Electroplating and Molding (ranssanuueckoe ocaxaenue u
c¢dopmoBka)

Electroplating is a well-established industrial method that has been
adapted in micromachining technology to the patterned deposition of
metal films.

A variety of metals including gold, copper, nickel, and nickel-iron
(Permalloy™) have been electroplated on silicon substrates coated with
a suitable thin metal plating base. Table 3.4 lists some plating solutions.

Table 3.4 Examle Solutions for Electrolatin Selected Metals
Metal Solution

Gold KAu(CN),K,C,H,0,HK,PO, H,0
N'&AUSO} IH:O

Copper CuSO¢H,50,:H,0

Nickel NiSONiCly:H,BO;:H,0

Permalloy NiSONiCly:FeSO,:H,BO,:GH,NNaSO,:H,504H,0
Platinum H,PtCl P CH,COOH),:H,O

Aluminum LIAIHAICL in diethyl ether

diethyl ether = anatnnosbIn adump



Electroplated MEMS structures can take the shape of the underlying
substrate and a photoresist mold.

First, a conducting IS deposited
on the substrate. In the simplest approach, thick

resist is then deposited and patterned using optical lithography (see
Figure 3.19).

The largest achievable with optical lithography is
approximately , limited by resolution and depth of focus.
In , optical lithography is replaced with lithography to
define very high features in very thick (up to

., the material on which
Plexiglas® is based.

The desired metal is then plated.

Finally, the resist and possibly the seed layer outside the plated
areas are stripped off (ynansercs).
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Figure 2.19 lllustration of mold formation using either optical or x-ray lithography and electro-
plating (LIGA).
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The process may be stopped at this point with a metal
microstructure suitable for some purposes. Alternatively, the metal
can be used as a

Precision gears and other microstructures have been fabricated
using LIGA, but the method is considered expensive because of the
requirement to use collimated x-ray irradiation available only from

Mold formation using is often called
Guckel provides additional details on the molding of high
aspect ratio structures fabricated with x-ray lithography.

In a variation known as electroforming, the plated metal is peeled off
of the substrate and is the useful structure.

Examples of electroformed products are electric shaver screens
(ceTkn anektpobpute) and some ink-jet heads.
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Supercritical Drying

The final step of micromachining processes is the removal of a
sacrificial layer (e.g., using hydrofluoric acid to etch 1 ym of silicon
dioxide from under a polysilicon beam).

After rinsing, the water must be dried from the wafer. If a
freestanding structure overhangs the substrate, surface tension
forms a meniscus of water between the two (see Figure 3.20).

As the water dries, its volume (and hence thickness) decreases.

If the structure is compliant, as is usually the case in surface
micromachining, it is pulled down, contacting the substrate.

If a sufficiently large, smooth area of the structure makes contact, it
can stick, which is known as stiction in the micromachining
community.

Such stuck structures can often be freed by
but this is hardly suitable for production.



Freastanding cantilever

Water meniscus
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Figure 3.20 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) mast of the water volume has dried, with surface tension pulling the
structure down until it touches the substrate.




A solution to avoid stiction after release is supercritical
drying, also known as

* In this process, the wafer is moved without drying into
methanol, which is miscible (cvewnsaercs) With the small
amount of water left on the wafer during transfer.

« The wafer is then placed in a pressure chamber, covered
by methanol.

; which is miscible (cmeLLmBaeTcs) with
methanol, is flowed into the chamber at a pressure of
about 7.5-9 MPa as the methanol/carbon dioxide
mixture is drained out (BbICyLUMBaAETCS) of the bottom.



After a few minutes, only carbon dioxide is left in the chamber.

The chamber is then heated from room temperature (near 20°C) to
about 35°C, which also increases the pressure (see Figure 3.21).

The carbon dioxide has now surpassed the critical point
and is in the supercritical region, in which

Finally, the carbon dioxide is vented off.

As the pressure drops, the carbon dioxide in the chamber transitions
from a supercritical fluid to a gas with only one phase ever being
present, thus preventing the formation of a meniscus and the
corresponding stiction.

Finally, the dried wafer is removed from the chamber.

10
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Figure 3.21 The path taken on the carbon dioxide pressure-temperature phase diagram during
supercritical drying.




Self-Assembled Monolayers

The stiction problem during drying can also be avoided if
a hydrophobic layer is coated onto the structure.

One method of doing this is the application of a
(SAM).

The SAM precursors used for this application are
, such as
. with
a chemical group at one end that adheres to silicon,
silicon-dioxide, and silicon-nitride surfaces.

Octadecyltrichlorosilane is an amphiphilic molecule
consisting of a long-chain alkyl group (C,.;H,.—) and a
polar head group (SiCl.—), which forms Sélf*ssembled
monolayvers (SAMs) on various oxidic substrates.

12
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Colour code Carbon, C: grey-black; Hydrogen, H: white; Chlorine, ClI:
green; Silicon, Si: turqouise-grey

L X X )
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These head groups naturally pack tightly (nakpenxo) onto the surface and
crosslink, leaving the tails sticking straight up away from the surface.

The coating self-limits at one molecule of thickness and is hydrophobic
(TonwuHa cnosa paBHa AfIMHE MOSEKYNbI).

In a SAM-coating process, the structures are released and rinsed in water as
usual, then soaked (sbimaunsats) in @ solvent (suinepxwuisaiorcs B pacTeope

cMelumBaemMbim ¢ Bogoi) Miscible with water.
14



The wafer may be moved to an intermediate solvent compatible with the first solvent

and the subsequent SAM solvent. (MnactuHbl MoryT 6bITh NepeMeLLeHbl B MPOMEXYTOUHbIN
pacTBOpUTESb, COBMECTUMBIN C NMepBbiM pacTBopuTenemM 1 nocreayowmin SAM pactsopuTers.)

The wafer is then placed in a solution containing the SAM precursor and held for a
few minutes, during which the coating occurs.

Finally, it is rinsed and dried, which may be done on a hot plate or under a heat lamp.

Due to the hydrophobicity of the SAM-coated surface, the contact angle changes, and

the water does not pull compliant structures down to the substrate. (B cessu c
rmapodobHocTbi0 SAM-NOKPLITUA, UBMEHSIETCH Yroyl CMavyMBaHns, U Bo4a He NpUTArnBaet
BEPXHME CTPYKTYPbI 4O NOASTOXKKN).

An added benefit is that if the structure ever does touch down during operation, it will

not stick, as it might otherwise do without the coating. (OononHuTensHbIM
NnPpenmMmyLLECTBOM ABJIAETCA TO, UTO €CJ1IM CTPYKTYpPa BCE XKe COMNMPUKACHETCA C I'IO,EI,J'IO)KKOVI BO
BpeMs npoLuecca, oHa He ByaeT yaepXuBaTbCs, B TO BpeMs Kak 6e3 NoKpbITUSA CTPYKTypa Oyaet
yOepXmnBaTbcs.)

SAM coatings have also been studied as a dry lubricant and found to prolong the life

of micromachined parts sliding in contact, eventually wearing out. (SAM nokpbiTus
n3yvyasimCb Takke B Ka4eCTtBe ny017| CMa3Ku1 U Halsnuy npnMeHeHne argd rpoaneHna cpoka CJ'Iy>K6bI
MUKPOMEXAaHNYECKNX YacTen YCTPOMCTB, MOCKOSbKY M3HOC CTAHOBUTCS MEHbLLE. )

SAMs decompose at high temperatures (~350°C).

15



SU-8 Photosensitive Epoxy

« Epoxies have been in use for decades for joining
sections of material together and as a structural
component of composites.

« Some epoxies are formulated to be sensitive to
ultraviolet light, allowing photolithographic patterning.
SU-8 is a negative-acting photosensitive epoxy intended
for use in fabricating microstructures.

 Originally developed by International Business Machines
Corp., it is commercially produced under license by two
companies, MicroChem Corp. of Newton,
Massachusetts, and SOTEC Microsystems of Renens,
Switzerland.

16



SU-8 is spun onto a substrate in the same manner as
photoresist.

Different viscosities and a range of spin speeds yield
thicknesses from 0.5 to over 250 pm with a single coating.

Multiple spins have been used to coat up to 1 mm.

The epoxy is then exposed, typically with a standard contact
lithography system in the near UV (350—-400 nm), but x-rays
or an electron beam may also be used.

At wavelengths longer than 350 nm, SU-8 has little
absorption, allowing exposure through the thickness of much
thicker layers than are typically used for traditional

photoreS|St. (Mpwn anuHax BonH 6onee 350 HM, SU-8 nmeet Marno normnoLweHus, 4To
NO3BOSISIET AKCMOHMPOBATL Boree TONCTble Croun, YeM 0BbIYHO UCTIONb3YIOTCHA AN TPAAULIMOHHbBIX
doOTOpPE3NCTOB).

17



* During exposure, a strong acid is generated
where exposed.

* During the postexposure bake, the acid initiates
thermally driven crosslinking.

* Immersion in a developer then removes the
SU-8 that is not crosslinked. At this point, the
remaining material is suitable for many
applications, but a may be performed
to promote further crosslinking.

18



« SU-8 structures are the same thickness as the original
spin.

 The cured material (zarsepaeswuit matepuan) IS resistant to most
chemicals and is thermally stable.

* It has also been used as the mask for thick
electroplating, although stripping (yaanetne) the SU-8 is
much more difficult than stripping (ynanenve) photoresist.

19



Photosensitive Glass

are made commercially
under the trade name FORTURAN® by Schott Glas of Mainz,
Germany, and processed by Mikroglas Technik AG of Mainz,
Germany.

FORTURAN is a

The full thickness of the glass is exposed with ultraviolet light
through a mask, causing the silver ions to form atoms (Obny4yeHue
3acTaBnseT NOHbI cepebpa obpallaTbca B aTOMbl).

Annealing causes Ag-atoms to aggregate into microscopic particles,
which then serve as nucleation sites for lithium metasilicate crystals.
The crystallized volumes are etched relatively rapidly in HF, leaving
holes through the wafer. (OTxur cnocobcTeyeT O6‘be,£l,I/IHeHI/I}O Ag-
aTOMOB B MUKPOCKOMUYECKNE YacTULbl, KOTOPbIE 3aTEM Cy»aT B
KadeCTBe LEHTPOB KpUcTannusaumm ans Kpuctannos MeTacunukaTta
nntna. Kpuctannmnadyemole 00beMbl TPaBATCA OTHOCUTENBHO DbICTPO
B HF, Taknm obpasom nony4varoTcs OTBEPCTUA B CTEKISAHHOM

nracTuHe).
20



« Up to 14 patterned or unpatterned glass wafers
can be thermally bonded together, creating
complex systems of channels suitable for

» Substrates 150 to 1,500 um thick can be
processed. The smallest hole that can be formed
In a

e Sidewalls are within 2° of vertical.

21



EFAB
EFAB is the trade name for an Electrochemical FABrication surface
micromachining

In the EFAB process, three-dimensional structures are
created by multilayer depositions of patterned metals.

Photolithographic techniques are used to deposit a
patterned layer of metal (see Figure 3.22).

While the details of the process are proprietary, one could
accomplish such a structure by electroplating through
patterned phOtoreSiSt. (JeTtanu aToro npouecca SABMSITCH COBCTBEHHOCTBIO

KOMMNaHunn, HO MOXHO MpeacTaBUTb MNMpPoLEeCcC, KaK Noka3aHo Ha pmcyHKe).

Next, a blanket deposition of a second metal is performed,
which fills in the spaces left from the patterned deposition,
as well as coating the first metal.

22
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Fiqure 3.22  The EFAB process: (a) pattern photoresist and selectively electroplate first metal; (b)
blanket electroplate s2cond metal; and (c) planarize to same thickness.

23



The structure is then planarized, leaving the entire
substrate covered by patterns of the two metals, all the
same thickness.

These three steps are then repeated with different
masks as many times as necessary to build the desired
structure.

The definition of each layer is arbitrary with respect to
the previous layer.

Finally, one of the metals is selectively etched as a
sacrificial layer,leaving behind the other as a structural
layer (see Figure 3.23).

24
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Figure 3.23 EFAB example demonstrating the complex three-dimensional structures thatcan be
produced. The layers of metal are cleary wisible. (Courtesy of Microfabrica Inc., of Burbank,

California.)
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Layer thicknesses are in the range of , with a

Dozens of layers can be formed on 4-in substrates, for
an overall stack height of up to several hundred
micrometers.

The minimum feature size in the plane of the substrate is
about 5 um.

One production EFAB-process utilizes nickel as the
structural material and copper as the sacrificial material.

Other material systems to produce copper or nickel-alloy
structural layers have been demonstrated.

26



Nonlithographic Microfabrication Technologies
Ultraprecision Mechanical Machining

« Cutting tools such as mills (aposnerve), lathes (ospasorka
Ha TOKapHOM CTaHke) , and drills USing d SpeCiaIIy
hardened cutting edge have been in use for the
production of macroscopic parts for over a
century.

« Using modern computer-numerical-controlled
(CNC) machines with sharply tipped
diamond-cutting tools, many metals and even
silicon have been milled to a desired shape, with
some

27



« Many of these shapes, such as retrograde
undercuts with flat sidewalls, cannot be formed
using lithographic methods.

» Resolution of about 0.5 ym can be achieved,
with surface roughnesses on the order of 10 nm.

« Example applications include optical mirrors and
computer harddrive disks.

28



Laser Machining

Focused pulses of radiation, :
from a high-power laser can ablate material (explosively
remove it as fine particles and vapor) from a substrate.

Incorporating such a laser in a CNC system enables precision
laser machining.

Holes as small as tens of microns in diameter, with
, can be produced.

Arbitrary shapes of varying depths are laser machined by
scanning the beam to remove a shallow layer of material, then
scanning again until the desired depth has be reached (see
Figure 3.24).

29



Laser machining can be used to create perforations in
silicon wafers for subsequent cleaving to form individual
chips, as well as simply cutting though the full wafer
thickness.

Laser machining is most often a serial process, but with
mask-projection techniques, it becomes a parallel
process.

It has successfully competed with KOH etching and with
electroplating in the production of ink-jet nozzles.

Due to its speed, low cost, and rapid turn-around time,
laser machining is one of the preferred methods of
creating trenches and cuts in plastics.

30



(b)

Fiqure 3.24 Laser machining examples: (a) microlensesin polycarbonate; and (b) fluid-flow
device in plastic. Multiple depths of material can be removed. (Courtesy of Exitech Ltd., of Oxford,
United Kingd
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Electrodischarge Machining

e Electrodischarge machining, also called
electrical-discharge machining or sparkerosion
machining (EDM) uses a series of electrical
discharges (sparks) to erode material from a
conductive workpiece.

e High-voltage pulses, repeated at 50 kHz to 500 kHz,
are applied to a conductive electrode, typically made
of graphite, brass, copper, or tungsten.

e Electrodes as small as 40 um in diameter have been
used, limiting features to about the same size.
Features with aspect ratios of over 10 can be

fabricated, with a surface roughness on the order of
100 nm.

KV



e Each discharge removes a small volume of material,
typically in the range , from the
WO rkpiece (obpabaTtbiBaeMas getanb).

e Due to heating, a gas bubble is formed during each voltage
pulse.

e After the pulse, the bubble collapses, flushing away debris

from the blank and electrode. (Mocne umnynsca, nyasipek rasa
nonaetcs, yaansas octatku matepuarna ot obpabareiBaemon getanu u
anekTpoaa).



Screen Printing

Screen printing, also known as silk screening.

In electronics, it has long been used in the production of
ceramic packages and more recently for large flat-panel
displays.

In a parallel process, many ceramic packages are processed
together on a single plate, then separated near the end of the
process.

A wide variety of materials, including metals and ceramics,
can be applied using screen printing.

It does not have same resolution as photolithography, but is
cost effective and is readily applied to large substrates.
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Screen printing begins with the production of a stencil,
which is a flat, flexible plate with solid and open areas
(see Figure 3.25).

The stencil (pasaper) often has a fine-mesh screen as a
bottom layer to provide mechanical rigidity.

Separately, a paste is made of fine particles of the
material of interest, along with an organic binder and a
solvent.

A mass of paste is applied to the stencil, then smeared
(pacTupaetca) along with a Squeegee (pesnHoBbil ckpebok) .

A thin layer of paste is forced though the openings in the
stencil, leaving a pattern on the underlying substrate.

35



Drying evaporates the solvent.

Firing burns off the organic binder and sinters the remaining
metal or ceramic into a solid, resulting in a known amount of
shrinkage. (I'pu BbKUraHNMM opraHNYECKUX CBAIYHOLLMNX
OCTaBLUMECH MeTaninyeckne Unm Kkepammyeckme YacTu4ku
crneKkarlTcs B TBEpPOOE COCTOSAHME, B pesyrikTaTe NponcxoanT
ycaaka pa3mepoB).

Metal lines with 125-um lines and spaces are made in the
production of ceramic packaging, with 30-um features
demonstrated.

Film thicknesses after firing range from roughly 10 to 200 pm.

Multiple layers of different materials can be stacked.

36
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Microcontact Printing/Soft Lithography

Microcontact printing, a microscale form of ink printing also called soft
lithography.

It enables low-cost production of submicrometer patterns and has been
studied as an alternative to conventional photolithography, but is not
presently a product fabrication method.

The process begins with the production of the original, hard,
three-dimensional master pattern (see Figure 3.26), which can involve
conventional photolithography and etching, electron-beam lithography,
laser scribing, diamond scribing, or any other suitable method.

A mold of an elastomer, usually poly(dimethylsiloxane) (PDMS), is made
against the master, then peeled off to create a stamp with raised
patterns.

38



An “ink,” a liquid solution typically of an alkanethiol (a hydrocarbon chain
ending in a thiol, an —=SH group) such as hexadecanethiol, is poured onto
the PDMS stamp and dried.

The inked stamp is then held against a substrate coated with gold, silver, or
copper, then removed.

The thiol end of each “ink” molecule bonds to the metal, forming a
densely packed, single-molecule-thick coating of hexadecanethiol where
the raised areas of the stamp were.

Such SAM coatings can be envisioned as similar to turf with dense blades
of grass. Takne SAM MNOKPbITUA MOXOXN HA AEPH NIOTHO NMOKPbITHIN
ynopsaaoYeHHbIMU TpaBUHKaMMN.

Once the SAM coating is in place, it can be used as an etch mask for the
metal.

The metal can then be used as an etch mask for the underlying substrate,
such as silicon.

39



Several variations on this scheme may be performed. In one, a
metal catalyst “ink” is stamped on the substrate, which is then used
for the selective plating of copper.

In another, proteins or other biological molecules are coated onto a
flat stamp.

A patterned PDMS layer contacts the flat stamp and is removed,
taking the protein with it where contact occurred. The flat stamp is
then held against a substrate, transferring the protein pattern.

Features smaller than 0.1 um have been made using microcontact
printing.

The best alignment accuracy of a second pattern, however, is at
present about 20 um, so most soft lithography applications have
used a single step.
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In organic chemistry, a thiol is an organosulfur compound is

an organosulfur compound that contains a carbon-bonded sulfhydryl
(—C—SH or R—SH) group (where R represents an alkane, alkene, or
other carbon-containing group of atoms). Thiols are the sulfur
analogue of alcohols is an organosulfur compound that contains a
carbon-bonded sulfhydryl (-C—SH or R—-SH) group (where R
represents an alkane, alkene, or other carbon-containing group of
atoms). Thiols are the sulfur analogue of alcohols (that is, sulfur
takes the place of oxygen in the hydroxyl group of an alcohol) and
the word is a portmanteau is an organosulfur compound that
contains a carbon-bonded sulthydryl (-C—SH or R—-SH) group
(where R represents an alkane, alkene, or other carbon-containing
group of atoms). Thiols are the sulfur analogue of alcohols (that is,
sulfur takes the place of oxygen in the hydroxyl group of an alcohol),
and the word is a portmanteau of "thio" + "alcohol," with the first
word derivin7g fromCraek O¢iov ("thion") = "sulfur". The —SH
functional group ntsetr is referred to as either a thiol group or

a sulfhydryl group.

Many thiols have stron¢ cdors re%%ﬁ%ﬁ@ 35%3;)01}1 gg H:ht??'nols are
used as odorants to assiist in the n atural gas (which in
pure form is odorless), and the "smell of natural gas” is due to the
smell of the thiol used as the odorant. 41
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Figure 3.26 Microcontact printing: (a) create master; (b) form PDMS stamp and peel off; (¢) coat
with “ink”; (d) press inked stamp against metal and remove, leaving ink monolayer; (e) use self-
assembled monolayer as an etch mask; or (f) as a plating mask.




< Photoresist

Figure 1: PDMS master is created by
patterning silicon, pouring and curing
the PDMS, and peeling away from the

substrate

Figure 2: Thiol is poured over the
stamp and let dry. Conformal
contact is made with the
substrate and pattern is left
behind.
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Nanoimprint Lithography

As with microcontact printing, nanoimprint lithography has the
goal of generating submicrometer features at low cost and high
throughput and is not a production process.

It starts with a mold of etched silicon, silicon dioxide, or other
hard material created using optical or electron-beam
lithography (see Figure 3.27).

Separately, a substrate is coated with a 50- to 250-nm resist
layer such as PMMA or a more conventional
novolak-resin-based resist, which does not need to be
photosensitive.

The resist is heated above its glass transition temperature so
that it flows easily under pressure.
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The mold is then pressed into the resist, which flows to the sides of the
high points in the mold.

The mold is removed, leaving an unintentional (cnyyanHsin) residue of
resist where the mold high points were.

This residue is stripped using vertical RIE.

At this point, the resist pattern can be used like conventional photoresist in
an etch, liftoff, or plating process.

Features 25 nm wide with smooth sidewalls have been demonstrated.

Alignment accuracy of a second nanoimprint step is likely to be many
micrometers, but the technique has been combined with optical
lithography to fabricate devices with several layers.
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Figure 3.27  Nanaimprint lithography: (a) press hard mold into resist coating; (b) remove mold;
and (c) RIE to remove residue (After: [34).)
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Thermoplastic nanoimprint lithography

Thermoplastic nanoimprint lithography (T-NIL) is the earliest nanoimprint
lithography developed by Prof. Stephen Chou's group.

In a standard T-NIL process, a thin layer of imprint resist (thermoplastic
polymer) is spin coated onto the sample substrate.

Then the mold, which has predefined topological patterns, is brought into
contact with the sample and they are pressed together under certain
pressure.

When heated up above the glass transition temperature of the polymer, the
pattern on the mold is pressed into the softened polymer film.

After being cooled down, the mold is separated from the sample and the
pattern resist is left on the substrate.

A pattern transfer process (reactive ion etching, normally) can be used to
transfer the pattern in the resist to the underneath substrate.
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 Alternatively, cold welding between two metal
surfaces could also transfer low dimensional
nanostructured metal without heating (especially
for critical sizes less than ~10 nm),.

* Three-dimensional structures can be fabricated
by repeating this procedure. The cold welding
approach has the advantage of reducing surface
contact contamination or defect due to no
heating process, which is a main problem in the
latest development and fabrication of organic
electronic devices as well as novel solar cells.
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Photo nanoimprint lithography

In photo nanoimprint lithography (P-NIL), a photo(UV) curable liquid
resist is applied to the sample substrate and the mold is normally
made of transparent material like fused silica.

After the mold and the substrate are pressed together, the resist is
cured in UV light and becomes solid.

After mold separation, a similar pattern transfer process can be used
to transfer the pattern in resist onto the underneath material.

The use of a UV-transparent mold is difficult in a vacuum, because a
vacuum chuck to hold the mold would not be possible.

icnonb3oBaHne Y®-npospayHon dopMbl 3aTpyaHEHHO B BaKyyMe,
NOTOMY YTO BaKyyMHbIWU NaTPOH HE MO3BOSIAET AepXKaTb popMmy.
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Ultrasonic Machining

In ultrasonic machining, also known as ultrasonic impact grinding, a
transducer vibrates a tool at high frequency (20-100 kHz). The tip of
the tool is pushed against the workpiece as a slurry of water or oil and
abrasive particles, such as boron carbide, aluminum oxide, or silicon
carbide, is flushed across the surface.

There are several mechanisms for removal of material: The tool
vibration directly hammers particles into the surface, as well as
imparting a high velocity to other particles, both of which chip away at
the workpiece. Cavitation erosion and chemical action can also
contribute. The microscopic chips are carried away by the slurry.

As the tool moves slowly into the workpiece, a hole with vertical
sidewalls is created.

An array of tips can drill many holes at the same time.
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Figure 3.28 shows examples in several materials. The hole shape
matches that of the tool and can be round, square, or other.

Ultrasonic machining can be performed on hard, brittle materials
(with a Knoop hardness above about 400) such as glasses, ceramics,
diamond, and silicon.

The minimum hole diameter is about 150 um.
At the other extreme, holes over 100 mm have been machined.

For small holes, the maximum aspect ratio is about five (5),
increasing to over 15 for holes several millimeters in diameter.

With tolerancing, the size accuracy of 1-mm holes is typically £50
um, improving to +25 um for larger holes. Hole depth can be over
10 mm.
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Figure 3.28 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.)




Combining the Tools—Examples of Commercial
Processes.
Polysilicon Surface Micromachining.

The polysilicon is deposited using LPCVD, followed by a
high-temperature anneal (>900 °C) to relieve mechanical
stress.

The silicon dioxide is deposited using LPCVD or PECVD
and is often doped with phosphorus [phosphosilicate
glass (PSG)] to increase the etch rate in hydrofluoric
acid.

In the Sandia process, the polysilicon and silicon dioxide
layers are each 2 um thick.

By contrast, Robert Bosch uses a process with 10-
um-thick polysilicon grown by epitaxy over silicon

dioxide. "



Each of the layers in the stack is lithographically
patterned and etched before the next layer is deposited
In order to form the appropriate shapes and to make
gr%i)sions for anchor points to the substrate (see Figure

The final release step consists of etching the silicon
dioxide (the sacrificial term) in a HF- solution to free the
polysilicon plates and beams, thus allowing motion in the
plane of and perpendicular to the substrate.

Small holes are usually added to large plates to allow the
sacrificial etchant access for faster release.

To avoid sticking of compliant structures when drying the
wafer, supercritical drying or a SAM (self-assembled
monolayer) is often used.
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Figure 3.29 Schematic illustration of the basic process steps in surface micromachining.




» Gears, micromotors, beams, simple as well as hinged plates,
and a number of other structures have been demonstrated,
though (xoTsa) primarily accelerometers and yaw-rate sensors
(ceHcopbl yrroBon ckopocTun) are currently in high-volume
production.

« Surface micromachining offers significant flexibility to fabricate
planar structures one layer at a time, but their thinness limits
the applications to those benefiting from essentially
two-dimensional forms. lNoBepxHocTHaa MnkpoobpaboTka
NO3BOSIAET caeNaTh LWMPOKUMN BbIOOP B N3rOTOBIEHNM
CTPYKTYpP B MJSIOCKOCTU, HO X YTOHbLUEHNE OrpaHn4nBaEeT
npunoxeHunsa anga 2D-CTpykTyp.

« Polysilicon is a useful structural material because integrated
circuit processes already exist for depositing and etching it
and because its thermal coefficient of expansion is well
matched to that of the silicon substrate.
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Surface micromachining is not limited to the materials just
described. Many systems of structural layer, sacrificial layer,
and etchant have been used, as shown in Table 3.5.

The etchant must etch the sacrificial layer at a useful rate,
while having little or no impact on the structural layer.

Reasons for selecting materials other than polysilicon include
the need for higher electrical conductivity, higher optical
reflectivity, and lower deposition temperature for compatibility
with CMOS circuitry that is already on the wafer.

For example, Texas Instruments’ Digital Mirror Device ™
(DMD ™) display technology uses a surface-micromachined
device with aluminum as its structural element and an organic
polymer as a sacrificial layer.
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Table 3.5 Some Systems of Materials for Surface Micromachining

Structural Material Sacrificial Material  Etchant

Palysilicon Silicon dioxide/PSG  Hydrofluoric acid

Silicon nitride Stlicon dioxide/PSG ~ Hydrofluoric acid

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

Aluminum Photoresistlorganic ~ Oxygen plasma

Nickel Copper Ammonium persulfate
Silicon-germanium Germanium Hydrogen peroxide

Stlicon carbide Silicon dioxide Hydrotluoric acid

Ammonium persulfate (NH,),S,0,




Combining Silicon Fusion Bonding with Reactive lon Etching

The silicon fusion bonding with reactive ion etching (SFB-DRIE) process involves the
formation of tall structures in crystalline silicon to overcome the thinness limitation of
surface micromachining. (CoyeTaHne npouecca cpalimBaHns NIAaCTUH KPEMHUS C
peakTUBHbLIM MOHHLIM TpaBneHnem (SFB-DRIE) nossonsieT doopmmnpoBaTth BbICOKMNE
KOHCprKlil,I/II/I B KPUCTasSIN4eCKOM KPEMHUU, YTOObI NPEOAO0NETb OrpaHNYeHne rno
TOSILLNHE).

Instead of depositing thin polysilicon layers, crystalline silicon substrates are fusion
bonded to each other in a stack.

Each substrate is polished down to a desired thickness, then patterned and etched
before the next one is bonded.

An optional intermediate silicon dioxide between the silicon substrates is not a
sacrificial layer but is rather for electrical and thermal insulation. [JononHUTENbHbLIN
NPOMEXYTOYHbIN ANOKCUL KPEMHUSA MEXAY KPEMHUEBLIMU NIACTUHAMWN HE ABISIETCS
XXEePTBEHHbIM CITOEM, a CKOpPEee 3NeKTPUYECKUM N TENSTOBbIM N30SISATOPOM.

The process allows the building of complex three-dimensional structures one thick
layer at a time.
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The basic process flow begins by etching a cavity in a first wafer,
referred to as the handle wafer (see Figure 3.30).

A second wafer is silicon fusion bonded on.

An optional grind and polish step reduces the thickness of the
bonded wafer to any desired value.

CMOQOS electronic circuits can then be integrated on the top surface
of the bonded stack without affecting any of its mechanical
properties.

Finally, a DRIE step determines the shape of the microstructures
and mechanically releases them as soon as the etch reaches the
embedded cavity.

This cavity takes the role of the sacrificial layer in surface
micromachining and ensures that the micromechanical structures
are free to move except at well-defined anchor points.
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Figure 3.20 Fabrication process combining silicon fusion bonding and DRIE.




The high aspect ratio and depth available using the
SFB-DRIE process add new dimensions to the design
and fabrication of complex three-dimensional structures
(see Figure 3.31).

A range of new applications, including those integrating
fluid flow functions such as valving and pumping, can be
addressed with this process.

Robust (HagexHbin) thermal actuators made of
crystalline silicon are also feasible with an available
output force approaching one newton.

This process is now a manufacturing platform at GE
NovaSensor of Fremont, California.
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Figure 3.31  Scanning electron microszope image of a 200um-deep thermal actuator fabricated
using silicon fusion bonding and DRIE. (Courtesy of: GE NovaSensor of Fremant, California,)




DRIE of SOl Wafers

The availability of double-sided aligners, DRIE tools, and SOI
wafers led to a relatively simple process for fabricating
three-dimensional microstructures that became popular in the late

1990s.

The process begins with DRIE of the thinner top layer of an SOI
wafer to form the desired structure (see Figure 3.32).

The etch stops with high selectivity on the buried oxide layer.

If undercut of the silicon at the oxide interface control is not
desired, the specialized stop-on-oxide recipe can be used.

A large area of the back side, corresponding to the structure on
the front side, is etched to the buried oxide layer.
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Finally, the now-freestanding buried oxide is etched
away, typically with hydrogen fluoride [hydrofluoric acid
(HF)] vapor or a liquid HF solution, both of which
selectively etch the oxide.

If liquid HF is used and the structure is fragile, it must be
handled carefully to avoid breakage during etching,
rinsing, and drying.

A variation on the process is to etch the device structure
from the top, then release it by etching the underlying
oxide, which may be as thick as 2 uym, in liquid HF.

If the structure is sufficiently stiff (>)xecTtkas), it can be
dried without special handling.

If it is too compliant, critical-point drying can be used.
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Figure 3.32 Example process for DRIE of SOl wafers. The final structure may be over free space
or can overlap the bottom wafer (or both, as in this example).




Similar processes are in development or commercial use by companies
including the Micromachined Products Division of Analog Devices, Inc., of
Belfast, United Kingdom, TRONIC'S Microsystems SA of Grenoble, France,

and DiCon Fiberoptics, Inc., of Richmond, California (see Figure 3.33).

Freestanding

Actuator averlaps
bottom wafer

Figure 3.33  Scanning electron microscope image of a variable optical attenuator made by DRIE
of an SOl wafer. (Courtesy of DiCon Fiberoptics, Inc., of Richmond, California.)
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Single Crystal Reactive Etching and Metallization

The single-crystal reactive etching and metallization (SCREAM) process uses yet
another approach to release crystalline microstructures.

Standard lithography and etching methods define trenches between 10 and 50 pym in
depth, which are then coated on the top, sidewalls, and bottom with a conformal layer
of PECVD silicon dioxide (see Figure 3.34).

An anisotropic etch step selectively removes the protective oxide only at the bottom of
the trench.

A subsequent plasma silicon etch extends the depth of the trench. A dry isotropic etch
step using sulfur hexafluoride (SF ) laterally etches the exposed sidewalls near the
bottom of the trench, thus undercuttlng adjacent structures and mechanically
releasing them.

Sputter deposition of aluminum provides the metal for electrical contacts and
interconnects.

This process, known by its SCREAM acronym, was initially developed at Cornell
University. Kionix, Inc., of Ithaca, New York, uses a variation of SCREAM for the
manufacture of accelerometers, micromirrors, and other devices.

70



Photoresist

H

Silicon substrate

1. Deposit oxide and photoresist 2. Lithography and oxide etch

3. Silicon etch 4. Coat sidewalls with PECVD oxide

Suspendead beam

5. Remove oxide at bottom and etch silicon &. Plasma etch in SF6 to release structures

Figure 3.24 Basic steps of the SCREAM process. (Afters [27].)
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FIGURE 24. Low temperature version of SCREAM process. (a) Process sequence for low temperature
versicn of SCREAM that uses isolated MESA structures for an anchor and bonding pads.




