder 

at the cross-section can be calculated as 

 𝐴𝑑 = 𝑊𝐻𝑐 +
𝑡𝑎𝑛𝜑

2
𝐻𝑐

2 −
(𝜋−2𝜑)

4𝑐𝑜𝑠2𝜑
𝐻𝑐

2 (2.5) 
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Given that Ac = Ad, this yields 

 (
1

3
𝜋 −

√3

2
)𝑊2 = 𝑊𝐻𝑐 +

𝑡𝑎𝑛𝜑

2
𝐻𝑐

2 −
(𝜋−2𝜑)

4𝑐𝑜𝑠2𝜑
𝐻𝑐

2 (2.6) 

According to the geometry relation, the radius of the side boundary of the solder 

in figure 2.2d is related to the wetting angle as 

 𝑅𝑐 =
𝐻𝑐

2𝑐𝑜𝑠𝜑
 (2.7) 

This yields 

 𝑊 =
1−𝑠𝑖𝑛𝜑

𝑐𝑜𝑠𝜑
𝐻𝑐 (2.8) 

For a given value of W, the values of Hc and φ can be obtained based on the 

equations (2.6) and (2.8). Equation (2.3) then yields 𝛿𝑐. 

 

Figure 2.4 Predicted minimum actuator deflection to open the valve as a function of the 

wetting ring width. The arrow indicates the regime that meets the requirements for the 

design. 
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Figure 2.4 shows the predicted minimum actuator deflection to open the valve as 

a function of the wetting ring width. To meet the design specification, the width of the 

wetting ring is smaller than 100 μm. It should be noted that the critical situation shown in 

figure 2.2d is the extreme case. It is very possible that solder structure breaks before this 

extreme situation occurs. It is therefore probable, for example, at W = 100 μm, the valve 

can be opened when the deflection is equal to a smaller value than is shown in figure 2.4. 

The wetting ring width is assumed to be 100 μm. If there are any design conflicts 

emerging based on this value, then the width can be adjusted till the design meet all the 

desired specifications. We will see later, that based on this value, the entire design is 

reasonable. As mentioned before, the inner radius of the wetting ring is equal to r2-W, 

which is 350 μm. 

2.2.1.3 Membrane - Thermal Model in the Open State 

To melt the solder structure, whether the valve is in its open or closed state, the 

central island needs to be heated up to the melting point of the solder (140 C). The 

membrane needs to offer enough thermal isolation so that the temperature difference can 

be achieved within the budgeted input power of 1 W. This means that the thermal 

resistance of the membrane should be large enough, while at the same time the structure 

of the membrane should be robust to survive the adhesion force and pressure differential. 

When the valve is in its open state, since the actuator is thermally separated from the 

orifice plate, the required thermal resistance is a few hundreds of K/W; this value ensures 

that the temperature rise can reach several hundreds of K to melt the solder. In the closed 

state, the actuator is also in contact with the orifice plate via the solder structure, so that 
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heat conduction out of the orifice plate will be increased. The value of the combined 

thermal resistance (including both the membrane and the actuator’s tethers) should be 

able to meet the requirements that the temperature of the central island is higher than the 

melting point of the solder, but the temperature on the actuating tethers should be lower 

than 60% of the Curie point of the PZT material used. To create the thermal circuit, the 

thermal resistance of the membrane should be obtained first. 

2.2.1.3.1 Membrane Modelling 

The thermal resistance of the membrane was obtained by modelling it using a 

Bessel function approximation for heat transfer through annular fins with constant 

thickness (Dighe, 2011; Mills, 1998). 

 

Figure 2.5 Annular fin thermal model for the membrane structure 
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Figure 2.5 above shows an annular fin with the uniform thickness 2tm, inner 

radius rb, and outer radius rm. According to the principal of conservation of energy, the 

equation for an infinitesimal element at radius rmx can be obtained as 

 𝑞(2𝜋𝑟𝑚𝑥)(2𝑡𝑚)|𝑟𝑚𝑥
− 𝑞(2𝜋𝑟𝑚𝑥)(2𝑡𝑚)|𝑟𝑚𝑥+∆𝑟𝑚𝑥

− ℎ𝑐(2)(2𝜋𝑟𝑚𝑥)∆𝑟𝑚𝑥(𝑇𝑚𝑥 − 𝑇𝑒) = 0 

  (2.9) 

where q is the heat flow rate, tm is half the membrane thickness, hc is the convection 

coefficient, Te is the room temperature and Tmx is the temperature at radius rmx. Dividing 

equation (2.9) throughout by 4𝜋∆𝑟𝑚𝑥 and simplifying it yields 

 −𝑞𝑡𝑚 − 𝑟𝑚𝑥𝑡𝑚
∆𝑞

∆𝑟
− ℎ𝑐𝑟𝑚𝑥(𝑇𝑚𝑥 − 𝑇𝑒) = 0 (2.10) 

Note that 
∆(𝑞𝑟𝑚𝑥)

∆𝑟𝑚𝑥
= 𝑞 + 𝑟𝑚𝑥

∆𝑞

∆𝑟𝑚𝑥
. Then substituting Fourier’s law (𝑞 = −𝑘𝑠𝑛

𝑑𝑇𝑚𝑥

𝑑𝑟𝑚𝑥
, where 

ksn is the conduction coefficient of the silicon nitride) and dividing by tmksn yields 

 
𝑑

𝑑𝑟𝑚𝑥
(𝑟𝑚𝑥

𝑑𝑇𝑚𝑥

𝑑𝑟𝑚𝑥
) −

ℎ𝑐𝑟𝑚𝑥

𝑡𝑚𝑘𝑠𝑛
(𝑇𝑚𝑥 − 𝑇𝑒) = 0 (2.11) 

This equation can also be re-written as 

 𝑟𝑚𝑥
2 𝑑2𝑇𝑚𝑥

𝑑𝑟𝑚𝑥
2 + 𝑟𝑚𝑥

𝑑𝑇𝑚𝑥

𝑑𝑟𝑚𝑥
− 𝛽𝑚

2 𝑟𝑚𝑥
2 (𝑇𝑚𝑥 − 𝑇𝑒) = 0 (2.12) 

where 𝛽𝑚
2 =

ℎ𝑐

𝑡𝑚𝑘𝑠𝑛
. Introducing new variables zmx and mx, where 

 𝑧𝑚𝑥 = 𝛽𝑚𝑟𝑚𝑥 (2.13a) 

 𝜃𝑚𝑥 =
𝑇𝑚𝑥−𝑇𝑒

𝑇𝐵−𝑇𝑒
 (2.13b) 
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The equation 2.12 can be rewritten as 

 𝑧𝑚𝑥
2 𝑑2𝜃𝑚𝑥

𝑑𝑧𝑚𝑥
2 + 𝑧𝑚𝑥

𝑑𝜃𝑚𝑥

𝑑𝑧𝑚𝑥
− 𝑧𝑚𝑥

2 𝜃𝑚𝑥 = 0 (2.14) 

Note that TB is the temperature at the base of the fin. Equation (2.14) is a modified 

Bessel equation of zero order and has the solution: 

 𝜃𝑚𝑥 = 𝐶1𝐼0(𝑧𝑚𝑥) + 𝐶2𝐾0(𝑧𝑚𝑥) (2.15) 

where I0 and K0 are zero-order modified Bessel functions of the first and second kinds, 

respectively, and C1 and C2 are constants that are solved for using the boundary 

conditions. 

The temperature at the base is TB, so the first boundary condition is 

 𝑇𝑚𝑥 = 𝑇𝐵 at 𝑟𝑚𝑥 = 𝑟𝑏 or 𝜃𝑚𝑥 = 1 at 𝑧𝑚𝑥 = 𝑧1 =
ℎ𝑐𝑟𝑏

𝑡𝑚𝑘𝑠𝑛
 (2.16) 

Since the membrane is connected to the surrounding die, the second boundary condition 

is 

 𝑘𝑠𝑛𝐴𝑠𝑛
𝑑𝑇𝑚𝑥

𝑑𝑟𝑚𝑥
|
𝑠𝑛

= 𝑘𝑑𝑖𝑒𝐴𝑑𝑖𝑒
𝑑𝑇𝑚𝑥

𝑑𝑟𝑚𝑥
|
𝑑𝑖𝑒

 at 𝑟𝑚𝑥 = 𝑟𝑚 (2.17) 

where 𝑘𝑑𝑖𝑒 represent the thermal conductivity of silicon, respectively, and 𝐴𝑠𝑛 and 𝐴𝑑𝑖𝑒 

are the cross-sectional areas of the membrane and the die, respectively. 

This boundary condition is more complicated than the first one. To solve this 

boundary condition, the models of the membrane and the surrounding die should be 

solved simultaneously. Using these two boundary conditions makes it more complicated 
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to obtain an analytical solution to temperature distribution in the membrane. Besides, an 

estimate is adequate to design the system’s thermal resistance, so there is no need to 

obtain the accurate result using the exact boundary conditions. 

Based on the research done by Dighe (2011), a sufficient estimate can be obtained 

by assuming that at r = rm, the temperature is at the middle between the base temperature 

TB and the environmental temperature Te. Then the second boundary condition can be 

written as  

 𝑇𝑚𝑥 = 𝑇𝐵 −
(𝑇𝐵−𝑇𝑒)

2
 at 𝑟𝑚𝑥 = 𝑟𝑚 or 𝜃𝑚𝑥 = 0.5 at 𝑧𝑚𝑥 = 𝑧2 (2.18) 

Substituting (2.16) and (2.18) into (2.15) yields 

 𝐶1 =
0.5𝐾0(𝑧1)−𝐾0(𝑧2)

𝐼0(𝑧2)𝐾0(𝑧1)−𝐼0(𝑧1)𝐾0(𝑧2)
 (2.19a) 

and 𝐶2 =
𝐼0(𝑧2)−0.5𝐼0(𝑧1)

𝐼0(𝑧2)𝐾0(𝑧1)−𝐼0(𝑧1)𝐾0(𝑧2)
 (2.19b) 

By plugging (2.19a) and (2.19b) into (2.15), the solution for the temperature distribution 

can be obtained.  

To obtain heat flow inside the membrane, Fourier’s law claims 

 �̇� = −𝑘𝑠𝑛𝐴𝑐𝑠
𝑑𝑇𝑚𝑥

𝑑𝑟𝑚𝑥
|𝑟𝑏

= −𝑘𝑠𝑛(2𝜋𝑟𝑏)(2𝑡𝑚)(𝑇𝐵 − 𝑇𝑒)𝛽𝑚
𝑑𝜃𝑚𝑥

𝑑𝑧𝑚𝑥
|𝑧1

 (2.20) 

where 𝑘𝑠𝑛 = 30 W/(m·K), and Acs is the cross-sectional area. By substituting the thermal 

distribution into (2.20), the thermal resistance can be obtained by dividing the 

temperature differential by the heat flow. 
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2.2.1.3.2 Thermal Circuit in the Open State 

During valve actuation, the temperature of the wetting ring must be higher than 

the melting point of the solder. The heat generated by the resistive heater on the bottom 

of the orifice plate transfers into the system via three paths. First, some heat flows 

through the membrane by conduction, then dissipates into the environment through 

convection. Second, another portion goes directly into the central island and dissipates 

into the environment by convection. Third, the rest goes into the environment directly 

from the heater by convection. Note that all of the thermal circuits considered here are for 

steady state heat transfer. For the system considered here, it will only take a few seconds 

for it to enter steady state heat transfer. Therefore, the steady state analysis is valid and 

reasonable here. It also should be noted that there is a 0.5 µm thick silicon oxide layer 

deposited between the silicon nitride and the silicon as an etch stop. The oxide layer 

provides a parallel conduction path (in addition to the primary nitride conduction path) 

from the island to the peripheral regions of the orifice plate. However, this layer is 

ignored in the thermal model because the thermal conductivity of silicon oxide is one 

order of magnitude lower than that of silicon nitride. In addition, the thickness of the 

silicon oxide layer is 0.5 µm, whereas the thickness of the silicon nitride is 2.1 µm. The 

thermal resistance of the silicon oxide layer is therefore more than an order of magnitude 

higher than silicon nitride, so that a majority of heat will flow through the silicon nitride 

membrane instead of through the silicon oxide layer. Therefore, it is totally reasonable to 

neglect the silicon oxide layer in the thermal circuit. The resulting thermal circuit is 

shown in figure 2.6. 
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In general, conductive thermal resistance, such as R1 and R2, can be calculated as 

 𝑅𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝐿𝑐𝑜𝑛𝑑

𝑘𝑐𝐴𝑠
 (2.21) 

where Lcond and As are the length and cross-sectional area of the material that heat flows 

through, respectively. The convective thermal resistances, R3, R4 and R5, are given by 

 𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 =
1

ℎ𝑐𝐴𝑓
 (2.22) 

where Af is the surface area of the fluid interface. 

The orifice plate’s dimensions are 35 mm × 35 mm × 0.5 mm. With these 

dimensions and the other device dimensions described above, R1, R3, R4 and R5 are 

estimated to be 0.9 K/W, 26,000 K/W, 82 K/W and 26,000 K/W, respectively. 

  

Figure 2.6 Thermal circuit in the open state 
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2.2.1.4 Membrane - Structural Model in the open State 

Besides the purpose of thermal isolation, the membrane should also be robust 

enough to withstand 1 atmospheric pressure applied between the membrane’s two sides. 

The theory of “Plates and Shells” by Timoshenko and Woinowsky-Krieger (1959) is used 

to model the structure of the membrane. 

2.2.1.4.1 Membrane Modelling 

Table 2.1 Values of coefficient k in cases of pressure across the membrane and central 

island, and adhesion force applied on the central island 

rm/rb ratio 1.25 1.5 2 3 4 5 

kq 0.105 0.259 0.480 0.657 0.710 0.730 

kP 0.115 0.220 0.405 0.703 0.933 1.13 

 

In order to determine the maximum stresses, 𝜎𝑚𝑎𝑥_𝑞 caused by the 1 atmosphere 

of pressure differential across the membrane, the equation (2.23) is used to calculate the 

stresses, which are 

 𝜎𝑚𝑎𝑥_𝑞 =
𝑘𝑞𝐹𝑞𝑟𝑚

2

(2𝑡𝑚)2
 (2.23) 

where kq is the correction coefficient for pressure that can be determined by the table 2.1 

above, and Fq is the pressure difference. 

In order to determine the maximum stresses, 𝜎𝑚𝑎𝑥_𝑃, caused by the 1 atmosphere 

of pressure differential across the central island, a reasonable estimate can be made that 

stress caused by the pressure differential across the central island is similar to the stress 

caused by the concentrated force Pe applied at the center of the central island, which is 
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equal to the pressure times the area of the central island. The equation (2.24) is used to 

calculate the stresses caused by this equivalent force Pe, which are 

 𝜎𝑚𝑎𝑥_𝑃 =
𝑘𝑃𝑃𝑒

(2𝑡𝑚)2
 (2.24) 

where kP are the correction coefficients that can also be found from the table 2.1. 

2.2.1.4.2 Optimization of Membrane Dimensions 

Since both the thermal and structural models have already been established, the 

membrane dimensions can be optimized. 

As the membrane thickness increases, it can be seen from equation (2.23) and 

(2.24) that the maximum stress in the membrane decreases quadratically. The membrane 

becomes more robust. Increasing the thickness also does not change the thermal 

convection. However, as the thickness increases, the thermal conduction area of the 

membrane increases, so that the thermal isolation effect decreases. This decrease can be 

compensated by increasing the radius of the membrane. However, from equation (2.23), 

as the outer radius rm increases, the maximum stress in the membrane also increases 

quadratically. 

Therefore, it is difficult to identify the optimum values of the thickness. In 

practice, the maximum thickness of the membrane layer is 2.1 µm; it is limited by the 

deposition tool used. The strategy here is to assume that 2.1 µm is the thickness of the 

membrane. Then based on this value of thickness, other membrane dimension will be 

obtained. If the membrane is unreasonably large, the thickness can be reduced until 

reasonable dimensions are obtained. As will be seen later, at the thickness of 2.1 µm, the 
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outer radius of the membrane is only 1.3 mm, which is small enough to be integrated into 

the orifice plate. Thus, the thickness of the membrane is 2.1 µm. 

To simplify the optimization, the inner radius is fixed first on a trial basis, 

followed by outer radius. If the results are not reasonable, the inner radius can be changed 

until a reasonable combination of inner and outer radii can be obtained. To determine 

inner radius, several factors need to be considered. First, it should be larger than the outer 

radius of the wetting ring. Second, it must include enough space to manipulate the solder 

because the solder structure is manually applied to the central island. Third, it needs to 

offer enough area to house the resistive heater. Based on these requirements, the trial 

value of the inner radius is taken to be 1.1 mm. 

The optimization of the membrane’s outer radius needs to ensure that the 

maximum stress in the membrane is less than 11 GPa (with an additional safety factor) so 

that it can survive 1 atmosphere of pressure applied across the membrane. It is also 

necessary that during heating up, the membrane is able to offer enough thermal isolation 

so that temperature of the solder can be raised to above the solder’s 140 ºC melting 

temperature. The equations described above are implemented to identify the practical 

range of values of outer radius to meet these requirements. 
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Figure 2.7 Plot of the outer radius of the membrane vs. the predicted solder temperature 

with a resistive heater input power of 0.3 W. 

 

 

Figure 2.8 Plot of the outer radius of the membrane vs the max stress in the membrane 
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Figures 2.7 and 2.8 plot the maximum stress under a 1 atmosphere pressure load 

and the maximum temperature upon heating under a 0.3 W heat input vs. the membrane’s 

outer radius. As shown in these two plots, for a membrane thickness of 2.1 µm and a 

membrane inner radius of 1.1 mm, the available size range for the outer radius extends 

from 1.22 mm to 1.4 mm to meet the design requirements.  

2.2.1.5 Heater Model 

The purpose of the resistive heater is to heat up the central island to melt the 

solder structure using an input heater power of less than 1 W. Since the cross-sectional 

dimensions of the heater are very small, the current density through the wire runs the risk 

of exceeding the failure current density of the gold heater material (1010 A/m2). Therefore, 

the heater must be designed not only to melt the solder, but also to ensure that the current 

density at the designed power input is lower than the failure current density. 

2.2.1.5.1 Heater Modelling 

The layout of the resistive heater is limited by the dimensions of the membrane 

and of the central via, as shown in figure 2.9. Figure 2.10 shows an inter-wire spacing of 

s and a wire width of w. To simplify the modelling process, it is assumed that the heater 

structure is fit into a square with the side length ah. For each single back-and-forth heater 

cell, the width is 2wh+2sh. The number of cells that can fit in this square with side length 

a is ah/(2wh+2sh). 



 45 

 

Figure 2.9 Schematic of gold resistive heater 

 

 

Figure 2.10 Section of the resistive heater showing the dimensions 

 

Then the total length of the wire is 

 𝐿ℎ = (2𝑎ℎ) ×
𝑎ℎ

2(𝑤ℎ+𝑠ℎ)
=

𝑎ℎ
2

𝑤ℎ+𝑠ℎ
 (2.25) 
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Then resistance of the heater can be obtained as 

 𝑅ℎ =
𝜌𝐿ℎ

𝐴ℎ
=

𝜌𝑎ℎ
2

𝑡ℎ𝑤ℎ(𝑤ℎ+𝑠ℎ)
 (2.26) 

where ρ is the electrical resistivity and Ah is the cross-sectional area of the heater wire. 

The definition of the current density is 

 𝐽ℎ =
𝐼ℎ

𝐴ℎ
 (2.27) 

where the current Ih is 

 𝐼ℎ =
𝑃ℎ

𝑅ℎ
2 (2.28) 

Ph is the power of the heater. 

Substituting (2.26) and (2.28) into (2.27), the current density is obtained as 

 𝐽ℎ =
1

𝑎ℎ
√

𝑃ℎ(𝑤ℎ+𝑠ℎ)

𝜌𝑡ℎ𝑤ℎ
=

1

𝑎ℎ
√

𝑃ℎ

𝜌𝑡ℎ
(1 +

𝑠ℎ

𝑤ℎ
) (2.29) 

The current and voltage can also be written as 

 𝐼ℎ =
1

𝑎ℎ
√

𝑃ℎ𝑡ℎ𝑤ℎ(𝑤ℎ+𝑠ℎ)

𝜌
 (2.30a) 

 𝑉ℎ = 𝑎ℎ√
𝑃ℎ𝜌

𝑡ℎ𝑤ℎ(𝑤ℎ+𝑠ℎ)
 (2.30b) 
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2.2.1.5.2 Optimization of Heater Dimensions 

Using the equations derived in the last sub-section, the dimensions of the heater 

can be optimized. It should be noted that the material of the heater is gold as discussed 

previously. 

It is clear from the equation 2.29 that the larger the square’s side length is, the 

smaller the current density will be for a given power output when the heater is energized. 

However, the side length is limited by the size of the central island. 

Equation 2.29 shows that as the thickness of the heater increases, the current 

density in the heater wire decreases. Therefore, a thicker heater is better than a thinner 

one. However, based on the tools and techniques used, 1 µm thick gold is already thick 

from a practical point of view. Figure 2.11 plots the current density in the heater wire 

versus the heater thickness with the dimension of the side length set to 2.2 mm, the wire 

spacing set to 5 µm, the wire width set to 15 µm, and the heater’s power output set to 1 

W. Similarly, figure 2.12 plots the current density in the heater wire versus the heater 

thickness when the side length is set to 2.2 mm, the wire spacing is set to 5 µm, the wire 

width is set to 15 µm, and the heater’s power output is set to 0.25 W.   
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Figure 2.11 Current density vs heater thickness with the side length as 2.2 mm, wire 

spacing as 5 µm, wire width as 15 µm and power as 1 W 

 

 

Figure 2.12 Current density vs. heater thickness with the side length as 2.2 mm, wire 

spacing as 5 µm, wire width as 15 µm and power as 0.25 W 
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Designs with thicker heater wires offer lower current densities than designs with 

thinner heater wires do. At the maximum thickness of 1 µm, the current density doesn’t 

pass the failure current density with either power input. 

Equation (2.29) also demonstrates that current density is proportional to sh/wh. 

Increasing the width of the heater wire will decrease the current density. Decreasing the 

wire spacing can also decrease the current density. However, if the wire spacing is too 

narrow, defining the structure will become more challenging from a microfabrication 

point of view. 

 

Figure 2.13 Current density vs heater thickness with the thickness as 1 µm, side length as 

2.2 mm, wire spacing as 5 µm and power as 1 W 
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Figure 2.14 Current density vs heater thickness with the thickness as 1 µm, side length as 

2.2 mm, wire spacing as 5 µm and power as 0.25 W 

 

 

Figure 2.15 Current density vs heater thickness with the thickness as 1 µm, side length as 

2.2 mm, wire width as 15 µm and power as 1 W 
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Figure 2.16 Current density vs heater thickness with the thickness as 1 µm, side length as 

2.2 mm, wire width as 15 µm and power as 0.25 W 

 

2.2.1.6 Alignment Marks 

Although the term “alignment marks” can also refer to the conventional 

microfabrication alignment that are used to register successive mask patterns with each 

other, it is used here to describe the microfabricated features that enable alignment of the 

actuator to the orifice plate. In particular, the purpose of the alignment marks on the top 

surface of the die is to facilitate the process of assembling the actuator and the die 

precisely under the stereo microscope. The alignment marks should be easy to locate 

under the microscope. Moreover, their fabrication should be MEMS-compatible and as 

simple as possible. To meet these requirements, the shape of the primary alignment mark 

is finally chosen as a ring, reflecting the circular shape of the actuator. The inner diameter 

of the ring is the same as the nominal diameter of the actuator, and the width of the ring is 
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20 μm. Uniformly distributed concentric arc sets are placed around the circle to make it 

easier to be located under the microscope and to accommodate any dimensional 

tolerances of the actuator. These arcs also serve as location references for the actuator in 

assembly process. The alignment patterns are fabricated in the same mask step as the 

wetting ring to ensure that their relative positions are not disturbed by any misalignments 

in the microfabrication process. The fabrication process of the alignment ring will be 

discussed in Chapter 4. The figure 2.17 below shows a schematic of the alignment ring 

and its guided arc sets. 

 

Figure 2.17 schematic of the alignment ring and guided arc sets. Note that the size is not 

to scale. 
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2.2.2 Actuator 

2.2.2.1 Introduction 

In this micro valve model, the actuator’s role is to drive the central plate on the 

actuator reversibly to break the solder-ring sealing (to open the valve) or to contact the 

solder-rings on the orifice plate (to close the valve). 

There are various types of actuators, including parallel plate electrostatic actuators 

(Seeger, 2003; Chu, 1996; Hung, 1999), comb drives (Tang, 1990; Kim, 2005; Ye, 1998). 

Piezoelectric materials can generate voltage when applied stress (piezoelectric effect) 

(Liu, 2012; Liu, 2014; Liu, 2015); it can also produce deformation when applied an 

electric field (converse piezoelectric effect), such as thin film lead zirconate titanate (PZT) 

benders (Choi, 2014; Aktakka, 2013; Qiu, 2010; Polcawich, 2007; Kommepalli, 2009), 

bulk PZT actuators (Sun, 2006; Sun, 2007; Kim, 2003; Haller, 2011; Dogan, 1994), etc. 

Our requirement for the actuator in the micro valve project is that the actuator should 

combine high force, high out-of-plane displacement, efficient manufacturability, small 

size and planar structure, and the ability to be integrated with other MEMS systems. 

Parallel plate electrostatic actuators are eliminated from the present application by their 

small displacements and their requirement for multilayer fabrication. Comb drives can 

offer large displacement and significant force. However, they are generally limited in in-

plane operations, rendering them inappropriate for the present, out-of-plane actuation 

application.  

Piezoelectric actuators can offer high force and quick response, but the 

displacements for extensional actuators are very limited due to small strains. There are 
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alternative piezoelectric actuators, such as thin-film bimorph bending actuator and bulk 

PZT actuators with displacement amplifying mechanism. Thin-film bimorph bending 

actuators as in (Choi, 2014; Qiu, 2010) can offer very large displacements relative to their 

small size. However, their smaller force output and complex fabrication process make 

them less attractive for the micro valve application. Bulk PZT actuators coupled with 

displacement-amplifying mechanisms can trade off between force and displacement (Sun, 

2006; Sun, 2007; Kim, 2003; Haller, 2011; Dogan, 1994). Examples of these actuators 

include drum actuators (Sun, 2006; Sun, 2007) and cymbal and moonie actuators (Kim, 

2003; Haller, 2011; Dogan, 1994). However, the sizes of bulk PZT actuators and their 

displacement-amplifying mechanisms are often large, and it is hard to integrate them into 

other MEMS systems. Recently, Xie (2014), Xie (2015), Xie (2016) and Xie (2017) 

proposed that a new type of hybrid, partially-microfabricated actuators could produce 

considerable forces (tens of mN) and displacements (up to 11 μm) with compact size. 

However, these actuators are relatively assembly-intensive, which limits their 

manufacturability. Overall, neither current thin-film bimorph bending actuators nor 

current bulk PZT with displacement-amplifying mechanisms satisfy our combined 

requirements for high force, high displacement, simple manufacturability and easy 

integration into other MEMS systems. A more innovative design is needed. 

One possible solution to build an actuator that meets all these specifications is to 

use “crab-leg” tethers. In this type of actuator, a moveable central plate is supported and 

driven by a set of straight actuating tethers, similar to (Qiu, 2010; Park, 2001). This type 

of actuator is simple and compact in its out-of-plane (thickness) direction. However, this 

approach also has drawbacks. The primary one is that it is difficult to achieve a compact 
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design based on this approach. The tethers should be long enough to achieve the 

necessary displacement, but the longer the tethers are, the less compact the device is. The 

other drawback lies in the stress concentration caused by sharp corners regions where the 

straight tethers connect to the anchor frames. Actuators with folded flexures could offer 

more compactness. To achieve even more displacement, this type of folded-flexure 

actuator (Aktakka, 2013; Fang, 2006) can enable alternating different regions on the 

actuating tethers to curve up and down. However, this approach requires more complex 

fabrication processes to achieve the necessary electrical connections. Stress 

concentrations may also exist at the sharp corners regions. 

Another alternative (the one adopted here) is to replace the straight actuating 

tethers with curved actuating tethers (Yang, 2015; Yang, 2016). The potential benefits of 

using curved actuating tethers lie in at least two aspects. First, curved tethers can be laid 

out compactly, minimizing the lateral size of the actuator in a given area. Second, the 

natural and smoothly-curved shapes can also minimize stress concentrations. Taking all 

of these factors into consideration, an actuator design with curved actuating tethers is 

chosen. In this design, a movable central plate is supported by three X-poled bimorph 

Archimedes’ spiral shaped actuating tethers. Besides the compactness in size and reduced 

opportunity for stress concentrations, the Archimedes’ spiral readily enables uniform 

spacing between adjacent tethers. The X-poled bimorph can be energized by applying 

voltages if either polarity between the upper and lower electrodes to drive the central 

plate upwards or downwards without requiring any electrical connections to the mid-

plane. 
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This type of actuator can be energized in any of three different ways, depending 

on the voltage polarity applied to the different regions of the actuators. Figure 2.18 

demonstrates these three different actuating approaches. In figure 2.18a and 2.18d, the 

outer halves of the tethers (closest to the circular supporting frame) are energized in one 

polarity, while the inner halves of the tethers (closest to the central movable plate) are 

energized in the opposite polarity. The approach would generate the highest 

displacements if the actuator’s tethers were straight rather than curved. However, this is 

not the case for the actuator with the Archimedes’ spiral tethers. First, the physics of the 

curved tethers are different from the physics of the straight tethers. For the straight tethers, 

there is no torsion during bending. For curved tethers, however, the effect of torsion plays 

a very important role in bending. It will be demonstrated in finite element analysis (FEA) 

in the next section that this approach, actually, is the most ineffective. The second 

disadvantage of this design is that its wiring is more complicated due to the alternating 

polarity of its electrical connections.  

Figure 2.18 also illustrates two other methods of wiring up the actuators to drive 

displacement of their center plates. Figure 2.18b and 2.18e presents an approach in which 

only the outer half of the tether (the part closest to the circular supporting frame) is 

actuated, while the inner half is passive (no voltage applied). This approach would offer 

moderate displacement in actuators with straight actuating tethers. In figure 2.18c and 

2.18f, the full-length actuating tether is energized with uniform polarity. This approach 

would offer zero displacement in actuators with straight tethers, but it generates net 

displacement for actuators with curved tethers because of the effects of torsion during 
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actuation. These two alternatives in figure 2.18b and 2.18c offer simpler wiring as 

compared with the actuator of a and d that is wired with alternating polarity. 

 

Figure 2.18 (a)-(c) In-plane schematic diagrams of Archimedes’ spiral bimorph actuators 

with (a) fully-actuated tethers with reversed polarity, (b) half-actuated tethers, and (c) 

fully-actuated tethers with uniform polarity. (d)-(f) Cross-sectional schematic diagrams 

through a single actuator tether from the outer frame (left) to the central plate (right) for 

(d) a fully-actuated tether with reversed polarity as in (a), (e) a half-actuated tether as in 

(b), and (f) a fully-actuated tether with uniform polarity as in (c). 

  

a b c

d e f
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2.2.2.2 Analytical Modelling 

 

Figure 2.19 Schematic diagram of the spiral that comprises a single actuating tether, with 

a zoomed in view of the region nearest the support. The origin O is located at the central 

plate. 

 

In this subsection, the piezoelectric Archimedes’ spiral actuating tethers are 

modelled analytically. Figure 2.19 is a schematic diagram that shows the central region of 

one single actuating tether. Due to the curved shape of the Archimedes’ spiral actuating 

tethers, it is difficult to calculate the blocking force and the out-of-plane displacement of 

the central movable plate relative to the outer fixed frame by direct integration at certain 

actuating voltage V. Instead, Castigliano’s Second Theorem is applied to obtain the 

blocking force and the out-of-plane displacement of the central movable plate relative to 

the fixed outer fixed frame. The theorem relates the out of plane displacement δ, the 

bending angle α around the Y axis, and the torsional angle β about the X axis at the origin 
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O to the total strain energy of the system U, the out-of-plane force P, the bending 

moment Mt, and the torque Tt as  

 𝛿 =
𝜕𝑈

𝜕𝑃
 (2.31a) 

 𝛼 =
𝜕𝑈

𝜕𝑀𝑡
 (2.31b) 

 𝛽 =
𝜕𝑈

𝜕𝑇𝑡
. (2.31c) 

The forces and moments are shown in figure 2.19. Because the central plate is at 

origin O, the boundary conditions are 

 𝛼 = 0 (2.32a) 

 𝛽 = 0. (2.32b) 

The total strain energy U(P, Mt, Tt, V) of one single actuating tether is a function 

of P, Mt, Tt and V, as are δ, α and β based on the equations (2.31a), (2.31b) and (2.31c). 

Because the central plate at the origin O has to be in equilibrium, the force P = 0 at any 

specific voltage V that is applied. This means that there are only two unknowns, Mt and Tt, 

and two equations, (2.32a) and (2.32b), so that Mt and Tt can be determined. Once Mt and 

Tt are determined, the out-of-plane deflection δ at origin O can be obtained by 

substituting Mt and Tt into (2.31a) at the voltage of interest. To obtain the blocking force 

at a given voltage, P is calculated for the case in which 𝛿 = 0, 𝛼 = 0 and 𝛽 = 0; this 

yields the blocking force for a single tether. By symmetry, the total blocking force for all 

three tethers will then be three times the value for a single tether. 
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The polar equation of the Archimedes spiral in figure 2.19 is 

 𝑟 = 𝑎𝜃. (2.33) 

To obtain the total strain energy of a single actuating tether, the total moment 

�⃗⃗� 𝑡𝑜𝑡𝑎𝑙 caused by P, Mt, Tt and V at any cross-section is needed. The total moment can be 

decomposed into a mechanical component, �⃗⃗� 𝑚(𝑃,𝑀𝑡 , 𝑇𝑡), and an electrical component, 

�⃗⃗� 𝑒(𝑉), as 

 �⃗⃗� 𝑡𝑜𝑡𝑎𝑙 = �⃗⃗� 𝑚(𝑃,𝑀𝑡 , 𝑇𝑡) + �⃗⃗� 𝑒(𝑉). (2.34) 

The moment �⃗⃗� 𝑚(𝑃,𝑀𝑡 , 𝑇𝑡)  is composed of three separate terms and can be 

written as 

 �⃗⃗� 𝑚(𝑃,𝑀𝑡, 𝑇𝑡) = �⃗⃗� 𝑃(𝑃) + �⃗⃗� 𝑀(𝑀𝑡) + �⃗⃗� 𝑇(𝑇𝑡), (2.35) 

where the subscripts P, M and T denote the corresponding moments caused by P, Mt and 

Tt. 

The moment �⃗⃗� 𝑃(𝑃) can be calculated as  

 �⃗⃗� 𝑃(𝑃) = �⃗� × �⃗� , (2.36) 

where �⃗�  is the vector position of the point of interest on the tether, given by 

 �⃗� = −|𝑟|𝑠𝑖𝑛𝛾𝑒𝑟⃗⃗  ⃗ − |𝑟|𝑐𝑜𝑠𝛾𝑒𝜃⃗⃗⃗⃗ . (2.37) 
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The direction vectors 𝑒𝜃⃗⃗⃗⃗  and 𝑒𝑟⃗⃗  ⃗ represent the directions tangent to the tether and 

normal to the tether, respectively. As shown in figure 2.19, the angles γ and φ can be 

expressed in terms of θ; the details are given in the Appendix.  

Substitution of (2.33), (2.37), and (A-4a) and (A-4b) from the Appendix A into 

(2.36) yields the moment caused by the force on the tether, 

 �⃗⃗� 𝑃(𝑃) = 𝑃𝑎
𝜃

√1+𝜃2
(𝜃𝑒𝜃⃗⃗⃗⃗ − 𝑒𝑟⃗⃗  ⃗). (2.38a) 

The moment terms �⃗⃗� 𝑀(𝑀𝑡) and �⃗⃗� 𝑇(𝑇𝑡) can be obtained by the same procedure: 

 �⃗⃗� 𝑀(𝑀𝑡) = −𝑀𝑡
𝑐𝑜𝑠𝜃−𝜃𝑠𝑖𝑛𝜃

√1+𝜃2
𝑒𝑟⃗⃗  ⃗ + 𝑀𝑡

𝑠𝑖𝑛𝜃+𝜃𝑐𝑜𝑠𝜃

√1+𝜃2
𝑒𝜃⃗⃗⃗⃗  (2.38b) 

 �⃗⃗� 𝑇(𝑇𝑡) = 𝑇𝑡
𝑠𝑖𝑛𝜃+𝜃𝑐𝑜𝑠𝜃

√1+𝜃2
𝑒𝑟⃗⃗  ⃗ + 𝑇𝑡

𝑐𝑜𝑠𝜃−𝜃𝑠𝑖𝑛𝜃

√1+𝜃2
𝑒𝜃⃗⃗⃗⃗ . (2.38c) 

Two components can contribute to the moment �⃗⃗� 𝑒(𝑉) caused by V: the bending 

moment around the 𝑒𝑟⃗⃗  ⃗  axis, and the torque around the 𝑒𝜃⃗⃗⃗⃗  axis. However, since the 

deflection of the central plate is very small compared with the tether dimensions, the 

torsion around the 𝑒𝜃⃗⃗⃗⃗  axis is small. To simplify the derivation of �⃗⃗� 𝑒(𝑉), the torque 

around the 𝑒𝜃⃗⃗⃗⃗  axis caused by V is neglected; only the bending moment around the 𝑒𝑟⃗⃗  ⃗ axis 

caused by V is considered. The retained terms are captured by the governing equations of 

Wang (1999), which were derived for a straight PZT beam. This approximation does not 

introduce significant error when the radius of curvature of the spiral is large compared 

with the width of the tether, but its effects become more noticeable for smaller radii of 

tether curvature.  
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Since the out-of-plane force P and the distributed load are both zero, and 

neglecting the central adhesion layer, the equation for bending angle 𝛼 can be obtained as 

 𝛼 = [3𝑠11
𝐸 𝐿

2𝑡3𝑤

3𝑑31𝐿

4𝑡2
] [

𝑀𝑒

𝑉
], (2.39) 

where 𝑠11
𝐸  and 𝑑31  are the compliance at constant electric field and the transverse 

piezoelectric coefficient; t, w and L are the thickness of the single layer of PZT and the 

width and the length of the actuating arm, respectively. 

At origin O, the bending angle 𝛼 = 0 . Then the electrical component of the 

moment is given by 

 �⃗⃗� 𝑒(𝑉) =
𝑑31𝑡𝑤

2𝑠11
𝐸 𝑉𝑒𝑟⃗⃗  ⃗, (2.40) 

where V is taken to be positive when positive charge is on the upper electrode and 

negative on the lower electrode. 

Substitution of (2.35), (2.38a), (2.38b), (2.38c) and (2.40) into (2.34) yields 

 �⃗⃗� 𝑡𝑜𝑡𝑎𝑙 = 𝑀𝑒𝑟⃗⃗  ⃗ + 𝑇𝑒𝜃⃗⃗⃗⃗ , (2.41) 

where 

 𝑀 = −𝑃𝑎
𝜃

√1+𝜃2
+ 𝑇𝑡

𝑠𝑖𝑛𝜃+𝜃𝑐𝑜𝑠𝜃

√1+𝜃2
− 𝑀𝑡

𝑐𝑜𝑠𝜃−𝜃𝑠𝑖𝑛𝜃

√1+𝜃2
+

𝑑31𝑡𝑤

2𝑠11
𝐸 𝑉 (2.42a) 

is the total bending moment and 

 𝑇 = 𝑃𝑎
𝜃2

√1+𝜃2
+ 𝑇𝑡

𝑐𝑜𝑠𝜃−𝜃𝑠𝑖𝑛𝜃

√1+𝜃2
+ 𝑀𝑡

𝑠𝑖𝑛𝜃+𝜃𝑐𝑜𝑠𝜃

√1+𝜃2
 (2.42b) 
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is the total torque. 

The total strain energy is composed of three terms: 1) the bending energy in the 

electrode-covered region, Ue, 2) the bending energy in the non-electrode covered region, 

Unon and 3) the torsional energy of the entire tether, Ut: 

 𝑈 = 𝑈𝑒 + 𝑈𝑛𝑜𝑛 + 𝑈𝑡. (2.43) 

To calculate the bending energy in the electrode covered region, Ue, the internal 

bending energy density for both the upper and lower piezoelectric layers is needed. From 

Wang (1999), the internal bending energy density is 

 𝑢𝑢𝑝𝑝𝑒𝑟 =
1

2
𝑠11
𝐸 (𝑇1)

2 − 𝑑31𝐸3𝑇1 +
1

2
휀33
𝑇 𝐸3

2 (2.44a) 

for the upper layer and 

 𝑢𝑙𝑜𝑤𝑒𝑟 =
1

2
𝑠11
𝐸 (𝑇1)

2 + 𝑑31𝐸3𝑇1 +
1

2
휀33
𝑇 𝐸3

2 (2.44b) 

for the lower layer. Here T1 is the stress in the 𝑒𝜃⃗⃗⃗⃗  direction; E3 is the electric field, which 

is 𝐸3 = 𝑉/(2𝑡); and 휀33
𝑇  is the permittivity at constant stress of the piezoelectric layers. 

The stress T1 can be calculated as  

 𝑇1(𝜃, 𝑧) =
𝑀

𝐼𝑧
𝑧. (2.45) 

The total bending energy for the upper and lower layers can be obtained by 

volume integration in the polar coordinate system as 

 𝑈𝑒 = 𝑈𝑒
𝑢𝑝𝑝𝑒𝑟 + 𝑈𝑒

𝑙𝑜𝑤𝑒𝑟, (2.46) 
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where 

 𝑈𝑒
𝑢𝑝𝑝𝑒𝑟 = ∫ ∫ 𝑢𝑢𝑝𝑝𝑒𝑟(𝜃, 𝑧)(∫ 𝑟

𝑟
𝑑𝑟)

𝑧
𝑑𝑧

𝜃
𝑑𝜃 (2.47a) 

 𝑈𝑒
𝑙𝑜𝑤𝑒𝑟 = ∫ ∫ 𝑢𝑙𝑜𝑤𝑒𝑟(𝜃, 𝑧)(∫ 𝑟

𝑟
𝑑𝑟)

𝑧
𝑑𝑧

𝜃
𝑑𝜃. (2.47b) 

To determine the bending energy in the non-electrode covered region, Unon, all the 

equations and boundary values are the same except that the boundary conditions change 

to the following: V = 0, the starting angle is 0, and the ending angle is θ1. 

The torsional strain energy is then obtained using 

 𝑈𝑡 = ∫
𝑇2

2𝐺𝐽𝑠
𝑑𝑠, (2.48) 

where ds is the infinitesimal arc length of the Archimedes’ spiral, given by 

 𝑑𝑠 = 𝑎√1 + 𝜃2𝑑𝜃. (2.49a) 

Here G is the shear modulus and J is the torsional constant, given by 

 𝐽 = 𝛽1𝑤(2𝑡)3, (2.49b) 

where β1 can be determined by interpolation from the results of Francu (2012). 

In order to obtain the results of Ue, Unon and Ut, boundary values for θ, z and r 

must be determined based on the different approaches to actuating the spiral tethers. Once 

Ue, Unon and Ut are determined, the total strain energy U can be obtained. By substituting 

U into (2.31b) and (2.31c), two equations that yield α and β at any location on the spiral 

can be obtained. These two equations are then evaluated at the origin O, where P = 0 and 
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the boundary conditions for α and β are known from (2.32a) and (2.32b), to determine the 

values of Mt and Tt for any given value of V. Then the corresponding deflection δ at the 

origin O at the given V can be obtained by substituting Mt and Tt into equation (2.31a). 

To obtain the blocking force at a certain voltage V, P for a single tether is 

calculated as described above for the case in which 𝛿 = 0, 𝛼 = 0 and 𝛽 = 0. 

2.2.3 Assembled Device 

As mentioned before, two requirements for the assembled device must be satisfied 

to ensure that the entire assembled device will work properly. First, the membrane must 

be robust enough to survive the adhesion force and caused by the surface tension during 

solder separation together with a 1 atmosphere of pressure difference across the 

membrane. Second, the temperature of the solder should be higher than its melting point, 

while the highest temperature on the actuator should not be higher than 60% of the Curie 

point of the solder. 

 

Figure 2.20 Schematics of an assembled valve in a) open state and b) closed state 
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2.2.3.1 Structural Model 

To satisfy the first requirement, the structural model of the membrane is 

established as shown in figure 2.20. As the actuator moves upward to separate the molten 

solder structure, the adhesion force caused by the surface tension of the solder is exerted 

on the membrane. If a pressure difference also exists across the device, this pressure is 

also exerted on the membrane. The total stress caused by this adhesion force and pressure 

difference should be less than the failure strength of the membrane material, silicon 

nitride.  

In order to predict the maximum stresses, a pressure difference of 1 atmosphere 

and an adhesion force caused by the surface tension exerted on the membrane 

simultaneously is modeled. In 2.2.1.4, the stress caused by the 1 atm pressure differential 

can be calculated. Using the same structural models developed by Timoshenko and 

Woinowsky-Krieger (1959), the stress caused by the adhesion force can be obtained by 

the equation (2.24). 

 

Figure 2.21 Schematics of cross-section of the solder structure in the closed state 
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For the case of the stress caused by the adhesion force, the adhesion force Pf 

should be obtained first. Figure 2.21 shows a zoomed-in cross-sectional view of the 

solder structure. In figure 2.21, the wetting ring on the actuator is starting to move up and 

pull to separate the solder. The adhesion force on the membrane can be calculated using 

(2.50) 

 𝑃𝑓 = ∆𝑝 ∙ 𝐴𝑤 (2.50) 

where ∆𝑝 is the pressure difference between inside and outside of the solder, and 𝐴𝑤 is 

the area of the wetting ring. The value of ∆𝑝 can be obtained using the Laplace equation 

shown in (2.51) 

 ∆𝑝 =
𝛤

𝑟′ (2.51) 

 𝑟′ =
𝐻1

2𝑐𝑜𝑠𝜃𝑠
 (2.52) 

where 𝑟′ is the radius the curvature of the cross section of the solder, 𝛤 is the surface 

tension of solder on the nickel, and H1 is the distance between upper and lower wetting 

rings when the actuator is at its lowest position. For the solder used in this device, 𝛤 =

0.567 N/m and the wetting angle 𝜃𝑠 = 30°. 

In order to determine the area 𝐴𝑤, the inner radius of the wetting ring 𝑟𝑖 and outer 

radius of the wetting ring 𝑟𝑜 are needed. Then 𝐴𝑤 can be calculated as 𝐴𝑤 = 𝜋(𝑟𝑜
2 − 𝑟𝑖

2). 

Finally, by substituting the values ∆𝑝  and 𝐴  into (2.50), the adhesion force 

exerted on the membrane is 
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 𝑃𝑓 = 2𝜋𝛤𝑐𝑜𝑠𝜃𝑠
𝑟o
2−𝑟i

2

𝐻1
 (2.53). 

By substitution (2.53) into (2.24), we have 

 𝜎𝑚𝑎𝑥_𝑃𝑓
= 2𝜋𝛤𝑐𝑜𝑠𝜃𝑠

𝑘𝑃W(2𝑟𝑜−W)

𝑡𝑤
2 (𝐻1−𝛿)

 (2.54) 

where 𝑟𝑖 = 𝑟𝑜 − 𝑊, 𝐻1 = 𝐻0 − 𝛿. H0 is the distance between upper and lower wetting 

rings when the actuator is in its original position, which is 50 μm, δ is the unipolar 

translational displacement of the actuator. 

2.2.3.1.1 Actuator translational displacement δ 

It is obvious that as the translational displacement increases, the maximum stress 

on the membrane due to the solder adhesion force becomes smaller. Figure 2.22 shows 

that over a wide range of actuator displacements, the maximum stress in the membrane is 

much lower than the failure stress, 11 GPa. These values are calculated with the inner 

radius of the membrane set at 1.1 mm, the outer radius of the membrane set at 1.3 mm, 

the width of the membrane set at 2.1 μm, the outer radius of the wetting ring set at 450 

μm, and the width of the wetting ring set at 100 μm. 
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Figure 2.22 Maximum stress in the membrane versus translational displacement of the 

actuator with inner radius of the membrane as 1.1 mm, outer radius of the membrane as 

1.3 mm, width of the membrane is 2.1 μm, outer radius of the wetting ring as 450 μm and 

wetting ring width as 100 μm. 

 

2.2.3.1.2 Membrane Outer Radius rm 

In the equation (2.24), the term kp is affected by the ratio of the outer radius of the 

membrane rm to the inner radius of the membrane rb. As discussed in 2.2.4.1, the value of 

the inner radius of the membrane is 1.1 mm. 

As discussed in 2.2.1.4, the inner radius of the membrane is 1.1 mm. Figure 2.23 

plots the maximum stress in the membrane caused by the adhesion force versus the outer 

radius of the membrane. 
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Figure 2.23 Plot of the maximum stress in the membrane caused by the adhesion force 

versus the outer radius of the membrane with inner radius of the membrane as 1.1 mm, 

width of the membrane is 2.1 μm, outer radius of the wetting ring as 450 μm, wetting ring 

width as 100 μm and the translational displacement as 29 μm. 

 

It is clear that the maximum stress is much lower than the failure stress of silicon 

nitride, so that the adhesion force is negligible as compared with the effects of a 1 atm 

pressure applied across the membrane. 

2.2.3.1.3 Wetting Ring Width W 

For the wetting ring width, figure 2.24 plots the maximum stress in the membrane 

caused by the adhesion force versus the width of the wetting ring. It is similar to figure 

2.23 in that, in the range of the width of the wetting ring, the membrane structure is well 

into the safe, low-stress regime under the influence of the solder’s adhesive forces. 
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Figure 2.24 Plot of the maximum stress in the membrane caused by the adhesion force 

versus the width of the wetting ring with inner radius of the membrane as 1.1 mm, outer 

radius of the membrane as 1.3 mm, width of the membrane is 2.1 μm, outer radius of the 

wetting ring as 450 μm and the translational displacement as 29 μm. 

 

2.2.3.2 Thermal Model in Closed State 

When the valve is in its closed state, the actuator and the orifice plate are 

connected by the solder structure. The purpose of the thermal model in the closed state is 

to accurately capture how heat conduction through the piezoelectric tethers affects the net 

thermal resistance of the overall system. The models will be used to ensure that when the 

final design is heating up, the temperature of the solder can exceed the melting point of 

the solder while keeping the highest temperature on the piezoelectric actuator a safe 

margin below 60% of its Curie point. The thermal circuit for the valve in the closed state 

is established as shown in figure 2.25. It should be noted that the thermal conductivity of 

the PZT material we used is only 1 W/(mK), which is much lower than other materials in 
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our device. The entire actuator structure is a “thermal isolation”, albeit one with a larger 

cross-sectional area than that of the thermally-isolating membrane. As shown in figure 

2.26, upon heating under a 0.4 W power input, the temperature of the solder (also very 

close to the highest temperature on the actuator) is higher than the melting point of the 

solder, and lower than the 60% of Curie point of PZT material at the range of 1.23 mm to 

1.3 mm. 

 

Figure 2.25 the thermal circuit in the closed state 
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Figure 2.26 Plot of the outer radius of the membrane vs the predicted solder temperature 

(also very close to the highest temperature on the actuator) with a resistive heater input 

power of 0.4 W 
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Chapter 3 

SYSTEM DESIGN 

This chapter presents the final design, including the final, as-designed dimensions 

of each component. These dimensions are selected based on the parameter ranges 

identified for a functional design by the models described in chapter 2. The performance 

for a system with these dimensions is then predicted through modeling to confirm that the 

requirements of the fully-assembled system can be satisfied. 

3.1 Orifice Plate  

3.1.1 Overview 

As mentioned in previous sections, the requirements for the orifice plate are as 

follows. First, the membrane can survive both 1 atmosphere of pressure applied across 

the device and the adhesion force caused by the surface tension of the solder. Second, the 

membrane is able to offer enough thermal isolation. Third, the heat generated by the 

resistive heater should be able to raise the temperature of the central island to above the 

melting point of the solder, 140 °C, in both the open and closed states, while the highest 

temperature of the actuator should remain lower than 60% of the Curie point of the 

piezoelectric material used. Fourth, the solder should be localized on the wetting ring and 

successfully interact with solder ring on the actuator. Finally and fifth, an alignment mark 

is needed to guide assembly of the complete valve device. 

 



	

	

75 

3.1.2 Wetting Ring 

3.1.2.1 Thickness 

As discussed in 2.2.1.2, the adhesion titanium layer is 100 nm thick. Then a 500 

nm thick nickel layer is deposited to prevent the intermetallic layer from reaching the 

substrate. This is the typically thickest layer that could be deposited by the tool before 

cracking occurs. 

3.1.2.2 Inner Radius, Outer Radius and Width 

The wetting test results show that the inner and outer radii have a major impact on 

the propagation of the solder around the full circumference of the wetting ring. When the 

wetting ring’s radius is smaller, more uniform solder application is obtained. The 

dimensional limit is about 500 µm if the width of the wetting ring is not too large; when 

the wetting ring’s outer radius is larger than about 500 µm, the solder does not propagate 

all the way around the wetting ring. Although a smaller-radius wetting ring can offer a 

more uniform solder structure, a smaller-radius ring introduces difficulties in applying the 

solder to the wetting ring and removing the extra to form the solder ring instead of a 

solder sphere. Therefore, the outer radius ro is chosen to be 450 µm. The inner radius ri 

can be determined after the width W is obtained, which is equal to ro-W. 

As shown in figures 2.3 and 2.4 in 2.2.1.2, the available range for the wetting ring 

width is from 60 µm to 100 µm. The lower limit reflects the need for the actuator to bring 

the solder rings into contact during valve closing, and the upper limit reflects the need for 

the actuator to separate the solder rings during valve opening. The final width of the 
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wetting ring is chosen to be 100 µm for two reasons.  First, a narrower wetting ring 

increases the required precision of the device assembly (i.e. the tolerable misalignment of 

the actuator to the orifice plate). Second, it is easier to manipulate the solder on a wider 

wetting ring than on a narrower one. For a 100 µm wide ring, the minimum required 

translational displacement for the actuator to close the valve is about 23 µm, and the 

minimum required translational displacement to open the valve is about 35 µm. Given 

that the separation calculation in particular reflects a worst-case scenario in which no 

axial asymmetry of the solder is available to trigger solder separation at smaller 

displacements and no perturbation is considered, this dimensional choice reflects a 

reasonable system-level design compromise. It is anticipated that solder separation will in 

practice be observed at smaller displacements. Indeed, solder separation is subsequently 

observed at a deflection of 29 µm. 

3.1.3 Membrane 

The requirements for the membrane are to offer enough thermal isolation so that 

when the heater is energized the solder structure can be melted, and to withstand a 1 atm 

pressure differential between two sides in the open state.  (It is also required that the 

membrane should withstand the solder’s adhesion force. However, since the effects of 

this were previously shown to be much smaller than the effects of the pressure loading, 

the adhesion force is neglected here. The adhesion force will be more than adequately 

accommodated by the factor of safety on the pressure loading.) 
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3.1.3.1 Thickness 

As discussed in 2.2.1.4, the thickness of the membrane is chosen to be 2.1 µm. 

3.1.3.2 Inner and Outer Radius 

The inner radius is chosen to be 1.1 mm because 1) it should be larger than the 

outer radius of the wetting ring, 2) the central island must include enough space for 

manual solder manipulation because the solder structure is mounted on the central island 

by hand, and 3) the central island must offer enough surface area to accommodate the 

resistive heater. 

As shown in figures 2.7 and 2.8, in the open state, the available design range for 

the outer radius extends from 1.22 mm to 1.4 mm at an input power equal to 0.3 W. It 

will be seen later in this chapter that in the closed state, the range extends from 1.23 mm 

to 1.3 mm at an input power equal to 0.4 W. The final outer radius is chosen to be 1.3 

mm because the maximum stress in the membrane at this dimension is 7 GPa, which is 

about 60% of the failure stress of silicon nitride. Thus, the membrane can withstand the 1 

atm pressure differential with acceptable robustness. This dimension also provides 

enough thermal isolation to allow the heater to melt the solder. At an input power of 0.3 

W in the open state, the temperature on the solder is predicted to be 170 °C; at an input 

power of 0.4 W in the closed state, the temperature on the solder is predicted to be 180 

°C. The final membrane dimensions of 1.1 mm (inner radius) and 1.3 mm (outer radius) 

therefore meet the specifications while also offering tolerance to dimensional variations. 
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3.1.4 Heater 

The purpose of the heater is to offer enough input power to melt the solder while 

also maintaining the heater’s current density below the current density at which failure of 

the heater’s wire material is expected to occur. 

3.1.4.1 Thickness 

As shown in figures 2.11 and 2.12 in 2.2.1.5, the thickness of the heater is chosen 

to be 1 µm because a thicker heater minimizes the heater’s current density without 

increasing its overall area.  

3.1.4.2 Wire Width and Wire Spacing 

Figures 2.13 and 2.14 in 2.2.1.5 show that increasing the width of the heater wire 

will decrease the current density (assuming fixed heater area and fixed spacing between 

meanders of the heater’s wire). Decreasing the wire spacing can also decrease the current 

density as shown in figures 2.15 and 2.16 in 2.2.1.5, but it can complicate 

microfabrication. Based on these results, the wire width is chosen to be 15 µm and the 

wire spacing is chosen to be 5 µm. At these values, it is found that the resistance of the 

heater is about 400 W. To obtain an input power of 0.3 W in the open state will then 

require an input voltage of 11 V (neglecting changes in the heater’s resistance with 

temperature).  The corresponding value of current density is then about 1.7´109 A/m2, 

safely below gold’s current density limit of about 1010 A/m2. 
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3.2 Actuator 

3.2.1 Analytical Results 

In Section 2.2, the analytical model of the piezoelectric bimorph actuator with 

Archimedes’ spiral actuating tethers was established. In order to obtain the total energy 

from equations (2.46), (2.47a) and (2.47b), boundary values for θ, z and r must be 

determined first for different cases. 

To obtain boundary values for different cases, the dimensions of the actuator must 

be determined. Thickness is considered first. Based on the structure and physics of 

bimorph actuators, the thinner the actuator is, the greater the deflection that can be 

obtained. The thinnest single piezoelectric layer offered by the vendor is 135 µm thick. 

The thickness of the adhesive interlayer is estimated to be 30 µm, consistent with the 

difference between the typical bimorph thickness of approximately 300 µm and the 

nominal thickness of 270 µm for two piezoelectric layers, each with a thickness of 135 

µm.  

Overall in-plane dimensions are considered next. A larger actuator can include 

longer actuating tethers (assuming fixed tether width). Longer tethers in turn enable 

larger out-of-place displacements, but with less overall compactness. (Since larger area 

actuators also require larger area orifice plates for the orifice plate, the compactness of 

the actuator directly affects the compactness of the overall system.) Taking these two 

aspects into consideration, a diameter of 19 mm is chosen as a compromise between 

compact size and large deflection.  
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The width of the actuating tethers must also be selected. For sufficiently narrow 

actuating tethers, edge effects in the laser-cut piezoelectric may degrade the system’s 

overall piezoelectric performance, as well as its robustness to applied forces. Reliable 

fabrication is also challenging for extremely narrow structures that are laser-cut in 

piezoelectric plates. In the other direction, the upper limit for the width of the actuating 

tethers is constrained by the size of the actuator; each unit of area may be allotted to 

longer tethers or wider tethers, but not both.  

The final tradeoff was managed by a process of trial and error aided by the use of 

AutoCAD and SolidWorks, resulting in final actuator dimensions as given in table 3.1. 

The starting angle θ1 and the ending angle θ2 of the electrode-covered region for this 

spiral geometry can also be found in table 3.1. These starting and ending angles are given 

both for tethers that are actuated along their full length and for tethers that are actuated 

only along their outer halves, as described in chapter 2. (The design in which actuation 

polarity reverses halfway along the tethers’ lengths is omitted because its performance is 

poor.) For the current spiral geometry, the inner boundary is given by 𝑟" = 𝑎(𝜃 − ()
")(

𝜋), 

and the outer boundary is given by 𝑟" = 𝑎(𝜃 + ()
")(

𝜋). For different spiral geometries, the 

constants would vary to reflect the spiral’s dimensions. The out of plane coordinate z 

extends from 0 to t for the upper layer and from -t to 0 for the lower layer, where t is 

equal to the 135 µm layer thickness of a single piezoelectric sheet.  
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Table 3.1 Actuator dimensions 
Property Notation Value 

Archimedes’ spiral constant (r = aθ) a 0.768 mm 
Thickness of single PZT layer t 0.135 mm 

Width of a single tether w 1.129 mm 
Outer diameter of the actuator d 19 mm 

Electrode starting angle θ1 
Full-actuated: 1.990 rad 
Half-actuated: 6.301 rad 

Electrode ending angle θ2 8.988 rad 
 

The actuators are fabricated from PZT-5A, which has a high Curie Point (350 °C) 

that enables compatibility with moderate temperature applications such as the present, 

thermally-actuated valve. The initial depolarization electric field is about 6×105 V/m. 

Therefore, at the given thickness of bimorph PZT, the applied voltage should be less than 

150 V. The maximum voltage is set to be 110 V with a safety factor of 1.4. The material 

properties of PZT-5A that are relevant to the models of section 3 are summarized in table 

3.2. 

 Table 3.2 PZT-5A4E material properties 
Property Notation Value 

Piezoelectric constant d31 -171×10-12 m/V 
Compliance 𝒔𝟏𝟏𝑬  164×10-13 m2/N 
Permittivity 𝜺𝟑𝟑𝑻  1.50518×10-8 F/m 

 

Given these actuator dimensions and the material properties, the predicted 

performance for each of the actuator types (having fully-actuated tethers with uniform 

polarity and having half-actuated tethers) is calculated both analytically and via finite 

element analysis. 
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3.2.1.1 The Actuator with Fully-Actuated Tethers with Uniform Polarity 

Wolfram Mathematica 8.0 is used to calculate the total strain energy U based on 

the approach mentioned in 2.2.2. Using the equations, the out-of-plane deflection of the 

central plate of the actuator with fully-actuated tethers is predicted to be 34.2 µm at 110 

V. 

To obtain the blocking force at V = 110 V, P for a single tether is calculated as 

described in 2.2.2 for the case in which 𝛿 = 0, 𝛼 = 0 and 𝛽 = 0. The resulting value of 

blocking force for the entire, three-tether actuator is then 23 mN. Both of these 

performance characteristics meet the system requirements. 

3.2.1.2 The Actuator with Half-Actuated Tethers 

The procedure for evaluating the case of the actuator with half-actuated tethers is 

similar to that of the actuator with fully-actuated tethers with uniform polarity, except 

that the angle at which voltage is first applied is 𝜃" = 6.3006  for the current spiral 

geometry. The out-of-plane deflection of the central plate of the actuator with half-

actuated tethers at a voltage of 110 V is predicted to be 17.3 µm, and the blocking force 

is predicted to be 12 mN. The performance characteristics of the actuator with half-

actuated tethers lags behind that of the actuator with fully-actuated tethers, supporting the 

use of fully-actuated tethers in the final valve. 

3.2.2 Finite Element Analysis Results 

The analytical results are initially confirmed by FEA analysis of both actuator 

designs (with half-actuated tethers and with fully-actuated tethers actuated with uniform 
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polarity) using Abaqus. Fully-actuated devices that reverse their actuation polarity 

halfway along the tethers’ length are also simulated for comparison. As for the analytical 

predictions, the adhesion layer is omitted from the calculations. Static voltages between 

30 V and 110 V are input in increments of 10 V, and the outer edge of the circular 

supporting frame is considered to be fully constrained, with zero rotation and zero 

deflection. The resulting out-of-plane (vertical) translational displacements and actuator 

blocking forces are predicted. The thicknesses of the electrodes are also neglected. The 

C3D20E element (a 20-node quadratic piezoelectric brick element) is used in the mesh. 

Figure 3.1 plots the FEA displacement contours at a voltage of 110 V for the three 

actuators described above. The lowest central-plate deflection of 9 µm is predicted for the 

fully-actuated device that reverses actuation polarity halfway along the tethers’ lengths 

(figure 3.1a). The predicted central-plate deflection of the half-actuated device falls at an 

intermediate value of 17.1 µm (figure 3.1b), as compared with a maximum predicted 

central-plate deflection of 25.8 µm for the fully-actuated device with constant actuation 

polarity (figure 3.1c). The blocking forces for fully-actuated (reversed polarity), half-

actuated, and fully-actuated (uniform polarity) devices are calculated at 5 mN, 10 mN, 

and 17 mN, respectively. The much smaller predicted central-plate deflections under 

actuation conditions that would be optimal for straight fixed-guided tethers underscore 

the differences between the purely bending-driven physics of straight actuating beams 

and the combined physics of partially bending-driven and partially torsion-driven curved 

actuating beams and confirm the poor suitability of the reversed-polarity design. Figures 

3.2 and 3.3 plot analytical and FEA predicted results for unipolar deflection versus 

actuating voltage and blocking force versus actuating voltage, respectively, for both half-
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actuated and fully-actuated devices. It is obvious that analytical and FEA predicted 

results for the half-actuated device are in good agreement, whereas for the fully-actuated 

device, the analytical results overshoot both the displacement and the blocking force. 

 
Figure 3.1 Displacement contour plots obtained by FEA using Abaqus at a voltage of 110 
V showing (a) an actuator with fully-actuated tethers with reversed polarity, (b) an 
actuator with half-actuated tethers, and (c) an actuator with fully-actuated tethers with 
uniform polarity. 
 

 

 
Figure 3.2 Analytical and FEA predicted out-of-plane displacement for actuators with 
both half-actuated tethers and fully-actuated tethers 

a b c
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Figure 3.3 Analytical and FEA predicted blocking force for actuators with both half-
actuated tethers and fully-actuated tethers 
 

To demonstrate that the present design offers better performance than more 

conventional actuator designs would provide, the present architecture is also compared 

using FEA with an alternative, square actuator geometry. Like the Archimedes’ spiral 

actuators, these alternative actuators include piezoelectric tethers that wrap around the 

central moveable plate and are ultimately supported by an outer frame.  Unlike the spiral 

actuators, the tethers of the alternative, square actuators are not curved. Rather, they 

comprise straight segments that bend at 90° angles to wrap around a central square plate. 

For direct comparability with the present design, the tether width, thickness, and 

actuation methods are held the same as for the spiral actuators. When the square 

actuator’s area is the same as the area of the spiral actuator, the fully-actuated device is 

predicted to produce a displacement of 25.9 µm at 110 V, nearly identical to that of the 

curved actuator. (Similar to the case of the spiral actuator, FEA shows that uniform 

actuation along the full tether length is also optimal for square actuators.) However, the 
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square actuator’s maximum lateral dimension is approximately 25% larger than the 

maximum dimension of a spiral actuator of equal area, making it less compact. (The 

lateral dimension is relevant for the present design, in which a circular ring seals the 

valve to its test fixture.) When the square actuator’s maximum lateral dimension is the 

same as the diameter of the spiral actuator, the fully-actuated square actuator is predicted 

to produce a displacement of 15.1 µm, only 60% of the displacement of a spiral actuator 

with the same maximum lateral dimension. 

3.3 Assembled Device 

After selecting all of the component dimensions, they are plugged into the model 

of the assembled device to confirm that all system requirements can be met. 

3.3.1 Structural Requirement 

The first requirement is that the membrane should withstand the adhesion force 

caused by the surface tension during the solder separation. With the dimensions obtained, 

the adhesion force is about 9 mN. The maximum stress caused by this force is 0.22 GPa, 

which is much less than the failure stress of silicon nitride, 11 GPa. The maximum stress 

of the membrane under pressure loading was previously calculated at 7 GPa, indicating 

that the membrane will also be able to tolerate their combined loading. 

3.3.2 Thermal Requirement in the Closed State 

The thermal requirement in the closed state is that when the heater is energized, 

the temperature on the solder structure should be higher than the melting point of the 
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solder, whereas the highest temperature on the actuator should be lower than 60% of the 

Curie point of PZT material used. 

As shown in figure 2.26, at the input power in the closed state equal to 0.4 W, the 

temperature on the solder is calculated as 180 °C (also the highest temperature on the 

actuator), higher than the melting point of the solder, 140 °C, and lower than 60% of the 

Curie point, 210 °C. At this power input, the input voltage is about 13 V, and the current 

density is 2´109 A/m2, much lower than the failure current density of gold, 1010 A/m2. 

The final dimensions of the silicon die are shown in table 3.3. 

Table 3.3 Dimensions of the silicon die 
Property Notation Value 

Plate side length as 35 mm 
Plate thickness ts 0.5 mm 

Thickness of membrane tm 2.1 µm 
Outer radius of membrane rm 1.3 mm 
Inner radius of membrane rb 1.1 mm 
Thickness of wetting ring tw 500 nm 

Inner diameter of wetting ring ri 0.7 mm 
Width of solder ring W 0.1 mm 

Heater wire thickness th 1 µm 
Heater wire width wh 15 µm 

Heater wire spacing sh 5 µm 
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Chapter 4 

FABRICATION AND ASSEMBLY PROCESS 

This chapter presents the fabrication and assembly processes for the actuator, the 

orifice plate that houses the flow orifice, and the fully-assembled valve system. The 

chapter also presents the key experimental development activities that were carried out to 

finalize the design and manufacturing processes, particularly for the solder seals.  

The fabrication of the actuator is presented first, including the definition of the 

overall actuator structure and the preparation of the solder’s nickel wetting ring on the 

actuator via plating of additional nickel. Because the wetting ring on the actuator is very 

thin, electroless plating is used to deposit a 1 µm thick nickel layer on top of the initial 

nickel layer to avoid peeling during wetting of the solder.  

The fabrication of short-loop test devices to optimize the wetting ring geometry is 

presented second. These devices are created to test the ability of the solder to propagate 

along wetting rings with different dimensions, and the results of these testing on these 

devices are presented in chapter 5.   

Third, the microfabrication of the orifice plate that houses the flow orifice is 

presented, including an overview of the microfabrication process flow and the mask 

patterns. Further details on the microfabrication of the silicon components may be found 

in Appendix B.  

Finally, the chapter presents the process by which the actuator and the orifice 

plate are put together to assemble the complete device. This process includes the 
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alignment and the formation of electrical and mechanical connections among the actuator, 

the orifice plate, and the test platform. 

4.1 Actuator 

In each actuator, the central moveable plate is supported on the three actuating 

tethers that are anchored to a circular supporting frame. The spacing between tethers and 

adjacent structures (e.g. other tethers and the circular supporting frame) is held constant 

except where the tethers are anchored to the circular frame. The tethers’ connections to 

the anchor are defined with an increased radius of curvature (i.e. the spacing widens into 

a larger, rounded gap) to minimize stress concentrations at the supports. The actuators’ 

electrical and mechanical structures are defined by laser cutting of nickel-coated PZT 

plates by a commercial vendor, Piezo Systems, Inc. The details of the particular laser 

cutting process used for these devices are proprietary to the vendor. Through-plate 

cutting defines the PZT features, and shallow cutting defines the electrode on one side of 

the actuator. The reverse-side electrode is not modified and covers the full actuator. 

Figure 4.1 shows photographs of the resulting devices. The actuator of figure 4.1a is half-

actuated, with the patterned electrodes (lighter gray) extending only over the outer half of 

the spiral tethers. The actuator of figure 4.1b is fully-actuated, with the patterned 

electrodes (lighter gray) extending over the full length of the tethers to apply actuation 

with uniform polarity. 
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Figure 4.1 Photographs of Archimedes’ spiral bimorph actuators with (a) half-actuated 
tethers and (b) fully-actuated tethers with uniform polarity. 
 

Besides the actuating tethers that move the central plate, the other key component 

on the actuator is the nickel wetting ring on the central plate. As stated in (Liu, 2000), at 

the melting point of the solder, an intermetallic layer is formed at the interface of nickel 

and solder, and the thickness of this intermetallic layer can reach about 100 nm in 

thickness. If the thickness of nickel layer is less than that of the intermetallic layer, the 

growth of the intermetallic layer will reach the silicon substrate, resulting in the nickel 

layer peeling off from the substrate. As specified by the PZT vendor, the thickness of the 

nickel layers on the actuator is only 300 nm thick, which is not much thicker than the 

required thickness of greater than 100 nm. The nickel ring on the actuator therefore has a 

high risk of peeling off as shown in figure 4.2. 

a b
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Figure 4.2 Photographs of the peeled-off nickel layer on the actuator 
 

To remedy this problem, electroless plating of nickel is conducted to further 

thicken the nickel wetting rings. The figure 4.3 shows the entire electroless plating setup. 

The smaller beaker contains the plating solution (Electroless Nickel Concentrate) from 

the vendor, Caswell, Inc. The optimal operation temperature for the plating solution is 90 

°C, and uniformity of heating is required for proper plating performance. A water bath (in 

the form of a larger beaker of heated water) is therefore used to heat the small beaker of 

plating solution. The bigger beaker containing water is heater up by the hotplate 

underneath. The water level is high enough to cover the level of the plating solution in 

the small beaker. The benefits of water bath are excellent temperature controllability and 

stability. However, the heating up is relatively slow compared with directly heating the 

plating solution by the hotplate. Therefore, a magnetic stirrer is used in the water bath to 

speed up the heating process. The temperatures of the plating solution and of the water 

are monitored by two thermometers separately. 
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Figure 4.3 Photographs of the entire electroless nickel plating setups 

 

Before the actuators are soaked in the solution to be plated with nickel, the 

surfaces to be plated need to be pre-degreased by degreaser solution (SP Cleaner 

Degreaser, Caswell Inc.) to remove organics at around 85 °C for 5 minutes. After 

degreasing, the actuators are rinsed by deionized (DI) water. Then buffered hydrochloric 

acid is swabbed on the surfaces to be plated to remove the oxide layer. The actuators are 

rinsed in DI water and dried in the hood. After these pre-clean steps, the actuators are 

ready for the subsequent electroless nickel plating. For the case of the actuator with half-

actuated tethers, when the temperature of the plating solution reaches 90 °C, the pre-

cleaned actuator is soaked entirely in the solution and leaned against the beaker’s side. 

The actuator’s non-horizontal orientation promotes the circulation of plating solution to 

both sides of the actuator, ensuring that both sides of the actuator get uniform depositions. 

When the deposition reaction begins, tiny and dense bubbles are generated on the surface 

of nickel and move up toward the surface of the solution, as shown in figure 4.4. The 

thickness of deposited nickel layer is determined by measuring the difference of 
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actuator’s thicknesses before and after nickel plating using a micrometer. Half of this 

difference is the thickness of the plated nickel. Based on the measurements, it is found 

that the deposition rate is 0.2 µm/min, so it takes 5 minutes to get a 1 µm thick nickel 

layer. After deposition, the bright and shiny plated nickel layer can be observed both on 

the tethers and on the wetting ring. Figure 4.5 compares the actuators with and without 

electroless nickel plating. 

 
Figure 4.4 Bubbles on the plated surfaces 
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Figure 4.5 Photographs of the actuator with half-actuated tethers (a) after plating and (b) 
before plating 
 

When the actuator with the fully-actuated tethers is plated using the same 

conditions as are described above for the actuator with the half-actuated tethers, the 

tethers are plated as described above. However, there is no plated layer on the wetting 

ring on the central plate at all. There are two possible reasons for this issue. First, the area 

of the wetting ring is small compared with the area of the electrode regions on the 

actuating tethers. This is true for both actuators, but the electrodes on the tethers are even 

larger for the fully-actuated devices than for the half-actuated devices. It is much easier to 

plate nickel on the electrode regions than on the wetting ring because the locations from 

which the plating solution can access the electrodes are larger and/or more numerous than 

the points from which the plating solution can access the wetting ring. Second, as 

mentioned before, during the plating process, a lot of bubbles are generated. Most of the 

bubbles float up towards the surface of the solution, while small portions are adhered to 

the surface of the actuator. For devices with fully-actuated tethers, these bubbles are 

generated closer to the wetting ring because the electrodes are closer to the wetting ring 
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than in the devices with half-actuated tethers. Some of these bubbles then adhere on the 

wetting ring, preventing further plating on this region. 

The plating process for the actuators with fully-actuated tethers is therefore 

modified to enable successful plating of the central wetting ring. The solution is to 

encapsulate the pre-cleaned actuator between two pieces of Kapton tape as shown in 

figure 4.6. The piece covering the wetting ring side has a hole with 2 mm diameter 

punched in the center, so that only the wetting ring on the central plate is exposed to the 

plating solution. The process time required to plate 1 m m thick nickel layer also becomes 

longer in this case. It takes more than 15 minutes to obtain a 1 µm thick nickel layer, 

which is measured by the same method as for the actuator with half-actuated tethers. The 

plated nickel layers are effective for wetting by solder. For example, Figure 4.7 shows the 

results of a wetting test on an actuator with fully-actuated tethers that was plated in a 

capsule as described above. The solder propagates along the wetting ring, and the nickel 

does not peel off. 

 
Figure 4.6 Photographs of the actuator with fully-actuated tethers in Kapton tape capsule 
(a) before plating, and (b) after plating 
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Figure 4.7 Photographs of wetting test on the actuator in the capsule after plating 
 

4.2 Wetting Short Loop 

The purpose of the wetting short loop tests is to demonstrate how the propagation 

of solder along the wetting rings depends on the dimensions (radius and width) of those 

wetting rings. The fabrication process steps are briefly shown in figure 4.8 below. 

1. The starting material is a 500 µm thick, single side polished (SSP) 6-inch silicon 

wafer. An RCA clean without HF dip is carried out on the wafer to prepare for the 

following liftoff process step. 

2. 1.5 µm thick negative photoresist was deposited and patterned on the polished 

side. Then, 100 nm thick titanium was deposited using vacuum deposition in a 

metal evaporator tool, ebeamAu, followed by 0.5 µm thick nickel to define the 

wetting ring. The wafers then are soaked in an acetone bath overnight to lift off 

the metal and remove the photoresist. 

3. A dicing saw was used to cut the wafer into individual dies for test. 
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Figure 4.8 Fabrication process steps for the wetting short loop 

 

Figure 4.9 shows a test die after fabrication. Three different wetting ring widths 

and a large number of wetting ring radii are included on the fabricated wafer in order to 

determine the optimum wetting ring dimensions for the valve system. Seven of these 

model wetting rings with various dimensions are visible on the die shown in figure 4.9. A 

full list of the dimensions of the wetting test dies are included in table 4.1. 
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Figure 4.9 Photographs of a sample die for wetting test short loop 
 

Table 4.1 Wetting test dies with various wetting rings 
Wetting ring width W Outer radius ro Inner radius ri 

250 µm 

1750 µm 1500 µm 
1250 µm 1000 µm 
1050 µm 800 µm 
750 µm 500 µm 
600 µm 350 µm 
350 µm 100 µm 

100 µm 

1600 µm 1500 µm 
1100 µm 1000 µm 
900 µm 800 µm 
600 µm 500 µm 
450 µm 350 µm 
300 µm 200 µm 
200 µm 100 µm 

50 µm 

850 µm 800 µm 
550 µm 500 µm 
400 µm 350 µm 
250 µm 200 µm 
150 µm 100 µm 
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4.3 Orifice Plate 

The fabrication process for the orifice plate is shown in figure 4.10 below. All of 

the fabrication work to create the orifice plates was completed in the Microsystems 

Technologies Laboratory (MTL) at MIT. The starting substrates are 500 µm thick double-

side polished (DSP) 6-inch silicon wafers. The process steps are summarized below.  The 

full fabrication process flow and the mask patterns are given in Appendix B.   

1. The wafer is RCA cleaned to prepare for thin film deposition of the silicon nitride 

membrane and the oxide etch-stop layer that lies between the silicon wafer and 

the nitride membrane.  (The oxide etch-stop is necessary to prevent the later 

silicon deep reactive ion etch from damaging the Si3N4 membrane as well). A 500 

nm oxide layer is deposited on both sides of the wafer in a tube furnace using a 

wet oxidation process at 1050 ˚C. A 2.1 µm thick layer of silicon nitride is 

deposited over the oxide layer using an LPCVD process in a low-stress nitride 

deposition tool manufactured by VTR.    

2. The oxide and nitride layers deposited in the first step are required for the 

thermally-insulating membrane on the bottom of the wafer, but they must be 

removed from the upper surface of the wafer, where the nickel wetting ring will 

be defined on bare silicon. Dry plasma each is used to remove the silicon oxide 

and silicon nitride from the upper surface of the wafer in a plasma etch tool called 

LAM 590 made by LAM. 

3. 0.5 µm deep alignment marks are etched on the top surface of the wafers using the 

process of dry plasma etch in a plasma etcher called LAM 490 made by LAM. 
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4. The resistive heater must be patterned on the membrane side of the wafer, 

including the heater itself on the back side of what will become the central island, 

electrical contact pads on the orifice plate’s peripheral supporting frame, and a 

metal trace that crosses the membrane to connect the two. To define these 

structures, 1.5 µm thick negative photoresist is first deposited and patterned on the 

bottom surface (the surface with the oxide and nitride layers). Then the vacuum 

deposition tool (eBeamAu) is used to deposit 100 nm thick chromium on the 

bottom surface as the adhesion layer for gold, followed (without breaking vacuum) 

by the deposition of a 1 µm thick layer of gold. The wafers then are soaked in an 

acetone bath overnight to lift off the metal and remove the photoresist.  

5. The membrane and the central flow orifice will be defined in a single, shared deep 

reactive ion etching process.  This process will terminate at the etch stop in the 

membrane region, but it will create a through-hole for the central flow orifice. To 

ensure that the deep etch forms a through hole for the orifice, the oxide and nitride 

layers must first be removed from the flow orifice on the bottom side of the wafer. 

To pattern the oxide and nitride from the flow orifice location, photoresist is 

patterned on the bottom side of the wafers and a thin-film dry plasma etch tool 

(the LAM 590) is used to etch off the nitride and oxide, exposing the silicon at the 

location of the flow orifice with the diameter of 100 µm. 

6. The wetting ring and the alignment rings used to visually align the actuator to the 

orifice plate during assembly are defined in nickel on the upper surface of the 

wafer (on the side opposite the membrane films). Negative photoresist is 

deposited and patterned with a thickness of 1.5 µm . Then, a 100 nm thick layer of 
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titanium is deposited using vacuum deposition in a metal evaporator tool 

(eBeamAu), followed (without breaking vacuum) by deposition of a 0.5 µm thick 

nickel layer.  

7. With the creation of the thin film structures (membrane, etch stop, resistive heater, 

wetting ring, and alignment rings) complete, the wafer is ready for the final deep 

etch by which its membranes are released and through which its flow orifices with 

100 µm in diameter are defined. The etch process also defines trenches between 

the dies; these localized trenches permit die separation without the use of a die 

saw, which would risk breaking the membranes. The wafer is coated with a 10 µm 

thick layer of thick photoresist (AZ 4620, AZ Microelectronics). After the 

photoresist is exposed and developed, the silicon wafers are mounted on quartz 

handle wafers to prevent the vacuum that maintains the wafers on the chuck 

during etching from being accidentally breached. The etching is carried out in a 

deep reactive ion etching tool (referred to as STS1) that utilizes the Bosch process 

(Laemer, 1994) (Surface Technology Systems).  



	 102 

 
Figure 4.10 Fabrication process steps for the orifice plate. Note that the size is not to 
scale. 
 

4. Pattern the resistive heater 

5. Etch the hole though oxide 
and nitride layer from bottom 

6. Pattern the nickel wetting 
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top side 
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Nickel 
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Bottom view 

Bottom view 

Top view 

Top view 
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The figures 4.11a and 4.11b below show photographs of the orifice plate after the 

fabrication process described in figure 4.10 above. 

 
Figure 4.11 Photographs of a) the top side and b) bottom side of the 35 mm orifice plate; 
zoomed-in micrographs of c) the silicon island on a nitride membrane with its nickel ring 
and orifice, and d) the resistive heater. 
 

The thickness of the wetting ring is important because when solder wets the 

nickel, an intermetallic layer is formed at the interface between the solder and the nickel. 

If the intermetallic layer becomes thick enough that it reaches the substrate silicon, the 

entire nickel wetting ring is peeled off. Liu (2000) demonstrates that in the range of the 

solder’s melting temperature, the thickness of the intermetallic layer is more than 100 nm 
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thick. To prevent peeling of the nickel wetting ring from the substrate, a 100-nm thick 

titanium adhesion layer may be deposited on the silicon substrate, followed by deposition 

of a nickel layer that is as thick as possible, which is 500 nm thick limited by the 

deposition tool used. 

4.4 Assembly of the Complete Device 

Before assembling the complete valve, solder must be applied on the wetting 

rings on the actuator and the orifice plate. The method of applying solder on the wetting 

rings will be described in section 5.2 of the next chapter. During the solder application 

process, flux (Flux #5-OA, Indium Corp.) is used to prevent oxidation of the solder and 

the nickel so that the solder can attach well to the nickel wetting ring. Some flux residue 

will be left on the actuator and silicon after this process. Because certain components in 

the flux are volatile and there are perhaps other contaminants on the actuator and the 

orifice plate, it is necessary to clean the actuator and the orifice plate to remove all these 

contaminants. It is claimed by the flux vendor that the flux residue can be dissolved in 

warm water with a temperature of more than 60 ˚C. Therefore, the actuator and the 

orifice plate are soaked in DI water with a temperature of about 70 ˚C to remove the flux 

residue. In order to remove other contaminants, both components are cleaned by acetone, 

methanol and IPA, then rinsed by DI water and dried in the hood. 

Besides the actuator and the orifice plate, another key component in the 

assembled valve is a 50 µm thick, tin-plated copper foil preform cut from copper tape 

(Copper foil tape, 3M) as shown in figure 4.12. In assembly, the preform is placed 

between the actuator and the orifice plate to enable both the 50 µm mechanical spacing 
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between them and the electrical contact to the actuator plate. The inner diameter of the 

preform is slightly larger than the alignment mark patterned on the orifice plate, so that 

the alignment mark can be observed under the microscope during assembly of the 

actuator and the orifice plate. The width of the ring on the edge of the preform is about 2 

mm; that dimension is selected to accommodate the space limitations of the vacuum 

fixtures and to ensure sufficient space for soldering wires. The thickness of 50 µm 

ensures that the solder rings can both merge and separate and that the actuator can move 

the sealing plate into the necessary positions. The three uniformly distributed contact 

pads ensure reliable electrical contact with the actuator. In order to make the preform, a 

3D-printed model of preform is placed on top of the copper tape. The shape of the 

preform is sketched by tracing the outline of the preform. A knife is used to cut the 

preform out of the copper tape. This method is effective and flexible. Its biggest 

drawback is that burrs are inevitable during cutting. If these burrs still exist in assembly, 

the initial height between the actuator and the orifice plate would change, possibly 

resulting in operational failure of the valve. Therefore, it is extremely important to 

remove the burrs after cutting with knife. 

Epoxy (Gorilla Epoxy, Gorilla Glue Inc.) is used in assembly to constrain the 

periphery of the preform, the actuator and the orifice plate to prevent relative movement, 

approximating fully constrained boundary conditions. There are two basic requirements 

for the epoxy. First, the curing time should be moderate. If the curing time is too short, 

there would not be any time to adjust the relative positions of components once the epoxy 

is placed. If the curing time is too long, the assembly process will not be time-efficient. 

Second, the epoxy should not degrade during two or three days’ baking out. Several 
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epoxies were tested, and Gorilla Epoxy met both requirements with 5 minutes curing time 

and no observable adhesion degradation after 3 days’ baking out. 

 
Figure 4.12 Photograph of the preform cut out of the copper foil tape 
 

After solder application and pre-cleaning of the actuator and the orifice plate, the 

assembly of the complete valve is carried out under the stereo microscope as shown in 

figure 4.13. In order to align the metal perform well with the orifice plate, the inner 

diameter of the preform should be concentric with the alignment mark pattern on the 

orifice plate, so that the alignment mark is still observable under the microscope. The 

actuator is then shifted in-plane until its perimeter aligns with the concentric alignment 

patterns defined on the orifice plate. A very small amount of conductive grease is used 

between the contact pads of the preform and the back-side electrodes of the actuator to 

ensure solid electrical connections. Epoxy is placed uniformly around the periphery of 

the actuator. The assembly is then placed on a 3D-printed testing platform after one day 

of curing time to ensure firm adhesion of the epoxy. Conductive grease is also used 
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between the contact pads on both the platform and the heater. The wires are soldered to 

provide power for the heater and the actuator. The schematic and photograph of the 

assembly of the complete device mounted on a 3D-printed platform is shown in figure 

4.14 below. 

 
Figure 4.13 Photograph of stereo microscope used to inspect the alignment of the 
assembly 
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Figure 4.14 (a) Schematics of explode view of components and assembled valve, and (b) 
photograph of an assembled device on a 3D-printed platform 
 

Because of the limited number of the actuators and the orifice plates, it is very 

beneficial to disassemble the complete valve and reuse the components to assemble a 

valve again. Tests were done and demonstrated that although the epoxy used was not 

soluble in acetone, the epoxy lost its adhesion after one-day acetone bath. It is very easy 

to remove the epoxy blob from the assembly after soaking in acetone, disassemble the 

complete device, and reassemble another complete valve. 
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Chapter 5 

TESTING 

The final valve must be able to provide repeatable and leak-free sealing during 

operation. Each component and structure must work together properly. This chapter 

describes the individual component tests, along with the testing of the overall valve 

performance. The characterization of the displacements and forces of the actuators are 

described first. Then the wetting short loop tests that characterize solder wetting on the 

sample test dies are described. The system testing includes both testing of the valve 

actuation and testing of the valve’s flow and leak characteristics.  To enable testing of the 

valve’s flow and leakage characteristics, the parasitic leaking rate of the vacuum test 

setup has to be measured. The characterization of the valve’s vacuum test setup is 

described, followed by the characterization of the performance of the complete assembled 

valve device. 

5.1 Actuator Test 

The center-plate deflections and blocking forces of both fully-actuated (with 

uniform polarity) and half-actuated devices are measured across a range of actuating 

voltages. In order to apply a voltage across the actuator, solder connections are made to 

the top-side electrode of the device.  Each device is then mounted on three pieces of pre-

cut, 50 µm thick, tin-plated copper foil tape that are evenly distributed around the outer 

edges of the actuators, making contact with the reverse-side electrode of the actuator. A 

thin layer of conductive grease ensures electrical contact between the tape and the 

reverse-side electrode of the actuator. The pieces of tape are soldered together to ensure 
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that a common voltage is applied to the three tethers even in case of unexpected electrode 

discontinuity on the actuator itself. In addition to making contact with the reverse-side 

electrodes, the tape acts as a mechanical spacer above the underlying surface, ensuring 

that the center of the actuator can move both up and down without constraint from the 

substrate. The tape and actuators are attached by epoxy to a 3D-printed platform to 

approximate fully constrained boundary conditions (figure 5.1). DC voltages with 

amplitudes between 30 V to 110 V are applied in 10 V increments with a DC power 

supply (MASTECH® HY5005E-2) and a high voltage amplifier (WMA-005, Falco 

Systems), causing the central plate of the actuator to move out of plane. To record 

displacements, a manual micrometer (Newport® 461 Series) is positioned above the 

central plate prior to actuation; a metal tip has previously been glued at the actuator’s 

center (figure 5.1). The initial position at which the micrometer makes contact with the 

metal tip on the central plate is determined using the continuity function of a digital 

multimeter. The voltages are then applied, and the micrometer is adjusted to the height at 

which it again just barely makes contact with the metal tip. The difference between the 

micrometer positions at which contact is barely made with the voltage applied and with 

zero voltage is the measured displacement of the actuator under that actuating voltage. 

The manual measurement approach introduces error bars of +/- 3 µm, reflecting the 

ability of a human hand to rotate knobs by small increments. Three repeated displacement 

measurements are made at each voltage for each type of actuator. The average of the 

three measurements is recorded as the deflection for that voltage and actuator. The 

figures 5.2a and 5.3 show schematics and photographs of the test setup to measure the 

deflection of the actuators. 
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Figure 5.1 Photograph of a sample actuator on a 3D-printed platform 
 

 
Figure 5.2 Schematic diagrams of test setups for a) deflection measurements and b) 
blocking force measurements. 

Multimeter (Electrical short detection mode)

Micropositioner

Metal tip
Actuator

Spacer
Platform

Position readout Instron tester (13 mN preload)

Force readout from desktop
a

b
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Figure 5.3 Photograph of the test setup to measure the deflection of the actuator 

 

Figure 5.4 plots analytical, FEA, and experimentally-measured results for 

unipolar deflection versus actuating voltage for both half-actuated and fully-actuated 

devices. The results show that for both actuators, the displacements increase 

monotonically with the applied voltage, as predicted. The fully-actuated device 

consistently offers greater displacement than the half-actuated device. The measured 

deflection of the device with fully-actuated tethers is about 0.235 µm/V, whereas the 

device with the half-actuated tethers deflects about 0.155 µm/V. The maximum unipolar 
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deflection at an applied voltage of 110 V is about 29 µm. This value is less than the 

minimum unipolar deflection of 35 µm that is required by the system modelling. 

However, it should be noted that 35 µm is obtained from the assumption of solder 

separation in a relatively unrealistic worst case. In the tests of the assembled valve later in 

this chapter, the translational deflection of the actuator of 29 µm is large enough to open 

and close the valve. 

 
Figure 5.4 Measured, analytical and FEA predicted out-of-plane displacement for 
actuators with both half-actuated tethers and fully-actuated tethers 

 

To measure the blocking forces of both the half-actuated and fully-actuated 

devices, each device is mounted on the previously-described platform, which is then 

anchored on the stage of a mechanical tester (Instron 5943); a schematic of the test set up 

is shown in figure 5.2b. Figure 5.5 shows a photograph of the test setup to measure the 

force of the actuator. The mechanical tester applies a 13 mN compressive preload on the 

central plate of each device to ensure a reliable contact between the tester and the device. 

measured	/	fully-actuated
analytical	/	fully-actuated
FEA	/	fully-actuated

measured	/	half-actuated
analytical	/	half-actuated
FEA	/	half-actuated
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A DC voltage is then repeatedly applied to and removed from the actuator. Although 

periodic application of the voltage would cause an unconstrained actuator to deflect 

upward and back to its zero voltage position in a periodic fashion, the stiff load cell of the 

mechanical tester constrains the actuator’s deflection to approximately zero. The 

difference in force measured by the load cell in the actuated and zero voltage conditions 

therefore corresponds to the actuator’s blocking force. Averaging over three repeated, 

periodic measurements ensures that the measured force is in fact the blocking force rather 

than a one-time experimental artifact. The experiment is repeated for DC voltages that 

range between 30 V and 110 V in increments of 10 V, and the results are recorded for 

each voltage. The results are plotted in figure 5.6, together with the analytical and finite 

element predictions.  The blocking forces for the actuators with fully-actuated tethers and 

with half-actuated tethers are 15 mN and 9 mN, respectively, both of which meet the 

required force specification of 9 mN.  
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Figure 5.5 Photograph of the test setup to measure the blocking force of the actuator 
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Figure 5.6. Measured, analytical and FEA predicted blocking force for actuators with 
both half-actuated tethers and fully-actuated tethers 
 

5.2 Wetting Short Loop Test 

The purpose of the wetting tests is to identify the wetting geometries and 

experimental conditions under which the solder can propagate along the entire 

circumference of the wetting ring. The tests were run on the wetting test dies, and the 

results were used to guide the design and experimental protocols for the real devices. The 

hotplate was used to manipulate the solder on the test die. The test procedures are listed 

below and are shown in figure 5.7: 

1. The solder (Indalloy #282, Indium Corp.) is purchased as a roll of ribbon with 

thickness of 0.002 inch and width of 1 inch. A portion of solder is then cut from 

the solder strip roll. The area of the cut solder should be able to cover the entire 

wetting ring. The solder is dipped into the flux and placed directly over the 

measured	/	fully-actuated
analytical	/	fully-actuated
FEA	/	fully-actuated

measured	/	half-actuated
analytical	/	half-actuated
FEA	/	half-actuated
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wetting ring; the wetting ring is located on a hotplate. The hotplate is then turned 

on, and its temperature is set to between 150 to 170 °C. The solder is watched 

until it melts and reflows to form a sphere. 

2. A nickel wire with a diameter of 0.5 mm is used as a solder wick. The tip of 

nickel wire is dipped into the flux. With the wetting ring test die still heated up on 

the hotplate, the tip of the nickel wire is poked into the melted solder. The excess 

solder wets the nickel wire, and the redundant solder is removed.  

3. Step 2 is repeated until a clear wetting ring is obtained. 

 
Figure 5.7 Photographs of procedures of wetting short loop tests on a test sample chip 
with wetting rings that have the same width of 250 µm. 
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After the test, the height of the solder is measured using a micrometer. All of the 

results are included in table 5.1. The test results show that the inner and outer radii have a 

major impact on the propagation of the solder, whereas the width has a lesser effect if the 

width W is not too large. (Ring width mainly determines the initial height of the solder.) 

For each specific width of the wetting ring, there is a critical value of outer radius 

corresponding to this width. If the outer radius of the wetting ring is larger than this 

critical value, the solder cannot propagate along the wetting ring. In the range of the 

width of the wetting ring less than the critical value, the smaller the radius of the wetting 

ring, the more uniformly the solder can be applied. 

For the test sample die with wetting rings that have the same width of 250 µm, the 

integrity of the solder ring can be observed by eye. As shown in step 3 of figure 5.7, the 

solder can propagate along the wetting ring if the outer radius of the wetting ring is less 

than 1050 µm. This is true of four of the wetting rings shown, including the lower three 

rings and the upper right ring with the outer radii of ≤ 1050 µm. In these cases, the 

successful solder wetting is visible as a pronounced ring that appears brighter than it did 

before solder wetting. Also shown in figure 5.7 are two wetting rings (those in the upper 

left and upper center) that have radii larger than 1050 µm. These rings are only dimly 

visible in the image, indicating that the ring is mostly not wetted with solder. (A few 

isolated bright spots indicate localized solder wetting.)  

For test sample dies with wetting rings that have widths of less than 250 µm, 

because the width is very small, a stereo microscope is used to observe the integrity of 

the wetting ring. As shown in figure 5.8, the solder structure is discontinuous in certain 

regions on a sample wetting ring with a width of 100 µm, an outer radius of 600 µm, and 
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an inner radius of 500 µm. Similar discontinuities are also observed on the sample ring 

with a width of 50 µm, an outer radius of 550 µm, and an inner radius as 500 µm. 

 
Figure 5.8 Photographs of a) the wetting ring test sample with a width of 100 µm, an 
outer radius of 600 µm, and an inner radius of 500 µm; b) zoom-in in the circled region 
where solder structure breaks at lower left corner. 

 

Figure 5.9 shows two integrated solder rings with 100 µm width as viewed under 

the microscope. It is clear that wetting rings with smaller radius tend to exhibit more 

uniform solder structure for the same ring width. However, if the wetting ring is small, it 

is more difficult to manipulate the solder. The solder wetting of rings with 50 µm width 

show similar trends. 
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Figure 5.9 Photographs of a) the wetting sample with width of 100 µm, outer radius of 
450 µm and inner radius of 350 µm, and b) the wetting sample with width of 100 µm, 
outer radius of 200 µm and inner radius of 100 µm. 
 
 
Table 5.1 The height of the solder measured by a micrometer for the wetting ring with 
different dimensions 

Wetting ring 
width W Outer radius ro Inner radius ri 

Propagate along 
wetting ring Solder height 

250 µm 

1750 µm 1500 µm No N/A 
1250 µm 1000 µm No N/A 
1050 µm 800 µm Yes 57 
750 µm 500 µm Yes 53 
600 µm 350 µm Yes 50 
350 µm 100 µm Yes 52 

100 µm 

1600 µm 1500 µm No N/A 
1100 µm 1000 µm No N/A 
900 µm 800 µm No N/A 
600 µm 500 µm No N/A 
450 µm 350 µm Yes 17 µm 
300 µm 200 µm Yes 20 µm 
200 µm 100 µm Yes 20 µm 

50 µm 

850 µm 800 µm No N/A 
550 µm 500 µm No N/A 
400 µm 350 µm Yes 9.5 µm 
250 µm 200 µm Yes 10.1 µm 
150 µm 100 µm Yes 9.4 µm 
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5.3 Valve Actuation and Leak Tests 

The ultimate goal of the leaking test is to characterize the performance of the 

assembled valve. However, before the valve performance can be characterized, the 

parasitic leak rate of the entire vacuum test setup must be obtained because it directly 

affects the accuracy of the experimental results.  (In other words, if the test setup exhibits 

a given degree of parasitic leakage even for a “simulated valve” that has no flow orifice 

at all, the measurement of that same degree of leakage for a real valve that includes a 

flow orifice cannot be attributed to the valve itself.)  This section reports measurements 

of the parasitic leakage of the valve test set up, followed by the characterization of the 

assembled valve’s opening and closing process and its resulting flow rate in the open 

state and leak rate in the closed state. 

5.3.1 Parasitic Leaking 

The measured leak rate of the assembled valves must be interpreted in the context 

of the parasitic leakage from the test setup itself. Therefore, the first priority is to 

characterize the parasitic leakage of the test setup. 

Consider that one portion of the test set up is evacuated to near zero pressure and 

another portion of the test set up is exposed to atmospheric pressure.  The two spaces are 

separated by the valve (in real device testing) or by a blank, solid plate (in 

characterizations of the system’s parasitic leak rate). Then the total leaking rate L, which 

includes leakage through the sample under test and the parasitic leakage (including 

outgassing) from the test setup, can be calculated as 
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where dPr/dt is the time rate of change of the pressure, Pa is the atmospheric pressure, 

and Vr is the volume of the test setup at the vacuum side. This equation indicates that 

leaking rate Lr can be indirectly inferred by measuring the time rate of change of the 

pressure in the sealed space on one side of the test die while 1 atmospheric pressure is 

applied at the other side.  

The basic design of the test setup is as follows.  The device is sealed to a stainless 

steel test jig by quad rings.  The test jig contains machined flow paths that permit access 

to the valve device, including a vacuum connection on one side of the valve and a 

connection that will be used to supply atmospheric pressure on the other side of the valve.  

Additional design features are included to minimize the system’s parasitic leakage, as 

described below. The stainless steel test jig includes welded KF-25 connection ports 

suitable for connecting the jig to a system of bellows vacuum hoses, external valves, and 

pressure sensors, as described further below. 

In order to determine the parasitic leakage of the test setup, which can include 

leakage at the sealing rings, other leakage of the test jig, and outgassing of the surfaces, 

several leaking tests were run with a blank plate (a solid die with no flow orifice) in place 

of the valve. It is obvious that there is no leakage through a blank die, so that any leakage 

detected by the test setup would be the parasitic leakage of the test setup itself.  When the 

leak rate of the assembled valves is subsequently tested, the results should then be 

interpreted in the context of the leakage rates that are measured using a blank die. To 

lowest order, one can imagine subtracting the parasitic leak rate from the valves’ 
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measured leak rate. The interpretation must be considered carefully, however, given the 

existence of a certain degree of variation among measurements of leak rate.  For example, 

if the scatter and other sources of error exceed the difference between the measured valve 

and parasitic leak rates, then the results will be consistent with (but not proof of) a leak-

free seal.  

If the leak rate though the sample is lower than the parasitic leak rate by a 

significant amount (e.g. more than one order of magnitude), it becomes much harder to 

decouple the two signals, and the uncertainty in the valve’s measured leak becomes larger. 

Therefore, it is very important to minimize the parasitic leakage from the test setup. The 

first step to reduce the parasitic leakage is to reduce the outgassing. This can be done by 1) 

thoroughly cleaning the blank die and other key parts, such as jigs and sorption trap, in an 

acetone bath, to remove the possible contaminants on the surfaces, then drying in a hood 

completely, 2) baking out the systems before the tests, and 3) using components made 

from the materials with low outgassing rate, such as using ultra-high vacuum grease 

instead of normal vacuum grease and replacing the nitrile rubber sealing rings with Viton 

ones. The second step to minimize the parasitic leakage is to optimize the structural 

design of the test setup. 

The schematic of test setup design is shown in figure 5.10 below. In this design, 

all the vacuum connections are of KF-25 standard type. This type of vacuum connections 

is commonly used in industry and rated to work well in the pressure as low as 10-9 Torr. 

With conventional vacuum components being used for the external test setup, the design 

of the test jig becomes the key factor to reduce parasitic leakage. Stainless steel was 

chosen for the test jig instead of a lighter, more readily machined metal, such as 
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aluminum alloy, because the outgassing rate of stainless steel is smaller than that of 

aluminum.  

The most important design feature is the addition of secondary vacuum space that 

surrounds the quad-ring seal to the device. If the vacuum of the test space were inside the 

quad-ring seal, where the valve is, and atmospheric pressure were outside the quad-ring 

seal, a pressure difference across the quad-ring would drive flow into the test space, 

adding a significant parasitic leak rate. (Such a parasitic leak rate was observed in the 

apparatus of Dighe (2014), for example.) Instead, a secondary vacuum space is created in 

the test jig to insulate the internal vacuum space from the external atmospheric pressure. 

The vacuum isolation space may experience leakage flow across the rings that seal it 

from atmospheric pressure, but leakage across the sealing quad-ring to the internal (test) 

vacuum space will be driven only by the pressure difference between the vacuum 

isolation space and the vacuum test space, thereby minimizing parasitic leakage.  

This is implemented via a side flow path in one half of the test jig, as highlighted 

in the red circle in figure 5.10. The side flow path connects the chamber between the 

bigger sealing ring and two smaller sealing rings directly to the pump. When the pump 

starts, the pressure in the chamber decreases gradually. During the tests, any leakage 

flowing into the top side of the die needs to pass through the bigger sealing ring first and 

then into this vacuum chamber. Then the leakage needs to pass through the top inner 

sealing ring to enter the top side of the die. However, since the pressure difference 

between the chamber and the top side of the die is very small, it is very difficult for the 

leakage to flow in. The 3D schematic of each piece of the jig is shown in figure 5.11. In 
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this way, the test apparatus tests leakage across the valve (plus outgassing) rather than 

leakage the quad-ring seals.  

To further reduce this parasitic leakage, the surface finish for the jigs is very high. 

The roughness of the contact surfaces with sealing rings is 0.5 to 0.6 µm. The common 

nitrile o-rings are replaced by Viton quad-rings because the outgassing of Viton is much 

lower than that of nitrile at moderately high temperature, and the sealing effect of quad-

rings is better than that of common o-rings. Moreover, thorough cleaning and baking-out 

at about 120 °C are carried out for several days before the tests. Due to the moderately 

high temperature environment, high temperature high vacuum grease (Apiezon PFPE 501 

Grease, M&I Materials Ltd.) is used to seal all the connections.  

 
Figure 5.10 Schematic of the vacuum test setup, showing in the red circle the side flow 
path connecting the chamber between the bigger sealing ring and two smaller sealing 
rings directly to the pump. Green schematically represents the test fixture. 

Side flow 
path 
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Figure 5.11 Schematics of the cross-sections of a) top jig, b) bottom jig and c) assembly 
of the overall test jig 

 

As shown in figure 5.10, the top side of the test device (blank die or valve) is 

connected to an MKS pressure sensor and an Adixen roughing pump, while the bottom 

side is connected to the atmosphere via valve 1. During testing, the pressure on the top 

side is monitored, and the measured pressures are transferred into the computer via a PCI 

6221 National Instruments Data Acquisition (DAQ) card. Then LabView is used to 

record and store the data in a file that can be opened by Matlab for data processing. 

Figure 5.12 shows the entire test setup. During testing, if the pressure in any of 

the system’s interior spaces is lower than that of the pump, the oil vapor will flow back 

and contaminate the samples, sealing rings, jigs, bellows and valves. Contamination in 

turn leads to increased outgassing and reduced resolution in the measurement of the 

valve’s leak rate. To avoid oil contamination, a sorption trap in figure 5.12 below, is 

added before the pump to absorb any back flow of oil vapor. 

a) 

b) 

c) 
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Figure 5.12 Photographs of the entire test setup, including vacuum pump, sorption trap, 
jigs, bellows, valves, pressure sensors and heating strip 

 

The testing method for the blank die leaking rate is as follows: 

1. Close valve 1, 2 and 3. Turn on the roughing pump, and open valve 2. Open valve 

3 slowly. 

2. Turn on the heating tape that wraps around the test jig and set the temperature at 

120 °C. 

3. After 2 to 3 days of pumped bake out, turn off the heating tape and wait for 3 to 4 

hours to let jigs cool down to room temperature. 

Vacuum pump 

Sorption trap 

Valve 1 Valve 2 Valve 3 

Pressure sensor 1 

Pressure sensor 2 

Heater 

Jigs 
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4. Close valve 2 and 3. Then turn off the roughing pump. Slowly open valve 1 to 

introduce 1 atmospheric pressure to the bottom side of the test die gradually. 

5. Start measuring and storing the pressure rising data and use equation (5.1) to 

obtain the leaking rate at the interval between pumped bake-outs 

6. Repeat step 1 to 5 but with about 1 day of pumped bake out, until the blank die 

achieves a baseline leakage of around 1.5×10-4 sccm. 

As shown in figure 5.13, in order to reach the blank die baseline leakage, the total 

baking-out time for the five tests is 126 hours, while the total pumping-down time is 

around 155 hours. Five tests were conducted to measure the leaking rate of the blank die 

at intervals during the pump out. The leaking rate after the fifth test is 1.5×10/0 sccm. 

The parasitic leaking rate from the jigs used in Dighe (2014) is around 3×10/0  to 

5×10/0  sccm. The performance of this vacuum test setup is better than that used in 

Dighe (2014). 
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Figure 5.13 Parasitic leaking rate of vacuum test setup. The total backing-out time is 126 
hours and the total pumping-down time is 155 hours 

 

To ensure that the baseline of the blank die leaking rate is consistently 1.5×10-4 

sccm, another five leaking tests with 1 atmosphere pressure drop across the blank die 

were conducted. As shown in figure 5.14, the results of five tests are in good agreement, 

with a range of blank die leaking rate from 1.41×10-4 sccm to 1.64×10-4 sccm. The 

average leaking rate is around 1.51×10-4 sccm. The results confirm that the blank die 

leaking rate with 1 atmosphere pressure differential across the die is 1.5×10-4 sccm. It is 

reasonable to say that the error bars for the leaking rate readings are -0.1/1.51 = -6.6% 

and +0.13/1.51 = +8.6%. It should be noted that this blank die leakage also represents the 

parasitic leakage of the test apparatus, including the leakage from outside of the test 

apparatus through sealing rings and outgassing from inside of the test apparatus. 
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Figure 5.14 Plots of measured pressure vs. time of a blank die with 1 atmosphere pressure 
differential across 

 

In order to find out the dominant factor of the parasitic leakage of the test 

apparatus (leakage from outside or outgassing from inside), the blank die leaking rates 

were measured under the conditions of different pressure differential across the blank die 

of 0 Torr, 50 Torr, 100 Torr, 300 Torr, 500 Torr and 1 atmosphere pressure. The results 

shown in figure 5.15 demonstrate that all of the plots of pressure rise over time with 

different pressure across are very close. If the dominant factor of the parasitic leakage of 

the test apparatus were the leakage from outside, then the leaking rate with 1 atmosphere 

pressure differential across the blank die should be the highest, and the leaking rate with 

0 Torr pressure differential across the blank die should be the lowest. However, the 

results show that the leaking rate with 0 Torr pressure differential across the blank die is 

actually the highest (but still very close to the other values), with a measured leaking rate 
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of 1.63 ×10-4 sccm. Leaking rates measured for other values of pressure differential 

across the blank die are around 1.5×10-4 sccm. The results confirm that the dominant 

factor of the parasitic leakage of the test apparatus is outgassing from inside. The average 

leaking rate in these tests is measured at around 1.48×10-4 sccm. 

 
Figure 5.15 Plots of measured pressure vs. time of blank die with 0 Torr, 50 Torr, 100 
Torr, 300 Torr, 500 Torr and 1 atmosphere pressure differential across 
 

5.3.2 Valve Actuation and Leakage Tests  

The purpose of the leaking test is not only to measure the flow rate in the open 

state and the leaking rate in the closed state, but also to characterize the parameters for 

the valve’s operation and to identify the number of cycles over which the valve can work. 

The ideal situation is to actuate the assembled device in situ, directly in the vacuum test 
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chamber, and then to test the flow performance of the device. In other words, when the 

device is actuated to open, measure the flow rate in the open state, and when the device is 

actuated to close, measure the leaking rate in the closed state. However, this would 

require complex wiring in the small chamber space and possible redesign of the test jigs. 

Instead, the device is actuated outside the chamber and then is reinserted into the vacuum 

chamber for flow and leakage testing.  

The device is actuated on a 3D-printed actuation test platform outside of the 

chamber as shown in figure 5.16 below. Two DC power supplies are used. One power 

supply energizes the resistive heater to melt the solder. Several orifice plates were tested 

solely to see at what voltage applied the solder would melt. The results show that the 

range of voltage at melting is 10 to 11 V, which is very close to the value of 11 V 

predicted by modeling in Chapter 3. With this model validation, it is reasonable to expect 

that in the closed state, the solder can also be melted at a voltage of about 13 V as 

predicted by modeling of the closed state. The other power supply actuates the actuator to 

open or close the valve by the application of 110 V in the necessary polarity. Then the 

device is sealed in the vacuum chamber. At first, both sides of the device are pumped 

down to the base vacuum level of 1.5×10-4 sccm . Then, one side of the valve is left at 

vacuum, while the other side is ventilated gradually to 1 atmosphere of pressure. The 

pressure increase over time is monitored by the pressure sensor, and the data from which 

flow rate in the open state or the leaking rate in the closed state will be calculated are 

stored in the computer. The initial state of the assembled device is in open state. The 

detailed testing procedure is as follows. 
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1. Place the assembled device into the vacuum chamber and test flow rate in the 1st 

open state. 

2. Take the valve out of the chamber, place it onto the 3D-printed actuation test 

platform, and solder the wire connections to the top-side electrode of the actuator 

and the spacer. Energize the heater at the voltage of around 11 V to melt the 

solder and actuate the actuator to move downward to close the valve. Shut off the 

power supply to the heater. Wait for a few seconds to allow the solder to solidify 

and shut off the power supply to the actuator. 

3. De-solder the wire connections to the top-side electrode of the actuator and the 

spacer. Small soldering stubs that fit in the vacuum chamber are left to ease re-

soldering in subsequent actuation tests. Place the assembled device in the closed 

state into the vacuum chamber again to measure the leaking rate in the 1st closed 

state. 

4. Again, take the sample out of the chamber and place it onto the 3D-printed 

actuation test platform and re-solder all the necessary wire connections using the 

soldering stubs left in the previous cycle. Energize the heater at a voltage of 

around 13 V to melt the solder, and actuate the actuator oppositely to move 

upward and open the valve. Shut off the power supply to the heater. Wait for a 

few seconds to allow the solder to solidify and shut off the power supply to the 

actuator. 

5. De-solder the wire connections and place the sample in reopen state into the 

vacuum chamber to measure the flow rate in the 2nd open state. 

6. Repeat step 2 to 5 to see if the valve can work more cycles. 
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Figure 5.16 Photograph of an assembled device on a 3D-printed actuation test platform 
 

 
Figure 5.17 Plots of measured pressure vs. time (reflecting flow into the vacuum space) 
in the open state, both the 1st open state (red) and the 2nd open state (blue) 

 

Two devices were tested using this approach. Both devices operated through a 

complete cycle of open to close to open. The flow rate tests of one valve are described in 

detail below; the second valve was tested primarily to explore the ability to undergo 
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repeated valve opening and closing rather than to corroborate the valve’s leak rate. As 

shown in figure 5.17, the open-state flow rate is measured at 530 sccm both before initial 

valve actuation and after the valve’s reopening. This result is obtained by fitting a straight 

line to the segment of the curve from the origin to near the achievement of 760 Torr. 

In order to test the leaking rate of the assembled valve in the closed state, pumped 

bake out was conducted on the vacuum chamber again. Figure 5.18 shows the 

comparison of the leaking rate of one of the closed valves at the intervals of pumped bake 

out and the leaking rate of the blank die at the intervals of pumped bake out. It is 

surprising that it takes only about 70 hours to bake out the closed valve and reach a 

steady leaking rate value of 1.7×10-4 sccm, compared with about 155 hours for the blank 

die to obtain 1.5×10-4 sccm. One possible reason is that the pumped bake out test for 

blank die was conducted first. The inside surfaces of the vacuum test apparatus, including 

the vacuum chamber, bellows, fittings, valves, etc. absorbed a lot of molecules and vapor. 

Therefore, it took a longer time to reach the baseline leaking rate of blank die. The valve 

tests were conducted after the blank die test was down. Therefore, the following pumped 

bake out for the closed valve didn’t take as long of a time to reach the steady leaking rate 

of the closed valve.  It is also notable, however, that the leak rate of the closed valve 

plateaus at a slightly higher flow rate than is observed for the blank dies. 
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Figure 5.18 the comparison of leaking rate of closed valve at the intervals of pumped 
bake out and leaking rate of blank die at the intervals of pumped bake out. 

 

As mentioned in 5.3.1, the error bars for the blank die leaking rate readings are -

6.6% and +8.6%. It is natural to assume that the leaking rate of the closed valve has a 

similar error range. To obtain the leaking rate of the closed valve, a Matlab code was run 

to divide the entire curve into 5 uniform segments. Then the leaking rate of each of these 

five segments was calculated. The largest value was chosen as the leaking rate of the 

entire curve. Then the valve’s closed-state leak rate (figure 5.19) is measured in the range 

of 1.59 x 10-4 sccm to 1.85 x 10-4 sccm with error bars. The average leaking rate is 1.7 x 

10-4 sccm.  

The closed-state leak rate of the valve does not accurately describe the system’s 

leakage because it includes fixture leakage and outgassing in addition to valve leakage. 

(Outgassing is dominant in this system, as was demonstrated previously for the blank 



	 137 

plate.) The blank plate flow rate is measured in the range of 1.4 x 10-4 sccm to 1.64 x 10-4 

sccm with error bars, average of 1.51 x 10-4 sccm. The average closed-state leak rate of 

the valve exceeds the blank plate value by about 2 x 10-5 sccm, and this provides a more 

realistic estimate of the valve’s leak rate in the closed state. The maximum leak rate 

suggested by the data corresponds to the maximum valve leak rate minus the minimum 

blank die leak rate, or 4.5 x 10-5 sccm.  The minimum leak rate suggested by the data 

corresponds to the minimum valve leak rate minus the maximum blank die leak rate, or 0 

sccm (zero leakage).  The results are therefore consistent with a leak-free seal. This result 

is also suggested by figure 5.19, in which the measurement uncertainty overlaps for the 

closed-state and blank plate pressure-rise measurements. The upper bound leakage value 

of 4.5 x 10-5 sccm places a lower bound of 107 on open-to-closed valve flow rate ratio. 

The potentially lower values of leakage as described above correspond to higher values 

of the open-to-closed valve flow rate ratio, with the ratio approaching infinity for the case 

of a leak-free seal, which is not ruled out by the present measurements.   
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Figure 5.19 Plots of the measured pressure vs. time (reflecting leakage into the vacuum 
space) of a valve in the 1st closed state (red) and of a blank silicon chip (without a flow 
orifice) tested in the same vacuum chamber. 

 

Although the results leave open the possibility of a leak-free seal in the valve’s 

closed state, it is likely that a greater degree of leakage or outgassing occurs for valves in 

the closed state than for blank dies. Although the present experiments cannot entirely 

eliminate the possibility of leakage through the flow orifice, a likely explanation is 

increased outgassing in the closed valve as compared with the case of the blank die. 

Potential sources of this increased outgassing include any residual flux and the epoxy that 

connects the actuator to the die. The warm-water clean of the flux residue is likely not 

adequate for high vacuum performance. In addition, epoxy is generally considered to be a 

poor vacuum material because of its significant outgassing at low pressures. Better 

performance could be obtained by affixing the actuator to the die by alternative means, 

such as by a solder bond.  Although solder could secure the components together without 
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the adverse outgassing effects of epoxy, epoxy had the advantage of permitting the 

structures to be reversibly bonded for the purpose of this first-generation test system.     

The use of a helium leak detector (if available) could enable leakage across the 

valve to be distinguished from outgassing from the components of the valve. In helium 

leak detection, helium would be released onto one side of the valve while the leak 

detector pumps on the other side of the valve.  The detection of helium in the pumped 

space would indicate some combination of leakage in the valve testing fixture (already 

shown to be substantially less than the outgassing) and leakage across the valve itself. 

After the first tests of valve opening and closing, both valves were actuated to 

drive a subsequent closing cycle.  In both cases, the attempt to close the valve for a 

second time was unsuccessful.  When this happened on the first valve, all of the electrical 

connections and epoxy were checked to see if there were any broken circuits or epoxy 

adhesion degradations after the long-time bake out. However, all of the structures seemed 

intact. Next, the distribution of the solder after the close/open cycle was considered. In 

particular, the possibility was considered that during the last opening cycle, most of the 

solder might have migrated to one of the wetting rings, causing the solder on one wetting 

ring to be much higher than the solder on the other. The possibility was also considered 

that the solder might have become discontinuous on either or both of the wetting rings. 

Either of these failure modes could have resulted in an unsuccessful seal in a subsequent 

closing cycle. To examine these possibilities, the first valve was disassembled by soaking 

it in acetone for one night so that the heights and integrity of the solder could be checked. 

Upon inspection, it was found that the solder still propagated around the wettings rings, 

and that the height of the solder did not change significantly.  
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In order to rule out the possibility of defective components, a second valve was 

assembled with new components to test its ability to undergo repeated opening and 

closing. However, the second valve also failed in the attempt to close it for a second time. 

This fact indicates that there must be other possible reasons that are responsible for the 

valve’s failure on subsequent cycles. One likely reason is that solder could be forming an 

oxide layer over its surface from exposure to air. For standard soldering, flux is added 

manually to prevent oxides from interfering with the formation of solder bonds. It is 

possible that because flux was not added on the solder prior to the second closing cycle, 

oxides on the solder surface prevented the valve from sealing shut.  

Another possible explanation is that the actuator and the orifice plate were not 

well positioned relative to each other based on current assembly technique. It was very 

time- and labor-consuming to align the components under the microscope, and lateral 

offset could place the solder rings on the orifice plate and the actuator plate near the 

limits of where sealing can be successful. In this case, any slight deviation in the solder 

structure or epoxy-maintained plate positions between sealing cycles could prevent 

successful sealing.  

Out-of-plane (vertical) spacing between the orifice plate and the actuator plate is 

another possible factor. The thickness of the current foil tape used as the preform was 

quantized in units of thousandths of an inch (25.4 m m). In other words, the thickness of 

the preform could be optimized only at the scale of the actuator’s motion, and not with 

any finer resolution. This limited resolution of the vertical spacing strongly restrains the 

potential to control the separation between the actuator and the orifice plate. If any 

deviations occur in the solder structure or other assembly parameters during valve 
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operation, a poorly-optimized spacing can exacerbate their effects on the ability to 

contact the solder rings and create a seal.   

Last but not the least, burrs on the edge of the preform might be another reason 

why repeated sealing has not been achieved. The preform was cut out of the copper foil 

tape using a knife instead of by other, non-contact methods, like laser cutting, so that the 

presence of burrs on the edges of the preform was inevitable. Although significant effort 

was spent in removing the burrs, it was still possible some burrs remained. The remaining 

burrs could change the initial spacing between the actuator and the orifice plate, or they 

could tilt the actuator in assembly. The possible solutions to all these potential reasons 

will be discussed in the next chapter.  
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Chapter 6 

CONCLUSIONS AND FUTURE WORK 

6.1 Key Contributions 

6.1.1 Design, Modeling and Demonstration of Actuator 

One of the major contributions in this dissertation is the design, modeling and 

successful demonstration of the compact, planar, translational piezoelectric bimorph 

actuator with Archimedes’ spiral actuating tethers that did not exist when the project 

started. The current compact and planar actuator with fully-actuated tethers can move 

straight up and down to merge and separate the solder with enough displacement of 29 

µm and force of 15 mN. The use of PZT-5A material guarantees that the actuator can 

survive the moderately high temperature. 

6.1.2 Solder Sealing Technique 

Solder sealing plays a key role in achieving reliable ultra-low leak rate. The 

previous design by Dighe et al. (2014) demonstrated reliable sealing using solder. 

However, in that design, once the solder ring with high aspect ratio reflows and shuts the 

valve, it cannot be opened again. In the current design, the flow orifice is surrounded by a 

solder ring with low aspect ratio, so that instead of sealing the orifice upon melting, the 

solder ring seals to the central plate that is brought into contact with it by the actuator. 

The performance of this sealing technique was proved in the tests of the assembled valves. 
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6.1.3 Design, Modeling and Demonstration of the Assembled Device 

The major task for the entire project is to make a resealable ultra-low leak micro 

valve using solder sealing for vacuum applications, and to operate it for as many cycles 

of opening and closing as possible. The valve is assembled from the piezoelectric 

actuator and the orifice plate, the dimensions of which are chosen to ensure that the 

mechanical, thermal, and sealing behavior of the system permits the overall valve to 

function properly. Two assembled valves were made. Both valves successfully 

demonstrated an initial open state, valve closing, and valve re-opening. However, both 

valves failed to close for a second time. In the open state, the flow rate was measured at 

530 sccm. The upper bound for the leak rate in the closed state was calculated at 4.5×10-5 

sccm, which places a lower bound of 107 on open-to-closed valve flow rate ratio. This 

lower bound on leak rate compares favorably with other high performance valves, such as 

Yang (2004) and Hirano (1997), in which the open-to-closed flow rate ratio is measured 

at 106. It is also true that the lower bound on the measured leak rate is consistent with a 

leak-free seal.  Advanced leakage testing, for example with a helium leak detector, would 

be required to further refine the value of the measured leak rate. 

6.2 Challenges 

6.2.1 Actuator 

Two types of actuators were fabricated: one with fully-actuated tethers, and the 

other with half-actuated tethers. The displacements and the blocking forces were 

measured for both types of actuators. The fully-actuated device consistently offers greater 

displacement and blocking force than the half-actuated device does, as predicted. The 
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maximum unipolar deflections at an applied voltage of 110 V for the fully-actuated 

device and half-actuated device are about 29 µm and 17 µm, respectively. The blocking 

forces for the actuators with fully-actuated tethers and with half-actuated tethers are 15 

mN and 9 mN, respectively. Clearly, the actuator with fully-actuated tethers offers better 

performance and was chosen as the actuator in the valve. 

The major challenge in the actuator was the risk of the nickel wetting rings 

peeling off during solder wetting because the initial thickness of the nickel layer on the 

PZT plate was only 300 nm thick. To remedy this problem, electroless plating of nickel 

was conducted to further thicken the nickel wetting rings by 1 µm. The wetting tests after 

nickel plating successfully demonstrated firm and reliable solder wetting without peeling 

off. 

6.2.2 Assembled Valve 

Two devices were assembled, and both successfully demonstrated operation in the 

valve’s initial open state, after closing, and after re-opening as described above. However, 

both valves failed in the attempt to close them for a second time. This represents a serious 

limitation on the system’s performance, and potential reasons for this limited 

performance were discussed in detail in chapter 5.  To summarize, the candidate reasons 

for this failure to reseal were identified as follows. First, it is possible that an oxide forms 

on the solder sealing surfaces. In the absence of further application of flux, it is possible 

that this particular type of solder was unable to bridge the oxide barrier to re-merge the 

solder rings and seal the valve. Second, it is possible that the relative positions of the 

actuator and of the orifice plate were not ideal. If their positions were marginal for the 
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first closing cycle, any small deviations between the first and second closing cycles (e.g. 

solder redistribution or mechanical instability of the epoxy that binds the actuator to the 

orifice plate upon thermal cycling) could move them out of sealing range. For example, 

their positions could be misaligned in the plane, or their out-of-plane spacing could be 

too large to enable the solder to contact the orifice plate. Any positional deviations could 

be worsened by the potential for unexpectedly large or non-parallel gaps between the 

actuator and the orifice plate due to burrs on the edges of the mechanical spacer that set 

their relative positions. 

6.3 Potential Solutions in the Future 

6.3.1 Solder with Lower Oxide Growth Rate or Fluxless Soldering 

The oxide layer over the solder’s surface might be one of the reasons that the 

valve failed to close for the second time. The presence of an oxide layer at the solder’s 

surface potentially could be addressed by choosing another solder that is not prone to 

grow oxide at such a high rate, such as Sn/Ag solder. However, the possible tradeoff is a 

higher melting point, which means the design of the valve would likely need to be 

modified, for example by using a different piezoelectric material with a higher degree of 

thermal tolerance, redesigning the size of the membrane, etc. Another possible solution is 

to use fluxless soldering. In fluxless soldering, standard flux is not used.  Rather, 

ultrasonic excitation breaks up the oxide layer over the solder surface to enable the solder 

to merge, or plasma exposure removes the oxide from the surface. However, the 

ultrasonic power must be chosen very carefully to avoid breaking the membrane. A third 

possible approach to addressing the challenge of oxide on the solder would be to pattern 
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protruding wetting rings on one of the sealing surfaces. The protrusions could potentially 

localize the force on the oxide-covered solder, enabling the actuator to break through the 

oxide coating.  A larger force capacity actuator may also be useful in mechanically 

breaking through the oxide layer.   

6.3.2 Micromachined Positioning Pins and Holes 

The current assembly process is time- and labor-consuming. Any small physical 

perturbation or mental distraction can ruin the assembly work. One possible solution in 

the future is to use micro positioning pins and matching micro positioning holes instead 

of alignment marks as shown in figure 6.1. Positioning holes can be cut through on the 

edge of the actuator by laser. The position pins can be patterned by using SUEX dry film 

local lamination on the orifice plate. The patterned thickness can be up to 1 mm, and the 

lateral accuracy can reach 10 µm. This material can also withstand a temperature of 200 

ºC.  Alternatively, micro positioning features may be patterned as through holes on the 

actuator and as through or non-through holes on the orifice plate; dowel pins may then be 

inserted through the actuator and into the orifice plate to maintain their alignment until 

the structures are permanently fixed in place.  
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Figure 6.1 Schematic of assembly using position pins and holes. Note that the metal 

preform is not included. 

6.3.3 Thin Metal Shim 

The current thickness of the preform can only be optimized at the scale of 

thousandths of an inch (25.4 µm). This limited resolution of the vertical spacing strongly 

limits the potential to accurately control the separation between the actuator and the 

orifice plate. If any deviations occur in the solder structure or other assembly parameters 

during valve operation, a poorly-optimized spacing can exacerbate their effects, limiting 

the ability to contact the solder rings and create a seal. Thinner metal shims with more 

finely-spaced thickness choices could provide a valuable solution. To gain more control 

of the spacing between the solder structure and the orifice plate, the preform can be made 

out of single-layer shim, a stacks of shims, or even a protruding layer that is 

monolithically integrated into the actuator or orifice plate itself (e.g. a plated bump of 



	 148 

known height). An anticipated challenge with using thinner and/or multiple shims is how 

to keep the preform(s) flat and firmly adhered to the surface of the orifice plate. 

6.3.4 UV Laser Cutting or High Resolution Water Jet Cutting 

Remaining burrs are inevitable when preforms are created using knife cutting. 

The most promising solution is to use UV laser cutting or high precision water jet cutting 

to cut the preform. 

6.3.5 Helium Leak Detection to Distinguish Through-Orifice Leakage from Outgassing 

In the future, it would be ideal to more precisely distinguish between true leakage 

through the valve’s orifice, leakage into the test space via the test fixture itself, and 

outgassing from the valve or other internal surfaces of the test fixture. By admitting 

helium gas to one side of the sealed valve and using a helium leak detector to monitor 

helium on the opposite side of the sealed valve, a measurement of genuine leakage (as 

opposed to outgassing) may be obtained. Some amount of baseline leakage will be 

inevitable, for example if helium escapes the test fixture and re-enters the test fixture on 

the nominally helium-free side of the valve. However, the use of a helium leak detector 

would be expected to substantially refine the measured value of the valve’s leakage and 

to place a more accurate lower bound on its values of open-to-closed state flow rate ratio.  
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APPENDIX 

Appendix A 

The equations for the Archimedes’ spiral in the Cartesian coordinate system are given by 

 𝑥 = 𝑎𝜃𝑐𝑜𝑠𝜃 (A.1a) 

 𝑦 = 𝑎𝜃𝑠𝑖𝑛𝜃 (A.1b) 

These yield 

 𝑡𝑎𝑛𝜑 =
𝑑𝑦

𝑑𝑥
=

𝑠𝑖𝑛𝜃+𝜃𝑐𝑜𝑠𝜃

𝑐𝑜𝑠𝜃−𝜃𝑠𝑖𝑛𝜃
 (A.2a) 

 𝑡𝑎𝑛𝛾 = 𝑡𝑎𝑛(𝜑 − 𝜃) =
𝑡𝑎𝑛𝜑−𝑡𝑎𝑛𝜃

1+𝑡𝑎𝑛𝜑𝑡𝑎𝑛𝜃
 (A.2b) 

Substitution of (A-2a) into (A-2b) yields 

 𝑡𝑎𝑛𝛾 = 𝜃 (A.3) 

Application of the basic rules of trigonometrical transformation yields 

 𝑐𝑜𝑠𝛾 =
1

√1+𝜃2
 (A.4a) 

 𝑠𝑖𝑛𝛾 =
𝜃

√1+𝜃2
 (A.4b) 
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 𝑐𝑜𝑠𝜑 =
𝑐𝑜𝑠𝜃−𝜃𝑠𝑖𝑛𝜃

√1+𝜃2
 (A.4c) 

 𝑠𝑖𝑛𝜑 =
𝑠𝑖𝑛𝜃+𝜃𝑐𝑜𝑠𝜃

√1+𝜃2
 (A.4d) 
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Appendix B Microfabrication Process for Orifice Plate 

B.1  Experiment equipment and materials 

 Thermco 10K tube furnace 

 SVG/Thermco 7000 LPCVD Nitride diffusion furnace 

 LAM 590 plasma etcher 

 LAM 490 plasma etcher 

 STS/Multiplex ICP DRIE 

 Solitec 5110 photoresist spin coater 

 Temescal VES2550 metal evaporator 

 HMDS oven 

 Blue DDC-146C Prebake oven 

 Blue DDC-146C Postbake oven 

 VWR hotplate 

 Electronic Visions 620 mask aligner 

 Matrix 106 asher 

 6 inch quarts wafer 

 OCG-825 positive photoresist 

 OCG-934 developer 

 AZ 5421 image reversal photoresist 

 AZ 4620 thick photoresist 

 AZ 440 developer 

 Piranha solution (sulfuric acid and peroxide) 
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B.2  Fabrication process 

1. RCA clean wafer. 

2. Grow 500 nm thick silicon oxide layer on both sides of wafer by wet thermal 

oxidation in Thermco 10K tube furnace at 1050 ˚C. 

3. Grow 2.1 μm thick layer of silicon nitride over oxide layer using LPCVD process 

in SVG/Thermco 7000 LPCVD Nitride diffusion furnace. 

4. Remove nitride layer on one side of wafer using LAM 590 plasma etcher for 6 

minutes. 

5. Remove oxide layer on the same side of wafer using LAM 590 plasma etcher 

for 2 minutes. 

6a. Place wafer in HMDS oven at 180 ˚C to apply HMDS as an adhesion promoter 

for photoresist. 

6b. Spin coat 1 μm thick OCG-825 positive photoresist on silicon side of water (not 

nitride side). 

6c. Prebake wafer in the prebake oven for 30 minutes at 90 ˚C. 

6d. Expose in Electronic Visions 620 mask aligner for 2 seconds using 

mask1_alignment. 

6e. Develop the photoresist using developer OCG-934 for one and half minutes or 

until patterns are clear; rinse with DI water; blow dry with N2. 

6f. Postbake wafer in the postbake oven for 30 minutes at 120 ˚C. 

6g. Etch 0.5 μm thick alignment marks on the silicon side of wafer using LAM 490 

plasma etcher for one and half to two minutes. 

6h. Piranha clean to remove photoresist; rinse with DI water; blow dry with N2. 
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7a. Place wafer in HMDS oven at 180 ˚C to apply HMDS as an adhesion promoter 

for photoresist. 

7b. Spin coat 1.5 μm thick AZ 5214 image reversal photoresist on nitride side of 

water (not silicon side). 

7c. Prebake wafer in the prebake oven for 30 minutes at 90 ˚C. 

7d. Expose in Electronic Visions 620 mask aligner for 5 seconds using 

mask2_x_heater_liftoff. 

7e. Postbake wafer on the hotplate for 1 minute at 120 ˚C. 

7f. Flood expose in Electronic Visions 620 mask aligner for 50 seconds. 

7g. Develop the photoresist for one and half minutes or until patterns are clear; rinse 

with DI water; blow dry with N2. 

7h. Place wafer in metal evaporator to deposit 100 nm thick chromium on nitride 

side as the adhesion layer for gold, followed (without breaking vacuum) by the 

deposition of a 1 μm thick layer of gold. 

7i. Soak wafer in an acetone bath overnight to lift off the metal and remove the 

photoresist; rinse with DI water; blow dry with N2. 

8a. Place wafer in HMDS oven at 180 ˚C to apply HMDS as an adhesion promoter 

for photoresist. 

8b. Spin coat 1 μm thick OCG-825 positive photoresist on nitride side of water (not 

silicon side). 

8c. Prebake wafer in the prebake oven for 30 minutes at 90 ˚C. 

8d. Expose in Electronic Visions 620 mask aligner for 2 seconds using 

mask3_x_holes. 



 164 

8e. Develop the photoresist using developer OCG-934 for one and half minutes or 

until patterns are clear; rinse with DI water; blow dry with N2. 

8f. Postbake wafer in the postbake oven for 30 minutes at 120 ˚C. 

8g. Etch holes with diameter of 100 μm through nitride using LAM 590 plasma 

etcher for 6 minutes. 

8h. Etch holes with diameter of 100 μm through oxide using LAM 590 plasma etcher 

for 2 minutes. 

8i. Remove photoresist using Matrix 106 asher; rinse with DI water; blow dry with 

N2. 

9a. Place wafer in HMDS oven at 180 ˚C to apply HMDS as an adhesion promoter 

for photoresist. 

9b. Spin coat 1.5 μm thick AZ 5214 image reversal photoresist on silicon side of 

water (not nitride side). 

9c. Prebake wafer in the prebake oven for 30 minutes at 90 ˚C. 

9d. Expose in Electronic Visions 620 mask aligner for 5 seconds using 

mask4_metal_liftoff_new. 

9e. Postbake wafer on the hotplate for 1 minute at 120 ˚C. 

9f. Flood expose in Electronic Visions 620 mask aligner for 50 seconds. 

9g. Develop the photoresist for one and half minutes or until patterns are clear; rinse 

with DI water; blow dry with N2. 

9h. Place wafer in metal evaporator to deposit 100 nm thick titanium on silicon side 

as the adhesion layer for nickel, followed (without breaking vacuum) by the 

deposition of a 0.5 μm thick layer of nickel. 



 165 

9i. Soak wafer in an acetone bath overnight to lift off the metal and remove the 

photoresist; rinse with DI water; blow dry with N2. 

10a. Place wafer in HMDS oven at 180 ˚C to apply HMDS as an adhesion promoter 

for photoresist. 

10b. Spin coat 10 μm thick AZ 4620 thick photoresist on silicon side of water (not 

nitride side). 

10c. Prebake wafer in the prebake oven for 60 minutes at 90 ˚C. 

10d. Expose in Electronic Visions 620 mask aligner using mask5_metal_liftoff_new; 

expose for 15 seconds, idle for 5 seconds; repeat for 4 cycles. 

10e. Develop the photoresist using AZ 440 developer for one and half minutes or 

until patterns are clear; rinse with DI water; blow dry with N2. 

10f. Mount the handle quartz wafer on the nitride side of wafer. 

10g. Postbake wafer in the postbake oven for 60 minutes at 90 ˚C. 

10h. Etch through silicon using DRIE; stop at oxide layer to form membrane and 

single die. 

10i. Soak wafer in an acetone bath overnight to lift off the metal and remove the 

photoresist; rinse each piece of die with DI water; blow dry with N2. 
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B.3 Masks 

mask1_alignment 
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mask1_alignment zoomed-in 1 
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mask1_alignment zoomed-in 2 
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mask2_x_heater_liftoff 
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mask2_x_heater_liftoff zoomed-in 
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mask3_x_holes 
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mask4_metal_liftoff_new 
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mask4_metal_liftoff_new zoomed-in 
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mask5_metal_liftoff_new 
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mask5_metal_liftoff_new 
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