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� More than 200 people
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Science and Analysis of Materials (SAM)

Organization and skills
� 45 researchers, engineers, technicians and 
students
� 4 complementary Research Units
� Skills: materials/surface engineering and processing, 
analytical and instrumentation engineering

Services for industries and academic laboratories
� Service, expertise, technical assistance
� Feasibility studies
� Short-term to long-term RDI projects

� More than 70 partners and customers worldwide
� Coordinator or partner in several European and 
international projects: highly valuable partner
� 44 publications (2009) 
� 19 on-going projects in 2009

Fundamental

research

Industrial Research: 
Idea generation,

concept development and testing

Pre-competition: 
beta testing, 

technical implementation

Advanced
Nanomaterials 

Analysis of 
Materials

Innovative 
Surfaces

New Scientific 
Instruments 



National
Platform

Analysis of materials and surfaces

NanoSIMSNanoSIMS

A unique set of dedicated scientific instruments
With the highest performances:
Nano-SIMS SEM (EDS)
D-SIMS SEM (EDS,WDS) SPM
ToF-SIMS FE-AES
CMS TEM (EDS,EELS) FTIR
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Ribbon c-Si
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a-Si/ m-Si
5%

Others
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CIS - CIGS
1%CdTe

5%

Single-crystal
42%

Polycristal
45%

“Wafers”“Wafers”

“Thin-Film”

Technology split  - 2008
Thin Film Process :
� Electrolytic process
� Inkjet printer
� Screen printing

� Coevaporation (CIGS, 
organic, …)
� Sputtering (Si …, ZnO, ..)
� PACVD

Repartition de la production de cellules PV

La production de cellules sur support flexible est encore 
pour un marché émergeant
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Plasma deposition mechanism

Substrate
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+

Ionic bombardment

Thin film
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Electronic
collisions

Production of reactive
neutral, excited, charged species

Volume

flow
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Gas,  plasma

Transport 

Surface diffusion

Adsorption

Diffusion in the bulk

Desorption

Surface

Nucleation / growth
IN

OUT

Electrical energy

Surface interaction 

etching

Surface to be treated / precursors Deposition and/or etching

Deposition and etching
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Plasma’s classification

� RF plasma Technology
� Principe
� Strength &  Weaknesses
� 13.56 MHz � VHF 40 MHz and above

� Coupling Microwave
� Through horn-antennas
� Dielectric windows
� Through a set of l /4  - antennas
� By surface waves

Low pressure

High Pressure
� Atmospheric PA- CVD
� Low frequency
� Dielectric Barrier Discharge
� Remote plasma torch
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Capacitive RF plasma

(+) state of the art technology

(-) ion energy defined by sheath potential drop

� direct link between plasma excitation source 
and ion energy

(+) low power consumption

(-) low deposition rate

(+) large working pressure (~ 1 Torr) and so low 
pumping capacity

(-) low electron energy (a few eV) and low 
electron/ion density (10 9) � low deposition 
rate and less efficiency of precursor (<10%)
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VHF capacitive RF PACVD

(+) Use of higher frequency allowing the 
increase of power density � higher deposition 
rate

(+) For Si deposition, promising results 
obtained at deposition rate >20Ä/s

(-) Limitation on the substrate width to keep an 
homogeneous electric field all over the electrode 
surface (needed for homogeneous film deposition), 

13.56 MHz � VHF 40 MHz and above

FLEXCELL – Yverdon - CH
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Electron Cyclotron Resonance

� Low pressure :
� accelerates electrons to allow dissociation/ionization
� minimizes particle collisions
� avoids powder formation
� favors substrate reactions versus reactions in the plasma

� High density plasma
� achieves high level of precursor dissociation

� Independent control ion flux (MW power) and ion energy (bias) to 
influence layer structure/crystallinity

� low pressure in the range of 0.1 to 20 mTorr
� high degree of ionization (up to several percent)
� high degree of dissociation (up to 100 percent)
� electronic temperature 3-5eV
� high density plasma (10 11 ions/cm 3)



Divergent ECR Technology

� Remote plasma 
� diffusional plasma with 
magnetic confinement
� ions are extracted from 
plasma sources to deposition 
chamber using magnetic field 
lines
� N2, He, Ar used in plasma 
chamber

(+) high deposition rate
(-) up-scaling of the technology

� deposition of microwave coupling window 
during deposition of film
� low vacuum need (0,1 – 10mTorr)
� difficulty of coils assembly for large surface 
coating



Distributed ECR Technology

� Network of individual plasma 
sources

� flat or cylindrical arrangements
� magnetic field created by permanent 
magnets
� closed magnetic field

(+) up-scaling with good deposition 
homogeneity
(-) for large surface, reactor 
configuration can be complex with the 
number of powering of antenna
(+) high deposition efficiency
(+) from low to medium pressure 
operation
(-) high deposition rate on large surface need 
high vacuum capacity
(+) deposition of conductive layer – couplers 
protected from plasma exposure

CNRS – LPSC – Grenoble - FR
Metal Process – Le Pont de Claix –FR
Dow Corning – Seneffe - BE
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Atmospheric Pressure - PACVD

Système de chauffage

Substrat Cu

z (mm)

Générateur

Régulateurs 
de débit 

massiques

O2N2

Bulleur -
précurseur

H 2 NH 3

Inertage

� Dielectric Barrier Discharges (+) large scale production
(+) high deposition rate
(+) low investment cost
(+) coupling process with wet 
technologies
(-) limited to transparent layers 
(oxydes,nitrides)
(-) not reach the quality of layer 
deposited at low pressure � new 
generators in development

� Plasma torches (micro-arcs, m-waves)



Flexible thin film solar cells on metal foil substrates

Stainless steel, Al or Ti foil

Insulation barrier

Mo layer

P layer
I- junction layer
N layer

Transparent 
electrode (SnO2)

Sun light

Electrode plot-grid

Barrier layer

a-Si / mmmm-Si

� Cross section of thin film solar cell
Layers deposited by PACVD
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WLI and AFM images by W. Bock, IFOS,Kaiserslautern, Germany

Insulation barriers on metal foils

Standard packaging Ti-foil High quality bright Ti-foil
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� SiOx insulation barrier by 
MWPECVD on Ti foils

Insulation barriers on metal foils

Stainless steel, Al or Ti foil

Insulation barrier

D. Hermann – ZSW – 3 rd ISVCMSS 



Stainless steel, Al or Ti foil

Insulation barrier

Mo layer

P layer
I- junction layer
N layer

a-Si / mmmm-Si

� precursor SiH 4
� deposition of amorphous or 
crystalline Si thin film
� crystalline fraction 
depending of plasma power 
and H2 dilution
� high difference deposition 
rate between a-Si and mc-Si
� temperature range 150-
300 �C

Si thin film solar cells

� a-Si/mc-Si using RF or MW PACVD technologies

 Thin film solar cells 
Technology 
 

Thin Film Si 
(stabilized efficiency) 

CIGS CdTe 

Efficiency 
(record cell)  

9.3% single 
12.4% tandem 

13.0% triple 

 
18.9% 

 

 
11.0% 

Efficiency 
(Record module)  

10.4% 12.1% 10,7% 

Efficiency 
(commercial module)  

5 – 9% 9 – 11% 6 – 7% 

 
A-Si Net Strategy report   M.Zeman/F.Palma/D. Pribat
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Stainless steel, Al or Ti foil

Insulation barrier

Mo layer

P layer
I- junction layer
N layer

Transparent 
electrode (SnO2)

a-Si / mmmm-Si

LIGHT MANAGEMENT

� Transparent electrodes
SnO2, ZnO, a-SiNx

� Textured ZnO coatings

Electrodeposition

3mm thick

LPCVD
S.Faÿ, L.Feitknecht, R.Schlüchter, U. Kroll, E.Vallat-Sauvain, A. Shah 
PVSEC14, Bangkok, Thailand, 2004

Electrodeposition
N. Toyama, R. Hayashi, Y.Sonoda, M. Iwata, Y. Miyamoto, H.Otoshi, K. Saito 
and K. Ogawa 
WCPEC3 Osaka 2003.



Grenoble – Décembre 2010                     P-Choquet 

Atmospheric pressure CVD process for high quality 
transparent conductive oxides

LIGHT MANAGEMENT

SEM cross section images of SnO2:F 
layers with various grain sizes 

AP-PECVD reactor 

TNO  - Eindhoven, the Netherlands
A. De Graaf, J.V.Deelen,P.Poodt, T.V. Mol, K-Spee, F.G rob, A.Kuypers, 
B. Energy Procedia, 2 (2010) 41-48
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Finishing product

Stainless steel, Al or Ti foil

Insulation barrier

Mo layer

P layer
I- junction layer
N layer

Transparent 
electrode (SnO2)

Sun light

Electrode plot-grid

Barrier layer

a-Si / mmmm-Si

� Barrier layers for flexible thin film solar cells

Permeation barrier properties of thin oxide films

UNISOLAR products
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Encapsulation solution for flexible  solar cells

Gas Flow through the membrane:

- Oxygen  OTR (Oxygen Transmission Rate) cm3.m-2.24h-1

- Water Vapor WVTR (Water Vapor Transmission Rate). g.m-2.24h-1

BIF (Barrier Improvement Factor)
Improvement of permeability after plasma treatment

Timesurface
QuantityOTR Permeant

´́́́
====

Substrate + Layer

Virgin substrate

OTRBIF
OTR

====

Commercial
Polymers
(50 µm)

PET
PEN

BarriersRequiremets of
food packaging

Ultra – high
Bariers

Requirements of
organic electronics
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Oxygen transmission Rate (OTR) Versus Water Vapor transmission Rate (WVTR) for 
commercial polymers, encapsulations required for food packaging and for organic
electronics purposes

Properties
Ultra barrier properties
Hardness
Optical properties
… 
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�

Log P

� �

Log thickness

�

10 - 20 nm 150 - 200 nm

Presidual dc

Permeation vs film thickness

Limited by thickness Limited by defects:
Micro defects (surface roughness and dusts)

Nano defects  (structure, stœchiometry)

Limited by stress

Critical depth (d c)
F (substrate, film, process, …)

Coalescence and « defaults coverage »
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0.1550nmSiOx (VTMS /O 2/Ar)

0.18100nmSiOx (VTMS /O 2/Ar)

~2100micronvirgin Polymer (PET)

COATING THICKNESS WVTR g/m 2 x day
38°C e 90% RH

SiOx (VTMS /O 2/Ar) 200nm 0.50

BIF = 13

� HMDSO or TEOS
� Vinyltrimethylsilan (VTMS)
� Divinyltetramethyldisiloxan (DVTMDSO)

Organosilicon
monomers

Nanolayering: monolayer

Amount of SiOH can be managed by Power

- SiOH decrease :
Density increases

- Cross linking increase :
Amount of SiOSi bonds increases

Control of final property

FP6 project Napolyde – Univ. of Bar, LAPLACE Toulouse
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Inorganic/organic
Multi-layer

Inorganic/organic
Multi-layer

Defects limited 

Inorganic
Single layer

Inorganic
Single layer

Inorganic
Single layer

Inorganic/organicInorganic/organic

Inorganic
Single layer

Decoupling defects = UHB

Difficult to reach WVTR/OTR lower than 10-2 / 10-3cm3.m-2.Day-1

Multi nanolayering

monolayer

Nanolayer � Multi nanolayering
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0.1550nmSiOx (VTMS)

0.18100nmSiOx (VTMS)

~2100micronvirgin Polymer (PET)

COATING THICKNESS WVTR g/m 2 x day
38°C e 90% RH

SiOx (VTMS) 200nm 0.50

SiOx/SiCH/SiOx 100/300/100nm 0.02

SiOx/SiCH/SiOx 200/300/200nm 0.12

SiOx/SiCH/SiOx 100/150/100nm 0.16

SiOx/SiCH/SiOx/SiCH/SiOx 100/300/100/300/ 100nm 0.10

SiOx pulsed/SiCH/SiOx pulsed 100/300/100nm 0.02

Optimized single and multilayer with PECVD from VTMS(O2) and or HMDSO/O2

BIF = 13

BIF = 100

��������	�
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�������������
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Nanolayering: multilayer

Universsity of 
Bari - Italy

FP6 project Napolyde – Univ. of Bari
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Nanolayering: multilayer

Micro defects nano defects

Micro defects

nano defects

Nano defects propagates from layer to layer

Multi nanolayer : 
-decrease of the diffusion pathways
-Limitation of the propagation of the nano defects

Increase of the thickness : 
- Cover the Micro defects

Micro defects nano defects

Micro defects

nano defects

Nano defects propagates from layer to layer
Argon plasma between each layer can avoid this phenomenon

Multi nanolayer : 
-decrease of the diffusion pathways
-Limitation of the propagation of the nano defects

Increase of the thickness : 
- Cover the Micro defects 

Epaisseur (Å)

�
# 

d
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Substrat SiInterface

SiOx SiOx
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�
# 

d
en

si
té

(1
0-

6 )

Substrat SiInterface

SiOx SiOx

Ar treatment leads to
Densification over 20 nm

Thickness (Å)

With 6 SiOx Layers : WVTR : 3.10-3 g/m²/day

CEA results
E-MRS fall meeting 
2008 - Varsaw

FP6 project Napolyde
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Atmospheric plasma deposition of 
organic/inorganic HMDSO multi-nanolayer coating

TEM image

Substrate 

1 µm 

1 µm 

µ-defects 
nanodefects

1 µm 2 µm 

Figure 2- Schema of defects repartition in multilayer structure 

O2, H2O

Project TRASU – FNR Luxembourg (www.FNR.lu)

� Elaboration of high performance  MULTILAYERING barr ier films 
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WP 4.3 in-line equipment

Instrumentation– in-line optical nanoscale control

• SE integration 
• Roll to roll
• Width 450 mm
• Speed 10 m/min

Ellipsométrie

FP6 project  Napolyde 
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� Continuous web thin film solar cell 
production plant

� Roll-to roll deposition line with
- washing machine
- backreflector ZnO sputtering
- a-Si alloy/a-Si/Ge alloy/ nc-Si alloy 
(PACVD – 9 layers)
- TCO sputtering

� This machine is 300' long

� United Solar Ovonic's annual 
production capacity to more than 30 
million watts

��������	
��
��
��	� �
��
���	� ���
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CONCLUSIONS

� PACVD technologies are well adapted for roll-to-rol l 
PV applications on flexible substrates

� Different films which are used to elaborate the PV 
cell on flexible substrates can be elaborated by PA CVD: 
isolation barrier, PIN cell, transparent electrode,  flexible 
encapsulation barrier, ..

� To be competitive against other product-processes 
on flexible substrates, key drivers need to continu e to 
be investigated :

� new film/plasma processes for improvement 
of the cell efficiency
� warranty of durability through studies of the 
ageing mechanisms of plasma thin films 


