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Atomic Layer Deposition (ALD): a chemical
gas-phase technique for thin film growth
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Many classes of materials have been studied
by ALD: oxides, nitrides, sulfides, metals, ...
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Source: review by Miikkulainen, Leskeld, Ritala, Puurunen, J. Appl. Phys. 113, 021301 (2013); >2000 references.
http://dx.doi.org/10.1063/1.4757907
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ALD discovered & developed independently
under two names

Atomic layer epitaxy (ALE), Finland, 1974 -

Molecular layering (ML), Soviet Union, 1960s -

MonekynapHoe HacrnameaHue (MH), transliterated as
molekulyarnoye naslaivanie

Especially ML has remained poorly known and cited
Virtual Project on the History of ALD (VPHA)

Goal of this presentation: summarize the of

key achievements in VPHA 2013-2016
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Web of Science,
Sept. 30, 2016

Knez, Nielsch, Niinistd, Adv. Mat. 2007 (Times cited: 426)
« “Atomic layer deposition (ALD), originally called Atomic

layer epitaxy (ALE), was developed in the 1970s by

Suntola and Antson...”

George, Chemical Reviews 2010
* "The history of ALE and ALD dates back to the 1970s in (Times cited: 1340)
Finland.”
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Puurunen, Doctoral thesis, Helsinki University of Technology, 2002

Several terms are used in the literature to describe processes that are based on repeat-
g separate, saturating gas—solid reactions. In addition to ALD, terms such as atomic
layer epitaxy (ALE).>*~2*%7 atomic layer chemical vapour deposition (ALCVD™) 87
molecular layering 5% atomic layer growth.* atomic layer processing® and chemical
surface coating’? can be found. Atomic layer epitaxy was the origmal term. used by
Suntola and co-wotkers, who developed the technique in the 70°s for the preparation of

ZnS thin films for electroluminescent devices.”! During the 90°s, the ALE technique
425,28 72

was extended to catalyst preparation.? In catalyst applications. and most often
also in thin film applications. the processed materials are amorphous or polyerystalline,
13.25.26.73 and the original term. atomic layer epitaxy. does not

well describe the processed materials. Although the term atomue layer deposition 1s now
6.56,57,63,74,75 66.76

not epitaxial. 0 nature,

preferred.” some groups prefer to use the original term, mainly for his-

torical reasons.’® In this thesis, the term atomic layer deposition (ALD] is used.

"Early work on Atomic Layer Deposition cited”
Malygin, Smirnov, Solid State Technology,
2002, March, p. 14
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Table . Altemative Names to the ALD Method

Mame Mcronym Comments
Atomic layer deposition ALD General, covers all kinds of Alms
In a close connection with the

original mame

Atomic layer epitaxy ALE The omginal name, but should be
reserved for epitaxial films only

Aromie layer growth ALG Like ALD but less used

Agomic layer chemical ALCVD  Emphasizes the relation w CVD

vapor deposition

Molecular layer epitaxy MLE Emphasizes molecular compounds
A5 PCCUTEOrS

Digital layes epitaxy DLE Emphasizes the digital thickness
ciftral

Molecular layering | ML Drates back to obd Russian litersture

Successive layerwise
chemisorption

Sequential surface chemical
reaction growth

Pulsed beam chemical vapor
depasition

Ritala, M. & Leskela, M. Nalwa, H. S.
(Ed.) Atomic Layer Deposition
Handbook of Thin Film Materials,
Academic Press, 2002, 1, 103-159
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Puurunen, J. Appl. Phys. 2005

« “TABLE I. Some Soviet—Russian ALD

investigations.”
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Puurunen, J. Appl. Phys. 2005 (Times cited: 1017)
« “According to the more commonly acknowledged

origin, ALD was developed under the name “atomic
layer epitaxy (ALE)” in Finland by Suntola and co-
workers. “

* “The less commonly acknowledged origin of ALD
dates back to ... the Soviet Union ... 1960s ...
group of Professor Aleskovskii.”

Web of Science,
Sept. 30, 2016

Knez, Nielsch, Niinistd, Adv. Mat. 2007 (Times cited: 426)
« “Atomic layer deposition (ALD), originally called Atomic

layer epitaxy (ALE), was developed in the 1970s by

Suntola and Antson...”

George, Chemical Reviews 2010
* "The history of ALE and ALD dates back to the 1970s in (Times cited: 1340)
Finland.”
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O LinkedIn question May 6, 2013

Riikka Puurunen ses 3y
Senior Research Scientist at VTT

What are the "Molecular layering" papers by Koltsov from
"early 1960's"?

| noticed that the "hall of fame" of aldpulse.com has been updated with a few faces, among them
Aleskovskii and Koltsov.

The question is: what are these papers published "early in 1960's" by Koltsov?

So, if anyone has info on this, please share, for the common benefit. --- The references should
preferably be detailed anough so that a skilfull librarian gets a copy orderd with that info. Show less

Like Comment &1 25

LinkedIn "ALD - Atomic Layer Deposition” group
https://www.linkedin.com/groups/1885076/1885076-238399494
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VPHA opened July 25, 2013 + ALD 2013 San Diego

Atomic layer deposition (ALD) has become a technique that,
for its part, changes the world we live in. As for any significant

te(
te(
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First, we should generate a complete list of early ALD
publications.

Second, interested individuals should pick up some of the
early publications, read them, and comment on the work.
For example: was ALD made (i.e., do you recognize the
work as ALD), and if yes, which process it was; and other
noteworthy things.

Third, the individual should share their comments with
others, and the comments of different people should be
collected together.

Atmosphere of Openness, Respect, and Trust

http://vph-ald.com/Introduction%20and%?20invitation%20to%20participate.html

istory
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© VPHA opened July 25, 2013 + ALD 2013 San Diego

Virtual project on the history of ALD: update and invitation to participate
Introduction and invitation to participate
Instructions on how to participate in this “virtual project”
General information (read me firstl)
More detailed information (good to read me also)
LIST OF EARLY LITERATURE ON ALD, WITH COMMENTS ON THE SIGNIFICANCE OF

THE WORKS
List of contributors (alphabetical order, last name) ALD-history-evolving-file
Abbreviations Early ALD literature up to 1986

List of early ALD literature

GENERAL COMMENTS ON THE PROJECT
This is a model of how to do it — you can copy this and write your own comments
By Riikka Puurunen (I may modify this still}
By Jonas Sundqvist

On the Soviet & Russian journals with English translations

Scientific degrees in Soviet Union

Other noteworthy publications, also later than 1996 on

TEMPORARY SECTION for any miscellaneous stuff

Curretly: ~300 pages

https://docs.google.com/document/d/1AlJg29dIM2if4SGzMJISSmwZskCNaAMOMO9LUGBUYPios/

idtory
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O VPHA opened July 25, 2013 + ALD 2013 San Diego

http://www?2.avs.org/conferences/ALD/2013/index.html

JRE:

T

M

ol | NN

13th International Conference on Atomic Layer Deposition

e . f—
FQuly 257312013 San Prego, Calijonia

Ldm’
“Virtual project on the history of ALD”

* Goal: generate a common view on the early evolution of ALD
in a collaborative project by the whole ALD community

*“Unknowns” especially in the Molecular Layering work (Soviet Union)
eInvitation to participatepublishediuly 25, 2013, aldpulse.com Announcement made by the
(Riikka Puurunen, AzizAbdulagatov, Jonas Sundqvist and Annina Titoff) . .
<Eayonawlconme b olr ifferenb st hsrcavidsbanaticil conference chair Prof. Kim

o List of early ALD publications will be created

* Participation: read & comment on the significance of at least
one historical publication that interests you (not much work!)
* Result to be published, names of all contributors announced
* Plan: project will be open until the end of 2013

More info: invitation at aldpulse.com; Linkedin "ALD History” subgroup; or
Riikka Puurunen at the ALD 2013 conference (Tue: poster 369)

Puurunen et al. Baltic ALD 2016, 2016-10-03, St. Petersburg
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O VPHA opened July 25, 2013 + ALD 2013 San Diego

Puurunen, J. Appl. Phys. 2005 (Times cited: 1017)
» “According to the more commonly acknowledged

origin, ALD was developed under the name “atomic ,
layer epitaxy (ALE)” in Finland by Suntola and co- \éveepbt.o?leSc;ng(ée,
workers. “ ’

* “The less commonly acknowledged origin of ALD
dates back to ... the Soviet Union ... 1960s ...
group of Professor Aleskovskii.”

Knez, Nielsch, Niinistd, Adv. Mat. 2007 (Times cited: 426)
« “Atomic layer deposition (ALD), originally called Atomic

layer epitaxy (ALE), was developed in the 1970s by

Suntola and Antson...”

George, Chemical Reviews 2010
« "The history of ALE and ALD dates back to the 1970s in  (Times cited: 1340)
Finland.”

Parsons, Elam, George, Haukka, Jeon, Kessels, Leskelq, Published:

Poodt, Ritala, Rossnagel, JVST A 2013 16.8.2013

. “The ALD prlnc:lple.”. . was first publlshe;d under name (Times cited: 12)
molecular layering” in the early 1960s

« “A planar thin film was not produced or evaluated.” .
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Publication Plan October 18, 2013 (updated Jan 13, 2014 & April 5, 2015)

1) Poster at Baltic ALD 2014
1)| 2) Poster at ALD 2014, Kyoto
1) 2)| 3) Presentation at ALD 2014, Kyoto
2) 3)| 4) ALD history tutorial at ALD 2014, Kyoto
3) 4)| 5) Essay on the early history of ALE-ALD
4) 5)| 6) Website for ALD history and VPHA
5) 6)| 7) Exhibition: 40 years of ALD in Finland - Photos, Stories (FInALD40)
6) Or: 8) Review ar.ticle/essay on the early history of ML-ALD
7) Up 9) Presentation at ALD 2016
10) Optional: general ALD history review article
11) Updating wikipedia
12) Closing the VPHA

http://vph-ald.com/Publication%20Plan.html
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Puurunen visit to St. Petersburg November 2013
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Baltic ALD 2014 Helsinki: VPHA poster + FINALD40 exhibition

Sundqvist, Puurunen, VPHA, BalticALD

https://commons.wikimet
File:Tuomo Suntola, 20

https://twitter.com/rlpuul/:

Photo by Riikka Puurunen

Puurun en Niinisté FinALD40 oo eccoee

https://twitter.com/rlpuu/status/471918113479348226

Access through:
http://vph-ald.com/ALD-history-publications.html W
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O ALD 2014 Kyoto: history tutorial + two posters

History of
Atomic Layer Deposition

Turotal a1 140 reernatonal Conderence on
Asomic Lajer Deposton AVE AL D 2014 Kyom

Dr. Rilkka Puurunen
VTT Technical Research Centre of Fli

#FinALD40 at #AVSALD

oe Senee

https://twitter.com/rlpuu/status/509792544373620736

Access through:
http://vph-ald.com/ALD-history-publications.html
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O "Suntola’s ALE essay” published Oct 15, 2014 & FInALDA40 release

Chemical Vapor Deposition  expiore this journal >

. . Chemical
a Open Access @ ® Creative Commons Vapor Deposition

Essay

A Short History of Atomic Layer Deposition: Tuomo
Suntola's Atomic Layer Epitaxy’

View issue TOC
Riikkka L. Puurunen &1 Volume 20, Issue 10-11-12

December 2014
First published: 15 October 2014  Full publication history Pages 332-344

DOl 10.1002/cvde 201402012 View/save citation

10.1002/cvde.201402012/full
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"Suntola’s ALE essay” published Oct 15, 2014 & FINALD40 release

1978 Sven Lindfors & flow reactor

ard

® Suntola®htson Lindfors

4 l Pa&kala?lD con. 1281 :

Europea&g SEﬁI Award
to Suntola 2004

Mentioned by

1 news outlet
[

. 12 tweeters k \
4 Wikipedia pages . H 1
R - Microchemistry's at the MRS
eaders on 1994, Boston
® About this Attention Score HEE(OElE o , 10.1002/cvde.201402012/full
. 40 Mendeley
In the top 5% of all research outputs 1 CiteULike

scored by Altmetric
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"Suntola’s ALE essay” published Oct 15, 2014 & FINALD40 release

l'.r* 00 Years r{_ ALD s Fisdand - Pﬁflﬂi, Sories
=]

Exhibition by the Finnish Centre of Excellence in Atomic Layer Deposition

40 Years of ALD i Firdard -
Phatos, Stories

“FinALD40"

Exhibition by the Finnish Centre of Excellence in Atomic Layer Deposition

ALE - ALD
1974 - 2014

AL
—n
v

 Released Nov 29, 2014

 Preface Markku Leskela

* Tuomo Suntola’s ALE in Short

 ALD research at Helsinki
University of Technology

« ALD research at University of
Helsinki

* Photos related to ALD research

 Academic ALD theses in
Finland

» Organizations active with ALD
in Finland

« Stories: Story on ZyALD

Access through:
« http://aldcoe.fi
* http://vph-ald.com
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O ALD Russia Moscow
+ Baltic ALD Tartu Sep-Oct 2015

Virtual Project on the History of ALD
(VPHA): Overview and current status

Riikka L. Puwrunen, Yury Koshtyal,? Henrik Pedersen,? J. Ruud van Ommen,* Jonas Sundgvist®®

TVIT Research Centre of Finiand Ltd, E5pos, Rniand; * laffe Physical Technical instiute,
+ Deift Universty of ogy, Deit, the ;e Dresden,

VPHA background: Why? What? When?

ALD developed under the names

= Molecular Layering ML; Monekynaproe Hacnansadne

= Atomic Layer Epitaxy ALE

Especially the work made under the name Malecular Layering
has been poorly known and cited

WPHA core activity:

= Wolunteered scientists from all around the world work
together in an atmosphere of openness, respect and trust,
to better understand the early days of ALD.

= We collect, read and comment upon ALD literature up fo
1986,

VPHA timeline:

St Patersburg, Russia; ? Universty, Linkping, Sweden

; ? Linkdping A
Dresgen, Germany, ® Lund University, Lund, Sweden

VPHA in numbers

VPHA, 85 of 2182018 o
- articles listed: 347 52

- comments given: 358 [
= commenis needed: 705

VPHA co-authors:
- 38 from
= 11 countries

VPHA self-organization
hittp: iivph-ald.com/PHAopenfiles. himl

The VPHA collaboration is organized though cloud services
that enable a simultaneous co-editing and real-time viewing

Liatory

11.00-11.20 Oral presentation: Virtual Project on the History of ALD: overview and current
status, Riikka Punwrunen, VIT, Finland

Access through:

http://vph-ald.com/ALD-history-publications.html

Puurunen et al. Baltic ALD 2016, 2016-10-03, St. Petersburg
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ALD Russia Moscow + Baltic ALD Tartu Sep-Oct 2015

—

Pulirunen .Malygin, Parsons

MMMMM

http://www.ald-mipt.ru/ald-russia.html
http://aldhistory.blogspot.fi/2015/11/ald-russia-2015-travel-report-Puurunen.html

listory
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ALD Russia Moscow + Baltic ALD Tartu Sep-Oct 2015
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s SRR R = Baltic ALD | 2015 | &z
< - - 13" International Baltic Con

on Atomic Layer Depositiol
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2. ALE SUMPOOSIUM
2. ALE SYMPOSIUMI
2nd ALE SYMPOSIUM

Tartu, October 7-8, 1993
Programm ja teesid
Ohjelma ja tivistelmit
Programme and abstracts

http://www.bald2015.ee/
http://aldhistory.blogspot.fi/2016/01/baltic-ald-
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“ML essay” published Dec 17, 2015

Chemical Vapor Deposition  expiore this journal >
Essay

From V. B. Aleskovskii's “Framework” Hypothesis to the
Method of Molecular Layering/Atomic Layer Deposition’

Anatolii A. Malygin &, Victor E. Drozd, Anatolii A. Malkov, Vladimir M. Smirnov

First published: 17 December 2015  Full publication history

DOl 10.1002/cvde 201502013 view/save citation

10.1002/cvde.201502013/abstract

Chemacal
Vapor Depaosition

View issue TOC
Volume 21, Issue 10-11-12
December 2015
Pages 216-240

istory
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“ML essay” published Dec 17, 2015 _
ALE-4 Linz 1996: George,

Suntola, Drozd, Niinisto, Leskela
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ALD 2016 Dublin:
Malygin invited talk
+ VPHA poster

http://aldhistory.blogspot.
fi/2016/07/ald-2016-
travel-notes.html

http://vph-ald.com/VPHApublications/VPHA-poster July2016 FINAL 2016-07-19.pdf

Malygin
Parsons

On the early history of atomic layer deposition:

most significant works and applications

VPHA in a nutshell

In VPHA, volunteer scientists from all around the world work
together in an atmosphere of openness, respect and trust, to better
understand the early days of ALD.

VPHA was started in July 2013 and is open for anybody with an ALD
background to participate. In a way, VPHA continues the earlier
ALD history work started in J. Appl. Phys. 97 (2005) 121301

In VPHA, we collect, read and comment upon early ALD literature
up to 1986. ALD-history-evolving-file forms the core of VPHA: it
contains the Invitation to participate, list of ALD literature up to 1986,
and personal comments on their contents.

Several conference presentations and two essays on the history of
ALD [1.2] have been created earlier as VPHA outcomes.

Recommended reading list of early ALD publications:
Author(s). title, publication details, unique VPHA code

T. Suntola, J. Antson, Meneteima ja
for the growth of compound thin fims). Patent FIN 52350 - led 20 November 1974, published 30 May
176, granted 10 September 1977. US Patent 4 058 430 {Suntola1G76) fi swe en ru

. Suntola, J. Hyvarinen, Atomic layer epfaxy. Annu. Rev. Mater Scl. 1985, 15, 177-195 (Sunola1085)
en

V. B. Aleskovski, Chemisiry and technology of sobds. J. Appl. Chem. USSR., 47, 2207-2217, 1674;
Transtated from: Zh. Prikl. Khim. 47, 2145-2157, 1674). {Aleskovskii1674) en ru
. Suntola, A. Pakkala, S. G. Lindfors,

‘and equipment for deposition of thin fims) in Finnish]. SF patent 57675, Feb 28, 1979. US
Patent 4389973 and 4413022 A (Suntola1980s) fi swe en ru

C.H. L Goodman, M. V. Pessa, Atomic layer epitaxy, J. Appl. Phys.. 1986, 60, R65-RE1
{Goodman1986) en

L Koltsoy, by the Molecular Nauk thesis (*professor’s

thesis"), 1971, 383 p. in Russian] {Koksov1971}ru

A M. Sheviakov, G. N. Kuznetsova, V. B. Aleskovski, Inferaction of titanium and germanium

tetrachlorides. Proceedings of 2nd USSR
tempersture chemisry of oxides, November 26-29, 1965, Leningrad, USSR, Nauka,

Leningrad, USSR, p. 162-168 1967. {Shevjakov1967) en ru

S. M. Bedalr, M. A. Tischler, T Katsuyam, N. A. E-Masry, Alomic layer epitaxy of il binary

‘compounds, Appl. Phys. Lett., 1985, 47, 51-53 (Bedair1985) en

. Suntola, J. Antson, A Pakkala, S. Lindfors, Atomic layer epitaxy for producing EL thin fims, SID.
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Recommended reading list of early publications
on Atomic Layer Deposition—outcome of the
Virtual Project on the History of ALD

Running title: Recommended reading list of early ALD publications

Running Authors: Ahvenniemi et al. 62 authors, submitted Oct 30, 2016

VPHA manuscript + Baltic ALD 2016 St. Petersburg

Darker grey = more
VPHA contributors

istory
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VPHA manuscript + Baltic ALD 2016 St. Petersburg

molecular layering Aleskovskii, Koltsov 1965
titanium tetrachloride Shevjakov, 1967
silica Kuznetsova,
Aleskovskii
Measuring thicknesses of ultra-thin silicon oxide films Sveshnikova, 1969
single  Koltsov, AleskovskKii
crystal silicon polarization method
Koltsov 1971
Aleskovskii 1974
Suntola, Antson 1974"
oxide coatings Drozd 1978
on semiconductor surfaces
Atomic layer epitaxy EL thin films Suntola, Antson, 1980
Pakkala, Lindfors
Suntola, Hyvarinen 1985
1I-V Bedair, Tischler, 1985
Katsuyama, El-
Masry
Molecular Layer Epitaxy Nishizawa, Abe, 1985
Kurabayashi

Shortened from: VPHA manuscript (62 authors), submitted to JVSTA (2016). W



() VPHA manuscript + Baltic ALD 2016 St.

Petersburg

121301-5 Riikka L. Puurunen

TABLE I. Some Soviet-Russian ALD investigations.

J. Appl. Phys. 97, 121301 (2005)

z Material Reactant A Reactant B Substrate” Refs.
5 Boron
B,0, BBr, H,0 SiO, gel 85
B,P,0, B(OMe); POCl; SiO, gel 88 and 89
13 Aluminum
catalysts by ALD from 1972,%* geometrical :lcc))ggll e
modelling of surface site filling during ALD L o
from 1975, patrticle coating in a fluidized o -
bed from 1979, ALD with an electric field si 93
| to guide the growth from 1981,5 quantum
chemical modelling from 1983,58 amine- o i
catalyzed SiO, ALD from 1984, ALD on S ®
polymers from 1984, and the proposal of | s %
photo ALD from 1984.61 i R
SiO, gel 88
| From: VPHA manuscript (62 authors), -
submitted to JVSTA (2016).




Conclusion & outlook

ALD discovered & developed
iIndependently twice

VPHA reading still continues,
new volunteers welcome
>300 comments still needed

ALD-history-evolving-file: growing reference source

Worldwide ALD-related lists under construction
Conferences, theses (PhD + higher), review articles

More info: http://vph-ald.com & ALD History Blog http://aldhistory.blogspot.fi
Contact: info@vph-ald.com

listory
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Deposicao por Camadas AtOmicas  OcagkeHHS aTOMHUX LuapiB
Atomikerroskasvatus Atomik Katman Biriktirme Aatomkihtsadestus
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PNE— PN, Atomic Layer Deposition Atoomlaagdepositie

Atomlagerdeponering Depositacion de Capas Atomicas
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Deposizione a Strati Atomici Parmanu Parat Nishepan

MonekynspHoe HacnamsaHne  €VATIOBECN ATOUIKOU OTPWHATOG

Atomlagsdeponering nypwn nimioxk ndw - Dépbt de Couches Atomiques
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