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Overview

* « Nanomaterials for energy application » definition for the GDR

The 3 workshops

The four essential elementary scientific and technological bricks to
produce nanomaterials for Energy applications

* Conclusion and perspectives
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Nanomaterial Definition

In ISO/TS 80004, nanomaterial is defined as the "material with any external dimension in the nanoscale or having

internal structure or surface structure in the nanoscale', with nanoscale defined as the
"length range approximately from 1 nm to 100 nm". PROPOSITION: 100nm &% sub-micronic
This includes both nano-objects and nanostructured materials, which have internal or surface structure on the

nanoscale.
Nano-objects Nanostructured materials
nanoparticle nanofiber nanoplate nanocomposite nanofoam
nanorods nanotubes nanoribbon nanoporous material nanocrystalline material
One-dimensional nanostructures 2D materials 3D nanomaterials

nanocristaux
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Energy application

based on energy conversion (analyzed in axis 3):

Conversion « Thermal A Electrical » Conversion « Optical A Electrical »
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Four scientific topics

b. Measurements techniques for
microstructural definition

Ia. Elaboration-Synthesis
» Real nanomaterials and synthesis

> Characterized nanomaterials and
processes

processes
Nanomaterials
for Energy
applications
. ;\éf v~ » Design laws at the nanoscales
N AT
§ f\_,_\,‘ ..,’: ;“ y .
>4 Uk | c. Simulations of energy transport and d. Measurements techniques of energy
transport and conversion properties

conversion properties
* Based on modeling tools and theories available l l > Physical property understanding and
measurement

> Physical property understanding and prediction Comparison
validation
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Three half-day workshops

March 31 April 01 April 06 [ 28 contributions ]
14:00-17:00 09:00-12:00 14:00-17:00
Nanoparticles, Materials 2D, 1D, Silicon and d. Measurements
Nanorods, oD semiconductors techniques (energy
Nanocomposites, and other materials transport and

Thin films conversion

properties) e

Elaboration-
Synthesis

c. Simulations

Objectives

To take stock of:

- the international state of the art
- the skills available within the GDR b. Measurements techniques
- our needs and perspectives on nanomaterials for energy (microstructure, chemistry...)
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Three half-day workshops
Contributions from 14 laboratories/organisms
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a. Elaboration-Synthesis

Animator: Fabien Grasset
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a. Elaboration-Synthesis

STATE of the ART

Keywords: “thin film” and “energy” and
“transport”

WoS (2015-2021): 16883 references
02/04/21

Keywords: “nanomaterials” and “energy”

WoS (2015-2021): 14258 references
02/04/21

First indication:

A full review is quite complicated and highly time consuming
Imagination seems to be without limit
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a. Elaboration-Synthesis

ELABORATION PROCESSES

The “Elaboration-synthesis” processes could be divided in two main parts:

Vacuum (or low partial pressure control) and non-vacuum processes.

- Vacuum processes = MBE, PLD, CVD, Sputtering, ALD, Plasma...
- Non-vacuum processes = Chimie « douce », solid-state chemistry, supercritical fluids, chemical deposition process, electrochemistry,
pyrolysis, organometallic chemistry, coordination chemistry, microwave, solvothermal, pulsed laser irradiation in solution, high pressure ...

% Presentation WS1

m MBE

P Inst:;ut des
nces Chimiques
%% de Rennes

M PLD

Sci

GREMAN

matériaux microélectronique
acoustique nanotechnologies
UMR 7347 - Université de Tours / CNRS

 Solid-State Chemistry

Soft Chemistry

B Pyrolysis o - 3T LILINSTITUT
- 7 n | . "JEAN LAMOUR
M M Supercritcal fluids e @ @
o e B Electrochemical nanosciences & innovation
* _c e e ptINSTITUT
i U -"JEAN LAMOUR

rnimbe

E
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a. Elaboration-Synthesis

MAIN COMPOUND FAMILIES

% Presentation WS1

m Oxides

Chalcogenides

Nanoparticles, Nano | nand . tcles, 1D
Nanorods, 2D Nano
Nanocomposites, Nano nposites,
Thin films Thin 1 S

Chalcogenides
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a. Elaboration-Synthesis

OXIDES

Perovskite 2D: Lamellar compounds, nanosheets

{ %009

fices Chimiques
"""%';sz de Rennes

Nanoparticles

Iron oe

nanosciences & innovation

rimbe

Piezoelectrics, Pyroelectrics, Thermolectrics, Electrochromism, Catalysis....
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@l Si and IlI-V 1D

st
=

Chalcogenides (1D, nanoparticles, thin films)

Bi,Te, nanowires
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a. Elaboration-Synthesis

Others Materials

Nitrides and oxynitrides (nanoparticles and thin films)

Carbon

nanosciences & innovation

nimbe

ikm Fa4 Le1
K20 P88 ZEmm

Sciences Chimiques
“""%';';zrde Rennes

“TiION”

Metal (nanoparticles, 1D)

1,2-PDol/NaCl/PVP, 5, ~

—
<

(X =S5, Se)

Piezoelectrics, Pyroelectrics, Thermolectrics, Electrochromism, Catalysis....
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a. Elaboration-Synthesis

Partial conclusion

* A very broad variety of compounds and nanomaterials seems to
be available in the GDR Name.

* Necessity to be in relation and connected with others
workshops.
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b. Measurement techniques for
microstructural definition

Animator: Francois Piquemal
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b. Measurement techniques for microstructural definition

100%

10% TEM AES  SEM Raman XPS ¥RD | XRR
. . . o 1%
Starting an Overview on characterization o FTIR
techniques of structural and chemical properties °'" -
100 ppm SIMS WDS | y-PIXE | p-XRF XRF
v X-ray analysis (GIXRF, SIMS etc) 10 ppm Sy
v’ Zeta potential measurements 1 ppm T
v" Dimensional nanometrology (AFM, SEM ...) 100 ppb s
SIMS LA-ICP-MS
10 ppb APT
1 ppl
What about novel or hybrid techniques ? 100 ppt
Nano Micro Bulk
10 ppt
e.g. miXing SEM and eSPM teChniqUeS 041nm  1nm 10nm  100nm  1pm  10pm  100pm 1 mm 1cm
Elemental composition from Y. Ménesguen’s contribution

Structural information
Surface and thin films analysis
Multiple electron microscopy techniques

Working Group 1 : Nanomaterials-Nanostructuration oA M
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b. Measurement techniques for microstructural definition

Combined XRR-GIXRF analysis for nanolayers

Combining XRR (X-Ray Reflectivity) with GIXRF (Grazing Incidence X-Ray Fluorescence) is a powerful and non-destructive technique

to control the accuracy of thin film deposition giving access to the layer parameters: thickness, roughness, composition,
density, depth profile

GIXRF (Grazing Incidence X-Ray Fluorescence) is a technique belonging to the XRF family (confocal XRF, TXRF, GEXRF...), sensitive to the
nature of elements

Spectrometer

Fluorescence

xrays || R * The XRR-GIXRF combined analysis is performed with a

"""""" specific goniometer at SOLEIL synchrotron
Photodiode (XRR) )
* The LNHB develops its own softwares for data

Solid angle . el . .
/ N acquisition, XRF spectra processing and multilayer
Incident X-rays s (spectr ;Jn‘lete)r field \ Reflected X-rays q(lj“ |I ’ Y P Ing u Yy
Hm\Hmm\+\H\mH\mmuum»u\um\ummuwwwmmm sl modeling
""" e * The reference-free approach uses only fundamental
Ang[e-dependentfootprint - atomic quantities to derive the multilayer parameters:

,,,,, no standards needed

Substrate
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Nanoscale 9 (2017) 12549.

b. Measurement techniques for microstructural definition

Streaming current / potential (thin films)

PRINCIPE PHYSIQUE

Force perturbatrice

Réponse
(courant de surface)

ey o @ e w o £
Courtesy of Anton
Paar.
20 +
01 —ge
*® : )
2 ® ¢ 4 6 8 10PH
220 [ ]
20 °
s °
E 40 | e
>~ o °
] [ ]
= -60 4
E ) [ ] °
2 -80 -
i : o
@ -100 -| | ®Si Wafer (untreated surface) °
N °
[ ]
120 @ Si Wafer cleaned with Piranha "
i | solution

T. Luxbacher - The zeta guide,
2014
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Zetametry for caracterisation of nanoparticles and thin layers

Chemical treatment of Si wafers

Electrokinetic leakage as a probe

Micrometric screw

Porous layer
b
[ Sample 1 k| -x
) |
ClECIrOYIE  m—clectrolyte reh
- 4
flow flow — h,
Sample 2 ‘
Cylindrical Ag/AgCl Cylindrical Ag/AgCl T
electrode (10 cm?) electrode (10 cm?) Porous layer

Micrometric screw

0il inside pores cuts
the conductive pathways; 1722 > 0

Conductive pathways:

Ipore g 0
mea il o
Isr.h d ‘-
—
J pore jeepmimiey | fmiimie
O
8T T8F ° 1

New membrane Fouled membrane

hey (pm)
) 20 a0 60 80 100 120

\ Surface

fouling

Internal
fouling ..

-4.E-08

-6.E-08

1°t/AP (A bar)

O New membrane
4+ Fouled membrane (low TMP)

A Fouled membrane (high TMP)
Led —

o N AME
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b. Measurement techniques for microstructural definition

LABORATOIRE
"NATIONAL e
DE METROLOGIE
ET D'ESSAIS I

“Development and provision of reliable and accurate measurement methods for graphene-based materials
and products for characterisation, quality control, performance evaluation and risk assessment”

Nanometrology for the characterisation of graphene-related 2D materials

e Structural (AFM, SEM, BET, ) Scanning Electron Microscopy (SEM)* Atomic Force Microscopy (AFM)*
* Chemical (eps, icPms, ...)
* Electrical (smm, e-AFM, 4pp)

Exfoliated graphene on SiO./Si

1000 et

FLG thin films on Si

_ At low voltage: a0 43
* Thermal (MPTR, sThm) E"fg'.'gt‘jg.graphe”e Contrast related - ’ 10 um x 10 um
. on Si 1 s H K
* Mechanical (impact Charpy tests,...) ? :gytz(: number of s00 344 2

300
200
100

200 400 800

Morphology /
Roughness

Différence d'inclinaison 0.0253 Thickness
Sensitive down to 1 layer (0.32 nm)

Paramatres différentiels P2-P1  Unité

Lateral SiZE Zmean(higher) - Zmean(lower) 0321 nm
+

morphology

FLG flakes on Si

‘ ! Brunauer — Emmett — Teller (BET) —
+ Energy Dispersive X-ray Spectroscopy (EDS) Graphene powders (GNP) '

+ Hybrid metrology
“Combining complementary techniques FLG flakes on Si
for reliable measurements of complex

materials”

Specific Surface Area

of 748.8 £ 4.3 m?/g
@ -

Elemental Attempts to correlate with

composition morphology of particles
(thickness +

agglomeration/aggregation)

10um
* Calibrated against metrological AFM through array transfer standard
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b. Measurement techniques for microstructural definition

Characterization techniques: also used to measure transport properties (see part d)

Overview to be pursued and completed by most recent techniques or involving hybrid
techniques

Need of other contributions!
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c. Simulations of energy transport properties

Animator: Samy Merabia
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c. Simulations of energy transport properties

Sta rti ng a n Ove rvi ew on d iﬁe re nt si m u Iatio n s Molecular Dynamics and Thermal properties of nanomaterials
techniques

Finite
Elements

Accelerated

v" Molecular dynamics £ I
v" Ab-initio NEGF calculations
v" Anharmonic Lattice dynamics

nm p,m mm m
Characteristic Size

Modeling nanostructured materials: some recent e fg_.iﬁ

trends ﬁa""ji?g
v" Metamaterials A

v’ Nanostructured interfaces (superlattices, b Aol g o

atomic scale films, nanocomposites) f’@

v Nanowires D
endivg 4

Which property ?
v Thermal conductivity
v" Nanoscale friction
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Simulations of Lubrication at Nanoscale e simultions of energy transport properties

=>

Laboratoire de Tribologie et Dynamique des Systémes

™~

MoS; sheets

Molecular Dynamics
Simulations
LAMMPS

MoDTC

Figure 19: Schematic resuming the objective of the thesis: better understanding of MoS?2
generation from MoDTC additives within boundary lubricated steel-steels contacts (Source
figure MoS2 sheets Wikipediay).

a)

e
S 2 >

Coefficient of friction
° °
8 £ 3

o
8

DFT calculations
VASP
SIESTA

s e
B i
o2 8

Electronic transport
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c. Simulations of energy transport properties

CETHIL ¢

UMR 5008

h*

“Thermal Conductivity of 2D and 3D Nanowire Network™, “Aligned/staggered holes of phononic crystals => focusing”,

PHYSICAL REVIEW B 98, 155434 (2018) (A PHYSICAL REVIEW B 95, 205438 (2017)
lemta e -
(a) 35 = - ' : el R
i I = 2D network (MD)

“Phononic Crystals and amorphisation”, PHYSICAL REVIEW B 97, 115435 (2018),

* 3D network (MD)

[~ 2D network (Model)| |

100

—25} [ .
- s e 3D network (Model) bl D L~ :
x: L : - Normaized number of phonons
20 8
E 15 .- Staggened
g . ¢ '-__-'l_‘_lﬁ ml'i\b:i'.
=<y ., .
¥ 05 . L] L
T T AT
- 11
i g " . ] TR T T T
; ; Normalized number of phanans
10 15 20 25 30
a(nm)

b
- &— _J=s Heat guiding and
- z e g’ focusing using
. : Yot q‘.’.- I ballistic phonon
E I ®
. -_" eTe lf =,-:.uti' 3 - §— transport 5 e
’“ﬁ “Ifﬂ M'i - e Nature Bos. iy |
ki P —— - 0 20 40 &0 50 Communications “{fﬂ';"—'_ -
MNen-crystaline fraclion (%) volume 8, Article *:H.
number: 15505 ; I
3 OO0
(2017) e esec . am N

& {parm) X {umy
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; ; g ; c. Simulations of energy transport properties
Asvmmetrlcal Nanowwes for Thermal Rectification

CE-urnnl:IsloloTa L?’M5§8§ * Geometry
0 le * Variable thickness shell
O Js + 2 * Effect of interface
s % e Parallel to the flux
‘-;’" 0.2 |,5 * Thermal properties
c-Si = | 2 . < NEMD
RN ST el 1o& * Vibrational properties
: Wave Packet

Disp X (A)
2e-04 T T 2e-04

[Desmarchelier, PRB, 2021]
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g 2 c. Simulations of energy transport properties
Surface Phonon-Polariton Heat Capacity of Polar Nanofilms

Subtopic: 2D heat transport by SPhPs Jose Ordonez, LIMMS-CNRS. /I.\i;‘\MS
Surf \ P i sz Si02 NaHOﬁlmS Labosatory for Integraied
Surface piwgon-polaritotg_— Heat carriers 25 u,,&u&mmcl:.,;sms

TP FySEeS g2 15 + %

O ? @ [Oscillating ele ru:al dipoles oo 4 § % ( ’
. 4 5 8 8 N E g 'h* Rl ety
qﬂqﬂqﬂ o5 . of Tokyo

ot
e

0 50 100 150
Thickness t (nm)

L. Tranchant et al., Nano Lett. 19, 6924 (2019).

'i:-\ 0--?- e -

P LTEIRIAE ages? 'd T -

= 2)d= 100 nm, bovg

3 p-4+-229 4 T“"A-‘v ™ a "% 5 i j

:0.5d+5[}91kn%;u¢§ %"Qnuo'co'n'

= f t , """""""""""""""""""""" Y. Wu et al., Sci. Adv. 6, eabb4461
R T o d=30nm 2020
2 (2020).
5

E

s SiN Nanofilms

=0.01

100 400 SO0 (N0 700 {00

Temperature (K)
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Main Results & Perspectives « Benchmark c. Simulations of energy transport properties

10 T T T
, ; x g b
* Anharmonic phonon NEGF formalism ot
- For heat conduction through 3D nanostructures ::::::::::::::::::::-:::::::::::f::::::: o
(Thin film, SLs, multilayer, interface, et al.) R IR S N ¥
586 % % """ o e 0 a8 %% ~ 107" a
R . . 3 - B R ) . -......C...i...t.l.t....'-....‘-;.-'.i.d.f‘ﬁ
GRrw:q)) = |0l — &(q,) — ZRMw:q)], ! 2 T siang et al 2016, Exp.
G™(wiqr) = G qu) T™ “(@:qu )G wiqu), Heat conduction v Hi ot o 2020, NEMD(Torsof)
] e — across a Si thin film > Hu et sl 2020, BTE(Tersafl)
. : . il e (0 - Lo C O Present MC+ " Nearest Neigh.
Eﬁw:ql ) =E|E:(CO',(|_=_] = E:'{m:qJ—” " IP[ _ ;; - qtu il = ' at BUOK 10°F ¢ zresen: 3E+EESS‘ :eares::eig:.: ]
| = ] 1 e = S g8 —é— Present anharmenic NEGF+DFT
DNVHCT REETLEDD E N Z ®) it (41, 9L — 9P, (9 — a1, —q)) " " > " -
Icladselas 1 J2030 q, :
3 Thickness (nm)
X ./;1; {;—C;G;;l‘,:”miw’: qlJGZ";:M"(m -o'iqL—q)).
(@', q ) » Application & Perspective |
(,q) (@, q) e p
* Numerical implementation
, _ (0-0', q;-q] )
- Recursive algorithm
- MPI parallelization “Large-scale quantum
- DFT input heat transport simulation” ;
Hs HGe Hsi HGe
Y. Guo, M. Bescond, Z. Zhang, et al. PRB 102, 195412(2020) Si/Ge interface Si/Ge Sls
C
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c. Simulations of energy transport properties

Molecular Dynamics and Thermal properties of nhanomaterials

Starting an Overview on different simulations
techniques Finite

Elements

Accelerated
Molecular

v" Boltzmann Transport Equation (Monte-Carlo,..) D
v" Anharmonic Lattice dynamics
v Approximate ab initio methods

nm Hm mm m

Modeling nanostructured materials: some recent
trends

v Nanoparticles

v" 2D materials

Which property ?

v Electronic conductivity
v" Seebeck coefficients
v Radiative heat transfer

Ty=T-AT To=T+o AT

[Ben-Abdallah, APL, 2013]

E
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d. Measurements techniques of energy
transport and conversion properties

Animator: Séverine Gomes
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d. Measurements techniques of energy transport and conversion properties

Energy transport and conversion properties

From axis 3, analyzed energy conversion Properties and parameters to be measured:
* Conversion « Thermal ‘ Electrical » * Thermal conductivity, diffusivity, flux, resistance, heat capacity ,
temperature, ...
® Conversion « Optical ‘ Electrical » * Electric electrical resistivity, | V curve, permittivity ...
. ] . *  Thermoelectric seebeck effect, electrical resistivity, thermal
*  Conversion « Mechanical A Electrical » conductivity, Peltier coefficient

Optical emissivity, reflectivity, properties of absorption and fluorescence
. nversion « Chemical A Electrical » .
Conversio Chemica ‘ ectrica * Mechanical displacement, deformation, flexibility, stiffness, friction...

® HYbrldS / Cogeneration *  Chemical electrochemical properties, ionic retention, catalyze kinetic

How to measure them

for nanomaterials?

E
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d. Measurements techniques of energy transport and conversion properties

Thermal properties and parameters (1) Thermal conductivity, thermal diffusivity, effusivity,
Generalities thermal barrier resistance, surface phonon-polaritons heat transfer

The methods currently employed and developed invariably associate

Thermal stimulation of the sample under test

+

Measurement of samplée " EI3YeaE1{=ls)

Direct or inverse modeling

temperature response

—.—

[ Information on the thermal properties of the sample. }

Depending on the
excitation and
measurement method,
several broad categories
can be identified.
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d. Measurements techniques of energy transport and conversion properties

Thermal properties and parameters (2) Thermal conductivity, thermal diffusivity, effusivity,
Photothermal methods thermal barrier resistance, surface phonon-polaritons heat transfer

Frequency domain photothermal radiometry (PTR) Other techniques to be presented

Thin films (materials and nanocomposites)

Mfc Frequency domain thermoreflectance
Thermal diffusivity, Thermal diffusivity and Thermal diffusivity and effusivity and
effusivity, heat capacity effusivity Thermal Boundary Resistance
Thickness 500 pm - 2 mm Thickness of 1-50 pm Thickness < 500 nm Raman Spectroscopy
Back and front detection . o
. Nanocomposices ! rganic tin fims | phase changing mateials . A
E\qr?itsaoltigp?iectmaterial * Irradiated materials * Interfaces EEMM Time domam thermoretiectance
_ \/ a
P, IR Dafacfor u - jrf
e Spatial resolution limited to diffraction (x500 nm) SiN nano- S e s e I o
o Minimum studied thin film thickness depends on membranes £ | - o-zom,,° Lt T
e thermal properties of materials (few tens of nm): g bt T
[ ] photodiode Fourier’s law E 10 --.-.9-.!1‘:.!-.--:..-.-‘...x.‘.‘ ......................
SS— Fancdon Excited layer opaque to the /(.>\ £ v & v v i g T
laser wavelength otherwise coating needed gost L il =2
: : : LIMMS ¢ |} 83
Eearn sphitter Acousto- Opfie Modulator hﬁ?frﬁfﬂ&'.é?ﬁgé:ﬁ:ms g 3:)0 4(;0 560 e(l)o 7<Im s(ljo -

LIMMS/CNRS-IIS UMI 2820

nnnnnnnnnnn

aaaaaaaa Temperature (K)

< LINE Y. Wu et al., Science Advances 6, eabb4461 (2020).

E
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d. Measurements techniques of energy transport and conversion properties

Thermal properties and parameters (3)

Temperature, Thermal conductivity, heat flux, or specific heat

Electrothermal methods /wﬂ

institut

3 omega in various geometries

1D individual nanowires (0K-400K) 2D membranes and thin films (4K-400K)

Longitudinal technique for nanowires to Phonon regime: Bound. Scatt to diffusive

microbundles or fibers .

ma

<

RSI 2013 2015, PRB 2015

Phonon regime: Ziman to diffusive

NbN

3D thin films and bulk substrates (4k-400k)

* For thin films (e>100nm): from 0.01 W/mK to
30 W/mK

* For forest of nanowires
* For bulk 3D: 0.01 to 400W/mK

Phonon regime: Bound. Scatt to diffusive

JAP 2007, Nanoletter 2009, PRB kand asimultaneously,
® Absolute or comparatlve measurements,

2015, PRB 2017 NbN * TBR estimation between particles and fluid

Nanofluids (RT-> 450K) VM

sttt < Thormique, Mécanique Matéraux

Differential platform (0K-400K)

Temperature range : 0.03K ->400K

Monolithic nanostructures
Suspended 2D materials
(graphene, HBN, WSe,, MoS,, etc...)
Individual nanowires or nanobundles

(but contact thermal resistance!)

Phonon regime:

guantum/ballistic to diffusive

E
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d. Measurements techniques of energy transport and conversion properties

Thermal properties and parameters (4) Temperature, thermal conductivity/conductance, heat flux
AFM - electrothermal methods CETHIL €42 paris (espCi):
Um'so0s U parts (LN Reims (GRESPU) -
. conduction, t:-ar:;eE::duErt . , ( conduction .
Scanning Thermaliviicroscopy (STAM) IRV VT B gl R . © e GOy
conduction
. : Suspended membranes . GDR NAME ®- - Besangon [Femto ST):
& ——— Bulk Tix y 2) ] SThM conduction, temperature
g °® ] Bordeaux (LOMA, I2M): - % @ ® - L"“';[‘Cfm";}:
= 9 . S conduction, temperature and
%m -10 | ] conduction, temperature - .\ @ . near-field radiation
:;k CETHIL N Gre:;uble (Néel):
13f ] conduction, temperature
New probe 4 wires, NbN thermometers (5- mp— ] Um; 2o i
10 . oy 10 20 30 40 50 60 7O 80 assoud et 343 pm
times more sensitive). S AT al., APL 2017 s
Application Depending on probe Last trends :
e Bulk materials (conventional mode) & ﬁ
 Thin films on substrate Lateral spatial resolution: 10 nm (UHV) * Low temperature measurements CETHIIIIj"m
- Suspended membranes TC-sensitivity range: *  Numerical electro-thermal tegationinthestan
e Nanowires (in matrix or suspended) * <10 W.mtK?for bulk samples modelling of probe-sample system
« 2D materials (on substrate or * larger for samples reshaped for * New probes with better sensitivity
suspended) reducing their thermal * Combined instruments & SPM
* Imaging of local Joule and Peltier conductance (suspended modes
effects of a self-heated nw membrane, nw)

E
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Electric properties and parameters (1)
AFM - various electrical modes

Scanning Capacitance Microscopy (SCM) (RIS

Scanning Spreading Resistance Microscopy (SSRM)

Spatial resolution < 10 nm

Mesurable sample parameters:

O Active dopants and dopant (p ou n)

O Global electrical resistance of nano-contact (probe and sample,
(SSRM)

Piezoresponse Force Microscopy @I

Is it possible to use cantilever motion to gain access to nanoscale measurement of

piezoelectric coefflc:|ents > <\ Slipping /> ( Elastlmty >
No(t vet ? ¢ Capacmve coupllng > p— —_
(tyet?) S—— i JT/ Clamplng > V {
€ ~ Field lines >Elec/|:lt' [ K/ Buckllng »
— ——— geormation e
El Electrode deformatlon\ (strain) o Ionlcﬁ(f)niuﬁeﬁon =’ voltace —— — ..
— /"’ Conditions of ""'\\ C Elastlmty >
\-ﬁ_%r_ contact , ——— " ——-smad by\PFM E———
/ — . *] , / Effect of the load ? I
Effect of the Ioed '? Y - < Roughness />

- \/ Lever mechanlcs B
e Optical beam RS
- detection /

 Effectofthe [

~_ humidity? ( Lever mechamcs D

d. Measurements techniques of energy transport and conversion properties

Electric current, voltage, surface potentiel,
Work function, barrier height, electric resistance, capacitance

Conductive AFM (C-AFM)

Goal: Estimate uncertainty on the photovoltaic performance of Nanowire arrays

Instrumentation needs and developments _ )) Nlumination & Dark measurements

KPEM C-AEM

o |-V spectroscopy

o Current maps vs Voltage

o Capacitance gradients in Z o Extraction of photovoltaic
(correlation with SMM) performance: Vg Ige; 1

il oS g'i S -
LED fight support \‘ .///
10 channels light sensor* Cha”enges:

LED based solution for a fiber-
coupled sun simulator source**

o High-resolution
o Ep local variations

Force constant of the cantilever: effect of force on currents.
Positioning of tip on NWs: spectroscopy vs stack imaging.
Reproducibility and repeatability.

Environment and surface quality.

lllumination conditions: intensity, spectrum range, angle.
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d. Measurements techniques of energy transport and conversion properties

Electric properties and parameters (2) Dopant concentration, electric conductance and capacitance
AFM - various electrical modes

Scanning microwave Microscopy (SMM) Exfoliated graphene on SiO,/Si

ALY s a) = b Topography € Conductance d) Capacitance
R I—N: Optical image = . i
SMM tip * ”VNA o Microwave reflection coefficient S,
e y = 2t
TR E: g E
‘5 L._Z_ﬂi »: z
iBHdLDUDY 5 gt a
i :
E. ;

n o
T

1
A

3.6 GHz

ML

& 3 4L

N Short Open Loop (SOL) Capacitive model ] mm
- calibration of the impedance ; Cox G e L 4 -
Multil | 0 3 153 = X 35 0 39 15 ;0 == 30 35

- in SMM (3 nominal values) —I H l— X (pm) X {pm)
Calibrated (through plane) conductance and capacitance (~GHz
Extracted dopant profiles + sensitive to number of layers

State of art: *»  Comprehensive traceability of capacitance metrology in SMM — 3% relative uncertainty
ate of art. budget on micro MOS structures [2].

feua) (M) Bo

Reduce uncertainty (10%) on the measured values of concentrations.
» |s it ever possible to identify « real » dopant concentrations? (see perspectives)

E
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Dopant concentration map




d. Measurements techniques of energy transport and conversion properties

Conclusion

Properties and parameters to be measured: Properties and parameters to be measured:

From axis 3, analyzed energy conversion

Associations

Thermal conductivity, diffusivity, flux, resistance, heat capacity ,

e Conversion « Thermal A Electrical » emperature, - severine.gomeSW Wit Calv
*  Electric electrical resistivity, | V curve, permittivity -
*  Conversion « Optical A Electrical » rosine.germanicus@unicaen.fr |l Club nanoMétrologie
* Thermoelectric seebeck effect, electrical resistivity, thermal
e Conversion « Mechanical A Electrical » conductivity, Peltier coefficient for the both
¢ Optlcal emissivity, reflectivity, properties of absorption and fluorescence kind of SPM —
* Conversion « Chemical ‘ Electrical » * Mechanical displacement, deformation, flexibility, stiffness, friction... technlques

Chemical electrochemical properties, ionic retention, catalyze kinetic

Still defined at nanoscales?

*  Hybrids / Cogeneration

Limitation of modeling for the analysis of raw data ?

Need of other contributions for completing the list of properties and of measurements techniques
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CONCLUSION
PERSPECTIVES
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a. Elaboration-Synthesis
Main conclusions

> A very broad variety of compounds and nanomaterials available
» Requirements in terms of thermal characterization

> Overviews started on:

* synthesis methods
* recent techniques or hybrid techniques for microstructural and chemical characterization

* simulations techniques ..
* measurement techniques Need of other contributions!

» Which physical properties and parameters ?

> Necessity to be in relation and connected with others workshops.

S NAME

GDER Nanamateriale for Fnerey Aoolications
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Four scientific topics

b. Measurements techniques for
microstructural definition

a. Elaboration-Synthesis

» Real nanomaterials and synthesis
processes

> Characterized nanomaterials and

Nanomaterials processes

for Energy
applications

v
H,‘\\é\ PR > Design laws at the nanoscales
v 1‘_ [ .»R?/

d. Measurements techniques of Energy
transport and conversion properties

c. Simulations of energy transport and
conversion properties

* Based on modeling tools and theories available ' I > Physical property understanding and
measurement

> Physical property understanding and prediction Comparison
validation

Expected input from Axis 2 due to modelling and theory limitations Expected input from other axes nanomaterial property

from other Axes nanomaterial property specification specification
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Thanks a lot for your attention

Some questions?
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