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w  Surface-Micromachining Process Flow
" UG Berkeley,

. h"
Oxide Hard Mask ) y Dtgp_?_si? oxide%«g‘d mask
arget = nm
Aatqtat s G Ly i < 25 min. LPCVD @450°C
3‘( SPrPrP*PPPEP ﬁ-swessAnneal—*o‘n\-fﬂ'.P
L 1 hr. @ 1050°C  oxde
% Or RTA for 1 min. @ 1100°C
in 50 sccm N,

?

* Lithograph to define poly2
structure (e.g., shuttle, springs,
‘ drive & sense electrodes) using
the POLY2(cf) mask
% Align to the anchor layer
% Hard bake the PR longer to
make it stronger
* Etfch oxide mask first
% RIE usingz HF ;/CF ,/He
- @350W,2.8Torr

* Etch structural élaolllls“/%on
4/ 1e/ 0

I

=

Il

% RIE using C
@300W,280mTorr

% Use 1 min. etch/1 min. rest
increments to prevent
excessive temperature

w  Surface-Micromachining Process Flow

" UC Berkeley,
]
B:? | * Remove PR (more difficult)
: 2 : % Ash in O, plasma
% Soak in PRS2000
- Wafer * Release the structures

Hyd:filduorlc % Wet etch in HF for a
Release ‘ calculated time that insures
Etchant complete undercutting

% If 5:1 BHF, then ~ 30 min.
Free-Standing & If 48.8 wt. % HF, ~ 1 min.

Polysilicon Beam « yeep structures submerged in DI
/ water after the etch

7
R\—/ | * Transfer structures to methanol

L .
‘ * Supercritical CO, dry release

. Polysilicon Surface-Micromachined Examples

" Uc Berkeley

* Below: All surface-micromachined in polysilicon using variants
of the described process flow
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Folded-Beam Comb- Bch)gn Resonator

Free-Free Beam Resonator

w  Structural/Sacrificial Material Combinations
i UC Berkeley

Structural Material Sacrificial Material Etchant
Poly-Si Si0,, PsG, LTO HF, BHF
Al Photoresist O, plasma
Sio, Poly-Si XeF,
Al Si TMAH, XeF,
Poly-SiGe Poly-Ge H,0,, hot H,O

* Must consider other layers, too, as release etchants
generally have a finite E.R. on any material

* Ex: concentrated HF (48.8 wt. %)
% Polysilicon E.R. ~ O
% Silicon nitride E.R. ~ 1-14 nm/min
% Wet thermal SiO, ~ 1.8-2.3 um/min
% Annealed PSG ~ 3.6 pm/min
% Aluminum (Si rich) ~ 4 nm/min (much faster in other Al)
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% Difficult to tell if a
structure is stuck to
substrate by just looking
through a microscope

* Residual Stress in Thin Films

% Causes bending or warping of
microstructures

% Limits the sizes (and
sometimes geometries) of
structures

* Topography

% Stringers can limit the

number of structural levels

& Wet Etch Rates (f/ K. Williams) s Film Etch Chemistries

U Berkeley — — U Berkeley,
L= == = * For some popular films:
- Jalalslelmln
=y AT Material Wet etchant | Etch rate Dry etchant | Etch rate
T = 1T [nm/min] [nm/min]
T N Polysilicon |HNO,H,O: |[120-600 SF,+He [170-920
e - K L 1 NH,F
=== [= L) Il Silicon H,PO, 5 SFs 150-250
i === R EIED i
| KoM 1 KM -3 M0y wegi T comtee || | DD Wl w| | T ol ¥ ™

e - K | Silicon HF 20-2000 CHF,+0, |50-150

S SR % BE e
T - INEEEEERES Aluminum | H,PO,HNO,: | 660 Cl, +SiCl, |100-150
u.nji-ii T T g n: g g e @ e ,:! a CH3COOH
e == 177 J ‘ U117 Photoresist | Acetone >4000 0, 35-3500
= [l I I I B [ Gold KI 40 n/a n/a

& Issues in Surface Micromachining o

" Uc Berkeley " UC Betkeley,

* Stiction: sticking of released Beam -

devices to the substrate or to | F:‘_’:::—lm‘
other on-chip structures Substrate

Microstructure Stiction
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5 Microstructure Stiction
7 c Berkeley
* Stiction: the unintended Rinse Liquid Anchor
sticking of MEMS surfaces s;it Beam Wide Beam

* Release stiction:
% Occurs during drying after
a wet release etch

% Capillary forces of droplets =
pull surfaces into contact ..;=-’|
% Very strong sticking forces, —

e.g., like two microscope

slides w/ a droplet between :;:‘{i’
* In-use stiction: when device

surfaces adhere during use

due to:
% Capillary condensation

Substrate

% Electrostatic forces Beam Stiction
% Hydrogen bonding e

% Van der Waals forces [Elstae

N Hydrophilic Versus Hydrophobic
" UC Berkeley,
Tk e
N Y-

Lotus Surface
[Univ. Mainz]

* Hydrophilic: —

% A surface that invites
wetting by water — —

% Get stiction | P,

% Occurs when the contact

angle 6,0, < 90° _——

* Hydrophobic: \ |
% A surface that repels

wetting by water .
% Avoidsgsﬂ)::ﬂon Hydrophobic case Plz
% Occurs when the contact — =
angle ewafer > 90° _— I Py _|

Hydrophilic case P,
1d
|

) Microstructure Stiction

me
" Uc Berkeley

Wetted Area [F «— Force Applied to
N Maintain Equilibrium

Microstructures A
i Liquid Layer

I g/ Thickness

Contact
Angle

* Thin liquid layer between two solid plates => adhesive

* If the contact angle between liquid and solid 0.<90°:
% Pressure inside the liquid is lower than outside
% Net attractive force between the plates

* The pressure difference (i.e., force) is given by the Laplace
equation

Copyright @ 2017 Regents of the University of California

4 Microstructure Stiction Modeling

L
" UC Berkeley,

Wetted Area [ «— Force Applied to
\A Maintain Equilibrium

Microstructures
Liquid Layer
/ Thickness

Contact
Angle

laplag Equddion: 5, e Temdon@ l

T,qt/ Yo Lig- hir Tnlafoce F
}ﬁa % e Rudius of Cunvature of #e
Regue Diffecne @ Mevistus (€3 if corcare)

Ll'qw'd‘- Air Tnlerfoce & Fo od o ¢ P
24T cosO He pliler apcfl'
/ . - s 2 = P
T Y 49
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o Avoiding Stiction

" UG Berkeley,

CTN 2/14/19

* Reduce droplet area via mechanical design approaches

— | v

l >

Standoff Bumps

Meniscus-
Shaping Features

* Avoid liquid-vapor meniscus formation

% Use solvents that sublimate

% Use vapor-phase sacrificial layer etch

* Modify surfaces to change the meniscus shape from concave
(small contact angle) to convex (large contact angle)

% Use teflon-like films

% Use hydrophobic self-assembled monolayers (SAMs)

i Supercritical CO, Drying
UC Berkeley
* A method for stictionless drying of released microstructures
by immersing them in CO, at its supercritical point
* Basic Strategy: Eliminate surface tension- derlved sticking by

avoiding a liquid-vapor meniscus ' Supercritical
>
* Procedure: Pe solid liquid S'hFPrcnfkll drying
% Etch oxide in solution “’gwh v Critical
Of HF F—-—Pelﬂt——
% Rinse thoroughly in DI fA.::gMM
water, but do not dry ! fiquid.

% Transfer the wafer
from water to methanol

% Displace methanol w/ liquid CO, o lotga vapon § Kgaid i egeifbion

% Apply heat & pressure to take the CO, past its critical pt.

% Vent to lower pressure and allow the supercritical CO, to
revert to gas — liquid-to-gas Xsition in supercritical
region means no capillary forces to cause stiction

S PO,
o cun s Thra solidly ko 4 gas”

oot
ms

Hydrophilic Versus Hydrophobic

[ UC Berkeley
Ney):
—
oesiai il
contact angle
* Hydrophilic:

% A surface that invites
wetting by water

% Get stiction

% Occurs when the contact
angle 0,4 < 90°

* Hydrophobic:

% A surface that repels
wetting by water

% Avoids stiction

% Occurs when the contact
angle 0,4 > 90°

Lotus Surface
[Univ. Mainz]

Hydrophilic case P,

lfjl -

| P ]
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o Tailoring Contact Angle Via SAM's

m
" UC Berkeley,

* Can reduce stiction by tailoring surfaces so that they induce
a water contact angle > 90°
Self-Assembled Monolayers é
(SAM's): e
* Monolayers of “stringy” (‘ l % .;f — ((f 133 ‘; ¥ ;‘
molecules covalently rujimfli,f,f
bonded to the surface [W' substrate
that then raise the
contact angle
* Beneficial characteristics:
% Conformal, ultrathin
% Low surface energy

CH,(CH,),,SiCl,

% Covalent bonding makes ot
them wear resistant ODT SAM 112+ 0.7°

t%;>Th.e|"mally stable (to a Sio, <10°
point)
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Dry Release

* Another way to avoid stiction is to
use a dry sacrificial layer etch
* For an oxide sacrificial layer
% use HF vapor phase etching
% Additional advantage: gas can
more easily get into tiny gaps
% Issue: not always completely dry
— moisture can still condense —
stiction — soln: add alcohol

* For a polymer sacrificial layer
% Use an O, plasma etch (isofropic,

so it can undercut well)
% Issues:

* Cannot be used when structural
material requires high
temperature for deposition

« If all the polymer is not
removed, polymer under the
suspended structure can still
promote stiction

Encapsulation Si

g

Beams of Tuning Fork  Electrode

Released via vapor phase HF

[Kenny, et al., Stanford]
O ()
B o . i i,

)

()
=

e e

— U}
e 3 AATH

[Kobayashi]

Sealing Oxide
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