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e Statements

« Experimental plasma diagnostics through :
¢ Langmuir probe

s Optical Emission Spectroscopy

* Plasma modelling

* Conclusion
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Diamond properties and applications
/ Mechanics \ /

Optics N\ [/ Biomedical
Exceptional mechanical Optical transparency Biocompatible
Hardness 10%kg.mm- (Down to 225nm)

/

)

AN - AN
>

Electronics

High Acoustic Velocity : 10* m.s?

Wide band gap semiconductor (5.5 eV)
High Thermal Conductivity (2200 W/mK)

Among various forms of synthetic diamond, nanocrystalline diamond (NCD) films possess
nanometric grain size and thickness-independent low surface roughness (< 20 nm)




High pressure/high temperature MPACVD process
|

H, + CH,(95/5)

v

e-, A
P = 100-300 mbar H, —» 2H

CH, +H —> CH; +H,

v WJ Q N N
( e I DIFFUSION \ = HW’
[ | L1

Substrate (Si, HPHT diamond...): size = 2 inches
T, = 700-1100°C

=P Development of new applications requires low temperature/large area deposition process
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Distributed antenna array microwave plasma reactor

The Plasmodie reactor*

MW Power: 1-3 kW, 2.45GHz
[H,]: 90-98 %
[CH,]: 1-5 %
[CO,]: 1-5%
Pressure: <1 mbar

16 coaxial plasma
sources arranged
in 4x4 2D matrix

- low substrate temperature: 130 < T <400°C
- large area deposition: 4 inches

*Latrasse et al., Plasma Sources. Sci. Technol. (2007)
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Characteristics of NCD films grown in Plasmodie reactor

Microstructure

MW Distance tothe  O4T————— T
power H, CO, CH, T Pressure SOUTCes Si (311)
kW 965% 1% 25% 400°C 0.35 mbar 95 mm 031 1
3
5 D (111)
Morphology Topography 2921 T
0.1- D (220), D (311)
29.8 nm
0.0 LN B L S B S B E L L A
20 30 40 50 60 70 80 90 100 110
2 theta (°)
1.0 T T T T T T T T T T
-26.8 nm

- Ballas like aggregates
 Grain size = 20 nm

* Roughness = 15 nm

* Purity = 80 % sp?

» Growth rate = 35 nm.h-!

Intensity (a.u.)
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Preliminary study of plasma

Set up around the Plasmodie reactor *: *Coll. INP Greifswald, Germany
IRMA Spectrometer
optical fibre
gas inlet |
EC-QCL multi ti ==
p ulti pass optics ‘:]
OES
acquisition and control
flip mirror computer
0 8'cr 30 cm
LN detector
L) pump
IR-AS substrate holder
acquisition and control -
computer \
Optical emission spectroscopy (OES): Infrared absorption spectroscopy (IR-AS):
« Species probed in cylinder of 1.5 cm diameter * Two kind of IR sources

— Tunable diode lasers (TDL)
— External quantum cascade laser (EC-QCL)

Detection of eight species in excited and stable states
Determination of kinetic, rotational and vibrational temperatures
Determination of species density
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Dissociation coefficient of gaseous precursors

H,, CO, and CH, dissociation degrees Ky 1.

1Nave et al PSST 2017, Part 2

100 /’ 0.25 mbar @ 0.35mbar A 0.45mbar ¥ 0.55 mbar
&Koo &y &
------- 2 .....-~-~::;j'11§l'l'f?-§-
COZ%EEEEEE-’X-" * § * Kp 2when P, 7
90 4 o ____._____.————-.-----. ----- o
S oW YOI L9096 < K, < 97 %
a) CH4 ”___A ----- -
v A- X
80 4 v'/ i .80%<KD,CH4<90%
ai R 3 *2%<Kpy, <6 %
. o ..g Do g o O 0= RDH, 0
sy W8 2 8 .. 6. .6
0 2.0 2.2 2.4 2.8 3.0

High K, of CH,and H, —» Production of growth and etching species

High Ky of CO, —» Production of oxygen containing species required for growth

of NCD at low T,

mmmm) High K, which shows that the system is effective in terms of dissociation
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Absorption measurements : species density

1 Nave et al PSST 2017, Part 2

Species density as a function of Pm at 0.55 mbar:
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Density [cm™®]

[ERN
o
IN]
!

/ L
7/

Hydrogen containing species !

CH, injected

CO, injected | Oxygen containing species !
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H
lCH4' """ - m---- n---- .- [}

l CO and H are the main species and significant amount of CH,
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A COo,v=1
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*« No high P dependency for all species
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Absorption measurements : species density

Species density as a function of pressure at 3 kW. L Nave et al PSST 2017, Part 2
Hydrogen containing species ! Oxygen containing species !
7/ T I____'_____I____i_____'_____i . 1015. 7/ T T r . . . -
1015 4H <4 < _
S I ] ]
5 1014-5 _
2 | = CH, .- m
(2R RPN  EEEEEEEEEE - B A ]
% 108 A cH, BT R A--- ]
& ® CH,
10”4 O g - @ _
vCH L - ---¥
w--
10" . . : 10" : : .
0 0.3 0.4 05
0 0.3 0.4 0.5
p [mbar] p [mbar]

No significant pressure dependency for all species l
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OES measurements : species temperatures

Gas temperature T ,, estimation*:

Fulcher-a system of H, was used to T,,; calculation

O 025mbar © 035mbar & 045 mbar = 0.55 mbar
m 020 mb1r [ ] 030 mb'11 A 0.40 mbar V 050 mbar

1000 % % % I « T, 7 from 700 K to 1080 K when P /
< 00T % i : % * At 0.25 mbar, Ty, (Hy) are about 100 K lower than
= ool P at higher pressures
= V. ‘t v %

700 1 :-)} _/__,.--"'" 1 =) [N the continuity of Rayar’s results **

600 3 = (12 plasma sources and 1 <P< 1.8 kW)

00 1012 14 16 18 20 22 2.4 2.6 2.8 3.0
P [KW]

l Is T,,; (H,) really representative of gas temperature? l

* Nave et al PSST 2017, Part 1
**M.Rayar et al., Plasma Sources Sci. Technol. (2009)
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OES measurements : species temperatures

Temperature estimation via other species (OH, CH)

I 0.25 mbar
4000 1 s 0.45 mbar

1000 -+

T

CH T, ,H, T,OH T, CH

rot rot rot

T.ot (CH)<T,, (CH == non thermal equilibrium
Trot (HZ) < Trot (OH) < Trot (CH)

} The rotational temperature depends on probed species ‘
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Absorption measurements : species temperatures

“*Nave et al PSST 2017, Part 1

Hyvdrogen and carbon containing species* :
Gas temperature determined via Doppler broadening

a OHZS mbar © 0.35mbar & 0.45 mbar v 0.55 mbar O 025mbar© 0.35mbar & 045 mbar v 0.55 mbar
v
S é
600 N ZtageeeeO ol
SO 400F Y
E' - .v",’r":f","" & - ',s"@-‘-’
g s00r . = G... “ ) SN a
~ V - Iy -
i i - 2 e 8 350F Y [ C N N e
&= O, el S v i
400¢f OGN o = 4
i ol v
300 -
300" = s A
T !,/_, 1 L 1 L 1 . 1 . 1 " 1 T 0T // 1 L 1 . 1 " 1 L 1 2 1 T
0 2.0 2.2 2.4 2.6 2.8 3.0 0 2.0 22 24 2.6 28 3.0
P [kW] P [kW]

Tgas (CO) 7 when P 7 (from 400 to 650 K)
 No obvious dependence of T ., (CH,) ~350+50K

l Tg4as (CHy) and T, (CO) are much lower than T, (H,) l
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Summary

Species Temperature [K]

Ho(d311y) T.. = 1030 (+100)
CO,v=0 T = 360 (£30), T,;, = 345 (+30)
co,v=1 T = 525 (+50), T,;,, = 480 (+50)
CO,v=2 T... = 630 (£50), T,;, = 635 (+100)
Co,v=3 T,or = 900 (+200), T,;,, = 685 (+200)
CH, Tyin = 350 (£50)
CH3 T, = 640 (£180)

Moderate pressure (0.35 mbar), intermediate position (95 mm), 3 kW

« The gas temperature depends strongly on probed zone and species

mmmm) Gas temperature estimated at 600 + 100 K in the plasma

Low gas temperature mssmm) Electrons play a key role in the plasma chemistry
=) the electron parameters should be investigated !

O‘“\El.b_q.;/
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Langmuir probe characteristics and EEDF

Tools

The measuring device “QUE PO” provided By
Reseau des Plasmas Froids

Experimental current-voltage
(I-V) curve

/s

oids

Probe bias (V)

Second derivative (a.u.)

ﬂWr Wﬂ

X

EEDF derived from I(Vs) characteristic 7

] n

|

Energy (V)

*S.Béchu et al., Réseau plasma froid. (2014)

Theory

% Druyvestein (1931) : d?l,/dV? « EEDF

_2m ’ZqV d?I, . [t
ge(Vs) - ques mes dV_%e’ ne - fo ge(S)df

21 400

. 1
Terr= 37 Jo £g.(e)de ; withe = Emew2

Schematic

The profiles were performed at 4 cm on the
diagonal of 4x4 plasma sources matrix

oek\ElP-q;
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Plasma features . Langmuir probe measurements

Spatial distributions close to the MW sources

3 kW, 0.25 and 0.45 mbar
T.(eV) n, (cm3)

25

1E12

1st source

2.0 4
SLS 'R
d :
- CRLIE
= ©
1.0-..i....I..lllllllli- =
0.5
\ ‘ B (045 mbar @ 0.25 mbar LET0 m 0.45 mbar e 0.25 mbar‘
4 0 1 2 3 4 5 6 71 8 a0 1 2 3 4 5 6 71 8
X-position [cm] X-position [cm]

* T, and n, are roughly constant along the diagonal (plasma between 0 and 8 cm)

*T.N whenP 2 from 1.7to 1eVand n,N when P 2 from 2x10* to 1x10 cm-3

At higher pressure, the electrons lost more energy ‘

Q““\E P-q,p’/'-.
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Plasma features . Langmuir probe measurements

Spatial distributions close to the MW sources

0.25 mbar, 1.2, 2 and 3kW
T, (eV) n. (cm-=)

25 T T T
1stsource 2"d source ond
1E12 4
2.0 4 :
lAA. “tﬂAAtﬁl‘ = ‘AAAAAAAAAAAAAAAt
;1.5-‘ :: o ® EiEn{ a4 EmEEEEEEEg,
2 [ ] ..... ..... = .......
]
;‘m_.. = ...0.00000'00000._
e®
1E10
0.5 -
| A 3KkW m 2kW e 1.2kW| A 3KW m 2KW e 12kW
0 T L] T L] Ll T L] T L] Ll IE9 T T T T T T T T T L]
100 1 2 3 4 5 6 71 8 4 0 1 2 3 4 5 6 7 8
X-position [em]| X-position [cm]|

« T.~ZwhenP 7 from 1.2to 1.7 eV
*n,7 whenP 7 from 2 x10% to 2x10* cm3
» The results at 1.2 kW and 0.25 mbar are consistent with those of Rayar* obtained at 2 cm away from

the sources plane (T,=1.2 eV, n,.=2.5x10 cm=)

=) | Homogeneous plasma even close to the MW sources

*M.Rayar et al., Plasma Sources Sci. Technol. (2009)

Q‘“\El.b_q‘p’/:
o
17 unversite PARIS\13 g Ag




Plasma features : OES measurements

Excitation temperature determination at 4 cm from the sources*;

) |+ The 4 Balmer lines of hydrogen atom (H,, Hg, H,, H;)
were used

Intensity [u.a.]
ah 1 1

300 400 500 600 700 800 900
Wavelenght [nm]

T, Was determined with Boltzmann plot

o-\- |

<
‘E: ° oy E.:
=41 1 ln( 4 l]>=— - +C
B giAij kT ¢xc
-8

120 122 124 126 128 13.0 132 134
E, [eV]

Q‘“\El.b_q.:p’/
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Plasma features : OES measurements

Electron temperature determination:

Low temperature and low pressure plasma e non—equilibrium plasma

Corona model approach*

'

Equations
Equilibrium
(excitation &> de-excitation) Ne N1ki; = N; Z Ajj,
i>]

Rate coefficient ki = by x e~ Eii/kTe

hv,-jA,-jbI,- B kTe

*U. Fantz., Plasma Sources Sci. Technol. (2006)

—

Methodology

The excitation takes place only by electron

impact collision and the de-excitation by
spontaneous emission

3 -1
CITS ) gy b, is extracted from the fitting of ky,

Lij2isjAij\  —Ey
Boltzmannplot  In +

The inverse of the slope of the linear
fitting (Boltzmann plot ) gives T,

ow\“Ejl%:pﬁ;"-
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Plasma features : OES measurements

Electron temperature determination:

\/
0’0

/7
0’0

The corona model was applied on Balmer lines of atomic hydrogen (H,, Hg, H,, Hy)

Several databases have been adopted based on the chosen number lines used (LXCAT,
LAVROV, JANEV):

3 used lines (H,, Hg, H, ) ) L XCAT-3
4 used lines (H,, Hy, H,, H;)mmm)| XCAT and JANEV (LXCAT-4)

2 used lines (H,, Hy) mmm—) | AVROV-1 (case 1) and LAVROV-2 (case2)

Rate coefficients calculated :

= H(n=2)+e —=>H(n=3)+e
Exponential fitting

(o)}
1

From cross section obtained from LXCAT and
JANEV* databases

By Lavrov**

w
1

Case 1. when redistribution of populations can be
neglected, Case 2: Boltzmann distribution of the
population over the fine structure sublevels

Rate coefficient [10®m?/s]

o
1

* R.K. Janev et al, Springer. (1987)
**B. P. Lavrov and A. V. Pipa, Optics and Spectroscopy. (2002)
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Plasma features : OES measurements

Electron temperature at 4 cm from the sources

0.25 mbar
3.0 4 —0— T,.- L)ECAT- 3 —O— Te- LXCAT-. 4 C;) i
' |~®— T.- LAVROV- 1—0—T,- LAVROV- 2 % |
b5 ] ~® Tex:—®—Te- Probe P | ¢ Te constantwhen P 7 (T, ~ 0.3 eV)
7
o / o
2.0 L7 { <+ Notendency is observed for T,-LXCAT as function
Z ’ - -0 ] of P
15 _____.-{-,'1"'—_ _e A
| o~ 7 - . : :
N <’ _ - | <+ T, determined with both cases of LAVROV and
] e----- 4 , probe 7 when P/~
d P —m—_—_—_—— - - - - = = = = ® -
0'5_ &:::::1::::::::9 _

P [kW]




OES and Probe measurements

Electron temperature at 4 cm from the sources

| [\ [Fe=12kw—e— 2 kW—e— 3kW
3.0 4 /0\

2_5_' ‘\ O Probe ] « T,-OES and T,-probe » when P2
- \ OES
204 N ° l < T.-OES and T.-probe ™ when pressure /
\ (At 2 kW, T,-OES \ from 1.2 t0 0.7 eV)

Te [eV]

?
I
I
I 1
[ I
® @&
1}
N
11
I
I
o
]
]
1
o

« T,-OES is close to T, measured by the probe:
1.0 1

=
= -
—_—

““““ o ___ "o At 0.25 mbar and 2 kW, T,-OES =1.2 eV
051 * - and T,-probe= 1.5 eV

I v L] - ) " 1 = L] v I " L}
025 030 035 040 045 050 055
p [mbar]|

T. -OES is in well accordance with T.- probe only if case 2 of Lavrov is used as database
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Plasma modelling

Two-dimensional self-consistent plasma model for hydrogen*

Electromagnetic module

Maxwell’s equations Coupled with electron momentum equation

JH

—=-V XE v ¢
lu‘O(?t —e+VmVe=__E
JE ! e
g0 = V XH @ Coupling with n, and v, Collision frequency

Time-averaged absorbed microwave power

en,w 27w
(P¥-c f v, Edi
27 Jy
= EHv(P)

*Hagelaar et al., J. Appl. Phys. (2004)

Q‘“\El.b_q.:p’/
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Plasma modelling

Plasma module

- Species continuity equations

- V- (DNVx)=S, =P Plasma composition (ng, X,)
" Diffusion ™

n * Plasma chemistry
- Electron energy equation

/,Absorbed microwave power

v (re%kBTe -,V Te) =P—-0 =P Electron temperature (T,)
Y
Electron flux

~ -
Electron conductivity Energy transfer through collisions
- Heavy species energy equation

V- (E [,(C,T+H,)-\V T)

=0 —-0ng =P Gas temperature (T,)
S
N Particle flux N Conductivity\‘ Radiative loss

- Offline Boltzmann solver = Reaction rate coefficients k,(T,)

- Simple chemistry : 8 species (H,, H, H", H”, H*, H,*, H3*, e) linked by 34 reactions

Q‘\‘\E ,b_q.:p’/:‘
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Conclusions

v' Temperatures depend strongly on the probed species

v' Gas temperature of the plasma estimated at 600 + 100 K ====== |owW gas temperature which
permits to grow NCD films at T, below 400 °C

v Since low temperature plasmas as a rule are non-Maxwellian, the determination of electron
parameters from EEDF measurement is recommended

v plasma is homogeneous close to the microwaves sources

v T, can be determined by OES and have values close to those measured with the probe only if
The coronal approximation is adopted and case 2 of Lavrov is used as database

v" Both the experimental and modelling values of electrons parameters are in well accordance

Work in progress:

« Determination of T, by using argon lines

« Atomic hydrogen estimation by actinometry

Q‘“\El.b_q‘p’/:
25 universite PA R 8&3 g :\;_,



Acknowledgements

 LPSC-CNRS-IN2P3, Grenoble
A. Lacoste, J. Pelletier

* INP, Greisfwald
J. Ropcke, B. Baudrillart, A. Nave, S. Hamman, J.H. van Helden

Financial supports:
ANR-11-LABX-086, ANR-11- IDEX-0005-02, BOQR Université
Paris 13, ADAM Labex project, French-Germany Procope Project

O‘“\El.b_q.;/
26 unversite PARIS\13 g _’:\;—’



