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Materialsfor MEMS

W Ranges of materials
» Single crystal silicon, Polysilicon, Silicon Dioxide, Silicon
Nitride, Metal. Silicon Carbide, Germanium-based materials,
Piezoelectric materials, Diamond, IlI-V Materials.

W Fabrication Methods
» Crystallization
» Oxidation
» Film Deposition
* Physical Vapor Deposition (PVD)
» Chemical Vapor Deposition (CVD)
* Liquid Phase Deposition




=® NKFUST

Silicon Crystal Orientation

B Crystal Structure

» Amorphous : No recognizable lump range order
» Polycrystalline : Completely ordered in grains
» Crystalline : Entire solid is made up of atoms in an

orderly array

(&) Amorphous (b) Polycrystalline  (c) Crystalline

MEMS | ab @
v 3

P 1 g
- o 24 4

5% Y @ @
€ ¢ 1 3
c__“‘ - ‘p B _ F]

¢ . l-" & L A — o

Source:http://hyperphysics.phy-astr.gsu.edu/hbase/solids/sili2.html M
EMS Lah.
4

©2004



=® NKFUST

W Crystal Axes and
Dimensions

Crystal

System
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Miller Index
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» (hkl) (100) X
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(100), (010), (001), (100),(010),(001)
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» <hkl>
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Single Crystal Silicon

Arc Furnace K
u Metallurgical Silicon—— i :]

| Raw material

Fluidized bed
| Silicon Chloride
Chemical Vapor deposition
[ ] Electronic Grade Silicon—— o ——
Czochralski growth
[ Single Crystal boule——— ._,'-
Grind boule
Grind flats
Slice —
Single crystal wafers—— IIE
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B SiHCI; H,

» Si +3HCI (220~300°C) — SiHCl, +H,

» SIHCI, +H, (900~1000°C) — Si +3HCI
m SiCl, Zn

» SiCl, +2Zn (950~1000°C) — Si +2ZnCl,
| SiCl, H, Zn

» SiCl, +2H, (1100~1200°C) — Si +4HCI
H SiH,

» SiCl, + LiAIH, - SiH, + LiCl + AICI,

» SiH, (1000°C) - Si +2H,
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Czochralski growth

B Growing Single-Crystalline Ingot
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23 100 mm |125mm {150 mm 200 mm |300 mm
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Semiconductor

B Semiconductor: Si , Ge ,GaAs ,InP
,ZnSe
B Insulator: SiO,( , SigN,
W p-type (B) Al In,
(Acceptor)

H n-type (As) P) \% (Sb)
(Donor)

| 3 4 5 6 7 8 9 | 10 11 12 13 14

| A A B B B B B B A A
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Li | Be B | C
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n-Type Semiconductors

B Silicon containing an Group V impurity such as
phosphorus which has five valence electrons

B The extra electron of phosphorus can be pulled away with
a small amount of energy

H Londucinm
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p-Type Semiconductors

B Silicon containing an Group Il impurity such as aluminum
(Al) and boron (B) which have only three valence
electrons.

B This atom cancan accept an electron from the valence
band, thus leaving the electron hole as a charge carrier.
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(Doping)

H Diffusion
» Furnace heating.
» The doping atoms from the surrounding gas or a thin preapplied
surface layer.
» Main difficulty
¢ Determination of the absolute concentration of the doping.
« Only create a doping profile on the surface of a wafer.

B [on implantation
» Shooting charged doping ions, which are externally accelerated in a
vacuum, into the silicon wafer.
» The ions can penetrate up to a few micrometers below the surface.
» The doping concentration gets an improved homogeneity, and the
doping profile under the wafer's surface can be controlled more

exactly.
MEMS Lab @
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Comparison of Two Doping Methods
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Semiconductor Devices - Diodes

B Junction Devices (Diodes)

» Light-emitting diode (LED): When forward bias is added,
carriers of both types cross the junction and recombine
emitting a photon (GaAs produces red light).

» The diode can also serve as a rectifier.

E P " 1
15! . + | - | =
-, ., |

LRt

Heooqmhiasiken Depleten]
e 1
— —

ih)i Heverse has

AEMS | ab @
U=

=® NKFUST

Semiconductor Devices- FET

W Field-Effect Transistors (FET)
» Amplify weak signals to make strong, useable output.

» n-p-n Transistor: The emitter to base current is highly
magnified by fluctuation in the voltage of the emitter.
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Semiconductor Processing

B Planar Transistor
» Substrate: Low-resistivity, n-type, single crystal silicon.
» Boron implanted into the surface of silicon to change the
selected region into p-type.
» A second masking and implantation step introduces a
phosphorus to produce the n-type emitter.
» Silica (SiO,) as isolators. Aluminum as contact.

Base contacis

Siy
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Micro-Mechanical Devices
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[ | (Epitaxial)

30~50%
» SiCl, +2H,
> 1
4
SiCletHz =

(Vapor-Phase)
(>1000°C) — Si +4HCI
/

LA LT
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Thin Film Techniques

B Thermal Deposition of Silicon Oxide

» Wet Oxidation
» Dry Oxidation

B Physical Vapor Deposition (PVD)

» Evaporation

» Sputtering: DC-diode sputtering, Magnetron sputtering

B Chemical Vapor Deposition (CVD)

» LPCVD, APCVD

» Plasma Enhanced CVD (PECVD)

W Liquid Deposition

» Galvanic, Spin coating, Catalytic




=® NKFUST

Thin Film Techniques - Thermal Deposition

B Thermal Deposition of Silicon Oxide
» Native Oxide (oxidation in room temperature) 20A

Si0.

Silicon Substrate //////////

MEMS | ab @
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Thermal Oxidation

B Wet Oxidation: Sig+2H,0 4 - SiOy)+2H,
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Thin Film Techniques - PVD

B Physical Layer Deposition

»

» Vapor Deposition
» High temperature in a vacuum chamber
» Poor layer adhesion

» Sputtering
» Magnetron sputtering
» Reactive sputtering
 Better layer adhesion

MEMS | ab @
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Physical Vapor Deposition (PVD)

® PVD
>

» Vacuum chamber
»
»
»
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Physical Vapor Deposition (PVD)
[ | (Electron Beam Evaporation)
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[ | VLSI

Physical Vapor Deposition (PVD)
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B The Fourth State of Matter
» Freely moving charged gas

» Formed at high temperatures.
» Can be accelerated and steered
by electric and magnetic fields.

What's Plasmas

particles, i.e., electrons and ions.
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Types of Plasma

B Plasma in various densities and temperatures
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Thin Film Techniques- CVD

B Chemical Layer Deposition

» Predominantly used in thin film technology

» Exactly dosed, good thickness control and physical property

» Extremely high purity

» Applicable materials: Silicon Oxide (SiO,), Silicon
Nitride(Si;N,), Polycrystalline Silicon, Epitaxy

» Disadvantages: High process temperature (~1250°C) and
toxic gases

MEMS | ab @
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Various type of CVD

B Atmospheric Pressure Chemical Vapor Deposition (APCVD)
>
» 300 450°C
>
>
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Varioustype of CVD

B Low Pressure Chemical Vapor Deposition (LPCVD)
» 10Pa

4
4
4
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Various type of CVD

B Plasma Enhanced CVD (PECVD)
» 150~350 °C
» High energy electrons break the chemical bonds and ionize
the molecules of the layer material.
» Better deposition rate and uniformity

B Metal Organic CVD (MOCVD)
>
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CVvD

m CVD
» (Si0,)

(PSG)
(Polycrystalline Silicon)
(SiN,):

(Silicon Carbide):
(W)

v Vv Vv Vv Vv

fi 2A3 OV 80P e o 27 2 i M £

FACVD B | A

L S0 » SN » Polysilicon - WHi, - W

B AP ' 5it), - P50 - BPSG
PE | R0y - PSG - BIPSG - S1M, - SICKM,
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Polysilicon

B LPCVD: source gas SiH,, 570-650°C, 100~400 mtorr, 100
A/min (630 °C)

B Microstructure depends on deposition condition
» 100% SiH, source gas, 100 mtorr, temp < 570°C, produces
amorphous film
» 100% SiH, source gas, 100 mtorr, temp > 570°C, produces
polycrystalline film
» 600 °C, grains are fine and equiaxed
* 625 °C, grains are large and have a columnar structure

* Crystalline orientation of the polysilicon grain is
predominantly (110) for substrate temp. 600~650°C, and
is predominantly (100) for substrate temp. 650~700°C

MEM_S_LBD_@
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Silicon Dioxide

W Masking
» Diffusion Masking
» lon Implantation Masking
» Etching Masking

B Passivation

B Gate Oxide MOS
B [solation

B Sacrificial Layer

MEMS | ab @
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[ | (Thermal Oxidation)
» Self-limiting process to about 2 um
» Structure more dense than LPCVD SiO,
» Compressive residue stress

H LPCVD
» Also called Low-temperature oxidation (LTO)

» Use SiH, and O, as precursor gases at temperature of 425
to 450 °C and pressure of 200~400 mtorr

» Could produce thick film (> 2 um), typically 100 A/min

» Include dopant gases, such as PH,, to make phosphosilicate
glass (PSG)

» Tensile residue stress (PSG < LTO)
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H PECVD

» Low-stress and very thick film (10 to 20 pm), using thin Si;N, in
conjuction with the thick SiO, film to create crack-free SiO, film.
» Use tetraethylorthosilicate (TEOS) as precursor gases

B Crystalline SiO, (quartz)
» Piezoelectric
» Electrically insulating

B Spin-on-Glass (SOG)
» Spin-coating to produce thick (20 um) film in conjunction with CMP
» Used as a thick film sacrificial molding material to pattern thick
polysilicon

W Etch rate in HF: PSG > LTO > thermal oxide

MEMS | ab @
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Silicon Nitride
B PECVD
» SiH, + NH; (or N,) — (200~400°C, RF) - SiXNyHZ+ H,
» Nearly stress-free but high etch rate in HF due to porosity structure
» 5 0.1
m L PCVD
» 3SiCl,H, + 4NH; - Si;N, + 6HCI + 6H,, NH,: SiCl,H, = 10:1
» 700~900°C, 200~500 mtorr, 20 0.1

» Stochiometric and amorphous structure, resistant to chemical
» Thick film tends to crack due to large tensile residue stress

B Low-stress Nitride: “Silicon-rich”
» LPCVD 850°C, 500 mtorr, NH; : SiCIH, = 1.6

» Nonstochiometric SiXNy, Lower etch rate in HF
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Silicon Carbide

B Polymorphic material: multicrystalline structures (cubic,
hexagonal, and rhombehedral), each sharing a common
stoichiometry

B Use APCVD or LPCVD
W Extremely hard and strong, doesn’t melt.
B Can be etched in KOH but 600°C

B Thin film can be dry etched with RIE
» Using CHF; or SF; combined with O,
» Must use metal, such as AL and Ni, as masking material

(since high O, content will attack PR)
MEMS_Lab_@
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Thin Film Techniques— Liquid Phase

B Liquid phase deposition : galvanic, spin-coating, catalytic
» Galvanic
» Spin Coating (photoresisit)
» Catalytic method
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(Sol-gel)

»  Spin coating presursor

precursor

(PZT)
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Piezoresistivity

[ | Piezoresistance:
[ ]
[ | Si Ge

» o, o;: Longitudinal
stress component

— =om +oyrm,
R

» 5, 7: Longitudinal and transverse piezoresistance coefficient

order
and transverse
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Piezoelectric Material

[ (Piezoelectric)
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(polarization)
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Piezoelectric Material

Quartz(SiO, crystal), PZT, PVDF, ZnO,

LiNbO,, BaTiO,
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(Ferroelectric)

= ABO,

W Electric Dipole:

W BaTiO, PZT LiNbO,
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Ferroelectricity
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(Ferroelectricity)
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Ferroelectric Hysteresis

B PE Diagram

» Hysteresis loop: CDFGC

» Pr: (Remanent polarization) [
» g (Coercive field) K
» Ferroelectric Domains ' [

MEMS | ab @
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