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3. Technical Review 3. Technical Review –– MaterialsMaterials
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Basics Basics –– Mechanics of MaterialsMechanics of Materials

Stress: N/m2, Pa or psi

σ = P/A0

P: load on the sample

A0: original(zero-stress) cross sectional area

Strain: unitless

ε = (l-l0)/l0 = Δl /l0

l : sample length

l0: original(zero-stress) length
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Hooke’s law

σ = Eε
E: Young’s modulus or

elastic coefficient

Yield strength

The stress at which a material exceeds its 
elastic limits and the material begins to deform 
permanently

E

σ

ε
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ε

Maximum tensile stress that a 
material withstand without rupture
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Shear stress and strain

τ= F/A

Shear modulus: G

G = shear stress/shear displacement angle

= τ/γ = (F/A)/(ΔX/L)

L

ΔX Area, A F
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Poisson’s ratio

Under axial load,

ε(axial) = Δl /l0

ε(transverse)  = Δd/d0

Poisson’s ratio; 

ν = transverse strain/longitudinal strain

= -ε(transverse) / ε(axial)

Typical values are 0.2 to 0.5

Relation of E and G

E=2G(1+ ν)

F
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SCS(Single Crystal Silicon)SCS(Single Crystal Silicon)

Anisotropic : crystal

Elastic : catastrophic failure

Young’s modulus = 190GPa < 200(SS)

Hardness = 850 kg/mm2 > 660(SS)

Yield strength = 7x 109 N/m2 > 2.1x109(SS)

Mightier than we think !
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From Kovacs
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Limiting factors
- Crystallographic defects and planes
- Residual stress from high temperature 

process and film structure

How to overcome?
- Stress consideration from design stage
- Minimize defects during dicing, grinding and 
polishing
- Tribological measure: coating and lubrication
- Low temperature process
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Because of anisotropy of cubic system, 
elastic coefficient is 6x6 matrix in the form of,
Cij = C11 C12 C12 0   0     0 

C12 C11 C12 0    0     0 
C12 C12 C11 0     0     0
0    0     0    C44 0     0
0    0     0    0      C44 0
0    0     0    0      0    C44

for [100] axis loading
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Young’s modulus vs crystallographic orientation in SCS

CuuDuongThanCong.com https://fb.com/tailieudientucntt

cu
u d

uo
ng

 th
an

 co
ng

 . c
om

http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt


12:: EAM 5715 Electronic Devices for Human Interface Systems (EDHIS)

From  J. Kim, D. Cho and R. S. 
Muller, “Why is a (111) silicon 
better mechanical material for 
MEMS”, Transducers ’01, 11th Int’l 
Conf. Solid State Sensors and 
Actuators, Munich, Germany, June 
10-14, 2001

(111) planes can be 
considered as isotropic
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Doping effectDoping effect

Tensile or compressive stress is induced on the 
doped area from local contraction or expansion of 
lattice, which becomes critical in thin membrane or 
beam structure.
p-type Si with Boron 

- tensile residual stress 
n-type Si with Phosphorus

- compressive residual stress
p++ etch stop: heavily doped Si ( with Boron >7 
x1019cm-3) is frequently used for membrane or 
beam fabrication
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PiezoresistivityPiezoresistivity

Change of bulk resistivity by the mechanical stress 
applied to the material

Stress Strain Volume change Energy gap 
change Number of charge carriers change 
Resistivity change

SCS has a high pzr with excellent mechanical 
properties, therefore is widely used for 
electromechanical transducers
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Principle

R0 = ρ0  l/wt

ΔR/ R0 = Δ l/l - Δ w/w - Δ t/t + Δ ρ/ρ0

Using Poission’s ratio, ν
Δ w/w =  Δ t/t  = -ν Δ l/l 

Gauge factor GF (strain sensitivity) is,

ΔR/ R0                                         Δ ρ/ρ0

GF = --------- = 1 + 2 ν +  -----------

ε ε

Dimensional change Resistivity change
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Advantages 

GF(SCS) = 80 to 200 compared to GF(metal) = 1 
to 5

High sensitivity and good linearity of pzr elements

Robustness of Si

Ease of integration with IC

Resistors can be located where the stress is 
maximum (on the surface)

Relatively simple calibration and compensation of 
pzr elements
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Origin of PZR:  Many-valley energy theory

Mobility is lowest  along <100>
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Depending on the direction, an electron has 
different combination of k1, k2, and k3 in SCS. 
Silicon has three pairs of valleys. Valleys are 
are identical except for orientation. 
Constant energy surface with unequal lengths 

(along principal axes) different effective 
masses and mobilities electrons make 
anisotropic contribution to conductivity
Uncompressed : all valleys are equally 

populated isotropic conductivity
Under anisotropic stress: relative energies 

change electrons transfer from one valley to 
another populations change, mobilities
change anisotropic conduction
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Longitudinal and transverse 
piezoresitance coefficient

I I

Longitudinal pzr Transverse pzr

ΔR/R = πl σl + πt σt
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[010]

[100]

I
V V

I, V

[-110]

[110]
1 dR
T     R = πl1 πl2 ½(πl1+ πl2+ π44)

Measurement

T

I
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For SCS (cubic system)
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General expression of pzr for SCS 
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PZR coefficients for cubic crystal

PZR coefficients for SCS at RT (unit: 10-11 Pa-1)
ρ (Ohm-cm)     π11 π12 π44

p-Si     7.8    6.6    -1.1   138.1
n-Si     11.7   -102.2   53.4    -13.6
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Resistance changes as a function of stress

ΔR/R = πl σl + πt σt

<110>, p-Si

<110>, n-Si

ΔR/R = (π44 /2) * (σl - σt )

ΔR/R = (π11 + π12)/2 * (σl  + σt )
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[010]

[-100]

πl

πt

Piezoresistance coefficient vs. orientation: 
(001) p-Si
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[010]

[-100]

πt

πl

Piezoresistance coefficient vs. orientation:
(001) n-Si
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π11 vs. impurity concentration in n-Si

π11(10-12.cm2/dyn)

N (cm-3)
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Piezoresitance coefficient vs. temperature

Intravalley scattering

Intervalley scattering
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Materials for Small DevicesMaterials for Small Devices

Substrates
- Semiconductor: Si, Ge, GaAs
- Insulator: glass, quartz and polymers
- Others: various functional materials

Additive materials
- Structural: polysilicon
- Electrical: conductors and insulators
- Functional: active materials

Packaging materials
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Poly crystalline silicon
Basic building block for surface micromachining
Good mechanical properties
Can be used for resistors, conductors and ohmic
contacts
Can form piezoresistors
Easy to fabricate but difficult to control residual 
stress
Properties are highly dependent on deposition and 
thermal history condition 

PolysiliconPolysilicon
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Deposition of polysilicon

- Source gas: Silane

- LPCVD or PECVD

- SiH4(diluted in N2) → Si + H2 at 600-650oC

- Transition(amorphous to crystalline) at 560-600 oC for 
LPCVD

- Nucleation and crystallization

- Decreasing deposition rate, increasing thickness, 
increasing temperature → crystallization↑ polySi phase↑

Amorphous Si
Polycrystalline Si

Substrate

Phase transition
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Film stress
- Residual stress and stress gradient are 

dependent on deposition condition
- Film stress (Stoney’s equation)

Es ts2

σf =      -------------
6(1- ν)tf Rc

Rc: radius of curvature,   Es :Young’s modulus
ts : substrate thickness, tf: film thickness
ν : Poisson’s ratio
- Compressive up to 700 Mpa (as deposited)
- Stress gradient over thickness
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Increasing deposition temperature reduces 
residual stress and stress gradient 

Study of microstructure shows:
<110> crystalline film shows highest stress
Randomly oriented film shows lowest stress
Reduced pressure (10-2- 10-3 torr) and  

relatively high temperature(>700oC) yield low 
stress by generating randomly oriented films
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Annealing

- Annealing(above 900oC) reduces residual 
stress present in the as-deposited film

- Crystallization and grain growth

- Residual stress strongly depends on 
annealing condition
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Doping
- In-situ doping (during deposition)

Use Arsane(AsH3), Phospine(PH3) or 
Diborane(B2H3) 
: preferential adsorption of phospine to 
substrate suppress polySi growth rate

- Ex-situ doping 
Use phosphorus doped oxide layer (PSG, for 
sacrificial layer) – During thermal process, 
doped layer serves as a diffusion source
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Ex-situ doping
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Deflection showing residual stress

From Sandia National Lab
http://www.sandia.gov/mstc/technologies/micromachines/movies.html

www.cinstrum.unam.mx/revista/pdfv5n2/measuring.PDF 
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Silicon nitrideSilicon nitride

Use amorphous form for transducers
Electrical Insulator (resistivity > 1015 ohm-cm for Si3N4)
Etch mask: withstand HF and KOH 
Thermal insulator for high temperature
Diffusion barrier to sodium
High mechanical strength
Can be deposited by sputter or CVD
3SiH2Cl2 + 4NH3 → Si3N4(s) + 6HCl + 6H2

Large tensile stress (1-2GPa)
Oxynitride (SixOyNz) reduces stress but has weak 
chemical resistance
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Silicon oxideSilicon oxide
Electrical insulator (resistivity > 1012 ohm-cm)

Thermal insulator (conductivity <1.4 x 10-2 W/cmoC)

Can be deposited by sputter, CVD or spin-cast

Can be thermally grown over Si conformally

Can be formed to glass: PSG or BSG

Compressive (~1GPa) for most cases

Used for masking and sacrificial layer

- Strong adherence

- High selectivity over Si in buffered HF

- Excellent diffusion barrier
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Dry and wet oxidation
Si + O2 → SiO2

Si + 2H2O → SiO2 + 2H2

Molecular density of Si = 5 x 1022 atoms/cm3

Molecular density of SiO2 = 2.2 x1022 molecules/cm3

Oxide film expands → compressive stress

O-O
O-O

SiO20.44t

t

CuuDuongThanCong.com https://fb.com/tailieudientucntt

cu
u d

uo
ng

 th
an

 co
ng

 . c
om

http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt


48:: EAM 5715 Electronic Devices for Human Interface Systems (EDHIS)

CuuDuongThanCong.com https://fb.com/tailieudientucntt

cu
u d

uo
ng

 th
an

 co
ng

 . c
om

http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt


49:: EAM 5715 Electronic Devices for Human Interface Systems (EDHIS)

Silicon  carbideSilicon  carbide

Strong mechanical property, E=448 GPa (190GPa for Si)
Chemical stability at high T
Strong resistance to oxidation even at high T
Passivation layer
Wide bandgap even at 300K (2.996 at 300K, 3.03 at 0K 
for a-SiC)
Single crystal, polycrystalline and amorphous can be 
formed by MOCVD, MBE, PECVD, etc.
SiH4 + CH4 → SiC(s) + 4H2

Doping, etching and metallization: possible but limited
Good candidate for harsh environment MEMS
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Material Properties of Material Properties of SiCSiC

1-D polymorphism: polytypism

Identical planar arrangement but with 
different stacking sequence

Crystal structure: Cubic, Hexagonal, 
Rhombohedral

3C-SiC, 6H-SiC, 4H SiC

Number of layers in a period along stacking direction
Crystal system
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Stacking of planes
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3C-SiC Structure
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6H-SiC

4H-SiC
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Crystal growth

2-4” 6H-SiC can be grown with sublimation onto SiC seed at 
2000oC

Epitaxial growth

6H-SiC: APCVD with Silane and Propane source at 1500-
1700oC over 6H-SiC

3C SiC: APCVD with Silane and Propane source at 1500-
1700oC over Si heteroepitaxy

Mismatch in lattice constant 0.436nm(SiC) and 0.543nm(Si) 
can be overcome with carbonization convert near 
surface Si to 3C-SiC by heating and reaction with C 
Grow 3C-SiC over carbonization layer
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Metal filmsMetal films
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Organic materialsOrganic materials

Used increasingly for microfluidic and biochemical applications
Light weight, easy processing, low cost, high electrical 

resistance, corrosion resistance, flexibility in engineering 
properties

Photoresist
Polyimide
Parylene
Conductive polymers 
PVDF (polyvinyldifluoride)
PMMA(polymethylmethacrylate), PC(polycarbonate), 

PTFE(polytetrafluoroethylene), PDMS(polydimethylsilane)
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Teflon® - PTFE (Polytetrafluroethylene) 
high chemical inertness 
good thermal stability up to ~200°C 
Extremely low friction coefficient 
Thermoplastic

Lexan® - PC (Polycarbonate)
High stiffness and strength
Thermal stability up to ~135 °C
High surface toughness and rigidity 
Relatively low stability to chemical attack

PEEK (Polyetheretherketone)
Excellent chemical resistance
Very high operating temperature ~ 250 °C
Good dimensional stability
Low moisture absorption even at elevated temperatures
High cost
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Kynar® - PVDF (polyvinyldifluoride)
Good chemical resistance
Thermal stablity upto ~ 140°C
High surface rigidity and strength
Virtually no absorption of water

Ultem® - PEI (Polyetherimide)
Amorphous material
Material properties show small change over wide range of 
temperature
Excellent chemical resistance
Thermoplastic
Widely utilized for medical application

PDMS (Polydimethylsiloxane); Silicone, RTV
- Biocompatible and flexible
- Low toxicity, No solvents or cure byproduct
- Cures to a transparent, flexible elastomer
- Low water adsorption
- Stability over wide temperature range ( from-55 to 200C)
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