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Chapter 7 Materials for MEMS and Microsystems

7.1 Introduction
/\A\ANW\—’W
® Many Microsystems use microelectronics materials such as silicon, and gallium
arsenide (GaAs, fillff2§4) for the sensing and actuating elements,

- Reasons: (1) dimensionally stable;
(2) well-established fabricating and packaging techniques.

® However, there are other materials used for MEMS and M icrosystems products:
= e

- Such as quartz and Pyrex (YRA< v VA 2AB% ), polymers and plastics, and

ceramics. (not common in microelectronics)

7.2 Substrates and Wafers
® Substrate (ZL)E):
» In microelectronics, substrate is a flat macroscopic object on which
microfabrication processes take place [Ruska, 1987].
# In microsystems, a substrate serves an additional purpose:
- Actas signal transducer besides supporting other transducers that

convert mechanical actions to electrical outputs or vice versa.

®  Wafer (&4}, SHlE):
~ In semiconductors, the substrate is a single crystal cut in slices from a larger
piece call a wafer (which can be of silicon or other single crystalline
materials such as quartz or gallium arsenide).
~ In microsystems, there are two types of substrate materials:
1. Active substrate material.
2. Passive substrate material.

® Material classifications:
~ Insulators: electric resistivity p>10° Q-cm
» Semiconductors: 10°< 0 <10® Q-cm

» Conductors: p<10" Q-cm



g, and cenduciors
atresistivity of inculators, semiconductors, a
Table 7.1 1 Typ.cal electrical resisliv y

Approximate electrical

. ification
torials resistivity g, (}.-cm Class
Dotera 10 Condjuctor
Sitver (AqQ) "
~ v (C 1088
Copper (Cu) o
Aluminum (Al) 5
Platinym (1) !
0 10 Semiconduclors

Germarum (G ) I ’ .
Silicon (81 10710

1
Gaihum argenido (GaAg) 10310
Galiium phasphide (Gap) 10710
Oxide 10" Insulators
Glass 1)
Nicke! (pure) 10'3
L“C’l‘.-"‘,\i 104
Quarnz (tused) 10

T ——— et — “\‘-'~———~—~~—\_§_.—.....__ —_—

® In MEMS, common substrate materia|s (silicon Si, germanium Ge £, gallium

— Can be converteq to a conducting materig] by doping (p- or n-type).

- The fabrication processes (e.g., etching) and the required €quipment have
already been developed for these materials.

7.3 Active trate Materj als

® Active substrate materials are Primarily used for Swﬂmnm

Microsystems (Fig. 1.5),

- Typical materias: Si, GaAs, Ge, and quartz. (sificon, Caiiiwm Vssnide., §oamen: umn)
(All except quartz are classifie as semiconductors jn Table 7. 1)

- Have a cypjc Crystal lattice wigp tetrahedral (Jy IET3Y) atomic bond,

- Reason for active Substrate Materials: dimensiona] stabiljt

Np) S HYZ nsensitive to environmentg| conditions,

— A critica] requirement for sensors and actuators with high precision,
—_ L tCision

- Each 9}9{{1‘93}11'9&{1_ electrons in (he outer orbit, and shareg these 4 electrong

With its 4 neighbors, ———



7.4 Silicon as A substrate Material
7.4.1 The Ideal Substrate for MEMS
° Skipglc-gljystal'siljcpp‘: is the most widely used substrate material for MEMS and

microsystem. The reasons are:
1. (a) Mechanically stable; (b) can be integrated with electronics for signal

transduction on the same substrate.
An ideal structural material because of high Young’s modulus (which can

better maintain a linear relationship between applied load and the induced

deformation) and light weight.
_ About the same as steel (about 2x10° MPa)

- As light as aluminum with a mass density of about 2.3 g/cm’.

[8S]

3. High melting point at 1400°C
- About twice as high as that of aluminum.

- Dimensionally stable.
4. Low thermal expansion coefficient
- About 8 times smaller than that of steel.
- More than 10 times smaller than that of aluminum.
5. (a) Show virtually no mechanical hysteresis GEE{iH).
— An ideal candidate material for sensors and actuators.

(b) Extremely flat and accept coatings and additional thin-film layers for

building microstructures and conducting electricity.
Treatment and fabrication processes for silicon substrate are well

S

established and documented.

7.4.2 Single Crystal Silicon and Wafer
® The Czochralski (CZ) method: is the most popular one to produce pure silicon

crystal. (Fig. 7.1)
- The raw_silicon in the form of quartzite (fi3¢%) are melted in a quartz

crucible (1, 1ARZ EH) with carbon (coal, coke, wood chips, etc.), which

is placed in a furnace.

SiC+Si0; — SitCO+SiO
A “seed” crystal is brought into contact with the molten silicon to form a
larger crystal (a large bologna-shaped boule [ A& A])).
The silicon boule is then g_r_(_)Bg_c_l to a perfect circle, then sliced to form thin
disks, which are then chemically-lap (f&7) polished for finishing.



cihod 07 growing

Aralakim
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Figure 7.21 A 300-mm single-crystal
silicon koule ceoling 01 @
material-handling device.

¥ iy

(Cootcty 24 LS Coctns ¢ MAalenats oo S Petars. Migsourt.)

®  Wafer sizes:
valer S1Z¢s

100 mm (4 in) diameter x 500 ¢ m thick

150 mm (6 in) diameter x 750 ¢ m thick

200 mm (8 in) diameter x 1mm thick

300 mm (12 in) diameter x 750 £ m thick (tentative)



® Silicon substrates often arc expected to carry clectric charges.

Require p or n doping of the wafers either by ion implantation_or by

P 2=
diffusion (see Sce. 3. 5 and Chapter 8).
n-type dopants: phosphorus [P, 1], arsenic

p-type dopants:  boron (B, fll]

[As, 1ilt], and antimony[Sb, 8]

7.4.3 Crystal Structural

® Silicon: has basically

a face-centered cubic (FCC) unit cell, called a lattice (as

shown in Fig. 7.4).

Lattice constant b=0.543 nm.
Crystal structure of silicon: more complex
— wo penetrating face-centered cubic crystals, as shown in Fig. 4.4.

— 4 addltlonal atoms in the interior of the FCC.

—» 18 atoms in a unit cell.
— spacing between adjacent atoms in the diamond subcell: 0.235 nm.

Asymmetrical and nonuniform lattice distance: exhibits anisotropic (FEEEAH

1) thermophysical and mechanical characteristics.

Figure 7.4l A typical jace-center-cubic unit cell.

: Atoms
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Lattice //;’e i
\‘// '\ / //
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Figure 4.4 The diamond-type |
intcrpcnctmting face-centere
bonds, making tetrahedrons.

attice can be constructed from two
d cubic unit cells. Si forms four covalent

Crystal structure of GaAs:

&4 BltEneaam
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7.4.4 The Miller Indices
® Because of the skew (i) distrib

ution of atoms in a silicon crystal, it is
ns as well as planes in the

important to designate (387) the principal orientatio

crystal.

® Miller Indices:

» A plane that intercepts X, y, and z axes at a, b, and c, can be expressed as:

LI MRS (7.1)
a b c

Equation (7.1) can be rewritten as:
hx+hky+mz=
where h=1/a, k=1/b, and m=1/c.
> (_h_kl]}): designate the B_l_a_ge, and <hkm>: designate the direction normal to

‘/

the plane.
Examples:

\ v

Figure 7.8 | Designation of the planes of a cubic crystal.

(a) Normal planes (b) Diagonal pline (¢) Inclined plane

We can designate various planes in Figure 7.8 by using Equations (7.1) and (7.2)

as follows:

Top face in Figure 7.8a: (001)
Right face in Figure 7.8a: (010)
Front face in Figure 7.8a: (100)

Diagonal face in Figure 7.8b:  (110)
Inclined face in Figure 7.8¢: (11])
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> InFig. 7.10,

- The lattice distances between

plane.

- These shortest lattice distance m
atoms stronger op (111) th

adjacent atoms

- On the (111) plane, the growth of crysta) is

fabrication processes wil]

e Primary flats ang secondary flats are used to indijc
dopant type of the wafers,

Proceed slowest.

akes the attractive fo
an those on the (100)

are shortest op (111)

rces between
and (110 planes,
the slowest, and the

ate the crystg] orientation, and



PRIMARY
PRIMARY FLAT

{111} n-TvPE {1} p-TyrE

m
PRIMARY
90°
U P/
SECONDARY
[e—] SECONDARY
FLAT

FLAT

{100} n-TYPE {100} p-TYPE

Figure 4.5 Primary and secondary flats on silicon wafers.

Figure 4.6 (100) silicon wafer with reference to the unity cube and
its relevant planes. (From E. Peeters, “Process Development for 3D
Silicon Microstructures, with Application to Mechanical Sensor
Design,” KUL, Belgium, 1994.%2 Reprinted with permission.) (Madou, 1997)

7.4.5 Mechanical Properties of Silicon

® Silicon, as the material of 3-D structures, needs to withstand often-severe

mechanical and thermal loads, in addition to accommodating electrical

instruments.



material hecause

il | ide i 1d n'c'!'!l—illmg'———__— A1 4 ,/'uf‘-“’(:‘.‘ :
Silicon 1s an idcal sensing i e e - p—
It is an clastic materig) with ll(u)_]ﬂﬁl&ﬂy (_/n’.l,l:) or creep (i

WL below 800°C.
Show virtually no fatigue

b

(WZ) failure.

o

® Disadvantages:
1. brittle (FHYIEND

2 weak resistance to impact loads
3. anisotropic (Jlii"}ilu'njffl{ﬂm. which makes Stress analysis of the structures

tedious.

® Young's moduli and shear moduli in three directions:

Table 7.2 1 "ha caerse Youngs mogull ang shaar moacul of elasticity of siicor: ¢ ysian
Miller Index Young's modulus  Shear modulus
for orientation E,GPa G, GPa
< 100> 1295 790
110> 163 0 617
<131> 1855 57.5

® Bulk material properties of silicon, silicon compounds, and other active substrate

materials:
Table 7.3 | Vechanca! end thermophysical properties of MEMS materals®
: Ty E, I (= k, 0ty T
Material 10° N/m? 10" N/m? g/em® J/g-°C  Wjem-°C 10-5°C  °C
5 7.00 180 230 070 1.57 233 1400
sSiC 2100 700 320 667 3.50 330 ,Qod
SN, 1400 285 310 069 019 080 1930
SO 820 073 227 100 0.014 050 1700
£ i 017 070 2.70 0942 2.36 25 EEU
Stamiess glee! 2.0 200 7.89 G 47 0329 17.30 I-‘(zW
< 007 0 a9 0 385 203 1856 1080
Gaks 270 075 530 035 050 sHs ign

Ge 103 532 0.31 060 580 a37

Ciaarlz 0507 0 76-0 97 2 66 082120 0067012 710 1710

Funcamenitals of Mcrolabricaton. Marg Madou | fipg

—;;_-f{,r(j;} ST VI AT Ly A3 AT sranal propartios

CAC Fresy, 1947
Legernd o, g AIEnIn Yo nc s mrdislus p « IMAass censily. © gpecilic heal, &« therma! conductivily,
o~ LT P > | a8 }" it g Do



7.58ilican Compounds.

© 3 often-used silicon compounds:
1. Silicon dioxide (SiOz)
2. Silicon Carbide (SiC)

3. Silicon Nitride (Si3Ny)

7.5.1 Silicon Dioxide (SiO2)
® Three principal uses of SiOx:
1. as a thermal and LWI (sce Table 7.1);
2. asamask (U 2477 in the etching of silicon substratcs;
(*."SiO; has much stronger resistance 0 most etchants than silicon)

3. as a sacrificial layer (38%E)e}) in the s

urface micromachining.
Sm——

® Properties:

Table 7.5 | Properties of silicon dioxide

Properties Values
ensity, g/cm? 227
Resistivity, £2-om =10"
Relauve permittivity 39
Melting point, “C ~1700
Specific neat, J/g--C 140
Thermal conductvity, Wiem-"C D014
Coefiicient of thermal expansion, ppm/!~C 05

® Oxidation: by heating silicon in an oxidant (e.g., 0») with or without steam.

(a) Dry oxidation:
Si+ 0, — SiO;

(b) Wet oxidation in steam:
Si+ 2H20 Yamcs SlOg + 2Hg

® Oxidation is effectively a diffusion process (see Chapter 3). Diftusivity of Si0;
at 900°C in dry oxidation:
(a) 4x10"° ¢m?/s for arsenic(liill, As)-doped silicon (n-type);
(b) 3x10™"? cm?/s for boron(fllj, B)-doped silicon (p-type);

Note: Steam would accelerate the oxidation process.

11




7.5.2 Silicon Carbide (SC)
@ Propertics and usages:

i ili ich temperature
1. dimensional and chemical stability at high temp

high temperature
to protect them from extreme

(a) strong resistance to oxidation at very
(b) deposited over MEMS components

temperature . . | )
aluminum masks,
The thin SiC film can be patterned by dry etching with al

ivation layer (protective layer) in
an be further used as passivation lay (p

to

and ¢
micromachining for the underlying silicon layer.
(. SiC can resist common ctchants such as KOH and HEF.)

4 Vg e Aoy i3
®  SiC: a by-product (& 5h) in producing single crystal silicon boule ( AEHM).
> Intense heating of the carbon raw materials (coal %4, coke fi£¥, wood chips,

etc.) would results in SiC sinking to the bottom of the crucible ().

®  The SiC film: produced by various deposition techniques.
> Table 7.3 lists some thermophysical properties.

7.5.3 Silicon Nitride (Si3;Ny)
®  Superior properties attractive for MEMS:

> An excellent barrier to diffusion of water and ions (e.g., sodium §f)

»  Ultrastrong resistance to oxidation and many etchants
— Suitable for masks for deep etching.

® Applications:
- Optical waveguides
- Encapsulants (23 535%) to prevent diffusion of water and other toxic
fluid into the substrate.

- High-strength electric insulators and ion implantation masks, -

® Production Processes:

»  Produced from silicon containing gases and NHj:

3SiClH; +4NH; — Si3sN4 + 6HCI + 6H, (7.5)
Can be produced by both LPCVD (low pressure chemical vapor deposition)
and PECVD (plasma-enhanced chemical vapor deposition) processes. (chap8)
Note: plasma - T (JT TR T EI SR TE )
»  Properties: listed in Tables 7.3 and 7.6.

A%
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Table 7.8 | Selected properties of silicon nitrida

'properties e M
Deposiion lemperaturo "C 700-800 250-350
Danstty, glem’ 2932 2.4-28
Frm qualily Excellent Poof
Relative permittivity 6-7 6-9
Resistivity, (2-cm 10" 10°-10
Refractive index 2.01 1.8-2.5
Atom % H 4-8 20-25
Exch rate n concentrated HF 200 Almin
Etcn rate in boiling HF 5-10 A/MID
POISSON'S rallo 027
vyoung's medutus, GPa '31’3(3

LD

Coopfficiant of thermal expansion, ppm/ G
pou S

e

Source. Madou (1997]

7.5.4 Polycrystalline Silicon

® Polysiliconisa principal material in surface micromachining (se€ Chap.9).

Figure 7.12| Polysilicon deposils cn & silicon supstrate.

Random small

polysilicon gruins\

Oxaide layer—

Silicon suhstmté 5 About @ micromueter

it

® Production process:
. LPCVD is frequently used for depositing polycrystalline silicon onto silicon.
— Temperature: 600 to 650C

® Applications and properties:

. InIC industry: resistors, gates for transistors, thin-film transistors, etc.

- Highly doped polysilicon can reduce the resistivity of polysilicon 10 produce
conductors and control switches.

—» 1deal material for microresistors as well as easy ohmic contacts.

- Polysilicon can be treated as isotropic material in structural and thermal
analyses (due to its crystals in random sizes and orientations).

- Table 7.7: list some key properties of polysilicon and other materials.

13



T = AR malenaig

: o sflicon and other
il properlies Of polysilico ~
satison of mecha o

eﬁument of tﬁeifmaj;_
 expanslion, ppmrc.

S

26
v 22 23 A
 Aswbsnaies 0 0.2 3/
ican : 04
© o JANuming 24
. ‘:Si!'scn“ 2 28
As hin fims: 60 0.‘;3 0.35
 Polysilicon = 0.2 16
Thermal $i0, : 0.27 S
:;g?:l;fa $i0; 270 ; 2.4
W o:
PECVD S0, 0.35 2l
Auminum 7 0.28 43”
Tungsten 4 12 ) 0.42 20-70
Polymide v

Source: Macay | 1804

7.6 Silicon Piezoresistors
VWM\/\MN

®  Definition of piezoresistance (EERR):

= Achange in electric resistance of solids when subjected to stress fields.
\\\___\ —

® Both p- ad n-

type silicon exhibit excellent piezoresistiye effect.

® Due to anisotropic in pP- and n-

resistance change and the stress fie]

{aR}=[)io)

type silicon, the relatio

nship between the
d is more complex:

where {AR} = {AR

(7.6)

r . .
- - - AR)‘: } * change of Iesistance in gp

piezoresistive
coefficient matrix, which hag the form:
I no Tyom, 0 0 0]
T 7y, 7, 0 0
[ ]‘ T T, om0 0 0
o o0 Ty 0 0 (7.7)
00 0 o A, o
L0 0 ¢ 0 7,




» Thatis,

AR =m0, + ir,,(ow + a__)
AR, =m0, +7[|2(O.x\‘ +0..)
AR. =m0, +7ul0, + v,)
AR y = Ty0
AR =m0,
AR,. =70,

~ i .
> 7wy and w2 are associated with the normal stress components,

whereas 17 44 is related to the shearing stress components.

ress field.
YA

Figure 7.13 1 A silicon piezoresisiance subjectedtoas

Mechanical

10 o ,/\

( p-orn-hype
—T\ silivon p

\_//
BN
J_——>

i

Table 7.8 | Fesi istvity and piezoresisive coelficients of silicen 4t room tempeératu’e in

100 "vf.rjfv.:or‘ R
Materials Resistivity, {-cm eyt (i maa”
o sdicor 7.8 {6;‘ - ! l, . “Z
n sihcor 11.7 . 1022 +534 ——"n—_)"

e —
on 10 o idyre o in 10 " miN (o PaTT)

source French af « Evans | 1988}

e

In Fig 7.14, The change of electric resistance can be expressed as

Ak 7,0, tT:0;p (7.8)

R
where 7, and 7, denote the piezoresistive coefficients along the

%

Jongitudinal and tangential directions, respectively.

Figure 7.14 | Silicon stran gages
le cacls v

/ﬁ v
' /’/'/;/ /
e s / /’,/ o] /

-~ ~

C*"‘Z =2 it
| SGaE

p-or - Lype Si
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Con nmz‘urv:;zf.lc;rs in

Jqs of p-type sillc

v coethow

9 | Pip2orcy ; -
mbiﬂ i vAnOus (h."("ilh ns = = ‘ = = z
T oantation <v> Tt
 Aatplanes Orlentation <X> 0 e (; i
CCrystal planeE grea oo |
.“-\‘*‘-'“;il‘iréb" <111 <100 O B ~() Hr,
t100i e 110> - 110 ey 1) 0277
< 10> = Locer. ocem
(100} P it oo
100> i
{100) : Ry
Sc‘u'c(; Brysck e1al [1901]

T 44) [Senturia, 2001]

T 12,
® Relationship between (71, p)and (@, T

0o 1202 e '1) (18.8)
ryp = 2(Fpy — M2 "‘\1)(’?"”1 - fjmy AT
ﬁl = “l! s " i,
and
B 42 vz 2 .(
np = w2+ ('—‘H -T2 — TTAM) (lflj -+ 7TL$’ITL~) +Tlln2) “8 ))

ts of direction cosines between the

where (I;.my, ny) and ({2, ma, ni2) are the se !
T d the crystal axis, and between

longitudinal resistor dircction (subscript 1) an
the transverse resistor direction (subscript 2) and the crystal axes.

In manv silicon micromachined devices, resistors arc oriented along (110]
dm‘cnons.in (100) wafers.® The longitudinal direction cosines arc (1/\/'?.
1/v/2.0) and the transverse direction cosines are (~1/%/2, 1/+/2:0). This

results in
I 4
710 = 5 (T + T2 + Taq) (18.10)
and '
: 1 ’
/ 77(.110:;;(7‘-'11-!-7.'12—-7-"14) (18.11)

7.7 Gallium Arsenide (GaAs, Hili{t5%)
® GaAs
- A compound semiconductor
- Advantages
~ A prime candidate material for photonic device due to its high mobility
of electrons (7 times higher than silicon, see Table 7.11)
—= casicr for electric current to flow in the material
»  Superior thermal insulator with excellent dimensional stability at high
temperature

16



Table 7 o oy
11 | Electron MObIty of selnctad matersis At FHG K

i ﬁ"ifﬂﬂ',’.‘..,,,.4.«.'-“ Eloctron mobllily, m*/V.s
Alur al¥is 4 . 41'.‘4 ¢ : / y .,
Coppm LA RS
Sl 145
Gt srser ek (e

f) Loon pxde

‘l.)«'f_'l\"l"'lu 0

e s e ot St 8

Seurco Keok {1007)

- Disadvantages
»  More difficult to process (than silicon
»  Low yield strength (one-third of that of silicon)
> More expensive than silicon due to its low use

- Companison of GaAs and silicon

Table 7.12 1 A comparison of GaAs and shicon in micronachining R
Properties GaAs _____s_l!_lff_"_“
. Jor l’)’:‘;d Mot A"’f)r,d
oRIeCIC et Ye Ao
= rorecine coetticent ol " C 2.0 i f
Tnarmal conductvily Relanvely low Relatively hIGh
e High Low
3 ,~f Y 1o oher sulstrales Diffictit Ralauvely easy
SRS ) Bttle, fraglls Brinte, 510N
——— {
reraldi o MPAIaTue Hgh L
. ”—. oeraung lomg C 460 300
4 o g ¥ air Ve y ,-:m()('l
) ]
1 Lre »;—L____'__________,__ et

7.8 Quartz (115%)
AN~
® (Quanz
- A compound of SiOz
- Unit cell in the shape of tetrahedron (PYIffilf:)

- Orientation: (Senturia, 2001)

» Not based on miller indices

»  Some basic orientations, such as X-cut and Z-cut quartz, refer to the

crystalline axes normal to the plane of the wafer.

» However, some others, such as A7-cut quartz, refer to off-axis
orientations that are selected for specific temperature insensitivities of
their piczoclectric or mechanical properties.

An ideal material for sensor because of its near absolute thermal dimensional

17



stability

A desirable material in microfluidics applications in biomedical analyses

-

> Inexpensive
> Work well in clectrophoretic (i1i7%) fluid transportation due to its

s . 00 d Uty . .
excellent electric insulation ({454 propertics
Transparent to ultraviolet light which is good for the purpose of

Y'

species detection
- Hard to machine
> Could use “diamond cutting™ or “ultrasonic cutting”
»  Can be etched chemically by HF/NH,F into the desired shape
- More dimensionally stable than silicon
= More flexibility in geometry than silicon

Table 7.13 | Some propertes of quanz

‘ ; - Temperature

Properties Value || Z Value L 2 dap:ndency
Thea conducivity calermesrC 29 ¥ 10~ 16 % 10 Lwih T
:*:"..5 DETTETAY, 46 45 dwith T

Os Te i 266 » 100 2.66 « 10"

E_ cadion = e erpanson, pprmd* G 7.1 132 Twh T
::»'? > ity D 01 x 19 20 x ton vwih T
S 23t GP5 17 1.7 Lwnn T
Hargnews GPg 12 12
S——— o BT ST el

9 Piezoelectric Crystals
® Piezoelectric crystals
- Piezoelectric effect:
~  Produce a voltage when subjected to an applied force
~  The application of voltage to the crystal can change its shape.,

Figure 7.16 | Corvers or of mecnaricat ard eloctncal enarglas by PEsOsec)
crystas

5§ o2

Indueed mechanica|
deformation

]
’ !.,-,.-...'__.._..__--‘..J
| _
L

S

* Llecteicol-yoltage-induced
mechanical deformation

Mechanical
forees

Applied Yohage )

! | fe e o v g
i [T — 7
L f

Mechapicnlforcednduccd <
electrlenl syoltupe

ta) Fromy mechwuea! (o elvcrnice] (hY Fyomn electncal o awchamcal

» . Y
tern buns {7%97, )
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Natural crystals: quartz (PRE)
e e ettt s s = ’

: tourmaline (§{i 17 .
potassium ($1) tartrate (47 el ine (E377), and sodium ()

- Synthesized crystals: R LD
: ystals: Rochelle salt, barium tit :
titanate (PZT) anate, and lead zirconate

Its structure s
cture should have no center of symmetry

}

The appli
plied stress wi .
nepativeidh g will alter the separation between the positive and
'1 Y aQ
: arge sites in an elementary cell, leading to a net polarization
at the crystal surface. =g maecy

| result in an electric field with voltage potential
- Applications

N\ .
r Hl \ ] AN Eeraty 3 , ' A .
gh voltage generation via the application of high compressive stress

— can be used as an impact detonation (77 |14%) device.
» can be used to send signals for depth detection in a sonar (A3HN)
system

In MEMS: used as actuators (see Chapter 2) and dynamic signal

Y

transducers for pressure sensors and accelerometers.
» Used in pumping mechanisms for microfluidic flows (Chapters 5 & 6)

as well as for inkjet printer heads.

@ Effectiveness of the conversion of mechanical to electrical energy and vice versa
can be assessed by the electromechanical conversion factor K:
. output of mechanical engerg
2 p al engergy (7.92)

K:/

input of electrical engergy

or
, outputof electrical engergy

L L ey (7.9b)

" input of mechanical engergy
- The electric field produced by stress
V=fo (7.10)
where V: generated electric field in V/m; f. constant coefficient; O applied

stress in pascals (Pa)
- The mechanical strain produced by the electric field

e=dV (7.11)
where ¢ : induced strain; V: applied electric field in V/m; d: piezoelectric

coefficient (sce Table 7.14)

- Relation between fand d:

1
=F )
I (7.12)
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7'32 Polymers

® Polymers _
X . . .—.‘1!;‘ - »
- lnclude diverse materials such as plastics, adhesives, Plexiglas (35415107 274

D I IURUS TR FEAG B TR PR RIS PG i 44), and Lucite (PATEFF:

TS AR AT AU - TR )
. Become increasingly popular materials for MEMS and Microsystems

- Examples in MEMS and microsystems:
>  Plastic cards approximately 150 mm wide containing 1000

microchannels for microfluidic electrophoretic systems by the
biomedical industry (Lipman, 1999)
>  Epoxy resins (FR%Hlfli) and adhesives (£5%74]) such as silicone
rubber (R - B AKE T AGECRFFIETE) used in packing
- Made up of long chains of organic (5[], mainly hydrocarbon)
molecules
- Characteristics:
» Low mechanical strength
» Low melting point
»  Poor electric conductivity
- Thermoplastics and thermosets: 2 groups of common polymers
» Thermoplastics: easily formed to the desired shape
» Thermosets: have better mechanical strength and temperature
resistance up to 350°C

7.10.1 Polymer as Industrial Matcrials
® Applications:

- Used as insulators, sheathing ([YERST]iE 1), capacitor films in electric

20



devices, and di X
» and die pads in integrated cireui
- Advantages d circuits,

»  Light weight

Y

, Ease in processing
~  Low cost
of raw materials
T, | aterials and processes for producing polymers
gh corrosion resistance y
Y ,
5 ,
High electrical resistance
»  High flexibility i
ibilit
- . Y 1n structures
igh dimensional stability
’

Great variety

7.10.2 Polymers for MEMS and Microsystems
® Applications:

It

19

e

Photoresist (JfH) polymers: used as masks for creating desired patterns on
substrates by photolithography (Hi2)-

Photoresist polymers: used to produce the prime mold in the LIGA process.
Conductive polymers: used as organic substrates.

Ferroelectric (§FE V) polymers (which behave like piezoelectric crystals):
used as a source of actuation in microdevices such as those for micropumping
(Sec.5.6.3).

Thin Langmuir-Blodgett (LB) film: used for miltilayer microstructures

Used as a coating substances for capillary tubes to facilitate electro-osmotic

flow in microfluidics (Sec. 3.8.2)
Thin polymer films: used as electric insulators in microdevices and asa dielectric

substances in microcapacitors.
Used for electromagnetic interference (EMI) and radio-frequency interference

(RFI, 43T shielding (lE) in Microsystems.
Used for the encapsulation (‘%4:))of microsensors and packaging of other

microsystems.

=.10.3 Conductive Polymers
® Forsome application, polymers have to be made electrically conductive.

L.

- By nature, polymers: poor electric conductors (Table 7.15).

- Polymers can be made electrically conductive by the following 3 methods:

Pyrolysis:
- A pyropolymer based on phthalonitrile resin: by adding an anine (1% - %7

1 TR ST R A k&%) heated above 600°C

21



Corcuilors

o4
Copper 10
Cglh()l\
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2. Doping

Examples: kW
- For polyacetylenes (PA): Dopants such as Bra, Iz, ASF.S, HC104,d ; a;
to produce p-type polymers, and sodium naphthalide 1n tetrahydrofur

(THE, pugs, (1071 ) W - e, A BEEEm [E#E%) for the n-type

polymer.
- For PPP and PPS: see page 265

3. Insertion of Conductive Fibers (F#{E)
A. Incorporate conductive fillers (e.g., carbon, aluminum flakes, stainless steel,
gold, and silver fibers) into both thermosetting and thermoplastic polymer
structures.

B. Other inserts include semiconducting fibers (nanometers in length), e.g.,
silicon and germanium.

7.10.4 The Langmuir-Blodgett (LB) Film
® LB film

made by a special process (LB process) to produce thin polymer films

- involves spreading volatile solvent (i57) over surface-active materials
e

- The LB process can produce more than a single monolayer str
1Ic

) ture (1.e.,
create a multi-layer structure).

— regarded as an alternative micromanufacturing technique

® Applications:
1. Ferroelectric polymer thin films
- Such as polyvinylidene fluoride (PVDF, K= Z g

pplicati () d 1 i
A ations: (a) sound transducers in air and water (b) tacti
dicr, actile (54 )
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sensors, (¢) b '
, (¢) biomedical applications (

IL. cardiopulmonary (.{j} such as [. Tissue-compatible implants,

lit)) sensors ,
sensors for prosthetics ("""i"z" ensors, and I11. implantable transducers and
V204fky) and rehabilitation (5114) devices)

See Table 7.14 f -
.14 for the prezoelectric cocfficient of PVDEF.

2. Coating materi i
y g matenals with controllable optical propertics
- W1 sed 1 . |
ely used in broadband optical fibers
3. Microsensors

Principle of Fig. 7.20:
_T Y ~$3%7% B i B
he electric conductivity of the polymer sensing clement will changc¢ when 1015

exposed to a specific gas.

F'gum 7‘20 1 Microsensor using PO yur ore
Gax sample
\ e ~
Diclevine | r— Condue nve
R polymer

~~~~~ -‘ —

pPlastic ~ Ir e

Eocapsulant N — < v ‘.'.,,___.,__‘ {

. =g B
{rale ‘ v‘

p sllicon subs

@ Distinction between the IC pack
. For IC: to protect from the hostile 0

aging and the microsystems packaging:
perating environment.

. For microsystems: in addition to protection, it is required to be in contact

with the media that are sources of action,

e Materials for microsystem packaging:
_ Include those for IC packaging:
(a) wires made of noble metals at silicon die level,

(b) metal layers for lead wires,
(c) solders () for die/constraint base attachments, etc.

. Also include metal and plastics.

e Consider the microsysicm packaging in Fig. 721

(a) Usc aluminum or gold metal films _as ohmic contacts to the

piczoresistors that arc diffused in the silicon diaphragm.
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(1) Similar materials: used for the lead wires 1o the interconnects outside
the casing.

(€) Casing: made of plastic or stainless stecl

(d) Constrain base: made of glass (e, Pyrex [IRAS Ot A3 580)) or
ceramies (e.g., alumina [1]44))
(¢) Adhesives that attach the silicon dic to the constraint b

) un-lead (3890

ase: can be
2SEER]

) solder alloys (thin metal layers needs to be
sputtered at the joints to facilitate (he solderingP;
W) CPONY resing A

m) or Room-temperature vuleanizing (RTV) silicone rubber,

Flgure 7.211 4 typreal parkagec micrapre sere Sensor
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