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1) Introduction

Obijectives:
-To introduce some basic concepts of synthetic chemical solution deposition (CSD)
techniques and processing with high potential for deposition of advanced material thin

films.

-To show that the preparation of innovative materials using CSD routes is a growing
technological area.
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1) Introduction
Definition:

-Chemical solution deposition (CSD) processes: CSD is a general term used to describe any
technique whereby a chemical precursor solution is used to create a film.

3 &

/ Precursor(s) \

(ol ‘e Chemical Deposition ﬁ o
Ao ‘7
S
Gelation / ©
Solution (£ m%/ Vacuum
SR
@ rog}I Drying Y—

- &\ Xy

Sintering

Film

Schematic illustrating chemical deposition of ceramic films.

(from https://www.sigmaaldrich.com/FR/en/technical-documents/technical-article/materials-science-and-engineering/photovoltaics-
and-solar-cells/chemical-deposition)
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1) Introduction

Depiction of various CSD deposition methods (there are more...)

Chemical Bath Dip-coating Doctor Blade

_
Slot-casting Spray-coating

From Chem. Soc. Rev., 2011, 40, 5406-5441

Aerosol Jet

Langmuir-Blodgett, Layer-by-Layer
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1) Introduction

Definition:

-Nanomaterials (EU definition June 2022, not scientific): They consist of differently shaped
small solid particles no larger than one hundred nanometers, or about one thousand times
smaller than the thickness of a human hair. As a result, nanomaterials have specific properties

and some are exploited by industry and in products.

1<100 nm > 100 nmI_
Substrate 1 <100 nm
Substrate
XXX XX XXX I<100nm
Substrate
<100 nm}

<100 nm

I> 100 nm

A A A A A A A

I> 100 nm Substrate

Substrate
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1) Introduction

These CSD process routes make generally the following possible:

- The synthesis of a broad spectrum of materials (metal, oxides, chaclogenides, carbides,
nitrides...),

- The ability to co-synthesise two or more materials simultaneously,

- Coating of one or more materials on to other materials,

- Synthesis of ultra-high purity materials,

- Very accurate tailoring of the composition even in the early stages of the process,
- Control of the microstructure of the final products,

- Control of the physical, mechanical, and chemical properties of the final products.
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1) Introduction

Flow chart of typical solution processing routes

Solute/Solvent

1
I
: Deposition
I
I

Spin / Spray / Dip Coating
2 F-d-- Direct-Write / Printing CSD
Chemical Bath

Wet Film

I

|

|

I

! .

: v
: [ Film Gelation ~ |.,
1
1

1

1

I

I

I

Multiple Coats

Decomposition / Removal of Organics Furnace,
Carrier Concentration DUV, NIR
Crystallization

From Chem. Soc. Rev., 2011, 40, 5406-5441
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1) Introduction

Quality of the substrate?

-Substrate Handling (tweezer, glove?)

-Substrate Cleaning
-Degreasing (Acetone, methanol...)
-Organic Contaminant Removal
(Ozone cleaner, piranha” solution?)

-Substrate modification
-Native oxide removal (HF?)
-Formation of hydroxide groups
(Ozone cleaner)

Fabien Grasset 13th June 2023, EIl NANO

Quality of the solution?

-Viscosity of the solution,
-Wettability of the solvent,

6> 90 8= 90 8< 90

Non-Wetting Wetting

-Boiling point of solvent,
-Solubility of solute,
-Filtration,

-Additional surfactants (EISA)




1) Introduction
Evaporation Induced Self-Assembly (EISA)

Film formation + nanostructuration by using self assembly principles

EISA is based on the fact that in coating film formation occurs through evaporation of solvents
concentrating the system in non-volatile species, which leads to aggregation and gelation and
hence can be also used to induce the formation of functional nanoscopic materials.

ARTICLES NATURE MATERIALS 00:101038/NMAT3439

DG silica template DG silica template with MoO3._, (OH),

Calcination in
air at 400 °C

Electrodeposition of Mo

DG MoS; DGssilica template with MoS,

Sulphidization in
10% H,5/90% H, stream at 200 °C

Etching of silica

Dip-coat surfactant and
Si precursor onto FTO slide template with 2% HF

Figure 1| Synthesis procedure and structural model for mesoporous MoS; with a double-gyroid (DG) morphology.

Nature Materials., 2012, 11, 963-969

T. Kimura, Chem. Rec. 2016, 16, 445-457
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1) Introduction

Quality of the film?

Adhesion of ZnO film
Acetate | Propionate | 2-ethylhexanoate | Stearate

Ligands 0 : : :
atthe = |:H30JLO':|2 2H,0 , : :
surface I I I
| | |
Thin film I I |
ili | | |

solubility I I I Precipitation in solution
Insoluble ' Partially ' Soluble '
! soluble I I

Q. Kirscher, et al., Sci. Technol. Adv. Mater., 23, 044401, 2022
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1) Introduction
Thermal processing?

Amorphous versus cristallize
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V. Proust, et al., Nanomaterials, 12, 2334, 2022

Fabien Grasset 13th June 2023, EIl NANO



1) Introduction
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1) Introduction

IH

“Thermal” processing?

Impact on the physical properties!

How to keep the properties of « Nano »
4 As spun
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Q. Kirscher, et al., Sci. Technol. Adv. Mater., 23, 044401, 2022
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1) Introduction

Quality of the film?

Cracking

-Thermal expansion mismatch _( |
-Mechanical stresses (compression, tension) S

S4800 10.0kV x1.00k SE(M)

1-300°4_

-Increase with the film thickness

Solutions:

-Additional binders (polymers, metallic salt...)
-Additional capping layer (PDMS)

-Multi-step deposition

Fabien Grasset 13th June 2023, EIl NANO




1) Introduction

e— - I
Cathode Anode
N MO or Stainless steel
/‘/ : B stainless steel oriTo
| ’ R 4 ;
e l

Spin coating Dip coating Mayer bar coating Spray coating Electrophoretic
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2) Spin-Coating

Spin coating generally involves the application of a thin film (from a few nm to a few pum)
uniformly across the surface of a rotating substrate by casting a solution of the desired material.
A machine used for spin coating is called a spin coater, or simply spinner.

3 important steps:

1-Dispense of the coating solution
2-fluid flow dominated thinning
3-Solvent evaporation and coating set

simultaneous

J
[ \

A n N

1 1 [
coating : dw/dt >0 : dw/dt=0 < : dw/dt =0
solution

\ 1 1

substrate

1
. - - |
S — = - E— <
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1
1 1
1. deposition: liquid 2. spin-up: rotation 3. spin-off: rotation 4. evaporation: solvent
coating solution loaded speed of the substrate speed of the substrate evaporates
onto the substrate accelerated kept constant, excess

coating solution ejected

https://www.ossila.com
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2) Spln Coatlng The thickness of a film will mainly depend

upon:

- The solute concentration

- The solvent evaporation rate (which in turn
depends upon the solvent viscosity, vapor

1 pressure, temperature and local humidity)

Spin Coating Thickness Equation

l.' m ﬂ""‘ I"':‘:.:::k::‘.::;"l.‘.":;f ".‘ a % 'i ‘I :‘;:J:}.‘:": R, i ':I‘ :"?::‘:'s‘: l‘s":‘fi"‘.

o 1‘4:\'1‘:'(:‘4'\‘ (] i XY I‘I'I\‘I‘)I;‘I:o :I |‘o:s'|‘:'s‘ :‘l's’ ( i l'\'l‘o"\'l‘o""l‘lo

180 II

160 '.II e,

4o | TGS s -GS s She T nen
Eio |\ : adadacaondndond
E 100 : high evaporation rate Low evaporation rate Intermediate rate
E 80 \\ Solvent A Solvent B Mixture of A& B
" ~ —

40 — —— . .

2 — So for these reasons spin thickness curves for

0 new solution are most commonly determined
i} 1000 2000 3000 4000 5000 ] F000 2000 .
Spinspeed (RPM) empirically...
h = final film thickness -Emslie, Bonner, and Peck Model
® = angular velocity/spin speed -Meyerhofer Model
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2) Spin-Coating

The thickness of a film will mainly depend

upon:

- The solute concentration

- The solvent evaporation rate (which in turn
depends upon the solvent viscosity, vapor
pressure, temperature and local humidity)

Spin Coating Thickness Equation

SATRARE S LRORAN 0, SRR,
[ e e [ e [
180 - R e R
T l'é‘l‘)i'l’o'i'l i |§‘|’o‘\‘l~)\‘l‘o i l‘é‘l‘)i‘ |‘o'i'| i li'l’o'\'l‘f\'l‘o
160 ] —&— X rpm/60s i .
] —=8—500rpm/10s + X rpm/ 50s e 1S Ty e 1S Tl €--" 2 Te-s
140 - : . L
E ] S —— fetsfied e B el
; 120 ] high evaporation rate Low evaporation rate Intermediate rate
@ ] Solvent A Solvent B Mixture of A& B
£ ]
© 100 -
£ : .
E ] So for these reasons spin thickness curves for
N new solution are most commonly determined
60 1 empirically...
40 - T T T T T T T T T T T
1000 2000 3000 4000 5000 6000 .
Rotational speed IRPM -Emslie, Bonner, and Peck Model
-Meyerhofer Model

Q. Kirscher, et al., Sci. Technol. Adv. Mater., 23, 044401, 2022
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2) Spin-Coating

Current difficulties!!!

Solutions with poor solute’s Solutions with extreme volatility
solubility (high or low)

Marangoni instabilities

-Very low solute concentration => highly-volatile solutions:

very thin film => Low spin speed and -Additional components, co-solvent
static deposition -Low spin speed and static deposition
-Additional components, co-solvent low volatility solutions:

-Heating, sonication... = long drying times => very thin films

-edge effects (thicker film around the edges
compared to the center)

Fabien Grasset 13th June 2023, EIl NANO

Poorly-wetting solutions

-Ozone cleaner
-Surface tension modifiers: surfactants




2) Spin-Coating
Adapted for a lot of examples!!!

» solution

N

—)

Dry for 5 min
at 260 °C

—)

Repeat
ntimes

=

Anneal for 1
( ) hr at 300 °C

_LolSeYS -\)_ Ci)’;gfd

()

() " s

H
(©-CHoh PAH
"

NH,P

Porous
ZnO mid-

Precursor Anisole Heat
(b)

g ‘ ' .. s SnO,
N M - FTO

https://doi.org/10.1116/1.5001758

(€)

Perovskite

Sn02
:

FTO

: 7
%

V4

213 14 15 16 17 18 1 20 21
PCE (%)

Lo o

DOI: 10.1021/acsenergylett.9b00953
ACS Energy Lett. 2019, 4, 1845—1851

Self-standing macroporous polymer replica after removal of silica spheres
J. Am. Chem. Soc., 2004, 126, 13778
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2) Spin-Coating Adapted for a lot of examples!!!
O D e D

PEAI cation in DMF PEAI cation in antisolvent
Perovskite
¢ solution ¢
¢ (
-0 [ ' a® ( 'S 1: ~ l
.T'E : = . = (b) %
Prewash step Spin coating of perovskite precursor solution
 Annealing Spinup * “ Thinning of a iq_uid film
s 4
©
— . —
C Reference HTL-modified ETL-modified HTL + ETL-modified 2 °

Solidified region Saturation of solidification

e

Figure 8. Optical monitoring during spin coating and its schematic illustration. (a) Videomicroscopy
images of the spin-coating process at spectfic times afier initiation, where the P3HT solution consisted of
1wt% P3HT In chlorobenzene solvent. (b) Schematic diagram showing the spin-coating steps.

Cl-PEAI
>

Degani et al., Sci. Adv. 7, eabj7930 (2021)
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2) Spin-Coating Adapted for a lot of examples!!!

Spin coating epitaxial films

NaCl on Ag/Au/Si(100)

Substrate

<Se

‘ Boundary layer ch

L Ordered adlayer+

: ZnO on Au/Si(111)
[

D :
Trewmi e Fig. 2. Morphology of spin-coated materials. (A and B) SEM micrograph
Nuclei—* of CsPbBr3 on SrTiO3(100) (A) and Pbl; on Au/Si(111) (B). (C) Optical micrograph

' of NaCl on Ag/Au/Si(100). (D) SEM cross section of ZnO on Au/Si(111).

S 5SS

Epitaxial film+

<5_‘>

Eelso et al., Science 364, 166-169 (2019)
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2) Spin-Coating

~

12

=
o 1.0f
The main advantages: E os o T ot
-‘% 0.6 Qi—zozv
o 8 ol Poerow
*Simplicity and very short process, b= (el
. . . o 0.2 =
*Thin and uniform coating, - e

0 5 10 15 20
Voltage (V)

*Macroscopic and nano length scales,

[ ]
(Ve ry) Low cost and ENErgy process. Figure 5. (a) Photograph and (b) current density—voltage curve of

the 10 cm X 10 cm PSM (series connection of 20 cells)

The main disadvantages:

DOI: 10.1021/acsenergylett.9b00953
ACS Energy Lett. 2019, 4, 1845—-1851

Single substrate batch,
*Small substrate (?),
*Wasted material (big issue for large-scale manufacturing)

Research and rapid prototyping

Fabien Grasset 13th June 2023, EIl NANO
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3) Dip-Coating

Dip coating is a process by which substrate material is submerged in coating solution, then
taken out and allowed to drip dry.

3 important steps:

e ¥

1-Immersion and dwell time
2-Deposition and drainage
3-Evaporation

| substrate

a) dipping b) withdrawal c) evaporation
DOI: 10.1007/s10971-021-05628-5

It is important to leave the substrate in the ink for a period of 30-60 seconds during
immersion. This allows it to reach thermal equilibrium with the ink.

Fabien Grasset 13th June 2023, EIl NANO




3) Dip-Coating

Draining regime

Wetting Zone

S = Stagnation point

Constant Thickness Zone

Substrate

Dynamic Meniscus

..... Static Meniscus

e —— Y

-Static meniscus: where the shape of the meniscus is determined
by the balance of the hydrostatic and capillary pressures.
-Dynamic meniscus: which occurs around the stagnation point.
The stagnation point is where the entraining forces and draining
forces are in equilibrium.

-Constant thickness zone: where the wet film has reached a given
thickness (hy).

-Wetting zone: which is the region where the wet film begins.

Fabien Grasset 13th June 2023, EIl NANO




3) Dip-Coating

/ . Pe=2wy \
Capillary , o . X
4 pressure = At \
/ exerted at final g e
Deposited  Up | stage of dreling ';’aqp‘g?
film _ as moniscl inter-
e BLTE e receds into 3 face
. g gel interfior : et flat =
'LL’ e Film collapse and/ \ . Pc=0
! A ~ or pore formation \P¢ = 2 cos(f) & *
> [ . ™ \‘
" Gelation S
Alcohol/water — \
evaporation e
—~— Gravitational
X X ~ Aggregation draining
+ evaporation

ho ~ (NU0)**~1v"®(pg) '

Pore size controlled by:
Entrained dilute sol

® size, structure, composition
e rates of condensation/evaporation

Reservoir e capillary pressure (P.)
surface
Dilute sol
n is the liquid viscosity Pcis the capillary pressure
p is the liquid density ywis the liquid-vapor surface tension
g gravity
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3) Dip-Coating

Dependence of film thickness changes on withdrawal speed.

Units are arbitrary as this graph only shows a general trend. Other factors, such as liquid viscosity, can affect the actual film thickness.

a 1000
@
E
=
0
)
@
£ FMS-H-25
o \ o ® experimental
i - ’ a
i N2 points
A — Har
i \ Capillarity model
’/
F \\ - - - “Draining model”
/' \ wems Capillarity +
P \ 10 draining model
L A’, 1 X 1
0.01 0.1 1 10

Withdrawal speed Uy [mm-s™]
D. Grosso et al., J. Phys. Chem. C, 114, 17, 2010
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3) Dip-Coating

Capillary
feeding

N~
(_)' Evaporation

S

Capillarity regime

Capillarity regime:

Thicker films can be obtained with highly
diluted solutions at ultralow withdrawal
speed.

Berre equation

E: evaporation rate
U: withdrawal speed
E L: width of the film

h - kiIU_l

Fa b | en G ra Sset 1 3th J une 2023, EI NAN O (Newtonian fluid and non-evaporating fluid)

E. Bindini et al., J. Phys. Chem. C 2017, 121, 1457214580

(f Evaporation
[N

Capillarity

Draining
.

Draining regime

Draining regime:
Usually applied withdrawal speeds in the
range of ~1-10 mm/s

Landau-Levich Model

094 (nU)*~3
Yiv'/e(pg)t/?




3) Dip-Coating

- Ultra thick films - Ultra thin films - Intermediate thickness
- Highly Diluted solutions - Nanopatterned surfaces - Porosity impregnation
- Poorly volatile solvents (H,0) - Surface functionalisation - Highly volatile solvents (EtOH)
TN
Capillary regime Intermediate regime Viscous drag regime

Driving forces

ritical ram r
Critical parameters N Capillarity
Processing 1000 1" S ’
‘ \ R s A) " Atmosphere

Y

- Speed = . '\ temperature y
- Temperature E N9 f\\ o & N B)
- Atmosphere @ ‘\ Qa q .p"o '§ Evaporation
€ 100 h fbo\ °° $
Chemistry S 1 \\ 0.0e0 b
- Dilution = Higher ~_ /’ B Viscous
dilution -
- Solvent Substrate
Dip-coating process 5o ] | . Solution
Thickness vs withdrawal 0.01 01 1 10 C) E 2/3
speed —_— ' ' — k (__+Du_/.)
-1 .
J. Mater. Chem., 2011, 21, 17033-17038 Speed (mm.e) 0
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3) Dip-Coating

Current difficulties!!!

Stripe defects Visible particles, pinholes Partial or inhomogeneous
and craters coating of the substrate

-Insufficient wetting

-Turbulent airflow during drying
-Inconsistent withdrawal speed
-Meniscus height issues

Running (Curtaining)

Due to:

-Long drying times caused by large wet
film thicknesses

-Low viscosity of solvent

=>Increase the viscosity of the solution,

Due to: Due to: increase the temperature
-Low withdrawal speed (capillary -Dust or contamination on the substrate

region) before coating

-Low solute concentration -Aggregation or crystallization of the solute

-Evaporation cooling effects
= increase the withdrawal speed or
reduce the ambient temperature. => Cleaning, additional components, co-
= increase the concentration solvent, heating, sonication, cool down...

Fabien Grasset 13th June 2023, EIl NANO



3) Dip-Coating Capillarity regime

The role of the container?

Classical
dip-coating

Different tanks

lem

Thickness (nm)

10
0.1 1 10
Withdrawal Speed (mm.s™)

1
o
-

Thickness (nm)

10
0.1 1 10
Withdrawal Speed (mm.s?)

Biphasic
dip-coating

e
o
=

Different liquid level

E. Bindini et al., J. Phys. Chem. C 2017, 121, 14572-14580

D. Ceratti et al., Adv. Mater. 2015, 27, 4958-4962

Large-surface coatings with a minimum of
solution
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3) Dip-Coating

The rOIe Of the |IqUId Ievel? E. Bindini et al., J. Phys. Chem. C 2017, 121, 14572—14580
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£ 50 ® * 06 0 04 £ 3
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Wavelength (nm)
1.00
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0123456 7 8¢
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Wavelength (nm)
> 1.00 Substrate
£ —05
d Molality (TEOS): 0.543 nkg* £ 0.96 o
) = 140 £ ==1cm
g = 092 2cm
< 110 ®
2 . = 0.8 3cm
% 80 96 s ¢ & ® E Ao
:E 50 5 0.84 - 5cm
20 - g o080 - —6cm
0 2 a 6 8 290 390 490 590 690 790

Starting liquid level Position (cm)

Wavelength (nm)

=> Lowering the liquid level within the container leads to more uniform film
deposition, but the layer becomes very thin
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3) Dip-Coating

The role of the atmosphere?

Evolution of h;,

80
E 60 +—___
=
< 4 b s S
E T ——
= 20
0
0 20 40 60 80 100
EtOH vapour pressure (%)
E 1.20 Evolution of u,
~ -
< v 090 ¢——__
3 B N , S
£ 60 Bl S
=’ T
0.30
0 20 40 60 80 100
EtOH vapour pressure (%)
0.03 Evolution of E/L
= .
20 b 002 Tl
0.05 0.5 5 E ‘\\\’
= “\~
Speed / mm.s? S ool e
TE——_e
0
Dry air+0% EtOH Dry air+20% EtOH ——Dry air+40% EtOH 0 20 40 60 80 100
~——Dry air+60% EtOH ——Dry air+85% EtOH ——100% EtOH EtOh vapour pressure (%)

E. Bindini et al., J. Phys. Chem. C 2017, 121, 14572—-14580

The deposition in the capillary regime can be considerably changed by the
atmosphere (increased by using warm air) because it is mainly governed by the
evaporation rate.
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3) Dip-Coating

The role of the accelaration?

Dynamically varied l_ (b) DYNAMICALLY VARIED SPEED
withdrawal speed > e
140 | ®™25°C ‘ & &
A40°C
— | I) Graded liquid layer | | Il') Graded nanofilm | 0 40°C 0® : 26 = 1°
120 |—speed A - "
theoretical ™y Am
__100 il .
H 5
@ 80 o
9]
solvent < _g Iy ——
i = constant spee
drying line evaporation ¢ = 60 . 8 = . __}p
i 6mms’
40 »
: )
0 1mms’

Precursors solution

(a)

Gradient of
mesoporous titania

l

m-SiO, deposition -
at constant speed  §EX

l

methyl-silica solution

Glass substrate

in

m-SiO, graded
1000 1 o & * impregnation y
900 = & SO 350 550 750 950
m-SiO, m-3i0, Wavelength (nm)

800 - % o* concentrated diluited
c
‘£ &

¢<E 700 . @ 35,5 nm /mm (b)
600 . L
L
500 o® \
x (mm)
400 T T T
0 5 10 15 400 600 800 1000
Distance (mm) Wavelength (nm)

M. Faustini et al., ACS Appl. Mater. Interfaces 2014, 6, 17102—17110
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3) Dip-Coating Functional ZnO Nanomaterials

Visible light absorbing transparent thin films Transparent and Luminescent thin films

F. Grasset, et al., Adv. Mater., 17(3), 294, 2005
F. Grasset, et al, Superlat. Microstruct., 38, 300, 2005 A
D. Berthebaud, et al., J. Phys. Chem. C, 111, 7883, 2007 ‘

A. Valour, et al., Solid State Sci., 54, 30-36, 2016

2254 nm, 300 K

vexc-

100

80

60

40

Optical transmission

201 Sk

T T T T T
200 300 400 500 600 700 800

Wavelength (nm) T. Aubert, et al., Sci. Technol. Adv. Mater., 11, 044401, 2010

¢ i¥m F4 L1
44 - 7KV  XZ20.8088 2Smm

Optical Band-gap Engineering
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3) Dip-Coating

Long-range order of patterned surfaces

(b)

self-assembly of cracks s
- 2
ithdraw Metal s 2
wi 85 =
direction * ): PS NPs g o
precursor o =
@ N e | B 2 3
¥ R B e g S
- o aiew e 2l b=
o v @ RN ) =
e e A }!‘. e = ;

£ L i o ‘

e Wl '

aqueous ink

(d)

thermal
treatment
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3) Dip-Coating

Long-range order of patterned surfaces

(a) (b)
I| tio,
I

£
i

R R

[ e

=
\:ﬁ

M. Odziomek et al., Adv. Mater. 2022, 34, 2204489 Sca | e ba rs represe nt 30 m
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Automated dip coating unit

3) Dip-Coating

The main advantages:

*Short process,

*Thin and uniform coating,

*Macroscopic and sub-micro length scales,
*Low cost and energy process.

~_Substrate Roll-to-roll dip coating process

=0 B
The main disadvantages: \ 3

—

Solution tank q
* Single substrate batch (?)

* Rigid substrate (?) | - R

« Partially scalable (Stability of the solution) " 2070 8 530
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4) Mayer bare coating

www.rkprinticom

Homemade Mayer barcoater, V. Le Cam ISCR-CSM

https://youtu.be/dAWQtnUr0Jk

The main advantages:

*Simplicity and very short process,
*Thin and uniform coating,
*Low cost and energy process.

The main disadvantages:

M. Wilmet, Thesis Rennes Univ. 2018
C. Lebastard, Thesis Rennes Univ. 2021

* Single substrate batch
* Thick films (5 to 500 microns)
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4) Mayer bare coating Link ,fg(

anr© CLuster-based Infrared selectivity MATerials ™
I [ ] .o L3
irecherche. for Energy saving applications Smiﬂgg‘iglen?elggg:
https://anr.fr/Project-ANR-17-CE09-0018 =

SAINT-GOBAIN

water

% -; i —
+PVP (10%,,) ‘ 100.00um
| ' lglass

HEOH ’X 1mL

MK X 0 [64.06 ym] [65.16 ym] [65.45um]  [65.73 um]

¢ [{MeX'12} (Hzo JPel?* (@)

»

water

[{MeX'121X2(H,0)2,]-4H0 (s)

C. Lebastard, et al., Sci. Technol. Adv. Mater., 23(1), 446, 2022
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4) Mayer bare coating Link @

IRL 3629
anr© CLuster-based Infrared selectivity MATerials 9
delarecherche. for Energy saving applications Smiﬂgg‘igleuagg:g:
https://anr.fr/Project-ANR-17-CE09-0018 -
M,M’ = Nb, Ta _
X =Cl, Br -High transparency SAINT-GOBAIN
“4<n<s+2

-Tuning of the color and the UV-Vis-NIR absorbance

[(Mg M, X", )X36]™

80 1 g0

~ 60 A 3 60
< 60 S
P s
s g
9 5 40 4 —— Glass sample
G 40 g —— PVP film_
& —  {NbCl,;} @pvp — {NbsTaCl';}-2.0
= —— {Nb,TaCl;,}-4.0
— {bsTadulerwe 201 — {Nb.TaCl1}-80
—  {Nb,Ta,Cl;;} @rvp —— {Nb,TaCli;}-12.0
20 ¢ ——  {Nb;Ta,Cl;;} @prvp —— {NbsTaCl,}-16.0
——  {Nb,Ta,Cl;,} @pvp —— {NbgTaCl',,}-20.0
V: - K o g‘:lg?f'(}:lggv?wp 250 500 750 1000 1250 1500 1750 2000 2250 2500
SAINT-GOBAIN == 5Ll

Wavelength (nm)

0 T T T T T T T T
By Mayer bar coating 250 500 750 1ooow:3;2ngt1hs?:m) 1750 2000 2250 2500

M. Wilmet, Thesis Rennes Univ. 2018

C. Lebastard, et al., ACS Appl. Mater. Interfaces, 14, 21116, 2022
C. Lebastard, Thesis Rennes Univ. 2021

C. Lebastard, et al., Nanomaterials, 12, 2052, 2022
C. Lebastard, et al., Sci. Technol. Adv. Mater., 23(1), 446, 2022
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4) Mayer bare coating Link ,\<‘§(

anr@ CLuster-based Infrared selectivity MATerials -
- I . - - - = B - -
ggelgcrgcnﬁggﬂge for Energy saving appllcatlons Smigﬁg‘igleuaggggg
https://anr.fr/Project-ANR-17-CE09-0018 -

-High transparency
-Tuning of the color and the UV-Vis-NIR absorbance el

L4
NIR L
4 % -”o" s

[{I l D rTaX'1 2})(36]"'

I

[
(=]
.

— {NbsTaCl,,}@PVP
--- {NbsTaCl;,}@PVP@ITO

40

Transmission (%)

{Nb;TaX;,}@PVP
20 1

ITO

| \! \\
X > 0- W AL . - S S o, s =
< ; 250 500 750 1000 1250 1500 1750 2000 2250 2500
Vis Wavelength (nm)

C. Lebastard, et al., Sci. Technol. Adv. Mater., 23(1), 446, 2022
https://theconversation.com/isolation-thermique-et-lumiere-du-soleil-les-defis-des-nouveaux-vitrages-economes-en-energie-204066
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https://theconversation.com/isolation-thermique-et-lumiere-du-soleil-les-defis-des-nouveaux-vitrages-economes-en-energie-204066
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5) Spray-Coating

Spray coating is a technique in which the solution is forced through a nozzle whereby a fine
aerosol will be formed

Spray JE"C @

Surface Geating Movement
preparation g g
Step 1 Step 3
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5) Spray-Coating

Spray coaters can be classified into three major groups according to the spray
method: Air spray systems, ultrasonic spray systems, and electrostatic spray systems.

Air spray systems Electrostatic spray (electrospray) systems

Syringe pump &
e 5 O
e..:Liquid sample ;’g o %° &
Paositively charged
droplets flies toward the
negative electrode.
Ultrasonic spray systems
Liuid Inlet | 1 Electrode
UIl rrrrrrrrrrrrrr | I
High voltage power supply
I==l7 F e G » G
ATTATA
© 000
D—s0 0 0 O
@00 0
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5) Spray-Coating

The distance between the sample and the airbrush, the flow rate, the pressure, the
substrate temperature, the concentration of the blend solution, the duration of the spray,
the cosolvent mixture, and the number of times the substrate is sprayed are just a few of
the process variables for spray coating...

W et e sor — A vt — sampe — s
0 0

LUl Project: Programme regtangle MD =8 =8 X
Position —— Sample == Spra
5 50 'y . - p pray - s
¢ 0 Sample paramet
100 * 100 4 Xorginpoint | 20,0 [ mm
4 — Visual pointer Reset
. = | @ Hegn 450 ] mm
ERLE {210 < 3 ] Yoriginpoint |~ 35,0 5| mm ¢
- - Width 250 2 mm
g2 ) Nozzle distance 100 5 mm
250 250 §
~ Spray parameters Run
£ 0
50 200 %0 200 50 100 50 0 w2 = o = ° Number of layers 1 < Distance betweensteps | 2,00 2 mm
Y Axis Y Azis
et — Spe Sy M Namel — Spe —y Stabilize spray time 5 5 sec Wait time between layers 5 5 sec
- - y )
eed | 4000
. 50 E ® ® P » o
Yaxe Syringe diameter |~ 13,00 5 mm Flowrate | 10,00 5| mim
100 100 Estimated Time: 3 min
Estimated Volume: 0.5 mL — trol
5 {1 & 150 9 Pattem parameters
. . Fe i 50 B mm Overage distance step 60 | mm ONfan
B Active between layers
250 4y ! 4 1 Sabilize spray distance 50 = mm [ Combine |Horizontal O ¥
300
80 e =0 00 2 x 100 50 0 Status ‘ - - X 0,0 Y 0,0 4 0,0
Y Axis ¥ Axis

Other important parameters:
-Evaporating temperature of the solvent
-Viscosity of the solvent

-temperature of the plate
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5) Spray'Coatl ng Unpublished results

— 1pm JSMT100F 5/18/2022
10.0kV SEI SEM WD 10mm
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5) Spray-Coating

l Gas flow

i

The main advantages: . ““‘% —— Spray
*Short process, AR g
*Thick coating, Tt

*Scalable
*Low wasted material

Atomized droplet

The main disadvantages:

i LSab—chle Roll toCRoIl ”
trasonic ra rolysis Coatin stem
* Alot of parameters PMSKUSER2R DY 00

* Thin coating [KJ GROUP

https://youtu.be/R7FnUBrYolw

Fabien Grasset 13th June 2023, EIl NANO




Outline

1) Introduction

2) Spin-Coating

3) Dip-Coating

4) Mayer bare coating
5) Spray-Coating

6) EPD

7) Conclusion

Fabien Grasset 13th June 2023, EIl NANO




6) EPD

Electrophoretic deposition (EPD) process is based on the movement and deposition of
charged particles under electric field onto a conductive electrode to develop thin or thick
films and coatings. The EPD process has been known for more than two centuries

EPD can be applied for a wide range of fine powder or colloidal particles of metals,
ceramics, polymers, and the composites.

Nanostructure Science and Technology

o+ -
Model 2400
Source meter

James H. Dickerson
Aldo R. Boccaccini

Suspension: pH, zeta Editors

Electrophoretic
Deposition of

potential, conductivity...
EPD parameter: deposition
time, applied voltage.

= M
2 Technology

Nathan Bass
Editor

Anode Cathode Nanomaterials ®5 :
. . Electrophorgtic
MRS Deposition (EPD)

Advances in Applications and Research
&) Springer LovAg
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6) EPD

(A) 1999: Electrophoretic
1950: Electrophoretic movement theory of
painting demonstrated in colloidal particles in
the motor industry concentrated suspensions

1916: Smoluchowski
quantifies the 1933: EPD applied in an
electrophoresis industrially relevant
phenomenon application for electron 1980: EPD of
tube emitters advanced ceramics

demonstrated

1808; Electrophoresis 1950: Cataphoresis 1978: Electrophoretic
reported for the first theory for spherical, mobilty theory of 2
ZICT:ELR::::: 1940; Hamaker's ”°”fc:’”d,”c“”g sold sphercalcolloidal | iy 2000s: Firstuse
' work on EPD for particles .m a particle refined by of EPD for energy
_ ceramics published symmetrlcal. O'Brien storage materials -
1931: Zeta potential electrolyte discovered EES applications
mobility equation for
electrophoresis 1966: Electrophoretic
proposed by Henry 1940s: The famous retardation force
theory of Derjaguin reported emperically
and Landau AND
Verwey and Overbeek
(DLVO) on lyophobic
colloids reported
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6) EPD

Deposition is generally described by a two-
Caurtesy of LU {LSA) _ step process. It occurs when electric-field
driven colloidal particles suspended in a
fluid migrate toward an electrode (step 1)
where they assemble or coagulate into a

deposit (step 2).

Factors of
suspension

Voltage/

Deposited
time

A lot of factors influencing EPD, and most of
them are inter-related.

i

e a N ey
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9
scienices chimiges  Transition Metal Atom Clusters
'h“\"‘* %i:de Rennes

P.:S. Cordier  £rom solid state synthesis to colloidal solution

(Gas-solid reaction: k. kirakei, et al. Z. Anorg. Allg. Chem. 631, 411416, 2005

680° C 680° C 950° C
18 Bryg + 12 MO(ST 12 MoBr;—— 6MoBr, + 2 CsBr —/’ Cs,Mo¢Br,,
N Vacuum/3 days

Solvent media

Cs,MogBr,, h 2Cs* + [MogBry,]* r

Molecular character Vo
N. Saito, et al. Inorg. Chem. 56, 6234, 2017 oo il
DLS Size Distribution by Intensity - ‘ | e — e
20~2nm ......... - i
15‘: ................. ol f‘“\.\ ......... S “True nanoobject”
£ A b
B 40T ;'\ ---------------- Difficult to prepare
g ] thin film by CSD
= % TR / ........ \ ..............
g / \

0.1 1 10 100 1000 ) [MogL ] 1 nm .
F. Grasset, et al. Adv Mater., 20, 143, 2008 Diameter (nm)
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6) EPD
Electrophoretic Deposition of [MogBr,]*

— - =S T g
Ethanol @
W Acetone

A little

amount of *Ethanol
water

Best deposition parameters:

-Methyl ethyl ketone (butanone)
-Acetone

-15V~20V and 40 s

=> Film thickness from 0.5 to 2 um
in less than 10-40 s

N.T.K. Nguyen et al., ECS J. Solid State Sci. Technol., 2016, 5 (10) R178-R186
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6) EPD

Zeta potential (mV)

Electrostatically Stabilized Particle

Current density and Deposition weight:

-Applied voltage

-Deposition time
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f g’ | Transparent Thin Films for PV Application riaezs

A, Renaud Sci ?£g§SCh|m|ques
Evidences of the Ambipolar Behaviour of Mo6 cluster Lf’“de Relines
lodides in All Inorganic Solar Cells BT 18

a)
b) Front
=3 / Sy
Zn0:Al/Zn0O
! 1
(Moel—'al-ae)"
C 2- g
) [M06|14] N Dark .
Cathode Anode mo o | e A
stainless FTO or TSO- ‘
steel based substrate
AM1.5
i )1

500 -300 -100 100 300 500
Voltage (mV)

@® Mo cluster
# Cs

Simultaneous and comparable electron and hole photo-injection

A. Renaud, et al., ACS Appl. Mater.
Interfaces, 2022, 14, 1347

Electron extractor
N %
Hole extractor 4
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6) EPD

CZ;SnTr?E;;Od ‘ EE:;LZ%?S;E;C ‘ Li-ion Battery Aligned Copper Zinc Tin Sulfide
Aligned Nanorods Nanorods as Lithium-lon Battery
N Anodes with  High  Specific
Capacities

0200 nm
(SRR

G. Bree et al., J. Phys. Chem. C 2018, 122,20090—20098
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Batteries & Supercaps 2023, 6, €202200441

Fabien Grasset

Full Cell Lithium-lon Battery Manufacture by
Electrophoretic Deposition

() = 75 mm —>

Vel A L
i ’ . ‘
= ’ |
o
»e

Photographs of a) LiFePO4/Al foam and
b) Li4Ti5012\Ni foam electrodes manufactured by E
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Complex shaped substrates

Aol i Field simulation
TN

o el -

TINZ.1

JTEXPAREY

Yo 1Av3)

m

"M e T4

G 160,08

electrode

®
=
o
.
e
©Q
-
©

24838 77}
15

https://www.mtm.kuleuven.be/onderzoek/siem/Ceramics/old-info/epdmodelling
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6) EPD DC versus AC

Electrophoretic Deposition of Pt nanoparticles

@ouepadw

| suepodu

V. Ramseh et al., Langmuir 2021, 37, 9724-9734
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6) EPD

Magnetic field assisted EPD

DC power supply
+

> covered Cu wire

\

| support

\

glass beaker

sus Z}sm A ANNNNNNNNNSNNSNNSNNNNN
o AR Rl P
\ AN SSONNNANNNNN
B PR, i
uperconductin
Btage magnet

T. Uchikoshi et al., J. Eur. Ceram. Soc., 26 (2006) 559-563
T. Suzuki et al., J. Eur. Ceram. Soc., 26 (2006) 661-665

shown in this figure.
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6) EPD

The main advantages:

*Simplicity and very short process,
*Thin and uniform coating,
*Complex shape

*Macroscopic and nano |ength scales, https://www.sbs-zipper.com/blog/usage-of-electrophoresis-in-the-zipper-industry/
*Low cost and energy process,

*Room temperature, ambient pressure.

The main disadvantages:

e Conductive susbtrate (?)

https://youtu.be/ledsxsFKoy0
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7) Conclusion

_ Spin Coating | Dip Coating Doctor blade | Spray-coating “

Cost Low Low Low High Medium
Scalability Very limited Limited Possible Possible Possible
Complexity Low Medium Medium Low Low
Uniform
thin-films High High Medium Medium High
produced?
Coatable . . . Complex, Flexible

Small, flat only Rigid substrates? FIe:l:EIsetgc;gld gf:?;e:;:)ﬁ)r(;?z or rigid substrates,
Surfaces & conductive only.
Solution _ _ ,

High Medium Medium Low low

Wastage
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7) Conclusion

Electrophoresis Dip coating Mayer bar coating

’“10 nm t few microns ~10-20 microns ~up to 100 microns

R, i
% - St (-
SU8000 1.0kV 9.1mm x30.0k SE(UL) X L0 T f. \,1' P oarh = m ¥ /
N. Nguyen, et al. J. Mater. Chem. C, 5, 10477, 2017 T. Aubertetal., Part. Part. Syst. Charact., 30, 90, 2013 C. Lebastard, et al., ACS Appl. Mater. Interfaces, 14, 21116, 2022
N. Nguyen et al., Bull. Chem. Soc. Jpn, 91, 1763, 2018 G. Truong et al., Sci. Tech. Adv. Mater., 17:1, 443, 2016 C. Lebastard, et al., Nanomaterials, 12, 2052, 2022
N. Nguyen, et al. R. Soc. Open Sci., 6, 181647, 2019 A. Renaud, et al., J. Mater. Chem. C, 5, 8160, 2017 C. Lebastard, et al., Sci. Technol. Adv. Mater., 23(1), 446, 2022
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