L ecture 10 Part 11:

—+Microfabrication for
Microfluidics and
Microfluidics Devices

Silicon Etching

Polymer-based Micromachining
Assembly and Packaging
Biocompartibility
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m Wet etching of channels in Si and glass
(isotropic, anysotropic)

Dry etching

Resist lithography
PDMS soft lithography
"ot embossing

Other machining techniques in plastics,
glass etc.

m Bonding




Orifice (A via through
Si wafer)
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Anisotropic Etching of (100} Silicon




Wet etching of other orientation of
Silicon
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{100}




Etchant: 66% HNO3 and 34% HF
Etching rate: 5um/min

Gas bubbles

{a) Well stirred (b)Mot stirmed

On importance of stirring....



Chemical dry etching

‘ m Deep trenches with high s <
- \\\ ) Etching
aspect ratios can be N x\?\@
Liguid SFs

made in Si, glass or

lastic | ﬁ_L e UL
P &¢ TN\ N

m Gases used: @ Fluorocarbon POV

— Fluorine chemistry (CHF;, S en Eting @*“
SF6, CF4) o R oo

— Chlorine chemistry (HClI,
Cl,)

— Oxygen |-

Recipes of Dry Eichant Giases for Thin Films of Functional Materials (After [3])

Material Erchart gases Selective To
5i BCly / Cly, BCl, / CF,, BCly / CHF,, Cly f CFy, Cly / He, Cly f CHF,, ﬁElr. 80,
HEr /Cly f He !/ O, HBr /NFl, / He ! Dy, HBr / 8iF, / NFy, HCl, CF,
iy CFs Hy, CiFy, C:F, CHF;, CHF, 7 Oy, CHF, / CFy , (CF4/ O2) Si (Al
SiyN, CF. Hs, [ CFyf CHFy He, CHFs, CaFy ) 51 (85in)
Al BCl,, BCl/ Cly, BCI,/ Cly He, BCI; » Cly /(CHF, / Og, HBr, HBr / Clp, HY,  Si0,

SiCL, SiCl f Cly, Cly/ He
Organics 0y, 0y/CFa, 01./5Fs




Bulk micromachined channels
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PECVD oxide

+

PECVD oxide
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m Thick resist lithography
m Polymeric based micromachining

m Soft lithography
m Microstereo lithography
s Micromolding




SU-8 resist

+

m Negative photoresist for NUV exposure

Film Thickness of Different SU-8 Types at a Spin Speed of 1,000 rpm {Afler [76, 77])

Type Kinematic Viscosity {m'/s)  Thickness {um)
SU-82 1.3x10° 5

SU-E3 29310 15

SU-E 10 105x10° 30

SU-8 25 252 5x10° 40

S8 50 1. 225x00F 100

SU-8 100 S 150107 250

Really thick layers in one spin!
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P SU-B \ PO Metal | Substrale [/ Sacrificial
T S - “k\ SL-8 - (silicon or glass) ”‘. raterial

(a) (o)

] fi | Exposed [/ Silicon lass [ I
S sus (NN Expes [l e 77 sicon [ o embedded | | selective sacrif.layer
mask proton writing




CHy;  ,CHy CHa

| | I
CHy—Si—0 4= 8i —04—8i —CH;
| | |
CHy (CHs J, CHj

m Uses elastomeric stamp, usually PDMS
(Polydimethylsiloxane) to transfer the pattern.
— Microcontact printing

— Micromolding




Fabrication of microchannels using
soft lithography

m Advantages of PDMS:
— Low cost
— Transparency in VIS and NUV
— Chemically inert

m Technology:
— Mix prepolymer and curing agent 10:1 — 5:1
Pour into solid master made in SU-8 with inlets defined by
glass posts
Cure at 60 — 80 oC for couple of hours

Peel off

treat with ozon or Oxygen plasma and attach to clean
glass, silicon or another PDMS




Control unit

Single photon adsorbtion
Two photon absorbtion
Layer-by-Layer photolithography




Micromolding [

F"rupd‘yn'nr
(a)

Heat sychanger Hopper

Py

Prepolymer B Scraw Al:_.urru.ll:-itlm Maold insart

Mold inser (b)

+ Injection molding: high pressure injection of molten
PMMA, PC (polycarbonate), PSU (polysulfone) etc.

Typical Characteristics of DifTerent Polymers for Micromolding (After [120, 121])

Resist PAMMA
I_|;_,_|.;-ﬂ_n£mc ("C) 103
Density (kg/m’) 1,190
Refractive index 1.42
Rwistani fo

« Agueous solutions yes

« Concentrated acids no

« Polar hydrocarbons no

+ Hydrocarbons yes
Syitable for micromolding moderate
Permeability coefficients (= 10 " m?is-Pa):

s He 32

o [y 012

s HO 480 =1,900
Hot-embozsing paramelers:
Embassing iemperatune {"C) 120 -130
Deembossing temperature ("C) 95
Embossing pressure (bars) 25-37
Hold time (s) 30 - 60

PC PS5 coc Fp
140 100 130 110
1,200 1,050 1,020 Lo
1.58 1.59 1.53 opague

lomited ¥ ¥ yes
(1] yes hio Yei
limited imi i yes
yes fds

good 0 T imcderabe

1.3
1.1
T20=1,050 -

160 =175
135
2537

30 -6l

s Compression molding (hot embossing)




Other micromachining techniques

‘ Typical Ablation Dicpths Per Pulse of Different Malenal (Manosecond Laser)

Laser micromachinig - e
(usually using an excimer lasers, —
Nd:YAG or CO, lasers)

Focused ion beam

Microelectro discharge

Electric signal

Pigzoslectric
aciuator

Ultrasonic micromachining




= Anodic bonding
+ (T=400 °C, V=1KV)

Silicon direct bonding
reaction of OH groups on Si surfaces at T=300 — 1000 °C

Glass direct bondin
(T=600 °C for 6-8h

Polymer direct bonding

Adhesive bonding (low melting glass (400-600°C, photoresists,
UV curable epoxies, epoxies etc.)

Eutectic bonding (e.g. gold/silicon eutectic at 363°C)




Other microfabrication issues:
Biocompartibility

+

m Material responce to biological
environments (swelling, corrosion etc.)

m Tissue and cellular responce to the

material




Microfluidics: Devices for
Flow Control

eVValves
ePUMpS
eMicromixers




Microvalve consist of closure element driven by an actuator
Normally open

e

Active Microvalves — Normally closed

+ \ Bistable




— Pneumatic

— Thermopneumatic

4‘_ — Thermomechanical

— Plezoelectric
Active Microvalves _
— Electrostatic

— Electromagnetic

— Electrochemical

Capillary forcel




Valve specification:

_ chosed

|
Svalve — A
Q

e l[eakage > - q

e valve capacity S S )

*PD r Consumption — total power consumption in active state

° Closing force (pressure range) — pressure generated by the valve
e temperature range

e responce time

e reliability

e biocompartibility

e chemical compartibility

] - - - i kPa ) g i I second
L2 LN, L 1L}
_—————
i L _— . - -'.—'- h_‘_ - "
Elactromagnet Presumatc Stack type Piazoslacine Themopneumatic  PReumatic
Shape-memory alloy

Dhiske Type peErnedacinG Th=rrraires T oo PR T Elacliromagrestic T Fridirich anag
Electrochemical

Elactrostabes Shape-mémory alkiy Elmclromtabc
Elecinrheameca T TesCNaines




Design considerations

m Specification required

m Materials to be used

m Cost

0 Swtable Wp actuators

H’IA\I
Spring ana v



Design consideration: Actuators

+

s Moving function (enough force, displacement and
controllability)

s Holding function (should keep valve in a set
position)
s Dynamic function (required responce time)




For normally closed valves (NC) — large spring constant to resist the
pressure

For normally open valves (NO) — soft spring constant, optimized for
actuator closing force

=T

MNormah ¥ Open vaklve Ml-'.ll'l'l'I-H"']' closed valve
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Main requirements:

m Zero leakage
‘ m Resistance against particles trapped




Design consideration: Pressure
compensation

‘ Aim: Maintain closing force when the inlet
pressure vary

i -
apiral channe| b

ot gl

&) No compensation Compensation

Passive flow controller




Stack of 3 directly bonded Si wafers, Si
membrane 25 um thick

Silicon rubber membrane 25 um thick prepared
by sp’;la—eoating, hole drilled with laser

Silicon 'rubber membrane 30 um thick prepared
by surface micromachinig, photoresist used as
a sacrificial layer.

Phoforesist TR
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Typical parameters of pneumatic valves:

Twvpical Paramcters of Pneumatic Va

“alve seat Outlet Inlat

(e )

Valve seat Pressure chamber

L
ff!fff.f}}ff.ffjf J.il:rzsz.rf_p_f_rf_f}
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N S e pa | —

{=ivaive n‘lernbran&! (B) Inlet Valve membrane Outlet
Pressure chamber

Outlet  Inlet Cutlet Valve seat Valve membrane
Irlest

|

LTI

N ‘ . {
(ch Pressure chambers  (d) Pressure chambers  Outlet
Valve membrana

Si I:I Glass % Rubber —Jp= Pressure inlet

Ives (Lo Leakage ratio)

Refs. Tvpe  Size (mmomum) Oras (MU0 o Pacossior Losive Maiewial

kPl

TE:'FM.-:!,:E}_

[3] NC  15x15 120 air 241169
[4] NO 0. 26 water  100/50
(3] C 2020 IS N, 65/12
[6] NO  £35x4.2 0.5 water  60/10
(7] NO  10x10 5N, 107/275

=300 Glass, silicon  Bulk
10,000 Rubber, silicon  Bulk
35 Glass, silicon  Bulk
10,000 Rubber, silicon Bulk
100,000 Glass, silicon  Buylk

— e
——




m Relies on the change in volume of sealed
liquid or solid under thermal loading. Usually
utilize solid/liquid and liquid/gas phase

transition for maximum performance
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m Thermopneumatic valve with air.
Height of the expansion cylinder
500um.

m Assuming the volume constant:

I, b P,




Liguid
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# Mapor
chamber
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Silicome 1,886 107
“~rubber

Specific valume v
mambrana

State 2




Inlet  Valve saalt Cutlet Hee@Er'_l=‘lllng port E__"u_"E_I_|I\:'E membrane

Design examples @& | e =
kN : TR W * %EE’*N
{a)Pressure chamber Heaer (B) | Outlet Inlat

\alve membrane Valve seat Pressure chamber
Inlet  Outlet ‘-..-‘gl-.re memorane
-

Inlet Pressure chambers

Heater is placed on SiN membrane, 50um
Silicon rubber used for membrane

Chulled -
'=;| DGIass
9um paraffin used as actuation material - Metal [RRY Rubber

2um deflection with 50mW heating 7] sin, [[|]:|I[||=mn.n

iEJHn-aml Pressure chamber Inlet

Table 6.2

Typical Parameters of Thermopneumatiz Valves

———— e e

Refs. T Size (o (mlmin) Pog tkPa) Lo P il Membrane Actutlon

{mam samm) Material Fluid
[#] MO 5k 1500 air 700 - 200 Aluminum  Methyl chloride
[B-10] NO  #x6 10 ™, 1.3 33000 3500 Silicon FC
[11.12] N0 gx& I 800 N, 227 - |00 Rubber FC
[13] SO 01«08 0.24 water 1.4 I.15 L0 . Watcr

[14=15] O B 5=d.T 2 H; 1400 14 50 Rubbor Maraffin




hermomechanical valves

m Solid expansion
m Bimetallic

m Shape-memory alloys




Valve seat Outlet Valve membrane

>

Polysilicon heater  |niet Via

_|,

s Generated force:
where v is the thermal expansion coefficient

Thermal Properties of Some Matenals at 300K {After [17, 28])

rrericau Fhrengine Hourr Capacity Thermal Cosductivite Thermal Expansion
Coefficient {T0TK™")

Silicon EX 136 2.3
Bilicun uxide JGE 1.2 0.5

Silicon nitride 3 A 19 2.8
Aluuinum 3 130 23
Copper 390 17
Gold 19,300 314 15
Nickel B,000) 70 14
Chrome 6,900 : @5 6.0
Platingm 21,500 3 70 g
Paryleng-H 1,110 . i
Parylene-C 1,290 35
Parylane-I 1418




Bimeta
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Bimetallic valves: Design examples

‘ Material 2 Material 1 Inlet Bin'lErtalIi::_i:luatur{_‘lutlet 2

Outlet  Valve seat (b} Irbet Cutlet 1 Valve seat 1
Bimetallic actuator

ic) DJIE!I alve seat Inlet

Bimetallic actuator Cutlet 2 Valve membrane

Valve seat  Cutlet 1
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1ape memory Allo es

Shape memory alloys (SMA) are materials that have property
to return to their original undeformed shape upon a change of

temperature
Advantages: high force and large stroke
Disadvantages: low efficiency, low frequency (bandwidth)

Composition Transf, Temp. Range ("C) Tr.-rrr.-i:_.".'_ Hysteresis ("C)
190 to -50 '
30 to 104
<140 to 100

=120 to 30
180 to -10
60 to 100
180 to 100
5010 110
approx.-130
<250 180

Ft-hlﬂ Si 32wt ‘uiu Gwt% 51 -200to 150



Stress

Open T3, hot (austenite)

T;, phase transition
(pseudoelastic)

T,. cold {martensite)

Strain

Spring  closed SMA  Heated, open

Outlet Valve seat

Outlet Inlet

Paolyimide

O
utiet  Inlet Valve seat

Si Dplash‘c - SMA




Piezolelectric valv

+

generate small strain (0.1%) and high stresses (MPa),
therefore suitable for applications with high force and low
displacement

@ =@, =dyE,

3 {vertical)

1 {longitudinal) - 2 (ransversal

Pr'-"r-""'-'r[:':':'- of Common Pieroclectric Materials { A fter [17. 28]

Znd

PVDF

BaTi0,
- LiNbO,




Example:

imension (mm) Foltage (1)

25x7

Fx0.4 <70

Suspended plate
500 pm




Valve membrane Piezostack  Suspension beam
[

Outlet

[,
(8) Piezostack Valve seat (b Inlat‘
Piazgg_tacks Suspension beam

e ]

|
e . iy

Valve seat Outlet  (d) Walve seat

Valve membrane Piezo-bimorph cantilaver

- Rubber ”]]]]]]anai?azr?al



Based on attractive force between two oppositely charged

plates 1 \V
F=—c¢c,A(—), &, =8.854*107""F /m
2 d

m Advantages: fast responce
m Disadvantages: high voltage and small discplacement

Valve s 0
) alve seat Moving elegtrode ‘
Cutiet  Inlet f'.n"lr::".unq electrode

1t
L-

Deflection (um)

Walve membrane
i S
Insulator Curved elecirode

(a) by 0 400 800 1,200 1,400 1,600 2,000
Radius (pm) "




Design examples

Maoving electrode Outlat Fixed alectrade Qutlet

(2} Fixed electrode  Inlat (b} Mowving alectrode ™ Inlst

Inlet | Moving electrode  Inlet

) Fixed el




+

m Advantage: large deflection
m Disadvantage: low efficiency

Magnetization of Common Materials at 8 =0T (After [17])

Material Magnetization My, (A/ml Moe
Mickel 3000 Electroplated, annealed
Iron 320 —

Fe-MiT8 <H{0 Electroplated, annealed
Fe-Ta-Mi 46 Sputtered
Fe-Al-5i 40 Sputtered




Design examples

Solenoid  Magnet core

Cutlet Valve seat (D) Clutlet
Solenoid Permanent magnet Armature

Outlet Inlet
T‘ * Microcoil

NS O

Solenoid
Valve membrane

Microcoil  — Microcoil

— Permanent magnet
Inlat —=
= Neeadle

(f)
I
(&) Outlet Permanent magnet Qutlet

Esi [[[JRusber [ ] ctass P ) Poyimice | metal




Electrochemical valves

m Actuated by a bubble created by water electrolysis

Consumes 4.3uW (10000 smaller that thermopneumatic !!!)
2.5 V operational voltage




m Electrocapillary

Capacity of double layer.

Maximum value of surface tension at V,,.




hermocapillary effect

_|,

m Caused by temperature dependence of surface
tension: viscosity and surface tension both drop
with the temperature increase




Example: a bubble valve is designed with a vapour bubble between
channel sections 50um and 200um sections. What pressure can it
withstand?

0,,=72*%103 N/m

- ! = 2,160 Pa = 21.6 mbar

107 ——— e
SO=10"  200=10" 4




= micropumps < LSl
Non-mechanical

Mechanical Pumping Principles

acement Pumps Oymamic Pumps
Check-valve pumps . Liltrasonic pumps
Peristaltic pumps . Centrifugal pumps
Valve-less rectification pumps

Rotary pumps

Monmechanical Pumping Principles

Pressure Crradient i L Y feal Forential i

Fluid Surface tension driven (smosis Electro-osmaosis Ferrofluidic
flow flow (electrowetting, {semipermeable  (electrolvte)
Maran, fec membrane, Electre :
surface modification) surfactants) idielectric fluid)
Solute  Ultrafiltration Diffusion Electrophoresis Mapneto-
flux Dielectrophoresis hydradynamic
Flovw




Mechanical pumps

_|,

m Require an electromechanical actuator, either
external or integrated

m External actuators: drawback: large size,
advantages: large force and displacement.

m Integrated actuators: fast responce and reliability




Parameters of micropumps

_|,

m Maximum flow rate (determined at 0 back pressure)

s Maximum back pressure (at which flow becomes 0),
also described as pump head

s Pump efficiency




Inlet valve ] Outlet valve
Pump chamber Dead volume Vg

m Function under conditions of small compression ration and
high pump pressure

— Compression ratio
— High pump pressure

Design rules
m Minimize critical pressure
m Maximize stroke volume
m  Minimize the dead volume
Maximize the pump pressure using large force actuators




Design examples

+

m Typical micro check valves




Pump chamber ~Piezodisc
I 1 I

— ]
N\ === W NN e

{all__

Rimg-mesa check valve

Polyimide disc valve  Titanium Polyimide disc valve

F.-_-&yﬁ -‘!_ God HSrs i
{t:l :r::l :-. __E.__._._ - —

Pump chamber Pump chamber
Rubber membrane Piazostack

B\ £

(d) f (e)

1 [
Parylene disc valve Pump chamber Poly-Si disc valve  Pump chamber
Moving electrode  Fixed electrode Piezodisc

l9) \\\: 'L‘ E“ ﬁ

|

: | 1 Pump chamber
Canlilever check valve Pump chamber Cantilever check valve
Piezodisc

Pazodisc

NN i NV Ay oo
(h) | W OO E{ I E
} | S

| | o, !
er\g-mesa check valve Pump chamber Ring-mesa check valve Pump chamber

Pump chamber Ring-mesa check valve

1 1
— —
S e
N | NN E
] m_] N
Ll
Pigzostack

Sllicon [ED Fiezoelectric material
I:' Glass Plastic - Metal




Peristalstic pumps

Do not require passive valves to set flow direction

Require 3 or more chambers (actually just valves
connected in seria)

Drawbacks: leakage and small pressure difference,
require a one check valve to prevent back flow

Design rules: large stroke and large compression
ratio.

:r:‘i
il




m A peristaltic pump has 3 chambers and 3 circular
+ unimorph piezodiscs, membrane diameter 4mm,
frequency 100Hz, maximum deflection 40um.

-

T, A § e oA ] - ]
= d P w0 ke (2x10 7Y =3.35=10"m’
-1 nx - \ !

O=AV =335x107"=100=335=10 ' — = 2 ml/min
bl




Piezodiscs
e

Fixed electrode Fump ¢
Heater  Pressure chamber

Pump chambers
Pump chambers _
~ y —

=

Moving electrode  Fixed electrode Pump chamber

[]

Piezoelectric material Acrylic

% Silicon nitride Plastic

Polysilicon Silicone rubber




+- Diffusers/nozzles used instead of check valves for
flow rectification

Ap=¢ pu’ & - pressure loss coefficient
2
. - . . . é:negative
Fluidic diodicity: Ui
fpositive

Q = 2AVf Ve 1
Je +1

Flow rate:

X - rectification efficiency




Tesla pump:
x=0.045, n=1.2

Pierodisc Fump chamber Pierodisc Pump chamber

I
* Diffuser Diffuser MNozzle

Pump chamber Corrugated membrane  Pump chamber

- Silicon I:I Glass

Top view Diffuser [:] Egﬁgalieclric Brass

b)

Flow in negative direction
Outlet b)




Micromixers

m Mixing in microscale relies mainly on
diffusion due to laminar flow at low
Reynolds numbers

Diffusion Coefficients in Water at 25°C [31)

Solure o _fﬂ' ] cmin) .".T.-.u'mu-.—__ I F |:.:;fiT.;'ilr'. _

Air 2.00) o .-'ll.rnmn;l-l; T .

COy 1.92 Benzene

Chlorine 1.25 Sulfuric acid

Ethane 1.20 Mitric acid
Ethylene 1.87 Acetylene 0.88
Hydrogen 4.50 Methanol .84
Methane 1.49 | Ethanol (.54
Nitrogen 1.88 Formic acid 1.50
Oxygen 2.10 | Acetic acid 1.21
Propane 0.97 Propionic acid 1.6
(lycine 1.06 Benzoic acid 1.000
Valine 0.83 Acetone .16
Owvalbumin 0.078 Lirease 0.035

Hemoglobin 0.069 Fibrinogen 0.020




Lamination In

+- parallel lamination

m sequential lamination

£ Slage
=
s
;

| [T




Focusing In mixer

+

m geometric and hydrodynamic focusing




Example:

_|,

m design a mixing for EtOH and water, if flow
rates are 10ul/min and channel crossection is
100x100um
D=0.84x10~> cm?/s

= how many laminates would be required to fit
the design into 1mm length?




