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%racteristic Scales in Nanomechanics

/n b/'O/Ogy,,, Red Blood Cells

1. Ared blood cell is 6000-8000 nm in size.

2. The diameter of a single-walled carbon nanotube is
~1 nm.

3. The diameter of a DNA double helix is ~2 nm.

4.  Weight of a single bacterium ~1 pN.

C

Backward
stepping

5. The step size of a conventional kinesin molecule is
8 nm. The required force to cause kinesin to walk
backward ~10 pN (Q. Shao and Y.Q. Gao, PNAS,
2006).

Fext I:b,T
(high external load)

. U Shao and Y.Q. Gao, PNAS, 2
The national nanotechnology initiative (www.nano.gov) Q ohao and ¥.Q. Gao, PNAS, 2006

defines nanotechnology as technology governed by
phenomena that occur at a length scale of <100 nm.

Sandia National Laboratories
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/n solid state materials...

Intel’s new Penryn family of processors use 45 nm
CPU technology (due out this year). 45nm defines
the gate size, and typically the first metal layer

feature size. Pentium Il was a 250 nm technology.

Energy required to break a single C-C bond:
5.76x1071% nJ! Bond length of a single C-C bond:
0.154 nm. Force to break a single C-C bond: order~
10nN.

The force required for the onset of dislocation
activity during nanoindentation of aluminum is <2
UN [Minor et al., Nature Materials, 2006].

The national nanotechnology initiative (www.nano.gov)
defines nanotechnology as technology governed by
phenomena that occur at a length scale of <100 nm.
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haracteristic Scales in Nanomechanics

45 nm Penryn: 4 GHz With Air Cooling

Leach, McDowell and Gall,
Advanced Functional Materials, 2007
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%e need for high-precision structural

sensors and actuators

Sensitivity of a cantilever beam flexure...

= Fixed-free: Fixed-Fixed:
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Sensitivity of an electrostatic actuator...
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™ ' 1.4 History of Micromachining

1400's: Armor decorations were applied by acid-based etching through a wax mask.
This is the earliest known application of patterned wet etching. This process
continued to be practiced for 100’s of years.

1822 Niépce invented photo-sensitive masks
1940's Lithography-based chemical milling used to produced printed circuit boards.

1950's Introduction of isotropic etching in silicon semiconductor processing, using
mixtures of HF and HNO:s.

1960's Bell labs began working on anisotropic Si etch mixtures, beginning with KOH

1962 Honeywell (Tufte et al) made the first thin Si piezoresistive diaphrams, intended
for measuring stress, strain, or pressure.

1972 Sensym/National Semiconductor introduced stand-alone Si sensor products.

1974 National Semiconductor released a catalog of available Si pressure sensor
products.

1982 Petersen’s paper on the “excellent mechanical properties” of Si led to a renewed

interest in micromechanical Si components.

1994 An estimated 10,000 scientists and engineers are involved in Si sensor R&D
worldwide.
}-'un_:lalmcm;lls of

MICROFABRICATION MREEEX Madou's book on “Fundamentals of Microfabrication” (15t ed.) is released.
Sandia National Laboratories
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“ Dimensional Limits of Traditional

Machining and Assembly

1. Conventional machining using an end mill and
lathe produces tolerances as good as 25 um.
Minimum feature sizes (accounting for warpage
induced by residual stress) are typically >250 um.

2. Small scale machining can be accomplished by
microEDM or diamond turning. The damaged
recast layer in microEDM is typically ~5 um or
worse, leading to minimum feature sizes of ~100
um.

HARDINGE |

3. Precision microassembly is an area of ongoing
research. Positioning 100 um parts with tolerances
better than 3 um is not trivial. See:
www.sandia.gov/isrc/precmicroassy.html
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Fast, Brief Primer On Microfabrication...
20 slides in ~30 minutes..
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' 2.1 Background in Lithography

» Photolithography: Optical pattern transfer technique in which micro-
pattern is transferred from a photomask to a UV-sensitive polymer
layer (photoresist) coated on a substrate.

/ SO N P SR . Photolithography Process

UV exposure » Surface Preparation (Wafer Cleaning)

+ Coating (Spin Coating)

:

Photochemical reaction i Photomask
! ' Photoresist ("R) * Pre-Bake (Soft Bake)
: +— Substrate (5|,|glass} + Alignment

Negative PIR Posmve PR « Exposure

I ‘ ‘ I + (Post Exposure Bake)
l :
| i * Development
i De"e'°F’ i . Post-Bake (Hard Bake)
I I
: :
! I

Etching” ™" 7"~ 'D'e_p'o_s'if'(_)ﬁ ___________

S e

Microfabrication Slides Courtesy of Moses Noh, Drexel University . . .
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Wafer Cleaning

Surface

» Typical contaminants:
- Atmospheric dust, bacteria, finger prints
- Photoresist residue, solvent residue, H,O residue

» Standard degrease (organic cleaning):
Soaking in (TCE -) acetone - methanol - DI water = Dry with N,

» Piranha cleaning
70% H,SO, + 30% H,0,

+ RCA clean: standard cleaning process for new silicon wafers out of
the box

- NH,OH (1) + H,0, (3) + H,0O (15) @ 70°C for 15 min. (organic)
- HCI (1) + H,0, (3) + H,0 (15) @ 70°C for 15 min. (metal ion)
- 10:1 BOE for 1 min. (thin oxide)

» Dehydration bake

Spin Coating

*+ PR deposition methods: Spin, Spray, Lamination

* Spin coating is the most common method.
o resist dispenser

Prep

— LR 205

—SU3 2050

photoresist

excess resist flies
off during rotation

T —UE 2073
SUB-1100

wafer to be coated
vacuum chuck 56

t =thickness

1090 1250 1500 1750 2900 2250

K = constant

S= fraction of solids
L= viscosity

o= angular velocity
R = radius

Thickness of PR 1::1(.5{—1" . ] Laie
w R

* Primers are often used to enhance the adhesion between PR and
substrate. e.g., 1,11 ,3,3,3—hexamethvldisiIaTane (HMDS)

PR sio,

Microfabrication Slides Courtesy of Moses Noh, Drexel University
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Karisuss MAG Mask Aligner

-> Alighm

Pre-Bake (Soft Bake)

After spin coating, the resist still contains up to 15% solvent and
may contain built-in stresses.

The wafers are baked to remove solvent and stress and to promote
adhesion of the resist layer to the wafer.

Hot plate or oven is used. Hot plating is faster and more controllable.
Typical thermal cycles are:

—90-100°C for 20 min. in a convection oven
— 80-90°C for 1 min. on a hot plate

Convection ovens: solvent at surface of resist is evaporated first,
which can cause resist to develop impermeable skin, trapping the
remaining solvent inside

Hot plate: temperature rise starts at bottom of wafer and works
upward, more thoroughly evaporating the coating solvent

Alignment
Front Side Back Side
Microscope objective lenses Mo et o e e T
:‘ !Cnuck
U U 9 Wafer alignment
Mlcmsmpe

ub]acuves
— . F

_%x
ﬂ&’

h
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' Post-Exposure -> Stripping

PR Removal (Stripping)
Post-Exposure Bake (PEB) and Develop

* Remove the photoresist and any of its residues.

* Post-exposure bake is required for some negative photoresist

(SU-8). + Organic solvents (acetone) are generally sufficient for non-postbaked
PRs:

+  Wait until the substrate is completely cooled down before develop.
+ Commercial strippers are available depending on PR.

» Develop (automatic spray, manual agitation) ) ) o . . )
+ Plasma etching with O, (ashing) is also effective for removing organic

I debris.
* Use proper developer and rinsing material. polymer debris

. . " * Piranha cleaning is often used for PR removal
+ Parameters: concentration, time, agitation

« Drywith N, Resolution in Photolithography
Post-Bake (Hard Bake) * Minimal feature size is a measure e
of the resolution of a lithographic HH“H“ HHI ON WAk
* Used to stabilize and harden the developed photoresist prior to process. ? : o MASKPLATE

processing steps where the resist will be used as masking material. — MASKPATTERN

Js_ T bbb

____ RESIST

= The resolution is limited by a variety T ¥ T WaFER

+ Postbake removes any remaining traces of the coating solvent or

developer of factors.
’ - Light diffraction DEALTRANSFER
) . . . ) _ All nment ACTUAL TRANSFER
» Slow cooling is important for thick PR to avoid thermal stress gnme L NN PERIOD
- Non-uniformities in wafer flatness MM PERI)
b mmh:wga.
» Firm postbake is needed for acid etching, e.g. BOE. ; . i :
P 9. €9 * The theoretical resolution for o 1z 3 4
; . . contact/proximity printin POSITION ONWAFER
+ Postbake should NOT be done prior to a process in which a soft 3 YP g {ARB UNITS)
resist is desired, e.g. metal liftoff patterning. 3 z Figure 112 Light distribution profiles on g photoresist sucface after
R= bmin = 5 Al s+ E light passes through a mask containing an equal line and space grating.

* Photoresist will undergo plastic flow with sufficient time and/or
temperature: Resist reflow can be used for tailoring sidewall angles.
* High contrast PR produces vertical profile and better resolution.

Microfabrication Slides Courtesy of Moses Noh, Drexel University : . .
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About Photomasks

Photomasks &

» Design with drawing software (AutoCad) /'f

|1
i
- . - - =
+ Mask, wafer, and device sizes ‘ |
. . i |
* Multiple layers, alignment marks, labels j ;
+ Example: Piezoresistive Si cantilevers ' = ' I B /
How many masks do we need? |
N O JI ] 7

Photomasks

» The stencil used to repeatedly generate a desired pattern on PR-
coated substrate

- Flat glass plate with Cr patterns made by e-beam lithography or
pattern generator (variable shape aperture)

|O2
Boron I

Contact Printing Proximity Printing Projection Printing
+ Types:
- Cr on soda lime glass (most common) riame
- Cr on quartz glass (transparent to deep UV, expensive)
- Photographic emulsion on soda lime glass (less expensive) L
- Fe,0; on soda lime glass (semi-transparent to visible light) v v v
- High resolution laser printing on transparency = ;‘:Sk e
1
- Dimensions: 4” x 4" for 3 inch wafers, 5" x 5" for 4 inch wafers substrate wafer
- Good resolution - Eliminate mask damage e —
- Degradation of mask and contamination
- Particulate contamination - Poor resolution due to light
- Standard mask aligners diffraction - Feature reduction
- Standard mask aligners - Slow and expensive
- Stepper

- Used in IC industry

Microfabrication Slides Courtesy of Moses Noh, Drexel University m
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About Photoresists

Negative Photoresists

Positive Photoresist - PMMA + Advantages

+ PMMA (Ploymethylmethacrylate)
- Chain scission type
- Resin itself is photosensitive

Cl CH Cl CH
—+c ér—hcﬂ Eg e [ % I
Hrf—CMr ¢ da — O CooNC 4
(I:=0 c=0 C=0 C=0
] |
OCI'Ia OCHy OCHz OCH4

+ Used for short-wavelength lithography:

lithography, electron-beam lithography

+ Disadvantages

- Plasma etch tolerance of the resist is very low (low selectivity).

- Good adhesion to substrate

- Good resistance to chemicals and plasma etching

- Good mechanical properties

+ Disadvantages

- Swelling of photoresists during the development.
CHg CHg (The minimum feature size is limited to 2 pm)

— » —HCHC=CHy+ ety

- Developer is usually organic solvent (less ecological)

- Difficult to remove
OCH,
+00, Bl H g +  SU-8 : Thick, high-aspect ratio structure, good mechanical properties
deep UV, extreme UV, X-ray + SU8 2005-2100

+ Xylene-based developer (PGMEA)

« Futurrex: Removable, good vertical profile control

» Good for lift-off process

+ Water-based developer (RD6)

- Dissociation of PMMA changes the chemistry of the plasma etch  + Dry film photoresists are also available.

and leads to polymeric deposits on the surface of the substrate.

Positive Photoresist - DQN .

+ Novolac (N): polymer resin

UV Light

Near ultra-violet portion (A = 350~500 nm) of electromagnetic

spectrum is used in photolithography = DUV (A = 150~300 nm)

- Dissolves in an agueous solution easily.
- Solvent added but most solvent is evaporated before exposure.

T T
| I 07 Ofum
#

T
0dpm I
+

+ Diazoquinone (DQ): photoactive compound Infrared

- 20~50 % in weight
- Insoluble in base solution.

- Changes to carboxylic acid (dissolution enhancer) under UV light

0 @D L
=c=0 @ Y Lon Lom
+9 el U ) U +HO
X Hydration ¥ eveloping 1
Ketene

o

' |

=N! -
I

element

+ Advantages of DQN photoresists:
- Good resolution with near UV
- Novolac is chemically resistant (good

Slide 15 Brad L. Boyce, TMS 2008 Tutorial on Methods in Small-Scale Mechanical Testing m

UltraViolet

* Photon properties of UV light produce interaction with chemical
bonds in the photoresist — i.e. produce bond breaking (positive

o
=]

o
[+:]
o

0.60

o
n
=]

RELATIVE INTENSITY
o
n
(=]

0

00 s 1 h
200 300

1 N
400

n
500

mask for plasma etching) WAVELENGTH IN NM
- Environment-friendly (water-based developer)

Microfabrication Slides Courtesy of Moses Noh, Drexel University

resist) or induce a cross-linking reaction (negative resist).

Arc lamp filled with Mercury

G-line: 436 nm
H-Line: 405 nm
I-Line: 365 nm
Mid-UV: 313 nm
DeepUV: 254 nm

Xenon is used for deep UV

Sandia National Laboratories




Silicon Atomic Structure

+ Silicon has a diamond-cubic structure
- Covalent bonding, lattice parameter, a = 5.43A

Atomic packing factor (APF): percent of volume occupied by atoms.
Si=34% (FCC = 74%)

Four (4) Covalent
Bonds Defines the
Lattice Spacing

Unit Volume

Silicon Properties

* Density: p = 2.33 g/cm?, atomic density = 5x1022 atoms/cm?
* Band Gap: Eg = 1.12 eV, Intrinsic resistivity = 2.3x10° Q-cm
- Thermal excitation: electron-hole pair @RT ~ 100 /cm?.
(For insulators, Eg > 10 eV)
- Doping effect (n-type: P or As; p-type: B or Ga): a few atomic %
EHP increases greatly, resistivity = 1-10 Q-cm

* Young’s Modulus (anisotropic)
Ei0= 131 GPa, E,,, = 169 GPa, E,;, = 187 GPa
» Poisson’s Ratio (y) = 0.29, Maximum Stress = 3x10'° Pa (Brittle)
« Coefficient of thermal expansion (CTE) = 2.6x10°¢ (low)
* Melting Point 1421°C, heat capacity = 20 J/mole K at 25°C
* Piezoresistive (anisotropic)
* Dielectric Constant (¢) = 11.8, refractive index (n) = 3.42

Microfabrication Slides Courtesy of Moses Noh, Drexel University
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.2 Bulk Micromachining (Subtractive)

Terminology in Etching

Etch rate: rate of removal of material [A/sec, pm/min]
(Efch,, —Eich,,) N
(Efch,, + Eich,)

(Etch rate %) Uniformity = 100

Anisotropy: etch rate as a function of direction
Lateral etch rate ratio = horizontal / vertical
(Isotropic etch equal to 1)
e.g. 85°C, 50wt% KOH etching (110):(100):(111)=400:200:1

Over etching: produces undercut profile

Etch rate of target film |

Selectivity =
y Etch rate of mask

Loading effect: effect of total area to be etched

Feature size effect and aspect ratio effect

Wet and Dry Etching

Classification Example
Isotropic HNA for Si
Wet Etching BOE for SiO,

(Chemical) ) ) .
Anisotropic KOH, TMAH for Si

Physical -
Plasmas (Anisotropic) lon beam milling

based Physical+chemical
Dry Etching (Anisotropic) RIE, ICP
w/o Plasma ((I:shoeip;;;iacl) XeF, for Si

(TMAH: Trimethyl-2-hydroxyethyl ammonium hydroxide)

ﬂ'l Sandia National Laboratories
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Isotropic Etching of Silicon

Hydrofluoric/Nitric/Acetic acids (HNA)
— Oxidation by charge transfer and dissolution reaction
HNO;+ H,0 + HNO,=> 2HNO, + 20H-+ 2h*
Si#* + 40H = SiO, + H, (Hole injection followed by oxidation)
SiO,+6HF - H,SiF; + 2H,0 (dissolution of hydrated silicon)
Si + HNO, + 6HF = H,SiF, (water soluble) + HNO, + H, (g) + H,O

— Concentration determines etch rate

High HF/Low HNO,: Etch rate controlled by HNO, concentration
and oxidation step, Si = SiO, (see the next page)
Low HF/High HNO,: Etch rate controlled by HF concentration
and removal of SiO, layer
— Agitation is important
- Masking material: SiO, (300-800 A/min) for shallow etching
Au or Si;N, (no etching) for deep etching

Isotropic Etching of SiO, and Si;N, Films

Diluted HF (6:1, 10:1, and 20:1).
HF (6:1) etches thermally grown SiO, at about 1200 A/min.

Chemical reaction
Si0, + 6HF <> H,SiF; + 2H,0

To avoid etch rate decrease with time (due to the consumption of
HF), a buffering agent (NH,F) is added - “BOE"
NH,F = NH, + HF

Si;N, is also etched by HF but much slower than SiO,
SiO, 300 A/min, SizN, 10 A/min in HF (20:1) @ room temp.

H,PO, (140-200°C) is a common etchant for Si,N,. Typical
selectivities are 10:1 for nitride over oxide and 30:1 for nitride over

Isotropic Etching

Resist

Film

Substrate

Z %
Li ZZ

(a)

EM'.M-rﬁ%‘B\-] R=n.!! i

A

Isotropic Etching of Silicon

Te mperature (°C)
200 60 45 40 35 30 25 20 15
T T

100

o s
S =]

Reaction Rate (um/min)
EX:)
—

_ =T

Reaction Kinetics

Pleferenlral

80 QNO;?.U% HF, 36% HOHO,

Ee::«onnlglmlmm 1
urface Dominated-
Diffusion Dominated. *-#

§ Suriace Eiching is

3? 3.2 3.3 34 35 36
1000T (K1)

silicon (polysilicon is a good mask material).

Slide 17

with permission.)
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Compaosition in weight %
Etch rates in um / min

HF (49.23%)

— HOpHA0, DILUENT W
—— H 0 DILUENT @

90 80
DILUENT

%t S 0 % 20

10
HNO3 {98.51%)

Figure 4.29  Iso-etch curves recalculated for one-sided Si etching and
expressed in pm/min. (From H. Robbins and B. Schwartz, J. Electro-

Figure 431 Etching an Arrhenius plot. Temperature dependence chem. Soc., 107, 108-11, 1960.* Reprinled with permission.)
the etch rate of Si in HE:HNO,:CH;:COOH (1:4:3). (From B. Schwartz
and H. Robbins, [ Electrochern. Soc., 108, 365-72, 1961.° Reprinted

Sandia National Laboratories



_ ' Anisotropic Etching
~ Etch Rate

— TEMPERATURE
102 120 °C 10090 80 70 60 50 40 30

: . . o th %
Anisotropic Etching of Silicon Wafer Orientation w
cn'é»“ ] /En= 033ev
e i <10>
. o [o01] a
Etch-rate limited process - Temperature dependent e —— a - :;\ _
+ Slower than isotropic etching but solved the lateral dimension control v . 7 DS
lacking in isotropic etchant - JR -y
4.._.‘.........._; — ._.a;.’_‘_.'....__._ o ¥ A L w E.: 10-40!\'
« Etchant o 5 o <100>
- Alkaline aqueous solutions (KOH, NaOH, CsOH, NH,OH,...) - "E g
- Alkaline organics (Ethylenediamine/Pyrazine-EDP, Trimethyl-2- Z}{.,, “ AN
hydroxyethyl ammonium hydroxide-TMAH,...) m I Eﬂzsﬁg'v
,A & 1
- Orientation dependence: Etch rate (110)> (100) > (111) ~ 400:200:1  * I/ * v ~
S
» Reaction rate is plane dependent because of availability of back-bonds U - E/ AN
to chemical attack. ;
(100) wafer —Hk = Ae kT ™
102 S I T
o 00 25 26 27 28 29 30 31 «0K 1
T arn ut
Figure 4.34 Vertical etch rates as a function of temperature for dif-
—_— A\ N /S Comav e Gorner ferent crystal orientations: (100), (110), and (111). Efch solution is EDP
Si0;Mask {133 mL H,0, 160 g pyrocatechol, 6 g pyrazine, and 1 L ED). (From
H. Seidel, et al., J. Electrochem. Soc., 137, 3612~26, 1990.'% Reprinted
with permission.}
< 100> Surface Orientation
211> ’/ T ) e Convex corner
wre N
Microfabrication Slides Courtesy of Moses Noh, Drexel University . . .
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Additive Processes

« Two major categories
- PVD: Direct line-of-sight impingement deposition techniques
Thermal evaporation
Sputtering
- CVD: A diffusive-convective mass transfer technique.
LPCVD
PECVD

+ Other deposition techniques commonly used in MEMS
- Spin coating, dip coating (polymers)
- Electrochemical deposition (metals)
Thermal Evaporation

The boiling off (or sublimating) of a heated material onto a
substrate in a vacuum.

Common evaporation methods for metal deposition

- Resistive heating (filament) or electron beam (E-beam) heating

- Deposition rate (50-500 nm/min)

k foil substrate
substrate
ol holder

m |~ top heat shield

|~ heat shield
| sourcs bottle

N\
% e MAGNETIC FIELD
/ PERPENDICULAR
WATER.GOOLED HEAHT}-/ 10 PLANE OF
it

DIAGRAM

tantalum
2 heater

current lead
- and support
base plate

[l anooe

: E
S "+ Disadvantages fawn e e ey
FILAVENT . __g j _ Slower deposition rate, heating due to secondary electron

-~ 3 Surface Micromachining (Additive)

Sputtering

The target at the high negative potential is bombarded with
positive argon ions created in a plasma. The target material is
sputtered away mainly as neutral atoms and the ejected atoms are
deposited onto the substrate placed on the anode.

Metals (DC sputtering), insulators (RF sputtering)

: s ~
—Hd —

Cathode ' { Anode

v Plasma glow

< [Sheath

Sputtering vs. Evaporation

Wider choice of materials

- Metals (Al, Cr, Au, Ni, Pt, Ti, etc.)

- Insulators (SiO,, SiyN,, Ta,O;, etc.) — RF sputtering

- Compound semiconductors such as Indium tin oxide (ITO)

Better step coverage: Because of the multiple collisions of the
metal atoms in the path between the cathode and the anode, the
metal atoms arrive at the anode at random incident angles.

+ Better adhesion to the substrate at low pressure (Sputtered

atoms have higher energy). e Label
Aerylie
Widely used in CD, DVD industry :—-""-‘
[ T — ey = o}
‘ Paolycarbonate plastic

bombardment

Microfabrication Slides Courtesy of Moses Noh, Drexel University : . :
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> AW Chemical Vapor Deposition

Chemical Vapor Deposition (CVD)

.

‘ + A diffusive-convective mass transfer technique

Main Gas Flow Region
—¢ °
SiH,, O,, NH, ®_ Gas Phase Reactions

° @
edesorption of
Film Precursor

Surface Diffusion
R——>@ 0000
Adsorption of Film Precursor Nucleation

and Island
Growth

Desorption of
Volatile Surface
Reaction Products

Transport to Surface 1

Step Growth

P

0o

LPCVD

+ Horizontal tube, hot wall reactor Hot wall LPCVD

+ Low pressure (< 10 Pa)
— Large diffusion coefficient

GAS
]

1

« Excellent purity, uniformity, conformal step coverage, and
large wafer capacity.

+ LPCVD polysilicon is used as structural layers in surface
micromachining, and LPCVD SiO, and phosphosilicate glass
(PSG) are used as sacrificial layers.

+ Disadvantages
High operating temperature (600-900°C).

Slide 20

PECVD

Lower substrate temperatures (250-350°C), fast, good adhesion,
good step coverage

Shielded RF
power input

Rotating

f
VAC pump Rotating

VAC pum
shaft e

Gases in

Disadvantage: contamination

Just as RIE etching occurs mainly through neutral species,
deposition almost exclusively involves neutrals.

Microfabrication Slides Courtesy of Moses Noh, Drexel University . . .
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rface Micromachining Process Steps

A
]
c
D
£ 75 = et
O si
EE Phosphosilicate glass
Polysilicon

Figure 5.13 Basic surface micromachining process sequence. (A)
Spacer layer deposition (the thin dielectric insulator layer is not shown).
{B) Base patterning with mask 1. (C) Microstructure layer deposition.
{D) Pattern microstructure with mask 2. (E) Selective etching of spacer
layer.

From Madou, Fundamentals of Microfabrication

| Sandia National Laboratories
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Silicon Substrate
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' MEMSCAP’'s POLYMUMPS

h

100 pm
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il _ _
e 4 'Sandla’s SUMMIT V Process

Metal (Au)

poly4 (2.25 um)

poly3 (2.25 um)

substrate

(b) Metal (Au)

p3 to p4 attachment

trapped oxide p2 to p3 attachment

attachment to substrate p1+p2 (p21) laminate

!‘]'I Sandia National Laboratories
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MEMSCAP’s SOIMUMPS

Slide 24

Metal-1 (0.52 um)
Oxide (1.0 um)
Substrate (400 um)
Trench

etal-2 (0.65 um)
SOI (10 or 25 um)

Brad L. Boyce, TMS 2008 Tutorial on Methods in Small-Scale Mechanical Testing
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Probability of Failure

1RA] un ke s

The Brittle Nature of Silicon
akes Its Structural Reliability Challenging

Statistically Unreliable. While Silicon has a

“typical” or characteristic strength of >>1
GPa, there is a lot of scatter in the
distribution of strengths.

Process Sensitive. Strength is strongly

dependent on process conditions.

Low Toughness. Fracture toughness ~1.0

MPam is like window-pane glass! Very
small flaws cause fracture.

Sensitive to Flaws and Stress-

Brad L. Boyce, TMS 2008 Tutorial on Methods in Small-Scale Mechanical Testing

Concentrations. No ability to accommodate
unexpected flaws or stress-concentrations.

) Sandia National Laboratories




2.4 Micromolding

Plating Base
s PMMA\ I i _ﬂ_f_/FlII

S (B > Material
Plating Base ' ‘,\‘\\ v;/ Sl AN { -
\ il \‘Q :\\ L — ~ . ‘f;: —_— S
> =~ N\ NEE et \
Gold Mask % S h \
Lithography Iradiation ~ Development Electrodeposition
(synchrotron or UV)
A
e \ :..é“'- =
\\:'\N.
Release
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Microfabrica

Deposit sacrifcial metal on layer 1 Deposit structural metal on layer 1 Planarize layer | Deposit sacrificial metal on layer 2

Deposit structural metal on layer 2 Planarize layer 2 Fabricate remaining layers Release sarificial metal

> > P g

Microfabrica patterns Cu as the sacrificial layer interspersed with
electrodeposited Ni-based or Rh-based alloy layers at the structural layer.
Sulfuric acid etches Cu preferentially over Ni.

Sandia National Laboratories
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Microfabrica

Advantages of Microfabrica Process (from website):

» Mechanisms with multiple moving parts made without assembly

» Intricate free-form shapes, including internal features

» Features smaller than 5 um [0.0002 inch]

» 2 um [0.00008 inch] accuracy and repeatability

» All designs made by a single, well-characterized process

» Net shape fabrication, without burrs or artifacts and thus ready-to-use
» Multiple design variations produced in parallel

» Complex geometries for the price of simple ones

» Low-cost volume production in a matter of weeks

Valloy-120 Material Properties (Ni-Co alloy)

Ultimate tensile strength, MPa [ksi] 1,100 [160] ] R
‘ . SRTL R g g 1|‘|'l‘:5’I f"l“ﬁf S “-“ﬁ “"ﬁ
Yield strength, MPa [ksi] 900 [131] 10 10 1 1S 1 1O 1@ S v
Hardness, HV [Rc] >400 [~40 Rc] 2 1S S S S o
Modulus of elasticity, GPa [ksi] 180 [26,107] 8 6 8 e 08 e e "Pé e
' M S S S S = L] ﬂﬂ-‘a
Density, g/cm3 89 S S ad M| JN [ R g
Interlayer adhesion, MPa [ksi] ~600 [87]
Fatigue life, MPa [ksi] Infinite @ <400 [58] stress

Edura-180 Material Properties (Rhodium)
Hardness, HV [Rc] >940 [>68 Rc]
Density, g/cm3 124

Slide 28 Brad L. Boyce, TMS 2008 Tutorial on Methods in Small-Scale Mechanical Testing m Sandia National Laboratories
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Visible Photons

a & 8
(A) Photolithography

Routinely line-widths of 2-3 pm
X-Rays

(C) X-Ray Lithography

Line-widths of 0.2 pm

Electrons

Vacuum

(B) Electron-Beam Lithography
Line-widths of 0.1 um

lons

Vacuum

Resist Direct write

eSubstrate e = o = o o » »
* & & 8 8 8 8 @

& 8
*® & & & & & & & 8 0 B
* & & & & & & & &5 & B

(D) lon-Beam Lithography
Line-widths of 0.1 um

Brad L. Boyce, TMS 2008 Tutorial on Methods in Small-Scale Mechanical Testing
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2.5 Alternative fabrication methods
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MicroEDM, MicroGrinding

Smaltec EM203

micrometer (micron or um) dimensions to within +/- 100
nanometers (nm) tolerances.

True CNC movement in all 3 axes

Any electrically conductive material can be machined
Perfect round holes as small as 4 um diameter (0.00015").
Complex micro patterns to true 3-D contoured shapes.
Ultra-high precision machining can be done on curved
surfaces, inclined surfaces and thin materials, which are very
difficult to produce with other available technologies.

A mirror finish surface roughness of 10 nm Rmax, or 2.8 nm
RMS, can be achieved.

8" x 8" work area

Automatic part detection

and location

Auto tool wear compensation

Brad L. Boyce, TMS 2008 Tutorial on Methods in Small-Scale Mechanical Testing m

www.smaltec.com
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%st, Brief Primer On Microfabrication...

IS COMPLETE...

Brad L. Boyce, TMS 2008 Tutorial on Methods in Small-Scale Mechanical Testing
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Outline

1. Introduction

2. MEMS fabrication technologies

3. Examples of passive devices
for nanomechanics

1. Cantilevers
2. Residual stress indicators
3. Tensile testers

4.  Passive device technology

5. Active device technology

6. Examples of active devices for nanomechanics
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3.1 Cantilevers

Brad L. Boyce, TMS 2008 Tutorial on Methods in Small-Scale Mechanical Testing
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e Most Common MEMS Cantilever
For Nanomechanics: AFM Cantilevers

Standard cantilever types for common applications:
Cantilever ..—%"'/"p e
~G 1 |
"r:» Length: Typically 126- 225 gm
h Dynamic mode /tapping mode AFM Width: Typically 40 pm
Auailable as along (224 prm) ar short (128 pm) Thickness: 4 - 8 pm
cantilever Resanant Freg: 190 - 300 KHz
§ Spring Constant 40 - 48 Mim
2 Length: Typically 225 pm
E 2 wiidth: Typically 45pm
= E Force Modulation mode AFM Thickness: 2.5 pm
8 Resonant Freg: 60 KHz
Spring Constant: 3 Mim
Length: Typically 225 - 450pm
Contact mode AFM Width: Typically 28-40 pm
Auvailable ag along (450 prm) or short (225 pm) Thickness: 1- 2 ym
cantilever Resonant Freg: 12 - 28 KHz
_r P Spring Constant: 0.1 - 0.2 Nim
55
1.6 mm - - ]
300 urn Lo BB ’ i
AdvancedTEC™ PoianroI)-E:-PIus Superslmrpiliconw
\ / 550 X¥-Alignment ( NEW )

Cross-sectional view

AR Cantilewers are specified by
their width, length, and

Gold Coating { NEW )

Hropr e Platinum-ridium coated  Magnetic Coating ( NEW } Diamond coated
These parameters determine AFM Tips are Typically Bulk Micromachined
important factors like resonance . . re . . .

lTh'lcknEss freguency and spring constant. Monohthlc Slllcon or S|3N4. Thew Comp|lant response

—

. e e and integrated laser-interference sensing deflection
S make them nearly ideal high-resolution load cells.

Standard cantilever types for common applications:

Sandia National Laboratories

WWW.Nanoscience.com, wWww.nanosensors.com m
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'e Most Common MEMS Cantilever
For Nanomechanics: AFM Cantilevers

An Individual MWCNT

Operation

-displacement range ~ 15 um
-applied force range ~ 1.5 uN
Kc=0.1N/m

Stress (GFPa)

T p e .
G d - 1
4 .' T il
' ' 0 2 4 6 2] 10 12
Strain (%)

Yu, Lourie, Dyer, Moloni, Kelly, and Ruoff, Science, 2000

This highly cited work on the mechanical deformation of
mutliwalled carbon nanotubes from 2000 shows one of the
first applications of AFM cantilevers/tips to nanomechanics.
One challenge that remains is how to attach the nanowire or
nanotube to the AFM tips. In this case, it was accomplished

by electron beam-induced deposition of carbonaceous
material from vacuum impurities.

Slide 35 Brad L. Boyce, TMS 2008 Tutorial on Methods in Small-Scale Mechanical Testing
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MS Cantilevers As A Test Platform

Optical
microscope

g

ol

£

FIG. 1. Application of the test platform for nanofiber testing. The fiber 5

length in this figure is 50 pm. g 207
o - 0 |
Electrospn polyacrylonitrile nanofibers were 0 1 80 120 160
tested on a MEMS test bed with external AFM ng Smin 8

piezoelectric actuation and optical digital image
correlation of crosshead displacements. The
AFM cantilever was epoxied to hold the
stationary grip rigid during the piezotranslation
of the stage. The “tether” maintained planarity
of motion. The device loadcell was calibrated
against an AFM cantilever of known stiffness.

FIG. 6. SEM images of {a) undeformed PAN nanofiber and (b) deformed
PAN nanofiber, with multiple surface ripples formed during drawing. The

. - . . fracture surface is typical for ductile fracture.
Naraghi, Chasiotis, Kahn, Wen, and Dzenis, Rev Sci Inst, 2007 s e e etle Sl
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probe

rigid bar, L

measurement
point

sensor base

(@

meastirement..__
point

reference_-*
point

Yang and Saif, Rev 5ci Inst, 2005
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Cantilever Arrays as Force Probes

Dy (pm)

-35 =20
®) Dy, (um)
B
B0
y = -0.5763x

z

=

w

140

(<)

£0
Fy (nM}
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er For Integrated Nanotechnology (CINT)
Nanomechanics “Discovery Platform”
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er For Integrated Nanotechnology (CINT)
Nanomechanics “Discovery Platform”

DZ:I

V) e

L

< /
stethfined material

omd«stlasttﬁf pm;tsmn‘ beams MEMS2t26dmure§h¢dﬁtﬂmq&b§9|)é¢ty5ta||lne Si beams

Discovery Platform Information Courtesy o fJ hn P. Sulliv C|NT/S ndia m Sandla National Laboratories
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er features of the CINT Nanomechanics
Discovery Platform

Shadow mask allows deposition of user- Chip size is designed to match AFM
defined materials In certain regions of chips so that cantilevers can be used as
the test structures. functionalized AFM tips.

CINT Nanomechanics Chip

0.3 um doped poly-Si (Poly0)

0.63 um thermal SiO.

Si substrate (2-side polished) 675 um

Discovery Platform Information Courtesy of John P. Sullivan, CINT/Sandia m Sandia National Laboratories

Slide 40 Brad L. Boyce, TMS 2008 Tutorial on Methods in Small-Scale Mechanical Testing




ample Studies Using CINT Cantilevers m

. : fh _ | 200pm Fixed-Free Beam |
Qdefect = or * N\ 2 ’ g:: %i ]
. Internal dissipation L@ ) ] et |
- qgefect relaxation in materials 1 = iex —Ex , 9 | Hly
T T, ke T on [ g o

1 1 L 1 1 1 1 1
300 400 B0 aae 700 BA 200 10D0Q

Cu-coated cantilever (atmpospheric corrosion) — Tempersure

S I . I—'A'fter'Co'rros'ion' |
~ o8 . ——AfterCu . Local corrosion of Al coating
5 v r | —— Cantilever _ 7
. < dprrosion causes
|l. Cantilevers as sensors S Jwnward shif :
2 |
. . . =
. az‘mwphenc corrosion sensing = o4p
£
< o2}

2000 22

lIl. Coupled oscillator arrays

- arrays with low to high degrees of coupling

67.50 KHz

74.38 KHz

!‘I'I Sandia National Laboratories
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- | WT Nanomechanics “Chip 2” Contains
* Additional Structures
5

.5 mm thick Si;N, beams —

/

||||||||||||||||||||||||||||||||||||||||||||||||||

LN N
/ghdensrt arrays %‘cau M M H H {

5. EIectrostaUcaIIy control
surface studies (adhesion, surface tension, etc.)

Discovery Platform Information Courtesy of John P. Sullivan, CINT/Sandia
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Cantilever Adhesion Structures

m= ”slope” parameter:

(1) |’-" \ l": a'|2| |
. 3217 6y
’"~”_H32 r|| | Ha’|| |‘
150d) 15/ 32\ t) |G,
(a)
I .
I,' i G: WOI’k Of Ad heSIOH,
JF or Strain Energy Release Rate:
3NN %
Eth”| m*(s)
- — —4 -
(b} G= 3 |~{35 }[ 3 m(s)+1
o , dmi(s)| 2m(s) |
FIG. 1. (a) S-shaped beams (m=10) are attached over a long length 4. (b) +(s7%) 7 — 1 [
Arc-shaped beams (m = 3/2) are attached only very near their tips. s J /

Interferometry of o oroanand) 240 -
Partially-Adhered P I y G for specific cases of m:
Cantilevers: 500|-(S-shape) ; Y ] N
_ ey z 3 (EPR?
E - ﬂa ........ L L G= _| , | for m=0
~ 1000 ‘.. } 3:3 2 .
% = | )
LT S ¥ = 3 [Efh?
Asoor AL G= §| = |, for m=32
E \ . ] '._ d |
@ 20 pi (b)zoouﬂwwﬁﬁ%ﬁr— 190

position (um)

De Boer and Michalske, / App/ Phys, 1999
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'

-Out of plane curvature related to through-thickness
stress gradient (TTSQ)
-Stiffness can be measured by point-deflection (such as
via a nanoindenter) or through resonant excitation.

PROCESS LAYER CURVAIURE MAXIMUM STRESS
{m~} {MPa}
SOI, 10-um SOl 16.7+0.4 140+ 0.3
SOl, 10-um SOI+ Metal-1 39.1+22 N/A
SOl, 25-um SOl 2.5+0.9 53+1.9
SOI, 25-um SOIl+ Metal-1 4.3+0.9 N/A
PolyMUMPs Poly-1 25+4.2 0.4+0.7
PolyMUMPs Poly-2 -27.7+ 3.4 3404
PolyMUMPs Poly-2+ Metal 253.5+6.6 N/A
PolyMUMPs Poly-1+ Poly-2 0.8+23 02+0.7
PolyMUMPs Poly-1+ Poly-2+ Metal 69.5+29 N/A
PolyMUMPs Poly-1+ Oxide-2+ Poly-2 -42.6+2.9 N/A
PolyMUMPs | Poly-1+ Oxide-2+ Poly-2+ Metal 27.3£ 0.9 N/A
3 3
PL PL
Oixed — free = —— &ixed —guided = ———
El 12El
Curvature, from polynomial fit ( WYKO):
62
K = 5 F (X)
OX
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WYKO interferograph
(Oblique view)

M

Curvature vs. mechanics vs. shape:

20

h
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el 'Wrough—Thickness Strain-Gradient Structures

0.10 c
) 0.08- -
O H * (@] "
oy =3 ; 0.06
t < Polysilicon t < Polysilicon 3 bee __.r‘*'
. . c = ] - —
SlOz SlOz (@] - 0,024 ..n“p. s70°C
o ¥ —
(100)Si (100)Si 5 £ 091 Tu,, N
T8 o] e 815°C
3 -0.06 | EREE T
e 05 10 15 20 25
Film Deposition Released Radius of Curvature Polysilicon Thickness (um)
7 Thickness | Temperature (m) w22 o5 1o i 2w
/ °C Predicted M 5 ;_NT 300 \_/_\/’_k + 300
Ve anihioi (pm) (C) redicte easure g ] . 1ue
B 100 4 4 100
0.82 570 -0.17e-2 >-0.15¢-3 8 ,
b7
1.34 570 -0.80e-2 | [-0.2e-2,-0.18¢-2] E _615°C
3. .
0.56 615 0.45¢-3 0.36¢-3 8 = /—
1.12 615 0.70e-3 0.75¢e-3 509+ - ™ - o
Polysilicon Thickness (um)

In this work, researchers deposited and released LPCVD polysilicon. To
determine the through-thickness stress gradient, they etched the topside
Siaway in 100 nm increments using a chlorine plasma, measuring the
cantilever curvature at each increment.

Wang, Ballarini, Kahn, and Heuer, / MEMS, 2005
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Cantilevers for Fatigue:
Fatigue of Micromolded Alloys

Bending
Deflections

O-m'ax
(tension)

0.8 -

04

Applied Max Stress / Ultimate Strength

0 RS NI S St S SIS S R R 1 SR S U8 8 41+ SR S S Y
1000 10* 10° 10° 10’ 10°

Ly b

Number of Cycles to Failure
Grain Size ~ 3000 nm Grain Size ~ 100 nm Grain Size <50 nm
Ultimate Strength ~ 500 MPa Ultimate Strength ~ 1500 MPa Ultimate Strength ~ 2000 MPa

) Sandia National Laboratories
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' 3.2 Residual stress indicators

?
-.n» HH Im”mn “ munaw@ -.- [{][]1I ”””]I

"l have a lot of stress."
SIPLRNS

ﬂ'l Sandia National Laboratories
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%\Ion-Symmetric Single-Arm Indicator

First(?) Work Using Pointer

Sructure:
« A non-symmetric design is robust against buckling, Drieenhuizen et. al.,Sens. Act. A,
hence a“better” design for thin films than double arm pointer. 37-38, 1993, pp. 756-765. 5 —(—l
* Limitations include longer area/footprint for same resolution, — A mmAn—
multiple buckling criteria | |
&= Deflection L. !
2Lco 1 B = Width 1 B
e= L = Length 1<
3LiLs C1 O = Offset v Y
t = Thickness £ A
Subscripts
N\ 2 SUDSCIIPLS
1— (%) ¢ = Coupling beam I
Ci= — i = Indicator beam L, DG
1 ( Lc) s = Jpecimen beam "'H'_BS
7Z'2 Bch3t2
Eurit = ...for..all a2
472_28 L 2t2 SBCBLS3
CL.S
Eurit = 57— - fOr...Be >t Ar2B3L 2 u
3Bs’Le Eurit = o ..for..Be<t
S Cc

Lin et. al., JMEMS, 6, 1997, pp. 313-321.
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-Pointer resolution: 12.1 ue ~ 1.6 MPa (old, SOI 12)
-Pointer resolution: 3.0 pe ~ 0.39 MPa (new, SOI 14)

Vernier: 4.00 vs. 4.25 um pitch with mask resolution of 0.25 um

ual Stress of MUMPs Silicon (poly and mono)

AR RRARN

STRESS, |STRESS,

PROCESS LAYER WSTRAIN | MEASURED |VENDOR

{um/m } {MPa} {MPa}

SOl, 10-um sol -30.5+11.9 -3.9+15 N/A

SOl, 25-um SOl -8.8+6.3 -1.9+24 N/A

PolyMUMPs Poly-1 53.2+7.4 86+1.2 -4.4

PolyMUMPs Poly-2 -946+9.3 -15.3+15 | -12.7

PolyMUMPs Poly-1+ Poly-2 -21.6+11.6 -35+1.9 N/A

SOl, 10-um Metal-1 on SOI 4018.8+17.0 | 312.3+13 N/A

S0l, 25-um Metal-1 on SOI 2671.9+1.8 | 207.6+0.1 N/A

PolyMUMPs Metal-1 on Poly-2 479.8+110.2 | 37.3+8.6 19.1

PolyMUMPs | Metal-1 on Poly-1 + Poly-2 | 811.3 +30.2 63.0+2.4 19.1 Toum
PolyMUMPs | Oxide-2 in Poly-1 + Poly-2 | 5703.2+19.5 | 410.6 +- 1.4 N/A F——1  ET=1000kv W= 22mm SignalA=SE2  FileName=Siress 2 fideg 01K

m

-

- - g

Miller, Boyce, Dugger, Buchheit, and Gall, Sens Act A 2007

Slide 49 !‘I'I Sandia National Laboratories

Brad L. Boyce, TMS 2008 Tutorial on Methods in Small-Scale Mechanical Testing




FIG. 2. Scanning electron] micrograph of a poly-51C microstrain gauge used
to measure residual stress and strain. The inset shows a higher magnification
micrograph of the verniers after release, indicating a residual tensile strain
of 0.038% (residual tensile stress of 150 MPa).

Bellante, Kahn, Ballarini, Zorman, Mehregany, and Heuer, App/ Phys Lett, 2005
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Residual Stress in SiC using
A Double Double-Arm Indicator

The residual stress in SiC
deposited in an atmospheric
pressure chemical vapor
deposition chamber (APCVD)
ranged from 149-214 MPa, “due
to the vagaries of our CVD
reactor”.

) Sandia National Laboratories
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3.3 Tensile testers
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(a)

Fixed retaining ring
with self-aligning pivot

XY
Stage

Slide 52

Gage Section Free ring end

XYZ
Stage

Tungsten
Probe Tip
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ensile Strength of Microfabricated Si

(a)

Fixed retaining ring

with self-aligning pivot Gage Section

Free ring end

(d) 14 i

* Room Temperature :
12)__ 800¢ e T
Poly 3 Layer . £ 11.71 mN
10 }150.um.gape length J..f"
—~ 2 pm gageiwidth
€ glabar f o
(O}
O B el .
o
L
Load JEEEEE G b
----------------------- S ample IDs:
374-47..4
Tungsten XYZ i 374-44..b
Stage 15 20

Stage  Probe Tip ;
Actuator Displacement (um)

Boyce, Grazier, Buchheit, and Shaw, J MEMS, 2007 B.L. Boyce etal., J. MEMS 16:179-90, 2007
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ensile Streng

ini

ot

o
(o]
T

Probability, P
o
'

L ®i s, ja e, § o 1

0.0 —

Gle > 4 m

Poly1 30um
Poly1 150um
Poly1 750um
Poly1 3750um

Poly2 30um

+  Poly2 150um
+  Poly2 750um
“  Poly2 3750um

Poly3 30,m
Poly3 150um

- Poly3 750um

Poly3 3750um

Polyd 30um
Poly4 150um
Poly4 750um
Polyd 3750um

= Poly2T 30um
v Poly21 150um
4 Poly21 750um
1l Poly21 3750um

0.0 05 1.0 15 20 25 3.0

Failure Stress, o, (GPa)

Each of SUMMIT’s 5 layers has a
different strength.

m

P=1-exp — g
Oy

Boyce, Grazier, Buchheit, and Shaw, J MEMS, 2007
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Gage Sect

Failure Stress (GPa)
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th of Microfabricated Si

Free ring end

0.0

| L
1000 10000
Gage Surface Area (um®)

100

The strength of silicon depends
on the size of the MEMS
component (so-called “Weibull
Size Effect”)

100000

Sandia National Laboratories



Perforated Tensile Bar
(Chasiotis and Co-workers)

Ipm 27500 Zymx

K=3 K=6 K=8

[ AL -

"

Gpm 400X

A glass grip with UV adhesive is used to affix to
I these relatively large tensile bars with various
perforations in the middle of the gage section.

SUBSTRATE

Knauss, Chasiotis, and Huang, Mechanics of Materials,2003

TING LAYER
SUBSTRATE
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Perforated Tensile Bar
(Chasiotis and Co-workers)

x (pixels)
100 200 300 400 500 600 700 800 900

U displacement Test Elastic modulus, £ (GPa Poisson’s ratio, v
Pl ] ]

Load Direction Hole radius = 6.3 pm (measured)

TF 1 162.5 0.22
- 2 158.7 0.25
5.0 3 150.8 0.18
. 4 146.8 0.16
;C.lll 3 159.5 0.15
10.0 4 Average 155.6+6.6 0.204+0.04
Hole radius =6 pum (nominal)
— 1 138.9 0.18
Fixed Side 2 136.6 021
(m)  (piels) 3 128.0 0.12
4 125.0 0.13
5 135.4 0.13
200 300 400 500 600 700 800 900 U disptacerment
Load Direction gooo| ,I & - s » Average 133.4+5.9 0.15 £0.04
‘- F 18.9 1.3
16.6 11
14.2 0.9
"N Through the use of AFM-
g based microDIC, the inverse
47 .
e hole problem was used to
Fixed Side .
o accurately determine the

elastic modulus and
Poisson’s ratio for
polyMUMPs Si.

Cho, Cardenas-Garcia, and Chasiotis, Sens Act A, 2007

Sandia National Laboratories
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Digital Image Correlation

Pixel value at (x+i; y+j) | Pixel value at (x+u+i; y+v+j)
(c) o=10; £,,= 07 & :
: - : n/2

V)= D (L(X+i,y+ )= (X+u+i,y+v+j))*

F i,j=—n/2

Image before motion

Image after motion

n: subset size (9 in our example)

Displacement (disparity)
Correlation function From Correlated Solutions — SEM short course

Numerically, this is an inverse problem to solve for the rigid body motion and
deformation field that minimizes the correlation function: a scalar pixel intensity
difference for a matrix of pixels.

See: Cheng, Sutton, and Schreier, £xp. Mech., 2002.; McGinnis, Pessiki, and Turker, £xp. Mech., 2005; Kang et al. Acta Mater. 2006
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Straight
o Side-wallarea
=== Totalarea

Notched

""" Side-wallarea
=== Total area

— Volume

Straight Experimental
Straight (Ear Failures)
Curved Experimental
Motched Experimental
Curved Weibull Fit

0.0 l]:.'l 1:0
Strength (GPa)

15 20

These 3.1 mm long mini-tensile samples are quite large
compared to many other MEMS designs. They were
gripped with conventionally-machined Al grips and

actuated with a motorized stage. Failure initiation was

often at the fillet corner, at sidewall etch grooves (i.e. so-

called “curtain” defects).
Sharpe, Jadaan, Beheim, Quinn, and Nemeth, / MEMS, 2005

Sandia National Laboratories



iIre Bending or Membrane Tension
(Using MEMS Holes + Nanoindenter)

Elm Single discretized events Work hardening
18 | |
Kis et. al,, Nat Mat, 2004 wsoly  SPeCmens, '- /et |
oy, o similar to bulk —— 1 e
Gauge Area Line- I d Tip Mﬂmb,-am %m .1'_::____:.., I
l Silicon Substrate g e al
/ :% ; '.'::' j:'-:'- ‘I'1p \\‘E‘hgixgaelest] -
Eunload =54, 62 GPa . .\ -
Winterferometric 0 2 4 6 8 10 12 14
Objective Apparent strain {%m/m} € up to~13%
Espinosa et. al, J. Mech. Phys. Solids, 2003
Limitations
Lh R . . .
= /hz (52 -1 Accurate determination of tip geometry
c=— o AL_ 2 -Placement accuracy of tip
A L Ln -Assumptions:
- No deformation at contact region
P
Fr=

- No ¢ concentration at attachment

25in[tan‘1[[]]] - Symmetry, uniformity
h
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ra
“ation

zment
ling

applied load
P = 50 mN/um

stress o,,
(in GPa)

26KV X168 168¢m WD3O

GD Quinn, ER Fuller Jr,

D. Read JD McColskey, Y-W Cheng

Brad L. Boyce, TMS 2008 Tutorial on Methods in Small-Scale Mechanical Testing

h

er Passive micro-Tensile Methods

Sandia National Laboratories



| Wtonomous Fracture Toughness Test
Using a Residual Stress Actuator and an

Indent Precrack

A 500 um B
pre-crack olyellicon Polycrystalline SIC Fracture Toughness Results
Si0, anchors 50 - _ W = o propagation ()= propagation 1o failure Film
indent silicon substrate 4.5 - ) )
o ]

E 4.0

& 35

BE11}152!325353:54:04:EEIUEI5ED
Crack Length [im]
Kahn, Ballarini, Bellante, and Heuer, Science, 2002 Bellante, Kahn, Ballarini, Zorman, Mehregany, and Heuer, App/ Phys Lett, 2005

In this work, the beam was doubly clamped to the substrate. During
fabrication, residual stress is built up in the SiC layer. Prior to release, an
indent is used to “precrack” the beam. After release, the residual
tensile stress “tests” the beam. From these tests, the fracture toughness
was determined to be in the range of 2.8-3.5 MPavym. These specimens
show no signs of static stress-corrosion cracking.
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Outline

1. Introduction
2. MEMS fabrication technologies

3.  Examples of passive devices for nanomechanics

4, Passive device technology

1. Advantages of Passive Devices
2. External and Passive Actuators
3. Displacement and Strain Sensors
4. Force and Stress Sensors

5.  Examples of active devices for nanomechanics

6. Active device technology

ﬂ'l Sandia National Laboratories
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4.1 Advantages of Passive Structures

External sensors can be readily calibrated against
known standards.

Structures do not require on-chip actuators or
sensors so they take up less real estate.

Structures can be easily used as process and
lifetime health monitors, since the evolution or
degradation does not affect the off-chip sensors.

Structures are relatively simple leading to greater
chance of first-fab success.

External sensors and actuators are not limited by
the fabrication process.

Brad L. Boyce, TMS 2008 Tutorial on Methods in Small-Scale Mechanical Testing m Sandla National Laboratories
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Electrodynamic (motorized screw) stages

-Based on Lorenz force generated with a current-carrying conductor
in @ magnetic field

-Rotational motion converted to linear motion often using gears and
a screw

-Resolution depends on motor rotational accuracy, gearing, and
screw pitch.

-Resolution also typically limited by the bearing configuration and
possible ingestion of particulates in the gear/drive train.

-Travel can range from <1 um to >1m.

-Best resolution achieved when coupled with a feedback-controlled
displacement sensor (i.e. glass-scale encoder, LVDT, capacitive plate,
etc.)

-Can be geared for high force output (20,000 lb Instron!)

-Low cost and extensive availability.

-See www.newport.com for examples of lab-grade stages

Piezoelectric actuator

-Based on voltage differential applied across a piezoelectric ceramic.
-Due to non-repeatable hysterisis, high-resolution applications
require feedback control from an appropriate displacement sensor.
-High-voltage feedback-controlled drive systems can be somewhat
expensive.

-See /www.physikinstrumente.com for examples of lab-grade piezo
actuators.

Brad L. Boyce, TMS 2008 Tutorial on Methods in Small-Scale Mechanical Testing

4.2 External and Passive Actuators
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Electromagnetic actuator

-Relies on electromagnetic force

-Can be high resolution (sub-um): basis for Bose Electroforce system
and MTS Nanoindenter XP actuation

-see www.bose-electroforce.com for examples of electromagnetic

actuators (in the high-force rage). See mts nanoinstruments for
examples of nano-scale electromagnetic actuators.

Hydraulic / Pneumatic actuators .'

-Traditional actuation method for servohydraulic loadframes
-Reliance on seals makes high-resolution applications challenging.
-Typically used for mini-to-macro scale testing.

-see www.mts.com for examples of conventional hydraulic actuators
for mechanical testing.

Optical Tweezers

-uses a focused laser beam to provide an attractive or repulsive force,

depending on the index mismatch (typically on the order of
piconewtons) to physically hold and move microscopic dielectric
objects

-1997 Nobel prize in physics for Steven Chu

-Force limited

Expander

Brad L. Boyce, TMS 2008 Tutorial on Methods in Small-Scale Mechanical Testing
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4.2 External and Passive Actuators

Microscope
llumination

S
s < $
Dichroic
Mirror &5
Position

Detector

Condenser

Microscope
Objective

Steering
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in Film Strain Gage

-Operates by resistance increase with elongation and Poisson contraction
of an electrical trace.

-Requires direct attachment to deforming substrate, typically using epoxy
adhesives with limited ductility (<15%)

-Reqgiures >1 mm? (typical) , averages strain over the “active gage region”
-Appropriate for high-speed strain measurement (>100 kHz)
-Temperature range limited to the epoxy adhesive and thermal expansion
compensation.

-Cheap and relatively easy to use.

-"Gage Factor” calibrations available with purchase

-Requires an amplification circuit and a wheatstone bridge.

-see www.vishay.com/strain-gages for examples of strain-gages

Extensometer

-Large, strain-gage based point-to-point displacement measurement over
a gage length.

-Typically not used for small-scale testing

-see www.mts.com for examples of extensometers

Interferometer

- Measures the interference pattern observed between incident and
reflected waves, with displacement resolution much better than the
wavelength of the light.

-Requires a reflective surface (i.e. non-transparent)

-Resolution of ~nm is typical with a white-light interferometer

-optical axis is paralllel to the displacement vector therefore in MEMS it is
typically used to measure “out-of-plane displacement”, and is challenging
to employ for in-plane displacement.

-see www.zygo.com for examples of interferometers.

Brad L. Boyce, TMS 2008 Tutorial on Methods in Small-Scale Mechanical Testing
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i ; '3 Displacement and Strain Sensors

4, Direct visual measurement

Slide 67

-Typically uses optical or electron microscopes.

-Resolution typically limited by the wavelength of the imaging medium
-Techniques such as digital image correlation can be used to obtain sub-pixel
deformation resolution.

-Requires a line-of-sight and manual or automated image analysis.

Capacitance . o B{W \ 2 omechanical

-Resolution dictated to first order by the size of the capacitor, distance between T:j E

plates, and the dielectric constant of the medium between the plates. S Test Instruments

-Can be used for high-resolution applications: the basis for Hysitron sensing. YSitrO n In C
’ | ]

Linear Variable Digital Transformer (LVDT) v

-Based on a permanent magnet displacing within an electromagent st st reamer et tem
-Typical resolution no better than 1 um.

-Could conceivably be microfabricated

-see LVDTs at www.macrosensors.com or www.sensotec.com

Coil Assembly

Laser Doppler Velocimeter
-Based on doppler effect of reflected laser light -
-Velocity is integrated to determine displacement

-Good for dynamic measurements, such as resonant modes

| Sandia National Laboratories
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4.4 Force and Stress Sensors

ain Gage Load Cell

-Smallest off-the-shelf load cell is 10 g with a resolution of ~10 uN
-Cheap, common, and easy to use. Designed for linearity over the
operating range and overload protection.

-see www.interfaceforce.com for examples of load cells

2.  Quartz Load Washer

-Uses piezoelectric effect o = 2
-Good for transient load measurement %R K*‘*rﬁ,_
-Typically not used for small-scale testing g &ﬁv«( 2
-see www kistler.com for exampels of quartz load washers .

X-RAY DIFFRACTION
! .

SCATTERED
X-RAYS

3.  Diffraction (x-ray and neutron)
-measures the crystallographic lattice constant
-directly related crystallographic elastic strain
-can be converted to stress via “x-ray” elastic constants (i.e. the

particular elastic constant associated with the &
<

0

INCIDENT
X-RAYS

STRUCTURE
MODIFIED FROM WILSON (1987)

4.  Proving Ring or “Optical Load Cell”

-Optical measurement of deflection of an elastic member with
known stiffness such as a ring or cantilever beam.

-Resolution limited by the displacement-measuring resolution and
the compliance of the elastic member.

Any displacement sensor can be used as a force sensor when it is coupled with an elastic member
of known stiffness. Interferometery, capacitors, etc can all be used as force sensors.

l'llj Sandia National Laboratories
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' Outline

1. Introduction

2. MEMS fabrication technologies
3.  Examples of passive devices

4,  Passive device technology

5. Examples of active devices
for nanomechanics

1. Electrostatically actuated devices
2. Thermally actuated devices

6. Active device technology
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Active Cantilever Adhesion Structures

0
Analytical solutions
at fixed crack length
landing pad so0l | i
1 o load (g=0)
cantilever | =100 pl/m?
4 1
E-moo - 4=5 kN/m?
> L =10 kNim? 1=47.5 pJim’
r=14.3 pJ/m’
-1500 +
g=15 kN/m*
r=0.5 pJ/m?
_2000 | Il L L 1 L L
0 100 200 300 400 500
x-position (um)
Fig.2. Analytical solutions to the beam deflections for a crack length of 526.4
M (Gmax = 16079.6).
a®q*(4s —3a)®  qa’h ,
Gy = Go+ —pee gy — 5 (s — 3a). o
A Beam deflections at 30 V
© Experiment
T2hD

Fu(x) = [

Slide 71

2 ()] boe(2)

The electrostatic cantilever allows the 0o 20 a0
determination of work of adhesion as a function of
force per unit area, g. The force Fis a function of
the applied voltage If,;and the distance between

—— FEM simulations

q < Gmax = 500 |

a’(4ds — 3a)’

Increasing adhesion:
-1000

v {(nm)

-1500 |

P R T T e
600 800 1000 1200 1400

x-position (um)

Fig. 8. Experimental and calculated beam deflections for an actuation voltage
= 30 V. The adhesion values shown are 2, 2.8, 3.6, 5, and 7 ,uJ/m?

Knapp and de Boer, J MEMS, 2002

h

the beam and pad y(x).
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Active Cantilever Adhesion Structures

I ¥ L. T I L] L] L] I
F <~ 27
RH=30% F measured uniform summit height
E data
; E
3 E|
- Gaussian .
e Gaussian height -
Fig. 2 Interferograms of crack length s vs. RH (p/p.) after 40 h exposure (Elﬂp]ﬂg dis‘h‘ib]]_tiﬂn 7
F cutoft) %
rlgld /unsam{ated Saturated ]D". [ L | I | L 1 1 I i i | i L I
lane . : 0.2 0.4 0.6 0.8 1.0
/p contacting bridging contacting asperity Relative Humidity (parti‘z}l pressure of water vapor)
L - -~ s s p ‘.'.’JS
----- .;_—-—\]K-—-—-—-—-—-—-- <« mean Fig. 10 Adhesion versus pip, trend for measured data and the
plElI'lE model with Gapssian and Gaussian-cutoffl distributions. Also

Slide 72 Brad L. Boyce,

equation (11), the wuniform summil height model with free
parameter M, 15 plotted (similar results are obtained with a
steep Gaussian cutofl at d/a=1.7). The results can be rational-
ized if there 15 a topographic correlation between the upper and
lower surfaces (see text)

The capillary effect on work of adhesion depends on the
uniformity of the asperities and the relative humidity.

de Boer, Exp Mechanics, 2007

) Sandia National Laboratories
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MIT Fatigue Resonator

6 T I I
.
£ 3 LR
V) N
= ] SR
% 4 L. o [mi O o o— -
e T~ —
)
b7y ml‘lk S
.L_} 3 A ™R S_— )(_;..X_R—&
—_— ‘___
¥ a Y Y
E 2L ]
g — — - MUMPs 18 ambient
R 4 MUMPs ambient
» A MUMPs »95% RH
s | L X  MUMPs high vacuum N
> = SUMMIT ambient EQ.QSpm)
a  SUMMIT ambient (2.5 um
- o SUMMIT high vacuum {2.5umj}
100 wm pyhistein, Stach, and Ritchie, Acta Materialia, 2002 10 pm 0

0> 10 107 108 10° 10" 10" 10"
Cycles to failure

Alsem, Timmerman, Boyce, Stach, DeHosson, and Ritchie,
Acta Materialia, 2002

The MIT fatigue “resonator” uses one bank of combs for electrostatic
actuation and the other bank of combs for capacitive displacement
sensing. The device is operated at resonant frequency to induce
sufficient stresses at the notch tip to cause fatigue failure.

| Sandia National Laboratories
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Kahn, Chen, Ballarini, and Heuer, Acta Materialia, 2006
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Sidewall MEMS Tribometer

Three variants of the MEMS sidewall tribometer are shown
here. In all cases, 2 or 3 independent comb drive actuators
apply normal and tangential forces. Direct optical
observation of displacements and force-voltage
relationship leads to quantiative measurements of

A adhesion, static friction, and dynamic friction.

Images Courtesy of Michael Dugger, Sandia National Labs m
Brad L. Boyce, TMS 2008 Tutorial on Methods in Small-Scale Mechanical Testing
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Sidewall MEMS Tribometer

R%I% of FOTAS SAM Coating on Friction Coefficient

2 mN applied load |
- T N, environment
. c
rocess image data to calculate o 06f T 1
forces =
Fad = Funioad = Fioad + Fi 8 04
— adhesion =a(V2-V,2) + kx © B4
o
e Fee = Fousn— Four - F =
— static friction fro 7 puh eull T 2 Ll
= a(Vslip ) L '
— dynamic friction Fo =kax <aturation
00 n 1 n 1 n 1 n 1 n
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Timed Image Capture ) 14
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&

Partial Pressures of Pentanol provide “Vapor Phase Lubrication”
Days of Operation

107 10° 10° 10" 10° 107 10' 10° 10'
o107 Dry Dev 1 @ Device
= 1l . Drv Dev. 2 Failure
0 0.8 y :
O ¢ Dry Dev. 3
O .
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o J| © 953%P/Psy
S 0adl o o5s3%mpPsal. " NO Device
- ‘? Failure -
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Asay, Dugger, Ohlhausen, and Kim, Langmuir, 2008
Asay, Dugger, and Kim, 7ribology Letters, 2008
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=~ Nanotractor Inchworm Actuator

y = -
Y. splacement auge
It Bans |
1 1 ————
1 standoff i ‘ (2 of 4) 2
] 1 = _ 8§ 3§ 1§
(c) i frictional fricti 1 i \
i |!I . I !l i ; iction clam aetuation plate
Il — 1 electrode stop P .
Il -
: A *: r" Y plate Y
| electrode P4
1.5 Um P2
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b} W, =25um | &= 0.5 jm Wi = 50 pim

leading
p

Ve ?
Fe(Ve) = 2epweLe | —
c

frictional counter stop

The nanotractor moves 100 ym in

A2 50 nm steps. The nanotractor

S T permits tribological studies of

flat-on-flat contact when the top-

=] surface of p0 contacts the
bottom-surface of the p12 dimple -

e cut. Normal contact force is e

controlled by the clamp voltage.
Flater, Corwin, de Boer, and Carpick, Wear, 2006

!‘I1 Sandia National Laboratories
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Nanotractor Inchworm Actuator
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de Boer, Luck, Ashurst, Maboudian, Corwin, Walraven, and Redmond, / MEMS, 2004
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(b) wear cycle (d) wear cycles

Flater, Corwin, de Boer, and Carpick, Wear, 2006

Sandia National Laboratories
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%ectrostatically Actuated Loadframe
For "1D" Nanostructures

(a) (b)

() 1000

@ fibril A -
[1fibril B
800
g O
® without fibril s 600 0
25 | A with fibril A ad e
2 20 A g 40[} B E
[
2 15 A E
g 1 extra force = 0
é A needed to 200
10 ¢ A strain fibril
51 “ .... ﬂ ﬂ_ﬂﬂ Eﬂﬂm |
, annneblace®? 0.1 02 03 04 05

1 2 3 4 5 6

. eulerian strain
displacement (um)

Type | collagen fibrils were manipulated using a pulled-glass micropipette tip with
a micromanipulator. They were affixed to the MEMS test structure with epoxy. The
resulting stress-strain curve of fibril B exhibited the expected non-linear response
with a “toe” region. This behavior may also be attributed to the taking-up of slack
in the system (?)

Eppell, Smith, Kahn, and Ballarini, Proc Royal Soc Interface, 2006
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5.2 Thermally Actuated Devices

100 pm
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Laser Thermal Actuator

Rayleigh Beam
Range ;
Z-7 Diameter

Actuator

Buckling

beam

Y, | ,wn-m
B

F7 Actuator
farce, F = V2

Fig. 4. SEM image of the bhistable MEMS device.

Sulfridge, Saif, Miller, and O'Hara, / MEMS, 2002
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| “ermally Actuated Loadframe for “1D”
Nanostructures

Specimen A\ L\ Y . Device Chip Sensing IC Chip

HMJM_F_ML & & e

:

I synchrmous output 1

| =
| ® ' demodulator vnllage

]

. uuwmmw G

= 200 um Folded Beams — =¥ yire
— T Backside Window .-L-L——.L.

Operation

«displacement range ~ 500 nm
eapplied force range ~ 6 uN
*K =11.8 N/m

. . 20
MWCNT Fract_ured in Zhu,Moldovan,Espinosa MEMS Tester s Test#l

& Test#2
6] ™ Test #3

o Test#4
¥ Test#5

The on-chip test
platform for 1D
nanostructures consists
of a thermal actuator
and differential
capacitance load
sensor. The tool can be

12 4

Stress (GPa)

o 1 2 3 4 5 6 used in an SEM, and
Strain () conceivably in a TEM.
Espinosa’ ZhU, and Mo|dovan’ jMEM_S 2007 Fig. 14.  Stress—strain curves for the tested MWCNTSs. See text for definition

of cross-sectional area.

Zhu, Moldovan, and Espinosa, App/ Phys Lett, 2007
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“d-Place” Techniques for Nanowire Loading

)

Pick & place sequence for Au wire (300 nm &, 4 um space

Miller and Boyce, unpublished
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Electrodeposition  Vapor-Liquid-Selid Removal from Membrane

“Perfect” Si without etch defects?

& —e— 340 nm diameter S1 nanowire |

=0.9937

1 1 1 1

Growth
43. Redwing, I.M., Lew, K.K., Bogart, T.E, Pang, L., Dickey, E.C., Carim, A.H., 12
Wang, Y., Cabassi, M.A., Mayer, T.S. Synthesis and properties of St and Si/Ge/Si . ' ' '
nanowires. in Quantum Dots, Nanoparticles, and Nanoclusters. 2004. v =142.7x + 0.2993
Bellingham, WA: SPIE. 10F .
R
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Lauren Snedeker and Chris Muhlstein, Penn State Univ.,, unpublished m
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Outline

1.  Introduction

2. MEMS fabrication technologies
3.  Examples of passive devices

4,  Passive device technology

5. Examples of active devices for nanomechanics

6. Active device technology

1. Advantages of on-chip testing

2. On-chip actuators

3. On-chip displacement and strain sensors
4, On-chip force and stress sensors

Sandia National Laboratories
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6.1 Advantages of on-chip testing

No need for costly lab equipment for evaluating
the behavior of the on-chip structures.

Microscale sensors and actuators are amenable
to /n situ techniques such as in a TEM.

Microfabricated sensors and actuators can
benefit from the close design tolerances.

Sensors and actuators are inherently mated and
aligned to the test structure.

Tests can be executed electronically and are
readily automated.
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trostatic Actuator

-Typically operates with a large voltage gradient between
interdigitated combs (150 V is not uncommon).

-Low force output (<<1 mN typically) or large real estate
-Sensitive to contaminants and debris

-Force of comb-drive actuators proportional to voltage squared.

Thermal Actuator

-Relies on thermal expansion caused by Joule heating

-Results in local heating of the structure

-Displacement and force can be optimized by adjusting the number
of legs, leg angle, temperature, etc.

-Temperatures should be kept low enough to avoid any permanent
damage in the actuator (i.e. creep)

Residual Stress Actuator

-Relies on residual stresses induced during fabrication, such as by

differential thermal mismatch between silicon and silica.

-Typically high force output.

-Displacements limited by the strain in the component multiplied by
the length of the stressed element.

-This is really a passive structure, since it can not be re-actuated after
fabrication.

Piezoelectric Actuator

-Requires fabrication from a material that exhibits piezoelectric
behavior.
-High force output, limited displacement output.
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Features for visual measurement

-Requires line-of-sight to the objects of interest

-Can use optical (low resolution), electron microscopy, or even AFM
(see Chasiotis and co-workers with digital image correlation).
-Relatively easy to employ but difficult to automate

Capacitive Sensor

-Relies on the change in spacing between two conductors separated

by a dielectric.

- Very small (<pF) capacitance changes typically associated with
displacement requires high-sensitivity techniques for capacitance
observations.
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'6.4 On-chip force and stress sensors

Force is not a directly measurable quantity. It is measured indirectly,

typically through observations of deflection of a structure of known

stiffness. Therefore, displacement and strain sensors are also used as
force sensors in conjunction with an elastic member.

Slide 89 Brad L. Boyce, TMS 2008 Tutorial on Methods in Small-Scale Mechanical Testing m Sandia National Laboratories




k ' ' Summary....

Microfabrication is a pathway to study the nanomechanical
behavior of all things small. The dimensional tolerances
associated with microfabrication are the key to their improved
performance over conventional mechanical behavior techniques.
The pallate of available MEMS techniques is already broad, and
growing every year.

Fig. 4 Schematic depiction of
MEMS for cell mechanics em-
phasizing the use of compliant
beams. The actuation in each
device is depicted by an arrow.
A denotes a displacement im-
posed by an external actuator.
Foomis Focits Fapps reler to forces

imposed by an electrostatic
comb-drive actuator, the cell, or
1-D CELL

omb-dive e e MICROPILLAR
other actuator respectively. PROBE PROBE ARRAY (Side View)

F qense denotes load measurement
by optical imaging of beam
deflection (note that they are not
necessarily imaged at this loca-
tion). Asense denotes the mea-
surement of displacement by
optical microscope. See Table 2
for references for each device

MECHANICAL PICONEWTON HEART CELL FORCE
TESTING PLATFORM FORCE SENSOR TRANSDUCER

el -
I %

UNIAXIAL BIAXIAL TRACTION
STRETCHER STRETCHER PADS

‘ Biological Specimen . Anchor to Substrate

Loh, Vaziri, and Espinosa, £xp Mech, 2007
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