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Chapter 1

1 Introduction

Abstract

The first chapter gives an impression of the fascinating world of microvalve and the
significance of the achievements of microsystems research for present and future. This
chapter presents the motivation and the project goals of the work presented in this thesis.
Finally the structure of the thesis is presented.



Chapter 1

1.1  Motivation of the work

The work presented in this thesis is generated in the frame of the project “Micro and
Miniaturized Flow Controller for Gas Chromatography” financially supported by the Dutch
Technology Foundation (STW). The aim of the project is to develop a miniature instrument
for the control of gas flow known as flow controller. An important application of the flow
controller is gas chromatography. Gas chromatography is a method for separating substances
in a mixture and measuring the relative quantities of substances. It is a useful technique for
substances that do not decompose at high temperatures and when a very small quantity of
sample (micrograms) is available. Since there is a strong trend to miniaturize these systems as
small systems use small amounts of materials and smaller samples for analysis, small flow
controllers are demanded. Flow controllers are comprised of controllable valves, flow sensors
and control electronics. The research subject in this project is directed mainly to miniature
valve, which currently forms the bottleneck in the development of the miniature flow
controller. In this thesis a new design of a valve is proposed, which has the attractive feature
that no power is required to keep the valve at a freely chosen position. To achieve the
aforesaid objective to realize a controllable valve with no power consumption to keep the
valve at a freely chosen position, a combination of micromachining and conventional fine
machining is explored.

1.2 General introduction

One of the key building blocks for successful miniaturization and commercialization
of microfluidic systems is the development of reliable microvalves. In recent years a great
deal of research has been conducted to design and develop microvalves for different fluidic
systems. These systems involve the integration of many individual steps performed in
chemical analysis. This requires the ability to control flow and transport of reagents and
samples throughout different parts of the system with lowest amount of fluid leakage.
Microvalves have been developed in the form of active or passive microvalves employing
mechanical, non mechanical and external systems. Despite the fact that great progress has
been made during the last two decades, there is plenty of room for further improving the
performance of the existing microvalves.

1.3 Literature study

The present microvalves can be broadly categorized as shown in Table 1-1. Generally
they fall into two categories: passive and active microvalves. Passive micro-valves are simply
check valves. These microvalve systems are mostly silicon based but some non-silicon based
passive microvalves have also been produced. They are mainly used to restrict the flow in
one direction. Passive microvalves are most commonly used in micro-pump applications.
Very small leakage is required for passive microvalves. The response time, time that is the
transition time during the open-to-close or close-to-open, is another important parameter for
the passive microvalve applications.

Active micro valve systems use actuators to regulate the flow and obtain the desired
flow rate. Active microvalves are complicated systems compared to passive ones. There are
multiple different actuation methods used in active microvalves.
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Active microvalves; using mechanical and non mechanical moving parts as well as
external systems, and passive microvalves; use mechanical and non-mechanical moving parts
[1]. Active valves are further categorized into three groups according to their actuation
principles. In the first category, the mechanical active microvalves are realized using the
MEMS based bulk or surface micromachining technologies, where mechanically movable
membranes are attached to magnetic, electric, piezoelectric or thermal actuation methods. In
the second category, the unconventional non-mechanical active microvalves can be actuated
by the use of smart or intelligent materials. These microvalves may hold moveable
membranes which are actuated due to their functionalized smart materials such as phase
change or rheological materials. The third is the external active microvalves actuated by the
aid of external systems such as built-in modular or pneumatic means. A modular valve
structure comprising a fluid structure valve part, a drive part and a plurality of different valve
components. Additionally, the microvalves based on their initial modes, can be divided into
normally open, normally closed and bistable microvalves [1].

A variety of actuation principles are used to actuate the mechanical moving parts in
the active microvalves. Figure 1-1shows the actuation principles widely in use in the
microvalve structures. Though, the configurations of these valves could be different (open or
closed valve) but the structures are very similar. Generally they have a deflectable membrane
and a valve seat with inlet and outlet or a deflectable membrane with groove or channel.
When the membrane is deflected, it seals the inlet on the valve seat or closes the valve or it
changes the channel geometry to control the flow. This deflected membrane is coupled to
magnetic [2-13], electric [16-27], piezoelectric [29-38], thermal [39-57] or other actuation
methods [58-66]. These active microvalves are realized using MEMS based bulk or surface
micromachining technologies. Table 1-2 gives an overview of the performance of the
demonstrated active microvalves.
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Table 1-1: Classification of microvalves [1].

Categories
Active Mechanical Magnetic External magnenc.ﬁ?lds
Integrated magnetic inductors
. Electrostatic
Electric Electrokinetic
Piezoelectric
Bimetallic
Thermal Thermopneumatic Shape
memory alloy
Bistable
Non-mechanical  Electrochemical
Hydrogel
Phase change Solo—gel
Paraffin
. Electro-rheological
Rheological Ferrofluids
External Modular Built-in
Rotary
. Membrane
Pneumatic .
In-line
Flap Membrane
Passive Mechanical Check valve Ball
In-line mobile structure
Non-mechanical Diffuser
Abrupt
. Liquid triggered
Capillary Burst
Hydrophobic valve
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Figure 1-1: Actuation principles of active microvalves with mechanical moving parts: a) electromagnetic b)
electrostatic c) piezoelectric d) bimetallic e) thermopneumatic and f) shape memory alloy [1].
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Table 1-2: Mechanical active microvalves [1].

On/off switching Flow regulation Leakage
Reference Type Mechanical Mode Fluid V?ilr;?g preMsztre On/off for(c}?;)err:st:ie/ Me;;uwred Applied grgssliler: I\fee:li:;d ngsltxeri

part (ms) (kPa) Power deflection (uimin-1)  Power (kPa)  (uimin—1)  (kPa)
Terry et al [2] EM M NC G
Yanagisawa et al [3] EM M NO \% 7.5E-13
Meckes et al [4] EM M NO G 0.8 mN 0.025 A
Bae et al [5, 6] EM M NO L 2.3 kPa 0.06 A
Krusemark et al [7] EM Ball NC G
Oh et al [8] EM Ball NC L 1300 000 1.0A 1 21
Fuetal [9] EM Ball NO G 10 500 000 02A 50
Ohetal [10, 11] EM Pinch NC L 207 0.12A 836 000 0.16 A 8.2 0 207
Ahn’s group [12] EM Integrated NC G 025A 5.6 4.8
Ahn’s group [13] EM Integrated NC DI 025 A 39 4.1
Shikida et al [16, 17] ES M NO G 200 V 1 000 0.1
Goll et al [18] ES M NO N2 60V 25 pm 12 000 110
ﬁ‘;‘iens‘m and Wise ES M NO G 0.1 80V 087 075
Schailble [20] ES M NC 1
Wijngaart et al [21] ES M NC Air 15 um 366 V 500
Wijngaart et al [21] ES M B Air S pm 24V 100
Yobas et al [22, 23] ES M NO Air 82.7
Yang et al [27] ES M NC N2 45000 136 V 900
Yang et al [27] ES M NC He 6 170
Roberts et al [29, 30] PE M NC G 17 pm 12 600 500V 260
Rogge et al [31] PE M NC N2 2 193 245V 50 pm 30 200
Rogge et al [31] PE M NC DI 0.0133 100
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Continued part of Table 1-2

On/off switching Flow regulation Leakage

Reference Type Mechanical Mode Fluid Vfilr;,l?g prelvlsz);.re On/off for(c;z;];?r:asl::re/ Me;;uwred Applied 1{,\\1’255'1;2 I\;I::]f:;d Qzlsp;fri

part (ms) (kPa) Power deflection (uimin—1)  Fower (kPa)  (wimin-1)  (kPa)
Shao et al [32] PE M NC N2 0.7 70 000 50
Peirs et al [33] PE Ball NO DI 140N 100 V 420 600

6 um
Chakraborty et al [34] PE M NC Air 10 pm
Yang et al [35] PE M NC He 52 000 v 2070 5 550
Waibel et al [36-38] PE Lip NC Ink 80 pm 190 140V 0.002 1
Jerman [39] BM M NC N2 150 000 350 30 345
Barth [40] BM M NC Air 200 1035 1000 000 1.03W
Rich and Wise [41] TP M NO G Is 7.4 Pa 034 W 0.016 kPa 05 W
Rich and Wise [41] TP M NO G 400 000 0.0113 1
Ruzzu et al [42] TP M NO G 0.04 W 20 9600 20
Takao et al [43] TP M NO DI 55(0) 02W 20 1 30
85(C)
Yang et al [44, 45] TP M NO DI 134 pm 28.3
Yang et al [44, 45] TP M NO N2 1000 000 0.04 W 228
Baechi et al [46, 47] TP M NO L 150 (C) 3.5 um 024 W
Kim et al [48] TP M NO DI 25s5(0) 02w 40 pm 0.025 W
205 (C)
Kohl et al [53] SMA M NO G 22 20 pm 360 000 022 W 250
Reynaerts et al [55] SMA Pinch NC L 660 (0) 0.12
Fseé']‘ble and Towe SMA Pinch NC L 1's(0) 207 16800 0398W 207
2.55(C)




Continued part of Table 1-2

On/off switching Flow regulation Leakage
Mechanical ) Vqlvmg Max. On/off Generated Measured Applied Applied Measured Applied
Reference Type art Mode Fluid time pressure Power force/pressure/ flow Power pressure leakage pressure
P (ms) (kPa) deflection (ulmin—1) (kPa) (pulmin—1) (kPa)

Tamanaha et al [57] SMA Pinch NC A 235N

406 pm
Goll et al [61] Thermal M B G 47
Fg} and Gerhard EM Cantilever B A 0.3 (C) 125A 5mN

100 pm
Bohm et al [63] EM M B DI 200 pm
Bosh et al [66] EM+ES M B G 0.4 0.2 A (0) 3000 16

30V (C)

EM: Electromagnetic, ES: Electrostatic, PE: Piezoelectric, TP: Thermo-pneumatic, SMA: Shape memory alloy, M: Membrane, B: Bistable, NO:

Normally open, NC: Normally closed, I: Inlet, OL: outlet, G: gas, DI: deionized water, V: Vaccum
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The active microvalves with non-mechanical moving parts include the actuation
principles based on electrochemical [67-71], phase change [72-95], and rheological materials
[96-101]. Phase change actuation includes different actuation mechanism such as the
hydrogel [72-84], solo gel [85, 86] and paraffin [87-95]. Additionally, electro-rheological
materials [96] or ferrofluids [99-101] can be used for the non mechanical active microvalves.
These microvalves are relatively new and cheap compared to the traditional mechanical
active microvalves. These non mechanical active microvalves are of particular interest in
terms of their simple device structure and disposability, making them well suited for life
sciences applications (see Table 1-3).

The active microvalves using external systems include modular built in valves [102-
105], rotational [106-108], thin membrane [109-124] or in line [125-131] microvalves
actuated by the external pneumatic air pressure or vacuum. This is one of the best approaches
in designing the microvalves. It can produce high force and deflection. In certain cases
process gas can be isolated from the actuation. Additionally actuation in this case is
advantageous with no leakage at high inlet pressures. The miniaturization is difficult due to
the requirement of additional external system (see Table 1-4).

The passive microvalves with mechanical moving parts or check valves are integrated
in inlets and outlets of reciprocal displacements micropumps as mechanical moving parts,
such as flaps [140-152], membranes [153-164], spherical balls [166-169] or mobile structures
[170-172]. Passive valves are operational only to forward pressure. This characteristic of the
check valves significantly affects the pumping performance of a reciprocal displacement
micropump. Leakage in the check valves reduces back pressure and pumping rate in the
micropump (see Table 1-5).

The passive microvalves without mechanical moving parts, also known as valveless
micropumps, using some sort of nozzle [174-179], diffuser [180-184], or Tesla elements
[185,186] have been extensively used in inlets and outlets of reciprocal displacement
micropumps. Another approach to control the flow, where advantage of the large surface to
volume ratio in microfluidic systems is taken, is the passive capillary microvalves utilizing
the geometries or the surface properties in the microchannels [187-197].

Most active microvalves actuate mechanical moving parts using magnetic [3-13],
electric [16-27], piezoelectric [29-38], thermal [39-57] or other actuation methods [58-66].
The microvalves for pressure or flow control normally employ magnetic actuation in the form
of solenoids to drive membranes or pistons, since they can generate large forces and
deflections rapidly. For small structures, electrostatic actuation becomes more attractive.
However, it is difficult to achieve high forces and large deflections because of the extremely
high voltages required. Piezoelectric actuation can provide very high forces, but very small
deflections even with the high voltage. Thermal actuation provides large forces via large
strokes, but is slow in response and may not be appropriate for certain fluids due to heat
dissipation. Bistable actuation is ideal in terms of power consumption, since it requires power
only during the change between two stable modes. Bistable actuation device is capable of
changing its operating condition between a stable rest position and a stable work position.



Table 1-3: Phase change microvalves [1].

Pressure

Reference Type Phase change material Valving channel Mode Fluid Time (kPa) Power
Liu et al [74] Hydrogel (2D) pH sensitive hydrogel In-line PDMS NO pH buffers 12s 390
Liu et al [74] Hydrogel (3D) PH sensitive hydrogel In-line PDMS NO pH buffers 19s 184
Baldi et al [76] Hydrogel Glucose sensitive hydrogel PDMS membrane NO Glucose 32 min (O)
with a Si bump 18 min (C)
Baldi et al [76] Hydrogel pH sensitive hydrogel PDMS membrane NO pH buffers 7 min (O) 59
with a Si bump 13 min (C) 59
Richter et al [78] Hydrogel Temperature sensitive hydrogel In-line Si NC Methanol 0.35(0) 840 02W
(Tc =34 °C, swelling at T < Tc) 2s(C)
Yuetal [79] Hydrogel Temperature sensitive hydrogel In-line glass NC Water 3.55(0) 1380
(Tc =32 °C, swelling at T < Tc) 5s(C)
Liu et al [85] Sol-gel Pluronics sol—gel In-line PC NC PCR mixture 138
(Tc =5 °C, liquid at T < Tc)
Tashiro et al [86] Sol-gel Methylcellulose sol-gel In-line glass/Si NO Methyl- 1s 2W
(Tc =55 C, liquid at T < Tc) cellulose
Carlen and Mastrangelo [87] Paraffin Logitech bonding wax Parylene membrane NO Gas 0.05-0.15 W
(Tm = 72 °C, volume expansion)
Selvaganapathy et al [88] Paraffin Logitech bonding wax Parylene membrane NO DI 15 ms 160 0.04 W
(Tm =72 °C, volume expansion)
Klintberg et al [91] Paraffin Paraffin Corrugated silicon NO Gas
(Tm =45 <C, volume expansion) membrane
Pal et al [92] Paraffin M1595 wax In-line glass/Si B PCR mixture 2s 1725 0.015W
(Tm = 85 °C, phase change)
Liu et al [93, 94] Paraffin Paraffin In-line PC B PCR mixture 10s 275
(Tm =70 <C, phase change)
Gui et al [95] Ice Water (phase change) In-line NO Water 15s(C) SA
Yoshida et al [96] Electro-rheological ER fluids (viscosity change) In-line NO ER 02s 60% of supply 4 kV mm—1
pressure
Hartshorne et al [99, 100] Ferrofluid Ferrofluids (600 cP) In-line NO DI 15-30's 12
Ohetal [101] Ferro-wax Paraffin-based ferrofluids In-line B DI 3s 345

(Tm = 68 I 74 °C, phase change)

NC: normally closed microvalve, NO: normally open microvalve, B: bistable, ER: Electro-rheological material, DI: deionized water, O: opening, C:

closing

10
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Table 1-4: Pneumatic microvalves (Externally operated microvalves) [1].

Reference Type Mode Applications Thickness Pneumatic Vacuum Resistible
(um) pressure (kPa) pressure (kPa) pressure (kPa)
Takao etal [111] Membrane NC or NO Pressure amplification 10 —80 to + 80
Mathies group [114-116]  Membrane NO PCR 150 69-83 4
Mathies group [117, 118]  Membrane NC or NO PCR 254 40 20
Go and Shoji [120] Membrane NO On/oft switching 10
Kanai et al [121] Membrane NO On/off switching 30 20
Lee etal [122] Membrane NO On/oft switching 200
Baek et al [123] Membrane NO On/off switching 200
E(;sdgkawa and Maeda Membrane NC On/oft switching 25 60 10
Taylor et al [125] Membrane NO On/off switching 138
Yuen et al [126] Membrane NC or NO On/off switching By manual screwing 690
Quake’s group [127, 128]  [n-line NO On/off switching 10 60
Studer et al [130] In-line NO On/off switching 100
Wheeler et al [131] In-line NO On/off switching 140
Wang et al [133] In-line NO On/oft switching 200-550
Rolland et al [139] In-line NO On/off switching 170

NC: Normally closed, NO: Normally open, PCR: Polymer chain reaction

11
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Table 1-5: Passive check microvalves with mechanical moving parts, such as flaps, membranes or balls [1].

Forward flow

Reverse flow

. Valve size Orifice size Flow rate Applied Flow rate Applied

Reference Type Actuator Fluid (pm) (um) (pulmin—1) pressure (kPa) (ulmin—1) pressure (kPa)
Zengerle et al [140, 141] Flap (cantilever) ES 1700 x 1000 x 5 400 x 400
Xu et al [142] Flap (cantilever) SMA 3300 x 1200 x 12 700 x 2500
Yang et al [143] Flap (bivalvular) None DI 780 x 1580 x 2 25 x 1580 1600 450 4
Oosterbroek et al [149] Flap (duckbill-like) None L 1000 x 300 x 5 192 3042 30
Sim et al [150] Flap (cantilever) TP DI 1300 x 1000 x 2 350 x 350 470 139 1
Yunetal [151] Flap (cantilever) C DI 660 x 310 x 2.2/0.3 180 x 180 800 0.74 03
Paul and Terhaar [152] Flap (hinged) None 2200 % 150 31500 Diodicity: 1.7
Paul and Terhaar [152] Flap (bridged floating) None G 2200 x 150 21500 Diodicity: 12.8
Feng and Kim [153] Flap (cantilever) PE 3
Lietal [154] Membrane (bridge) PE DI 300 x 300 x 10 @200 1080 000 345
Bien et al [155] Membrane (bridge) None M 400 x 400 x 2.5 100 x 100 2500 1185 11
Hu et al [156] Membrane (bridge) PE DI 960 (hexagon) x 50 900 (hexagon) 35600 65.50.01 600
Feng and Kim [153] Membrane (bridge) PE 4
Chung et al [157] Membrane (bridge) None @1200 x 6
Nguyen et al [158-160] Membrane (bridge) PE DI @1000 x 100 2500 31200 3
Wego et al [161, 162] Membrane (hole) TP 5000 x 7.8 Forward resistance: 950 kPa min pl-1
Bohm et al [163] Membrane (hole) PE or EM @2500 x 7 @200 2000 2.5
Santra et al [164] Membrane (hole) EM @4700 x 100 @200 Forward resistance: 0.0475 kPa min pl-1
Jensen and Gravesen Membrane (bump) None 11000 x 11 000 x 50 1500 x 1500 200 000 70
[165]
Carrozza et al [167, 168] Ball PE 31200 @500
Yamahata et al [169] Ball EM G @700 20 000 10 1000 40
Pan et al [170] Ball EM DI @800 560 <1 5-30
EM: Electromagnetic, ES: Electrostatic, PE: Piezoelectric, TP: Thermo-pneumatic, SMA: Shape memory alloy, M: Membrane, B: Bistable, NO: Normally

open, NC: Normally closed, I: Inlet, OL: outlet, C: closing, O: opening, G: Gas

12
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The presented active microvalves without mechanical moving parts are based on
electrochemical [67-71], phase change [72-94], and rheological [95-101] actuations.
Electrochemical actuation by electrolysis can provide large forces and deflections with
relatively low voltages. The phase change actuation uses materials such as hydrogel [72-84],
sol gel [85, 86] and paraffin [85-92]. Phase change actuation consumes energy in the form of
thermal, pH, electric fields or light, and is very useful in disposable biochip applications due
to its relatively low cost. Electro or magneto-rheological materials can be used as movable
plugs remotely controlled by electric or magnetic fields. Large forces can not be produced by
these actuation principles due to indirect magnetization or polarization by the external fields.

In the life sciences and chemistry applications, the microvalves have one of the most
promising applications. Sealing of bio and chemical reagents without leakage even at high
input pressure and on/off switching is a critical feature in ensuring successful biochemical
analysis. If there exists leakage through the microvalves, leaking reagents contaminate each
other and eventually influence the analysis. Also, it is imperative that the microvalves should
tightly seal reaction chamber, in order to prevent evaporation of reagents and air bubbles
generation at an elevated reaction temperature. In practice, microvalves using external
systems, such as modular and pneumatic microvalves, are very useful due to their excellent
performance in on/off switching or sealing [102-139]. Till today, the pinch type microvalves
with external actuation forces by indirect contact with any flexible polymer based membranes
[111-126], in-line channels [104,105, 127-139] or tubes [8] integrated on the disposable Lab
on chip have been preferred, often because they can provide zero leakage and large resistible
pressure, eliminating the risk of contamination. But in most of the cases miniaturization is
difficult due to the requirement of additional external systems.

While active valves control flow rate by pressure differences and have complex
structures due to their various actuation principles, passive valves only open to forward
pressure and have simple structures, showing diode-like characteristics. In the reverse flow
direction the efficiency of passive valves is relatively poor, since the performance of these
check valves depends on input pressure. This lack of efficiency results in leakage at low
pressure. Despite this drawback, most passive microvalves are incorporated as check valves
in inlets and outlets of reciprocal displacement micropumps: flaps [140-152], membranes
[154-165], spherical balls [167-170], mobile structures [171-173], nozzles [174-179],
diffusers [180-184] or Tesla elements [185,186]. In addition, passive microvalves using
capillary effects are sometimes useful for microfluidic applications since autonomous and
spontaneous valving can be realized due to the geometry [187-195] and surface properties
[196,197] of the microchannels. These passive capillary valves are recommended to block
and pass fluidic flows without sealing at elevated temperatures.

There are several disadvantages for the mechanical active microvalve or passive
check valves integrated with micropumps such as unavoidable leakage and relatively high
cost due to their complicated structures. Though leakage becomes a critical feature for on/off
switching applications, it is not critical for flow regulation applications. Therefore, many
micromachined active microvalves were used for gas or selected liquid regulation [3-6, 8, 10,
14, 16, 17, 20-23, 29, 30, 32, 33, 35-39, 44, 45, 53]. In these applications, an important issue
is the linear operation over wide ranges of pressures or flow rates with low power. For life
sciences applications, non-mechanical active or capillary passive microvalves are preferred
due to the possibilities of low cost and easy integration into the lab on chip devices, as well as
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miniaturization of instruments. If the size of the instruments does not matter, microvalves
using external systems are recommended [102-139]. For example, on/off switching and
sealing in polymer chain reaction systems have been successful using these non-mechanical
active microvalves [92-94], modular microvalves [102, 103] and pneumatic microvalves
[144-117, 134-136].

1.4 Conclusions

In recent years, progress about the design and development of the microvalves has
been very fast. As a result the performance the microvalves has been regularly improved and
features such as leakage flow, workable pressure, power consumption, response time and
biochemical compatibility have been partially addressed and solved. However there is plenty
of room for improving the performance of the microvalves and making them cost effective
for further commercialization.

All of these valves demonstrate very good properties for special applications such as
flow regulation, on/off switching, or sealing of biomolecules, micro or nano-particles,
chemical reagents, oils, water, bubbles, gases, vacuum, and many others. The preferred
characteristics of microvalves include no leakage, controlled flow for high inlet pressures,
control flow at different intermediate states with certain precision such as with 1-2% of full
scale flow, less power consumption, large pressure resistance, insensitivity to particular
contamination, fast response time, potential for linear operation, ability to control the flow for
different pressure regimes with single design. Additionally, the existing valves are not
capable of controlling the flow without power consumption at different intermediate states
during valve operation. To fulfill all these requirements, various approaches have been
explored in the development of the microvalves. Apparently there is no such microvalve that
favors/accommodates all applications.

To fulfill all the aforesaid requirements, a new approach based on fine and micro-
machining has been adopted and presented in the following chapter.

1.5 Outline of the thesis

The research presented in this thesis is focused on the development of gas microvalve
based on fine- and micromachining. A novel concept of combination of fine- and
micromachining is introduced to design and develop a microvalve which offers the
benevolent features of fast response, controlled flow rates at high inlet pressure, no leakage,
low power consumption, ability to control the flow for different pressure regimes, large
pressure resistance and process gas isolation from actuator. In the following a chapter by
chapter of the thesis is given:

In chapter 2 design and modeling of the microvalve based on the combination of fine-
and micromachining is presented. Based on the requirements, different designs are
considered and numerical simulations are performed to improve the design parameters for
better valve operation.

Chapter 3 comprises the work out on the fabrication and the characterization of the
stepper motor actuated microvalve based on the modeling details presented in chapter 2.
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Chapter 4 is based on the characterization of piezoelectric actuated microvalve. This
chapter provides a complete overview about the improved performance of the microvalve
with the use of piezoelectric actuator.

In chapter 5 further development of microvalve is presented. In order to accommodate
more than one pressure regimes in one design, a new design concept of pressure regulation is
introduced. This chapter comprises the design, fabrication and characterization of a pressure
regulator microvalve.

Chapter 6 focuses on the development of the fusion bonded fluidic interconnects. In
this chapter a new technique is presented which establishes a reliable packaging technology
for the connection of MEMS components which operate even at more than 600 °C. This new
approach differs from the previous techniques as the interconnections are realized by the
direct fusion bonding of glass tubes to the silicon.

Chapter 7 presents the conclusions based on the findings in all the chapters.
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Chapter 2

2 Design and Modeling

Abstract

In this chapter design and the simulation of the stepper motor actuated microvalve based on
the combination of fine- and micromachining are presented. A study for different designs is
carried out by using an incompressible gas flow model. Additionally numerical simulations
for a compressible flow models are performed for the improvement of the design parameters
for better valve performance.



Chapter 2

2.1 Introduction

The development of microfluidic systems for biological and chemical applications has
been progressing rapidly in recent years. Typically a microfluidic device consists of pumps,
conduits, connectors, actuators and valves. A fully functional valve is a key component in
many microfluidic systems. A microvalve basically consists of three major components: an
inlet orifice for fluidic flow, a membrane/cantilever beam to open or close the orifice and an
actuator to provide the actuation force.

The application of the microvalves include flow regulations, sealing of gases,
vacuum, chemical reagents and micro or nano particles, on/off switching and many others. To
meet these requirements, there has been variety of actuation mechanisms and methods
employed for construction of microvalves including magnetic [2-13], electric [16-27],
piezoelectric [29-38] and thermal [39-57]. Conventional valves for pressure or for flow
control normally employ magnetic actuation as they can generate large forces and deflections
swiftly. Electrostatic actuation becomes more attractive for its miniaturized structures. But it
requires extremely high voltages to achieve high force and deflections. Similarly
piezoelectric actuation can offer very high forces but very small deflection with very large
voltages. In case of thermal actuation, it can provide large forces by means of large strokes
but slow in response. It might not be appropriate to use thermal actuation for many fluids due
to heat dissipation. In terms of power consumption bistable actuation is preferred as it
requires power only during the transition between two stable modes.

Microvalves also employ other actuation methods such as electrochemical [67-71],
hydrogel [72-84], paraffin [87-95]. In the electrochemical actuation, large force and
deflection can be obtained by electrolysis with relatively low voltage. The use of hydrogel
and paraffin actuation methods consumes energy resources such as temperature, light, pH and
electric fields and are advantageous for their relatively low cost.

Using external systems [102-131] is promising approach in designing microvalves. It
is advantageous with no leakage flows at high input pressures. It is difficult to miniaturize the
system due to the requirement of an additional external system.

Though all the presented microvalves exhibit excellent properties for certain
applications such as flow regulation, sealing of fluids, pressure regulation and many others
but still there is plenty of room to improve the performance of the microvalve. The key areas
to improve the performance of the valve include no leakage, controlled flow for high inlet
pressures, control flow at different intermediate states with certain precision such as with 1-
2% of full scale flow, less power consumption, large pressure resistance, insensitivity to
particular contamination, fast response time, potential for linear operation, ability to control
the flow for different pressure regimes with single design. Additionally, the existing valves
are not capable of controlling the flow without power consumption at different intermediate
states during valve operation.

To accomplish all the aforementioned requirements, a new approach based on fine
and micromachining has been adopted. This approach basically comes under the category of
“active valves using external systems”. The important factors to adopt this approach are:
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e Precise control of flow with a single valve design for different input pressures,
ranging form 1 to 10 bar for different applications such as micro total analysis system,
drug delivery, mixing and chemical analysis such as gas chromatography.

e No power consumption to control the flow at different intermediate states during
valve operation.

e Flow control at different intermediate states with certain precision of 1-2 % of full
scale flow.

A schematic cross-sectional view of the microvalve based on this concept is shown in
Figure 2-1. The valve is composed of two main parts. The first is the fine machined actuation
part. It includes a metal block along with a screw, which is rotated by the stepper motor (an
electromagnetic actuator) mounted on a spring. The screw mechanism is used to convert the
rotary motion of the stepper motor into the translational motion in order to deflect the
membrane to control the gas flow. The second part is the microvalve based on standard
micromachining techniques.

Membrane

Inlet Outlet

Figure 2-1: Schematic cross-sectional view of microvalve based on the combination of micro and fine
machining.

This new approach provides the following benign features:

e [t offers the control of flow at any intermediate state from open to close position.

e [t is not an open and closed valve in a sense that there is no power required to keep
the valve open at any desired state.

e The process gas is isolated from the actuation part.

e The screw which is intact with the membrane provides more strength to it to sustain
high pressure.

e The specific configuration of microvalve is leak tight.
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In this section design and modeling of the microvalve is described. Three different
operational modes with different inlet pressures with their respective flows are considered for
the designing of a microvalve (see Table 2-1). The operational modes are named according to
their relevant flows and pressure differences in between the inlet and the outlet. The criterion
to select the different operational modes is based on designing a single valve for different
applications such as micro total analysis systems, drug delivery, mixing and chemical
analysis such as gas chromatography. The microvalve needs to design in such a way that it
can control the flow at any relative change to its inlet pressure. To derive the specifications of
the valve an existing gas flow model based on the simple geometry shown in Figure 2-2 is
used [198, 199].

2.1.1 Operational Modes

For different operational modes, flow resistance of the valve is calculated and given in
the Table 2-1.
The resistance of the valve is calculated by:

R =

AP
— (D
?,

where R is the flow resistance [Pas/m’], AP is the pressure difference [bar] between inlet and
the outlet of the valve and ¢, is the volumetric flow rate [m*/sec].

Table 2-1: Variable flow resistances for different operational modes.

¢y =200 ml/min
¢y = 3.33x10° m*/sec
R = 120x10° Pas/m’

¢y =20 ml/min
@, =0.33x10° m*/sec
R =2700x10° Pas/m’

Typical Low flow high pressure High flow low pressure
P, =5 bar P, =10 bar P,=1.1 bar

P, =1 atm P,=1 atm P,=1 atm

AP =4 bar AP =9 bar AP =0.1 bar

¢y = 1500 ml/min
¢y =25x10° m*/sec
R = 0.4x10’ Pas/m’

It can be seen that the difference in resistances for different operational modes varies
over three orders of magnitude. The resistance for the ‘Low flow high pressure’ mode is 6750
times larger than the resistance for the resistance for ‘High flow low pressure’ mode. It means
that the valve should provide very high resistance during its operation at ‘Low flow high
pressure’ mode and vice versa. In the next section, analysis for a simple geometry is
presented to verify whether it is possible to fit all operational modes in one valve design or
not.

2.1.2 Gas Flow Model

Figure 2-2 shows a typical design for the microvalve based on micromachining
techniques. The arrows show the direction of the flow of gas. The gap height s changes with
the membrane deflection. By changing the gap height s, the flow resistance is changed to
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control the flow of gas through the valve. Assuming the flow is laminar, incompressible and
fully developed, the variable flow resistance is calculated by [198, 199]:

6uIn(*2)
a,
R =—""1 2)

v 3
VAS

where 4 is dynamic fluid viscosity, a; and a, are the inner and outer radius of the valve seat
respectively and s is the gap height.

‘Membrane

— —_— S

¢

Stepper
motor

Inlet Outlet / - -\\.\. ,
W l w

Figure 2-2: Circumferential flow model.

Flow rate can be calculated as:

3
o, =5 ) (3)

6u1n(%2)
al

@, =60000p  [l/min] @)

To observe the flow behavior through variable resistance for different operational
modes, a valve with typical dimensions of a; = 0.2 mm and a, = 2 mm is considered. Figure
2-3 shows the flow rates for different operational modes as a function of gap height s.

It can be seen that for the ‘Typical’ and ‘Low flow high pressure’ modes, the required
flow reaches at a gap height of 3 um and 9 um respectively. It can also be observed that there
is steep rise in the flow for a smaller change in the gap height. This non linear behavior of the
flow through this particular valve geometry makes it difficult for any actuation principle to
control the flow with the certain precision of 1-2 % of full scale flow with in the range of 3
and 9 um. Hence the combination of stepper motor and screw mechanism (mechanical
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transmission) is not precise enough to deflect the membrane to control the flow of gas
precisely within this range. It is also obvious that only the ‘High flow low pressure’ regime
has enough range to control the flow accurately as required because of larger flow range (see
Figure 2-3).

1.6

' Typical
(4 bar)

Low flow high
14 | pressure (9 bar)

1.2 A

1.0 +

0.8 -

0.6 -

Flow rate I/min

High flow low pressure
(0.1 bar)

3um
04 10.02 I/min  {
; 9um
0.2 /min
0.2 7

00 - ' f T T T _ T T T T T T T T T
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
Gap height um

Figure 2-3: Flow behavior through variable resistance for three different operational modes. Flow reaches it
desired value of 0.02, 0.2 and 1.5 1/min for a gap height of 3, 9 and 59 um respectively for its respective modes.

The Mach numbers are also calculated through the variable resistance to examine
whether the flow is compressible or not. The flow is termed as compressible if the Mach
number is larger than 0.3. The compressible flow is not desirable as the communication of
pressure information through out the flow is not unrestricted and not instantaneous. The
compressibility effects on the important flow variable like the variation in the drag coefficient
with Reynolds number and Mach numbers can severely influence the flow behavior by
producing the step like discontinuities in the fluid flow which can directly affect the
performance of the valve [200]. The Mach number can be calculated as:

YL R )

Cor CupA, c,2mas

air air="v

where c; is the speed of sound in the air, V,, is the mean velocity and 4, is the smallest area
where the gas flows through.

Figure 2-4 shows the Mach numbers for different operational modes. It can be
examined that the Mach number exceeds the value of 0.3 for ‘Typical’ and ‘High flow low
pressure’ modes for their required flow. Hence for ‘Typical’ and ‘High flow low pressure’
regimes the gas flow will be compressible. Compressibility effects have to be taken into

22



Design and Modeling

account as the Mach number exceeds the value of 0.3. Then the assumption of incompressible
flow is no longer valid to predict the behavior of the microvalve.

1.1

1.0~

0.9 - Typical (4 bar)
9 um

0.8 4 Ma 0.88

0.7 A

0.6 A
0.5 A

0.4 1 Low flow high pressure (9 bar)

3 um
Ma 023

Mach number

High flow low pressure (0.1 bar)
59 um
Ma 0.99

0.3 A
0.2 1

0.1 A

0.0 .E:. 1 T T T T T T T T T T T T T
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
Gap height um

Figure 2-4: Mach number for Typical and High flow low pressure modes.

Reynolds number through variable resistance for different operational modes is also
calculated to examine whether the flow is laminar or turbulent. The Reynolds number can be
calculated as:

v
R =L (©)
y7;

where pis the fluid density, V), is the mean velocity, x is the fluid dynamic viscosity and / is
the characteristic length.

For a flow in a pipe for instance, the characteristic length is the pipe diameter if the
cross section is circular, or the hydraulic diameter for a non circular section. The Reynolds
number in case of non circular section is:

Re — meDh (7)
7
where Dy, is the hydraulic diameter and for the variable resistance can be calculated as:
44
R ®)
U na
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where 4, is the smallest area where the gas flows through and U, is the wetted perimeter.

The value of Reynolds number helps to predict the change in flow type. Generally if
the value is less than 2100 then flow is termed as laminar and if it is more than 2100 then it is
termed as turbulent. At smaller values of Reynolds number (Re < 2100) the fluid particles
exhibits no instabilities and the flow is predictable. In case when Reynolds number is larger
than 2100, then the flow is known as turbulent and exhibits instabilities and hence difficult to
predict the flow behavior. The Reynolds number through variable resistance which is not a
circular section can be calculated by equation 7. For the variable resistance the mean velocity
is calculated by:

yo=rr=_Tv_ ©)

Reynolds number in the variable resistance are plotted and shown in Figure 2-5 as a
function of gap height. It can be seen that the flow is laminar for all operational modes as the
Reynolds number is always less than the 2100 for their equivalent gap heights.

From Figure 2-3, Figure 2-4 and Figure 2-5 it can be concluded that, to fit all
operational modes in a single valve design is not possible. The difference in flow resistances
is too large. In order to control the flow precisely, the operation range (gap height) has to be
optimized for each mode. Additionally with these design parameters Mach number value is
higher than 0.3 which is not desirable as the flow will be consider as compressible flow.

2.1.3 Additional resistance

In order to increase the operational range to control the flow more precisely, a static
resistance in series with the variable resistance is introduced. The flow is now calculated by:

AP
R +R,

?, = (10)

where R, is the variable resistance and R, is the static resistance.

A static resistance is a simple channel of different shapes. The shapes and the
equations to calculate the static resistances are given in Table 2-2. Depending on the
operational mode, different channel shapes and dimensions are used. The value of the static
resistance is chosen in such a way that the flow rate is limited just above the required flow
rate. The static resistances for different operational modes are calculated and given in Table
2-3.
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Figure 2-5: Reynolds number in variable resistance for all operational modes as a function of gap height.

Table 2-2: Channel shapes, hydraulic diameter, area and resistance for length I and a fluid dynamic viscosity
[201].

Hydraulic Area Resistance
Shape diameter D), A [m?] R, [Nsm™]
[m]
28.481
h h h2 h 4
w>>h 121
— 2ho | hw |
' w
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Table 2-3: Static resistances for different operational modes.

Typical
Rectangular shape
1=32 mm

w =400 pm

h =60 pm

R, = 110x10° Ns/m’

Low flow, high pressure

High flow, low pressure

Square shape

1=21 mm

h =80 um

R, = 2600x10° Ns/m’

Rectangular shape

1=4.2 mm
w = 1000 um
h =140 um

R, = 0.3x10° Ns/m’

Flow characteristic curves for all operational modes with different static resistances
are shown in Figure 2-6. It can be seen that the flow in all operational modes is limited with
the introduction of the static resistance. In fact, the static resistance controls the flow for the
larger opening (gap height s) of the variable resistance: while for smaller opening variable
resistance controls the flow. The combination of these resistances provides a larger range of
deflecting the membrane for controlling the gas flow. The membrane can deflect 21 um and
12 um instead of 9 um and 3 um for ‘Typical’ and ‘Low flow high pressure’ modes
respectively, which is important for better controllability.

It can also be observed that the introduction of static resistance in series with the
variable resistance provides more linearity in each case. The linear part of the curve
determines the smallest step needed to achieve the full scale control. Full scale flow control
range for all operational modes is given in the Table 2-4. Figure 2-7 shows an enlarged part
of the flow curve for ‘Typical’ operational mode. It can be seen that a flow rate change of 4
ml/min can be achieved with in a gap height change of 0.2 um. The membrane has to be
positioned above the valve seat with a precision of 0.2 um to achieve the controllability of 4
ml/min. The plots for different operational modes to obtain minimum displacement for full
scale control range are given in Appendix A.

1.6
141 High flow |
gh flow low pressu 59 um
(0.1 bar) 1.5 Vmin

1.2 A =

1.0 -
£
E 0.8 -
S
g

0.6
£ 21 m
= 04 | BAa 0.2 I/min

' 0.02 I/min

Typical (4 bar)
0.2 4
Low flow high pressure (9 bar)
0.0 e T T T T T T T T T T T
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
Gap height um

Figure 2-6: Addition of static resistance provides more controllable range and linearity in flow.
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Figure 2-7: Enlarged view of typical flow behavior curve.

Table 2-4: Minimum displacements to achieve the full scale controllability for all operational modes.

Typical Low flow high pressure High flow low pressure
Flow range: Flow range: Flow range:
4-200ml/min 0.4-20 ml/min 30-1500ml/min

Agep = 0.2 pm Agiep = 0.09 um Agiep = 0.8 pm

2.2 Validity of the design model

For design and modeling of the valve for three different operational modes, it is
assumed that flow is laminar, fully developed and incompressible. In order to check the
validity of the modeling for the new design with static resistance in series with the variable
resistance, the Mach number, the Reynolds number and the entrance lengths are calculated.

2.2.1 Mach number

The Mach number gives an indication about the compressibility of the gas flow. The
Mach number in the static resistance and in the variable resistance is calculated by the
following equations:
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Ma, Ve_ o _ o
Calr CairAs CairWh
(11)
Mav=ﬁ_ P _ P
c c. A  2ms

where V,, is the mean velocity, A, = wh m? and 4, = 27as m” are the areas of the static and
the variable resistances respectively, w and / are the width and the height of the channel, a
and s are the radius and the gap height of the variable resistance respectively.

Mach numbers for different operational modes with static resistance in series with the
variable resistance are shown in Figure 2-8.

0.8

Typical (4 bar)

0.6

0.5 4

Low flow high
pressure (9 bar)

0.4 4

0.3 4

Mach number

High flow low
pressure (0.1 bar)

12 um %
0.02 1/min

58 pm
1.5 /min

0.2 +

0.1 41 4

0.0 : i T T T T T T T T T T T T T
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60

Gap height um

Figure 2-8: Mach numbers at the entrance of the variable resistance.

In Figure 2-8, Mach numbers at the entrance of the variable resistance as a function of
gap height are plotted. By comparing Figure 2-4 and Figure 2-8 it can be seen that the
introduction of static resistance considerably reduces the Mach number in all operational
modes. It can also be observed that the Mach number increases as the valve starts to open and
decreases as the valve is fully opened. When the valve is fully opened the value of the Mach
number is less than the critical value of 0.3 in ‘Low flow high pressure’ and ‘High flow low
pressure’ modes. But it is higher in ‘Typical’ mode. In order to have low Mach number for
‘Typical’ mode, the size of the static resistance and the orifice needs to be large which is not
desired to miniaturize the valve.
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2.2.2 Reynolds number

The Reynolds number provides information whether the flow is laminar or turbulent
for the particular geometry. The Reynolds number in general can be calculated as:

R =2 (12)

where p is density, V,, is the mean velocity and / is characteristic length.

For a flow in a pipe for instance, the characteristic length is the pipe diameter, if the
cross section is circular, or the hydraulic diameter, for a non circular section. The flow is
assumed to be turbulent if the Reynolds’s number is larger than 2100. The Reynolds number
in case of non circular section is:

R =¥ VZD" (13)

where Dy, is the hydraulic diameter.

For the variable resistance in series with static resistance the mean velocity is
calculated by:

yo=rr=_Tv_ (14)

The hydraulic diameter of the variable resistance is calculated by:

44 _ 2mas
U ma

2s (15)

where A4, is the smallest area for the variable resistance where the gas flows through and U, is
the wetted perimeter.

Reynolds number in the variable resistance in series with the static resistance are
plotted and shown in Figure 2-9 as a function of gap height. It can be seen that the flow is
always laminar for all operational modes as Reynolds number is always less than the 2100.

Similarly Reynolds number for the static resistance is calculated and plotted in the
Figure 2-10. It can be observed that only in case of ‘High flow low pressure’ mode the flow
will be turbulent as the Reynolds number is higher than the 2100. The turbulent flow makes it
difficult to control the flow precisely as flow will not be fully developed. In this case we can
not use the specifications give in Table 2-3.
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Figure 2-9: Reynolds number for variable resistance is always lesser than the 2000 in all operational modes.
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Figure 2-10: Reynolds number in the static resistance.
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2.2.3 Entrance length

The entrance length provides the vital information for designing a channel or tube
geometry for fully developed laminar flow. It is the channel length where the gas flow
becomes fully developed. The conditions to have fully developed laminar flow: Reynolds
number should be smaller than 2100, and the channel should be long compared to the
entrance length of the flow. Actually besides the pressure drop across the entire region where
the fully developed flow exists, there are also pressure drops in the entrance and the exit
region of the channel or tube. It gives the information that how long a tube or channel should
be, so that these entrance and exit effects can be neglected. The typical entrance lengths for a
pipe are given by:

™~

D"’ =0.06R, Laminar flow (16)
L 1
5’ =4.4(R,))¢ Turbulent flow (17)

The entrance length for a laminar flow entering a particular geometry with a hydraulic
diameter Dy, is given by [201]:

L
¢ =0.59+0.056R, (18)
D

h

Figure 2-11 and Figure 2-12 show the entrance length in the variable and the static
resistance respectively. For the ‘Typical’ and ‘Low flow high pressure’ modes, the entrance
length is smaller than the channel length in both variable and static resistance. But in case of
‘High flow low pressure’ mode, the entrance length is larger than the channel length in both
resistances. In this case flow will not be fully developed. In this case, incompressible flow
model used can not provide the exact information about the precise control of flow.

2.3 Design parameter selection

In this paragraph, the design considerations which led to the dimensions of
micromachined valve are addressed. The optimized parameters for all three operational
modes are summarized in Table 2-5.

For the high pressure modes (Typical and Low flow high pressure), the dimensions of
variable resistance are chosen as large as possible to achieve a low Mach number. The
operational range is mainly determined by the inner radius of the valve seat a;. The area
where the gas flows through becomes smaller and the Mach number increases (see eq. 5).

For ‘Typical’ mode, the dimensions of the static resistance are chosen by considering
the length of the channel and Mach number. In order to obtain a low Mach number, cross
sectional area should be larger but the channel has to be very long to provide the required
resistance for better control of flow. So in order to fit the channel inside the size of 1 cm’, a
channel length of 32 mm is selected to obtain linear flow behavior. In this case Mach number
is higher than the 0.3.
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For the ‘Low flow high pressure’ mode, the channel dimensions for the series
resistance are arbitrary, because the values for the Mach numbers and Reynolds numbers are
not exceeding the requirements.

Entrance length mm

4.5

4.0 1

3.5 1

3.0

2.5 4

2.0

1.5 ~

1.0 ~

0.5

0.0 -

Typical (4 bar) _a®

58 um
1.5 I/min

High flow low
pressure (0.1 bar)
21 um
0.2 Vmin

12 um i
0.02 I/min ____________ "

Low flow high
pressure (9 bar)

4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
Gap height um

Figure 2-11: Entrance length is smaller than the channel length in variable resistance for all operational modes.
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Typical (4 bar)

Low flow high pressure (9 bar)

4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
Gap height um

Figure 2-12: Entrance length is smaller than channel length in static resistance for all operational modes except
‘High flow low pressure’ mode.
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Table 2-5: Optimized design parameters for all operational modes based on the incompressible flow model.

Typical Low flow, high High flow, low
: Ap =4 bar pressure pressure
Operation mode (pf,): 0.2 /min Ap =9 bar Ap = 0.1 bar
¢y = 0.02 I/min ¢y = 1.5 /min
a; =0.2 mm a; =0.05 mm a;=1mm
a, =2 mm a, =2 mm a, =2 mm
Variable resistance IS\K/[n:(m; 2;)0}'1 6H51 ls\l/ln:m; 1220& ;n IS\K/[n:(m; 6;)0}'1 ;n
Le = 'A(a-a;) Le << (ay-a;) Le > (a-a;)
Laminar Laminar Laminar
Rectangular Squared Rectangular
(h>>w) h =280 um (h>>w)
w =400 um 1=21 mm w = 1000 pm
. ) h=60 um Le<<l1 h=140 pm
Static resistance 1=32 Iim Laminar 1=42 rrtlm
Le~=1/31 Le>>1
Laminar ¢y > 1200 ml/min
- Turbulent

For the ‘High flow low pressure’ mode, the dimensions of the variable resistance are
chosen to control the required flow of 1.5 I/min within a gap height of 60 um. The gap height
is determined by the maximum deflection of the membrane. Mach number is less than the
value of 0.3. A rectangular channel is chosen for a series resistance to reduce the Reynolds
number (see Figure 2-10). It can be seen that the flow is turbulent after 1200 ml/min.

It can be concluded from the modeling that a single valve which can operate in all the
3 different operational modes can not be made within a single design (see Table 2-5). In order
to achieve this, the static resistance needs to be adjustable within the range of 3 x 10° till 2.6
x 10'2 Ns/m’ (see Table 2-3). This is a very large range. Additionally the orifice radius a; of
the variable resistance also needs to be changeable in the range of 50um to Imm. It seems to
be very difficult to integrate all three operational modes in one design. For every mode, Mach
number, Reynolds number and the entrance lengths are considered. The theoretical model is
accurate when Mach number is less than 0.3, flow is laminar and entrance length is smaller
than channel length. It seems to be impossible to define the single valve configuration which
can accommodate all operational modes within these boundaries.
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2.4 Fine machined part: Stepper motor and screw mechanism for
mechanical transmission

In this paragraph the required torque to rotate the screw, the minimum displacement
and the response time are calculated. In order to turn the screw, the stepper motor has to
overcome the frictional forces. The frictional force is proportional to the force which presses
the surfaces together as well as the roughness of the surfaces. There are two forces that have
to be taken into account, the force due to tensile stress when the membrane is deflected to
control the flow and the force due to pressure on the membrane. The force due to tensile
stress on the membrane can be calculated by [202]:

- SD (19)
0.0056a,

F, deflection

where s, is the deflection in the middle of the membrane, a,, is the side length and D is the
flexural rigidity. D is given by:

Eh®

D=—" 20
12(1-0%) 20

where E i1s the young’s modulus, vis the Poisson ratio and / is the thickness of the
membrane.

The membrane parameters to calculate the tensile force are given in the Table 2-6.

Table 2-6: Design specifications for membrane to calculate the tensile force.

Thickness Deflection | Side length Boss Poison’s Young’s
h Su Ay ratio v modulus E
50 um 80 um 7 mm 2 mm 0.25 170 MPa

The membrane with a thickness of 50 pm is preferred. The side length of the silicon
membrane is taken as 7 mm as the valve should fit into the size of 1 cm’. The tensile force on
the membrane due to bending is calculated as 540 mN.

The force on the membrane due to pressure is also an important parameter for
designing the membrane. The membrane has to be strong enough to withstand the force due
to different pressures for different operational modes. To calculate the force caused by fluid
on the membrane, it is assumed that there is the static uniform pressure at the membrane
above inlet (a; = 0.2 mm) as the valve is closed. It is approximated that the static pressure
drops radially in the variable resistance as the valve opens. So with the boundary conditions P
(a;) =P; and P (a;) =1 bar, the force on the membrane is given by:

1
F = 7ra12AP+§7rAP(a22 +a,a, —a;) (1)

pressure
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where AP = P;-1 is the pressure difference and a; and a; are the inner and the outer radii of
the variable resistance respectively.

The total force is then given by:

Fr,

otal = L pressure T F, deflection (22)
Where Fpegure 18 the force on the membrane due to pressure and Feperion 1S the maximum
tensile force due to deflection of the membrane.

The resulting pressure force and the total force for all operational modes are given in
the Table 2-7. The bending force of 600 mN is used instead of 540 mN for safety.

In order to calculate the required torque to rotate the screw by stepper motor,
frictional forces also have been taken into account. There are two contact points where the
friction occurs. One is in between the screw threads and the second is in between the bottom
of the screw and the silicon membrane. To calculate the friction between the bottom and the
silicon membrane, it is assumed that the force per unit area on the bottom of the screw is
uniformly distributed. The force per unit area is given by:

F
P _ /umembrane Total (23)

bottom 2
a

N

where tinemprane 18 the coefficient of friction between the membrane and the screw and ay is
the radius of the screw.

The torque needed to overcome this friction is given by:

24

bottom

Thoriom = ZEIP ridr :§P a’ 2

bottom©@s = E ﬂmembmne FTotal as

The resulting torque to overcome the friction between the bottom of the screw and the
silicon membrane boss is given in the Table 2-8.

Table 2-7: Total force acting on the membrane for all operational modes.

F, pressure (IV)
Typical Low flow high pressure High flow low pressure
a; (mm) 0.2 a; 0.05 a 1
a, (mm) 0.1 | 1.88 | a, 2 386 | a, 2 0.084
Pressure (bar) 4 Pressure (bar) 9 Pressure (bar) | 0.1

F total = F, pressure+F deflection (]V)
1.88 + 0.6 =2.48 | 3.87+0.6 =4.47 | 0.084+ 0.6 = 0.684
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The torque needs to overcome the friction between the screw threads and the nut is
given by:

];hl*ead = luthread FNnrmal as (25)

where fyneqq 15 the coefficient of friction between the threads and the nut and F,yma 1S the
force perpendicular to the upper plane of the thread (see Figure 2-13).

The normal force can be calculated by:

F

Normal

= cos(¢)cos(0)F;,

otal

(26)

where @is the angle between the normal force to the plane and the total force and fis the
angle between the screw threads.

}II(P
A Ftotal
Fnormal I':

T dy

Figure 2-13: Specifications about screw threads.

To calculate the normal force, ¢ can be calculated as:

P,
Q= arctan(w—‘j 27)

m

In equation 27, P; is the pitch of the screw and d,, is the mean diameter of the screw.
The minimum pitch and the diameter of the screw used to calculate the normal force are 0.4
mm and 2 mm respectively. This is the minimum pitch that can be realized by standard fine
machining techniques. The normal force and the torque to overcome the frictional force due
to this total force are given in Table 2-8.
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The total frictional torque is then calculated for all operational modes and is given in
Table 2-8.

=T

t

hread + Tb (28)

Sfriction ottom
It can be seen from Table 2-8 that the maximum total frictional torque is 3.34 mNm
for ‘Low flow high pressure’ mode. The frictional torques for other operational modes are

also given in the Table 2-8

Table 2-8: Total torque required to rotate the screw to control the gas flow.

Typical | Low flow high pressure | High flow low pressure
Tbottom (mNm)
Ftotal (N) 2.48 Ftotal (N) 4.47 Ftotal (N) 0.684
Mmembrane 04 0.66 Mmembrane 04 1.032 Mmembrane 0.4 0.182
a; (mm) 1 a; (mm) 1 a; (mm) 1
Tthread (mNm)
Fooma N) | 2.14 Froma(N) 3.86 Froma (N) | 0.59
Mmembrane 0.6 1.29 Mmembrane 0.6 2316 Mmembrane 0.6 0.35
a; (mm) 1 a; (mm) 1 a; (mm) 1
Ttotal = Tbottom + Tthread (mNm)
1.95 | 3.348 | 0.532

Tottor (WUNmM) for N =120 and € = 0.7

23.15 | 40 | 6

The corresponding torque required by the stepper motor to overcome the maximum
frictional torque is calculated by:

T riction
Tmomr = e (29)
Ne

where N is the gear reduction ratio and the ¢is the efficiency of the gear box of the stepper
motor.

The specifications of the smallest stepper motor shown in the Figure 2-14 are used to
calculate the required torque [221]. It can be seen that the maximum torque of 40 uNm is
required in case of ‘Low flow high pressure’ mode. And the stepper motor can provide a
torque of 0.3 mNm which is 7 times higher than the maximum required torque.
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Stepper motor without gear box Stepper motor with gear box

—

l ¢ 6mm
T Ty

Figure 2-14: The stepper motor can provide the maximum torque of 0.65 mNm and 85 nm displacement per
step.

The minimum displacement per step to achieve the full scale control of (1:50) flow
for all operational modes is given in the Table 2-4. The minimum displacement per step that
can be achieved with this stepper motor is calculated by:

i
sweps = 3 (30)

where P is the pitch of the screw, N is the gear reduction ratio and m is the maximum
number of steps per rotation taken by the stepper motor.

The minimum displacement step that can be achieved by the stepper motor is 83 nm
which is precise enough to achieve the required controllability for all operational modes (see
Table 2-9).

The number of steps required to open and close the valve is calculated by:

S
n:% (31)

step

where s,pe, 15 the gap height for open valve. The numbers of steps to bring the valve from
open to close state are given in Table 2-9.

The response time to take the step is given by:

n
=— (32)
%

m

response

where v,, is the maximum velocity in steps per second that the stepper motor can provide. The
response time is smaller than 50 ms for all operational modes (see Table 2-9).
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Table 2-9: Minimum displacements, no. of steps and the response time of the stepper motor.

Minimum displacement
P, (mm) 0.4 A Asiep=200 nm (Typical)
M 40 step Agiey=90 nm (Low flow high pressure)
83 nm P .
N 120 Asiep=800 nm (High flow low pressure)
No of steps
20 S open 100 (Typical)
Sopen (Lm) 12 n=—-— 133 (Low flow high pressure)
60 Astep 75 (High flow low pressure)
Response time
N 12(3) n 12.5 s (Typical)
7 15 response — | 16.6 s (Low flow high pressure)
Vi | 9.45 s (High flow 1
vi(steps/sec) | 8000 s (High flow low pressure)

The torque for all the operational modes required by the stepper motor is calculated
and it is found that the AMDO0620 stepper motor in combination with a gear box of 120:1
reduction ratio can provide the required torque. The stepper motor is of 6 mm in diameter and
9 mm in length. It is the smallest stepper motor available on the market which can provide the
required torque to control the flow of gas. The displacement per step is also calculated and it
is found that the stepper motor can also provide the required minimum displacement.
Similarly the stepper motor can also provide a response time less than 20 ms.

It can be concluded that the smallest stepper motor AMD0620 in combination with a
gear box of 120:0 can provide the following benevolent features:

¢ Enough torque to deflect the membrane to control the flow

e Minimum displacement per step to achieve the controllability of 1-2 % of full
scale flow

e Response time of less than 20 ms

It is discussed in the section 2.3 that the Mach number exceeds the value of 0.3 as the
valve is opening and then decreases down to the value less than 0.3 for the fully opened
valve. As the Mach number exceeds the value of 0.3, compressibility affects have to taken
into account. In the following section the influence of the high Mach number on the behavior
of the valve will be examined with numerical simulation.

2.5 Simulation

In order to observe the influence of the high Mach number on the behavior of the
valve, numerical simulation has been performed. The gas flow through the variable resistance
is simulated only, as it plays a critical role in controlling the flow rate. Instead of an
incompressible gas flow, as it is assumed in the theoretical model, a compressible gas flow is
simulated. The effect of a compressible gas flow on the volume flow is evaluated. The
simulations are performed by using CFDRC software (Computational Fluid Dynamics).
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The dimensions for the “Typical” operational mode are used for the simulation model
(see Table 2-5). The valve seat has an inner radius a; of 0.2 mm and an outer radius a, of 2
mm.

Figure 2-15: Valve structure used in simulation.

Figure 2-15 shows a three dimensional impression of the valve geometry used for the
simulation. Five different geometries are made with different gap heights (20 pm, 16 pum, 12
pm, 8 um and 4 um).

To calculate the pressure drop over the variable resistance, “Typical” operational
mode dimensions are used. A gap height of 15 um is used as the highest Mach number
appears at this gap height (see Figure 2-8).The values of the static and the variable resistances
are given in the Table 2-10. The maximum pressure drop over the static and the variable
resistance for their resistance values is calculated as 3.5 and 0.5 bar respectively.

It is assumed that the gas follows the ideal gas law. In Table 2-11 all the relevant
simulation parameters are given. The calculated pressure drop of 0.5 bar over the variable
resistance is used for the simulation.

The simulation results shown in Figure 2-16 provide the information about the total
pressure, static pressure, density and the Mach number. The figures show the cross section of
the z-plane. It can be observed that color changes in the portion of the variable resistance not
in the chamber around it. It means that variable resistance determines the behavior of the
valve.
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Table 2-10: Calculated static and variable resistance.

Static resistance
12/
R, =—*£
wh

Variable resistance

6u1n(“2)
R 4

v 3
7S

14 x 10'° Pas/m®

2.4 x 10" Pas/m’

Table 2-11: Parameters used for simulation.

AP Temperature Dynamic viscosity
0.5 bar 293 °C 1.82 x 10”° Ns/m’
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Figure 2-16: Simulation results a) Total pressure b) Static pressure c¢) Density d) Mach number ¢) Close up of

variable resistance.
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A close up of the variable resistance is also shown in Figure 2-16 e. The red rectangle
marks a cross section of the y-plane, also indicated in Figure 2-15 by the dashed line. The
color corresponds to the value of the variables (total pressure, static pressure, density or the
Mach-number) at that point in the resistance. Plots for different variables such as the Mach
number, velocity profile and for the density as a function of the radius are drawn. In the
following section these plots are discussed. The mass flow is also calculated and compared
with the theory.

2.5.1 Pressure

Figure 2-17 and Figure 2-18 show the total pressure and the static pressure
respectively as a function of radius for different gap heights. The two plots can be related by
the following equation:

=P +lpV2 (33)

P, ,
Static
2

Total

=P

static

+P

dynamic

48000 -

42000 A

36000

30000

24000 A

Total pressure (Pa)

18000

12000

6000

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Radius (mm)

Figure 2-17: Total pressure as a function of radius for different gap heights.

From Figure 2-18 it can be seen that there is uniform static pressure at the membrane
above the inlet (<0.2). The total force due to pressure is calculated by the equation 22 and is
given in Table 2-7. The force on the membrane for different gap heights is calculated by the
simulation and given in Table 2-12. It can be seen that when the valve is open the force on
the membrane is smaller than when the valve is closed. In fact for the high flow rates the
dynamic pressure is high. The dynamic pressure term reduces the static pressure which
results in a smaller force on the membrane (see equation 33).
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It can also be observed from Figure 2-18 that the static pressure drops faster than that
1/r. That i1s why the simulated force is smaller than the calculated force (see Table 2-7 and
Table 2-12). So the calculations are in the safer side.

48000 H

42000 A

36000 -

30000

24000 -

Static Pressure (Pa)

18000
12000 -

6000 20 pm

O T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Radius (mm)

Figure 2-18: Pressure as a function radius for different gap heights.

Table 2-12: Simulated force on the membrane.

Gap height s pm 4 8 12 16 20
Force (N) 0.17 | 0.17 0.16 0.14 | 0.12

2.5.2 Mach number

To see compressibility effect on a gas flow, Mach number as a function of radius for
different gap heights are plotted. Figure 2-19 shows the simulated Mach number as a function
of the radius for different gap heights. The highest flow velocity is reached when the valve is
fully open (s = 20 um). According to the simulation, the maximum Mach number is
approximately 0.5. From Figure 2-19 one can see that the highest Mach number occurs at a
radius of approximately 0.22 mm. There is a direct relation between the static pressure and
the Mach number, which can be seen from equation 33. As the valve is closed, the total
pressure is the static pressure and as it starts to open, the velocity change results in large
dynamic pressure which reduces the static pressure. In Figure 2-19 the simulated Mach
number as a function of radius for a gap height of 20 mm is compared with the theory. The
Mach number as a function of radius is calculated by [204]:
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Figure 2-19: Mach number as function of radius for different gap heights.

It can be seen that the theory is quite accurate when comparing it with the simulation.
Only in the beginning of the resistance (at a radius of 200 um) the theory is deviating from
the simulation. This deviation is caused by the fact that the flow is not immediately fully
developed at the entrance of the resistance. In theory a fully developed flow is assumed. The
velocity profile is considered to give an indication when the flow is fully developed.

2.5.3 Velocity profile

The velocity profile is evaluated at several radii for a fully opened valve (s=20 um)
where the highest Mach number occurs. Figure 2-20 shows a cross section of the y-plane in
the variable resistance. The color indicates the velocity in the r-direction at that certain point.

0.21 0.25

Figure 2-20: Velocity change at several radii.
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Figure 2-21: Velocity profile at different radii for fully opened valve.

In Figure 2-21 the velocity profiles are plotted for the different radii indicated in
Figure 2-20. The radii are given in mm. For a fully developed flow, the velocity profile is
assumed to be parabolic. One can see that the velocity profile is not parabolic in the
beginning of the resistance (0.2-0.25 mm). At a radius of 0.5 mm the flow is fully developed.
It means that the entrance length is 0.5-0.2 = 0.3 mm. It can also be observed that the highest
velocity reached at 0.22 mm and then decreases with //r (see equation 34). According to
theory, it can be seen that the entrance length in the variable resistance for 20 mm gap height
is 1.2 mm (see Figure 2-12). In comparison with the simulation it is 4 times higher. This
deviation is due to the fact that the area in the simulation where the gas flow through
increases with the radius. And the equation used for the calculating entrance length is valid
when the cross sectional area is constant (see section 2.2.3).

2.5.4 Density

In theory it is assumed that the density is constant. But as the Mach number exceeds
the value of 0.3 then the compressibility affects are important to predict the flow behavior.
The abrupt changes in density occur as the Mach number increases. Figure 2-22 shows the
density as function of radius for different gap heights. By comparing the Figure 2-18 and
Figure 2-22 one can observe that they look quit similar. From this it can be concluded that the
density is determined by the static pressure. The more the valve opens, the Mach number
increases and the abrupt changes in the density occur. The Mach number gives an indication
for the rate of change in the density.
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Figure 2-22: Density as a function of the radius for different gap heights.
In theory the density at the entrance of the valve can be calculated with an equation

similar to the Bernoulli equation for isentropic flow of a perfect gas. For a perfect gas the
density and pressure are related by

£ =C (35)

where £ is the specific heat ratio and C is a constant.

Along a streamline the following equation is valid

dp &
j— +-—+ gz = constant (36)
p 2

In equation 36 p is the pressure, p is the density, V' is the velocity and g the
gravitational constant. Substituting equation 35 in equation 36 results in equation 37.

2

C%J.pf%dp +V7+ gz = constant (37)

Integrating the first term of equation 37 between 2 points along a streamline (see
Figure 2-23) results in:
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2 2
k=1)\ p, 2 k=1)\ p, 2

The parameters V;, p;, p; and V>, ps, p2 are taken at the entrance of the resistance and
at the exit of the resistance, respectively (see Figure 2-23).

ar’

Figure 2-23: Streamlines between points 1 and 2.

In this case the body force terms can be neglected. The density at the entrance is then
calculated by:

(39)
i
k=1)\ p,) 2

The velocities V; and V> can be calculated by:

y oL (p—p)s
212 a
y-ln[zja
a]

In equation 40 a is a; for the velocity at point 1 (V) and «a is a, for the velocity at
point 2 (V). In table 8 the required values to calculate the velocities and the density at the
inlet. Table 2-14 shows the calculated velocities and the calculated density at the inlet for
different gap heights. As one can see from Table 2-14 the density at the inlet is not depending
on the gap height. This is in agreement with the simulation as can be seen from Figure 2-22.

(40)

Table 2-13: Parameters used to calculate density at the entrance.

k | p;(kg/m’) | p; (Pa) | p; (Pa) | a; (mm) | a, (mm)
1.4 1.19 1.5:10° | 1.0-10° 0.2 2
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Table 2-14: Velocities and entrance density for different gap heights.

s (um) |V, (m/s) | Vs (m/s) | p; (kg/m’)
20 217.7 21.9 1.844
16 140.0 14.0 1.844
12 78.5 7.87 1.845
8 35.0 3.5 1.845
4 8.8 09 1.845

2.5.5 Volume flow

In this section, the flow rate of the theoretical model is compared with the simulated
results. The simulation software calculates the mass flow through the valve. The mass flow at
the inlet is the same as at the outlet. The volume flow however is depending on the density. It
is obvious from the simulation results that the density at the inlet is higher than at the outlet.
In the theoretical model it is assumed that the density is constant. The volume flow is
calculated at a temperature of 20°C. The density of air at this temperature is 1.204 kg/m’.

350
A
300 Theory
|
250 A
= Simualtion
E 200
=
£ |
z 150 1
=
=
100 -
|
A
50 =
|
0 |
4 8 12 16 20

Gap height pm
Figure 2-24: Volume flow as a function of gap height.

The volume flow is calculated at a temperature of 20 °C. the density of the air at this
temperature is 1.204 kg/m>. The volume flow can be calculated by:

60000,

v (41)
o,
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In Equation 41 ¢,, is the mass flow calculated by the simulation software and p is the
density of air at 20°C. The calculated volume flow is plotted as a function of the gap height
(see Figure 2-24). Table 2-15 shows the comparison of calculated and simulated values.

Table 2-15: Volume flow.

s (um) | Simulation [ml/min] C[?Ils;lnl::::id Deviation %
4 3.40 2.64 22.43
8 22.92 21.11 7.91
12 83.37 71.25 14.53
16 172.76 168.88 2.24
20 277.77 329.85 -18.75

By comparing the simulated and calculated volume flow values, one can observe the
following:

e Simulation predicts higher flow for smaller gap height which suggests the low
resistance as compared to the flow model.

e For a fully opened valve, simulation volume flow is smaller which suggests higher
resistance due to rapid density changes.

From the simulation one can see that the gas flow is mostly determined by the
variable resistance and not by the chamber around it. This is as expected because the
resistance in between the membrane and the valve seat is much higher than the resistance of
the chamber. The density difference between the inlet and outlet is calculated. It is observed
that density changes rapidly when the Mach-number exceeds 0.3. A rapid density change
results in a lower volume flow through the valve when compared with the theory.

2.6 Conclusions

Summing up all the results it can be concluded from the modeling that a single valve
which can operate in all the 3 different operational modes can not be made within a single
design (see Table 2-5). In order to achieve this, the static resistance needs to be adjustable
within the range of 1-10° till 3-10'* Ns/m”. This is a very large range. Additionally the orifice
radius a; of the variable resistance also needs to be changeable in the range of 50um to Imm.
It seems to be very difficult to integrate all three operational modes in one design. For every
mode, Mach number, Reynolds number and the entrance lengths are considered. The
theoretical model is accurate when Mach number is less than 0.3, flow is laminar and
entrance length is smaller than channel length. It seems to be impossible to define the single
valve configuration which can accommodate all operational modes within these boundaries.

It can also be concluded that the smallest stepper motor AMD0620 in combination
with a gear box of 120:0 can provide the enough torque to deflect the membrane to control
the flow. Additionally, the controllability of 1-2% of full scale flow can be achieved with a
fast response time of less than 20 ms.

In order to see how the compressibility affects the flow behavior, a valve with typical
dimensions is fabricated and characterized.

49






Chapter 3

3 Stepper Motor Actuated Microvalve

Abstract

In this chapter fabrication and the characterization of the stepper motor actuated microvalve
is presented. The physical nature of the fabrication process is provided in detail.
Experimental results are compared with the theory. It is demonstrated that the new technique
of fine and micromachining is not only simpler but it also provides the results as expected.
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3.1 Introduction

Based on the modeling details presented in the chapter 2, design, fabrication and
characterization of the stepper motor actuated microvalve is described in this chapter. All the
aforementioned factors have been considered and the valve with “Typical’ operational mode
has been chosen to realize and characterize.

Hpting

Iletal blo ck

Membrane

Static
Inlet resistatice Mliddle orifice Ohatlet

Figure 3-1: A schematic cross sectional view of microvalve with variable and static resistance in series.

The schematic cross sectional view of the valve is shown in Figure 3-1. The core
components of the microvalve are divided into two parts: Fine machined and Micro machined
respectively. The first part, which is fine machined, comprises of a metal block along with a
screw, which is rotated by the micro stepper-motor mounted on a spring (see Figure 3-2). The
screw mechanism is used to convert the rotary motion of the stepper-motor into translational
motion in order to deflect the silicon membrane. The combination of stepper with screw
provides the benevolent feature of controlling the flow at any intermediate state without
continuous power consumption. Upon actuation, stepper motor rotates the metal screw which
deflects the membrane to control the flow without actuation. The screw position remains
unchanged due to the friction between the threads, which keeps the membrane in deflected
state even when stepper motor is switched off. This mechanism keeps the valve in operation
at any state without the need of continuous power supply.
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Spring

O-rings

Figure 3-2: Fine machined part: Stepper motor mounted on a spring, metal block and metal screw.

The second part is the micro machined valve made from three wafers (see Figure 3-3).
The Pyrex wafer has the inlet and the outlet orifices (see Figure 3-3 ¢). The middle wafer is
from silicon which caries the valve-seat that acts as variable resistance and also contains a
rectangular channel at its bottom, which acts as a static resistance. The inlet in the Pyrex
wafer opens in this rectangular channel which is connected to the valve seat by the middle
orifice (see Figure 3-3 b, e). The top wafer is also from silicon having a square membrane,
which controls the gas flow upon deflection (see Figure 3-3 a). To prevent the membrane
from breakage, a square boss is introduced on the top of the membrane. The boss makes the
membrane less vulnerable for the mechanical contact between silicon membrane and metal
Screw.

Rectangular
channel

Figure 3-3: Three dimensional view of microvalve with variable and static resistance in series with each other.
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The specifications used to fabricate the valve with ‘Typical’ mode are given in the
Table 3-1.

Table 3-1: Valve specifications for “Typical” operational mode.
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3.2 Fabrication

The fabrication process of the valve is straightforward as it includes standard micro-
machining steps. It includes the micro machining of three wafers as shown in Figure 3-3. The
fabrication is started with silicon membranes. They are fabricated primarily by the deposition,
patterning and KOH etching. A 150 nm thick high stress stoichiometric silicon nitride (SizNg)
layer is deposited on Silicon <100> wafer by the Low Pressure Chemical VVapor Deposition
(LPCVD). The high stress silicon nitride layer is preferred over silicon rich nitride (SiRN) as
it leaves the silicon surface smoother than SiRN upon its removal. The silicon nitride is
patterned from the topside of the wafer by the Reactive lon Etching (RIE) defining the
membrane and the boss. Then KOH etching (with a time stop) is used to etch the silicon
wafer till the required membrane thickness of 50 um is reached. Finally the nitride is
removed by 50% HF to get the membrane with the boss as shown in Figure 3-4.

To realize the channel, the variable resistance and the orifices, a double-sided
polished Silicon <100> substrate is used. As a first step, photo resist (908/35) as a mask
layer, is patterned on the backside of the substrate. Using the photo resist as a mask layer, 60
um rectangular channels are etched using the BOSCH process for 15 minutes (see Figure
3-5). For complete process scheme see Appendix B.
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Figure 3-4: Fabrication of square silicon membrane with KOH time stop etching.
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Figure 3-5: Process flow for the fabrication of the middle wafer containing channels, variable resistance and
orifice.
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To fabricate the variable resistance and the orifice, three different layers are realized
on the topside of the substrate. 1) A 1.2 um layer of SiO; is grown by wet oxidation of silicon
at 1150 °C. The SiO, layer is patterned which defines the square chamber around the valve
seat. With this step the height between the valve seat and the membrane is defined. A 50 nm
layer of chromium is deposited using a sputtering process (90 sccm Ar. flow, 5.0 E-3mbar,
200W). The chromium layer is patterned which defines the shape of the valve seat in the
second etching step. Finally a layer of photo-resist (907-17) is patterned. This mask layer
defines the orifice and outlet of the valve (see Figure 3-5).

Then the three etching steps are followed to realize the variable resistance, the
chamber and the orifice with the BOSCH process. First, the Bosch etching process is
optimized to give the best uniformity over the whole wafer. A drawback for the optimization
is that the walls are less straight which is not critical for this application (see Appendix C).
The following parameters are used for the BOSCH process: Temperature: 10°C, C4Fg (2 sec,

10 sccm, valve 100 %), SFe (13 sec, 400 sccm, valve 15 %), ICP: 2500 W, CCP: 10 W,
SH: 110 mm, He: 0.7 sccm.

a 400um

v 80um X

150+60pum

=== Photo-resist
= S0,
m (Cr

Figure 3-6: Process flow for etching through the wafer.
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Figure 3-6 shows the etching steps in detail. Within three etching steps the orifice and
the outlet have to be etched through the wafer. In the last step the valve seat is etched and it is
critical that the depth is not more than 80 um. In the first two steps it is important that the
holes are etched far enough for the last step. Over-etching is needed to get a well defined hole
at the bottom of the wafer. The thickness of the wafer is 525 um. After the first two steps the
depth of the holes needs to be at least 465 pm, leaving 60 um silicon plus 20 um over-etching
for the last step. The first etching step (16 minutes) has a depth of 315 um (Figure 3-6 a).
After this step the photo-resist is removed by HNOs. In the second step (10 minutes) another
150 um is etched (see Figure 3-6 b). The Cr layer is removed leaving the SiO, mask layer for
the last etching step of 6 minutes (see Figure 3-6 ¢). To keep the temperature constant during
the etching process, the wafer is cooled from the backside by helium. A procedure has been
developed to avoid leakage of cooling gas while etching through the wafer. This procedure
can be found in Appendix D. Finally, the SiO;, layer is removed using HF (50%). It is
difficult to etch different size holes on one wafer because a small hole etches slower than a
larger hole. The process is optimized for an orifice with the diameter of 400 um. In order to
realize the orifices with different size on a single wafer, process should be optimized.

Resist foil

Mask patterning

Powder blasting

Foil removal

Figure 3-7: Flow process for the fabrication of inlet and outlet in the Pyrex wafer.

The fabrication process to realize the inlet and the outlet in Pyrex wafer is shown in
Figure 3-7. Both sides of the Pyrex wafer are covered with B 410 foil. The foil on the topside
of the wafer is patterned to define the inlet and the outlet of the valve. The inlet and the outlet
are realized in the Pyrex wafer by a powder blasting process (particles 32 um ALO;) as
shown in Figure 3-7.

The two silicon wafers are fusion bonded at 1100 °C in the N, atmosphere (see Figure
3-8 ¢). An Electronic Visions Aligner is used to align and to pre bond the wafers. The final
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step is to anodic bond the fusion bonded silicon wafers and Pyrex wafer (see Figure 3-8 e).
The anodic bonding is performed on a hot plate setup.

a KOH etching
d Powder blasting
b DRIE etching Silicon
Silicon
Pyrex
Anodic bondin
c Fusion bonding ¢ ’

Figure 3-8: Process flow for fusion and anodic bonding.

Finally the wafers are diced from topside. Dicing foil is applied on the backside of the
stack of three wafers to protect the inlet and the outlet from the particle contamination.
We could not optimize the etching process for the different sizes of static resistances
and valve openings which results in devices not having required static resistance (w = 800
um, h =60 um and | = 32 mm) with valve opening size of 100 um.

3.3 Characterization

In this section the characterization of the valve comprising of fine and micromachined
part is described. The volume flow through the valve is measured as a function of gap height
and the performance of the stepper motor is analyzed.

3.3.1 Experimental setup

A schematic of the measurement setup is shown in Figure 3-9. A flow meter of
Bronkhorst is used to measure the gas flow. The maximum volumetric flow for the flow
meter that has been used is 220 ml/min as it is calibrated to this value. The precision of the
flow meter is 1% of the maximum flow. In front of the flow meter an air filter is placed to
purify air from dust particles, to avoid congestion of the valve. The pressure is measured by
the pressure gauge in between the flow meter and the valve.
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Figure 3-9: Experimental setup.

3.3.2 Volume flow rate measurements

The flow rate is measured as a function of gap height at a pressure difference of 4 bar.
The measurement procedure starts with applying the pressure and closing the valve till a
volumetric flow of 2 ml/min is reached. Then the valve is gradually opened up to a gap height
of 24 um and the flow rate is measured. The step size is set to approximately 1 um. The
volume flow rate is measured with four different pressure differences of 1, 2, 3 and 4 bar
between inlet and outlet. Valves with five different lengths of the static resistance (8, 12, 16,
20 and 24 mm) were characterized. Figure 3-10 shows the measured volumetric flow rates at
a pressure difference of 4 bar for a valve with static resistance of 24 mm in length.

Flow rate ml/min

350

300 ~

250 -

200 -

150 +

100 ~

50 -

Experiments _=~=" oy

8

1|2 16 20 24
Gap height um

Figure 3-10: Measured volume flow rate as a function of gap height.

It can be seen that the volume flow exceeds the value of 200 ml/min at a gap height of
9 um instead of 22 um (see Figure 3-10). It is due to the small static resistance because the
valves with higher static resistance were not properly etched (see section 3.2).
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It can also be observed that the measured flow rate curve is steeper than the
theoretical curve. It is due to the smaller variable resistance offered by the under sized
membrane boss (see section 3.2). Due to the under sized boss (see Figure 3-11), the
membrane does not stay parallel with the valve seat and offers less resistance which results in
the steeper change in the volume flow. In order to make better approximation, the resistance
is split up into two resistances as shown in Figure 3-12.

i S
L LT T 590 pm o

- ',' -
. Silicon membrane .=\ -

Figure 3-11: An undersized boss on silicon membrane.
The first resistance is calculated by:
a
61 In(2
&
Ro=—3— (42)

7S

For the second resistance it is assumed that the gap height increases linearly with the
radius:

s(ry=Ar+B (43)
By applying the boundary conditions, s(a;) = s and s(as) = s4, equation 43 becomes:

S() = (s—s,)r—a)

— (44)
(az —a, )

The second resistance is then calculated by integrating the resistance per unit length
over the radius:
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R =] = Oy (45)

2 715°(r)r
The volume flow is then given by:

60000AP

S 46
P R, +R,, +R, (40)

az

ay

Figure 3-12: Approximated resistance with the undersized boss.

Table 3-2: Variables to calculate volume flow with approximated resistance.

a; (mm) a, (mm) az (mm) as (mm) Rs (Pas/ms) s4 (um)
0.2 0.42 2 35 7 E10 80

The dimensions to calculate the volume flow rate are given in Table 3-2. The value of
s4 is determined by the last etching step of the fabrication. The value of a; is determined by
the size of the boss realized by KOH etching. The side length of the boss (d) is approximately
590 um (see Figure 3-11). The equivalent radius is then calculated by:

a, =% 242 @7

The volume flow rate is calculated and plotted as a function of gap height (see Figure
3-13). It can be seen that the corrected theoretical curve almost coincides with the
experimental curve. So it can be said that the results predicted by the incompressible gas flow
model are in good agreement with the measurements.
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Figure 3-13: Experimental and theoretical curves of volume flow rate as a function of gap height.
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Figure 3-14: Flow characteristic curve to examine stepper motor performance.
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3.3.3 Stepper motor performance

The performance of the stepper motor has also been examined. To observe the
hysteresis effect in gearbox, two different motors ADM0620 and ADMO0820 with respective
gear reduction ratios of 256:1 and 120:1 (zero backlash) were used.

A pressure difference of 4 bar is applied between the inlet and the outlet of the valve.
The valve is steadily closed till the volume flow reached to 0.6 ml/min. Then the valve is
gradually opened by the stepper motor till the flow reaches 220 ml/min. A time delay of 10
sec is used to observe the difference in flow per step. Figure 3-14 shows the volumetric flow
rate as a function of number of steps for the stepper motor “ADM0820” with a gear reduction
ratio of 120:1. It can be observed from the plot that the volumetric flow rate of 220 ml/min is
achieved within the 80 steps and with the equivalent gap height of 9 um (see Figure 3-10).
This corresponds to a mean step size of 112 nm, which differs from the calculated value of 83
nm. This might be caused by the friction in the screw shown in Figure 3-15. It can be
observed that a couple of small steps are followed by larger steps. During small steps tension
is built up due to the friction and when the force is high enough it takes larger steps to
overcome the friction. This phenomenon limits the controllability to 2 to 8 ml/min per step
(see Figure 3-15).
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Figure 3-15: Stepper motor (AMDO0820): Due to friction couples of small steps are followed by the longer
steps. This phenomenon also limits the controllability to 2-8 ml/min.

In order to achieve the required controllability, another stepper motor ADM0620 with
256:1 gear reduction ratio was used. In this case, flow rate change of 0.5 to 4 ml/min per step
was achieved (see Figure 3-16). It is due to the smaller mean displacement of 51 nm per step
with this stepper motor.
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Figure 3-16: Stepper motor AMDO0620 (256:1): A required controllability of 4 ml/min can be achieved.

It is also seen that in case of higher reduction ratio, we have a backlash problem,
which results in hysteresis in the gearbox (see Figure 3-17). This phenomenon causes delay
in changing the direction of rotation of the stepper motor. We can see that the gearbox with
reduction ratios of 256:1 needs approximately 60 steps to change direction whereas the
gearbox without backlash with a reduction ratio of 120:1 takes 6 steps to change the
direction.

To observe the leakage, tests were performed at Bronkhorst Netherlands B. V.
Extremely low leak rates of (5.1 x 10°®) [ml/min] were detected with atmospheric pressure at
the inlet and vacuum (1x10°% bar) at the outlet.

Summing up the results, we did not find any deviation from the theory within the
accuracy of our measurement. The good agreement of theory and experiment confirms our
modeling assumption. Moreover modeling shows that it is very difficult to include more
pressure regimes in this particular design as the difference in resistance is large for the
pressure difference higher than 5 bar. The valve performance can be affected by several
factors including wear and tear in the screw mechanism, hysteresis in the stepper motor and
misalignment of the seat to the membrane. The frequent movement of the screw to deflect the
membrane can cause wear which ultimately stops the valve operation. Misalignment will
increase the power necessary to seal the valve for a given flow. It is difficult to optically
verify the alignment after assembly as the valve is in silicon. This new design of the
microvalve and its characterization presented above show promising improvement in features
such as high flow rates, linearity, controllability at any stage with no power consumption.
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Figure 3-17: The stepper motor AMDO0820 (120:1) without backlash shows less hysteresis than the stepper
motor AMDO0620 (256:1) with conventional gear box.

3.4 Modifications

In this paragraph, the issues described above are addressed. Three following points
are considered to enhance the performance of the valve:

e To realize the boss with required size to achieve the necessary variable resistance to
control the flow.

e To realize the channel serving for static series resistance with required length to
obtain large controllable flow range by optimizing the etching process

e To perform the wear tests for the screw to assure the quality performance for the
valve.

A new design shown in Figure 3-18 is presented to fulfill the requirements of precise
controllability, larger controllable flow range and better performance of the valve. In the new
design the square boss is replaced by the circular boss to achieve the required variable
resistance to attain the better controllability. In the previous design it is shown (see Figure
3-13) that experimental curve was bit steeper than the theoretical. It was due to the small size
membrane boss which could not provide the required resistance to control the flow (see
section 3.3.2). Additionally, the channels with the required length of 32 mm along with the
orifice diameter of 200 um are realized by optimizing the uniformity over the silicon wafer
during etching process.
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-
Outlet

Figure 3-18: Three dimensional view of the valve: The square boss in the previous design is been replaced by
the circular boss to achieve the required variable resistance.

3.4.1 Fabrication

The fabrication process for the new design is similar to that as described earlier (see
section 2.2). It only includes one new step of realizing silicon membrane with circular boss
with DRIE etching. They are fabricated primarily by patterning the mask layer of 908/35
photoresist. Using the photoresist as a mask layer, a 100 um thick circular membrane with
circular boss is realized using BOSCH process for 28 minutes. Finally the photoresist is
removed by 100% HNOj to get the membrane with the boss as shown in Figure 3-18 a.

Silicon Pyrex
a DRIE etching d Powder blasting
I Silicon
b DRIE etching Silicon

Silicon —
Silicon

: Pyrex

\ Silicon |_ _ 5

¢ Fusion bonding e Anodic bonding

Figure 3-19: Fabrication of the microvalve with circular boss silicon membrane.

66



Stepper Motor Actuated Microvalve

The two silicon wafers are fusion bonded at 1100 °C in N,. An Electronic Visions
Aligner is used to align and to pre bond the wafers. The final step is to anodic bond the fusion
bonded silicon wafers and Pyrex wafer (see Figure 3-18 c, e). The anodic bonding is
performed on a hot plate setup.

3.4.2 Characterization

The valves with circular boss of 4 mm in diameter and with required length of 32 mm
for static resistance are characterized as shown in Figure 3-20. The stepper motor of
ADMO0620 (256:1) is used to control the flow. A pressure difference of 4 bar is applied
between the inlet and the outlet of the valve. The valve is first closed till the volumetric flow
reaches the value of 0.5 ml/min. Then the valve is gradually opened till it reaches its
maximum flow value of 220 ml/min.

Stepper motor

O-rings

Figure 3-20: Clamping set up for the valve. It is placed on the O-rings in the metal block and then clamped with
stepper motor on the top of it.

Figure 3-21 shows the volume flow as a function of gap height. The measured mean
displacement per step is calculated as 75 nm. It can be seen that the experimental results are
quite in accordance with the theory as the required volume flow of 250 ml/min was achieved
with in the gap height of 23 um. It shows that the realization of the channel (static resistance)
with required length of 32 mm provides the expected larger controllable flow range. It can
also be observed that the experimental curve is not as steep as it was in the case of under-size
KOH etched boss. Because the dry etched circular boss with required size of 2 mm radius
provides the necessary variable resistance to control the flow.
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Figure 3-21: Flow rate as a function of gap height for the valve with circular boss realized by DRIE etching.

To examine the performance of the microvalve, wear tests have also been performed
for different metallic screws. The typical tensile strengths of several materials are given in the

Table 3-3.
Table 3-3: Typical tensile strength for different materials.
Material Yield strength (MPa) Ultimate strength (MPa)
Brass 180 250
Titanium alloy (6 % Al, 4% V) 830 900
Structural steel ASTM A36 250 400
Steel high strength alloy ASTM A-514 690 760
Aluminum alloy 2014-T6 400 455

Titanium and brass screws are characterized to examine the wear during valve
operation. The maximum stress on the screw threads for a closed valve with pressure
difference of 4 bar is calculated. The stress is calculated for a screw with a basic diameter of
2 mm and is given in Table 3-4. It can be seen that the maximum stress on the screws is much
less than their respective tensile strength value.
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Table 3-4: Force and the stress on the screw [204].

Forecoure = 1.88 N Stress area for screw
E
o | A= # (D -0.938194P)
I:Deflection =06N ' 4
Stress
E 1.4 MPa<<180 MPa (Brass)
o= ‘Ot%l 1.4 MPa<<830 MPa (Titanium)
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Figure 3-22: Combined effect of Hysteresis in stepper motor, change in ambient conditions and wear in screw
cause high difference in flow.

In the beginning the titanium screw was used for mechanical transmission of power to
deflect the membrane to control the flow. The valve with titanium screw was set to operate in
cycles for 5 days at a pressure difference of 4 bar between the inlet and the outlet. It was
opened, closed and kept in different intermediate states for each cycle to observe any
difference in the flow rates due to wear in the screw threads. To maintain the stable flow at
different states a delay of 10 seconds was provided in between each step. Figure 3-22 shows
the flow characteristics curves at different phases. The flow characteristic curve shows three
different phases. In the first phase, valve is opened, in the second phase valve is closed in
three steps and finally it is opened to a certain value of flow. It can be observed that there is
considerable difference in flow at certain points. This high difference in flow rates is likely
due to the following reasons:
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1-1f we will closely examine the results then we can attribute this change mainly to
the characteristic flow behavior of the microvalve (see Figure 3-22). Because at points 1, 3, 4,
5 and 6 a little change in gap height gives steeper change in flow as compared to the change
at point 2 (see Figure 3-22).

Unused Used

Figure 3-23: Comparison of unused and used screw threads to visualize the fact of wear.

2-1t is likely due to the metal residue in between the screw threads due to metal
machining during its fabrication (see Figure 3-23). In the beginning the metal residue, which
is relatively big in size, cause the bigger difference in the flow. But as the time passes, the
surface becomes smoother due to the removal of thin metal residue and the difference in flow
becomes smaller. It can be observed from Figure 3-22 that at points 1, 3, 4 and 5, the
difference in flow becomes smaller at the end. This small difference in flow corresponds to
litter wear in the screw.

3-The hysteresis in the stepper motor and change in ambient conditions affect the
flow behavior. The wear in the screw threads is also shown in Figure 3-23 which does not
seem to be the dominant factor.

Figure 3-24: Metal residue inside the screw threads during their fabrication due to metal machining.
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The silicon membrane boss and the titanium screw tip were examined to see any
damage. It was observed that both the membrane boss and the screw tip were not damaged.
Further experiments were also performed with the screw made of brass. Similar behavior in
flow was observed. Surfaces of both membrane boss and screw tip was examined. It can be
seen clearly that the tip of the brass screw was damaged (see Figure 3-25).

Figure 3-25: Brass screw was damaged as it is softer material than silicon.

The flat surface of the screw became extremely rough and a part of it is eroded. It
happened due to the friction between the silicon boss and the bottom of the brass screw. Due
to the continuous rotary movement of the screw on the top of the silicon membrane boss,
friction increases and makes the screw surface rougher which ultimately eroded the bottom
part of the screw (see Figure 3-25). Silicon membrane was undamaged as it is harder material
than the brass (see Table 3-3).

3.5 Conclusions

A new technique has been presented to design and develop the microvalve, using the
combination of fine and micromachining. This technique enables us to control high flow rates
at higher pressure. This new idea of mechanical transmission (conversion of rotational
motion into the translation motion using stepper motor) not only allows us to control the
valve at any intermediate state but also the valve does not need any power to keep its state.
Additionally, this design prevents the interaction of the process gas with the actuation part,
which enhances its robustness. A hard seating configuration, using fine and micro machining
combination, contributes to the enhanced leak tight microvalve operation. Extremely low leak
rates of 5 x 10°° [ml/min] were detected with atmospheric pressure at the inlet and vacuum
(1x10% bar) at the outlet. Another promising feature is that it uses simple and
straightforward fine and micromachining process to realize the microvalve.

The microvalve characterization for its robustness against its repeatability and its
aging has been performed. The results assure that the continuous operation of the microvalve
can be guaranteed by selecting the right combination of metal for screws and the bolts for the
mechanical transmission
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There are certain issues for the future study. First is to work on the actuation
mechanism for the following reasons:

e The controllability is limited by the friction in the screw threads as the pressure is
impinging on membrane. To overcome this friction, stepper motor has to take longer
steps than required which affects the controllability.

e The combination of stepper motor of one gear reduction ratio and screw with certain
dimensions, limits its use for different applications.

e Similarly the stepper motor with one gear reduction ratio also restricts the
controllability hence affects the performance of the valve.

e Hysteresis in the stepper motor causes delay in changing the direction of the stepper
motor.

Finally, the geometrical design will be optimized to accommodate more pressure
ranges in a single design.

72



Chapter 4

4 Piezoelectric Actuated Microvalve

Abstract

Stepper motor actuated microvalve based on fine and micromachining techniques exhibit
many interesting features such as high flow rates, leak tightness, controlled flow, process gas
isolation, no power consumption and fast response but its practical use is limited by
hysteresis exhibits by the stepper motor and the wear and tear phenomenon in the screw. In
this chapter an approach is introduced to offer the permanent functioning of the valve. The
use of the piezoelectric actuator instead of stepper motor provides the continuous operation
of the valve with almost no hysteresis and zero backlash behavior.
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4.1 Introduction

In this chapter a new design based on piezoelectric actuation is introduced. This new
design is an improvement over the stepper motor actuated microvalve. The choice of the
piezoelectric actuator made it possible to overcome the following problems/limitations:

e Getting rid of the unnecessary long steps to improve the flow controllability. In the
stepper motor actuated microvalve during valve operation the long steps are followed
by the smaller steps due to the friction in between the screw threads which limits the
controllability (see Figure 3-15).

e Overcoming the hysteresis, exhibited by the stepper motor actuated microvalve.

e Avoid the back lash problem which causes slow response upon switching.

Amplification frame ‘ ‘

Metallic pin

Boss

‘ /Middle orifice

L

Inlet \ Outlet
Static resistance

Figure 4-1: Schematic cross-sectional view of piezoelectric microvalve.

Membrane

4.2  Design description

Figure 4-1shows the cross section of the device based on fine and micromachined
piezoelectric actuated microvalve. The valve is composed of two main components. The first
is a fine machined part. It includes the piezo stack along with a metal amplification frame.
The metal amplification contains a slot with threads on it in which a metallic pin can be
screwed to deflect the membrane upon piezo actuation. The second part is the microvalve,
which is realized by standard micro-machined techniques.

In the following sections, a detailed description of the piezo actuator will be provided
along with the characterization of the microvalve. The details about the micro-machined part
have already been presented in the previous chapters 2 and 3.
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Slot with threads on it I Direction of motion

Piezo-stack
Amplification frame

Figure 4-2: A flex-tensional piezoelectric actuator (FPA) consists of a piezo stack and a metal amplification
frame around it.

A DSM’s (Dynamic Structures and Materials, LLC.) flex tensional piezoelectric
actuator (FPA) shown in Figure 4-2 has been selected to overcome the problems addressed in
chapter 3. The active element in it is the PZT stack in the centre of the stainless steel
mechanical amplification frame. The PZT stack is mechanically pre-loaded to ensure
bidirectional movement. As the applied voltage on the piezo stack is varied, the piezo stack
expands or contracts. DSM’s FPA mechanism design uses mechanical amplification to
enhance the small levels of expansion found in PZT materials to create many time greater
stroke levels [205]. The specifications for the piezoelectric actuation are given in the Table
4-1. It can produce a blocking force of 40 N which is 10 times larger than the required force
and a deflection of 80 um which is more than the maximum required deflection of 60 um for
‘High flow low pressure’ operational mode (see Table 2-7) [205]. In the following section,
the characterization of the piezoelectric actuator is presented.

Table 4-1: Piezoelectric actuator specifications.

Stroke 80 um +10 %

Stiffness 0.5 N/um + 10 %
Blocked force 40N

Resonant Frequency 1700Hz + 5%

Size with metal frame 8 mmx 10 mm x 17 mm
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4.3 Characterization of piezoelectric actuated microvalve

4.3.1 Experimental setup

A schematic of the measurement setup is shown in Figure 4-3. A flow meter of
Bronkhorst is used to measure the gas flow. The maximum volumetric flow that has been
used is 250 ml/min. The precision of the flow meter is 1 % of the maximum flow. In front of
the flow meter an air filter is placed to purify air from dust particles, to avoid congestion of
the valve. The pressure is measured by the pressure gauge in between the flow meter and the
valve.

|
Piezoactuator I

Pressure
Gas sensor
flow
Pressure sensor
regulator >

D>

Microvalve

Cross-section view of microvalve in a metal block

Figure 4-3: Experimental setup.

Micromachined

part . .
Micromachined part

Figure 4-4: Micromachined part is mounted in a metallic holder for characterization.

4.3.2 Volume flow rate measurements

The flow rate is measured as a function of gap height s. The measurement procedure
starts by mounting the micromachined part into the holder as shown in Figure 4-4. Then the
piezoelectric actuator along with metallic pin is brought into contact with the silicon
membrane boss. As soon as the metal pin attached to the piezo comes in contact with the boss
of the silicon membrane, a voltage is supplied to the piezoactuator to expand. Continuously
increasing voltage is supplied the piezoactuator until the volumetric flow of less than 1
ml/min is reached. Then the valve is gradually opened with 1 micron step size until the flow
reaches its maximum constant value. To achieve 1 um step size, the piezoactuator is supplied
with 2.5 volts per step. A delay of 20 seconds for each step is maintained to observe the flow
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behavior. The volume flow rate is measured with the pressure differences of 4 bar between
inlet and outlet. Valves with three different lengths of the static resistance (30, 32 and 34
mm) are characterized. Figure 4-5 shows the measured volumetric flow rates at a pressure
difference of 4 bar for a valve with static resistance of 34 mm in length. It can be seen that
the results predicted by the incompressible gas model are in good agreement with the
measurements.

300
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Flow rate ml/min

50

0 2 4 6 9 11 13 16 18 20 23 25 27 30 32
Gap height pm

Figure 4-5: Flow rate measured at a pressure difference of 4 bar between inlet and outlet. The results predicted
by the incompressible gas model are in accordance with the measurements.

4.3.3 Controllability

To demonstrate the performance of the piezoactuator for precision control, smaller
steps of 200 nm are taken by supplying the voltage of 0.5 volts per step. It can be observed
from Figure 4-6 that flow can be controlled at any stage with the smooth steps taken by
piezoactuator. The controlled flow rate of 4 ml/min confirms that any required flow rate can
be achieved by the appropriate supply of voltage per step. Previously, gas flow control was
limited by the design parameters of the screw and the gear reduction ratio of the stepper
motor used. Additionally the use of piezoelectric actuator makes possible to get rid of the
unnecessary longer steps taken by the stepper motor due to the friction in the screw (see
Figure 3-15).
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Figure 4-6: Piezoactuator provides the smoother steps as compared to irregular longer steps taken by the
stepper motor due to friction.

4.3.4 Backlash behavior

In Figure 4-7, the dynamic behavior of the piezoactuator is shown. The microvalve
has been operated back and forth. It is opened, closed and kept in different intermediates
states by controlling the voltage supply to the piezoactuator. The time interval in between the
steps is kept constant to examine any delay in steps. It can be observed that the flow behavior
is same for all the relative steps taken by the piezoactuator. The piezoactuator has shown no
backlash during valve operation. Previously the performance of the microvalve was affected
by the backlash of the stepper motors used (see Figure 4-7). We can see from the graph that
the stepper motors used in the past with different gear reduction ratios of 120:1 (without
backlash) and 256:1 (with backlash) needed at least 6 and 60 steps, respectively, to change
their direction. Hence the use of piezoactuator improves the performance of the valve
operation by having zero backlash behavior.

4.3.5 Hysteresis

Hysteresis effects have also been studied. The microvalve is connected to high
pressure a gas reservoir and a constant flow rate is maintained. To observe the hysteresis, the
microvalve is operated for different intermediate states with different time steps. The pressure
difference of 4 bar is maintained between the inlet and the outlet. Initially the membrane is
deflected upward by contracting the piezo in three steps of 5 volts each. A delay of 1 hour for
each step is maintained. After the completion of the third step, finally the membrane is
deflected downward by piezo expansion in a same manner to reach the initial flow state.
Similarly more experiments are performed with a delay of 2 to 4 hours in between steps to
observe the difference in relative steps due to hysteresis effect.
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Figure 4-7: The use of piezoactuator improves the performance of the microvalve by reducing the backlash
problem previously shown by the stepper motor.
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Figure 4-8: Hysteresis: Piezo exhibits almost no hysteresis over a small range of operation as the step size taken
by the piezo is same.
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Three graphs are shown in the Figure 4-8. It can be seen that the size of the
corresponding steps taken by the piezo are same. The graphs illustrate that the piezo exhibits
almost no hysteresis over a small range of operation. It can also be seen that there is a little
deviation of 1-2 ml/min in flow for comparable steps. This variation might be caused by the
change in temperature and pressure over a long period of time. But if the piezo will be used
over an entire range of displacement it exhibits the material hysteresis (see Figure 4-8 d).
Dipole hysteresis in piezoelectric actuator displacement manifests itself as a difference in
displacement path in the forward stroke compared to the return stroke. Therefore, the
correlation between voltage and strain in piezoelectric materials is typically not linear. Open-
loop hysteresis is generally around 10 to 15% of full scale, depending upon the particular
piezo material. The output of the piezo-actuator in a standard displacement graph reflects this
variation in forward versus return path displacement (see Figure 4-8 d). To compensate for
the change in position, one can drive the piezo actuator to a slightly different voltage in the
return move to get back to the same starting position.

4.4  Conclusions

This new design of the microvalve and its characterization presented above show
promising improvement in the features like flow rates, continuous control at any stage with
low power consumption and low hysteresis as compared to microvalve actuated by the
stepper motor. This new approach has made it possible to achieve the following benefits:

e The performance of the microvalve has been improved as the use of piezoelectric
actuator makes it possible to get rid of the unnecessary longer steps taken by the
stepper motor due to the friction in the screw.

e Piezoelectric actuator provides the benefit of controlling the flow continuously over
an entire range of valve operation. Additionally it can control the flow of any desired
range by taking smaller voltage steps.

e The use of piezoactuator made it possible to get rid of backlash problem occurred in
the stepper motor. It enhances the switching performance of the valve by showing
zero backlash behavior.

e Piezoactuator shows almost no hysteresis.

It can deliver a controlled flow rate of 250 ml/minute for a differential pressure of 4
bar. Comparison between predicted and measured flow rates shows good agreement. Testing
results at room temperature demonstrated the flow can be controlled continuously at any
stage during valve operation. This specific DSM piezoactuator proved to be robust and
enhances the performance by showing almost no hysteresis and less power consumption.

The disadvantage is that a voltage supply is required to keep the valve at a fixed
position, in comparison to the design described in chapters 2 and 3.

The issue to optimize the geometrical design to accommodate more pressure ranges in
a single design will be addressed in the following chapter.
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5 Pressure regulator microvalve

Abstract

The design concept, fabrication and the characterization of the pressure regulator
microvalve, which provides the benign feature of accommodating more than one pressure
regime, is presented in this chapter. Although the fabricated device delivers the designated
features, but there are certain issues such as flow controllable range and the size of the
device. These issues are discussed and solutions are proposed.
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5.1 Introduction

In the previous chapters it has been demonstrated that a valve can be designed which
can fulfill the feature like flow regulation at high inlet pressure, robust against burst pressure,
flow control at different intermediate states with certain precession, low power consumption,
fast switching and low hysteresis. But at the same time it was not possible to design a single
valve which can accommodate different operational regimes as the difference between the
resistances was quite large. To fit all operational regimes in a single valve design the size of
the static resistance and the orifice needs to be adjustable that is not possible for valve
geometry with fixed parameters (see section 2.3).

In this section a new design concept based on the principle of pressure regulation is
described. It is a continuation of the piezoelectrically actuated microvalve which is based on
the combination of fine and micromachining. The cross sectional view of the valve is shown
in Figure 5-1. This new concept has made it possible to accommodate more than one pressure
regime in a single design.

Valve 1 Valve 2

Amplification frame

(Em il L
E: Piezo stack :j Eﬂ Piezo stack r\;

L LD
RS T

Inlet Pressure chamber Outlet

Metal block
Screw

Figure 5-1: Cross-sectional view of the pressure regulator microvalve.

5.2  Valve design and modeling

The design shown in Figure 5-lis based on the combination of fine and micro-
machining. To describe the functionality of this concept, it is divided into two sections. Each
section (Valve 1 & 2) comprised of piezoelectric actuator which is fine machined part and
controls the flow through the micromachined part. The piezoelectric actuators are selected by
considering all the requirements given in the chapters 2, 3 and 4. But other actuation
principles can be employed depending on the specific requirements. Valvl regulates the
desired pressure in the pressure chamber for its high inlet pressure. And Valve 2 delivers the
required flow for the pressure regulated in the pressure chamber.
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Based on the modeling details given in chapter 2, the parameters of the
micromachined parts are derived for two operational modes ‘Typical’ and ‘Low flow high
pressure’. The design parameters used are given in the Table 5-1.

Table 5-1: Design parameters for micromachined part of section 2.

a a, | w h $1&S;
0.1 mm 2mm 20 mm 400 um 50 pm 50 pm
a; and a,: inner and outer radius of the valve seat, I: length of the channel (static resistance), w and h:
width and the height of the channel.

Inlet pressure for microvalve lis 5 bar Inlet pressure for microvalve 1 is 10 bar
200 1 204
£ 150 1= )
£ E D
€ €
£ 100 , £ 10] ,
= Typical = Low flow high pressure
c_% 200 ml/min E 20 ml/min
Lo Chamber pressure 2 bar iy Chamber pressure 0.2 bar
0 {0 20 W 41 30 0 0 20 30 41 a0
Gap height um Gap height pm

Figure 5-2: Flow characteristic curves for ‘Typical’ and ‘Low flow high pressure’ modes for control valve 2.

First the design specifications for the micromachined part Valve 2 are derived. To
derive these specifications, first it is assumed that the VValve 1for its inlet pressure of 5 and 10
bar can maintain pressure difference of 2 and 0.2 bar respectively between chamber and the
outlet by controlling the flow. Parameters for valve 2 are derived in such a way that it can
accommodate more than one pressure regime and deliver the controlled flow rate for the
pressure regulated in the chamber. The combination of variable resistance and static
resistance is preferred as it provides more linear range of operation (see section2.1.3). The
flow through valve 2 for the pressure difference of 2 and 0.2 bar between chamber and the
outlet are shown in Figure 5-2. It can be seen that for the parameters given in Table 5-1 for
Valve 2, the flow of 200 and 20 ml/min can be achieved within the same gap height of 50 um
for their respective pressure difference of 2 and 0.2 bar. So it can be concluded that if the
Valvel can regulate the pressure difference of 2 and 0.2 bar between chamber and the outlet
for its inlet pressure of 5 and 10 bar then the valve 2 with the selected parameters can deliver
the flow rates of 200 and 20 ml/min respectively.
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Table 5-2: Design parameters for microvalve 1.

a; a, | w h $1&S,)
0.1 mm 2mm 20 mm 400 um 50 um 25&2 um
a; and ay: inner and outer radius of the valve seat, |: length of the channel (static resistance0, w and h:
width and the height of the channel.

Secondly simulations have been performed to examine the operation of the Valve 1 in
combination with the chamber and the valve 2. The design parameters used for simulations
for Valve 1 are given in Table 5-2. Simulations are performed for different gap heights for
the valve 1 while the valve 2 is fully opened.

P P
— ! Vvalve1 My Chamber : Valve 2 Py

A 4
v

»
P

P,

&
«

mo

P;: Inlet pressure to valve 1, m;: Mass flow rate through valve 1, P,: chamber pressure, m,: Mass flow rate
through valve 2, P5: Atmospheric pressure

Figure 5-3: A flow diagram for the simulations performed.

A flow chart is given in Figure 5-3 to describe the simulations process. It consists of
three blocks representing valve 1, chamber and valve 2 respectively. P; is the inlet pressure to
the valve 1, P, is the chamber pressure and inlet pressure to valve 2 and P3 is the atmospheric
pressure. Simulations are performed in such a way that valve 1 controls the flow to the
chamber by changing the gap height of the membrane to maintain the required chamber
pressure. For different gap heights of 25 um and 2 um of valve 1, the characteristics curves
for the chamber pressure and flow through the valve 2 are shown in Figure 5-4. It can be seen
that valve 1 for its inlet pressure of 5 bar can maintain the chamber pressure of 3 bar for a gap
height of 25 pm. It can also be seen that valve 2 delivers flow rate of 200 ml/min (1.2 x 10”
kg/s) for its inlet pressure of 3 bar (chamber pressure). Similarly it can be observed that a
chamber pressure of 1.2 bar and its corresponding flow of 20 ml/min (4.5 x 10”) through
valve 2 can be obtained by controlling the flow through valve 1 with a gap height of 2 um.

It can be concluded from all the modeling details that it is feasible to accommodate
more than one pressure regime in single design. Based on this concept of pressure regulation,
a valve is fabricated and characterized.

5.3 Fabrication

The three dimensional view of the micromachined part is shown in Figure 5-5. It is
comprised of three wafers. The bottom wafer is Pyrex which contains the inlet and the outlet
orifices. The middle wafer is from silicon and carries the valve seats which act as variable
resistances and also contains a rectangular channel at its bottom, which act as a static
resistance. The inlet in the Pyrex wafer opens in the static resistance of the valve 1 which is
connected to the valve seat by the middle orifice. The outlet of the valve 1 opens into the
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pressure chamber which is connected to the valve 2 via another orifice (see Figure 5-5). The
top wafer is also from silicon having circular membranes with boss, which controls the gas
flow upon deflection.
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Figure 5-4: Flow characteristic curves for chamber pressure and flow through the valve 2.
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Chamber inlet e : Chamber Outlet
Figure 5-5: Three dimensional view of pressure regulator valve.

The two silicon wafers are fusion bonded at 1100 °C in N, atmosphere (see Figure
5-6). An electronic Vision Aligner is used to align and to pre bond the wafers. The final step
is to anodic bond the fusion bonded silicon wafers and Pyrex wafer. The anodic bonding is
performed on a hot plate set up. Finally the wafers are diced from topside. Dicing foil is
applied on the backside of the stack of the three wafers to protect the inlet and the outlet from
the particle contamination.

DRIE etching
Silicon
DRIE etching
ﬁ Silicon
Fusion bonding
Silicon
ﬁ Silicon
Anodic bonding
Silicon
Silicon

i

Figure 5-6: Fabrication process for micromachined part.
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5.4 Characterization

In this section the characterization of pressure regulator microvalve is described. The
performance of the valve 1 is examined by maintaining the required pressure in the chamber
and the volume flow rate through the valve 2 is measured as a function of applied voltage to
the piezoelectric actuator.

Pressure
Gas sensor
flow
Pressure sensor
regulator

i Piezo stack E

Micromachined part ﬂ

Inlet
Pressure chamber Outlet

5
/\

Pressure regulator valve

Screw Metal block

Figure 5-7: Experimental setup.

Two different piezoelectric actuators are used to characterize the pressure regulator
valve. The piezoactuator used previously for the single valve design (see chapter 4) is
coupled to valve 2 and for valve 1 a new piezoelectric actuator with the following parameters
IS used.

Table 5-3: Piezoelectric actuator specifications used for valve 1.

Stroke 145 um £ 10 %

Stiffness 1 N/um + 10 %

Blocked force 145N

Resonant Frequency 1400Hz+5%

Size with metal frame 17 mm x 28.5 mm x 12 mm

5.4.1 Chamber pressure measurements

The pressure difference between chamber and the outlet is measured as a function of
applied voltage to the piezoelectric actuator. The measurement procedure starts by mounting
the micromachined part into the holder as shown in Figure 5-7. Then the piezoelectric
actuators along with metallic pin are brought into contact with the membrane boss. As soon
as the metal pin attached to the piezoelectric actuators came in contact with the boss of the
silicon membrane, a pressure of 5 bar is applied to the inlet of valve 1 by a pressure reservoir
connected to it. Then the pressure difference between the chamber and the outlet is examined
when both valves are fully opened. The size of the chamber used for characterization is 1 cm®
(see Figure 5-1). It can be varied by adjusting the screw at the bottom of the holder. Figure
5-8 shows the pressure difference between the chamber and the outlet as a function of voltage
applied to the piezoelectric actuator of valve 1. It can be seen that for an inlet pressure of 5
bar, the pressure difference between the chamber and the outlet is 2.4 bar. Now in order to
achieve the required pressure difference of 2 bar, a continuous voltage is supplied to the
piezoactuator to expand. Upon actuation, the piezoelectric actuator deflects the membrane to
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control the flow till the required pressure difference is achieved. It can be seen that the
pressure difference of 2 bar between chamber and the outlet can be achieved for the voltage
supply of 46 volts. Similarly it can also be observed that a pressure difference of 0.2 bar can
also be achieved by controlling the flow through valve 1 for a voltage supply of 60 volts. An
inlet pressure of 5 bar is applied at the inlet of the valve 1 in both cases. We could not
characterize the device for the inlet pressure of 10 bar as there was a leakage in the system if
the inlet pressure is more than 8 bar.

For the applied pressure of 5 bar at the inlet of valvel
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Figure 5-8: Pressure difference in between chamber and the outlet as a function of voltage supply to
piezoactuator. The inlet pressure to the valve 1 is 5 bar for this measurement.

The device for the flow control through valve 2 is also characterized. It is examined
whether it is possible to control the flow for different intermediate states in combination with
chamber pressure and the valve 1. Figure 5-9 shows the flow rate through valve 2 as a
function of applied voltage to the piezoelectric actuator for the pressure difference of 2 bar
between the chamber and the outlet. It can be seen that flow starts from 100 ml/min because
it is not possible to start from O as the pressure difference between the chamber and the outlet
will be no longer equal to 2 bar as the valve 2 is closed. Similarly, it is difficult to control the
flow through the valve 2 at the initial state as flow rises steeply for a smaller change in the
gap height which makes it difficult to maintain the required chamber pressure. The linear part
of the flow characteristic curve is chosen to examine the flow rate at different intermediate
states. To start this experiment, first a flow of 100 ml/min is achieved by maintaining a
pressure difference of 2 bar between chamber and the outlet. It is done manually by actuating
both piezoelectric actuators till the required pressure difference of 2 bar and its relative flow
of 100 ml/min is achieved. Then a small step is taken by the piezoelectric actuator coupled to
the valve 2 by decreasing the voltage supply to it. It deflects the membrane up. This results in
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the pressure change in the chamber. In order to maintain the pressure in the chamber valve 1
is further opened by reducing the voltage to the piezoactuator coupled to valve 1 until the
pressure reaches its required value. The same procedure is repeated till the flow through
valve 2 reaches its maximum value of 200 ml/min. It can be seen from Figure 5-9 that flow
through valve 2 in combination with chamber pressure and valve at different intermediate
states can be controlled.

For the applied pressure of 5 bar at the inlet of valvel

240

2x

- Jr
180 ffj

- Nadl

140 )

L

a:l T T T T T T T T T T
450 460 M5 /0 330 300 265 220 170 115 30

Applied voltage

Flow rate ml/min

Figure 5-9: Flow rate through valve 2 as a function of voltage supply for a pressure difference of 2 bar between
chamber and the outlet.

A similar approach is adopted to characterize the device for the low flow regime of 20
ml/min. The flow rate through valve 2 is examined for a pressure difference of 0.2 bar
between the chamber and the outlet. Figure 5-10 shows that it is possible to control the flow
at different intermediate states through valve 2 in combination with chamber pressure and
valve 1 for a pressure difference of 0.2 bar.
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For the applied pressure of 5 bar at the inlet of valvel
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Figure 5-10: Flow rate through valve 2 as a function of supplied voltage for a pressure difference of 0.2 bar
between the chamber and the outlet.

5.5 Conclusions

A new concept has been presented to design and develop a valve using the
combination of fine and micromachining. It is based on the principle of pressure regulation
for different inlet pressures. This new concept and its characterization have made it possible
to achieve the following features:

e Pressure can be regulated to any desired value for the inlet pressure of 2 to 10 bar.
This characteristic provides the benevolent feature to accommodate more than one
pressure regime with in a single setup.

e Flow at any intermediate state can be controlled in combination with this pressure
regulation.

It is not possible accommodate ‘Low pressure high flow’ regime because of the high
difference in resistance. This new approach can also be used directly to control the flow
without pressure regulation in the pressure chamber. The valve 1 can provide the enough
resistance for high inlet pressures and the valve 2 can control the flow accordingly.
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6 Fusion Bonded Fluidic Interconnects

Abstract

The fabrication and characterization of fusion bonded fluidic interconnects is presented in
this chapter. Fluidic interconnects of glass tubes with plain silicon wafers and coated with
silicon dioxide and silicon nitride are characterized. Results obtained for high pressure
testing and the cause of their breakage are discussed.
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6.1 Introduction

The connection of micro devices to the outside world plays a significant role in
MEMS applications such as micro flow controllers, micro reactors and fluidic devices in
general. With the increase in demand and priority in device reliability issues, one cannot
afford to allow flaws in the quality or complexity in the fluidic interconnects. Reliable fluidic
interconnects are one of the basic building blocks of integrated fluidic systems.

Different schemes have been introduced for a variety of interconnections. Few used
gluing [206, 207], which poses problems such as contamination, low operating temperature
and misalignment. Even high temperature ceramic epoxies were used and were found to be
prone to leakage at high temperatures [208, 209]. Some introduced soldering (eutectic
bonding) on silicon [210], which needs an intermediate layer in between two materials to be
bonded and which can’t withstand the high temperature. A few have discussed about press
fittings [211, 212]. Kovar anodic bonding technique has been used to avoid thermal stresses
due to considerably less thermal mismatch with Pyrex at high temperature of 400 °C,
however thermal stresses induced during processing led to fracture in the silicon [213]. The
previous problem was addressed by bonding of Kovar tubes to silicon with a Pyrex ring,
which helped to raise the operating temperature to 600 °C at high holding pressure of 5 atm.
[214].

In the following section a new technique is presented which establishes a reliable
packaging technology for the connection of MEMS components which operate even at more
than 600 °C. This new approach differs from the previous techniques as the interconnections
are realized by the direct fusion bonding of glass tubes to the silicon (see Figure 6-1). This is
done by annealing the glass tubes to the silicon at their softening temperature of 800°C.
Fabrication of the device is discussed in the next section which is followed by the
characterization and the conclusions.

6.2 Fabrication

In this section we discuss the surface preparation and annealing conditions of the
device. Fusion bonding proceeds by mating silicon and tube surfaces, which are pre-cleaned.
At room temperature wafers and tubes positions are fixed by attractive interactions between
the hydrophilic surfaces. The wafer and glass tubes adhere at room temperature via hydrogen
bonds of chemisorbed water molecules that react during the annealing to form Si-O-Si bonds.
With the increase in temperature (400 °C to 800 °C), oxidation reactions take place, which
increase the bond strength at the interface [215].

Standard silicon wafers with 10 cm diameter and with a thickness of 525 um and
glass tubes with 6 mm diameter were used for the bonding experiments. Standard Duran glass
tubes have been chosen to provide this fluidic interconnection, because they are adapted to
standard swage lock connectors. Moreover, the almost identical thermal expansion coefficient
of glass tubes and silicon up to 400 °C prevents failure by the thermal mismatch during
thermal cycling. To observe the difference in bonding behavior, wafers with silicon oxide and
silicon nitride were used, too. For complete process scheme see Appendix E.
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Figure 6-1: Direct fusion bonding of glass tubes with silicon.

Table 6-1: Process steps for fusion bonded fluidic interconnects.

Selection + Dicing
of glass tubes
+

Cleaning

Duran tubes

Selection of silicon
wafer + cleaning

Silicon wafer

Pre aligning +
Fusion bonding +
Powder blasting

Cross sectional view

Three dimensional view

Three groups of experiments were performed.
Bonding of glass tubes to bare silicon.

Bonding glass tubes to oxidized silicon.
Bonding glass tubes to silicon nitride layer
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Silicon wafers were cleaned by following a standard procedure; 10 minutes treatment
in 100 % HNO3 and in 69 % HNO;3 (95 °C) respectively, rinsed in DI water and dried with
N,. Standard glass tubes were diced manually into different lengths, cleaned for 20 minutes
with 1 % HF to avoid contamination due to wax used in dicing. After cleaning, wafers were
placed in the oven at 400 °C and at room temperature) and later on glass tubes were
positioned on the silicon wafers in the oven for annealing. Table 6-1shows the process steps
followed in these experiments.

The wafers with glass tubes were annealed at 800 °C for 30 minutes in a controlled
way with a temperature ramp of 10 °C per minute as shown in Figure 6-2. Samples were
annealed in two different ways as shown in Figure 6-2, to observe how the quality of the
bond is affected by this change. All cleaning steps were performed in the clean room but
samples were annealed in clean room environment as well as in open lab. The fabricated
devices are shown in Figure 6-3.
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Figure 6-2: Annealing a) From room temperature to 800 °C b) From 400 °C to 800 °C.

The standard Duran glass tubes, diced to the appropriate size of 15-20 mm, have been
chosen to provide this fluidic interconnection, because they are adapted to standard swage
lock connectors. The glass tubes with outer diameter of 6 mm and with the wall thickness of
1 and 1.5 mm were used.

Additionally, samples with 1 micron of silicon oxide and silicon nitride layers were
prepared. The oxide was thermally grown at 1150 °C to a thickness of 1 micron. Low stress
silicon nitride of 1 micron thickness was deposited with LPCVD at 850 °C.
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Silicon wafer

Slightly bent
glass tubes

Figure 6-3: Glass tubes bonded to silicon. Glass tubes are slightly bent as they don’t have perfect smooth
surface due to manual dicing.

6.3 Characterization

6.3.1 Experimental setup

A high-pressure apparatus as shown in Figure 6-4 was used to test the bond strength
of the samples fabricated. The maximum pressure that could be measured by the apparatus
was 600 bar. Standard swage locks were used to connect the specimens to the test apparatus
through connector and fiber. Water flow rate of 100 ul/s was set to increase the pressure
gradually till the sample breaks. The pressure increases at the rate of 15 bar per minute
approximately. The maximum pressure at which the sample breaks can be obtained from the
data acquisition system.

Pump Device
controller

' ' Fiber
Syringe

|—|:|—| Pump and / !E:!

pressure
f mmm== \ sensor Connector Swage block
LI )

Data storage

Figure 6-4: Block diagram for high pressure experimental apparatus.

6.3.2 Bond strength analysis

Prior to experiments, it was observed that, after annealing, the glass tubes with 20 mm
in length were slightly bent as shown Figure 6-3. It was due to fact that the glass tubes were
manually diced which leaves the tube circumferential surface uneven and caused the glass
tubes to bend slightly during annealing at high temperature of 800 °C (which is close to the
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softening temperature of Duran glass tubes, 825°C). It was also observed that the glass tubes
with 20 mm length bend more than the tubes with 15 mm length, which caused problem to
connect the specimen with swage lock to perform bond strength test. Moreover, it was
observed that there were no non-bonding areas between glass tubes and silicon wafer
interface as shown in Figure 6-5. The voids due to particles were expected, as the specimens
were prepared in clean room environment as well as in lab. This observation was confirmed
after performing bond strength tests.

> e '|Glass tube "

/_j I // o /_

Glass tube

Silicon
surface with
reflection

V

Figure 6-5: Zoom in view for the interface between glass tube the silicon wafer. No voids can be seen due to
particles.

To evaluate the fusion bond strength of an interconnection, statistical tests have been
performed using the high pressure set up. Results are presented in Table 6-2. It is found from
this table that in case of plain silicon, the average burst pressure was 43 bar and 65 bar for the
glass tubes with the wall thickness of 1 mm and 1.5 mm respectively. There was 50 %
increase in the burst pressure with 50 % increase in wall thickness. It was also observed that
in case of large thickness of the tube, breakage was observed in silicon while in case of
smaller wall thickness, the glass tubes split from the silicon by leaving some traces of glass
on it as shown in Figure 6-6 a, b. The burst pressures in case of the oxide layer are identical
with bare silicon. However, the burst pressure differs significantly in case of a silicon nitride
layer. The minimum and the maximum burst pressures found were 20 and 30 bar
respectively. No breakage in silicon and no traces of glass were found on the silicon nitride as
shown in Figure 6-6 c. Parameters shown in Figure 6-6 are given in Table 6-3.

This low burst pressure might results in case of silicon nitride layer, as silicon nitride
is dense and hard material. The dense structure of silicon nitride does not provide the open
channels to grow oxide, so oxygen diffuses very slowly through the nitride and prevents
oxidation of underlying layer. So in case of native oxide layer bond strength quality is good
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as interfacial oxide grows almost completely at high annealing temperature of 800 °C. It was
also observed that there was no considerable difference in bond strength for the specimens,
prepared in clean room and in the normal lab (65 + 3 bar).

Table 6-2: Burst pressure results for 20 samples each.

. Tube inner Average burst Standard
Wall thickness . .

Wafer (mm) diameter pressure deviation &
(mm) (bar) (bar)
Silicon 1.0 4 43 +27
15 3 65 +4.0
Silicon + SiO, 1.0 4 43 +0.8
15 3 65 +1.7
Silicon + Si3N, 1.0 4 20 +1.0
15 3 31 +1.7

I
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P > a “«—> b —> c
A

r

Figure 6-6: a) Breakage in silicon b) Traces of glass in silicon ¢) No breakage in glass and in silicon.

Table 6-3: Geometrical parameters shown in Figure 6-6.

Parameters p q r S t
mm 15 3 6 4 3-4

The burst pressure obtained during experiments is high enough for many applications
in Microsystems such as for micro flow controllers, micro reactors and fluidic devices in
general. Theory suggests that the burst pressure values should be higher than the values
obtained. It is assumed that this difference is due to the thermal stresses produced due to
thermal mismatch between the glass tubes and the silicon at high temperatures. It can be seen
from Figure 6-7, the thermal expansion coefficient for Pyrex increases rapidly above 450 °C.
(Pyrex and Duran, both are borosilicate glass, thus having almost same properties). During
cooling the silicon and the glass surfaces experience compressive and the tensile stresses
respectively due to thermal mismatch (see Figure 6-7). It is also assumed that the buckling of
silicon membrane may occur for the high thermal stress induced. The value of the thermal
stress can be calculated as:
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O_Thermal = EAO{AT (48)

where E is elastic modulus of the material, AT is the temperature change A« is the change in
thermal expansion coefficient over the process range with change in temperature.

Pyrex

Silicon

SN
L

Thermal expansion coefficient
w

_,_,,—'-"'_'_.__._

N
1

(ppm/°C)

o

0 100 200 300 400 500 600
Temperature °C

Figure 6-7: Thermal expansion coefficient of Pyrex compared with silicon [216].

Silicon

Compression
Tension

N\
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Figure 6-8: Compression on silicon surface while glass surface is in tension due to thermal mismatch during
cooling.

To calculate the thermal stress values, thermal properties of borosilicate glass and
silicon are needed. But the thermal properties of borosilicate glass are available only up to
600 °C. But Jean et al. [217] pointed out that when borosilicate glass is treated above 700 °C
depending upon the time period, the cristobalite gradually precipitates out of the initial
amorphous mixture. The precipitation of the cristobalite in the initially amorphous glass
mixture is discouraging because its large thermal expansion coefficient (50 ppm/°C) and its
volume change associated with its marternsitic transformation from tetragonal to the cubic
phase at about 150-200°C dramatically reduces the thermal shock resistance and the
mechanical strength of the borosilicate glass. To get an improved estimate of orhermal, an
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average value of thermal expansion coefficient of 27 ppm of SiO; cristobalite is used instead
of 50 ppm [218]. It gives the thermal stress value of 4 GPa which is much higher than the
compressive yield strength of silicon 120 MPa [219] and tensile strength 90 MPa of Duran
glass [220]. Above these values glass and silicon will not yield but break as both are brittle
materials. To examine whether the silicon membrane buckles due to this high thermal stress,
critical stress value for buckling is also calculated:

2El

= — 49
er A(KL)? “9)

where E is the modulus of elasticity, I is the moment of inertia, A is cross-sectional area, K is
the effective length factor (0.2 for both ends clamped) and L is the length of the column.

Table 6-4: Parameters used to calculate the critical stress value for buckling.

E L K b h
190 x 10° Pa 6x10°m 0.5 6x10°m 525 x 10° m
E: modulus of elasticity for silicon, L: length of membrane, K: effective length factor, b: breadth of the
membrane, h: thickness of the membrane.

The critical stress value for the device used in experiment is calculated and found to
be 4.7 GPa which is comparable with the thermal stress value of 4 GPa in combination with
applied pressure during burst pressure test. The device’s parameters used are given in Table
6-4.

On the basis of the above calculations following conclusions are drawn to clarify the
cause of silicon and glass breakage at low pressure:

e |t is assumed that the presence of cristobalite during annealing produces the cracks at
the interface of glass and silicon while cooling due to high thermal mismatch. And
when the devices are characterized for the burst pressure they tend to break at lower
pressure.

e |t is assumed that for high thermal stress induced the silicon membrane may buckle
and while characterizing it for burst pressure it breaks at lower pressure.

e The breakage in the glass in case of smaller wall thickness (see Figure 6-6 b) is might
be due to the formation of the cristobalite which dramatically reduces the thermal
shock resistance and the mechanical strength of the borosilicate glass.

e The breakage phenomenon is unclear yet. It is assumed that the fracture initiated at
the interface of silicon and glass (due to thermal mismatch) propagates through the
glass or silicon during tests and causes the material to break.

99



Chapter 6

6.4 Conclusions

Glass tube to silicon fusion bonding is a simple process for the fabrication of quality
fluidic interconnects. The procedure is rather simple and needs only the standard
semiconductor process equipments. The bond strength obtained is high enough for many
MEMS applications such as micro flow controller, micro reactor and for fluidics in general.
Reducing the surface roughness of diced glass tubes can increase the bond strength.
Additionally, smooth dicing and use of smaller glass tubes can reduce leaning.

The high thermal stressed induced during cooling of the devices due to the formation
of cristobalite might cause the breakage in silicon and the glass. The breakage phenomenon is
unclear yet. It is assumed that the fracture initiated at interface of silicon and glass (due to
thermal mismatch) propagates through the glass or silicon during tests and causes the
material to break.

Both silicon and silicon oxide layer can be chosen for good quality bonding
depending upon the application. However silicon nitride can be excluded for high pressure
applications.
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7 Conclusions and Future Aspects

Abstract

In this final chapter, I summarize the work presented in this thesis and give general
conclusions and recommendations for future work.



Chapter 7

The thesis is focused on the development of the microvalve. The aim was to realize a
microvalve using the combination of micro and fine machining to achieve the preferred
characteristics of microvalves such as no leakage, controlled flow for high inlet pressures,
control flow at different intermediate states with certain precision such as with 1-2% of full
scale flow, low power consumption, robust against burst pressure, insensitivity to particular
contamination, fast response time, potential for linear operation, ability to control the flow for
different pressure regimes with single design. Additionally the valve should be capable of
controlling the flow without power consumption at different intermediate states during valve
operation.

In this thesis different design aspects for the valve have been discussed. For modeling
fluid flows, the theory discussed in the 2" chapter about using the static and the variable
resistance in combination is very valuable. The principle of combination of the static
resistance in series with the variable resistance is used for obtaining larger and linear
controllable flow range. Additionally it also provides the benign feature to lower the Mach
and Reynolds number to avoid the compressibility effects for high inlet pressures. With this
method it is demonstrated that for simple geometries such as DRIE etched rectangular
channels and valve seats, good analytical models can be achieved.

In the chapter 3, a new design concept based on the combination of fine and
micromachining is presented. A stepper motor actuated valve has been developed and
characterized using the combination of fine and micromachining. This technique enables us
to control high flow rates at higher pressure. This new idea of mechanical transmission
(conversion of rotational motion into the translation motion using stepper motor) not only
allows us to control the valve at any intermediate state but also the valve does not need any
power to keep its state. Additionally, this design prevents the interaction of the process gas
with the actuation part, which enhances its robustness. A hard seating configuration, using
fine and micro machining combination, contributes to the enhanced leak tight microvalve
operation. Extremely low leak rates of 5 x 10° [ml/min] were detected with atmospheric
pressure at the inlet and vacuum (1x10™ bar) at the outlet. Another promising feature is that
it uses simple and straightforward fine and micromachining process to realize the microvalve.
The microvalve characterization for its robustness against its repeatability and its aging has
been performed. The results assure that the continuous operation of the microvalve can be
guaranteed by selecting the right combination of metal for screws and the bolts for the
mechanical transmission

A new design based on piezoelectric actuation is described in chapter 4. The choice of
the piezoelectric actuation made it possible to achieve the followings:

e Getting rid of the unnecessary long steps to improve the flow controllability. In the
stepper motor actuated microvalve during valve operation the long steps are followed
by the smaller steps due to the friction in between the screw threads which limits the
controllability (see Figure 3-15).

e Overcoming the hysteresis, exhibited by the stepper motor actuated microvalve.

e Avoid the back lash problem which causes slow response upon switching.
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This specific DSM piezoactuator proved to be robust and enhances the performance
by showing almost no hysteresis and little power consumption. But the disadvantage is
required power to keep the valve at a fixed position, in comparison to the design described in
chapter 2 and 3.

Besides the stepper motor and piezoelectric actuated valve, a new concept based on
the principle of pressure regulation is presented in chapter 5. This design also uses the
concept of combination of fine and micromachining. This new design and its characterization
show that it is possible to accommodate more than one pressure regimes in a single design. It
has shown the promising feature of regulating the high inlet pressures to the desired low
pressure value for optimum flow control. Additionally it has shown that the flow at different
intermediate states in combination with the pressure regulation can be achieved.

Despite the advantages of these designs still there are certain issues for the future
study. The miniaturization of the reported valve is limited by the actuator as it is the biggest
component of the valve. To reduce the size of the valve the bottleneck is to reduce the
actuator size. Actuators in connection with micromachined part need to be design in such a
way that its integration is no more complex.

In order to make a single valve design to accommodate more pressure regimes, static
resistance and the orifice and the orifice needs to be programmable.

To make the pressure regulator valve more economical, the piezoelectric actuator
coupled to valvel can be replaced by a single screw. A certain pressure depends on the
application can be reached by controlling the flow with membrane deflection upon screw
rotation.
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Precession plots

Precession plots
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Process Document for Microvalve

Process Document for Microvalve

Single Sided Circular Membrane Microvalve

1. Introduction

1.1 Design Description

1.2 Explanation of Typical Process Steps

1.3  Testing Apparatus
2. Mask Lay out (Overview)
3. Process Outline
4. Specific Design Parameters
5. Process Description

1 Introduction

1.1 Design description
Single Sided Processing of Top Wafer
*This design is the modification of the “Double sided membrane micro valve”. In this design
we used single sided circular membrane with boss etched with dry etching (BOSCH). This is
done to reduce the fracture probability of membrane as the stress concentrates at the sharp
edges produced by the KOH etching. It also helps to realize boss with required specifications
which is not possible with KOH etching without applying edge compensation techniques.
The aim of this project is to design and develop a microvalve, which currently forms the
bottleneck in the development of miniature flow controllers. Flow controllers comprise of
controllable valves, flow sensors and control electronics. An important application of the
flow controller is in gas chromatography, which is a system for chemical analysis of gases.
The valve is an adjustable obstruction in the flow channel. Most valves are in a closed or
open state when not powered. In the literature many miniaturized valves have been purposed,
most of these are normally open valves. Here we want to fabricate a valve with an indifferent
state: An obstruction, which keeps it geometry without requiring any power.
The current design consists of two fusion bonded Silicon <100> wafers with an additional
glass wafer in order to obtain a micro stepper motor actuated active valve shown in Figure 1.
Circular membranes with boss are obtained with DRIE (BOSCH), channels, variable
resistance and orifice are also obtained by DRIE etching. Inlet and outlet are realized by
powder blasting of Pyrex wafer.
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Iembrane
_ ,-T — \ l |
Static \
Inlet tesistance Middle orifice Outlet

*The process described in this document is for 3 wafers.

1-

1.2 Explanation of typical process steps

Silicon Membranes: Single sided circular membranes are realized in the top wafer
with DRIE etching (BOSCH)

Channels and Holes: Channels and holes in the middle wafer are realized with DRIE.

Inlet/Out let in Glass wafers: Inlet and out let orifices are obtained with the help of
powder blasting.

Fusion Bonding: Two silicon wafers are bonded to each other with fusion bonding
technique.

Anodic Bonding: Two bonded silicon wafers are anodically bonded to glass wafers
with inlet and out let.
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2 Mask Lay Out (Overview)

2.1 Masks
Five masks are needed:
TOP : Top side opening Dry etching (Membrane)
BCH : Bottom side channels with RIE
FOR : Front side orifices with RIE
FVR1 :Front side variable resistance 1
FVR2 :Front side variable resistance 1
1/0 : Inlet and out let in glass wafer (Powder Blasting)
— meessss— [VRI]
/0

@
@
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2.2 Layout (over view)
File Name: Single sided membrane microvalve

position description code layer inside white / black
Top Left Membrane etching from topside TOP 0 white
Top Right Control area of membrane deflection FVRI 1 white
Mid Left Channels in the bottom side of 2™ wafer BCH 5 white
Mid Right Orifices in the 2" wafer FOR 4 white
Bottom Left | Variable resistance on front of 2" wafer FVR2 3 white
Bottom Inlet and outlet inside the glass wafer 1/0 6 Black
Right
0000
000000
09000000
900000
000000
0000

_leajelal

(O[0[8 8|00 ]

9lalelalelal
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2.3 Mask Layout (Zoom IN)

position description code layer inside white / black
Top Left Membrane etching from topside TOP 0 white

Top Right Control area for membrane deflection FVRI 1 white

Mid Left Channels in the bottom side of 2™ wafer BCH 5 white

Mid Right Orifices in the 2" wafer FOR 4 white

Bottom Left | Variable resistance on front of 2" wafer FVR2 3 white

Bottom Inlet and outlet inside the glass wafer 1/0 6 Black

Right
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3 Process outline

3.1 Process outline for 1* wafer (Silicon membrane)

Step Process description After process
1-3 Selection of Si- wafer

+measurement of thickness+

Cleaning

3-11 | Patterning of Photo resist mask

12 Dry etching of silicon

13-16 | Stripping off Photoresist and
cleaning standard

e 10 wafers with 908/35 resist, not post baked.
e Use/start with B-FAST recipe

Characterize membrane here

Inspect membranes and try to optimize straight trenches
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3.2 Process outline for 2™ wafer (Channels and variable resistance in Silicon
wafer)

Steps Process description After process

1-6 | Selection of silicon wafer +
cleaning (Protection of Front
side of the wafer with
photoresist)

(wafer bottom side processing)
+ wafer thickness measurements

7-10 | Masking of M2 (Channels)

11 | Plasma etching by Adixon

|

12-13 | Stripping of photo resist +

Standard cleaning

14 Wet Oxidation of Si0,

(Front side wafer processing)

—
15-23 | Wet etching of Si0O,

(Application of Mask 3, area for

membrane deflection)+ stripping

off HNO3+cleaning standard

24 | Chromium sputtering
25-31 | Patterning of chromium
— , —

(Application of mask 4, variable
resistance
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32-36

Application of Mask 5

37-38

Etching of Chromium

39-40

Etching of Silicon by Adixen
(Orifices at the top)

41-42

Etching of Variable resistance
(Adixen silicon etching)

43-44

( Strip off chromium)
Etching of membrane deflection
and through the whole wafer area

by Adixen

45-46

Wet etching of Silicon Oxide +
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3.3 Process outline for 3™ wafer

Steps Process description After process

1-2 | Selection of Pyrex wafer +
Standard cleaning

3-4 | Lamination

5 Development o

6 Powder blasting of holes |

7-8 | Removal of Lamination E

4 Specific Design Parameters

Length of Memb. :L: 7 mm
Thickness of Memb. :t : 50 pum
Dia. of Inlet : Dy 800 um
Dia. of Outlet : Do: 800 pm
Dia. of Main orifice : Dy 400 um
Width of Channel : W: 400 pm
Height of the channel : h: 60 um
t
l Dy
b L} |
D, Do
> —>
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5 Process Description

5.1 Process description for 1* wafer (Silicon membrane)

No | Process Details Comments
1 Substrate selection - CR112B / Wafer Storage Cupboard
Silicon <100> DSP Supplier:
(#subs002) Orientation: <100>
Diameter: 100mm
Thickness: 525pm +/- 25um
Polished: Double side
Resistivity: 5-10Qcm
Type: p
2 Wafer thickness CR112B-1/LEE-Tool01 Measure the
measurement thickness at 5 points
(#char012)
3 Cleaning Standard CR112B / Wet-Bench 3-2
(#clean003) HNO; (100%) Selectipur: MERCK 100453
HNO; (69%) VLSI: MERCK 116445
* Beaker 1: fumic HNO; (100%), Smin
* Beaker 2: fumic HNOj; (100%), Smin
* Quick Dump Rinse <0.1uS
* Beaker 3: boiling (95°C) HNO; (69%), 10min
* Quick Dump Rinse <0.1uS
* Spin drying
4 Lithography - Priming CR112B / Suss Micro Tech Spinner (Delta 20) To protect the
(liquid) Hotplate 120 °C Front side of the
(#1ith001) HexaMethylDiSilazane (HMDS) f
« Dehydration bake (120°C): Smin water
* Spinning acceleration: 4000rpm/s
* Spinning speed: 4000rpm
* Spinning time: 20s
5 Lithography - Coating CR112B / Suss Micro Tech Spinner (Delta 20) To protect the
Olin907-17 Hotplate 95 °C Front side of the
(#1ith005) Olin 907-17 wafer
* Spinning acceleration: 4000rpm/s
* Spinning speed: 4000rpm
* Spinning time: 20s
* Prebake (95°C): 90s
6 Lithography - Postbake CR112B / Hotplate 120°C Skip post bake:
standard * Time: 30min
(#1ith009)
7 Lithography - Priming CR112B / Suss Micro Tech Spinner (Delta 20) Application of
(liquid) Hotplate 120 °C mask 1 for
(#1ith001) HexaMethylDiSilazane (HMDS) circular

* Dehydration bake (120°C): Smin
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* Spinning acceleration: 4000rpm/s membrane
* Spinning speed: 4000rpm
* Spinning time: 20s
8 Lithography - Coating CR112B / Headway Spinner
Olin908-35 Olin 908-35
(#1ith006) . Sp@nn@ng speed: 4000rpm 3000 rpm
* Spinning time: 20s
* Prebake (95°C): 120s1
9 Lithography - Alignment CR117B/EVG 20 Vacuum contact
& Exposure Olin 908-35 Electronic Vision Group 20 Mask Aligner Exposure time
(EV) * Exposure Time: 12 sec should be 22
seconds as the
photo resist layer
will be 5 microns
10 | Lithography - CR112B / Wet-Bench 11
Development Olin Resist Developer: OPD4262 Control it during
(#1ith011) Hotplate 120°C (CR112B or CR117B)) development ?
* After Exposure Bake (120°C): 60sec
Development:
* Time: 30sec in Beaker 1
* Time: 15-30sec in Beaker 2
* Quick Dump Rinse <0.1uS
* Spin drying
11 | Optical microscopic CR112B / Nikon Microscope Optical microscopy
inspection - Lithography inspection of
(#char001) Lithography
12 Plasma etching of Si CR125c/Adixen SE No need to post
B-FAST-1 Application: high speed silicon etching bake in case of
(# ID etch064) Parameters Etch Deposition Bosch process.
Gas SF6 C4F8 425,450, 475 um)
Flow sccm 400 10 Membranes with
Time sec 13 2 the thickness of
Priority 2 1 50, 75,80 um)
APC % 100 100
ICP Watt 2500 2500
CCP Watt 10 10
Pulsed (LF) ms. 350n/650ff 350n/65
off
He mBar 10 10
SH mm 110 110
Electrode 10 10
temp.°C.
Er Olin907 297 (high)
[nm/min]
Er silicon 10-20
[pm/min]
13 | Dry Oxidation (DOX) at CR112B / Furnace B3 30 minutes
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800°C of Silicon
(#depo026

Standby temperature: 800°C
* Program: DOX-800
* Temp.: 800°C

(To remove
polymer during
bosch process

* Gas: O, etching)
* Flow: 41/min
14 | Etching HF (1%0) Native CR112B / Wet-Bench 3-3 10 minutes
Oxide HF (1%) VLSI: MERCK 112629.500
(#etch027) * Etch time: >1min
* Quick Dump Rinse <0.1uS
* Spin drying
15 | Stripping of Photoresist in | CR116B / Wet-Bench 2 20 to 30 minutes
HNO; HNO; (100%) Selectipur: MERCK 100453
(#1ith014) * Beaker 1: HNO; (100%) 20min
* Quick Dump Rinse <0.1uS
* Spin drying
16 | Cleaning Standard CR112B / Wet-Bench 3-2 Characterize

(#clean003)

HNO; (100%) Selectipur: MERCK 100453
HNO; (69%) VLSI: MERCK 116445

* Beaker 1: fumic HNO; (100%), Smin

* Beaker 2: fumic HNO; (100%), Smin

* Quick Dump Rinse <0.1uS

* Beaker 3: boiling (95°C) HNOj; (69%), 10min
* Quick Dump Rinse <0.1uS

* Spin drying

membrane
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5.2 Process description for 2nd wafer (Channels and Variable resistance)

No | Process Details Comments
1 Substrate selection - Silicon | CR112B / Wafer Storage Cupboard

<100> DSP Supplier:

(#subs002) Orientation: <100>

Diameter: 100mm
Thickness: 525um +/- 25um
Polished: Double side
Resistivity: 5-10Qcm

Type: p

2 Wafer thickness

CR112B-1/LEE-Tool01

Measure the

measurement thickness at 5 points
(#char012)

3 Cleaning Standard CR112B / Wet-Bench 3-2 6 Wafers + 2 extra
(#clean003) HNO; (100%) Selectipur: MERCK 100453 wafers

HNO; (69%) VLSI: MERCK 116445

* Beaker 1: fumic HNO; (100%), Smin

* Beaker 2: fumic HNOj; (100%), Smin

* Quick Dump Rinse <0.1uS

* Beaker 3: boiling (95°C) HNOj; (69%), 10min
* Quick Dump Rinse <0.1uS

* Spin drying

4 Lithography - Priming

(liquid)
(#1ith001)

CR112B / Suss Micro Tech Spinner (Delta 20)
Hotplate 120 °C

HexaMethylDiSilazane (HMDS)

* Dehydration bake (120°C): S5min

* Spinning acceleration: 4000rpm/s

* Spinning speed: 4000rpm

* Spinning time: 20s

To protect the
Front side of the
wafer

5 Lithography - Coating
Olin907-17
(#1ith005)

CR112B / Suss Micro Tech Spinner (Delta 20)
Hotplate 95 °C

Olin 907-17

* Spinning acceleration: 4000rpm/s

* Spinning speed: 4000rpm

* Spinning time: 20s

* Prebake (95°C): 90s

Protect the Front
side of the wafer by

6 Lithography - Postbake CR112B / Hotplate 120°C Postbake 30
standard * Time: 30min minutes
(#1ith009

7 Lithography - Priming CR112B / Suss Micro Tech Spinner (Delta 20)
(liquid) Hotplate 120 °C o
(#1ith001) HexaMethylDiSilazane (HMDS) Channel fabrication

* Dehydration bake (120°C): S5min
* Spinning acceleration: 4000rpm/s
* Spinning speed: 4000rpm

* Spinning time: 20s

with mask 2 on the
bottom side of 2nd
wafer

8 Lithography - Coating
0Olin908-35)
(#1ith006)

CR112B / Headway Spinner
Olin 908-35
* Spinning speed: 4000rpm

3000 rpm
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* Spinning time: 20s
* Prebake (95°C): 120s

9 Lithography - Alignment & | CR117B/EVG 20 Vaccum contact
Exposure Olin 908-35 (EV) Electronic Vision Group 20 Mask Aligner Exposure time
* Exposure Time: 12 sec should be 22
seconds as the
photor resist layer
will be 5 microns
10 | Lithography - Development | CR112B/ Wet-Bench 11 Control it during
Olin Resist Developer: OPD4262 development
(#1ith011) Hotplate 120°C (CR112B or CR117B))
* After Exposure Bake (120°C): 60sec
Development:
* Time: 30sec in Beaker 1
* Time: 15-30sec in Beaker 2
* Quick Dump Rinse <0.1uS
* Spin drying
11 Plasma etching of Si CR125c/Adixen SE No need to post
B-FAST-1 Application: high speed silicon etching bake in case of
(# ID etch064) Parameters Etch Deposition | Bosch process.
Gas SF6 C4F8 (60 um)
Flow sccm 400 10
Time sec 13 2
Priority 2 1
APC % 100 100
ICP Watt 2500 2500
CCP Watt 10 10
Pulsed (LF) ms. 35on/650ff  350n/65
off
He mBar 10 10
SH mm 110 110
Electrode 10 10
temp.°C.
Er Olin907 2?7 (high)
[nm/min]
Er silicon 10-20
[pm/min]
12 | Stripping of Photoresist in CR116B / Wet-Bench 2 30 minutes
HNO; HNO; (100%) Selectipur: MERCK 100453
(#1ith014) * Beaker 1: HNO; (100%) 20min
* Quick Dump Rinse <0.1uS
* Spin drying
13 | Cleaning Standard CR112B / Wet-Bench 3-2

(#clean003)

HNO; (100%) Selectipur: MERCK 100453
HNO; (69%) VLSI: MERCK 116445

* Beaker 1: fumic HNO; (100%), Smin

* Beaker 2: fumic HNO; (100%), Smin

* Quick Dump Rinse <0.1uS

* Beaker 3: boiling (95°C) HNO; (69%), 10min
* Quick Dump Rinse <0.1uS

* Spin drying
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14 | Wet Oxidation (WOX) at CR112B / Furnace B2 Top side wafer
1150°C of Silicon Standby temperature: 800°C processing. Use of
(#depo014) Check water level of bubbler mask 3.

* Program: WOX-1150 1.2 micron of
* Temp.: 1150°C oxide
* Gas: H,O + N, (Bubbler)
15 | Lithography - Priming CR112B / Suss Micro Tech Spinner (Delta 20)
(liquid) Hotplate 120 °C
(#1ith001) HexaMethylDiSilazane (HMDS)
* Dehydration bake (120°C): Smin
* Spinning acceleration: 4000rpm/s
* Spinning speed: 4000rpm
* Spinning time: 20s

16 | Lithography - Coating CR112B / Suss Micro Tech Spinner (Delta 20)
Olin907-17 Hotplate 95 °C
(#1ith005) Olin 907-17

* Spinning acceleration: 4000rpm/s
* Spinning speed: 4000rpm

* Spinning time: 20s

* Prebake (95°C): 90s

17 | Lithography - Alignment & CR117B/EVG 20 Vaccum contact
Exposure Olin 907-17 (EV) Electronic Vision Group 20 Mask Aligner
(#1ith021) * Exposure Time: 4sec

18 | Lithography - Development CR112B / Wet-Bench 11
Olin Resist Developer: OPD4262
(#1ith011) Hotplate 120°C (CR112B or CR117B))

* After Exposure Bake (120°C): 60sec
Development:

* Time: 30sec in Beaker 1

* Time: 15-30sec in Beaker 2

* Quick Dump Rinse <0.1uS

* Spin drying

19 | Lithography - Postbake CR112B / Hotplate 120°C *|s post bake is
standard * Time: 30min necessary as we are
(#1ith009) doing BHF etching

(ves)

Itis not
recommended in case
of BOSCH process
etching

20 | Lithography - Lamination of | ELTN7143/4 / GBC 3500Pro Laminator Protection of
BF410 foil Ordyl BF410 dry resist foil Backside
(#1ith032) * Temp: 130°C ('Carry' preset)

* Speed: 2 (‘'Carry' preset)
21 | Etching BHF (1:7) SiO, CR112B / Wet-Bench 3-3 30 minutes

(#etch024)

NH,F/HF (1:7) VLSI: MERCK 101171.2500
* Quick Dump Rinse <0.1pS

* Spin drying

Etchrate thermal SiO, = 60-80nm/min
Etchrate PECVD SiO, = 125/nm/min
Etchrate TEOS SiO, = 180/nm/min

(14-15 minutes) ?
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How to remove foil

22

Cleaning fuming
HNO; multipurpose
(#clean013)

CR116B / Wet-Bench 2

HNO; (100%) Selectipur: MERCK 100453
* Beaker : HNO; (100%) Smin

* Quick Dump Rinse <0.1puS

* Spin drying

20 minutes

23

Cleaning Standard
(#clean003)

CR112B / Wet-Bench 3-2

HNO; (100%) Selectipur: MERCK 100453
HNO; (69%) VLSI: MERCK 116445

* Beaker 1: fumic HNO; (100%), Smin

* Beaker 2: fumic HNOj; (100%), Smin

* Quick Dump Rinse <0.1uS

* Beaker 3: boiling (95°C) HNOj; (69%), 10min
* Quick Dump Rinse <0.1uS

* Spin drying

Application of mask
three finished

24

Sputtering of Cr (Sputterke)
(#depo017)

CR106A / Sputterke

Cr Target

* Electrode temp.: water cooled electrode
* Ar flow: 45% = 90sccm

* Base pressure: 1.0e-3mbar

* Sputter pressure: 5.0e-3mbar

» power: 200W

Depositionrate = 10nm/min

50 nm

25

Lithography - Priming

(liquid)
(#1ith001)

CR112B / Suss Micro Tech Spinner (Delta 20)
Hotplate 120 °C

HexaMethylDiSilazane (HMDS)

* Dehydration bake (120°C): Smin

* Spinning acceleration: 4000rpm/s

* Spinning speed: 4000rpm

* Spinning time: 20s

26

Lithography - Coating
Olin907-17 (Headway)
(#1ith005)

CR112B / Suss Micro Tech Spinner (Delta 20)
Hotplate 95 °C

Olin 907-17

* Spinning acceleration: 4000rpm/s

* Spinning speed: 4000rpm

* Spinning time: 20s

* Prebake (95°C): 90s

27

Lithography - Alignment &
Exposure Olin 907-17 (EV)
(#1ith021)

CR117B/EVG 20
Electronic Vision Group 20 Mask Aligner
* Exposure Time: 4sec

Application of mask
4 for variable
resistance 200 um

28

Lithography - Development
Olin Resist
(#lithO11)

CR112B / Wet-Bench 11

Developer: OPD4262

Hotplate 120°C (CR112B or CR117B))
* After Exposure Bake (120°C): 60sec
Development:

* Time: 30sec in Beaker 1

* Time: 15-30sec in Beaker 2

* Quick Dump Rinse <0.1uS

* Spin drying

29

Lithography - Postbake

CR112B / Hotplate 120°C
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standard * Time: 30min
(#1ith009)
30 | Ozone anneal of Olin 907 (to | CR116B-1/UV PRS-100
improve wetting) To improve wetting during etching of
(#1ith038) Chromium layers
* time: 300sec
31 | Etching of Cr Wet CR116B / Wet-Bench 2 Application of mask
(#etch034) Chromium etch LSI Selectipur: MERCK 4 is finished
111547.2500
* Quick Dump Rinse <0.1uS
* Spin drying
Etchrates = 100nm/min
32 | Cleaning fuming CR116B / Wet-Bench 2 Don’t use standard
HNO; multipurpose HNO; (100%) Selectipur: MERCK 100453 cleaning as we have
(#clean013) ) * Beaker : HNO; (100%) 5min chromium metal.
* Quick Dump Rinse <0.1uS
* Spin drying
33 | Lithography - Priming CR112B / Suss Micro Tech Spinner (Delta 20) | Mask 5 for orifices in
(liquid) Hotplate 120 °C the middler wafer
(#1ith001) HexaMethylDiSilazane (HMDS)
* Dehydration bake (120°C): S5min
* Spinning acceleration: 4000rpm/s
* Spinning speed: 4000rpm
* Spinning time: 20s
34 | Lithography - Coating CR112B / Suss Micro Tech Spinner (Delta 20) | 3000 rpm
OI1in908-35 (#1ith006) Hotplate 95 °C
Olin 908-35
* Spinning acceleration: 4000rpm/s
* Spinning speed: 4000rpm
* Spinning time: 20s
* Prebake (95°C): 120s
35 | Lithography - Alignment & CR117B/EVG 20 Vaccum contact
Exposure Olin 908-35 (EV) Electronic Vision Group 20 Mask Aligner Exposure time
* Exposure Time: 12 sec should be 22
seconds as the
photo resist layer
will be 5 microns
36 | Lithography - Development CR112B / Wet-Bench 11
Olin Resist Developer: OPD4262 Control it after
(#1ith011) Hotplate 120°C (CR112B or CR117B)) development
* After Exposure Bake (120°C): 60sec
Development:
* Time: 30sec in Beaker 1
* Time: 15-30sec in Beaker 2
* Quick Dump Rinse <0.1uS
* Spin drying
37 | Lithography - Postbake CR112B / Hotplate 120°C
standard * Time: 30min
(#1ith009)
38 | Ozone anneal of Olin 907 (to | CR116B-1/UV PRS-100
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improve wetting)
(#1ith038)

To improve wetting during etching of
Chromium layers
* time: 300sec

39 | Etching of Cr Wet CR116B / Wet-Bench 2
(#etch034) Chromium etch LSI Selectipur: MERCK
111547.2500
* Quick Dump Rinse <0.1uS
* Spin drying
Etchrates = 100nm/min
40 Plasma etching of Si CR125c/Adixen SE
B-FAST-1 Application: high speed silicon etching
(# ID etch064) Parameters Etch Deposition
Gas SF6 C4F8
Flow sccm 400 10
Time sec 13 2
Priority 2 1
APC % 100 100 Etch through the
ICP Watt 2500 2500 orifices not to the
CCP Watt 10 10 end.
Pulsed (LF) ms. 350n/650ff 350n/65 Time: 15min
off 30sec
He mBar 10 10 315 um
SH mm 110 110
Electrode 10 10
temp.°C.
Er Olin907 2?2? (high)
[nm/min]
Er silicon 10-20
[um/min]
41 | Cleaning fuming CR116B / Wet-Bench 2 Don’t use
HNO; multipurpose HNO; (100%) Selectipur: MERCK 100453 standard cleaning
(#clean013) ) * Beaker : HNO; (100%) 5min as we have
* Quick Dump Rinse <0.1pS chromium metal.
* Spin drying Use this user
made cleaning
step
42 Plasma etching of Si CR125c/Adixen SE Now start etching
B-FAST-1 Application: high speed silicon etching for variable
(# ID etch064) Parameters Etch Deposition | resistances
Gas SF6 C4F8 Time: 16 min 45sec
Flow sccm 400 10
Time sec 13 2
Priority 2 1
APC % 100 100 150 um
ICP Watt 2500 2500
CCP Watt 10 10
Pulsed (LF) ms. 350n/650ff 350n/65
off
He mBar 10 10
SH mm 110 110
Electrode 10 10
temp.°C.
Er Olin907 2?? (high)
[nm/min]
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Er silicon 10-20
[wm/min]
43 | Etching of Cr Wet CR116B / Wet-Bench 2 Large etch time
(#etch034) Chromium etch LSI Selectipur: MERCK needed as it was in
111547.2500 BOSCH for a long
* Quick Dump Rinse <0.1pS time
* Spin drying 15 minutes
Etchrates = 100nm/min
44 Plasma etching of Si CR125c/Adixen SE Time: 5 min 30
B-FAST-1 Application: high speed silicon etching sec
(# 1D etch064) Parameters Etch Deposition
Gas SF6 C4F8 This etching is
Flow sccm 400 10 done with dummy
Time sec 13 2 wafer on the
Priority 2 1 bottom of the
APC % 100 100 wafer with oil. It is
ICP Watt 2500 2500 done to do over
CCP Watt 10 10 etching.
Pulsed (LF) ms. 350n/650ff 350n/65
off
He mBar 10 10
SH mm 110 110 80 um
Electrode 10 10
temp.°C.
Er Olin907 2?7 (high)
[nm/min]
Er silicon 10-20
[wm/min]
Cleaning Standard CR112B / Wet-Bench 3-2
(#clean003) HNO; (100%) Selectipur: MERCK 100453
HNO; (69%) VLSI: MERCK 116445
* Beaker 1: fumic HNO; (100%), Smin
* Beaker 2: fumic HNO; (100%), Smin
* Quick Dump Rinse <0.1pS
* Beaker 3: boiling (95°C) HNO; (69%), 10min
* Quick Dump Rinse <0.1uS
* Spin drying
Dry Oxidation (DOX) at CR112B / Furnace B3 30 minutes
800°C of Silicon Standby temperature: 800°C
(#depo026 * Program: DOX-800
* Temp.: 800°C
* Gas: O,
* Flow: 41/min
45 | Etching HF (50%) LPCVD CR112B / Wet-Bench 3-3 Two minutes

SiN or Thermal oxide

(#etch029)

HF (50%) VLSI: MERCK 100373.2500
* Quick Dump Rinse <0.1pS
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* Spin drying
Etchrate SiRN = Snm/min
Etchrate SiO, = 1 pm/min

46

Cleaning Standard
(#clean003)

CR112B / Wet-Bench 3-2

HNO; (100%) Selectipur: MERCK 100453
HNO; (69%) VLSI: MERCK 116445

* Beaker 1: fumic HNO; (100%), Smin

* Beaker 2: fumic HNO; (100%), Smin

* Quick Dump Rinse <0.1uS

* Beaker 3: boiling (95°C) HNOj; (69%), 10min
* Quick Dump Rinse <0.1uS

* Spin drying

5.3 Process description for 3" wafer (Powder blasting for Inlet/Outlet)

1

Substrate selection -
Pyrex7740
(#subs003)

CR112B / Wafer Storage Cupboard
Supplier: Corning

Diameter: 100mm

Thickness: 500pm

Bonding side up when secondary flat to
left

2 Cleaning Glass CR112B / Wet-Bench 3-4
(#clean005 HNO; (100%) Selectipur: MERCK
100453
Only use the dedicated wafer carriers
and glass rod!
* Beaker 1: HNO; (100%) 5min
* Beaker 2: HNOj; (100%) Smin
* Quick Dump Rinse <0.1uS
* Spin drying
3 Lithography - Lamination of | ELTN7143/4 / GBC 3500Pro Laminator
BF410 foil Ordyl BF410 dry resist foil
(#1ith032) * Temp: 130°C ('Carry' preset)
* Speed: 2 (‘'Carry' preset)
4 Lithography - Alignment & ELTN7143/4 / Exposure Tool
Exposure BF410 foil (Floor 7) | * Time: 30sec
(#1ith034)
5 Lithography - Development ELTN7143/4 / HCM Spray Developer

BF410 foil
(#1ith036)

Na,CO;: MERCK 1.06392.0500
Na,CO;:H,0 = 15g : 7.5liters (+ 1 cup
Antifoam)

* Temp: 32°C

* Time: 3min

* Rinsing

* Spin drying

Due to non-uniform development turn
sample by 180° after half the time

- small features might need longer
development time
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Powderblasting of Glass - high
resolution
(#etch022)

ELTN10156 / Powderblaster
For feature size >30um

* Particles: 9um AlO,

* Pressure: 4.6bar

* Massflow: 3-12 g/min
Etchrate appr. 29um per g/cm’

Cleaning Ultrasonic - After
Powderblasting
(#clean010)

CR116B / Wet-Bench 2

Aceton: technical

IPA VLSI: MERCK 107038

Removal of Al,O5 particles

* Beaker 1: Aceton, > 10 min (strip foil)
* Beaker 2: Isopropanol > 10min

* Beaker 3: DI water > 10min

* Quick Dump Rinse < 0.1uS

* Spin drying

Glass-substrates: continue with Standard
Glass Cleaning (#clean005)
Silicon-substrates: continue with with
Standard Wafer Cleaning (#clean003)

Cleaning Glass
(#clean005

CR112B / Wet-Bench 3-4

HNO; (100%) Selectipur: MERCK
100453

Only use the dedicated wafer carriers
and glass rod!

* Beaker 1: HNO; (100%) Smin

* Beaker 2: HNO; (100%) Smin

* Quick Dump Rinse <0.1uS

* Spin drying
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5.4 Process description for aligned fusion and anodic bonding of two silicon

and one glass wafer
Direct wafer bonding of Silicon Wafers

1 Cleaning Standard CR112B / Wet-Bench 3-2 Direct wafer bonding
(#clean003) HNO; (100%) Selectipur: MERCK step
100453

HNO; (69%) VLSI: MERCK 116445

* Beaker 1: fumic HNOj; (100%), Smin
* Beaker 2: fumic HNO; (100%), Smin

* Quick Dump Rinse <0.1pS

* Beaker 3: boiling (95°C) HNOj; (69%),
10min

* Quick Dump Rinse <0.1uS

* Spin drying

2 Etching HF (1%) Native CR112B / Wet-Bench 3-3 Direct wafer bonding
Oxide HF (1%) VLSI: MERCK 112629.500 step
(#etch027) * Etch time: >1min

* Quick Dump Rinse <0.1uS
* Spin drying

3 Cleaning ""Piranha" CR112B / Wet-Bench 3-1 Direct wafer bonding
(H,SO,4/H,0,) H,S0, (96%) VLSI: MERCK step
(#clean008) 100709.2500
H,0, (31%) VLSI: MERCK
108552.2500

Only use the dedicated wafer carriers
and glass rod!

HzSO4IH202 (3 1) vol%

e add H202 to HzSO4

* exothermic process!

* temperature 130°C

* cleaning time 10-15min

* Quick Dump Rinse <0.1puS

* Spin drying

4 EVG 20 Aligning & CRI112B/EVG 20 Discuss with Erwin
Prebonding of silicon wafers

(#bond004) (not complete or correct, please

send me the correct settings)

Electronic Vision Group 20 mask aligner
Program: xxxxx

* Mask holder 4"

» Mask 0.6 mm

* Substrate 4"

* Substrate thickness 0.6 mm

* Wedge error eq.8

* separation 60 um

* N2 purge 5

* contact vacuum, bottem bond
* contact force 150/10 [10]

* set manual correction (0? pm)
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* No exposure

* SDB Piston

* Bond time 60 sec

Instructions:

* Align alignmarks of of top wafer to
crosshairs

* adjust N2 pressure for center bending
top wafer (1.5 bar)

* NO-seal rise and NO purging
prebonding

* Insert both bond-chucks in the machine
* If necessary use tweezers to press out
air-bubbles

* Check prebonding by using IR-setup

5 IR-inspection

-use IR setup to check the pre-bond
-use tweezers for additional pressure to
promote bonding of not bonded spots

6 Annealing at 1100°C with N,
for diffusion of B or P and
annealing for Silicon-Silicon

CR112B / Furnace B3
Standby temperature: 700°C
* Program: ANN-1100-N2

30 minutes

bonding * Temp.: 1100°C
(#anne006) * Gas: N,
* Flow: 11/min
* Ramp: 20°C/min
7 IR-inspection -use IR setup to check final bond There was a problem

of conductance. How
to get rid of this
conductance. ?

8 Etching BHF (1:7) SiO,
(#etch024

CR112B / Wet-Bench 3-3

NH,F/HF (1:7) VLSI: MERCK
101171.2500

* Quick Dump Rinse <0.1pS

* Spin drying

Etchrate thermal SiO, = 60-80nm/min
Etchrate PECVD SiO, = 125/nm/min
Etchrate TEOS SiO, = 180/nm/min

For 2 minutes

(Dip in ethanol for 15
minutes in glass
beaker before
cleaning standard to
get rid off
conductance)

Anodic Bonding

Ultrasonic cleaning
is compulsory here.

1 Cleaning Glass
(#clean005

CR112B / Wet-Bench 3-4

HNO; (100%) Selectipur: MERCK
100453

Only use the dedicated wafer carriers
and glass rod!

* Beaker 1: HNO; (100%) 5min

* Beaker 2: HNOj; (100%) Smin

Anodic bonding of
fusion bonded silicon
wafers with galss
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* Quick Dump Rinse <0.1uS
* Spin drying

2 EVG 20 Aligning &
Prebonding of silicon wafers
(#bond004)

CRI112B/EVG 20

(not complete or correct, please
send me the correct settings)

Electronic Vision Group 20 mask
aligner

Program: xxxxx

* Mask holder 4"

* Mask 0.6 mm

* Substrate 4"

* Substrate thickness 0.6 mm

» Wedge error eq.8

* separation 60 um

* N2 purge 5

* contact vacuum, bottem bond

* contact force 150/10 [10]

* set manual correction (0? pm)
* No exposure

* SDB Piston

* Bond time 60 sec

Instructions:

* Align alignmarks of of top wafer
to crosshairs

* adjust N2 pressure for center
bending top wafer (1.5 bar)

* NO-seal rise and NO purging
prebonding

* Insert both bond-chucks in the
machine

* If necessary use tweezers to
press out air-bubbles

* Check prebonding by using IR-
setup

Discuss with Erwin

3 Anodic Bonding

e  Vacuum AB standard 04
At 400 °C

e 400V 3 minutes

e 600V 3 minutes

e 800V 3 minutes

e 1000V 10 minutes

Equipment name,
Location and
remarks.

Dicing

Double-sided lamination with dicing foil, to prevent contamination
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1-Sided wafer lamination

-laminate the wafer at both sides with
dicing

foil to prevent the samples from
contamination

polluted water will
cause stiction and
pollution of valve

Dicing

-Micro Automation 1006
-blade type S2035
-index 1: distance between cuts // to flat
-index2: distance between cuts L to flat
-height: distance between blade and
chuck
during dicing
-thickness: maneuver distance between
blade and chuck

-speed: 2mm/s
-wafer diameter:

3” =80 mm

4” =110 mm
-stopcount 1: number of cuts direction 1
-stopcount 2: number of cuts direction 2

cut width: 50-70pum
index1: variable
10mm

index2: Smm

height: 0.085mm
thickness: 1.1mm
wafer diameter: 80
mm

stopcount 1: total 10
stopcount 2: 14

Remove foil & put samples in
collection box

do not pollute
samples

Visual inspection

-visual inspection of valves with optical
microscope
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Optimization of BOSCH process

Squares 1 Squares 2

Squares 3 Squares 4

il Il [ r rr rer
Squaresl | 99 | 104 | 104 | 103 | 101 | 91
Squares2 | 100 | 104 | 106 | 105 | 101 | 95
Squares3 | 112 | 110 | 111 | 112 | 112 | 111
Squares4 | 117 | 117 | 118 | 118 | 118 | 116
Squaresb | 82 |86 |86 |8 |85 |79
Depth (um) of the trenches (I = left, r = right)

The best uniformity is obtained with processes
3 and 4. The tradeoff is seen in the sidewall of
the trench. The sidewall is less straight. In this
case the uniformity is more important than the
Squares 5 sidewall of the trench. The best result is then
obtained with the fourth process (Squares4).
On the next page one can find the process
parameters.
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Process to etch through the wafer without Leakage

To keep the temperature constant during the etching process, the wafer is
cooled from the backside by helium. A procedure has been developed to avoid
leakage of cooling gas when etching through the process wafer. Another advantage of
this method is that it is easier to cope with the RIE-lag problem. The method has been
developed on the Alcatel AMS 100, using the Bosch process.

A wafer carrier was adhered to the backside of the process wafer. In the first

attempt photo-resist was used to stick the wafers together. After etching, it took a very
long time to remove the photo-resist between the wafers with HNOs. It was observed
that it is very difficult to release the wafer carrier from the process wafer. Especially,
when the process wafer is very fragile, it can break easily.
A better result was obtained by using Fomblin oil instead of photo-resist to stick the
wafers together. Fomblin vacuum pump fluids are non-flammable, chemically inert
and thermally stable. It is used in high vacuum applications, especially systems
exposed to aggressive gases. The Fomblin fluid is applied to the carrier wafer by a
spinning process at 4000 rpm for 20 seconds. The process wafer is manually attached
to the wafer carrier. After etching, the wafer carrier is released from the process
wafer. This was done at three different temperatures: room temperature, 30 seconds
on a heater at 90°C and 30 seconds on a heater at 120°C. It was expected that the
Fomblin oil becomes more viscous with a higher temperature and it would be easier to
release the carrier wafer. It is important to shove the wafer carefully from each other.
The best result was obtained by using the heater at 90°C. With the heater at 120°C it
became more difficult to release the wafer carrier. At room temperature the results
were good, and it is expected that it is possible to remove the wafer carrier at room
temperature when the Fomblin layer is thick enough. More experiments have to be
done to optimize the release of the wafer carrier by using a thicker Fomblin layer.

Because the proposed procedure is a dry method, it can also be used for comb-
drive like structures. The method is also applicable for other etching apparatus in
MESA
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Process document for Fluidic Interconnects

Interconnection
1. Introduction
1.1 Design Description
1.2 Explanation of Typical Process Steps
1.3  Testing Apparatus
2. Mask Lay out (Overview)
3. Process Outline
4. Specific Design Parameters
5. Process Description
1.1.1

2 Introduction

2.1 Design Description

One of the goals of this project is to design and develop a microvalve, which can be used in
microflow controller for analysis and synthesis of chemicals such as in Gas chromatograph.
The designed micro valve should withstand the minimum pressure of 15 bars. The valve
usually is an adjustable obstruction in a flow as shown in figure la. The current design
focuses on the interconnection between glass and silicon as shown in figure 1b.

Figure 1.a) controllable microvalve b) Interconnection between glass tube and silicon chip
2.2 Explanation of Typical Process Steps

The fabrication process starts with dicing of glass (Borosilicate glass) tubes. The standard
length of glass tubes is 1.5 meter, which is then diced to 15 mm and 20 mm length tubes. The
cutting length and the diameter of the tubes are selected with respect to the standard swage
lock available .The swage locks are used to connect the micro devices to the outside world.
The longer tubes, more than 20 mm are not used, because when these are placed in the
furnace at high temperature, these tend to bend due to weight. These tubes are then cleaned
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with 1% HF in order to avoid contamination due to the wax used for dicing. Later on they are
placed in the furnace with a standard clean silicon wafer at 400 °C. The wafer is cleaned to
acquire good bonding. The temperature is then raised to 800 °C with the increasing rate of 10
°C/min. After heating them for 30 minutes the furnace is then cooled down to 400 °C. Later
on standard swage locks are used with Nylon/Teflon ferrules to check the bond strength. In
order to avoid skidding between glass tubes and ferrules, glass tubes are powdered blasted.

2.3 Testing Apparatus

The block diagram of the apparatus, which is used to check the bond strength of the
interconnection, is shown in figure 2.

1- Syringe pump

2- Pump controller

3- Data storage device
4- Connectors

5- Swage lock

6- Interconnection fiber

Pump
controller ]
[ [ fiber Device to be
/ \ tested
|—i| Syringe Pump [ D:D:E:

e mmmmm E\ Connector Swage lock
Data storage

Figure 2: Block diagram of the pressure measuring apparatus

Device is connected to the pump with the help of connector, fiber and swage lock. Device is
mounted in a swage lock and then connected to the pump by a fiber and connector. With this
apparatus, pressure up to 600 bars can be measured. Water is used as a medium to develop
pressure.

3 Mask Lay Out (Overview)

Mask lay out not needed for this device.
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4 Process Outline

Step Process description After process

1-2 Selection + Dicing of Glass Tubes +

NSNANASASN

3-4 Selection of Si-wafer + Cleaning

5-7 Pre Aligning + Fusion Bonding + Powder
Blasting

I

5 Specific Design Parameters
Schott glass tubes : Duron (Comparable with Corning /Pyrex)
Length of the tube  : 15,20 mm
Wall thickness : 1.0, 1.5 mm
Outer diameter 6.0 mm
Swage lock diameter : 6.0 mm

6 Process Description

No | Process Comments
1 Selection of Glass Schott Duran / Glass Factory CT Utwente. Tubes of 15 mm
Tubes/Dicing Supplier: Schott-Rohrglass Manufacturers and 20 mm length
(Borosilicate Glass) Outer Diameter: 6 mm +/- 0.15 are diced from
Wall Thickness: 1.0 mm +/- 0.04 mm standard lenght
1.5 mm +/- 0.10 mm tubes
Standard Length: 1500 mm
2 Etching HF (1%0) user CR116B / Wet-Bench 2 Cleaning of Diced
made HF (1%) VLSI: MERCK 112629.500 Glass Tubes
(#etch028) DI Water 12 Minutes in HF
solution
20 Minutes in DI
Water.
To avoid
contamination
3 Substrate selection - CR112B / Wafer Storage Cupboard
Silicon <100> OSP Supplier:
(#subs001) Orientation: <100>
Diameter: 100mm
Thickness: 525um +/- 25um
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Polished: Single side
Resistivity: 5-10Qcm
Type: p

4 Cleaning Standard
(#clean003)

CR112B / Wet-Bench 3-2

HNO; (100%) Selectipur: MERCK 100453
HNO; (69%) VLSI: MERCK 116445

* Beaker 1: fumic HNO; (100%), Smin

* Beaker 2: fumic HNO; (100%), Smin

* Quick Dump Rinse <0.1uS

* Beaker 3: boiling (95°C) HNOj; (69%), 10min
* Quick Dump Rinse <0.1uS

* Spin drying

5 Aligning & Prebonding
of Silicon Wafer and
Glass Tubes

* Place wafer manually on the wafer bench and align
it

* Place glass tubes with tweezers

Wafer Bench: This is made by braking wafer in to
two halfs and placing them underneath a silicon
wafer.

6 Fusion bonding at 800°C | Furnace E2 40 Minutes to
with N, . CR 129C reach 800°C.
Standby temperature: 400°C 30 Minutes for
* Temp.: 800°C Fusion Bonding.
* Gas: N, 40 Minutes to
* Flow: 4SIm anneal it down to
* Ramp: 10°C/min 400°C.
7 Powder blasting for ELTN 7140 Rough surface is
Glass Tubes Keramo 4 created to avoid
Manual Powder blasting skidding of glass
particle size 50 uM tubes during
testing.
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