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basoBbi UMKN co3gaHna HOMC. Base cycle of NEMS formation.
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Patterning
. e Optical lithography
e Double-sided lithography

Thin film
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Deposition
¢ Epitaxy ‘
e Oxidation ...
e Sputtering

¢ Evaporation

e CVD/LPCVD/PECVD Etching

* Spin-on method » Wet isotropic

* Sol-gel e Wet anisotropic
¢ Anodic bonding ® Plasma

* Silicon fusion bonding * RIE

* DRIE
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An illustration of proximity and projection lithography. In proximity mode, the mask is
within 25 to 50 um of the resist. Fresnel diffraction limits the resolution and minimum
feature size to ~ 5 um. In projection mode, complex optics image the mask onto the
resist. The resolution is routinely better than one micrometer. Subsequent development

delineates the features in the resist.



TpaBneHue Etching

Wet Etcharnts Etch Rate Dry Etching Gases Etch Rate
(Aqueous Solutions)  (nm/mirn) (Plasma or Vapor Phase)  (nm/min)
Thermal silicon HF 2,300 CHE;+ O, 50-150
dioxide
5 NH,F:1 HF 100 CHEF,+ CF, 250-600
(buffered HF) + He
HF vapor (no plasma) 66
LPCVD silicon Hot H,PO, S SE, 150-250
nitride
CHEF,; + CF, 200-600
+ He
Aluminum Warm H,PO,:HNO,: 530 Cl, + SiCl, 100-150
CH,;COOH
HF | Cl,+ BCl, 200-600
+CHClI,
Gold KL:1, 660
Titanium HF:H,0, 110-880 SF, 100-150
Tungsten Warm H,O, 150 SE, 300-400
K;Fe(CN),:KOH: 34
KH,PO,
Chromium Ce(NH,),(NO,),: 93 Ly 5
CH,COOH
Photoresist Hot H,50,:H,0, >100,000 O, 350
CH,COOH; (acetone) >100,000




TpaeneHue kpemHusa Etching of Si

HF-HNO

< KOH EDP N(CH,),OH SF, SE/C.FE, XeF,
CH,COOH (TMAH) (DRIE)

Etch type Wet Wet Wet Wet Plasma Plasma Vapor
Typical 250 mlHF, 40to 50 750 ml 20 to 25 wt% Room-
formulation 500 m] wt% Ethylenediamine, temp.

HNO,, 120g vapor
800 ml Pyrochatechol, pressure
CH,COOH 100 ml water
Anisotropic  No Yes Yes Yes Varies Yes No
Temperature 25°C 70°=90°C 115°C 20°C 0°-100°C 20°-80°C 20°C
Etch rate 1 to 20 05to3 0.75 0.5to 1.5 0.1t0 0.5 1tolS 0.1to 10
(«m/min)
{111}/{100} None 100:1 35:1 50:1 None None None
Selectivity
Nitride etch  Low 1 0.1 0.1 200 200 12
(nm/min)
Si0, Etch 10-30 10 0.2 0.1 10 10 0
(nm/min)
p** Etch stop No Yes Yes Yes No No No

ae

Si+20H™ - Si(OH), ™™ +4e™ (oxidation)

Si(OH), ™ +4¢” +4H,0 - Si(OH) .~ +2H, (reduction)




[Tpodounb TpaeneHus Etch profile

Plasma (dry) elch
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Schematic illustration of cross-sectional trench profiles
resulting from four different types of etch methods.



AHU30TponNHoe TpaBneHue Anisotropic etching

{111} <100>

(b)

L Self-limiting
etches

{100} Front side mask {100}
{ {111}
Membrane — J \ \
rd

4 b Back side mask/ {110}

lllustration of the anisotropic etching of cavities in {100}-oriented silicon: (a) cavities,
self-limiting pyramidal and V-shaped pits, and thin membranes; and (b) etching from
both sides of the wafer can yield a multitude of different shapes including
hourglass-shaped and oblique holes. When the vertically moving etch fronts from both
sides meet, a sharp corner is formed. Lateral etching then occurs, with fast-etching
planes such as {110} and {411} being revealed.



AHU30TponNHoe TpaBneHue Anisotropic etching

Slanted {111}

Vertical {111}

Vertical {111} {110}

Slanted {111}
109.5°

Top view

lllustration of the anisotropic etching in {110}-oriented silicon. Etched
structures are delineated by four vertical {111} planes and two slanted {111}
planes. The vertical {111} planes intersect at an angle of 70.5°.



dopmMmmpoBaHme nogBeLleHHbIX HaHO-6arokK
Suspended nano/micro beams

Nonetching
layer

Convex corner

Suspended
beam

lllustration of the etching at convex corners and the formation of suspended
beams of a material that is not etched (e.g., silicon nitride, p++ silicon). The
{411} planes are frequently the fastest etching and appear at convex

corners.



MembpaHa Hapg nonocTtbto Suspended membrane

Scanning-electron micrograph of a thermally isolated RMS converter
consisting of thermopiles on a silicon dioxide membrane. The
anisotropic etch undercuts the silicon dioxide mask to form a
suspended membrane. (Courtesy of: D. Jaeggi, Swiss Federal Institute
of Technology of Zurich, Switzerland.)



AreKkTpo-xmmMmmnyeckoe tTpasneHue Electro-chemical etching
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lllustration of electrochemical etching using n-type epitaxial silicon.
The n-type silicon is biased above its passivation potential so it is
not etched. The p-type layer is etched in the solution. The etch
stops immediately after the p-type layer is completely removed.



[TogBeLLEeHHbIN OCTPOBOK KpeMHUA Suspended Si island

A fully suspended n-type crystalline silicon island electrochemically etched
in TMAH after the completion of the CMOS processing. (Courtesy of: R.

Reay, Linear Technology, Inc., of Milpitas, California, and E. Klaassen, Intel
Corp. of Santa Clara, California.)



DRIE

Mask
;F .. ! XapakTepucTmKu npouecca
AR A » TpaBneHusa DRIE
Etch step 5-135s
Al SF, flow 80-150 scem
" Etch power to coll 600-2,500W
an" Etch power to platen 5-30W
l % Deposition step 5-12s
Deposit polymer C,F; flow 70-100 sccm
polymer (nCF,) _/ Deposition power to coil 609—1,5()0\‘(-"
Pressure 0.5-4 Pa
Platen temperature 0°-20°C
: x Etch rate 1-15 gm/min
l - Sidewall angle 90° + 2°
l" \ Etch Selectivity to photoresist =>40to 1
f Selectivity to S10, = 100to 1

Profile of a DRIE trench using the Bosch process. The process cycles between
an etch step using SF gas and a polymer deposition step using C,F.. The
polymer protects the sidewalls from etching by the reactive fluorine radicals.
The scalloping effect of the etch is exaggerated.



3aBMUCUMOCTb CKOPOCTU TpaBrieHNsa OT (PopMbl.
Aspect-ratio-dependent etching in DRIE.
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The etch rate decreases with increasing trench aspect ratio. (Courtesy of: GE
NovaSensor of Fremont, California.)
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(a) Etch-rate dependence on feature size and aspect ratio for a typical DRIE
recipe at 600W. (b) Lateral etch observed at the interface between silicon and
buried oxide layers, and (c) undercut eliminated with different recipe.
(Courtesy of: Surface Technology Systems, Ltd., Newport, United Kingdom.)




AHoaHoe cpalwmBaHune. Anodic bonding

Current
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Glass

Silicon

chock I

lllustration of anodic bonding between glass and silicon. Mobile sodium ions
in the glass migrate to the cathode, leaving behind fixed negative charges.
A large electric field at the silicon-glass interface holds the two substrates
together and facilitates the chemical bonding of glass to silicon.



[Tpsimoe cpalumBaHMeE KPEMHUSA U NONUKPEMHUS
Direct bonding of Si

TpeboBaHUA K UCXOAHLIM NnacTuHam Si unu nonu-Si (Requirements):

LLlepoxoBaTtocTb He 6onee Roughness < 0.5 nm

OTKITOHEHME OT NSIOCKOCTU NOBEPXHOCTN He bonee
deviation out of plane < 5 ym over 100 mm

OTcyTCcTBME XMMNYECKUX 3arpA3HEHUI Ha NMOBEPXHOCTHU
Chemically clean

OCHOBHbIE 3Tanbl NpoLecca cpawmBaHua Steps:

XUMnyeckaga o4ncTka NoBepxXHOCTU N popMMpoOBaHME Ha HEWN
rmgpokcunbHbIx rpynn. Chemical cleaning, hydroxyl coverage.

[TpBeaeHne cpalymBaemMbiX MOBEPXHOCTEN B KOHTAKT N COeQUHEHMe 3a
cyet cun BaH-gep-Banbca.
Contacting and Van-der-Waals bonding.

OTxur npn 800-1100 °C n dopmnpoBaHmne CBA3EN NO peakL M.
Annealing and bonding in accord to the chemical reaction

Si—O—Hee+sH-0-5i=>Si—0—Si+H,0



XUMUKO-MexaHn4eckas rnosimmpoBKa
Chemical-mechanical polishing

Wafer

Polish pad




Sol-gel deposition

Sol Wet gel

S O

Precursors 0®g o
Coatings @ / Dry gel

g0
" Gelation
Forming
and sintering

MaTepmanbl: CUJITNMKOH, OKCUO TUTAHA, aﬂ}OMMHMIZ, HUTPWNO KPEMHUA U
ap.



ITaszepHasi obpaboTka Laser machining

Laser machining examples: (a) microlenses in polycarbonate;
and (b) fluid-flow device in plastic. Multiple depths of material
can be removed. (Courtesy of: Exitech Ltd., Oxford, United

Kingdom.)



[[anbBaHmn4yeckoe ocaxaeHmne. Galvanic deposition.

Metal Solution
Gold KAu(CN),:K;C,H;O0-:HK,PO:H,O
NaAuSO;:H,O
Copper CuSO,:H,50,:H,0
Nickel NiSO,:NiCl,:H,BO;:H,O
Permalloy NiSO,:NiCl,:FeSO,:H,;BO,:C-H,NNaSO,:H,S0,:H,O
Platinum H,PtCl:Pb{CH,COOH),:H,0

Aluminum LiAlIH,:AlICI; in diethyl ether

UV or x-rays

{ LPd...

1. Resist exposure 2. Resist development

Plating
base

3. Electroplating 4. Removal of resist



YnerpassykoBas wnndgoska. Ultrasonic treatment.

YacToTa:
20-100 kl'y,

Pactesoputenu:
BOda, Macno

Abpa3suBbl:

BC, ALLO,, SIC
Pa3smep oTBepcTum
150 Mkm — 100 MM

Photograph of ultrasonically drilled holes and cavities in glass (clear),
alumina ceramic (white), and silicon (shiny). All of the holes in a single
substrate are drilled simultaneously.

(Courtesy of: Bullen Ultrasonics, Inc., of Eaton, Ohio.)



Linkn doopmmpoBanmna HOMC. Example

[ Oxide
-

2. Resist development
and oxide etch

hdi .

Oxide

1. Resist exposure

Polysilicon
_\ Resist

3. Deposition of
polysilicon

4. Resist exposure

Suspended
beam

5. Resist development 6. Sacrificial etching
and polysilicon etch of oxide



HekoTopble napbl KOHCTPYKUMOHHBIX U BCMIOMOraTeSbHbIX
maTtepuanoB MOMC. Structural and sacrificial materials.

Structural Material Sacrificial Material — Etchant

Polysilicon Silicon dioxide/PSG  Hydrofluoric acid

Silicon nitride Silicon dioxide/PSG ~ Hydrofluoric acid

Silicon nitride Polysilicon Potassium hydroxide; xenon difluoride
Gold, tungsten, molybdenum, other metals  Silicon dioxide/PSG ~ Hydrofluoric acid

Aluminum Photoresist/organic ~ Oxygen plasma

Nickel Copper Ammonium persulfate
Silicon-germanium Germanium Hydrogen peroxide

Silicon carbide Silicon dioxide Hydrofluoric acid

TpaBuTenb yaansiet BcnoMoraTernbHbI MaTtepuan He paspyLuas
KOHCTPYKLIMOHHBIN MaTepuan

PSG — cTekno SiOz:P



3akpuTtndeckoe BbicylumBaHune. Supercritical drying.

Freestanding cantilever

Water meniscus
(a) (b) (c)
Pull-down of a compliant freestanding structure (a cantilever) due to surface tension

during drying: (a) water completely fills the volume under the structure; (b) part of the
water volume has dried; and (c) most of the water volume has dried, with surface
tension pulling the structure down until it touches the substrate.
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KombuHmnpoBaHue cpaiwimBaHusa n DRIE
Combination of bonding and DRIE

¢ {date

[ Oxide
Oxide

Silicon

Silicon Embedded

cavity

Silicon

1. Resist exposure 2. Etch cavity

¢ fdt

3. Silicon fusion bonding
CMOS

cir(tits
-

Suspended

Anchor -\ beam

e

4. Fabricate CMOS

5. Resist exposure 6. Etch (DRIE)



KombuHmnpoBaHue cpaiwimBaHusa n DRIE
Combination of bonding and DRIE

Scanning electron microscope image of a 200-um-deep thermal
actuator fabricated using silicon fusion bonding and DRIE.
(Courtesy of: GE NovaSensor of Fremont, California.)



KombuHupoBaHmne Combination SOI - DRIE

Buried oxide

1. DRIE top side of SOI wafer 2. Double-sided alignment.
stopping on oxide. DRIE back side of SOl wafer
stopping on oxide.

Freestanding structure
\‘\/ Structure overlaps
bottom silicon

Stucture is over
free space

3. Etch buried oxide in HF



KombuHupoBaHmne Combination SOI - DRIE

Freestanding
actuator

Actuator overlaps
g bottom wafer £

Scanning electron microscope image of a variable optical attenuator
made by DRIE of a SOI wafer. (Courtesy of: DiCon Fiberoptics, Inc.,
of Richmond, California.)



MuKkpo- 1 HaHo-conmna Anga CTPYUHbIX MPUHTEPOB U
cucTemM nHxekummn Tonnmea. Micro/nano-nozzles.

Silicon frame

Silicon nitride

Silicon

1. Pattern mask 2. Anisotropic etch

Resist p++ silicon
Silicon frame 7 I/
| I | 1 T
p++ i

silicon

Silicon

1. Pattern mask 2. Etch circle in p++

—r—— -
R VA

3. Mask front side 4. Anisotropic etch




MuKpoO- n HaHO-comnna ¢ OOKOBLIM BbIXOJ0M.
Micro/nano-nozzles and channels.

lllustration of
Silicon side-shooter nozzles:
(a) nozzles formed by

Adhesive
orientation-dependent
Silicon —@—d¢ € =« etching of grooves,
: M ‘Outlet wafer bonding, and
(@) dicing, and (b) nozzle

formed by DRIE and
wafer bonding.

Silicon




HaHowapHupbl Nanohinge

Polysilicon level 1

Polysilicon level 2

Polysilicon level 2 Staple

Polysilicon
: level 1

Silicon substrate

Hinge staple Silicon substrate

Support arm

[omawHee 3agaHne Homework 10

Pa3paboTatb noLwaroByto TEXHOOIMI0 CO3aHuUS
lwapHupa angd HOMC/MOMC
Develop step-by-step technology for a nanohinge.



