Micro Fabrication Basics



Two Dominant Microsystems

« Surface
Micromachining

* Bulk
Micromachining




Surface Micromachining

Based on CMOS manufacturing

» Alternating structural and
sacrificial layers are deposited,
patterned and etched.

 Sacrificial layers are dissolved
away at the end to free the
structural layers so that they can
move.

* Materials are more or less restricted |
to CMOS type materials (Poly
Crystalline silicon, Silicon oxide,
Silicon Nitride, BPSG, PSQG)




Bulk Micromachining

e Consists of elements of surface micromachining i
including deposition, patterning and etching of ‘Asia Pacific Microsystems, Inc.
structural and sacrificial layers. Q. ’

e Also includes bulk dry or wet etching of relatively
large amounts of silicon substrate.

e Structures include high aspect ratio fluidic
channels, alignment grooves and the like coupled
with surface micromachined components included
thin membranes, thin piezoresistors, cantilevers...
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Surface Micromachining Materials

 Sacrificial Layers
— Silicon Dioxide
 Structural Layers
— Poly crystalline silicon (“Poly”)
e Insulators
— Silicon dioxide, Silicon Nitride
* Coatings
— SAM — Self Assembled Monolayer



Surface Micromachining Process
Outline

» Obtain Silicon Crystal Wafers

* Deposit (or grow) thin film material
 Pattern (Photo Lithography)

» Etch (Wet and/or Dry Etch)

* Deposit next film

* Repeat Pattern, Etch, then Deposit again

 Finally release structural layers by “dissolving”
the sacrificial layer away.

» Package and test parts



Cross Sectional View

Structural Polysilicon ] Sacrificial Oxide SiN [

Note: Dimple 3 Backfill = 0.4um
Dimple 4 Backfill = 0.2um

Additional
SacOx 4+Poly 4 { 2.25 um Poly 4 'y
for SUMMIT-V™ 2 pm SacOx4 (CMP)
2.25 ym Poly 3
& 2 pm SacO0x3 (CMP)
SUMMiT-IVv ™ _< 1.5 um Poly 2 )
(4 Poly Layers) 1 um Poly 1 0.3 um SacOx2 13.3 um
0.3 um Poly 0 2 pm SacOx 1 v
(Ground Plane)
R 0.80 um SiN

0.63 pm Thermal SiO,

*Note: In SUMMIT-IV™ SacOx2=0.5um




Surface Micromachining Process

 Start with a Silicon Crystal
Substrate

e Slice and Polish to create wafers

Polish

Single Crystal Silicon Ingot

Ingot

Slice
Walfers



Grow Thermal Oxide

 First layer acts as an
insulator — 1t 1s a
thermally grown
silicon dioxide layer
Si + 02 -> Si02
* Add heat to speed the
growth rate

* Add steam to speed it
up even further

Si +2 H20 -> Si02 + 2H2
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thickness (um)
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Wet and dry silicon dioxide growth for {100} silicon calculated using the data



MEMS deposition technology can be classified in two groups:

1. Depositions that happen because of a chemical reaction:
Chemical Vapor Deposition (CVD)
Electrodeposition
Epitaxy
Thermal oxidation

These processes exploit the creation of solid materials directly from chemical reactions
in gas and/or liquid compositions or with the substrate material. The solid material

1s usually not the only product formed by the reaction. Byproducts can include

gases, liquids and even other solids.

2. Depositions that happen because of a physical reaction:
Physical Vapor Deposition (PVD)
Evaporation
Sputtering
Casting

Common for all these processes are that the material deposited 1s physically moved on
to the substrate. In other words, there is no chemical reaction which forms the material
on the substrate. This 1s not completely correct for casting processes, though it is

more convenient to think of them that way.



Thermal oxidation

Oxidation of the substrate surface in an oxygen rich atmosphere.
The temperature 1s raised to 800° C-1100° C to speed up the
process. The growth of the film 1s spurned by diffusion of oxygen
into the substrate, which means the film growth 1s actually
downwards 1nto the substrate. This process 1s naturally limited to
materials that can be oxidized, and it can only form films that are
oxides of that material. This is the classical process used to form
silicon dioxide on a silicon substrate.

3-zone furnace
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Evaporation

_Wafer caroussel

o
~ T Wafers

e-peam

|
T hérmoionic fdlament

Watet-cooled crucible

In evaporation the substrate is placed inside a vacuum chamber, in which a
block (source) of the material to be deposited is also located. The source
material 1s then heated to the point where it starts to boil and evaporate. The
vacuum is required to allow the molecules to evaporate freely in the chamber,
and they subsequently condense on all surfaces



Sputtering

RF signal
Watencoond
spumer tamet
Counter electrode [ 1 i Ny Warer
I [
Gas inlet Vacuum pump

The substrate is placed in a vacuum chamber with the source material, named a
target, and an inert gas (such as argon) is introduced at low pressure. A gas plasma
is struck using an RF power source, causing the gas to become ionized. The ions are
accelerated towards the surface of the target, causing atoms of the source material to
break off from the target in vapor form and condense on all surfaces including the
substrate.



Casting

In this process the material to be deposited is dissolved in liquid form in a solvent.
The material can be applied to the substrate by spraying or spinning. Once the
solvent is evaporated, a thin film of the material remains on the substrate.

f Material to be deposited Uniform layer of material

L)
P

e
—]—t] .'.Wafer —]—J

Vacuum chuck
BEFORE SPINNING AFTER SPINNING

This is particularly useful for polymer materials, which may be easily dissolved in
organic solvents, and it is the common method used to apply photoresist to
substrates (in photolithography).
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Basic Idea behind lithographic processing

Result: Multiple patterned layers of different materials.




Basic Idea behind lithographic processing

Coat, protect, expose, etch, repeat...
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Essential Lithography Steps

» Coat wafer with
photo resist

* Expose resist to a

pattern
* Develop resist

« Bake resist to
withstand
subsequent etch
Process.

Reticle
(mask)

) 4 ‘\\
(\ 2 /7\ Lens
\\ : o

Pattern being
repeated
onto wafer

Wafer
(with photoresist)



Lithographic Processing: Wafers

Start with wafer (a clean, flat surface)

Single crystal silicon boule Single crystal silicon wafers




Film growth/deposition

Grow a thin film of desired material

o
‘

Wafers coated in furnace (artificially colored)



Photoresist Spinning

Spin coat a protective polymer resist layer

Polymer goes on wet, then is dried after spinning



Masking and Exposure

Expose resist to UV light through a mask

Mask is aligned to wafer before exposure.



Developing the Pattern

Resist is removed from exposed areas

Remaining resist faithfully reproduces mask pattern.



Etch the Material

Resist protects selected regions during etch.

Acc v Spolt Magn
0 kY S0 Qi

Pattern is transferred to substrate material.



Repeat Process

Strip resist and do process again and again.

H B B BB B E &=

Mitride Poly 0 1st Oxide Poly1l 2nd Oxide Polyl Metal

Eventually, a 3-D structure is built up



Final Release

Etch away one of the “sacrificial” materials to release the part.

l ' /

Voilal Thousands of micromachined devices.



Pattern Transfer

Lithography in the MEMS context is typically the transfer of a pattern to a
photosensitive material by selective exposure to a radiation source such as light.

Top View Cross Section

Radiation

Photogensitive maternial
= Subgtrate

Photogensitive materials properties change
only where exposed to radiation

A photosensitive material is a material that experiences a change in its physical
properties when exposed to a radiation source. If we selectively expose a

photosensitive material to radiation (e.g. by masking some of the radiation) the pattern
of the radiation on the material is transferred to the material exposed.



Resist

When resist is exposed to a radiation source of a specific a wavelength, the
chemical resistance of the resist to developer solution changes.

If the resist is placed in a developer solution after selective exposure to a light
source, it will etch away one of the two regions (exposed or unexposed).

If the exposed material is etched away by the developer and the unexposed
region is resilient, the material is considered to be a positive resist.

If the exposed material is resilient to the developer and the unexposed region is
etched away, it is considered to be a negative resist.



Radiation

\\Mask

Photosensitive material
Substrate

Photosensitive materials properties change
only where exposed to radiation

Spray substrate with
developer solution

a) Posttive resist, b) Negative resist,
developer solution developer solution
remov es exposed rermov es unexposed

material material



Positive and negative resist
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Positive Resist Chemistry

H H
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X X
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Initial high molecular weight Lower molecular weight after irradiation
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depolymerization
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CH, CH,

CHg CHz



Molecular weight shift

WEIGHT FRACTION—=

DIRECTION OF MOLECULAR
WEIGHT SHIFT WITH
INCREASING ELECTRON DOSE

-
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IRRADIATED ORIGINAL
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MOLECULAR WEIGHT ——=



Typical Positive Resist process

EXAMPLE PROCESS: AZ5206 POSITIVE MASK PLATE
« Soak mask plate in acetone > 10 min to remove the original photoresist.
Rinse in isopropanol, blow dry.
« Clean the plate with RIE in oxygen. Do not use a barrel etcher.
RIE conditions: 30 sccm O2, 30 mTorr total pressure, 90 W (0.25 W/cm2), 5
min.
* Immediately spin AZ5206, 3 krpm.
« Bake at 80 C for 30 min.
« Expose with e-beam, 10 kV, 6 C/cm2, Make sure the plate is well grounded.
(Other accelerating voltages may be used, but the dose will be different.)
» Develop for 60 s in KLK PPD 401 developer. Rinse in water.
« Descum - important Same as step 2 above, for only 5 seconds
Or use a barrel etcher, 0.6 Torr oxygen, 150W, 1 min.
» If this is a Cr plate, etch with Transene Cr etchant, ~1.5 min.
If this is a MoSi plate, then RIE etch:
0.05 Torr total pressure, 0.05 W/cm2, 16 sccm SF6, 4.2 sccm CF4,1 min.
» Plasma clean to remove resist: same as step 2 above, for 3 min.



Negative Resist Cemistry
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Typical Negative resist process

EXAMPLE PROCESS: SAL NEGATIVE MASK PLATE
*Soak mask plate in acetone > 10 min to remove photoresist.
Clean the plate with RIE in oxygen. Do not use a barrel etcher.
RIE conditions: 30 sccm 02, 30 mTorr total pressure, 90 W (0.25 W/cm2), 5 min.
sImmediately spin SAL-601, 4 krpm, 1 min.
*Bake in 90 C oven for 10 min. This resist is not sensitive to room light.
*Expose at 50 kV, 11 C/cm2. Be sure the plate is grounded.
*Post-bake for 1 min on a large hotplate, 115 C.
*Cool for > 6 min.
*Develop for 6 min in Shipley MF312:water (1:1) Be sure to check for
underdevelopment.
*Descum 30 s with oxygen RIE: same as step 2, 10 s.
*Etch with Transene or Cyantek Cr etchant, ~1.5 min.
*Plasma clean to remove resist: Same as step 2, 5 min.



Lithography is the principal mechanism for pattern definition in micromachining.

A photosensitive layer is often used as a temporary mask when etching an underlying
layer, so that the pattern may be transferred to the underlying layer (shown in figure
3a). Photoresist may also be used as a template for patterning material deposited after
lithography (shown in figure 3b). The resist is subsequently etched away, and the
material deposited on the resist is "lifted off".

Subtractive Process Additive Process

/////////////////////ﬁ Photolithography /////////%

/\

Etch Deposit

NS

7 Strip Resist ]

Pattern transter Pattern transter
by etching by lift offt



Alighment

%////////////ﬁ/////////////% / WZM Features on wafer

Alignment marks

N\

Features on mask

Mask over wafer
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Alignment marks
used to register
two layers, wafer
now ready to be
exposed
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In order to make useful devices
the patterns for different
lithography steps that belong to a
single structure must be aligned to
one another.

The first pattern transferred to a
wafer usually includes a set of
alignment marks, which are high
precision features that are used
as the reference when positioning
subsequent patterns, to the first
pattern.

Each pattern layer should have an
alignment feature so that it may
be registered to the rest of the
layers.



Depending on the lithography equipment used, the feature on the mask used for
registration of the mask may be transferred to the wafer. In this case, it may be
important to locate the alignment marks such that they don't affect subsequent wafer
processing or device performance.

Wj%/////[//ﬁ Features on wafer
.

gi\w
—

Alignment marks

e

Features on mask

Z
%

Mask over wafer

Alignment marks
are printed on the
wafer and

become features.

Transfer of mask registration feature to substrate during lithography (contact aligner)



The alignment mark shown below will cease to exist after a through the wafer DRIE
etch. Pattern transfer of the mask alignment features to the wafer may obliterate the
alignment features on the wafer. In this case the alignment marks should be designed
to minimize this effect, or alternately there should be multiple copies of the alignment
marks on the wafer, so there will be alignment marks remaining for other masks to be
registered to.

SRR RARRARA, R AR AR
LEEe et S5 e S5
b RS SRS S
& & SRR

& & 25255

25255 bttt
T

ittt
e
S

o
A%
e

3%
5
&

K
25

R
.00

20
55
betets
&
ke
&
0’0‘0‘0

ety

4
&
5

&

0*%0

o
o
o
.
ety

355
&
S
&
&
&
25
SRR
&

"00
o
KRN0
oty

o

s

o
o

o
o

5

by

-,

5%
3
e
.
%
%

.
o
et

&
%%
el
5%
%

o
.
5

R

o
o
s

X
.Q
05

o
o
o

bty

o

25
&
2

et
&
&
85
bty
%8

%
58
-
&
%

Ko
o

5
%

o
2
e
R
ot
ety
.:’:’
2558

.
o

&
58

ety
S5
&

s

&

2

X
25

&
e
2555

KRN
bt o

ot
27

&
355

&
q?
ﬂ.

o

e

5y

&
SRR
3585

K00

&
&
255
S5
&
&
&

KRN
e
&
8
S
SR
by
&&ﬂ?
LI
ettty
&
it
255
3585

X
A I
o
KN

o

-
o

o
25
o+
LA

o
bttty

58
&
&
-+
&

s

25
%

58
%
&
&

5
5
250585
ke
¥
250
2
£
RS
2
5

o
bty

.0:0
ety
o

&

ity
&
&
+
-+

bty

o
o
7

o
o
bty
o
o
.
o

*,
o

&
5
255
oqg‘
pratetety
Ctets
25055

*
2
Sttt

-,
LA
KA

s
bttt

2
¥,
7

-

L
%
3
%
255

5%

o

5

2
2
5
ST T e
&

LRI
o

o

o
Pttty

s
&
3

et
by

SRS
&

S

&

&
tatetetetetet

&
S5
*
SRR
&
2

&
5
2505

&
o'iab
LN

o
o
KA

o
"
-,
ety
s
o
s
o
o

o
o

5

o
{2

5

2

255

2552
&

o
o

o
o

o
o

Ftaty
od%'ﬂb
SSREN
2
Ftatetetels

o

5

o

555
S
S

o

o
KA

o

&
Etetetatety
25
28
* ’00’0" L
SRR
&
e

S

o

%
%
5
&
&
%

o
o

o
o

o
o

5

by
&
2
&
Eeer

255

o+
o
o
o
o
o
o

23
-
25
2

.
B8

&%
25255
25

&2
355
&2
%
e
S

o
.
ot
ooty
o
o
o

R
2
ke

R
S
T
'4..'
RS
50
S
ke
Caatatel
S
25055
ke
Ftatets

ity
o

5%
%

ik
555
RRRARRRAE
58S
SRS
ﬁ}
25
s

hyd
2
&
&
ke
&
Ctatetetel
&
e
ke
¥
3
&
355

5%

5

5%

2
S
&
byl

o
*
ety

o

o

<55

58

'0
LR

0'0.0
5
<53

0‘0’
%

0.0 o
e
‘0
58
S8

<"

X
ety
o

2585
)
&%
e
&
&

5

5

5%
&
%

5%

o
et

LSRRI I I
o

3
&
252

o

-,
I

S
255
558
s
b
ity
8%

ity
&

&
S

2%

82585

&

5%

&

5

5
2
&5
by
5
2
2
4
byl
’.
2
3
&
e

08
2
o+

8

0.0

5%

-+,
-+,
%
’0
-+,
-+
’0

*
o

o,
-,

S
25
S5
2
ity
&
b
SRS
S
0.’.
&

o
S
RN
.0

25
S

S

255

tte:

bttt ettt bttt

et
2008
55

Fbatetetatatetyd
AR

255
255

&

355

o
o

-+

*,

o
o
s
ety

5
%

ggp

o
ot

KRR
o
o
S52

RO
byl
555
b
S
*'na

RS>

5

&

S
%
%

5

5%
%

5
&
3

o

&

& S

ettt ettt
‘Q’.’.‘0"”"‘0”‘0’0’.’..0’.’0.0.. KA .

SRS

SRR,

ite!

0000000000'0’0¢0’0’00’0’.‘"".%

SRR S5
LA E A E A E e L s

o
&5
4‘

&

Before Etch After Etch
(top view) (top Wiew)

Suhasatrate
Poor alignment mark design for a DRIE through the wafer etch (cross hair is released
and lost).



. Resist

Substrate

Exposure

Desired pattern

Over-exposed pattem

Under-exposed pattem

At the edges of pattern light is scattered and
diffracted, so if an image is overexposed,
the dose received by photoresist at the edge
that shouldn't be exposed may become
significant.

If we are using positive photoresist, this will
result in the photoresist image being eroded
along the edges, resulting in a decrease in
feature size and a loss of sharpness or
corners.

If an image is severely underexposed, the
pattern may not be transferred at all, and
in less sever cases the results will be similar
to those for overexposure with the results
reversed.



The Lithography Module

Dehydration bake - dehydrate the wafer to aid resist adhesion.

HMDS prime - coating of wafer surface with adhesion promoter. Not necessary for
all surfaces.

Resist spin/spray - coating of the wafer with resist either by spinning or spraying.
Typically desire a uniform coat.

Soft bake - drive off some of the solvent in the resist, may result in a significant
loss of mass of resist (and thickness). Makes resist more viscous.

Alignment - align pattern on mask to features on wafers.

Exposure - projection of mask image on resist to cause selective chemical
property change.

Post exposure bake - baking of resist to drive off further solvent content. Makes
resist more resistant to etchants (other than developer).

Develop - selective removal of resist after exposure (exposed resist if resist is
positive, unexposed resist if resist is positive). Usually a wet process (although dry
processes exist).

Hard bake - drive off most of the remaining solvent from the resist.

Descum - removal of thin layer of resist scum that may occlude open regions in
pattern, helps to open up corners.



Etching

In order to form a functional MEMS structure on a substrate, it is necessary to
etch the thin films previously deposited and/or the substrate itself. In general,
there are two classes of etching processes:

Wet etching where the material is dissolved when immersed in a chemical
solution.

Dry etching where the material is sputtered or dissolved using reactive ions or a
vapor phase etchant.



Wet etching

Requires is a container with a liquid solution that will dissolve the material in

question. Some single crystal materials, such as silicon, exhibit anisotropic
etching in certain chemicals.

Slow etching crystal plane
Etch mask

V- | 4 D‘,g".' AN ‘.“4"""_""""

s o ; ‘| : W

Anisotropic  Isotropic

Anisotropic etching in contrast to isotropic etching means different etch rates in
different directions in the material. The classic example of this is the <111> crystal
plane sidewalls that appear when etching a hole in a <100> silicon wafer in a
chemical such as potassium hydroxide (KOH). The result is a pyramid shaped
hole instead of a hole with rounded sidewalls with a isotropic etchant.



Dry Etching

The dry etching technology can split in three separate classes called reactive ion
etching (RIE), sputter etching, and vapor phase etching.

Wafers RF signal
i\ Insulator
rwvl— .--..'.'.*..';_"f_ﬁ{,{?‘.z:“f;:"."'“.’-" jf,-‘“:;"’j:‘:.?‘“‘.‘“"’.v—f-:_:?i,
Z| A % - Upper electrode
5B SRR ANNNN NN NN NN RANNNNNR NN NN RN o
A A m"" 7. 4 Lower electrode
N (5547 Wafer holder
[Feesceseese TxTa) /
| | 1N
77 *f‘ff*h“iffﬁ# L“fi‘-f&?"* 7707
o i i
A ' -
| v Diffuser nossles

Gas Pump Gas

In RIE, the substrate is placed inside a reactor in which several gases are
introduced. A plasma is struck in the gas mixture using an RF power source,
breaking the gas molecules into ions. The ions are accelerated towards, and reacts
at, the surface of the material being etched, forming another gaseous material. If the
ions have high enough energy, they can knock atoms out of the material to be

etched without a chemical reaction.



Anisotropic vs Isotropic Etch

« Anisotropic — one direction, ==
undercut IiIs much smaller

than depth

+ |sotropic — many directions,

undercut Is close to the depth
“‘__Undercut

--------- Etch Depth



Wet (Isotropic) Etch

Courtesy of Albuquerque technical Vocational Institute




Dry (Anisotropic) Etch

Gas In

rf Power
Reactive lon Etcher




When do | want to use dry etching?

Sputter etching is essentially RIE without reactive ions. The systems used are
very similar in principle to sputtering deposition systems. The big difference is that
substrate is now subjected to the ion bombardment instead of the material target
used in sputter deposition.

Vapor phase etching is another dry etching method, which can be done with
simpler equipment than what RIE requires. In this process the wafer to be etched
is placed inside a chamber, in which one or more gases are introduced. The
material to be etched is dissolved at the surface in a chemical reaction with the
gas molecules.

The first thing you should note about this technology is that it is expensive to run
compared to wet etching. If you are concerned with feature resolution in thin film
structures or you need vertical sidewalls for deep etchings in the substrate, you
have to consider dry etching. If you are concerned about the price of your process
and device, you may want to minimize the use of dry etching. The IC industry has
long since adopted dry etching to achieve small features, but in many cases
feature size is not as critical in MEMS.



Wafer Example

Design Masks

Silicon Substrate

Deposit 5K Oxide

Pattern Mask 1

Wet Etch (Timed BOE)

Strip Resist

Deposit Aluminum (PVD Evaporation)
Pattern Mask 2

Metal Etch

Clean Resist



The Masks (Design

Southwest Center for

Microsystems Education
www.scme-nm Ol'g

Mask 1 Mask 2



Bare Silicon

Start with Bare Crystalline Silicon



Deposit Oxide

Thermally grow 5K Angstroms of Oxide




Lithography — Resist Coat

Coat Oxide deposited wafer with Photo Resist

Photo resist is sensitive
to light — what is exposed
to UV becomes soluble
(what is clear on the
mask will get exposed
and subsequently
removed in the develop
step)

& Mask which
will be used.




Exposure

. Take the Coated Wafer

Overlay the first mask

Expose to UV Light
‘ Remove Mask

Latent Image of Exposed Area




Develop

Take the exposed
resist coated wafer.

And develop the
exposed resist.

The open area will
now be exposed to
the subsequent wet
etch step.




Wet Etch

Now you have an oxide coated wafer with a thinner opening.

Take the patterned wafer

And place it in a BOE
(buffered oxide etch)
solution.

Time the etch carefully to
partially etch through the
oxide.

Remove the resist after etch

The orange color is due to a
different thickness of oxide.




Deposit Aluminum

Start with the etched
oxide wafer.

Deposit Aluminum
- PVD — Evaporation!




Mask 2 — Pattern & Etch Aluminum

Coat Wafer with Resist

Overlay (place) Mask

Expose with UV Light

Southwest Center for
Devek)p away eXposed Microsystems Education

resist WWW.SCTe-nm.org
Etch wafer. %

Strip Resist




Electron Beam Lithography



Some things you can do with EBL
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Circuit of SQUIDs and Josephson Tunnel Junctions



1.5 mm

Contact “cage” to nano-circuit -- for rapid testing
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Ferromagnetic -
Normal metal
tunnel junctions

Circuit to measure spin injection from ferromagnet (Co) to normal metal (Al)
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CHALMERS High End system, designed for Industry Fab.

Electron Beam Lithography

Accelerating voltage
Max deflection speed
Min beam diameter
Minimum feature size
Max wafer size

JEOL JBX 9300FS JEOL JBX 5DII
950 or 100 keV 25 or 50 keV
25 MHz 6 MHz
4 nm 8 nm

10 nm 50 nm
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Micro Contact printing
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Fig.1 The microcontact printing (UCP) process: An elastomeric stamp is replicated from a master.
After inking of the stamp with a suitable ink, it is fixated on a printing machine with help of which
it is brought into conformal contact with a substrate. There the ink forms a self-assembled

monolayer (SAM) which can be used as a resist in a subsequent wet etching step.



Stamp fabrication
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Fig.2 The stamp replication process: A master with a negative of the desired pattern is cast with a
pre-polymer. After curing the polymer, the elastomeric stamp is peeled off the master and ready

for microcontact printing.

*Master made by direct writing methods (EBL on Si + etch)

«Stamp gets dirty, wears out
*Essentially old-style printing methods scaled to nm dimensions



