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Guillermo Villanueva
s
e Ph.D. at IMB-CNM (2006) — Barcelona - Static NEMS
e PostDoc at EPFL (2007-2009) - Nanofabrication
e MC PostDoc at Caltech (2009-2012)
e MC PostDoc at DTU (2012-2013)
e Assistant Professor at EPFL (July 2013 - ...)

o Resonant NEMS&MEMS
o Pushing the limits of fabrication tools
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Technologies of Nanofabrication

A

O Cha||enges Deposition Implantation
o Many different techniques to cover

. ptechnologies
o Diverse backgrounds CMOS

e Some of you might know most of what |
am going to talk about

e Some of you might have never handled a Etching Lithography
wafer

own

o Relation with other courses

o Main challenge - this is online!!!

1
& Chemical engineering
(®)
=
O
(a8
NPs CNTs NWs 2D
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Top-Down Methods

Deposition Implantation

Mtechnologies
CMOS

Etching Lithography




A

o Temperature and humidity are kept constant
o P above 1 atm
o Air filtered continuously

e Classified as a function of # of particles
< 0.5um in a cubic foot, e.g.
o Class 100 '
o Class 10000

~-s—————— BLOWER

o Higher class # = worse cleanroom

FLOOR (GRATED)

T~
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Planar technology
s
e Silicon wafers are the main substrate
e Everything is fabricated by adding layers of different materials which
are later partially removed
e Most processes affect the whole surface simultaneously
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A

e Everything starts with Silicon grains
e The Czochralski method

... Your Wafer Supplier

Silicon Wafer Production

Part I: Czochralski Growth

www.microchemicals.eu

https://www.youtube.com/watch?v=AMgQ1-HdEIM
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https://www.youtube.com/watch?v=AMgQ1-HdElM

e
e Everything starts with Silicon grains
e The Czochralski method
e Tendency to increase wafer diameter
o # of chips per wafer 7 - radius?

o # of steps per wafer is constant
e Uniformity across the wafer is challenging

o Cost per chip

1975 @ °
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Lithography (1)



sSummary tahle

A

Deposition Implantation

TOP-DOWN

Etching Lithography
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A

e Lithography (/ithos + graphos) - method to print on a smooth surface

Drawing

Printing

e In micro/nano fabrication

o it defines patterns on polymer layers so that they can be transferred to the
underlying materials/layers.

https://www.youtube.com/watch?v=1bxf9QRVesQ
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Tynes of lithography

e

e Optical lithography

e Electron Beam Lithography (EBL)

e Nano Imprint Lithography (NIL)

e Scanning Probe Lithography (SPL)

e Nano Stencil Lithography (nSL)

e Directed Self Assembly Lithography (DSAL)

e Why is lithography so important?

o It establishes the first limitation to the minimum features that can be transferred
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Tynes of lithography

e

e Optical lithography

e Electron Beam Lithography (EBL)

e Nano Imprint Lithography (NIL)

e Scanning Probe Lithography (SPL)

e Nano Stencil Lithography (nSL)

e Directed Self Assembly Lithography (DSAL)

e Why is lithography so important?

o It establishes the first limitation to the minimum features that can be transferred
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A

e Preparation of design and mask
e Coating

e Exposure

e Development

=PrL Top-Down Methods Optical Lithograph
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A

e Amask is a glass/quartz plate with chromium (or other opaque
material) on top

e Cris removed from some places according to the design so that light
can pass through and illuminate some zones of the wafer

e Masks are written with Electron Beam Lithography or Direct Laser
Writing
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A

e Surface conditioning

o Preparation of the wafer surface to improve resist adhesion
o Dehydration + HMDS (HexaMethylIDiSilazane) — Hydrophobic surfacef }}

e Resist deposition
o Critical step as it determines thickness and uniformity
o Spin Coating: resist is dispensed on top and wafer spins at a certain speed
o Balance between centrifugal force and viscous forces
o Higher speed and |ower viscosity — thinner layer !
] Dispense

30500 y = 1E+06x 05294

28000
Resist
23000
[}
3
2 20500 |
X
[}
£ 18000
£
15500 |
13000
10600

f ; 8000 +
. Oft b a ke 1000 2000 3000 4000 5000 6000 7000 8000

Speed [rpm]

o Step to remove solvent from resist Vacuum

o Solidifies the resist
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A

e Alignment
o Critical process to fabricate multi-layered structures/systems
o Manual - precision of 1 um
o Automatic — pattern recognition software — <100 nm

e Exposure
o Where the mask does not have Cr
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&MWN
e Resists are radiation sensitive polymers
e Negative resist
o Cross-linking: adjacent chains cross-connect to increase molecular weights
o Exposed zone remains
e Positive resist
o Chain-scission: reduction of average molecular weight.
o Exposed zone is removed

Expose

Light Source
-- Patterned Mask
p — RESIST
Exposed Region
Pa o it Underlying layer
(Thin Film)
Positive Resist Negative Resist

Develop
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A

e Alignment
o Critical process to fabricate multi-layered structures/systems
o Manual - precision of 1 ym
o Automatic — pattern recognition software — <100 nm

e Exposure
o Where the mask does not have Cr

o Can be done on full-wafer (mask)
e Contact

Ay | 1 Reticle

e Proximity - | /
\ / : :
\ Reduction Oplics

o Orin “steps”, using a reticle and a stepper
e Projection

o Exposure time depends on
e Resist - Type and Thickness

e Substrate
Py Lamp _ Wavelength and Power BT e ]
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A

e Development

o Wafer is put in contact with a chemical (developer) that selectively removes
exposed/unexposed parts of the wafer

Immersion Develop Spray-On Develop

Developer -

Resist -

Substrate

Vacuum ~+»

e Hard-Bake

o Hardening of resist
o Increase selectivity for etching
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A

Guillermo.Villanueva@epfl.ch

E PF L Top-Down Methods Technologies of Nanofabrication - ESONN 2020 | 2020-08-24/25


mailto:Guillermo.Villanueva@epfl.ch

=PrL

Lithography (i)



s
e Coating 7
o Adhesion of resist to underlying material
o Non-uniform coating
o Edge Bead Removal
e Bake (pre/post/hard)
o Reflow
o Sticking to mask
o Resist stripping
o Etch selectivity
e Exposure
o Reflectance of substrate
o Wavelength of light
o Hydration of resist
e Development
o Substrate damage

http://www.microchemicals.com/technical information/TroubleShooter EN.pdf
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http://www.microchemicals.com/technical_information/TroubleShooter_EN.pdf

A

e Coating
o Adhesion of resist to underlying material
e Proper dehydration, HMDS...
o Non-uniform coating
e Dispensing more
e Avoid bubbles and particles
e Avoid too long between casting and spinning
o Edge Bead Removal

(b)

Dispense Spin
-
Use acetone jet on rotated wafer Remove around
to remove the edge bead
Edge Bead & 5mm

http://www.microchemicals.com/technical information/TroubleShooter EN.pdf
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http://www.microchemicals.com/technical_information/TroubleShooter_EN.pdf

A

e Bake (pre/post/hard)
o Sticking to mask

e Probably solvent excess still in the resist > Proper soft-bake

o Reflow | | [P

no bake 125°C
o Resist stripping
e Avoid too high hard-bake temperatures
e Fordry etching:
o Avoid very long exposure to (very) energetic ions
o Remember to do oxygen plasma etching after dry etching
o Etch selectivity
e For wet etching
o HF might diffuse into resist
o Wet solutions might decrease adhesion
o Longer hard-bake

http://www.microchemicals.com/technical information/TroubleShooter EN.pdf

E PF L Top-Down Methods Technologies of Nanofabrication - ESONN 2020 | 2020-08-24/25



http://www.microchemicals.com/technical_information/TroubleShooter_EN.pdf

A

e Exposure

o Reflectance of substrate
e Pay special attention to
o Transparent substrates — Create opaque backside

o Metal substrates — Bottom Anti-Reflective resist [_Without BARC ] L__WithBARC |
o Wavelength of light (1) Exposure }nask
e Always check when changing resist or machine Ph0to resist.

o Hydration of resist l‘ % § M m

e Some time between coating and exposure  (2) aster Development BARC No reflection
e Critical for thicker resist layers

o Always perform exposure test
e How to make sure that the dose is the right one?

http://www.microchemicals.com/technical information/TroubleShooter EN.pdf
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http://www.microchemicals.com/technical_information/TroubleShooter_EN.pdf
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A

e Development

o Substrate damage

e Typically developers are —OH based
o Damaging of Al, Si, etc.
o This is not very important if the material is going to be removed later

o Overdevelopment
e Developing more than once might cause a reduction of the resist dimensions

e Resolution limit (minimum dimensions)

http://www.microchemicals.com/technical information/TroubleShooter EN.pdf
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http://www.microchemicals.com/technical_information/TroubleShooter_EN.pdf

A

e 3 methods:
o Contact
o Proximity |
o PrOjeCtion ', \ ' Reduction Optics

e Key issue: minimum feature size (MFS)
o lllumination method
o lllumination wavelength
o Materials of optical system
o Resist used

Light
. source
Contact Proximity

iy | +x metice

Light Light
source SOVO\ M
1 [ 1 [ ] [ ]
mask mask
I e s B 5
resist — gap resist
substrate substrate
substrate
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A

Contact
Light
source

A rndancar lana T
¢ Condenserlens >

mask
resist
substrate

MFS =~d - A

Proximity
Light
source

Ao dancar lana T
¢ Condenserlens >

mask

(@)

ap

resist
substrate

Projection

Light
source

l ondenser lens I

L Optical system _~

resist

MFS = \/(d + g) ] substrate

d = resist thickness
A = wavelenght MFES = kl . /1/NA

g =gap NA = Numerical Aperture

d = resist thickness
A = wavelenght

e Reduce MFS
o ... by reducing 4

= PrL e

A = wavelenght
k, =05-0.9
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Exposure wavelength and
i

s

Worgiom | Sowce | angs

ht sources
A

R

436 Hg arc lamp G-line

405 Hg arc lamp H-line

365 Hg arc lamp |-line

248 Hg/Xe arc lamp, KrF excimer laser Deep UV (DUV)
193 ArF excimer laser DUV

157 F2 laser Vacuum UV (VUV)
~10 Laser-produces plasma sources Extreme UV (EUV)
~1 X-ray tube, syncrotonon X-Ray
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Light
source

A rndancar lana T
¢ Condenserlens >

mask
resist
substrate

Proximity

Light
source

Ao dancar lana T
¢ Condenserlens >

mask

(@)

resist

ap

A

Projection

Light
source

I ondenser lens I

L Optical system _~

substrate

resist

MFS = \/(d + g) -2 substrate

d = resist thickness
A = wavelenght

g =gap

MFS =~d - A

d = resist thickness
A = wavelenght

e Reduce MFS

o ... by reducing 1
o ... by increasing NA

MFS =k, - A/NA
NA = Numerical Aperture

A = wavelenght
k, =05-0.9

= PrL e
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T
eNA=n-"» / f Projection lens
o n is refractive index ' | '
o D is lens diameter
o f is focal length
on > 1
. i
o NA 7,Depth of Field 7 Wafer stage

Depth of Field versus Numerical Aperture

Liquid supply
Waler

Scanning motion

10000.0

ArF axcimer lasear
1000.0 R @ Immersed

@ Dry

:

g gduction projection &ns

10.0 |- ‘ Figure 2

-
o
]

'
&

Depth of Field (Micrometers)

¢ %,
0.1 1 L1 % ’..; 1

0.0 0.5 1.0 1.5 2.0
Numerical Aperture
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A

Light
source

mask
resist

A Orndencer lana )
¢ Condenserlens >

Light
source

mask

A Orndencer lana )
¢ Condenserlens >

(@)

ap

Light
source

I ondenser lens I

L Optical system _~

substrate resist
substrate

resist

MFS = \/(d + g) -2 substrate

d = resist thickness
A = wavelenght

g =gap

MFS =~d - A

d = resist thickness
A = wavelenght

e Reduce MFS

o ... by reducing 1
o ... by increasing NA
o ... by reducing k4

MFS =k, - A/NA
NA = Numerical Aperture

A = wavelenght
k, =05-0.9

= PrL e
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Improving k,

A

OPC - Optical Proximity Correction PSM - Phase Shift Mask

A Etched Quartz(d) = A/2
Anti-Serifs Chrome —__ | /

Original

YselN

Quartz

Design

PIel4-3

Reticle

IMETEN

Wafer

Silicon

Jajep
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Using I-line Hg Lamp, 1 um thick resist:
What is the MFS when using a mask in contact?

e

A. 604 nm
B. 253 nm MES =vd -/

' d = resist thickness
C. 877 nm A1 = wavelenght
D. 1021 nm MFS =.\/(d+g) -4

d = resist thickness
E. 545 nm A = wavelenght
g = gap

MFS =k, - A/NA
NA = Numerical Aperture
A = wavelenght
k, =05-0.9
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With an optimized optical system,
NA=1.9, A for 100 nm MFS?

e

A. 100 nm
B. 200 nm MES =va -2

' d = resist thickness
C. 300 nm A = wavelenght
D. 400 nm MFS =.\/(d+g) -4

d = resist thickness
E. 600 nm A = wavelenght
g = gap

MFS =k, - 1/NA
NA = Numerical Aperture

A = wavelenght
k; =0.5-0.9
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CMOS n
i

A

©Intelsoss Core 8 -9 gen

3 um node 14 nm node
29000 Transistors 7 Billion Transistors
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A

100M$ ¢
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e
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Year
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Another way to reduce A

A

e Use of electrons instead of photons to irradiate the resist

e Energy of accelerated electrons is
1 p*
E=¢eV =—mv? =—
e > mv om

e De Broglie wavelength is (V in kV)
h h h 0.38A

— ~Y

p mv \2mE  V

e No limitted by diffraction — Game changing!
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Tynes of lithography

e

e Optical lithography

e Electron Beam Lithography (EBL)

e Nano Imprint Lithography (NIL)

e Scanning Probe Lithography (SPL)

e Nano Stencil Lithography (nSL)

e Directed Self Assembly Lithography (DSAL)
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A

e Preparation of design and conversion
e Coating

e Exposure

e Development
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EBL System #1 - Column

A

e The column is the most important component of an EBL system
e Composed by:
o Electron emitter 200/W emiter

! — Suppressor
O Lenses """" Electron gun @ First anode
<~ Second anode

o Deflector N
e MFS determined by =

o Aberrations in electron optics
. . . . Blankin
o Electron-Solid interactions (scattering) —'r aperure

Second
—

lens

Acceleration
2 Ground anode

First alignment coil

"~ Second alignment coil

Blanking electrode

| Zoom lense
.

- Thir

Dynamic focus correction electrode

NPTV — - Third alignment coil
Objective aperf@re --J_
I

e

— Dynamic astigmatism correction electrode

Subsidiary deflector (SUBDEF)

Electromagnetism astigmatism correction
electrode

Main deflector (PDEF)

Objectiv
e
lens
P ’ Backscattered electron detector
_______ Workpiece el

| surface |
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EBLS

A

e Deflector can only reach an area of ~ 200x200um?
e Beyond that, the stage needs to be moved

o Very accurate position control is needed Interfe-
rometer

e Using two Michelson interferometers: |
o . Mirror Samp|e
o Minimum resolution <1 nm Stage
o Repeatability <<50 nm
o Stitching <20 nm
Mirror
Detector
Beam
Splitter
A Detector Interfe-
rometer

. Laser Source
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A

e Electron lenses are not as good as optical ones

e Beam diameter on the wafer increases with increasing current
o 1-5 nm minimum beam diameter
e Larger current implies less writing time (two reasons)

Calculation of Beam Diameter 100KV)

Beam Diameter (um)

Béam Current (A)
e G0UM
----- 100um

200um
330um
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A

e As electrons enter the solid, they start scattering — pattern broadens

e Forward scattering
o Beam broadens when it enters the resist
o Minimizes for high energy and thin resist
e Back scattering
o In the substrate, beam broadens much more, some electrons return into the

resist
o These electrons cause additional exposure — Proximity effect

o Increases for high energy of the beam

nwwmmE____%>

5ke$ 10keV

PO00Q00BB e
Ce00QOe0OOOOO

@

000000000
00000 ee 0
eCO000OEe 0

0
© 9
@
e
@0
0@
@0
© 0

@0
@9
@0

1l

200nm EHT = 5.00 kV Signal A = InLens
WD = 10mm Aperture Size = 20.00 ym
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A

e As electrons enter the solid, they start scattering — pattern broadens
e Forward scattering

o Beam broadens when it enters the resist
o Minimize for high energy and thin resist

e Back scattering

o In the substrate, beam broadens much more, some electrons return into the
resist

o These electrons cause additional exposure — Proximity effect
o Increases for high energy of the beam

Before correction After correction
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EBL Resl

A

e Positive

o PMMA
e \ery well known
e (Good for lift-off (different MWs available)
e Bad as an etch-mask
e ~ 100 uC/cm?

o ZEP

e \ery good as an etch-mask
e ~10uC/cm?

e Negative
o HSQ
e (Good as an etch-mask

e \ery high resolution
e ~ 500 uC/cm?
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WWW&J )
SOTtware IS convert a e INto an

required to
o Based on MFS we decide the electron beam diameter
o This helps us determine the “pixel” size used to “pixelize” our CAD design

pattern

o If pixel<beam — Overlapping
o Then we decide the beam current, aperture diameter and dose

e Dose depends on resist, substrate, pattern, pixel size, overlapping,
efc.

: ; Dose-Area
e Exposure time: Time =

Current
e Actual writing time is usually dominated by stage speed

~ 50MHz, Stage movement ~ 1Hz

Technologies of Nanofabrication - ESONN 2020 | 2020-08-24/25
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Pattern generator — Gase Study

A

e How to write something like this using EBL?
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A

e How to write something like this using EBL?
o Split of the design in 3 layers
o Itis important to leave some overlap to correct for possible misalignments
o Each layer can have a different pixel size
o Like this we optimize (1) writing time and (2) resolution

=PrL Top-Down Methods Technologies of Nanofabrication - ESONN 2020 | 2020-08-24/25



e

A. Using a high energy beam
B. Using a low energy beam

E PF L _ Technologies of Nanofabrication - ESONN 2020 2020-08-24/25



e

A. Case Blue
B. Case Red
< <
100 nm 10 nm
Dose: 10 uC/cm? Dose: 100 uC/cm?
Current: 10 nA Current: 1 nA
< > < >
300 pm 30 um
Case Blue Case Red

-
= Pl- L _ Technologies of Nanofabrication - ESONN 2020



A

| process

la

IS a ser

e EBL

te dense

to wr

Ime

but takes a long t

lon and accuracy,

e High resolut

patterns

AR X
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1cm

4007m pitch

= 1500um x 1000um

Date :11 Dec 2008
Time :11:30:17

=SE2

Signal A

3.00kv
10mm

EHT
WD

200nm
-

50.00 KX

IMB-CNM-CSIC

2 Mag

Date :11 D{
Time :11:2

=SE2

Signal A

3.00kv
10mm

EHT
WD

IMB-CNM-CSIC

2um
1000kX pF—

Mag

ime!
Too much time!
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Tynes of lithography

e

e Optical lithography

e Electron Beam Lithography (EBL)

e Nano Imprint Lithography (NIL)

e Scanning Probe Lithography (SPL)

e Nano Stencil Lithography (nSL)

e Directed Self Assembly Lithography (DSAL)
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A

e Stamp fabrication
e Coating

e |mprint Process
e De-scum
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A

e 1. Heatto T>T, —
2. Bring stamp & sample into contact

3. Apply pressure —

4. Cool down
5. Separation at T<T,

e Relatively simple process

o MFS ~10 nm temperature + pressure
e Low cost
e Scalable to wafer size A

R—

—

cooling + separation
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A

e Originally contact area is only @ elevated structures
e Polymer is displaced
e |n the end, contact area is much larger

o Very large force is required to cause vertical displacements
o There is always a thin resist layer remaining (residual layer)

a) | mould c) mould
] W .

polymer id(,

\‘\ ‘substrate % _|substrate %%

b) mould _

i j drem ?do
‘substrate t % __|substrate %%\

=PrL Top-Down Methods Technologies of Nanofabrication - ESONN 2020 | 2020-08-24/25

d) mould




Imprint Process & Resist proper

A

Glassy

|

< Viscosity
-

—

Transition

Rubber elastic plateau

106 |
Terminal Flow
)
108 ¢
: -
T, Temperature
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A

e After releasing the stamp
o There is always a thin layer of polymer remaining everywhere

e Before continuing with any process, this needs to be removed
o By a soft dry etching A

r——

cooling + separation

FIAARIEN
e —

dry etching
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cnallenges III Nll

G R

e Important issues come up when patterning structures of very different
dimensions:

o Isolated structures: Insufficient flow

-
= e = u

o Inhomogeneous pressure distribution

I!I
E

-

I!|

o Insufficient displacement of the polymer

=) o= I Top-Down Methods

| W
. WTTTER _ ENTTTER
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A

e As for Optical Lithography, an EBL is needed to create the first master

o Which you can later replicate by
e NIL
e Electroplating
e Polymer casting
o efc.

e Materials:
o Silicon
o Metal
o Polymer

=) o= I Top-Down Methods
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Main Areas of Impact
s
e Applications requiring pattern transfer over large areas with high
throughput
e Cost-efficient applications
e Layers not requiring alignment
e Laboratory-scale exploratory work on nanotechnology
e Patterning of functional materials

(1
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A

Stencil Lithography Scanning Probe Lithography

=PrL Top-Down Methods Lithograph Technologies of Nanofabrication - ESONN 2020 | 2020-08-24/25 66



sSummary tahle

A

Deposition Implantation

TOP-DOWN

e Method to “draw” on the wafer

e Optical, EBL, NIL, ...

e Best option depends on design,
requirements and $$$

Etching Lithography
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A

e |on implantation is the process which turns pure silicon into
o P-type — Doping with ions from group lll, e.g. Boron
o N-type — Doping with ions from group V, e.g. Phosphorous, Arsenic

e This is necessary for the fabrication of transistors and diodes, and to
control conductivity of Si

https://lwww.youtube.com/watch?v=V-U3vOQBPO4
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A

e Pattern is generated on the substrate via lithography
o Mask can be resist, silicon dioxide, silicon nitride, etc.

e |ons are implanted in the wafer using a given energy & dose

e Annealing at high T is required to
o ‘incorporate” the impurities into the lattice
o correct defects that have been caused by the ion bombardment

=PrL Top-Down Methods Technologies of Nanofabrication - ESONN 2020 | 2020-08-24/25



Implanter
T
e |ons are generated and accelerated
o Acceleration voltage sets up the energy of the implantation
e Magnetic lenses are used to filter out the unwanted ions
e The collimated ion beam reaches the wafe

( / -.- .“‘-I I-’/-_-\‘-I Ir,r' '.' '\I .’”l -' -\\I
U U \ e substrate

e Two main parameters oy ‘
o Energy — determines the penetration depth ()
= Udecell___

o Dose — determines the concentration ofions = 8

1E17

separation magnet

1E16

Dose (ions/cm?)

1E15 1

1E14

U accell

1E13

1E12

1E11

T ion source
1E10

100eV 1keV 10keV 100keV 1MeV 10MeV
Implant Energy
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s
e Two main parameters
o Temperature
o Time

e Challenge:
o Loss of resolution due to diffusion of impurities
e Solution: Rapid Thermal Annealing
o Enormous T ramps to get to >1000°C in less than a second
o Diffusion is then limited and nm dimensions can be kept

o
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A

e After implantation and annealing
o Once the mask is removed the material will look the same everywhere
o It might be very challenging to locate your patterns on the substrate

e Tricks:
o Pre-pattern substrate
o “Develop” implanted regions — using etch rate dependence on doping level

EPFL Top-Down Methods lon Implantation
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A

e Typical doping level in source/drain
o 5-10%%cm™3, approx. 1:100 compared to Si atoms

e SOI Wafers — SmartCut® process A B
o Oxidized wafer (A) & Initial silicon wafer (B) v
o lon implantation — Hydrogen YYVVYY
. [ ————————
o Wafer Bonding
o Splitting )
o Annealing and CMP touch polishing —

a3 B — .

- SOl
E PF L Top-Down Methods Technologies of Nanofabrication - ESONN 2020 | 2020-08-24/25
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sSummary tahle

A

Deposition Implantation

e Dope Si - transistors, etc.

e Generate new substrates — SOI
e |on energy and dose

e Annealing is critical for “nano”

TOP-DOWN

e Method to “draw” on the wafer

e Optical, EBL, NIL, ...

e Best option depends on design,
requirements and $$$

Etching Lithography

-
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A

e Process to deposit/grow a thin film of material onto the substrate
o As different types of materials are required, different techniques are used

e Spin coating
e Electrodeposition
e Thermal oxidation
e Chemical Vapor Deposition
o LPCVD, PECVD, MOCVD, ALD...
e Physical Vapor Deposition
o Sputtering, evaporation, MBE, PLD...

e [n some cases, these methods can be considered bottom-up

https://www.youtube.com/watch?v=JJEILA8k6Qqg https://www.youtube.com/watch?v=IjbESGs1XrM
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https://www.youtube.com/watch?v=JJElLA8k6Qg
https://www.youtube.com/watch?v=ljbESGs1XrM

Thermal oxidation

A

e Process to grow SiO, by oxidizing the Si substrate

e High temperature, oxygen atmosphere
e Reaction happens on the surface, but diffusion drives layer growth

o Temperature and time are key parameters to determine final thickness
3-zone furnace
Wafers

e Types of oxidation m

: ) o J‘l’: Water vapor
o Dry — Oxygen gas in the chamber HLLHLE U:‘% or oxygen inlet
o Wet — Water vapor in the chamber W N
Cap Quartz tube

Wet Oxidation

e Wet oxidation is faster
e Dry oxidation yields higher quality oxide
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Thermal oxidation - Process parameters

A

Dry Oxidation Wet Oxidation

e Temperature T IC N 0C 0T e e o
e Time |

e Si surface exposed
e Type of oxidation

e Si doping

Oxide Thickness {um)
o

0.01 0.01

0.001 f 0.001
001 0.1 1 10 0.01 0.1 1 10

Time (hrs) Time (hrs)

e Diffusion of OH- into Si is faster than 0%
e Wet — for thick layers; Dry — for thin, high quality layers
e Oxidation happens at RT — saturates at 2-3 nm approx. — Native

oxide
E P F L Top-Down Methods Technologies of Nanofabrication - ESONN 2020 | 2020-08-24/25



A

e Deposition of material on the substrate upon:
o Chemical reaction between gases
o Chemical reaction between reagents and surface

e CVD is a very conformal technique (material also deposits on vertical
walls)

e LPCVD - Low Pressure CVD s

Resistance heater (3-zone)

o Classical technique T
o Reaction happens at high T and low P

I, ==

W

Tray and wafers

e Silicon Nitride
o Gases: NH, and SiCl,H, s nlet
o T and gas flow ratio determine
o Stoichiometry, mechanical and optical properties of the material
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A

e PECVD - Plasma enhanced CVD 1386MHz |
o Relatively modern technique
o For substrates that cannot withstand high T SiH, | | N,O
o Reaction is facilitated by a plasma creation — 1 h
o Silicon oxide (SiH,+NO,) —
o Silicon nitride (SiH,*+NH,) L |
L 0 L L
e ALD - Atomic layer deposition ) -
o Self limiting chemical reaction on the surface
o Enables grow Iayer-by-layer (atomic level)
o ALO; A ® _ 2 —— D
©
@C ® Q;; 9@@)@ 6@9@
| Qo@ %6 % qo@@?f 82 & e e
i et m—
TMA chemisorption Oxygen plasma
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A

e Material is vaporized from source and solidifies on the substrate
o Pure physical process in most cases (no chemical reaction)
o Normally used for metals

e Directional deposition

e Evaporation
o Very low pressure kept during process (< 5 - 10~° mbar)
o Material source is brought beyond its boiling point
o Resistance or e-beam heating

Resistance heating evaporation Electron beam evaporation
/_\) _— Substrate Substrate
o Several wafers can be processed gz o] peposiion of thn fim o
o .. © : ; i Electron beam
. . . © o Vaporized material > a—
at a time, for which rotation of Y |
o ¥—1— Vaporized material ._'ﬂ'»_\ 1
. Electron
the Wafers ? o L~ Target material Rargsvmaterins | EJ\:F’"_ gun
E]1/_ | Evaporator MaLnet
ANAA ¢ ' ¢!
1 L =+ Heater To Vacuum Pump
v
To Vacuum Pump
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A

e Sputtering
o Very low base pressure Subsrate and i growih (vafe) 1
o Aris inserted in chamber and plasma started %
o Atoms from material source are extracted T 9N f ) T
via collisions of accelerated ions '\ / f ,{_f [ f / |"
o During process P ~ 1073 mbar o Geor ) | EL Ifg
e Collisions between different atoms make the ? g ket 4]

deposition more conformal

e Reactive sputtering
o Arand a reactive gas (e.g. Nitrogen) are inserted in the chamber
o On the material source surface, reactive gas reacts thanks to the plasma energy
o The newly generated material travels to the substrate
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Lift-off process

A

e Technique to pattern material without etching
o In essence, we “ift-off” what we do not want
e Directionality of deposition is critical

Substrate Substrate
I

Substrate

Substrate Substrate

Metal Metal

/
Substrate Substrate

=PrL Top-Down Metods Lift-off Technologies of Nanofabrication - ESONN 2020 | 2020-08-24/25 84
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A

e Thermal budget of the process
o Metal diffusion
o Metal desorption

e Stress in thin films
o Adhesion improvement
o Flat mechanical structures

e Contamination
e Continuous layers
e Proper metal contact

o Lift-off
E PF L Top-Down methods Technologies of Nanofabrication - ESONN 2020 | 2020-08-24/25



A

e Thermal budget of the process

o Metal diffusion
e Al spikes into Si
o Oxide
o Al-Sialloy
e Auinto Si n-type silicon
o Oxide
o Cr as adhesion/diffusion barrier

e AuintoTi
o NiorPtin between

o Metal desorption
e Main problem for cros-contamination of wafers

o Polymer stability

E PF L Top-Down methods Technologies of Nanofabrication - ESONN 2020 | 2020-08-24/25



A

e Stress in thin films
o Adhesion improvement
o Flat mechanical structures

EHT = 348kV  Signal A = SE2 Date :2 Aug 2016
WD=79mm StageatT = 25.0

PFL-CMI

® File Mame = Mitride_devices_17 1if

Arr 3

Wafer 4  Array | Rosette 3 Right

= PrL s
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A

e Contamination

o Cross-contamination of other wafers
e Previously deposited material can come on your wafer
e Material that desorps can also come on a later wafer
o Purity of the material a YV
e E.g. Josephson junctions X

e Continuous layers
o Continuity

o Pinholes
e Deposit thicker layer
e Pay attention to substrate, T

19
Spiro-OMeTAD
Perovskite
c-TiO,

=) o= I Top-Down methods
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A

e Proper metal contact
o Clean surface
o Good work-function matching (e.g. Si+Ti+Al)
o Annealing to form alloy (e.g. Al+Si)

o Lift-off
o “Does not work”
e Ultrasounds, warm remover, remover with low vapor pressure
o Works s0-s0
e Adhesion layer
e Low pressure & Large distance to source
e Extra development
e Oxygen plasma descum before deposition

Substrate Substrate
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A

e Adhesion layer

=PrL Top-Down methods Deposition Technologies of Nanofabrication - ESONN 2020 | 2020-08-24/25 92



A

Single development Double development

e Distance to source oo

Distance: 450mm
Thin film: 5/25 nm Cr/Au

Tool: EVA760
Dista mm
Thin film: 5/25 nm Cr/Au

e Extra development

EPFL-CMI

Tool:LAB60O B ool LAB60O
 Distance: Tm ; Sl Distance: 1m
Thin film: 10/50 nm Cr/Au . . & Thin film: 10/50 nm C

Tool: EVA760
Distance: 450mm R
Thin film: 10/100 nm Q7T R

EPFL-CMI
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sSummary tahle

A

Deposition
e Wet&Dry oxidation of Si
e Chemical processes
e Physical processes
e Lift-off — pattern without etching

Implantation

e Dope Si - transistors, etc.

e Generate new substrates — SOI
e |on energy and dose

e Annealing is critical for “nano”

TOP-DOWN

e Method to “draw” on the wafer

e Optical, EBL, NIL, ...

e Best option depends on design,
requirements and $$$

Etching

=PrL Top-Down Methods

Lithography
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Which type of oxidation should we use to
grow 1 micron of oxide?

e

A. Wet
B. Dry

E PF L _ Technologies of Nanofabrication - ESONN 2020 2020-08-24/25



How long would that take if done at 1100°CG?

e

Wet Oxidation

—1200°C ——1100°C 1000°C =———920°C

A. 30 minutes -

B. 45 minutes

C. 1 hour :

D. 90 minutes

E. 2hours %
F. 4 hours

0.01 0.1 1 10

Time (hrs)
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e

A. Evaporation
LPCVD
Sputtering
Oxidation

OO W
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A

e Process to remove select materials from the wafer surface

e Types
o Wet etching
o Dry etching Substrate Metallization Spin coating Exposure
Final Wafer Stripping Etching Development
e Definitions:

o Etch rate: rate at which the material is removed from the wafer (e.g. nm/min)

o Selectivity: ratio between the etch rates for two different materials
(dimensionless)

https://www.youtube.com/watch?v=UKf0offCyw0 https://www.youtube.com/watch?v=D9r0ZBNIg48
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A

e Material is removed through a chemical reaction with a liquid etchant
o Highly selective etchings
o Strongly depend on Temperature

e Caution! Hazardous chemicals:
o Work in a wet bench with an exhaust
o Wear protective garment
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A

Quick Dump Rinse

Nozzles

Wafers are

rinsed

Etching

Rinse water

is dumped

To the drain

——

Tank is refilled for next rinse cycle

Rinsing
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A

e Si0, — HF - Isotropic etching I EE—

e Si — KOH, TMAH - Anisotropic etching (etch rate depends on crystal
plane)

e Polycrystalline Silicon — KOH, TMAH - Isotropic etching
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A

e Wafers exposed to gaseous etchant suspended in RF-energized
plasma
o Chamber is filled with a mixture of electrons, ions and radicals

e Compared to wet etching

o Process parameters’ space is much larger and with a better control
o By tuning those parameters, we can control etching profile: e.g. anisotropy

e Tuning parameters allows us to move between 2 regimes:
o ChemicalRegctistierign Etching (RIE)

o Physical dry etching
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A

e |ons from plasma are accelerated towards the wafer

e Highly energetic impact causes material to sputter away
o Same principle as we saw during sputtering deposition

e Selectivity between different materials is given by hardness

Gases IN

O Free Radicals ION from e Sputtered
? Bactrone Plasma Sy Molecule

@@8 *

Photoresist

\ —Wafer Chuek Wafer Silicon Nitride

Substrate

=PrL
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A

e Free radicals from plasma are adsorbed and a chemical reaction
occurs

e The products of this chemical reaction are desorbed from the wafer
o Similar to what we discussed during wet etching
e Selectivity is determined by the chemical reactivity of each material

Radical from Desorbed by
O Free Radicals Plasma ~__ O ° ( product
+ Positive ions
- Electrons d ot 9 e ®®
. AN O

Photoresist

Silicon Nitride

Substrate

=PrL

Top-Down Methods Dry etching Technologies of Nanofabrication - ESONN 2020 | 2020-08-24/25 105




s

arameters
i i

R

Physical

etching Low High Low

(Anisotropic)

ainssald
1omod 4y
alnjeladwal
=
g g

Chemical

(Isotropic)
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A

e Makes use of both ions and radicals to have a combination of
physical and chemical etching

e In addition, there are some chemical reactions in the surface that are
enabled by the ionic impact
o The whole is greater than the sum of its parts

e Most used etching technique in . Desorbed
- o by-prod
micro- and nano-fabrication oM. W / e
Radical—o" & eSputtered material

Photoresist

Silicon Nitride

Substrate

=PrL s

Technologies of Nanofabrication - ESONN 2020 | 2020-08-24/25 107



A

e |t is possible to insert in the chamber gases that instead of etching
generate a passivating polymer

e This polymer will cover both vertical and horizontal walls, but will be
only removed on the horizontal walls, facilitated by ions energy

polymer

e Example: Bosch® process i o ik
o SFgand ¢-C,Fyq
o Etching and passivation

substrate substrate

passivation etching
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Eifects to ntion
G i

A

e ARDE - Aspect ratio dependent etching

e Uniformity across the wafer — SoA ~5%

e Load dependence - Etch rate depends on the % of the wafer to be
etched
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Particular challenges for Nano
s
e Reproducibility
e | ateral roughness

e Polymer residues

=PrL s
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A

e Resist
o Delamination — Wet etching

o Burnt resist — Dry etching

e “Grass’-like result

e Over-etching
o Lateral

e Fences

e Polymer residues
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A

e Resist

o Delamination — Wet etching

e (Hard)-Bake of resist

e Special attention to HF and —OH solutions
o Burnt resist — Dry etching

e |mproved thermal contact

e Oxygen plasma to remove first layer

1008 i

HF

= (]
-
- R
1""\-\.‘; Revint meeling”
) 2
hy i
1 a

| '\-': [}

Glass mehstoate Glarin sulndrate
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A

e “Grass’-like result
o Huge selectivity difference
o Balance between etching and passivation gases

W )
| '~ ."‘a ‘1( "/j' o
AL AT S

=PrL s
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A

e Over-etching

o Vertical
e Always try to get safety margins
e Etch half of the layer-to-be-etched to characterize the etch-rate

o Lateral
e |n some cases, etching can continue after wafer is out of the chamber
e E.g. Aluminum etching with Chlorine chemistry

-

EHT = 3.00kV  Signal A =SE2 Date :1 Mar 2016 EHT = 3.00kV  Signal A= SE2 Date :31 May 2016
FL-CMI EPFL-CMI
WD=106mm StageatT= 45.0° File Name = HRZ_endOfEtching_06 fif

WD=130mm StageatT = 45.0° File Name= 54082_PI_L2_erdofElch_07if
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A

e Fences
o Redeposition of material on sidewalls

o Specially important for IBE
e Ultrasounds
e Change etching machine/recipe

Date :5 Feb 2016

200 nm
Magx 2828 K3—} WD=137mm Stage atT= 46.0° Filetome 4951 0111

EPFL-CMI

e

. 2957 K 200 nm EHT = 3.00kV  Signal A= SE2 Date :8 Mar 2016 EPFL-CMI
ag = i H _ _ o _ )

10 pm 40 pm Mag= T7X 10 um EHT= 3.00kv  Signal A= SE2 Date 7 Jan 2016 EPFL OMI WD=143mm StageatT= 44.9° File Name = 56481_007 tif

Mag= 639X Mag= 553X "9 = WD= 59mm StageatT = 30.0° File Name = 59557_035f g
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A

e Fences
o Redeposition of material on sidewalls

o Specially important for IBE
e Ultrasounds
e Change etching machine/recipe

- - - -
- -

EHT= 3.00kV SignalA=SE2  Date :5 Feb 2016 200 nm

1 pm .
= EHT = 3.00kV  Signal A= SE2 Date :4 Feb 2016
Mag= 10.21 K Jf,_| Wb =437 mm geatT= 45.0° FileName= 37093 0181 EPFL-CMI Mag= 30.00 K}f EPFL-CMI

WD=192mm StageatT = 45.0° Filo Name = 43436_0311f

=PrL s
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e
e Polymer residues
o After dry etching, some monolayers cannot be removed
e This can affect subsequent steps

o Specially important for noble metals

o Deposit sacrificial layer in between resist and substrate e.g. SiO2

T EHT= 300KV  SignalA=inlens Daie:t1Jn2016 o o e 1712 EHT- 300K/ SignalA=SE2 Daie20Fen2016 .. o
g= 175K o Hotch_(0 g = 171K WD=186mm StageatT= 45.0° File Narme = S0479_2min1BsPL ten D08 1

E P F L Top-Down methods Technologies of Nanofabrication - ESONN 2020 | 2020-08-24/25




A

e Polymer residues

o After dry etching, some monolayers cannot be removed
e This can affect subsequent steps

o Specially important for noble metals

EHT = 3.00kV  Signal A= SE2 Date :6 Jan 2016 E
WD = 7.3mm Stage at T = 30.0° File Name = 55088 _eftar10nibUS_|

10 pm
Mag= 553X |_|

o Deposit sacrificial layer in between resist and substrate e.g. SiO2

Date :9 Mar 2016

EHT = 3.00kV  Signal A = InLens

EHT = 3.00kV Signal A=InLens Date :26 Jan 2016 pm
. T-CMI Mag= 202K )1_| o
WD = 7.9mm StageatT= 0.0° FileName = 49437 _aftBHF_0000003 tif WD=116mm StageatT= 45.1° File Neme = 58430_0101if

EPFL-CMI
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sSummary tahle

A

Deposition Implantation
e Wet&Dry oxidation of Si e Dope Si - transistors, efc.
e Chemical processes e Generate new substrates — SOI
e Physical processes e lon energy and dose
e Lift-off — pattern without etching e Annealing is critical for “nano”
e \Wet etching — Purely chemical e Method to “draw” on the wafer
e Dry etching — can be tuned e Optical, EBL, NIL, ...
between chemical and physical e Best option depends on design,
e Issues — uniformity, reproducibility requirements and $$$
Etching Lithography

E PF L TOp-DOWﬂ Methods Technologies of Nanofabrication - ESONN 2020



e

A. Yes
B. No
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After a dry etch, the profile is not completely
vertical. What can we change to improve it?

e

A. Increase pressure
Reduce T

Change the chemistry
Etch longer

Change the mask material

mo o w
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Chemical engineering

NPs CNTs NWs 2D




summary tahle

A

NPs CNTs NWs 2D
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Nanoparticle hesis
i G

A

€
»

The First Nanotechnologists

Ancient stained-glass makers knew that by putting varying, tiny
amounts of gold and silver in the glass, they could preduce the

o

Calale
ey
\-\‘ o
¥~ o
P2

red and yellow found in stained-glass windows. Similarly,
today's scientists and engineers have found that it takes only
small amounts of a nanoparticle, precisely placed, to change a
material's physical properties.

N
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Gold particles in glass Silver particles in glass
Size®: 25 nm W g Size™: 100 nm
Shape: sphere 9 »
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Had medieval artists been able to control the size and

shape of the nanoparticles, they would have been able to

use the two metals to produce other colors. Examples:
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Nanoparticle synthesis

A

e Gas Phase
o Spray pyrolysis

o Inert gas condensation

e Liquid Phase

o Solvothermal reaction

o Sol-gel

o Micellar structured media |

e Requirements
o Simple process
o Low cost
o Continuous operation
o High yield

=) a2l Ml Bottom-Up Methods

i

R

Primary or
particles (s) [

---- | Nanoclusters (s)]

Y NIRRT S A
( Vapor Phase Fabrication \
Grain |
| Evapo- Gas-phase Gas-solid growth
| il reaction surface reaction NanOPaﬁlcleS (s) |
| P1ecu1501 P1ecuxsm ' Intermed1ate P rimary |
(s) (1) ) (g) ..... (2) ----- pamcles ®) J, |
| Nanoclustels (s)
Super Nucleatlon/ l
\ saturation condensation Agglomeration
i i A e e e e L R S A e s e R A A
( Liquid Phase Fabrication \
Grain
| Liquid-phase Liquid-solid growth _
| reaction surface reaction P 4 Nanoparticles (s)

Precursor |== (" Intermediate | ™ >
O ol 0 2

Liquid-solid
surface reaction

Nucleation/
condensation

Agglomeration V4
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A

e Starting solution is atomized into small droplets
e Droplets are passed through the furnace where
o They dry up
o Areaction is facilitated
e Solid particles are generated when cooling

11 X[}

: L Exhaust
Carrier 12X ||} =
gas || e

T3— | recipitator
Flow v
meter T4— : i
> 15— X! ! .
Starting %1 urnace
solution o T
Atomizer
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Sp s — Droplet evolution
7 7

A

e From droplets, NPs are generated

Evaporation Precipitation Drying Decomposition Sintering

Solvent Vapor
Diffusion

Precipitate Solution

""ﬁ'_;::' Solvent - i7<

O VJP“L.'.' ‘\

Heat transfer

Messing et al, J. Am. Ceram. Soc., 1993

e Precipitation control

Low Supersaturation O o
> - —— -

Hollow Particle

Evaporation Only

AN
( Droplet )

N

With Reaction| Surface Reaction =he O
(Reactive Atmosphere)

Gas Evolution

Heating Time -Heating Temperature
Che et al, J. Aer. Sci., 1998
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sSummary tahle

A

e Gas/Liquid phase

e Spray pyrolysis

e Solvothermal

e Sol-Gel

e Efficiency and
yield

NPs CNTs NWs 2D
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A

e Arc discharge
e Laser ablation

e CVD

o Catalytic reaction — requires seed material
o Potential for upscaling process

®=04-2nm -
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A

e Metal catalyst particles, e.g. nickel, cobalt, iron...
e Nanotubes grow from those particles
o (as reacts at the surface of the catalyst
o Carbon is transported to the edges of the particle
e This allows for direct grow on the desired substrate

CVD térmico
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A

e Controlling position and direction of growth
o Catalyst particles
e Controlling chirality
e Reduction of CNT diameter
o Single wall CNTs are challenging using CVD and catalysts

e Remember that it is always needed to use Top-Down methods to
enable contact of CNTs to the “Macro-World”

TEM: Single-Walled
Nanotube square
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sSummary tahle

A

e Gas/Liquid phase e Arc-Discharge
e Spray pyrolysis e Laser ablation
e Solvothermal e CVD

e Sol-Gel e Position,
e Efficiency and orientation, size
yield
NPs CNTs NWs 2D
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s
e Solution-phase synthesis
e Vapor-Liquid-Solid growth (VLS)

e MBE, MOCVD, MOVPE
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A

e Metal catalyst

e SiHx, GeHx, BHx... gas(es) as precursor(s)

e Sidewalls are defined by specific crystallographic planes
o Almost no roughness

—

= PrL s

Technologies of Nanofabrication - ESONN 2020 | 2020-08-24/25 136



A

e Metal on sidewalls
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VLS Growth

e Different catalyst...

O i
ey ,‘g .,,\

Si/Si(111); Al GaP/GaP(111); Au InP/InP(111) (Au) L
ﬂ . NW material Source Metal catalyst Growth process!? 0
| -

P » 4 5| SlCl Au 7 cvD
Si SiCl, Au, Ag, Cu, Pt cvD
~ . Si, Ge SiH,, GeH, Au cVvD
A ~ Si SiH, Au CVD
4 Si, Ge Fe, Si/Fe, Ge/Fe PLD
~ Si Si,H, Au CBE
-l J A B s GaAs/Au Au PLD
\ q X InP InP/Au Au PLD
A CdSe CdSe/Au Au PLD
~ Si Si Ga microwave plasma
\ ~ GaAs Et,Ga, Bu,As Au CBE
g Zn0 Zn0, C Au evaporation
- q Si Si Au MBE
3 Si Sio Au evaporation
~ Si silyl radicals Ga microwave plasma etching
R Si SiH, or SiH,Cl, Ti cVD
ﬁ GaAs/GaP GaAs/GaP Au PLD
e, GaAs/InAs Me,Ga, BusAs, Me;in Au CBE
SilSi(111); Au Si/SiGe sicl, Au Si: CVD; Ge: PLD
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A

e Doping Si NWs

Flow meters n
Steel pipes  I— Reactor tube Outlet
? 2 -
Oven

] N _::H Ty

- - SiCl,

o (o] | —
z|[2] |2 C 1H— Q@ r®—
NIEIRE: BB
wllo| |2 ()] Electronic thermal
of | = - Electronic i bath controller
@< | flow rate Thermal bath in

< controller heat transfer fluid

e S’ S’
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A

e Contacting the NWs with the “macro” world
o Usually Top-Down techniques are required Bottom-up assembly of large-area

nanowire resonator ar rays

MINGWEI LI'f, RUSTOM B. BHILADVALA'*™, THOMAS J. MORROW®, JAMES A. SI0SS?,
KOK-KEONG LEW*%, JOAN M. REDWING*, CHRISTINE D. KEATING® AND THERESA S. MAYER'**

of Becircal The State University, Unhvers fty Park, Pennsyivania 16802 USA
*Materials fesearch Instituie, The Pennsylvania State University, University Park, Pennsylvania 16802, USA
*Department of Chemistry, The Pennsyivania State University, University Park, Pennsylvania 16802, USA
“Department of Materials Sclence and Enginsering, The Pennsylvania State University, University Park Pennsylvania 16802, USA
"These authors contributed equally b this work.

o Interesting example: T T e e i
e Long-range dielectrophoretic forces attract nanowires to surface and align them along
the field gradient

e Short-range capacitive forces further centre the NWs in the wells

=PrL Bottom-Up Methods Technologies of Nanofabrication - ESONN 2020 | 2020-08-24/25



sSummary tahle

A

e Gas/Liquid phase e Arc-Discharge e VLS Growth
e Spray pyrolysis e Laser ablation e MBE

e Solvothermal e CVD e \Well defined
e Sol-Gel e Position, sidewalls
e Efficiency and orientation, size e Position, size
yield
NPs CNTs NWs 2D
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O
e CVD

o Catalyzed reaction on Ni, Cu
o More layers depending on diffusion coefficient of C in the metal
e Exfoliation

Graphene

Scratching
101

-
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A

e CVD on a substrate and then transferred to a different substrate

Cu foil

"~ — I
N Dissolving PMMA'
Cu etching l

V-
Transfer

PMMA/graphene membrane
=PrFL

Target substrate
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sSummary tahle

A

e Gas/Liquid phase e Arc-Discharge e VLS Growth e CVD on SiC, Cu,

e Spray pyrolysis e Laser ablation e MBE NI...
e Solvothermal e CVD e Well defined e Exfoliation with
e Sol-Gel e Position, sidewalls scotch tape
e Efficiency and orientation, size e Position, size
yield
NPs CNTs NWs 2D
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Take home message

A

Deposition Implantation
e Wet&Dry oxidation of Si e Dope Si - transistors, etc.
e Chemical processes e Generate new substrates — SOI
. e Physical processes e |on energy and dose
e From micro to nano e Lift-off — pattern without etching e Annealing is critical for “nano”
e Easy connection to “macro”
o :
V,ery hlgh cost to reduce e Wet etching — Purely chemical e Method to “draw” on the wafer
dimensions o Dry etching — can be tuned o Optical, EBL, NIL, ...
between chemical and physical e Best option depends on design,
e Issues — uniformity, reproducibility requirements and $$9%
Etching Lithography

Bottom-Up

e Direct growth/synthesis of e Gas/Liquid phase e Arc-Discharge @ VLS Growth e CVD on SiC, Cu,

structures e Spray pyrolysis e Laserablaton e MBE Ni...
V h & high it e Solvothermal e CVD e Well defined e Exfoliation with
¢ ery cheap '9 quality o Sol-Gel e Position, sidewalls scotch tape
e Difficult connection to “macro” e Efficiency and orientation, size e Position, size
yield
NPs CNTs NWs 2D
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=PrL




Gold | S
e

A

e Two distinct parts: electrodes (nano-size) and metal leads (micro/milli)

IMB-CNM-CSIC ~ 2um EHT = 3.00 kv SignalA=SE2  Date:11D{ |MB.CNM-CSIC  200nm EHT = 3.00 kv Signal A = SE2 Date :11 Dec 2008
Mag= 1000KX |—— WD= 10 mm Time :11:2¢ Mag= 5000KX |—| WD= 10mm Time :11:30:17

cPrL B
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Gold | S
e

A

e Two distinct parts: electrodes (nano-size) and metal leads (micro/milli)

e I[mproved sensitivity when compared to larger electrodes

e Faster response time

roy L]
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e

A. Option #1
Option #2

5 Option #1 Option #2
C. Option #3
D

e Optical litho e EBL
e PVD sputtering e PVD evaporation

Option #4 e Wet chemical e Dry etching
etching
Option #3 Option #4
e Two levels e Two levels
e CVD of metal e PVD evaporation
e EBL e EBL+Optical litho
o Lift-off e Dry etching
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Tunnel junctions - Josephson Junction

A

e Two metals separated by an oxide
e Oxide is less than 3 nm thick
e Lateral dimensions in the order of 100 nm

Junction

Metal oxide /

“

Substrate
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junction?
s
A. Option #1 Option #1 Option #2
B. Option #2 ® EBL | ® EBL |
C. Option #3 ®?2 Ilthogrgphles ®?2 I|thogr.aph.|es
0. Ootion #4 e 2 Metallizations e 2 Metallizations
ption o 2 Lift-offs e 2 Dry etchings
Option #3 Option #4

e EBL e Optical litho

e Evaporation e Sputtering

o Lift-off e Dry etching

A le lc fo
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A

Single SINW
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How would you fabricate a SINW FET?

e

A. Bottom-up synthesis

B. Top-Down Dry etching
C. Top-Down wet etching
D. Post-definition oxidation
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A
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A

Smaller than 10nm
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A

a)

Residual layer of insulator
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What would you use to etch that residual
layer?

e

A. Chemical Dry etching
B. Physical Dry etching
C. Wet etching

A s o
http://lgv.participoll.com/
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