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XpaHeHune nHopopmauunn. Information memory.

“It was the best of times, it was
the worst of times, it was the
age of wisdom, it was

the age of foolishness...” from
A Tale of Two Cities by Charles
Dickens, engraved

on a thin silicon nitride
membrane. The entire page
measures a mere 5.9 uym on a
side, sufficiently small that
60,000 pages—equivalent to
the Encyclopedia Britannica—
can fit on a pinhead. The work,
by T. Newman and R. F. W.
Pease of Stanford

University, won the Feynman
challenge in 1985.

(Courtesy of: Engineering & Science, California Institute of Technology, Pasadena, California.)



YcTpoucTBa NnamMmsTu 35 Xe atoms

MEMS Memory: IBM’s Millipede

Array of AFM tips write and read bits:
potential for low and adaptive power | i L
"MILLIPEDE" B

Highly parallel, very dense AFM data storage system

Multiplex driver
2D cantilever array chip
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Storage medium
(thin organic film)




OnTtnyeckas cuctema. Optical system.

Y JlnHza ®peHens

Photograph of a Fresnel microlens on an adjustable platform made of five hinged
polysilicon plates. (Courtesy of: M. Wu, University of California, Los Angeles.)



[laTynk gasneHunsa. Pressure sensor.

Photograph of the NovaSensor
NPP-301, a premolded plastic,
surface mount (SOIC-type) and
absolute pressure sensor.
(Courtesy of: GE NovaSensor
of Fremont, California.)

Encapsulation gel
/ Adhesive/epoxy

Premolded plastic body
Pressure sensing die

Premolded plastic cap

. Bond wire
lllustration of a premolded

plastic package. Adapting it to
pressure sensors involves Metal lead frame —7]
incorporating fluid ports in the

premolded plastic housing and
the cap. Adhesive die attach



[aTtynk kpoBaHOro gasneHus. Blood pressure sensor.

TOHKOMSIEHOYHbIN
pes3ncTop

NnnacTuk
~

N KepamMuka

Photograph of a disposable blood pressure sensor for arterial-line measurement in
intensive care units. The die (not visible) sits on a ceramic substrate and is covered
with a plastic cap that includes an access opening for pressure. A special black gel
dispensed inside the opening protects the silicon device while permitting the
transmission of pressure. (Courtesy of: GE NovaSensor, Fremont, California .)



[TlpenmyuiecTtBa Si kak 6aszoBoro marepuana HOMC
Advantages of Si in NEMS/MEMS

OewesunsHa. Cheap.
Bbicokoe kpuctannunyeckoe coseplueHcTBo. High crystalline quality.

BoamoxxHOCTb co3gaHus retepocTpyktyp ¢ SiO, SiN, SiC, metannamu (Al,
Ti, W, Cu, n gp.), nonmmepamm u 1.4. Heterostructures with SiO, SiN, SiC,
Al, Ti, W, Cu, polymers, etc.

XopoLuune MexaHn4eckue n TepMmmnyeckme CBOMUCTBA.
Good mechanical properties.

ONeKTpu4eckne CBOUCTBa, U3MEHAEMbIE B LLIMPOKOM AnanasoHe.
Widely tunable electrical properties.

BO3MOXHOCTb MHTErpaLum ¢ MUKPOINEKTPOHHBIMY Npubopamn B 0QHOM
yune. Integration of MEMS and microelectronics in a chip.

Hannune mMoHokpucTannnyeckon, amopgHON 1 NONMKpUCTaNIN4ecKon
doopm. Set of monocrystalline, amorphous and polycrystalline forms.

Xummndeckaa ctabunbHoOCTb, HeTOKCMYHOCTb. Chemical stability, non-toxic.

Hanuune paspaboTaHHbIX TEXHOMNOINIA U TEXHONOIMYECKOro obopyaosaHus.
Availability of well developed technology and equipment.



dopmbl U cognHeHns KpemHua. Si forms and compounds.

Crystalline silicon is a hard and brittle material deforming elastically until itreaches
its yield strength, at which point it breaks. Its tensile yield strength is 7 GPa,which is
equivalent to a 700-kg weight suspended from a 1-mm? area. Its Young’s modulus is
dependent on crystal orientation, being 169 GPa in <110> directions and 130 GPa in
<100> directions—near that of steel. Silicon is a very good thermal conductor with a
thermal conductivity greater than that of many metals and approximately 100 times
larger than that of glass. In complex integrated systems, the silicon substrate can be
used as an efficient heat sink.

The mechanical properties of polycrystalline and amorphous silicon vary with
deposition conditions, but, by and large, they are similar to that of single crystal
silicon. Both normally have relatively high levels of intrinsic stress (hundreds of MPa)
after deposition, which requires annealing at elevated temperatures (>900°C).

Silicon is such a successful material because it has a stable oxide that is electrically
insulating—unlike germanium, whose oxide is soluble in water, or gallium arsenide,
whose oxide cannot be grown appreciably. Various forms of silicon oxides (SiO,,
SiO , silicate glass) are widely used in micromachining due to their excellent electrical
andthermal insulating properties.

Silicon nitride (Si N ) is also a widely used insulating thin film and is effective as a
barrier against mobilé ion diffusion—in particular, sodium and potassium ions found in
biological environments. Its Young’s modulus is higher than that of silicon and its
intrinsic stress can be controlled by the specifics of the deposition process. Silicon
nitride is an effective masking material in many alkaline etch solutions.



dusnyeckne cBoncTBa HEKOTOPLIX MaTtepuarnos HOMC

Property” Si 8i0, Si,N, Quartz SiC Diamond GaAs AIN 3.;% Polyimtde PMMA
23

Relative 11.7 3.9 48 375 9.7 57 13.1 85 9 — —

permittvity (g,)

Dielectric 0.3 5-10 5-10 2540 4 10 038 13 11.6 1.5-3 0.17

strength

(Viem x].OG)

Electron 1,500 — — - 1,000 2,200 8,800 — — - -

mobility

(cm*/V-s)

Hole mobility 400 — — — 40 1,600 400 — —_ - —

(cm’/V-s)

Bandgap (eV) 1.12 8-9 — — 2.3-3.2 5.5 1.42 — - — —

Young’s 160 73 323 107 450 1,035 7.4:) 340 275 2.5 3

modulus (GPa)

Yicld/fracture 7 8.4 14 9 21 >1.2 3 16 15.4 0.23 0.06

strength (GPa)

Poisson’s ratio 0.22 0.17 0.25 0.16é 0.14 0.10 0.31 0.31 0.34 —

Density (glem’) 2. 22 3.1 265 3.2 3.5 5.3 3.26 362 142 1.3

Coefficient of 26 055 28 055 42 1.0 59 40 6.57 20 70

thermal

expansion

(107°/°C)

Thermal 157 1.4 19 1.4 500 990-2,000 0.46 160 36 0.12 0.2

conductivity

at 300K

(W/m:-K)

Specific heat 0.7 1.0 0.7 0.787 0.8 0.6 0.35 0.71 0.8 1.09 15

(J/gK)

Melting 1,415 1,700 1,800 1,610 1,800" 3,652" 1,237 2,470 1,800 380° 90°

temperature ("C)



ToHKue nneHkn metannos B HOMC

Metal p (uQ-cm) Typical Areas of Application

Ag 1.58 Electrochemistry

Al 2.7 Electrical interconnects; optical reflection in the visible
and the infrared

Au 2.4 High-temperature electrical interconnects; optical
reflection in the infrared; electrochemistry;
corrosion-resistant contact; wetting layer for soldering

Cr 129 Intermediate adhesion layer

Cu 1.7 Low-resistivity electrical interconnects

Indium-tin oxide (ITO) 300-3,000 Transparent conductive layer for liquid crystal displays

It 5.1 Electrochemistry; microelectrodes for sensing biopotentials

Ni 6.8 Magnetic transducing; solderable layer

NiCr 200-500 Thin-film laser trimmed resistor; heating element

Pd 10.8 Electrochemistry; solder-wetting layer

Permalloy™ (Ni,Fe,) — Magnetic transducing

Pt 10.6 Electrochemistry; microelectrodes for sensing biopotentials;
solderable layer

SiCr 2,000 Thin-film laser trimmed resistor

Sn0O, 5,000 Chemoresistance i gas sensors

TaN 300-500 Negative temperature coefficient of resistance (TCR)
thin-film laser trimmed resistor

Ti 42 Intermediate adhesion layer

TiNi 80 Shape-memory alloy actuation

TiwW 75-200 Intermediate adhesion layer; near zero TCR

W 5.5 High-temperature electrical interconnects;

thermionic emitter



OnTnyeckoe oTpaXXeHUe OT KPEMHUS N HEKOTOPbIX METANOB
Reflectivity of Si and some metals
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Obnactu NnpuMeHeHns pasnnyHbiX matepuanos B HOMC.
Application areas of MEMS materials.

Si, S10, SiN, nmonukpemuuii poly-Si,
aMmopdHBI amorphous-Si B coueTaHuu ¢
TOHKHMHU IIJICHKaMu MeTauioB (thin metal
films), monumepamu (polymers) u
cTekiaamu (glasses).

ba3zoBas rpymnma marepuaioB
Base group

SiC u anmma3 (SiC and diamond)

Bricokue Temmneparypsl (>500 C) u
arpeccuBHble cpenbl High temperature and
aggressive environment application

Coenunenus I11-V-compounds

NnTerpanms ¢ CBY u mazepHbiMu
cucreMamu UHF devices, LED and lasers

[Tonumepsl (IIMMA, moauMueb!,
noiaukapooHatsl u np.) Polymers

“Msrkue” cucTemsbl, GOPCYHKH,
Kamuuisipel Soft systems

CrmutaBbl ¢ amsThio popmMbl Memory
shape alloys (Ti-N1, Cu-Al-Ni, Fe-Ni,
Fe-Pt u ap.)

Tepmo-aktyaTopsl Thermoactuators




basosbin unkn cosgoaHnsa HOMC. Base cycle of NEMS formation.
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Patterning
. e Optical lithography
e Double-sided lithography

Thin film

Substrate

4
-'
Deposition
¢ Epitaxy ‘
e Oxidation ...
e Sputtering

¢ Evaporation

e CVD/LPCVD/PECVD

* Spin-on method

* Sol-gel

¢ Anodic bonding

* Silicon fusion bonding

Etching

¢ Wet isotropic

e Wet anisotropic
® Plasma

* RIE

e DRIE



MapkupoBka nnacTtunH nonynposogHukoB. Marking of wafers.

Secondary flat
e

(100)|n-type

Secondary flat
<+

+“—>
Primary flat

(100) plane

2 [001] (110) plane

y, [010

] isaag
.\]‘/:, [100]
45°

No secondary flat

(100) p-type (111) n-type (111) p-type

920°

+“—>
Primary flat

CtaHgapTbl pasmepos:
(001) plane | Standard sizes:

& Onametp 100 mm diameter
z‘?@b TonwwmHa 525 pm thickness
~

Onametp 150 mm diameter
TonwunHa 625 um thickness

(a) lllustration showing the primary and secondary flats of {100} and {111} wafers for
both n-type and p-type doping (SEMI standard); (b) illustration identifying various
planes in a wafer of {100} orientation (the wafer thickness is exaggerated);



AMUTaKCUS KPEMHUA — MOJSIEKYNAPHO-Ny4YeBas Unn rasodasHas
Epitaxy of Si — MBE and VPE

« MaccoBoe npombliLLneHHOe NPon3BOACTBO MINEHOK Si - rasoasHas
anutakcusa. Vapor phase epitaxy (VPE) — mass production of Si.

« Temperature > 800 °C. Growth rate 0.2-4 ym/min.

« Si sources are SiH4, SiCI4, SiH20I2.

* Doping via AsH3, PH3 U BZHG.

« Substrates are Si (100 mm or 150 mm), sapphire in special cases.
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CVD

X1MMYECKOE OCaXaeHWe 13 rasoBol
dasbl. Chemical vapor deposition

Temperature > 300 °C.
Growth rate from 5 to 100 nm/min.

Materials:

polysilicon (650-700°C),

amorphous silicon (550-600 °C),
SiO (cunaH + kucnopog, 300-900 °C),
SIiN (cunaH + ammumak, 700-900 °C),
W, Ti, Tm, metal nitrides, Cu,
dielectrics etc.

OcTaTtoyHble HanpsXeHns B
NOSIMKPEMHUM U OPYIMX MaTepunanax
TPeOylOT BLICOKOTEMIEPATYPHOIO
omxura. Residual stress in polisilicon
and other materials requires
high-temperature anneal.

RF power
Substrate i
S 11 ™
Plasma :
il

—]

Pump ~T~ Pump

Reactive
gas in



Tepmunyeckoe okucrnieHne. Thermal oxidation

» Atmocdepa kucnopoga, oxygen flux, 850-1150 °C.

*  AMOp®HbIN SiOz, TOSILLMHA 3aBUCUT OT TeMnepaTypbl, AaBNeHud,
BpemeHun. Amorphous Si films with thickness depending on ambient
temperature, pressure and process time.

B nneHkax TepMn4eckoro okucna obpasyrTca ocTaTouHble CxmMmaroLlme
HanpskeHnsa. Thermal oxide possesses residual compressive stress.

Quartz diffusion tube St wafers
End cap \ /
(X r
f ¥
1

O,—=— A2
2 / §

\
R
0 M Heater
90°C H,0 @) b elements
Pl [

Furnace at 1200° C

S
i e
R T
AN
ARFEER
AXPERe
%%"&»

)

7_E
T/

-

N\

Apparatus for the wet oxidation of silicon. Dry oxides may be grown by bypassing
the heated water bath.



PacnbineHue Sputtering

BombapanpoBka noHamu, BO3MOXHO B Cxema yCTaHOBKM
NPUCYTCTBMN BHELLHNX nosen: CBY,

MarHeTpoHHoe, u ap. Bombardment of MarHeTpoOHHOIo pachnblfieHNs
target by ions, sometime in presence of Schematic setup

external field, such as magnetic or UHF

Cathode (sputter target)
Pacnbinsemasa muieHb ocaxaaeTcAd Ha

NOANOXKY B BakyymMHOW kamepe. Sputtered Magnets
target atoms deposit on a substrate. /
TununyHas ckopocTb HanblneHust 0.1-0.3 7 W5 R

MKM/MUH. Deposition rate of 0.1-0.3 pm/min.
TunnyHasa Temnepatypa < 150 °C. Anode — f
Deposition temperature < 150 °C.

Materials: Al, Ti, Cr, Pt, PI, W, Al/Si & Ti/W
alloys, amorphous Si, dielectrics, including
glasses and piezoceramics (PZT n ZnO). \ \
PeakT1BHOE pacnbineHne MeTansos ¢ PERTGE B == ,/ ,/ l
y4yacTuem asoTa Unun Kucnopoga npuBoanT K

0bpa3oBaHUIO NNIEHOK TaKUX COeAUHEHWUN I —

kak TiN unm TiO,. Reactive sputtering of —
metals with N and O results in formation of /
thin film of TiN or TiOZ. Substrate



MicnapeHune Evaporation

TepmMmunyeckoe, nasepHoe,
anekTpoHHoe Thermal, laser,
electron-beam heating

cTouHMK ncnapsietcs B
BaKyyMHOUW KaMepe 1 ocaxaaeTcs
Ha nNoasioxky. Evaporating source
deposits on a substrate

CkopocTb HanblneHna 5-100
HM/MUH. Deposition rate of 5-100
nm/min.

Materials: Al, Si, Ti,

Au, Cr, Mo, Ta, Pd,

Pt, Ni/Cr, AI203, n np.

B nneHkax oObI4HO ecTb
CUIlbHbIE OCTATO4YHbIE
pacTdarmsaroLme

HanpsxeHus. Films are residually
stressed.

Pressure (torr)
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Temperature (K)

8000



Spin-On Methods

o JKunkuil pacCTBOp HAMbUISETCS U3 COILJIa HA CEPEIMHY IIJIACTUHBI, KOTOpas
packpyuuBaercsa co cKopocThio 0T 500 10 5000 000pOTOB B MUHYTY B
teueHue 0.5-1 MuH. 171 00pa3oBaHus MICHKU ITOCTOSSHHOM TOJIIIMHBI.
Liquid solution drops in the middle of rotating plate. Rotation rate of 500 to
5000 per minute requires to produce a uniform film.

e Marepuansl: pe3UCThI, OPTAaHUYECKHUE TTOJUMEPHI, CTEKIIA.
Materials are resists, organic polymers, glasses.



INutorpadousa Litogrophy

Projection
* HaHeceHue pesuncTa
Deposition of resist.
Mask
Proximity e
vlv l vlv l l l =
* [lepeHeceHune v
n3obpaxxeHnst Macku e e
Ha pPe3ncCtT. b Resist Resist
; ; [ T -4 [ N == 49
Imaging mask on resist
Substrate EXposure Substrate

« CeneKkTuBHoe +

1
TpaBlneHne pe3ncta u / / Resist / / Resist
WSS pesist —

MaTepuana nog Hum.
Selective etching of development
resist and underlying

An fﬁ‘&é‘?r%%'@n 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.



dotonutorpadua. Photolithography.

I. Spin resist 2. Expose with UV 3. Develop resist
HH:HH“HHHL

resist _

substrate +—

4. Etch 5. Rinse tn acetone

B




Lift-off meTon

1. Spin resist bilayer 2. Expose with UV 3. Develop top layer
lhllll““ll L

pre-exposed |__
layer —%

4, Develop bottom layer 5. Deposit material 6. Liftoff 1n acetone

L

|||

o 3V

[TneHka HanbinaeTcs Ha npodunb pe3ncra. Pe3ncTt ygandeTcs BMecTe C
HaHeCeHHON Ha Hero ceBepxy MnfeHKomn.



dotonutorpadua. Photolithography.

 [1poekymoHHaa dootonutTorpadpmna nNno3BongdeT
nony4yntb paspewieHue A/2. Diffraction limit of
resolution is A/2.

* icnonbayetca Y& ceeT, UV light sources
— 365 nm Hg namna
— 243 nm Kr-F nasep
— 193 nm Ar-F nasep

* PEHTreHOBCKOE CUHXPOTPOHHOE U3ny4vyeHue
No3BONSET Nony4nTb paspewleHmne 30 nm
X-ray synchrotron source provides up to 30 nm



cnonb3oBaHne 6rivkHero nonsa ang ynydweHust paspeLleHms
Near-field techniques to improve resolution

a)

mask profile UV i||Ummat10n

intensity profile

b)
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Figure 3. a) A schematic illustration of near-field exposure of a thin layer
of positive resist with a conformable phase mask. A step edge of relief ) T—
with a depth suitable for modulating the optical phase by x leads to a
phase shadow with a characteristic width of ~100 nm for 365 nm expo- (nm)
sure light. Developing the resist yields a line with a similar width. b) Fi-
nite-element modeling of the passage of a plane wave through a mask T o
that presents relief features with widths comparable to the optical wave- -180-120 120 180
length. This distribution of intensity can be used for fabricating 3D nano- Location (nm)
structures in thick, transparent layers of photopolymers.



HaHeceHune pe3ucta n nutorpadpumsa anst NOBEPXHOCTU C
rmyooknm rnpodunem
Deposition of resist on a surface with deep profile

Thinning
/ Accumulation

Resist




[1BycTopoHHAs nutorpadusa. Double side lithography.

Mask alignment keys Front side Microscope view

| \= Mask Wafer
EWafer alignment keys
Mlcroscope
(a) objectives

I — |
;|
(b)

()

Double-sided alignment
scheme for the SUSS
MA-6 alignment system:
(a) the image of mask
alignment marks is
electronically stored; (b)
the alignment marks on
the back side of the
wafer are brought in
focus; and (c) the
position of the wafer is
adjusted by translation
and rotation to align the
marks to the stored
image. The right-hand
side illustrates the view
on the computer screen
as the targets are
brought into alignment.



JInTorpaduns ¢ NOMOLLbIO 3NEKTPOHHbLIX MYy4YKOB
Electron beam lithography

« XorlogHas nonesas 3MUCCUS
anektpoHoB LLoTTku. Cold field {0 :
emission.

 TepMOMOHHaga aMumccus -
anekTpoHoB (2000-2500 K)
Thermo-ionic emission

— Bonbtpam W (oonroseyHbIn
NCTOYHUK) (durable source)

— [ekcabopug naHTaHa LaB6
(Apknn nctoyHuk) (bright source)

(PN
e
1
el
-+

Schottky 1

LaB6

Beam current (A)
=)

OIIEKTPOHHbIN NYYOK YCKOPSETCS
HanpsxeHnem 100 — 200 kB
Electron beam is accelerated by
100-200 kV voltage

10 100 . 1000
Spot size (nm)

[N
t
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Jlutorpadusa peanmayetcs Kak MOXHO Nony4nTh
Npouecc OABWMXEHUSA NydKa:

pa3peLueHue nydwe 10 HM
* He TpebyeTcsa macka (no mask . . :
required) Achievable resolution is

* NPON3BOAUTENBHOCTL OrpaHNyeHa better than 10 nm
(limited writing rate)



CdboKkycnupoBaHHbIE NOHHbIE MYYKK
Focused ion beams

AnbTepHaTMBa 3MEKTPOHHOW NUTOorpadoun
Alternative to electron beam lithography

HeT mackmn No mask

MoXXHO nony4nTb paspewleHue nydwe 10 Hm
Resolution is bettter than 10 nm

NoHeblI (lons)
— nerkonnaekue metannel Ga, Bi, Hg
— WHepTHbIe rasbl Ar, He, Xe



Scanned-Probe Lithography

AFM and STM
Resolution 1-100 nm
No mask

Limited writing rate



HaHowtamnoBka Nanoimprint

Hard mold RissTek

T\}F‘@M
I —

(a) (b)

Nanoimprint lithography: (a) press hard mold into resist
coating; (b) remove mold; and (c) RIE to remove residue



LLITamnoBka nutorpadpunyeckom Macku

i

Hard master mold PDMS stamp an" coating

(a) (b) (o)

Ink monolayer

Metal Etched metal ... ... or....... Plated metal
(d) () ("

Microcontact printing: (a) create master; (b) form PDMS stamp and peel off;
(c) coat with “ink”™; (d) press inked stamp against metal and remove, leaving
iInk monolayer; (e) use selfassembled monolayer as an etch mask; or (f) as

a plating mask.



3aknodyeHme Conclusion

* ba3oBbiM MmaTepunanom HOMC asnseTcs
KPEMHUN
Si is the material of choice for majority of NEMS

 [locnepoBarternbHble LUKUKIIbI HAMNbINeHne-
nutorpagua-TpaBneHmne No3BoSdeT nosyvyaTb
CTPYKTYpPbI CO CIMOXHbIM NPOCTPAHCTBEHHbLIM
npodgpunnem
Consequent cycles of
deposition-lithography-etching allow one to
produce structures with complicated 3D profile



To be continued



