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Discharge chambers for dust-

nanoparticle production | |
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Base vacuum: from 10 Pato 104 Pa
Plasmas (gas): 10 - 100 Pa



Can Discharges between electrodes in reactive gases
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98% Ar plasmas mixed with 2% methane

carbonaceous
nanoparticles
~ 200 nm

W nanoparticles
~ 25 Nm




CnfS Outline
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Nanoparticles produced from cathode sputtering in DC discharges

O Size evolution, density, internal structure (indication on growth mechanisms)
O Modification of the discharge parameters during negative charging
O Modeling of charging mechanisms

O Transport inside the plasma



CFS Standard model of formation

Molecular (ion, neutral) precursors
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Nanoparticles
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Specific collisions/reactions
(complex plasma chemistry)

Nucleation
(nuclei of 1-4 nm)

Agglomeration Molecular sticking



Nanoparticle growth in sputtering DC discharges
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= Ar (30-60 Pa)

Catho
=  Art accelerated in the

cathode sheath
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Dust substrates

Substrate holder
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Cathode sputtering with energetic Ar*

Sputtering Yield

sputtering threshold (Ar/C) ~70eV
sputtering threshold (Ar/W) ~ 34 eV
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Size increase vs plasma duration

Size (hm)
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| Agglomeration  Molecular sticking
0 5IO 100 léO 2(I)0 2':I_>0 3(I)0

Plasma duration (s)

Flux of sputtered atoms:

—— Carbon nanoparticles

—— Tungsten nanoparticles
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45 s

60 s

SEM images



dépasser

Growth by agglomeration and deposition

TEM-HR image

60 s

Tungsten crystallites

(nuclet) of 2-3 nm

= ~ 5

Tungsten nanoparticle ~ 28 nm
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Carbon nanoparticle ~ 25 nm
Nuclei of ~3 nm

Carbon sticking around
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Nanoparticle density

PM

] > Spectrometer
Laser e —— —)

0.53 um

Beer-Lambert law: 1/I, = exp(—ma?CeaxglL)

Extinction coeficient: C_,, = C, .+ C.,; and x=200a/A,<0.3

2
m2-1

m2+2

& m2-16 8 4
C = 4xXImg——r+, C ==X
abs gm2+2g scat 3

m = complex refractive index of carbon nanoparticle
m=13+10.08
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Carbon nanoparticles:
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Nanoparticle-plasma coupling

Charging of carbon nanoparticles
to the detriment of discharge/plasma

Vp /100 (V) ; lar+ (A.U.)

Size (nm)

Vp

e —

Ar?* (476.5 nm)

el

100 200 300
Plasma duration (s)
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Three discharges parameters : P, = 60 Pa, 14 = 70 mA,

V4 : self-requlated parameter (control the ionization)

No sputtering: P, 14, V4 are cte

With sputtering and NPs production:

= Compensation of the electron loss by the
increase of V4

= decrease of VV due to the loss of a part of NPs
on the anode

» Increase again due to the appearance of a new
NP generation
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CIrs Charge of an isolated spherical dust particle
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Maxwellian e-and ions: T, <5eVand T, >>T; ~ T -

Dust charge (vacuum approximation): Q = Ce = 4meyae = Ze l l

Looking for ¢, the floating potential :  Ji(¢) —Je(9)=0

higher mobility ofe: ¢ <0

Orbital Motion Limited model (OML):

bCO"
T bcoll =a*(1- kBTI,) lon current :J; = %”azenoVi(l _ ki‘l;i)
L
| P =(Lme) (1 — 22
kpTe Tem; kgT;
From Boltzman law:
Electron current :I, = — - ma2engv, exp(-> Te)
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Can Charge during the agglomeration phase
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= OML cannot explain agglomeration (Coulomb repulsion)
ForT,=2¢eV,T; =0.04eV

OML --> ¢ =-4.3¢eV = Consider charge fluctuations -->nuclei can be briefly neutrals,

positively charged
a~2-3nm:. Z~ 6e - 9e

Charge distribution (T. Matsoukas et al, J. Appl. Phys.,1995)

= n,: fraction of nanoparticles carrying the charge g

anq

= Ii(q — Dng_q +1.(q + Dngyy — [1(q@) + 1;(q)Ing

o

a=14nm: Z ~42 e = Transformed to a partial differentiel equation:

on _ 9(i=le)n n 1 0%+l
ot aq 2 dq?
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CIrs Charge during the agglomeration phase
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Gaussian charge distribution: n(q) = m}ﬁ exp (— o2

_ ., 4mggaT n 1/2
Average charge: @ =k nseoza € Ln [—l (Tn‘j—%) ]

= g~7e whenn;/n,=1

= §q~Z2e whenn;/n,=10

Explains the nanoparticle growth by agglomeration

of nuclei at the condition of n, depletion

—> charging to the detriment of plasma electrons

T. Matsoukas et al , J. Appl. Phys. 77, 1995 13
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Modelling of the growth and charge evolution
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3 coupled numerical modules*: argon DC discharge — molecular ions formation — NP evolution

1D sectional model: size distribution divided into bins

or sections along the plasma + Transport ‘ J l ]
In each section: sizes 1-100 nm » Growth by sticking % ] ] l
100 continuity eq for the total volume densit I & 201
y €q volu sity Growth by agglomeration ! Carbon NP

+ 100 eq for the average chargeTapez une équation ici. 101

Stl C kl n g 0 50 100 _I_:LIS"(T)]e (S) 200 250 300

NP volume balance in each section
av, aV, av,
—_—— —— + —
at at aggl ot stick

+ Snuc — VF

~ ﬁ—’ Averaged NP charge of each section:
agglomeration

% - V(CII;Fl) * (]e-slow + Ie-fast +1, )'Sl + 8% + 8% aggl + 8 siicking
t
ATl ..l i AT |

Gaussian charge distribution : smallest NPs can be neutral or > 0

Cathode Anode

14
“A. Michau, K. Hassouni et al, Plasma Chem. Plasma Process. 32 (2012); J. Appl. Phys. 121 (2017)




Size evolution during the charging mechanism
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At x ~ 2 cm from the cathode
(position of electric field reversal)

Agglomeration can only occur between
nuclei (neutral, positively charged)

and big nanoparticles (negatively charged)

ne (cmd)

Initfative d'excellence

1,0x10" —=— 200s wo coupling
—e— 200s coupling

8,0x101°-
. 6,0x101°—-
' 4,0x101°—-
2,0x101°-

0,0 -

Red curve:

n, calculated self-consistenly through
the coupling of the 3 numerical modules:
coupling of negative molecular ions,
negatively charged nanoparticles and n,
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CnfS Outline
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Nanoparticles produced from cathode sputtering in DC discharges
O Size evolution, internal structure (indications on formation), density
O Modification of the discharge parameters at large density

O Modeling of charging mechanisms (agglomeration)

—> O Transport inside the plasma
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Applied forces on an isolated spherical nanoparticle
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= Electricforce: F,=Z2eE (E=- VVp where Vp: plasma potential)
Po PG
= londrag force : Fj = 2/3ma’nomgviui(l -+ =5 A)
Ze? :
Py = —— + Coulomb radius @
A : Coulomb logarithm ! E Fe
| Fu
| ot | Fo

= Thermophoretic force : Fy, = — 222 Koy VT, S — E—

15 Vth

Gravity: Fg=4/3ra%pg (negligible)

17



=
C H S
i
5
&
8
5
2
2
&
a
oy
-]

Sputtering DC magnetron discharges

Cathode

Grounded
guard ring

)

NP substrate

Tungstene cathode (sputtering)

P, =30Pa, l;=03A (V,~200V)

-o-r=0cm
-g-r=24cm

-a-r=5cm

.QI

&g@
gﬁﬁ*@@ . N,

012345678910
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W nanoparticles produced in magnetron discharges
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Cathode

Grounded
guard ring

/)

NP substrate

7

= Tungstene cathode (sputtering) Guard ring
= P,=30Pa, I;=03A (V,~200V)

(10 successive plasmas of 200s)

| NP substrate \
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2D plasma parameters measurements

Ne: To, Vp : Langmuir probe measurements

T, measurement byLIF

z (cm)

o © 00 N O O b w

e - Maximum inside magnetic arches

—_

o - Inverse variation of ng

Vp : Increase inside magnetic arches
max after the last magnetic arch

T, - Ar heating due to collisions

with sputtered atoms of <E>~ 12 eV
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OML model; a =5 nm

z (cm)
(=] [e2] ~ [+2] w + w N - o
‘g
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C ['S Force balance
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Fe + Fth + FI =0
)
negligible
Upper part:

Fo and Fy, : same range of values

= nanoparticles under the guard ring
are pushed to the the guard ring

= near the axis: pushed outside magnetic
arches and downwards

Guard ring

Lower part:
= F,, is dominant: pushed down

Z (cm)
(OGD\ICDU'IAOO‘I\)—*O

RN
(@)

0123456
r(cm)
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Can Force balance
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Fe + Fth + FI =0
)
negligible
Upper part:

Fo and Fy, : same range of values

= nanoparticles under the guard ring
are pushed to the the guard ring

= near the axis: pushed outside magnetic
arches and downwards

Guard ring

Lower part:
= F,, is dominant: pushed down

U

When NPs are transported down they have
more “space, time”’ to grow than NPs near
the guard ring

Z (cm)
© 00 N O O B W N -~ O

RN
(@)
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CIrs Summary
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Nanoparticles produced from cathode sputtering in DC discharges
Q) Size evolution, density, internal structure (growth by agglomeration, sticking)
O Modification of the discharge parameters due to their negative charge

O Various modeling of charging mechanisms (+ fluctuations) and growth

O Applied forces for their transport in the plasma
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/ Cathode

<— Guard ring

r S N S
Y4
v N
7
NP substrate
Ar lamp &@——1. \ /
Fabry-Perot |
cavity U pam e
ND PMT
Laser diode Iqb N

Langmuir
probe axis

\ LIF
/ signals

Lock-in
amplifier

= Cyvlindrical Langmuir probe

I'p << Igmor fOr Z>2 cmand probe L B

l

Classical analyses of probe characteristics

(also) Vy/Vye < 0.32

= Laser Induced Fluorescence (tunable laser diode)

2p’
Alasel‘

—— 2
=772.38nm Afo = 810.4nm
) NS hy
1s (D

1 (3)

v =c(v;—vy)/v; ; vo:transition frequency of an
atom at rest, v;: the laser frequency

A3 M
81In2

Doppler shift: k, 7= Av?
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Laser scattering on the dust cloud during the transport of W

nanoparticles towards the anode (classical DC discharges)

Plasma
emission  1stgeneration 2" generation

¥ 1=180s [t=240s t=300s t=360s |t=420s t=480s t=540s =600 s

24 cm

Anode sheath

-V ~0.004 cm/s = 14.5 cm/h
-2"d generation appears in the space freed by the 15t generation
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Q Analogue of dust particles of ISM, planet satellites

O New materials, technologies: superior properties to those of bulk materials

High surface area to volume ratio

Photo-emission wavelength decrease with the size decreases size
Lower melting temperature

Stronger materials

Applications:

Optics: thinner displays, photophores, UV filters

Electronics: nanodevice, single electron emission quantum dots
Energy: hydrogen storage, improvement of solar cell efficiency
Chemical: molecular sensor; catalyst

Medicine: drug carriers, in-vitro imaging, cancer treatment
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