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Epitaxy - Definition

The word epitaxy derives from the Greek prefix

E p ita Xv epi meaning “upon” or “over”

taxis meaning “arrangement” or “order”

Refers to the growth of a material with a highly ordered
atomic arrangement (thin films, nanostructures, 2D
materials, inorganic or organic materials) on top of
another one (crystalline, amorphous material)

Initial substrote
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(a) HAADF and (b) ABF STEM image of the MgO/STO heterointerface

. Epitaxially-grown wafer-size graphene on a Ru(0001) surface
MBE of AlAs/GaAs superlattice p y-g grap ( )



Epitaxy — A little history

Epitaxy

Refers to the growth of a material with a highly ordered
atomic arrangement (thin films, nanostructures, 2D
materials, inorganic or organic materials) on top of another
one (crystalline, amorphous material)

Epitoxy Epilayer

Initial substrote

having a direct impact on the social, economic, environmental
and technological transformations of human activities



Epitaxy — A little history

Computer
History
Museum

“In 1951 Gordon Teal and Howard Christensen at Bell Labs
developed a process, now called epitaxial deposition, to grow a

thin layer of material on a substrate that continues the underlying ~

crystalline structure. Sheftal', Kokorish, and Krasilov described
similar work on germanium and silicon in the U.S5.S.R. in 1957.”
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Diagram of a simple epitaxial reactor
© 2006-2007 Alcatel-Lucent. All rights reserved

A research-scale epitaxial reactor in operation
Credit: University of South Carolina
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1960: EPITAXIAL DEPOSITION PROCESS
ENHANCES TRANSISTOR PERFORMANCE

DEVELOPMENT OF THIN-FILM CRYSTAL-GROWTH PROCESS LEADS TO

B ln 1951 Gordon Teal and Howard H
: Christensen at Bell Labs developeda -
: process, now called ephaxial

: deposiuion, 10 grow 3 thin Layer of

: material on a substrate that continues :
: the undertying crystalline structure.

: Shefial’, Kokorish, and Krasilov :
« described similar work on germanium :
: and silicon In the US.S.R. In 1957. :

Al the urging of kan Rass, 3 Bell Labs
team led by Henry Theurer used
chemical-vapor daposition 0 3dd 2 thin
epltaxial layer of siticon between the
base and collecior of a transistor in
1960. This approach ralsed the
transistor's breakdown voliage whlle
dramatically Increasing Its swiiching
speed, [1961 Milesiong) two imporiant
circult-gesign characeertsiics. The
added manufacturing cost of the extra

Process Siep was more than afiset by Improvements In device performance. The
technology was quickly iransierred o Western Eleciric and used In manufacturing silicon
transistors for elecronic telephone switching In the Bell Sysiem.




Epitaxy — A little history

CHM SILICON CHIPS TAKE
MAN T THE MOON

By David Laws | July 17, 2019

Micrologic—The First “Planar” Integrated Circuit

Fairchild introduced its first commercial IC, a flip-flop element
mounted in a round metal can package, under the trade name

Micrologic at a New York press conference in March 1961. Ed Porter (...) suggested that they try a new method

of growing special silicon layers on the wafer, called
epitaxy, that had recently been developed for
transistors. When implemented in production, yields
improved by a factor of more than 25 times...

Coupled with advances in manufacturing equipment,
the epitaxial process also enabled the design of

smaller, faster, and lower power circuits...

Fairchild's first IC, the “F” element flip-
flop compared to a dime coin.
 Photo: Getty Images




Epitaxy — A little history

Epitaxy

Refers to the growth of a material with a highly ordered
atomic arrangement (thin films, nanostructures, 2D Initial substrote
materials, inorganic or organic materials) on top of another

one (crystalline, amorphous material)
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Epitoxy Epilayer

having a direct impact on the social, economic, environmental
and technological transformations of human activities
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The importance of epitaxial structures in materials science
can be illustrated by the numerous researchers in this field
awarded over the past decades, including Nobel Prize recipients
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Epitaxy — A little history

In 1943, epitaxy was highlighted for the first

time with the Nobel Prize of
1943, O. Stern "for his contribution to the
development of the molecular ray method”

In 1956, another milestone was achieved W.Shockley, J.Bardeen
and W.H.Brattain, who were awarded by Nobel Prize

1956, W. Shockley, J. Bardeen &

W.H. Brattain, “for their researches

on semiconductors and their Dr. William Shockley joined Bell Telephone Laboratories in 1936. Under Shockley’s
discovery of the transistor effect” direction, John Bardeen and William Brattain demonstrated the first semiconductor
amplifier: the point-contact transistor. Shockley invented the more robust junction
transistor. The three shared the 1956 Nobel Prize in Physics for their inventions.
Reprinted with permission of Alcatel-Lucent USA Inc.

This is believed to be the starting point of the microelectronics industry in the Silicon Valley.




Epitaxy — A little history

1973, L. Esaki “for his pioneering work
on electron tunneling in solids”

He took the epitaxial growth to another level, demonstrating

the importance of quantum structures that are widely used
today in electronics and optoelectronics.

1985, K. V. Klitzing, "for the discovery of the
quantized Hall effect”

The discovery of the quantum Hall effect (K. V. Klitzing,1985)
and its fractional version (L. Stormer, D. Tsui, R. B. Laughlin,
1998) with epitaxial metal-on-semiconductor structures were
also awarded the Nobel Prize few years later.

1998, L. Stormer, D. Tsui, & R. B. Laughlin
"for their discovery of a new form

of quantum fluid with fractionally
charged excitations."



Epitaxy — A little history

The beginning of the 21st century is also marked by Nobel Prizes highlighting the strong P
impact of epitaxy in research and innovation

Between 2009 and 2014, the Nobel Prize foundation has honored numerous scientists for their works
using epitaxy and has enabled and encouraged applications that are now commonly used

2007, A. Fert and P. Griinberg
. "for the discovery of Giant
Magnetoresistance."

2000, H. Kroemer & Z. I. Alferov
"for developing semiconductor
heterostructures used in high-speed-
and opto-electronics”

2009, W.S. Boyle & G. E. Smith
“for the invention of an imaging
semiconductor circuit —the CCD
sensor”

2014, I. Akasaki, H. Amano & S. Nakamura “for the
invention of efficient blue light-emitting diodes which has
enabled bright and energy-saving white light sources”
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Epitaxy — A little history é \ 19

The beginning of the 21st century is also marked by Nobel Prizes highlighting the strong s 0
impact of epitaxy in research and innovation

More recently, the theoretical discovery of topological insulators (F. Duncan, M. Haldane and J. M.
Kosterlitz, Nobel Prize 2016) has been demonstrated experimentally for the first time with epitaxial layers of
HgTe in 2007 and BiSe

2016, F. Duncan, M. Haldane & J. M. Kosterlitz,
“for theoretical discoveries of topological phase
transitions and topological phases of matter”

e



Epitaxy — Towards applications

“Conventional” semiconductors, the first grown, represent the High potential in terms of innovation

most prominent used materials in applications of epitaxy

a

| - — a) b)
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epitaxial structure

High-Efficiency GaAs-Based Solar Cells

Although epitaxial 2D-layers based on silicon and IlI-V semiconductors have largely demonstrated their potential in
terms of innovation, continuous efforts in the development of epitaxy have realized new breakthroughs opening the

way towards more efficient, low cost and/or more eco-friendly devices.



Epitaxy — Towards applications

The past two decades have also seen an impressive boom and development of a wide range
of novel epitaxial materials, combinations and forms of materials

Functional oxides include a wide diversity of material systems ranging from =
simple binary materials to complex oxide heterostructures i

o Normalized Intensity
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Epitaxy — Towards applications

The past two decades have also seen an impressive boom and development of a wide range
of novel epitaxial materials, combinations and forms of materials

2D-materials have unambiguously demonstrated their high potential for the observation of

novel quantum phenomena such as in electronics and photonics

Recent works on graphene- and beyond-graphene-materials have established their

large capacity for applications in various domains
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Epitaxy — Towards applications

The past two decades have also seen an impressive boom and development of a wide range
of novel epitaxial materials, combinations and forms of materials

Nanostructuring the material with at least sub-100 nm in one of the
dimensions (quantum dots, 1D-nanostructures) offers unique
properties in comparison with their bulk and thin film counterparts

Engineering materials at the nanoscale is of
great interest for a wide range of applications

Photodetectors

Electronics

substrate

Photocurrent (arb. unit)

Transistors compatible with the Si-based
transistor semiconductor industry

01 02 03 04 05 % @
Photon energy (eV)

T NVGa/ALNYAU
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Lateral single nanowire InAs
MOSFET & InAs nanowire FET

Intersubband Quantum Disc-in-Nanowire
Photodetectors
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outer-shall lay

TVAU jsourca)

Vertical InGaAs nanowire channel SGT on Si



Epitaxy — Towards applications

The past two decades have also seen an impressive boom and development of a wide range
of novel epitaxial materials, combinations and forms of materials

Nanostructuring the material with at least sub-100 nm in one of the
dimensions (quantum dots, 1D-nanostructures) offers unique
properties in comparison with their bulk and thin film counterparts

Engineering materials at the nanoscale is of
great interest for a wide range of applications
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Epitaxy Fundamentals — few words !

What do all these applications have in common?

Epitaxy

Motivations

' Epitaxial growth is useful for applications that place stringent demands on a deposited layer:
* High purity

Low defect density

Abrupt interfaces

Controlled material thickness and carrier concentration

Controlled doping profiles

Possibility to grow p-n junction & other multilayer structures

* X % ¥ *x

*

High repeatability and uniformity
* Safe, efficient operation

Can create clean, fresh surface for device fabrication

(s
-
)
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Epitaxy Fundamentals — few words !

Epitaxial Growth: Deposition of a layer on substrate, a layer
which matches the crystalline order of the substrate

Epitaxial growth Ordered crystalline growth
No epitaxial growth

I H Bl Massachusetts
I I Institute of
Technology

A common modern definition for epitaxy is “a single crystal layer that grows with a particular orientation
determined by a single crystal substrate

Tis definition does not require the film and substrate to be lattice matched, but they must still be smilar enough to
interact and have a defined relationship

A literal definition of epitaxy would be “Any film which resembles a single crystal in its lattice structure and
properties
This definition lessens the importance of the relationship between the film and substrate. This definition would

consider a single crystal layer grown on a glass (amorphous) substrate to still be epitaxial, wheras other definitions
would not.



Epitaxy Fundamentals — few words !

Epitaxial Growth: Deposition of a layer on substrate, a layer

which matches the crystalline order of the substrate

Epitaxial growth

Definitions depending on the relationship between the film and substrate !

Homo-epitaxy

The film and substrate are the same material

Hetero-epitaxy

The film and substrate are different materials
a different material than the substrate

homoepitaxy

Ordered crystalline growth
No epitaxial growth

heter cepitaxy

matched

relaxad




Epitaxy Fundamentals — few words !

ogrsy m-—ex;*

G TP

0 3nm

Epitaxial Growth modes

2D layer-by-layer growth (Frank-van der Merwe)

Si/Si, TIN/MgO

3D island growth (Volmer-Weber) metals on SiO,

Stranski-Krastanov In/Si, Ag/S| Ge/Si, InP/GaAs GaN/AIN

»

»

Growth time (deposition)




Epitaxy Fundamentals — few words !

Epitaxial Growth modes

2D layer-by-layer growth (Frank-van der Merwe)

Si/Si, TIN/MgO

3D island growth (Volmer-Weber) metals on SiO,

Stranski-Krastanov In/Si, Ag/Si, Ge/Si, |

Growth time (deposition)

>




Epitaxy Fundamentals — few words !

Epitaxial Growth modes

2D layer-by-layer growth (Frank-van der Merwe) Si/Si, TIN/MgO

metals on SiO,

)

The mode by which epitaxial material grows depends on:
Stranski-Krastanov In/Si, Ag/Si, Ge/Si, InP/GaAs, GaN/AIN

>
Growth time (deposition)

¢ The interface energy,

** The lattice mismatch between substrate and film/material,
s The growth temperature,

** The flux of the incoming species,

s The surface energy,

% ... and other effects that can be complicated bu surface
segregation and alloying




Epitaxy Fundamentals — few words !

When atoms condense on the clean and heated wafer, they are free to move until
finding appropriate position in the crystal lattice to bond

impinging atomic ‘ .. .
'mpmﬁgag;;mm <’~ Atoms arriving at the substrate surface may undergo absorption to the
: surface, surface migration, incorporation into the crystal lattice, and
? thermal desorption.
diffusion ? +'% The growth is principally governed by Kinetics
along step
desorption

-

<= The competing pathways dominating the growth will depend strongly on
the temperature of the substrate:

o At alow temperature, atoms will stick where they land without
arranging properly, leading to poor crystal quality.

surface = ——— - —
diffusion > — N

o At a high temperature, atoms will desorb (re-evaporate) from the

i 3 . : .. ““‘\‘ f 1 H
T Feiienl surface too readily, leading to low growth rates and poor crystal
e | quality.
in’[erdlliffusion R . surface aggregation o Inthe appropriate intermediate temperature range, the atoms will
INncorporation ’ . . oy
almf’g ctep (nucleation) have sufficient energy to move to the proper position on the

surface and be incorporated into the growing crystal.



MO-Vapor Phase Epitaxy (VPE)

Gas entering the reactor is heated and undergoes pyrolysis

The pyrolysis reaction leading to the atomic In consists of three
consecutive homolythis fission steps

In the gas phase

(CH),in —(CH,),In + CH, (1)
(CH),In — CH,ln + CH, (2)

According to kinetic studies, reactions (1) and (2) occur almost
simultaneously yielding MMIn as intermediate reactant.

MMIn diffuses through a boundary layer forms at the interface of

the solid substrate and the gas-phase

At the surface

CH,in—In + CH, (3)

At temperature higher than 480°C (that is the case in our growth
conditions), reaction (3) proceeds yielding atomic In as the final
reaction product.

In atoms then migrate to the appropriate lattice site and deposit
epitaxially by associating with a group V atom that was derived
from the thermal decomposition of the hydrides.

The growth rate here is usually limited by the diffusion rate of the
group lll elements through the boundary layer and on the surface.

\5 Mass transport

Reactant gas o @ By-products -
Q Gas-phase reaction [ ] layer
© {d’ = @ _ G —Intermediate o
C' e reactants ] ©
ll, i Desarption and /‘

IJ' mass transport
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gas phase
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transport to terrace lengt

surface
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desorption of
" adsorbed species

surface reaction

surface diffusion

mnsertion formation
in kinks of clusters
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Epitaxy Fundamentals — few words !

Which epitaxial technique for the semiconductors ?

When selecting an epitaxial growth technology for a particular material
system and/or device application, the choice needs to take into account:

v" The basic principles of thermodynamics,
v’ Kinetics,
v’ Surface energies

As well as practical issues of:
v Reproducibility,
v’ Scalability,
v" Process control,
v Instrumentation,
v’ Safety and capital equipment costs.

A systematic comparison of the various epitaxy techniques
suggests that no single technique can best satisfy the needs
of all of the material/device combinations needed in

Microelectronics, Optoelectronics, Solar cells,
Thermophotovoltaics, Thermoelectrics, Semiconductor
electrochemical devices, Magnetic devices,
Microelectromechanical systems...



Epitaxy Fundamentals — few words !

Which epitaxial technique for the semiconductors ?

Several epitaxial techniques have been used for the growth of epilayers of
11-V, 11-VI compound semiconductors, Oxyde and 2D-materials.

< Liquid Phase Epitaxy (LPE),
= Molecular Beam Epitaxy (MBE) and the hybrid systems
= Vapor Phase Epitaxy (VPE) and the related techniques

" Pulsed laser deposition (PLD)
‘= Atomic Layer Depostion (ALD)

’

’
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Epitaxy Fundamentals — Towards applications

Epitaxy equipment market for More than Moore devices:
2019-2025 breakdown by technology

(Source: Epitaxy Growth Equipment for More Than Moore Devices Technology and Market Trends 2020,
Yole Développement, January 2020)

Current applications and industrial activities 2

“The epitaxy growth equipment market for “More than 4 5

Moore” devices was worth close to USS990 million in 5
2019 and is expected to reach more than USS6 billion by :
2025 in the aggressive scenario” as announced by Yole §

Development (Yole). ’

2022 2023

MOCVD - Agressive scenario MBE - Agressive scenario  ®HT CVD

(A ( (
%} Laser diode - microlLED LQ]- Traditional LED T‘I Power @ MEMS Lf’g RF



COST ACTION CA20116 About Scientific Program Structure Platforms Participants News Contact

European Network for Innovative
and Advanced Epitaxy

OPERA will build a new and innovative European
Network composed of expert communities in
epitaxial growth focusing on different materials
classes: conventional semiconductors, oxides
and 2D materials.

® Know More

Chair: Noelle Gogneau OPERA COST ACTION website: https://cost-opera.eu/




European Network for Innovative
and Advanced Epitaxy

COST Action CA20116

° 90
000
...
000
coe OPERA will build a new and innovative European

European Network for Innovative Network composed of expert communities in

and Advanced Epitaxy e - ! -
epitaxial growth focusing on different materials
classes: conventional semiconductors, oxides
and 2D materials.

Epitaxy: Main advances in science and technology.

Growth or transfer of a material with a highly ordered atomic arrangement (thin films, nanostructures, 2D
materials, inorganic or organic materials) On top of another one (crystalline, amorphous material)

Over the last decades, it is striking to see how research in epitaxy has enabled the
development, fabrication and integration of the most innovative materials at the
origin of all devices used daily in electronics, optoelectronics, energy,
telecommunications to name just a few.



29

COST Action CA20116

)PE RA OPERA - Context & Needs c COosE

‘e EUROPEAN COOPERATION
IN SCIENCE AND TECHNOLOGY

European Network for Innovative
and Advanced Epitaxy

Today, material innovation is more vital than ever and needs to be more efficient,
design-driven and environmentally friendly

Different “epitaxial” communities

** Materials oriented: Silicon, Ill-V semiconductors, wide-
band-gap materials, oxides, 2D-materials, 3D-
metamaterials...

s Deposition techniques: MOVPE & MBE; LPE, CVD,
ALD/ALE & MLD/ MLE, PLD

Organization of international conferences, workshops

centered on materials, epitaxial techniques
a good illustration of these community partitions !

** Focused communities: NWs or QDs, epitaxial process
(Van der Waals epitaxy), targeted applications
(photovoltaic cells, gas sensors, white LEDs or flexible
electronics...

Integrate and concern only a small part of working groups

We need
A broader structure of the epitaxy community in the Only by joint efforts from researchers from
thematic sense, with the aim of addressing common different communities, startup & industry

problems and pushing innovations beyond the boundaries ! with a sharing and open mindset



OPERA Action addresses
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) PE R A OPERA - Challenges & Objectives c 5555(%,

European Network for Innovative
and Advanced Epitaxy

European epitaxy community is now at a turning point

OPERA Action main aim:

to develop interdisciplinary collaborative research at the European scale, gathering expertise and
know-how in epitaxy, of scientists (academic and industrial) working in different communities,

to reach breakthrough science research around the following challenges:

1- The maturation of materials which have already demonstrated
their potential or are being already used in industrial
production, to improve their synthesis and further master their
properties by regarding the application needs, and thus develop
more efficient and cheaper devices;

2- The development of new materials and functionalities for the
emergence of new devices.

fundamental & application-
oriented researches




COST Action CA20116

+JPERA

European Network for Innovative
and Advanced Epitaxy
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COST ACTION CA20116 About Scientific Program Structure Platforms Participants Contact

Training school "Modern directions in Epitaxy™

. . . . e Ll FOR P
The training school will include the areas of fundamental and applied epitaxy
research, including advances in the technique, synthesis of new materials, discovery

of new physical properties, formation of novel heterostructures, and the development
of innovative devices.

Apply for the school by sending the application form (link to form) no later than 1/5-
2022, 12:00 CET to: opera-regisiration@clermont-auvergne-inp.fr
Decision will be communicated to applicants by email no later than 20/5. /

19" - 22™ Seplember
Additional questions, please contact the training school organizers: Felix Trier —

fetri@dtu.dk, Thomas Sand Jespersen — tsaje@dtu.dk, Nini Pryds — nipr@dtu.dk ; MRS
~

\ \ 2022 Fall Meeting

2nd STSM — Now Open y: | 5 S e E-MRS 2022 Fall Meeting
Applications VR R 19th — 22nd September

We are pleased to inform you about the e : - ' The first Scientific Meeting of the OPERA

)
-
e

opening of the second call to apply for COST Action (CA20118) is being co-

. = e —
the short-term scientific missions. ‘ s ' 4 Eg% , organized as a Symposium of the
- —— E-MRS Fall Meeting 2022.

Technical University ofil:




COST ACTION CA20116 Contact

Digital Newsletter 2022
Edited by students for students !

ERA - COST ACTION CA2018

NEWSLETTER # 1

EUROPEAN NETWORK FOR INNOVATIVE
AND ADVANCED EPITAXY

OPERA will build a new and innovative European Network composed of
expert communifies in epitaxial growth focusing on different materials
classes: conventional semiconductors, oxides and 2D materials.

“Bringing researchers and innovatorstogether”

For more information, please consult the OPERA COST ACTION website:
https://cost-opera.eu

MBE reactor (Top left), Vacuum (Center): Gavin Bell, University of Warwick

Selective area growth of GalN nanowires (Top right): Sergio Fermandez, Autonomous University of Madrid

Self-assembled GaN nanowires via MBE (Bottom left): C2N/CNRS/ Paris Saday University

AFM image of the MESA structure of MBE grown Rhenium thin film (Bottom night): Tanbir Ksur Sodhi, Paris Saclay University

Horizon 2020
European Union Funding
for Research & Innovation

33



Platform for PhD students and young researchers

COST ACTION CA20116

Under construction !

TERR
8.8 11

“Although the number of female students in science, technology, engineering and
mathematics is on the rise, women represent only 30% of researchers worldwide” —
UNESCO 2019, and “women on average only hold 19% of senior academic positions” —
European Platform of Women Scientists.

Platform for women in science
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