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Atomic Layer Deposition (ALD) Thin-Film Technique

- Gaseous precursors
- Self-limiting surface reactions
- Conformal, homogeneous thin films with atomic-layer accuracy
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Prototype ALD thin films

« ALD-Al,O; (amorphous): barrier and protective coating
« ALD-HfO, (amorphous): high-k dielectrics
« ALD-ZnO (crystalline): semiconductor (e.g. thermoelectrics)

« ALD-TIO, (crystalline): e.g. photovoltaics

A' Aalto University
[ |



Atomic Layer Deposition
of Al,O4 (AlO,)

- Al-source (precursor): Al(CHy);
- Oxygen source (co-reactant): H,O
- Substrate: Si

(1) Substrate surface is initially covered with
hydroxyl (OH) groups

First trimethyl aluminum [TMA: Al(CH;)4]
Is pulsed into the reactor

(2) TMA reacts with the surface OH groups,
producing methane (CH,) as a byproduct

(3) Reaction continues until the surface is
passivated (= covered with a TMA layer)

TMA does not react with itself: this
terminates the reaction to one layer

Excess TMA and methane molecules are
pumped away (purged with an N, pulse)




(4) Next, water vapour (H,O) is pulsed
into the reaction chamber

(5) Water reacts with the surface methyl
(CH,3) groups, forming Al-O bonds
and surface OH groups

Again methane is the byproduct

Reaction continues until the surface
IS passivated

Again the reaction is self-limited to
one new layer
(as H,0O does not react with itself)

(6) Excess H,O and CH, molecules are
pumped away (purged with an N, pulse)




One TMA pulse (+ N, purge) and one H,O pulse (+ N, purge) form
one ALD cycle, producing one layer of Al,O, (of ca. 1 A in thickness)

Here the outcome of three ideal ALD cycles is shown

Each cycle takes approximately 5 to 10 seconds

www.cambridgenanotech.com

Reaction-1: (Si/Al)-OH(s) + Al(CH3)3) — (SI/AI)-O-AI(CHj3), (s) + CH,4(g)
Reaction-2: (Si/Al)-O-Al(CH3),(s) + 2H,0 () — (SI/AI)-O-AI(OH), (s) + 2CH,(g)
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Kalevala Koru
(Finland):

- traditional
silver
jewelry

Beneq (Finland):
- Al,O5 coating by ALD

uncoated Al,O5-coated

Dense, pinhole-free

& highly conformal
ALD-AIl,Os-nanocoating
efficiently protects
silver jewelries

from tarnishing

BEFORE AFTER TARNISHING TEST




smaller transistors — lower gate voltage
same electric fields —» thinner dielectric

SiO2 —» HIGH-k DIELECTRICS

CMOS transistor




HfO,-ALD gate oxide

ALD cycle
HfCl, + H,0

Subsirate Substrate
() Ist precursor pulse (b} Purge

e B g
Substrale Substrale
(d} Purge () Znd precursor pulse

0.0002 mm=200nm


https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjH3PXQgavkAhVeAxAIHRFHCcoQjRx6BAgBEAQ&url=http%3A%2F%2Fphotonicswiki.org%2Findex.php%3Ftitle%3DAtomic_Layer_Deposition_ALD&psig=AOvVaw0_mlGATBbhtDhCU1gIrC5R&ust=1567268856410838

''''''''''''''

Growth per cycle
—
Growth per cycle
I

Reactant dosing time Purge time

Precursor Purge Co-reactant Purge
dosing exposure

reaction
products

1** Half-cycle 2" Half-cycle

FILM GROWTH RATE: Growth per Cycle (GPC) [Alcycle]
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Atomic Layer Deposition (ALD)
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Advantages of ALD

= Relatively inexpensive method
= Excellent repeatability o

= Dense and pinhole-free films °

= Accurate and simple thickness control
= Large area uniformity -
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- -‘:E.I-'E;h

= Easy doping

= Excellent conformality

= Low deposition temperature
= Gentle deposition process

= Qrganic/polymer films

O

0O

= |norganic/organic hybrid materials




COMMON METAL PRECURSORS In ALD

C(CHs)s

/’i

alkoxides

H,C— Zr - CH, Zr -

C(CHa)s

— — 4
B-diketonates
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organometallics@ amido complexes

e.g. cyclopentadienyls
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- ALD precursors tested at HUT
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COMMON CO-REACTANTS (second precursor) in ALD

= Water H,O (e.g. with TiCl,, Al(CH,); or Zn(CH,CH,),) — Oxides
= Ozone O, (e.g. with metal B-diketonates) — Oxides

= Dihydrogensulfide H,S (e.g. with ZnCl,) — Sulfides
= Ammonia NH; — Nitrides
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LIPON BY ALD witTH W

TOYOTA

* Lithium phosphorous oxynitride Li,POyN,
* A promising solid-state electrolyte for thin-film Li-ion microbattery

o)

P

Eto“®0Et

Diethyl phosphoramidate

RBS-NRA lonic cond.

M. Nisula, Y. Shindo, H. Koga & M. Karppinen,
Chem. Mater. 27, 6987 (2015).




CICADA WING

e Peculiar surface-
nanostructure

200-nm high nanopillars
with a WAXY SURFACE

 superhydrofobic

Zn0O

m Reversible change from hydrofobic to hydrophilic upon UV-radiation

CICADA WING + ZnO (+ few-nm AlLO,)

m Conformal coating of the wing by a thin layer
of ZnO (~20 nm) by means of ALD

m Reversible change from superhydrofobic to
superhydrophilic upon UV-radiation

J. Malm, E. Sahramo, M. Karppinen & R. Ras, Chem. Mater. 22, 3349 (2010).
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PACKAGING B3(PLA) AL O, sz o B{gim}
MATERIALS _ 100 ¢ B1(PLA)
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0.01 l | |
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Bio-based Packaging Materials Investigated

B(PLA) | Polylactide-coated board

PLA Polylactide film

NFC Nano-fibrillated cellulose film
B(GGM) | Galactoclugomannan-coated board
PHB Polyhydroxy butyrate film

Pectin Pectin film made by solution casting

WVTR (g /m %/day)

O,- and H,O-vapour transmission

< Biopolymer
&€ Biopolymer + 25 nm ALD-AI,O4

T. Hirvikorpi, M. V&ha-Nissi, J. Nikkola,
A. Harlin & M. Karppinen,
Surf. Coat. Technol. 205, 5088 (2011).



ALD (Atomic Layer Deposition) ML D (Molecular Layer Deposition)

High-quality
INORGANIC thin films ORGANICS '

with atomic level control




inorganic-organic-inorganic-organic

~a b QLA

FLEXIBLE MULTIFUNCTIONAL SINGLE-PHASE HYBRID MATERIALS !l
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ALD/MLD Processes:

Metal Precursors
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ALD/MLD Processes: Organic Precursors
(sublimation temperatures !)



' DOUBLE SURFACE REACTION
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A Aalto University P. Sundberg & M. Karppinen,

L ?ggﬁr?c'ﬂg?’hemica' Organic and inorganic-organic thin film structures by molecular layer deposition:

A review, Beilstein Journal of Nanotechnology 5, 1104 (2014).
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= Reactivity of the functional groups towards the metal precursor
= Bonding site (e.g. O, Nor S) —» M-O/ M-S/ M-S bond in the hybrid
= Backbone: size, chemistry, functionality — Remains in the hybrid !

/o--~. FUNCT.
1
Backbone OINIS; ~roup

ALD:H-O-H ALD: NH4 ALD: O,

EXAMPLES

HO — CH,-CH, — OH H,N — backbone — NH, HOOC — backbone — COOH
HO — benzene — OH

Al ORGANIC PRECURSOR



NUCLEOBASES FROM NATURE

Cytosine - Cytosine
_—Nucleobases NH,

N

N
H

P wsin B PHOTORESPONSIVE
oy o AZOBENZENE

(N ) N/}\NH2 EN\ N/)‘NHZ

Base pair

H H
Adeni Adeni
enmeHZN @ enlneHZN EI
¥ o :
(N \ 7 QN \ 7
H H

Uracil Thymine
o

[ :/t'o helix of / \ftk

sugar-phosphates N-H

Nucleobases Nucleobases
of RNA of DNA

RNA DNA trans azuhenzene cis azobenzene

Ribonucleic acid Deoxyribonucleic acid

Z. Giedraityte, O. Lopez-Acevedo, L.A. Espinosa Leal,
V. Pale, J. Sainio, T.S. Tripathi & M. Karppinen,
J. Phys. Chem. C 120, 26342 (2016).

A. Khayyami & M. Karppinen, Chem. Mater. 30, 5904 (2018).

A. Khayyami, A. Philip & M. Karppinen,
Angew. Chem. Int. Ed. 58, 13400 (2019).

A! NEW EXCITING ORGANIC COMPONENTS

Aalto University
School of Chemical
Engineering


https://en.wikipedia.org/wiki/Nucleic_acid_analogue
https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjR0b2CnofmAhVp5KYKHUo_BDYQjRx6BAgBEAQ&url=https%3A%2F%2Fwww.scienceforums.net%2Ftopic%2F55031-aniline-to-azobenzene%2F&psig=AOvVaw2atwLM3WfvBV4ZyLuMbsQF&ust=1574834634794177
https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjt0uyJlYvmAhUQ0qYKHQcXDu8QjRx6BAgBEAQ&url=https%3A%2F%2Fen.m.wikipedia.org%2Fwiki%2FAalto_University_School_of_Chemical_Engineering&psig=AOvVaw3kBHbNz1dDXXdcnlb9lUt5&ust=1574970445164380

Me Me
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/E % :l/ SH
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Me O /N\
Me Me

HS
Cu(dmap), Benzene-1,4-dithiol)
Toup = 60°C Toup =35°C
7s/5s N, 10s/10s N,

Low-temperature ALD/MLD

Taep = 80—140°C
GPC =1.9-0.8 Alcycle

| fettouniversity D.J. Hagen, L. Mai, A. Devi, J. Sainio & M. Karppinen,
A. el et Atomic/molecular layer deposition of Cu-organic thin films,
Dalton Transactions 47, 15791 (2018).
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Metal-Organic

Superlattice Gradient hybrid Nanolaminate

! DIFFERENT LAYER SEQUENCES BY DESIGN
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POSSIBLE APPLICATIONS OF ALD/MLD FILMS ...

GAS-BARRIER COATINGS

Al,O5 + hybrid Al-organic nanolaminate coatings on biopolymers:
— Enhanced mechanical & thereby oxygen-gas barrier properties

UV- and IR-to-Vis Conversion Layers for SOLAR CELLS

Ln-organic (Ln = e.g. Eu, Yb, Er) films with UV or IR-absorbing organics
— More efficient utilization of solar radiation

FLEXIBLE Li-ORGANIC MICROBATTERY

Not-previously-existing Li-organic electrode materials
— First all-organic Li-ion microbattery

TEXTILE-INTEGRATED THERMOELECTRICS

ZnO-organic superlattice structures in a scale of 1~10 nm
— Suppressed thermal conductivity/enhanced TE characteristics

FLEXIBLE CRM-FREE MAGNETIC THIN FILMS

epsilon-Fe,O5-organic superlattice thin flms — enhanced mechanical
properties without compromising the magnetic properies



BIOBASED PACKAGING MATERIALS: Polylactic acid (PLA)

» biodegradable & sustainable

= PROBLEM: oxygen transmission rate too large:
OTR =400 cm3/m?d10° Pa

= SOLUTION:
thin (25 nm) ALD-Al,O, coating:
OTR =20 cm3/m? d10° Pa

= PROBLEM: strain induces cracks &
deteriorates barrier properties of ALD-Al,O4

= SOLUTION:
Al,O5 + alucone
(-Al-O-CH;-CH;-0O-)
nanolaminate coating
by ALD/MLD

25 nm Al,O,

M. Vaha-Nissi, P. Sundberg,
T. Hirvikorpi, J. Sievanen,

A. Sood, M. Karppinen & A. Harlin,
Thin Solid Films 520, 6780 (2012).
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Eu-organic ALD/MLD films
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(Yb,Er)-organic ALD/MLD films
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Wavelength (nm)
A A. Ghazy, M. Safdar, M. Lastusaari, A. Aho, A. Tukiainen, H. Savin, M. Guina &
M. Karppinen, Luminescent (Er,H0),0O; thin films by ALD to enhance the performance

Aalto University of silicon solar cells, Solar Energy Materials & Solar Cells 219, 110787 (2021).

School of Engineering
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Metal Coordination Complex
- central metal atom + ligands

Coordination Network
- organic ligands act as linkers PR G S i iy

- 1D, 2D or 3D materials

Two Dimensions

Metal Organic Framework (MOF)

- highly porous materials
- attractive application possibilities

Three Dimensions

e
-

BLHLH



https://en.wikipedia.org/wiki/File:DimensionalityandCoordination.png
https://en.wikipedia.org/wiki/File:Trans-dichlorotetraamminecobalt%28III%29.png
http://pubs.rsc.org/en/content/articlehtml/2013/cs/c3cs60244c

X
PRECURSORS b 3_<:>_(“
for ALD/MLD HO o

Cu(thd), Terephthalic acid (TPA)

MOF

METAL-ORGANIC
FRAMEWORK

E. Ahvenniemi & M. Karppinen,
Chem. Commun. 52, 1139 (2016).
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http://commons.wikimedia.org/wiki/File:Terephthalic-acid-2D-skeletal.png
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XRD

3-coord.
Li-site

Li + Hydroquinone

= Crystalline films

= NOT synthesized by any other technique

= Under-coordinated Li-site T
) . . 5 10 15 20 25 30 35 40 45 50

= Reversible water absorption (gas absorption) 20 (°)

= Potential application: Li-ion battery cathode Structure predicted by DFT

Intesity (Arb. units)

Aalto University M. Nisula, J. Linnera, A.J. Karttunen & M. Karppinen, Lithium aryloxide
A. 1S_ch:|)ollof Chemical thin films with guest-induced structural transformation by ALD/MLD,
cennelogy Chemistry — A European Journal 23, 2988 (2017).
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Aalto University M. Nisula & M. Karppinen, Atomic/molecular layer deposition of lithium

A. ?g?ﬁ:clﬂgzhemical terephthalate thin films as high rate capability Li-ion battery anodes,

Nano Lett. 16, 1276 (2016).



Lio

Flexible Li-organic
microbattery

HIGH POWER & ENERGY DENSITY

A

Aalto University
School of Chemical
B Technology

M. Nisula and M. Karppinen, In-situ lithiated quinone cathode for ALD/MLD-
fabricated high-power thin-film battery, J. Mater. Chem. A 6, 7027 (2018).



Inorganic-Organic INTERFACES:
Reduction of Thermal Conductivity

= Thermal conductivity (k) is important: thermal barriers, thermoelectrics, etc.
» |nterfaces in the form of superlattice: metal oxide layers & organic layers
= Proof-of-concept data: ZnO:benzene in a scale of 1~20nm for ZnO

Thermoelectric

figure-of-merit PHONON ELECTRON
|
S%o
7T = T |
Re +@ Organic
: Oxide

For oxides: K, large !
|

—

Aalto University T. Tynell, A. Giri, J. Gaskins, P.E. Hopkins, P. Mele, K. Miyazaki & M. Karppinen,
A. ?22,?:,’(',,";93"&""“' Efficiently suppressed thermal conductivity in ZnO thin films via periodic
introduction of organic layers, J. Mater. Chem. A 2, 12150 (2014).



THERMOELECTRIC MATERIALS

= High electrical conductivity & Low thermal conductivity
— Difficult combination to be achieved with conventional materials

= ALD/MLD thin-film technology — nanoscale SUPERLATTICE (SL):
- thermoelectric oxide layers (ZnO) by ALD & organic (benzene) layers by MLD
- thermal conductivity decreases but electrical conductivity remains the same

» XRR: we can see SL peaks as an indication of the regular ordered SL structure

PHONON ELECTRON b
|
LITRITSITXTT PIY 21T S0 2T
| L TR AR ARSI LI LY LIS = \/\ ‘ XRR
I %oe § /\[\/\
Organic g \/\
1 Oxide 2| oo w
= SL peak it
—I

1 1 |
0.5 10
Incidence Angle [°]

Ralto University | J.-P. Niemelé., A.J. Karttunen & M. Karppin_en,
A. Jehool of Chemical Inorganic-organic superlattice thin films for thermoelectrics,
echnology

J. Mater. Chem. C 3, 10349 (2015).



ALD/MLD for ZnO: Benzene superlattice

’----------------------------------
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http://upload.wikimedia.org/wikipedia/commons/b/b2/Hydrochinon2.svg
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XRR:

- We can see/count the number (N) of "superlayer” units in the SL thin film;
most clearly for N =61to 12; for N > 12 the oscillations start to overlap

- NOTE: for ZnO no SL peaks are seen

N x [ZnO: benzene]
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T. Tynell, I. Terasaki, H. Yamauchi & M. Karppinen, J. Mater. Chem. A 1, 13619 (2013).



ZnO: benzene THERMAL CONDUCTIVITY (at RT)
Sample K [Wm1K-4]
SUPERLATTICE

LT I AT XRIT LIT XIT LI X1 PER'OD Zno ~43

VAN N P2 SN SNr SR> O, 99:1 — 16 nm ZnO :benzene (99 : 1) 7.1

49:1— 8nm ZnO : benzene (49:1) 4.1

29:1— 5nm ZnO :benzene (29: 1) 3.1

9:1— 2nm | 7ZnO:benzene (9: 1) 1.3

A 41— 1nm 1700 benzene (4: 1) 0.7

= T. Tynell, A. Giri, J. Gaskins, P.E. Hopkins, P. Mele, K. Miyazaki & M. Karppinen, J. Mater. Chem. A 2, 12150 (2014).
= A. Giri, J.-P. Niemela, C.J. Szwejkowski, M. Karppinen & P.E. Hopkins, Phys. Rev. B 93, 024201 (2016).
= A. Giri, J.-P. Niemel&, T. Tynell, J. Gaskins, B.F. Donovan, M. Karppinen & P.E. Hopkins, Phys. Rev. B 93, 115310 (2016).

Aalto University
School of Chemical
B Technology



Using the ALD/MLD technique it is possible to perfectly control where within the ZnO film
the organic (benzene) layers are placed — We can grow both regular superlattice films
and irregular “gradient” ZnO-organic films. For example, in both of the following two films

Total film thickness: ~105 nm
Number of organic layers: 5
Average ZnO layer thickness: ~17 nm

Superlattice: all ZnO layers ~17 nm (thermal conductivity
Gradient film: ZnO layers 9 ~ 28 nm

ONLY for the former the SL peaks are seen in XRR data

XRR data |

Gradient film

Intensity (log scale)

Superlattice

Superlattice Gradient film HTheta-Omega ()
F. Krahl, A. Giri, J.A. Tomko, T. Tynell, P.E. Hopkins & M. Karppinen, Thermal conductivity reduction
at inorganic-organic interfaces: from regular superlattices to irregular gradient layer sequences, Adv.
Mater. Interfaces 5, 1701692 (2018).
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Aalto University G. I\/_Iari_n, R. Funahashi & M. Karppinen, _ _ _ |
A. $°h§°'|°f Chemical Textile-integrated ZnO-based thermoelectric device using atomic layer
echnology

deposition, Advanced Engineering Materials 22, 2000535 (2020).
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A. Philip, J.-P. Niemel&, G.C. Tewari, B. Putz, T.E.J. Edwards, M. Itoh, |. Utke & M. Karppinen,
Flexible e-Fe,O;-terephthalate thin-film magnets through ALD/MLD,

ACS Applied Materials & Interfaces 12, 21912 (2020).




About the CHEMICAL BONDING in the films

= Covalent bonds
= |[onic bonds
= Hydrogen bonds

Ti + AP

55
LY :

T| -Cl- T| -Cl- T| fg Bo. R B Hydrogen
l ~ e bonding

Na + Uracil

""""
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Computational first-principles calculations
= Atomic-level bonding models
= Band structures

= Prediction of physical properties

A.J. Karttunen, T. Tynell & M. Karppinen, J. Phys. Chem. C 119, 13105 (2015).



