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Agenda

® Presentation of Saint-Gobain and Saint-Gobain Recherche
® Introduction / Applications we are addressing with TCM
e How TCM can functionalize glass ?
e Physical principles
e Applications in building and automotive
B Transparent electrodes for active glazing
®» Summary




Saint-Gobain,
one of the world’s top one hundred leading industrial corporations

OPERATIONS IN 2011

COUNTRIES ™ Sales

Recurring net income

SALES

€42 116bn Capital expenditure

- Free cash flow
195,000

EMPLOYEES
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Saint-Gobain, proud of its history
The origins of a multinational company

17th century 1665 1850-1900 1900-1950 1970 1970-2007 Toda

Refocus on
New markets materials with
and new a high
products Merger between\ " technological

Saint-Gobain
expands into

Louis XIV and Creation of the'\ Invention of the Europe starting up

Colbert Manufacture process of glass activities in appear, Pont-a-Mousson '\ content and

decide on an royale des poured on atable, Germany, Italy maklpg SEIE and entry into

economic recovery glaces Saint-Gobain Belgium ’and ' G_obalr_1_a Saint-Gobain building

plan for France becomes the Spain ' diversified distribution and
undeniable Group plasterboard
leader

Saint-Gobain
focuses its
strategy on
Habitat
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SAINT-GOBAIN and Glass

Distribution
High
performances
. materials
Innovative
1T MEIRELS

SAINT-GOBAIN —

Construction
products

Packaging

Flat Glass

Transformation
For habitat

Transformation
For automotive

Solar Energy

I T
SAINT-GOBAIN

GLASS

[ﬂGLASSOLUTIONS

SAINT-GOBAIN

adlitas
SAINT-GOBAIN

SEKURIT

T
SAINT-GOBAIN

SOLAR
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35 ﬂ OatS (dont 8 en JV)

+ 4 en construction (dont 3 en JV)

15 coaters

%
+ 1 en construction

Eggl—:ﬁll.. Sasvlan W L) o Plus de
. ,Jh‘l Taidhe ull . 10,000 employees
Mama  Auvelais < v
- i 8§ \ ZaA s -,

Cuautla

Float
Coater
Ligne Verre imprimé

Site en construction

Joint-Venture ¢ Cagapava *

Site Glassolutions Sao Vicente
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R&D open to the
outside world

employees

Main R&D centers

* Partnerships with start-

ups: NOVA External
Venturing

Aubervilliers Herzogenrath

France 9° Germany * University partnerships

Northboro Cavaillon :
: Chantereine
United States France -y E SHanghai
China
patents Research centers
filed in 2011 and about 100
development units

worldwide

in 5 Saint-Gobain

1 products sold today
was developed in the
last five years
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SGR in charge of key competencies

®» GLASS
e Products: Flat glass, fibers, bottles, glass ceramics...
e Process: Melting, forming, spinning
e Driver: Emission reduction, energy consumption

®» SURFACES
e Products: Building, automotive, Photovoltaic, lighting
e Process: CVD, PVD, sol gel
e Driver: Building energy performance, renewable energy

®» BUILDING MATERIALS
e Products: Polymers, gypsum, cement, mortar
e Process: Drying, curing, coating
e Driver: Cost reduction, energy saving

®» HABITAT
e Products: Virtual reality
e Driver: Thermal efficiency and comfort
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SGR: Place for exchanges

B Attractive place for talented researchers
e Scientific disciplines represented at SGR

materials )
chemical  engineering mathe(r)natlcs solid state physics
engineering 12% 0
e 465 employees 20 11%
analytical
chemistry soft matter physics
0,
e 36 years old average cetrocorict 1%
electroc egms ry plasma physics
O 2% 4%
® 3/% of women
solid state OF;[(i;S
. . chemistry 4
[ 19 nationalities 18% heat transfer
4%

® 839%0 of researchers with PhD

physics-other
4%

fluid mechanics
10%

® 86 patents in 2011 polymer Csflzmistry |
mechanical mechanics of

engineering solids
10% 7%

P —, T




\

TIAL Disclosu Witho out priorwri u’ ‘OK Saint Goba Recl *js prohibited. s :37.
\ Oy =
; & W\ \
> ey L ! Nk )
; ' )

Agenda

® Presentation of Saint-Gobain and Saint-Gobain Recherche
® Introduction / Applications we are addressing with TCM
e How TCM can functionalize glass ?
e Physical principles
e Applications in building and automotive
B Transparent electrodes for active glazing
®» Summary
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Transparent conductive materials as a way to
improve...

B Heat preservation

Diamant Solar

Polymer foil

" | Sputtering/
5S¢ selenization

| Metallic reflecting
l A ! layer

— i Glass Substrate b |
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Windows reinforced thermal insulation: principles

Thermal transfert coefficient U

Heat quantity passing through a surface unit for a AT of 1K

U7 + 2 + ” (EN 00673)
he h, h © b
——< . h, : External superficial thermal exchange coefficient
(convective, depend on wind) around 20 W.m2.K!
Exterior interior - N : Internal superficial thermal exchange coefficient ,
(convective and radiative)
U .h is around 4 W.m=2.K"!
CE— hi=h +Neony _For bare glass, h, =5 W.m-2.K"!

. h, : thermal conductance of the glazing unit. For a sheet of
glass of 4 mm thickness, h, = 250 W.m=2.K-1

To increase the thermal insulation,
we need to decrease U, and th
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From simple glazing to double glazing exerior
In a single glazing, thermal transfers are normalized
and linked to the glass thermal conduction:

Insulation is only dependant on glass thickness

& T

Interior

U, = 1.1 W/m2K

)

U, = 5.4 Wim*K
4m 19”’\”1,H<

U, = 5.8 W/m?2K

700mm

U =26Wm2k Inadouble glazing,
g thermal transfers are

linked to
—->The gas nature
—>The gap thickness

)
“ ‘

mm

16mm
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 Emissivity €

EO\-) - 8(7") . EBIackBodyO") E(?\)
. Absorption
Kirchhoff law’s : E(A) =A(L) A\ >
ﬂfﬁ
100 (W:E Glass spectrum
50 % :
t Reflectance
PN T e TITT |E‘ """ o
0.2 0.5 1 2 5 10 20 50
Wavelength (pm) >
(@]
@ Measurement of € for a coated glass §
For A>5 T~0-> €=A=1-R § o v
or Hm, —A=1- T=0%
Reflection
-A=1-¢




< . . . "
‘& L. - Disclosure or ieproduciyn without prior wri?rm' I0N0 Salint- %H;Rech i
B ;- ) 9 d \ >
¢ ’ ) *xX NN
! W <A .A- ! o ! : —~
- e " bl <
» f p S v - ,

.

) S

In a bare double glazing, the thermal transfer is related to the radiation at 70%

Thermal insulation: low emissivity glazing

__ Solar radiation _ Thermal radiation
10
8 /_\’u‘
\
80 .
C_G ! ' | Transmission
= _ 'l Reflection
v |
@© \
Low emissivity = lower radiation transfer 28| .
. . . . . . 20 ]
B Alow emissive layer is added which is reflective |
in the far IR and highly transparent in the visible o A T
03 08 15 20 25 5 10 20 30 40 50
Ug = 26 W/m 2K Ug — 11 W/mZK  Solar radiation . Thermal radiation
10 -
/‘\ 1
N 80 <
m l“
© X
o i
|
; 20 \
O .
J 0 J T T \ 1 1 1 1
03 08 15 20 25 510 20 30 40 50

Wavelength (um)



Us en W/ m2K

»
SINGLE DOUBLE  LowE Low E GOOD
GLAZING GLAZING DOUBLE  TRIPLE NSULATED

4mm  Without coatingGLAZING  GLAZING according to
RT2005

——, L TTTT.




Emlsswlty IS leading us back to conduct|V|ty thus to TCMs

At A>3 nm, glass is opaque, thus emissivity ¢(A) =1 - R(A)
®» Drude and Maxwell equations give 2 12 _q a)pzr ok — a)pzr
|- a)(1+a)22'2) (1+a)2 2)
® The reflectivity of a metallic layer 1_ n+1+ik
. exp(iaN = :
'S - )‘ n—1+ik
hrentaN | Ly,
® Finally, with some approximations
(over thickness and indexes)
4 Independent of A
&,C
R=1-—" =1- xR/sq =——=>| | £(%) = 1.06%R/sq
A d,, q (%)

— TS
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Low e with TCO and metalllc TCC

® Transparent, oxide conductors (TCO)
e SnO,: F, Zn0O: Al, In,0;:Sn0O, (ITO) ...

e CVD, PECVD, sputtering, ALD, ...
e Robust (for some)
e Relatively easy to coat

e Hot treatment necessary to achieve low
conductivities

» z{%r&s)parent coating systems with metallic conductors

e Ag, Nb, Mo, ..., embedded in an anti-reflective
coating system

e Sputtering

e Very small, specific resistivity even with a coating
on a cold substrate

e Corrodible

P —, T
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» TCO
e n-oxide semiconductor

T,R,A(%) '
3
L 1 | 1 1 T

e Relatively thick layers are necessary in
order to increase conductivity L MA ~ L N\ T
0

11

e R/square >5ohms o 12 20
)k\'i\ihle 7+— infrared

We use the transparency of the TCO when w > w,, (in the visible) and reflective
in the far infrared (w < w,)

®» Metallic conductors (TCC)

e High electron density, very good .
conductivities NN N
e Very thin layers @VavavE = GvEvhg

e High reflectivity: Antireflective
interference coatings are required

verre métal vide

w < w,, metal is always reflective:
A very thin layer (~skin depth) transmit partially the light.
Finally, we need a metal that transmit more in the visible than in the IR...

EEEEE—
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Principle of silver thin films IR reflection
For TCC-Ag : Anti-reflection in the visible

Silver is encapsulated between two dielectric layers

SEIE
6 2 10 Visible
Q 3 9 ———————
— = L ti-28%
o 3) 80 / /< RL = 65%
No [M122No gm / / TL =79 %
> 60 n RL =6 %
> 50 1M /
Visible light EN [/
A 2 4 /
20 \ / / — Glass/Ag (20 nm)
/
. ) 10 i / — Glass/TiO2 (30 nm)/Ag (20 nm)/TiO2 (30 nm)
Destructive .
interferences 300 800 1300 1800 2300

Wavelength (nm)
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» The lowest emissivity as possible
» Transparent In the visible + near infrared

W/m<]©> W/m?2nm

— 0.03
V50|ar radiation Thermal radiation

l

-40.02

-
I
...........W.
#

Al

0.5 |

Black body
radiation at
20°C

40.01

eesnuansnnet?
.'...'..

PECETTTUITTITE  H
et

i Visible

0 -. .,

0 = : = 0 Solar radiation: 45% Near
/\\ ," Reflection IR

80 o . .
7 / T Low emissive glass =
5 | Yy transparent in the NIR
o) A
> =
o .
- 20 \

I \ Transmission
00.3 0.8 1.5 Z.OI 25 5 10 20 3(I) 40I 50

Wavelength (um)



Measuring sun’s input energy: the g-value
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100
Enel’gy transmission Glass transmission %
75
(g—value) Solar spectrum
- 50
Transmitted + Re-emitted 25 1 L\
Total Sun incident Energy o) | |

0,1 1 10 100 1000
Wavelength (um)
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Solar Spectrum
(Parry Moon)
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but it may become also too hot
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Solar control by reflection

Solar spectrum

Lowe TCO
14 | based
%) S | Low e TCC-Ag
< 5 .
@ % ;
S A o % : Solar Control
< > § : TCC-Ag
L Vv Q k= \
Near | :
0 | | : >
0:.4um Oi.8um 2:.5um 50um
)le Near IR Mid - Far IR

——, L TTTT.
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Energy balance:

4. | ow E coatings are

transparent to solar
radiation:

Increase of solar
Heat gain: ¢

® Low E coatings

stop exchange by
radiation:

Reduction of Heat
Loss: Ug
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GLAZINGS BECOME MORE ENERGY EFFICIENT THAN
WALLS!

® Triple Glazed units with high solar factor are more energy
efficient than walls, also on North orientation!

Solar Heat Gain

Heat Loss

Energy Balance
kWh/m?

Triple glazed Unit with ssc PLANITHERM MAX in Salzbourg Wall:
Ug = 0.6W/m?*K & g = 0,60 U =0.12W/im*K

P —, T
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The same solar input management is possible for cars
® The solar energy input into the car is done primarily
through the glazing

-

Roof
18%

Relative distribution of
the glazing component
(Example)

Rear
window

Windshield
Soop -\ 24%
Side windows
B Example: Limousine with glass roof 29%
e Glass roof with low-e (ca 20%) coating
®» Hot summer: A& CO2reduction
e Entry Sun 1000W / m _ _
e Outdoor temperature 40 ° C ® Heat Input is reduced
e Interior regulated at 22 ° C by 17%

® CO2 reduction: about

1.77 i i Km
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TCC for Iow -e coatings: Antl condensatlon
Condensation becomes an issue for high performance

insulating glazing units - DGU and TGU

Emissivity of the outer
pane: 80%

radiation exchange

Outside temp.
temperature of the Dew point

outer pane

Interior temperature _
Low-e Coating

T Outdoor pane <T Dew point
* Tgiass > 0°C FogQ
* Tylass < 0°C Frost

g
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Requwements for TCM ?

165 PLANITHERM® MAX mit unsichtbarer
Viarmedam mbeschichtung aus Edel metall
+

® Coating inside insulated glazing /{ )

e Coating is well protected against | | e
chemical or mechanical stress but H st ""’::T&f'“”"
should be compatible with all the M o st
tranformation steps 0

el

e Metal coating systems achieve very low a0 hll
emissivities and with controled U, Vert: 0.7 WirPK it Avgn 0.5 WinK it Kypton
selectivity

® Coating outside insulated glazing

o Coating_must be chemically and
mech_anlcaldy stable (sometimes versus
bending and tempering)

e Metal coatin systems are either not
chemically stable (Ag), very expensive
(Au) or have a low conducfivity

e Using a TCO is required

P —, T
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Agenda

® Presentation of Saint-Gobain and Saint-Gobain Recherche
® Introduction / Applications we are addressing with TCM
e How TCM cab functionalize ?
e Physical principles
e Applications in building and automotive
® Transparent electrodes for active glazing
®» Summary




®» Accumulated experience on TCC use and issues enabled us to
use them for active system as electrodes. They assume different
roles with different characteristics :

e Joule effect

e Charge injection/collection

e Polarization




Example of Joule effect :
To solve the automotive glazing icing problem: heat the glass
(SG ClimaCoat)

®» Windshield (WSS) with a transparent
conductive coating

B Coating is highly selective:
e heat reduction in summer

®» WSS can be heated by the coating
(14V power port)

® Rapid de-icing and fogging




Electrolyte ———
_ T'W vt

T M : H*, Li* HE
. M,CE
TCO CE : counter electrode TCO
‘ Glass ‘ Behaves like a thin film battery Fleee

Electrodes needs:
highly conductive, highly transparent (including in the near infrared),
chemically stable




! ionot_Saint-ngaip Rech ‘_isprohibitgd. 7 - .
“ < \‘\x} \ N N oy
1 - -~ 4 L

F .

L =N g > V% od A <; PN
Injection/Collection: Electrodes for PV-CIGS

Glass

Diamant Solar

TCO
Buffer

Absorber

Metallic reflecting |L
layer

Glass Substrate

Polymer foil

VD, sputtering

v Sputtering/

selenization
OU Co-evaporation

sputtering

PLX + Mo

B TCO are used as top electrode:

e Need of high transparency in the absorption region of the

absorber

e Relatively good conductivity (to avoid ohmic drops)

e Good durability
e Cost...

P —, T




B Privalite®

- off

.
=

Diffusing...




on

®» Privalite®

L
<

Electrodes needs:
moderate conductivity,

highly transparent (no haze), Not diffusing_ N

chemically stable...
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Summary

® Significant reduction of energy consumption for heating or
cooling (thereby reducm? the CO2 production) b _
fubctionalizing glass surfaces with transparent conductive
material, either TCC or TCOs

®» TCOs gex SnO2:F) are used, especially when coating is not
protected and emissivities required are not too low

B TCM systems can be design as electrodes and adapted to meet
product specitications : durability / process / transformation...
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Conclusion: Table of merit

Cost (volatility) of raw material

Electrical properties (resistivity, work function...)

Availability (raw material supplier)

Deposition speed N Economics parameters ) Optical properties (Eg, Plasma frequency, n, k)
) Method of deposition Physical Parameters
Fixed cost > Morphology / roughness

supplier Mechanical properties

Toxicity Durability (chemical / climatic / mechanical)

Life cycle Processability contraints / Patteming

Heat treatment / hendability

Raw material extraction, impact on environment

B No TCM is perfectly fitted for every application !

——, L TTTT.
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