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Introduction & Area-selective deposition

Area-selective ALD by area-deactivation

— Example: blocking with polyimide

Area-selective ALD by area-activation
— Example: EBID & ALD of Pt (direct-write ALD)
— Intermezzo: y-contact printing & ALD of Ru

— Example: p-plasma printing & ALD of In,O4 (direct-write ALD)

Summary
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Selective deposition for bottom-up processing

Top-down

Excavated from solid rock

Resist film patterned

After etching
by lithography

+ resist strip

Alignment

Current process flow
Removal of excess material using etching

“Subtractive” processes

Bottom-up

Bricks as building blocks

After selective

deposition
Patterned sample P

Future: selective deposition
Only adding material where needed

“Additive” processes

Department of Applied Physics — Erwin Kessels
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Area-selective deposition

Surface with material A Growth on material A only,
and material B not on material B
Material A Material B

Department of Applied Physics — Erwin Kessels
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Area-selective deposition: core-shell nanoparticles
Pt

1. Deposit Pd nanoparticles by ALD
P P y

AlO, 2. Deposit Pt shell by area-selective ALD on Pd core

s 100 cycﬁes Pd*®
¥ + 75%ycle st
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#100 cy&es Pd bc)s e ® 100 cyclespd
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. 100 cygles Pd" B, ®
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Fixed core diameter (100 cycles Pd)
with varying shell thickness (0, 25, 50 and 75 cycles Pt)

5 Department of Applied Physics — Erwin Kessels Weber et al., Chem. Mater. 24, 2973 (2012).
Weber et al., Nanotechnology 26, 094002 (2015).
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Area-selective ALD: core-shell nanoparticle

HAADF-STEM imaging

EDS mapping
>

Ic 120 nm Pt M

Department of Applied Physics — Erwin Kessels Weber et al., Chem. Mater. 24, 2973 (2012).
Weber et al., Nanotechnology 26, 094002 (2015).
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Area-selective deposition: Al,O; on Cu/SIO,

Patterned Cu/SiO,:  ALD of Al,O; on SiO, and Selective etch of Al,O,; and
SAMS grow on Cu(O,) (ultimately) on SAMS SAMS

@ ALD precursor

“_ . Cu oxide

* The SAMS grow selectively on the Cu(Ox) and not on the SiO,

* Al,O; grows on both the SiO, and on the SAMS (albeit with some delay
and with a lower quality)

Department of Applied Physics — Erwin Kessels Minaye Hashemi et al., ACS Nano 9, 8710 (2015).
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Nanopatterning using area-selective ALD?

' Department of Applied Physics — Erwin Kessels
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ALD-enabled patterning

Conventional:

Etching

1.ALD

Film

2. Resist patterning
Resist

3. Etching

=

4. Resist strip

=

Lift-off

1. Resist patterning

=

2.ALD

—/
3. Lift-off

=

ALD-enabled:

Area-selective ALD
by area-deactivation

1. SAM patterning

3. SAM strip

=

' Department of Applied Physics — Erwin Kessels

Mackus et al., Nanoscale 6, 10941 (2014).
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Area-selective ALD by area-deactivation

Areas masked by

Blank substrate |:> photosensitive |:> ALD on open

material or SAMs areas only

No deposition on the masking material (otherwise lift-off)

The masking of the substrate by photosensitive material or
by SAMs requires a patterning step (typically subtractive)!

Department of Applied Physics — Erwin Kessels
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AS-ALD by area-deactivation: using polyimide

After polyimide photolithography patterning

- 45 Intended Pattern Width -
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After 1000 cycles Pt ALD (300 °C) 5 ’
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Distance (um)

* Pt does not deposit on polyimide so
no lift-off

* Polyimide does not “flow” at 300 ° C
so well-controlled pattern width

Department of Applied Physics — Erwin Kessels Vervuurt et al., Nanotechnology 27, 405302 (2016).
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AS-ALD by area-deactivation: using polyimide

Il.)

Graphene

IV.)

Department of Applied Physics — Erwin Kessels Vervuurt et al., Nanotechnology 27, 405302 (2016).
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Area-selective ALD by area-deactivation

Areas masked by

Blank substrate |:> photosensitive |:> ALD on open

material or SAMs areas only

No deposition on the masking material (otherwise lift-off)

The masking of the substrate by photosensitive material or
by SAMs requires a patterning step (typically subtractive)!
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Summary: ALD-enabled patterning

Conventional: ALD-enabled:
Etching Lift-off Area-selective ALD Area-selective ALD
L ALD by area-deactivation by area-activation
Film .
2. Resist patterning 1. Resist patterning 1. SAM patterning
Resist
J 1. Patterning of activation
3. Etching 2 ALD layer
4. Resist strip 3. Lift-off 3. SAM strip 2.ALD

T | & & &

' Department of Applied Physics — Erwin Kessels Mackus et al., Nanoscale 6, 10941 (2014).
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Area-selective ALD by area-activation

Local activation of

surface by seed layer ALD on activated

Blank substrate |:> or modification areas only

surface groups, etc.

The local activation is a patterning step but
it is not subtractive!

115 Department of Applied Physics — Erwin Kessels
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AS-ALD by area-activation: EBID & ALD of Pt

1. Patterning step: 2. Building step:
e-beam induced deposition (EBID) Atomic layer deposition (ALD)
e-beam " <

Half-reaction A ¥ . &

Half-reaction B

Two-step process:
e Patterning: ultrathin (<1 ML) seed layer on oxide by EBID
e Building: area-selective ALD on seed layer

Department of Applied Physics — Erwin Kessels ':‘:' F E I CO MPANY" Mackus et al., Nanoscale 4, 4477 (2012).

TooLs FOR NANOTECH US patent: 8,268,532 (2012).
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AS-ALD by area-activation: EBID & ALD of Pt
1. Patterning step: EBID 2. Building step: ALD

\® ptpeptptpt CH-CPPL(CH).

+//// CH, + CO,
+ H,0

H C/H,
OPtOPt Pt Pt
PtPLPLPLPt PtPLPLPLPt

FEI Nova Nanolab 600 H,O + CO,

Pattering with:
* Nanoscale resolution of electron beam induced deposition (EBID)
* High Pt material quality as obtained by ALD

Department of Applied Physics — Erwin Kessels ':‘:' F E I CO MPANY" Mackus et al., Nanoscale 4, 4477 (2012).

TooLs FOR NANOTECH US patent: 8,268,532 (2012).
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Direct-write ALD with e-beam patterning

Direct-write: maskless and “templateless” patterning

Department of Applied Physics — Erwin Kessels Mackus et al., Nanoscale 4, 4477 (2012).
US patent: 8,268,532 (2012).
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Direct-write ALD of Pt contacts

Back-gated (single-wall) CNTFET TLM structure on graphene
with direct-write ALD Pt contacts with direct-write ALD Pt contacts
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17 Department of Applied Physics — Erwin Kessels Mackus et e_ll" Appl. Phys. Lett. 110, 013101 (2017).
Thissen et al., 2D Mater. 4, 025046 (2017).
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Underlying surface science: Pt dissociates O,

12 T T T T T T T T 1
300 °C Thermal ALD Pt Al‘
R C= e WA
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Number of cycles

Pt nucleates poorly on oxides
Nucleation depends on O, pressure and
sample temperature

' Department of Applied Physics — Erwin Kessels

Pt(111) + % 0, (g) < Pt(111)-0(6)

900 T p<B<025

700

_ 025<6<0.5
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log,, (P, /1 bar)

Mackus et al., Chem. Mater. 25, 1905 (2013)
Getman et al., J. Phys. Chem. C 112, 26 (2008)
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AS-ALD by area-activation: EBID & ALD of Pt
1. Patterning step: EBID 2. Building step: ALD

\® ptpeptptpt CH-CPPL(CH).

+//// CH, + CO,
+ H,0

H C/H,
OPtOPt Pt Pt
PtPLPLPLPt PtPLPLPLPt

FEI Nova Nanolab 600 H,O + CO,

Pattering with:
* Nanoscale resolution of electron beam induced deposition (EBID)
* High Pt material quality as obtained by ALD

Department of Applied Physics — Erwin Kessels ':‘:' F E I CO MPANY" Mackus et al., Nanoscale 4, 4477 (2012).

TooLs FOR NANOTECH US patent: 8,268,532 (2012).
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Underlying surface science: Pt dissociates O,

12— | | | - Pt(111) + % O, (g) < Pt(111)-0(6)
10-300 °C Thermal ALD PtAAl‘ 000 1 g<a<00
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s CH @ ©
N 3 @
% 6r .’. ] S
S I o 1§ 500 -
g al .'.,0 Plasma ALD Pt ] @ 5 W
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Number of cycles O at fcc hollow sites

Pt nucleates poorly on oxides
Nucleation depends on O, pressure and
sample temperature

Pt surface with
chemisorbed O

Department of Applied Physics — Erwin Kessels Mackus et al., Chem. Mater. 25, 1905 (2013)'
Getman et al., J. Phys. Chem. C 112, 26 (2008).
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Underlying surface science: Ru dissociates O,

20 Ru (0001) hep ML (X110
' at 600K ASLAl
' X
— /
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Leick et al., J. Phys. Chem. C 117, 21320 (2013) and references therein.
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AS-ALD by area-activation: g4-CP & ALD of Ru

1. Patterning step: 2. Building step:
Micro-contact printing Atomic layer deposition (ALD)
PDMS RuO, \

ZEEE Lils. ez EEEe ez

ALD: RuCp, + air
T=250°C

I_-_-_?_-_-_l

/
Ru

Ru temperature window = 275 — 400 °C

Ru does not nucleate just below
temperature window: 250 °C

" Department of Applied Physics — Erwin Kessels ‘ UNIVERSITY OF HELSINKI Farm et al., Chem. Mater. 24, 275 (2012).
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Introduction & Area-selective deposition

Area-selective ALD by area-deactivation

— Example: blocking with polyimide

Area-selective ALD by area-activation
— Example: EBID & ALD of Pt (direct-write ALD)
— Intermezzo: y-contact printing & ALD of Ru

— Example: p-plasma printing & ALD of In,O4 (direct-write ALD)

Summary

' Department of Applied Physics — Erwin Kessels
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AS-ALD by area-activation: yPP & ALD of In,O,

1. Patterning step: 2. Building step:
U-plasma printer (in air) Atomic layer deposition (ALD)
» D
| J— <
l Half-reaction A a -

Half-reaction B

Two-step process:
e Patterning: plasma treatment of H-terminated silicon surface
e Building: area-selective ALD on treated area

Department of Applied Physics — Erwin Kessels Mameli et al., Chem. Mater. 29, 921 (2017).
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AS-ALD by area-activation: y-PP & ALD of In,0O4

1. Patterning step: 2. Building step:
U-plasma printer (in air) Atomic layer deposition (ALD)
Side view X 'OH OH
e
&%
R , (4 HCp
Bottom view HQ OH
Ilr]3+ Ilr-]3+ :[Inl— Ipl—
O O O O
 ecerrereeres ca Hrrrrrrrrrrr

Pattering with:
* Sub-mm resolution of pu-plasma printer
* High In,0; material quality as obtained by ALD

22 Department of Applied Physics — Erwin Kessels Libera e_t al., Chem. Mater. 23, 21150 (2011).
Mameli et al., Chem. Mater. 29, 921 (2017).
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Direct-write ALD of In,0O,

1)

Blank H-terminated surface

\ C//.,L. / XPS linear scan
100 T o OO O
- : : 80%\0 /‘f‘) e 0\0
u-plasma activation —~ sof o ¢ _o-Si2p3
@ 40
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distance (mm)
228 Department of Applied Physics — Erwin Kessels Mameli et al., Chem. Mater. 29, 921 (2017).
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Underlying surface science: InCp adsorption

80 ——r—————r+——1———1—+— - Adsorption energies of InCp (in eV)
m  H-term. Si (a-Si:H or HF last ¢-Si) T .
70| w OH-term. Si (SiO,) ‘ il Si(111)-H
60 i PBE (Avg.) -0.021
c .l ' PBE-D3 (Avg.) |-0.258
c
% Si(111)-OH
% PBE (Avg.) -0.048
E PBE-D3 (Avg.) |-0.385
Calculations in progress:

: : - - - - - Adsorption on Si(111)-OH seems
0O 100 200 300 400 500 600 700 :
thermodynamically more

# ALD cycles favorable

ALD In,0; using InCp as precursor exhibits a large
nucleation delay on H-terminated surfaces

" Department of Applied Physics — Erwin Kessels Mameli et al., Chem. Mater. 29, 921 (2017).
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Summary

Area-selective deposition will provide processing solutions for
upcoming technology nodes

There is especially interest in area-selective ALD as ALD is starting
surface dependent

Preferably also nanopatterning by area-selective ALD
We can distinguish two approaches:

— Area-selective ALD by area-deactivation

— Area-selective ALD by area-activation

Area-selective ALD by area-activation is the ultimate dream as the
surface on which no film needs to be deposited remains untouched

Presented two approaches that can be categorized as direct-write ALD

To be continued... !

" Department of Applied Physics — Erwin Kessels
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Summary: ALD-enabled patterning

Conventional: ALD-enabled:
Etching Lift-off Area-selective ALD Area-selective ALD
L ALD by area-deactivation by area-activation
Film .
2. Resist patterning 1. Resist patterning 1. SAM patterning
Resist
J 1. Patterning of activation
3. Etching 2 ALD layer
4. Resist strip 3. Lift-off 3. SAM strip 2.ALD

T | & & &

' Department of Applied Physics — Erwin Kessels Mackus et al., Nanoscale 6, 10941 (2014).
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Review paper

ROMAL SOCETY
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Nanoscale

REVIEW
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®Cmﬂm The use of atomic layer deposition in advanced

nanopatterning

Cibe This Manosoie, 2004, 6, KB40
A J M. Mackus, A A Bol” and W. M. M. Kessals

Momic layer deposgition ALD) = a method that allows for the deposition of thin filres: with atomic. bavwel
oontel of the thidknes= and an excelent conformally on 3-dimersional sufaces In recent peas, ALD
s bean mplementad n many appicatons i moroelec ronics, for whidch often a pattened film nstead
of full ares coverage & reguimed. This articbe reviess several approaches for the m teming of ALD -grown
firre. In addition to comwenfonal mefods reying on eiching, these hes been much mbesst n
mamopattening by ares -selective ALD. Ama-ssecive approsdhes can eiminate ooem patibility Bsues
3 ted 29N iy 2024 Fxocsted with the wme of aichant, Bi-off chamicals, or resist e, Moraower, fe ute of ALD &= an

enabling techmology n advanced nanopatteming metho® such a5 spacer defined double patbemning or
DOL: 101085 odni0E S4g Hiock copolymer Fhography i discumed, as well @ the appcagion of selecfve ALD in seif-abgned
wrare mC orginanoscale abeication sdhemes

Recersed 18n Aol 2004

Department of Applied Physics — Erwin Kessels Mackus et al., Nanoscale 6, 10941 (2014).
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