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Experimental validation of models

list of all

Physical Model processes
d \1 occurring

Cross-sections/
Rate constants

Getting this right is our goal!



Experimental validation of models

— Physical Model:
Collision theory \
Cross-sections

Collision experiments | Rate constants

Often very incomplete
and/or inaccurate



Experimental validation of models

— Physical Model:
Collision theory

— _ \§ Cross-sections
Collision experiments Rate constants

(Surface theory?) Transport model
N experiments > Boundary conditions




Experimental validation of models

verification

— Physical Model 2\
Collision theory XCross-sections — | Code

Rate constants

Collision experiments

Transport model

Surface theory & | _—> Boundary conditions
experiments




Experimental validation of models

verification

Physical Model ﬁ

Collision theory \Trans
port model — | Code
Cross-sections

Collision experiments | Rate constants } __
Boundary conditions Validation

Surface theory & / /!

experiments In-situ diagnostic
measurements

Improve:
-Add to reaction list
-Values of rates/cross-sections




Which plasma system to study?

Do you want industrial funding?



Semiconductor Etching

The Inductively Coupled Plasma Reactor :

-Industrial Scale Reactor

dimension for 300mm wafers
13.56 MHz

power supply

4 turn spiral antenna

Al,O5 window

Probe beam



Semiconductor Etching

The Inductively Coupled Plasma Reactor :

13. Poor for model validation:

power 3Npply

4 turn spiral ag#enna

Strong radial gradients in:
Power deposition

Gas temperature

Gas density

Gas composition

AlL; window

Need simpler, better controlled
system for experiment/model
comparison :



DC discharge in O, Iin a Pyrex tube

ldeal system for Experiment-model comparison

H.V. (<+7.5 kV, <50mA)

Pressure: 0.2 — 10 Torr 15kOhm 53cm 68kOhm ballast

I resistor
~

resistor
Discharge current: 10 - 40 mA I,

~

< i

& i 2 2cm

Pump ‘\ Gas inlet

V probe V probe \

Measure (DC) electric
field directly with high-
impedance probes

Stable wall conditions:
Borosilicate glass,

temperature stabilized
(+5C or +50C)

-Axially uniform,
-Constant, measured reduced electric field,
-Reproducible surfaces (?)




The O, molecule:
A simple (?) molecular system showing all processes

! Schumann-Runge 1g Dissociation to
- confinuum 5’ @) 3p +0 1D
SR bands i1 & _\I_ 8 eV
6 5
{ =
] B
14 8 Dissociation to
el 2x03p
: % 5eV
2
Metastable states at 1 and 1.6 eV

O, plasmas have been studied for > 100 years
-What don’t we know?



Outstanding questions about O, plasmas

Electron impact dissociation
cross-section low energy/ rate constant at low E/N

VAN

Reliable near-threshold
data non-existent!

150
& Present
z T ¥ — C&L (Theory)
= - ==== GRMR (Theory)
g '°r :' N{ o Wakiya (EELS) Coshby 1993 :
S [ x TWK (EELS) No data below 15 eV!!
@ N
9 50
2
L]

0 50 100 150 200
ELECTRON ENERGY (eV)



Outstanding questions about O, plasmas
LD

Electron impact dissociation
cross-section low energy/ rate constant at low E/N

Surface recombination of O, y, :
Universal law for y?
Effect of ion bombardment?

N\

In-situ measurements :
-varying results
-drift, poor reproducibility




Outstanding questions about O, plasmas
LD

Electron impact dissociation
cross-section low energy/ rate constant at low E/N

O atom surface recombination, y :
Universal law for y?
Effect of ion bombardment?

Metastable molecules (a'Ay, b 1X*):
Kinetics : creation, quenching (surface + gas phase)
Stepwise dissociation?



Outstanding questions about O, plasmas

Electron impact dissociation

cross-section low energy/ rate constant at low E/N

O atom surface recombination, y :
Universal law for y?
Effect of ion bombardment?

Metastable molecules (a'Aj, b 'x*):
Stepwise dissociation?

Kinetics : quenching - surface and gas phase

Electronegativity ﬁ\l

Complex, inter-related kinetics:
O +0,alA;, >0z +e

O- : creation and loss mechanisms
Effect on charged particle transport




Outstanding questions about O, plasmas

¢’

Electron impact dissociation

g

cross-section low energy/ rate constant at low E/N

O atom surface recombination, y :
Universal law for y?
Effect of ion bombardment?

Metastable molecules (a'Aj, b 'x*):
Stepwise dissociation?

Kinetics : quenching - surface and gas phase

Electronegativity

negative ion creation and loss mechanisms

Temperature
Gas heating mechanisms
Surface thermal accommodation

} predictive models immature



Temperature interacts with everything!

F

Electron impact dissociation

g Sl

O atom surface recombination, y:

Metastable moleculgg (a'Ay, b 1X*):

Electronegativity

Temperature

Effects poorly quantified,

Vibrational distributions o
few predictive models




Oxygen dissociation rate constant

T

LI AEr == &

At steady state, balance for oxygen atom density, ny:

Production = loss

2nenO2 kdissO2 — nO'Ulosso



Oxygen dissociation rate constant

F

g Sl

At steady state:

Time-resolved
actinometry in partially
modulated plasmas

Determine absolute n,

~

k _ nO 'U|OSSO
dissO,
2‘] : n02
From E/N, ] From pressure
and temperature




Measurement techniques

’_/

Implementation | Absolute | Time Space
densities | resolution resolution
Optical Cheap and simple Model & Good, but: Deconvolution
emission DATA Excitation model? (imaging,

(actinometry) dependent Not afterglow Abel inversion)



Measurement techniques

’_/

Implementation | Absolute | Time Space
densities | resolution resolution

Optical Cheap and simple Model and  Good, but: Deconvolution
emission data Excitation model? (imaging, Abel)
(actinometry) dependent Not afterglow
Two-Photon  Expensive laser Difficult Excellent Excellent
Laser- Non-linear calibration
induced —Drifts Accuracy?
Fluorescence —Noisy

(TALIF)



Measurement techniques

/ yirr =

Implementation | Absolute | Time Space
densities | resolution resolution
Optical Cheap and simple Model and  Good, but: Deconvolution
emission data Excitation model? (imaging,
(actinometry) dependent Not afterglow Abel inversion)
TALIF Big laser Difficult Excellent Excellent
Non-linear calibration
—Drifts Accuracy?
—Noisy
Absorption:  Vacuum optics Direct & Excellent Line-integrated
VUV Resolution? accurate
(line-

strengths)



Measurement techniques

Vg

S

Implementation | Absolute | Time Space
densities |resolution resolution
Optical Cheap and simple Model and  Good, but: Deconvolution
emission data Excitation model? (imaging,
(actinometry) dependent Not afterglow Abel inversion)
TALIF Big laser Difficult Excellent Excellent
Non-linear calibration
—Drifts Accuracy?
—Noisy
Absorption Vacuum optics Direct & Excellent Line-integrated
VUV Resolution? accurate
(line-
strengths)
Absorption:  Weak Direct & Synchronisation? Line-integrated
IR transitions— accurate

Cavity techniques



O atom resonance transitions

130.22 nm
A=3.4e8 s1

(2p%)

Integrated cross-section related to
Einstein A coefficient:

fo'e) . gu ﬂz
IOGUdU = gl g A”

Resonance absorption

using an atomic lamp:

-calculate line profile convolution
-highly questionable !

How to make Doppler-resolved
measurements?




High resolution VUV absorption spectroscopy
DESIRS at Synchrotron Soleil

unable VUV beam:
20-200nm, 20nm wide




High resolution VUV absorption spectroscopy

DESIRS at Synchrotron Soleil

DC power supply

Tunable VUV beam:
20-200nm, 20nm band

DC discharge
MgF, windows




High resolution VUV absorption spectroscopy

DESIRS at Synchrotron Soleil

DC power supply

Tunable VUV beam:
20-200nm, 20nm band

DC discharge
MgF, windows

VUV Fourier-Transform Spectrometer* :

ion: 10° (<Doppler
*N de Oliveira et al., Nature Resolution: 10° (<Doppler)

Photonics 5, 149-153 (2011)



VUV absorption in an

RF atmospheric plasma jet

TESL0 TeB50 Tavsl
S S T T S T T T N S S S T S T R T T S T R

“rossMark
APPLIED PHYSICS LETTERS 103, 034102 (2013) @f "

Absolute atomic oxygen and nitrogen densities in radio-frequency driven
atmospheric pressure cold plasmas: Synchrotron vacuum ultra-violet
high-resolution Fourier-transform absorption measurements

K. Niemi,"® D. O'Connell,’ N. de Oliveira,? D. Joyeux, L. Nahon,? J. P. Booth,®
and T. Gans’

Transmissmon (a.u.)

He / 0.5% N,/O, 5 081 _
13.56 MHz £ 007 NJo 1) acmistre 0.5% 3
10mm absorption path s =0 :
|ength TeEAN TREAR TEETH
_ ]’ s 12 0.8 .~
Gas in tube =B He flux 10 sim | i=
— d L = 10+ - rf power 115 W S
e o ] -06°0
Coaxial RF cable |i} pEi E ) E\E 5 g
; D 6 - 04 @
f g, ; 3
Gas out tube 4 - \T o
- h e E - e——= o2 E
: S © 2 l I ©
?& D T I LI l L l T 0 TE_I-)!
O 0 0.2 0.4 0.6 0.8 <

N/O, (4:1) admixture (%)



optical depth In(i/1 )

O atom resonance absorption

—— 0.3torr O2 30mA

i

130 135 140
wavelength(nm)

Totally saturated lines
impossible to interpret!

optical depth In(l/ )

optical depth In(I/1 )

4 -
34
2 -
1
0 it ',\ AT A VA
T T T T T T T T T
130.2 0.3 130.4 130.5 130.6
4- wavelength(nm)
/Optical depth > 100!

34 v
24

A=4.7pm

= 10x Doppler width!
1
04
13019 13020 13021 13022 13023 13024  130.25

wavelength(nm)



Weaker transitions?

30
g 50
S,
1
So
1 D2
630 nm, A = 5x10-3s! Spin-forbidden:
ip 10 times weaker!
(2p%) °P, 0 Single pass absorption ~10

3
P2 —Multipass techniques necessary



Cavity ringdown spectroscopy

with @ monomode diode laser

O, discharge
Tunable diode / ° \ > Photo-
laser @ 630nm \ } detector

Commercial external-
cavity grating
controlled diode laser
(Toptica DL100)

~10 mW



Cavity ringdown spectroscopy

with @ monomode diode laser

O, discharge
Tunable diode \ / \ N Photo-
laser @ 630nm \ } detector
Wavemeter

(50kE!)




Cavity ringdown spectroscopy

with @ monomode diode laser

Low-loss (104)
spherical mirrors
=high sensitivity

Tunable diode Photo-
laser @ 630nm 1 (< >) — | detector

>
Piezo-actuator:
Periodically match longitudinal modes

Need to match input beam
diameter and divergence to
TEMOO transverse mode of

cavity




Cavity ringdown spectroscopy

with @ monomode diode laser

Tunable diode
laser @ 630nm

Low-loss mirrors : 104

—high sensitivity O, discharge
- Photo-
— (< >) — | detector
<>
AOM  piezo
Switch:

Stop laser when
longitudinal mode is

matched and intensity in

cavity is adequate.

-measure exponential

decay rate

Trigger




Cavity ringdown spectroscopy

with @ monomode diode laser

Tunable diode
laser @ 630nm

Low-loss mirrors : 104

—high sensitivity O, discharge

e

signal |

= (1—R) +nol

— Photo-
— (< >) — | detector

AOM <>

switch P1€z0

8 -

7 I =1, exp(-k,t)

1\

5 | A, : no absorption obs:

N / Cc

34

2 4

1

Oo 0 . 15 20 25 ‘;0 CaVIty Iosses

time (us) (constant)

Line-integrated
absorption




CRDS in an O, DC positive column:
O number density

pur = |
O 3P Densit
1.0 _ Integrated area g b
= Experiment | { 3 . | [—~—40mA |
Gaussian fit| | o¢ O P2 denS|ty i 30mA
T = 340K |

6l —e— 20mA
—> e loma

Absorption coefficient (10%cm™) dq

cV)I/-\ /
05F g -
3
o 4r
—
~— -
O ///
— 2|
0.0 . . . . , '
15867.8 15867.9 15868.0 ol o vy
Laser wavenumber (cm™) o 1 2 3 4 5 6 7 8

Pressure (Torr)

(add density of 3P, and 3P,
assuming Boltzmann population)



CRDS in an O, DC positive column:

Gas temperature

S 1.0
g = Experiment
L('Jca Gaussian fit,
= T = 340K
5
% 0.5+ .
S Doppler width
S
§ 1
o
3
<
o0 15867.8 ' "#867.9 1 158258.0
700 : IWav'e mlber ((?m ) , , , up to 700K:
> _ 302'6‘ <\ . . .
so0| |+ 20mA ] Radial gradient in
I Ll - -temperature
s | - -gas density
% 500 | // _ gas e
3 450 | /// | _E/ N
e | / - -Makes modelling more difficult
— 400 | e
0| -_/-"//O.3P Temperature Combine [O] and
T .6 8 temperature
Wall 323K Pressure (Torr)

measurements —



O/N

0.3 +

0.2

0.1+

0.0

O atom mole fraction

—=— 10mA

Up to 30% of gas is O atoms!

T T T T
0 4 6

T
8

Pressure (Torr)

Passes through a

maximum at ~1 Torr.

T
10

I:> Why? Probe atom loss kinetics:



Oxygen atom loss kinetics:

surface recombination

T

Ly Er =t

Modulate Current (electron density)

— response of atom density Actinometry : 1./l
- TO'Ar

40 T T T 0.24

0.22

w
o
T

B [O)N (845 nm) |
> . ;,-"' —

. il g :.: off _,
: R Tys=05.8 Ms
XA

s. 1020

=
o
T
o
N
o
S

Dlscharge Current (mA)
[OJN (777 nm)

[O]/N (845 nm)

o

Bt 1 R
1 1 1 off _ PEAEY Ty
t_=56.1 ms
0.1 0.2 0.3 0.4 m

Time (s)

o©
o

0.18 1 1 1
0.0 0.1 0.2 0.3 0.4

time (s)

15% current modulation

Exponential decays / rise | all give similar
-two emission lines loss frequencies,

Vloss



O atom loss frequency

VS pressure and current

-Loss rate increases 100 ‘ — — .
strongly at low pressure: w0 —
Energetic ions! N 1) _/'/
T:'_', 60 -‘%\.‘l----/'/
o> 40 .\:"- ._.__..—’—./.
g RO Cm—10mA
20t e domA
| —m—40 mA |

0 4 | 6 | 8 | 10
pressure (torr)

Maximum in O fraction
corresponds to minimum
in surface loss rate

Oxygen (3P) atom recombination on a Pyrex surface in an O, plasma,
Booth at al. Plasma Sources Sci. Technol. 28 (2019) 055005




O, dissociation rate constant

¢ D]

eff __ Vl(zss [O]/ZN
“n, (1-[0]/2N)

LV o o e e o s G B G Best agreement with Phelps
: ] cross-section set (from electron
] energy loss spectra)
o ////
w 10 : | ﬁ ] -significantly bigger than that
= f ] obtained from the Cosby (1993)
) % cross-section used in most
%g%’ 10% [/ models.
/ / VU st 2005
[ MSU set 2016 ]
: / / « Kol 500 CRoSract 2019 ] Work in Progress:
10" P U Y -surface condition drift

10 20 30 40 50 60 70 80 90 100 110 120 _ _
E/N (Td) -effect of radial gradients

etc



What happens in the afterglow

(full current modulation)?

Actinometry not possible in afterglow (no electrons)
CRDS : cannot synchronise ringdown events to pulsing
= let CRDS free-run during modulation

= record phase delay for each event
= put events into time-bins



absorption (10%cm™)

Time-resolved CRDS with 100% modulation

5.0 T T T T T T T T T T
" Discharge on - O atom kinetics are slow enough for
45 200 ms ) - .
-— Discharge off 900 ms . | time-resolved CRDS (~10 ps)
4.0 %z 2 Torr 20 mA ]
| .1‘ TwaII 50C i
35 | f t\ . 4 1.0
3 ) 1 @% - = Experiment
3.0 :! | - absorption at O resonance| ] % G?iszfgglt’
i =
251 i - 2
' - S 05
20} i - 3
c
§e)
15 1 1 1 1 1 1 1 1 1 1 1 ! §
0.0 0.2 0.4 0.6 0.8 1.0 1.2 é
time(s) < L
0.0

15867.8 15867.9 15868.0
Wavehumber (cm™)

On-resonance



Time-resolved CRDS with 100% modulation

50 T T T T T T T T T T T
" Discharge on - O atom kinetics are slow enough for
45 F 200 ms . b .
-—r Discharge off 900 ms > | time-resolved CRDS
L]
& 40 1 2 Torr 20 mA i
£ i ri‘ T 50C ]
© '
O 35| ) - 4 1.0
) \ = .
S I II 1 S I = Experiment
2 30k - : 5 Gaussian fit,
g_ ! | absorption at O resonance S’ T = 340K
2 s 5
'c% 251 - S
' S 05
20F ¢ . 3
S
15 L . L . L . L . L . L o
0.0 0.2 0.4 0.6 0.8 1.2 é
time(s) <
0.0

15867.8 15867.9 15868.0
Wavehumber (cm™)

What about baseline? Off-resonance
-tune laser off-resonance = On-resonance




O atom decay:

baseline :

4.5 T T T T T T
' 2 Torr 20 mA
L3
40 b 3 T, 50C i
I H - On O resonance ]
“h H - off O resonance
£ 35} i H |
< ; \
o } ] 1
\a) { \
c 30f i
o
= | i il
o i
2 25F - E>
o :
© : i
Subtract
20 ¢
\-————,
15 1 N 1 N 1 N 1 N 1 N 1 N
0.0 0. 0.4 0.6 0.8 1.0 1.2
time(s)

Time-dependent baseline:
(Discussed later)




O atom decay:

with baseline subtraction:

4.5 T y T y T y T y T y T '
14st
: iTogozg mA 2 Torr 20 mA 50C
4.0 - M wall T 1IE-6 | / O absorption (fitted baseline)
I " On O resonance S ]
o : off O resonance — :
E 35} J H . =
@o H \ o
o } t L
N { 1 g
c 30f | i S
= i =
"é 3 : 4 8 1E-7 :— -
; el
3 25F 4 ©
o : [
© L ] I
Subtract |
2.0 : I
\-—-——,
] , ] , 1E-8 1

15

0.4 0.6

0.8 1.0 1.2

1.2

time(s) time(s)

Non-exponential decay: 14s* = 5s*
( Cf Partial modulation : 40s)
-gas cools in 3ms

Possible explanations:



O atoms:

Non-exponential decay in afterglow

Possible explanations:

A) Surface reactivity slows with time:

absorption (cm™)

-dO/dt = o [O]2 + B [O]

. [5s1
': s .
.. XA
e
Ui
S EAMGIE
. . L SR
0.4 0.6 0.8 1.0 1.2
time(s)

Physisorbed O : Chemisorbed O :
Surface densityoc flux Constant surface density

B) Continuing production of O:
O;+0,a—>20,+0
Or both? =Modelling



Origin of time-dependent baseline?

Discharge on

—00ms T T T Complex time-behaviour
£ -~ Discharge off 00 ms . | What else absorbs in this spectral region?
S 1.90x10° | 4
5 . |
2 . : ]

S F : - 2 Torr 20 mA Twall 50C |
E £ 1.85x10° - s o Off-resonance baseline
TR o * '
o : I YT
E c L | }'} %}:"."
© 1.80x10° | I j" i <4 i
o F ; | g o ) .
‘.\i'.'-'@. o ’ o' < -
L7saos [ g 1A i ]
' ::? 1 asy
¢
f
L |
1.70x10° ' 1 ! L .

0.0 0.2 0.4 0.6 0.8 1.0 1.2



1.90x10°®

1.85x10°®

absorption (10°cm™)

absorbance (cm h

1.80x10°®

1.75x10°®

1.70x10°®

Discharge on

2.00 ms.l' - D'I hI ;‘f90(; o
ISCharge o ms
L. < >
. I
. |
: : - 2 Torr 20 mA Twall 50C |
- 2Deddy Off-resonance baseline -
. | -"M‘.-
: | W B
- . I ,-' }’% -
i | £
3 (3
3., 42 B
il & SRR
e oAF i
0 A Ig" e ]
i
|
| 1 | | L | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2
time(s)

Origin of time-dependent baseline?

Complex time-behaviour

What else absorbs in this spectral region?

O X 10% cme

L L + 1

O- photo-detachment continuum

.

.l__.-.... e
7
P _
< /\l/
; _
— 630nm -
—
B f %, " -
L ~3.5 X107%%mz2 [ L _
/_ [ = 1
i ——m— )l . |.,
1.0 L5 2.0 2.5

Photon Energy in ev

c = 5.8x1018cm?2 @ 630nm



O negative ions

~

£ Vil

Discharge on
200 ms

.' . > — | Dislcharglje offl900 Ims . | - O' :
Loox10® . 1 produced by dissociative attachment:
- |  Ope— O+0
FEl.SleO'G L _'
o : |
S stor2omamwasoc ] Destroyed in ~1 us in afterglow:
g 1.80x10° Off-resonance baseline |
(@)
5 ] O+0—->0,+e
1.75x10° F #|£ absorption drop ] and:
~4x10%cm™ 1 ) 1
O +0,1A; > Oz +e
1.70x10°® [ . ' : L s ! ; I . ! .
0.0 0.2 0.4 0.6 0.8 1.0 1.2

time(s)



O negative ions

Discharge on

200 ms Discharge off 900 ms
o E—— . . . - SVITIVE
' | ' ' ' ' ] Electronegativity:
1.90x10° - - .
- 3 T T T T
N g -@-10 mA
L . J -@®-20mA
—_ | . ] 30 mA o
in 5 3 -@-40mA
£ 1.85x10° - - ] 2,0 T —+50C
C) o I 8| °
o) [ 1 ©
2 H : 2 Torr 20 mA Twall 50C | A .\./0 ®
8 1.80x10° F . Off-resonance baseline £ 1 .\././
3
cG 0
1.75x10°® F . absorption drop i 0 . . . .
~4x108cm™ ] 0 1 2 3 4
T O, pressure (Torr)
1.70)(10-6 I 1 L 1 L 1 L 1 L 1 L 1 L
0.0 0.2 0.4 0.6 0.8 1.0 1.2
time(s) Neutral chemistry affects

plasma density, conductivity etc



Later afterglow: What else absorbs?

’ , ’ , ’
2 Torr 20 mA Twall 50C ]
Off-resonance baseline ]

=

(o]

o

X

=

o
[}
T

1.80x10° |

1.75x10° |

absorbance (cm™)

1.70x10° |

1.65x10° |

1.60x10° L

Slow increase then decay in absorption :
Negative ions are gone!




Afterglow — no O

what else absorbs?

T T T T T T S Toh 20 mA Twall 5 Ozone:
L 2 Torr 20 mA Twall 50C ] .
-6 | . _ .
1.90x10®° - - Off-resonance baseline Cha uis ban dS-
| .
6 [ ]
1.85x10™ - .
L 4 6021
—~~ L 4 o
A L i
S 1.80x10° 5
~ L ] se21
() L . e
o F 1 2
= - - 8
-6 2
o - 4e21
8 1.75x10° | 5 ;
— [ 1 s
o F 1 =
S
N - b S
9 I ] 5
('U 1 70)(10'6 - - g 3e21 A , Vassy and Vassy,J. Chem, Phys. 16 (1948) 1163
N L J S —_—T 91 K, Vigroux, Compt. Rend. Acad. Sci. Paris 235 (1952) 149; Ann. Phys. (Paris) 8 (1953) 709
5 T = 290 K, Inn and Tanaka, J. Opt. Soc. Am . 43 (1953) 870
I T B —e— T = 273K, Inn and Tanaka, Adv. Chem. Ser. 21 (1959) 263
F 1 a T = 291 K, WMO, Report No. 16, 1986; mean of Vigroux (1952, 1953) and Inn and Tanaka (1959) ~
L 4 4 +— T =299 K, Amoruso et al., J. Geophys. Res. 95 (1990) 20565
1 65 10_6 | . 2e21 O T =298 K, Anderson and Mauersherger, Geophys. Res. Lett. 19 (1992) 933
. X . . —— T = 298 K, Burkholder and Talukdar, Geophys. Res. Lett. 21 (1994) 581
r D|Scharge Off base“ne 1 ——— T=298K,Johnston, in: Roth et al_, Berichte des Forschungszentrums Jlich, jul-3340 (1997)
o — o o = o o o o o o o o o e e e S e = o o — —— T=295K,Brionetal, J. Atmos. Chem. 30 (1998) 291
L 4 —==— T =293K(in air), Bumows et al_, J. Quant. Spectrosc. Radiat. Transfer 61 (1999) 509
L J K (1000mbar), Voigt et al ., J. Photochem . Photobiol. A: Chem. 143 (2001) 1
1 60X106 | , | , | , | , | , | , o2 {—— 93 K, Bogumnil et al ., J. Photochem . Photobiol. A” Photocher . 157 (2003) 167
. T T T

00 02 04 06 08 1 0 1 2 545 550 555 SE"O 565 :’.;[I 57‘5 G;M 5(;5 Sé[l 595 Bél] 565 51‘(‘ 51'5 620 625 B;D Eéﬁ E\JU 5';5 55:\] 655

wavelength [nm]

Ume(s) Absorption cross sections of ozone O, around the maximum of the Chappuis band (550-650 nm)

c = 3.6x102%1cm? @ 630nm



1.90E-006

1.85E-006 |

1.80E-006

absorbance (cm™)

1.70E-006

1.65E-006

1.60E-006 L

1.75E-006 |

0.6

time(s)

1.2

[OB]max (1014cm'3)

Peak O; density:

T T T T T

Tube wall temperature:
| |—e— 283K
3F |—e—323K

O [ M 1 " 1 " 1
0 1 2 3 4

Pressure (Torr)

More O4 at high pressure
and low temperature:

O+0,+M— 0O;+M (and at surfaces)

k=2.15-10-34.exp(345/T)



Ozone destruction

. — ——— Destroyed by:
r 2 Torr 20 mA Twall 50C 1 i
190x10° - - Off-resonance baseline ] 03 +e — 02 +0O+e Fast In
O;+M—>0,+0+M Discharge
~ . . (Thermal decomposition)
= 1.85x10° | 3 i
\L.)/ L oo 4
8 O;+ 0 - 20,
@© i .
£ 1.80410° 1 ] O; + O,a— 20, + 0O in afterglow
8 AAZL26.7 ] O, + surface - 0, + O (slower)
L7510 | = A[O]=3e13cm® 1
+ gas flow....
1.70)(10-6 I | L | L | L | L | L | L
0.0 0.2 0.4 0.6 0.8 1.0 1.2
time(s)

— Time-dependent modelling-



Time-dependent modelling

of afterglow dynamics

[05] CRDS

4,0E+13

3,5E+13 \%

‘‘‘‘‘‘‘‘‘‘‘
i
ey

- 1,E+16

O, Peak value reasonably good, but:

3,0E+13 |

+ 1E+5

-Initial rise much too fast

2,5E413 1

2,0E+13 1

-Decay too slow

0 and 02(a) concentrations(r=0), cm-3

03 and 02(b) concentrations(r=0), cm-3

1,5E+13 il \
1e orr, 20 mA, |1-D model, afterglow 4 1E+14
L] | Work |
1,0E413 14 \ \ - = ork in prog Fess...
] § —+—03(r=0) I
] —#—03crds
1 4 02(b)(r=0)
seez ¥ | [O3] model 20
‘ % 02(a)(r=0)
00Ew00 B2 T T T | 13
0,00 0,10 0,20 0,30 0,40 0,50 0,60



CRDS in a

symmetric 50cm diameter RF CCP

T

Vg il —

Setup transferred from DC discharge to RF CCP:

Laser arrives by fibre optic ~ Output mirror
and photomultiplier



[O] and Tgas

13.56 MHz

V__._ 1 Torr T T T T T T T 450 T T T T T T T T T T
3x10°F |7 ;'_?_;?" = r |—e—1 Torr 1
: —e— 3 Torr | [ [T 15Tor / |
_ 4 Torr . i :
% ox0nf T eton ] < O i / ]
E. EQ: - 6 Torr ;
0 | " 1 " 1 " 1 " 1 " 1 ] 300 | " 1 " 1 " 1 " 1 1 -

0 20 40 60 80 100 0 20 40 60 80 100
Power (W) Power (W)
Increasing pressure does not Modest increase in gas temperature
produce more O atoms: with pressure at these low powers

- very few high energy electrons at
high pressure



O mole fraction

0.10

0.08

0.06

0.04

0.02

0.00

T

—e— 1 Torr
—eo— 1.5 Torr
2 Torr
—e— 3 Torr
4 Torr
—eo— 5 Torr
6 Torr

O Mole-fraction

e

20

40 l 60
Power (W)

80

100

At 1 Torr, quite significant dissociation even
at very low power densities
(50mW/cm?)

Dissociation fraction drops significantly with
pressure

What is O surface recombination coefficient?
Expect about:

-10% on bare metal,
-10-3 on glass



Loss frequency

13.56 MHz 100W

N
\‘

05 Tor 0, 60W | Very low O loss rate:
. on-resonance ] k — 2 S_l
v~ 1041

N
o

NI
» ol
——

N
w

How can this be so low on bare Al metal?

absorption coefficient (cm-1)

INd
N
——
.1.

N
i

N
o

00 05 1o 1s 20 25 Variation with pressure ?

time (s)



Loss frequency

13.56 MHz 100W

—— (_IICI'J: VErSLUS Fressure
T -

2.8 ) 14
~27 % 0.5 Torr O, 60W
‘—* 2% 12 -
é ;: "% © on-resonance
G526 i %
e T H % ~ 10 1
o 2er i m
S0 i
024 i 2 B
s™[ 2
c 7
o H
= 23 F i
s | 6 -
Q :
g2

I dq
2.1
2.0 1 1 1 1 1 1 7
0.0 0.5 1.0 1.5 2.0 2.5 T T T T T T T
time (s) 0.5 10 15 2.0 2.5 .0 35 4.0
Pressure, P

At higher pressures ozone formation
kicks in:

0+0,+M->0;+M




[OCP)], 10 cm™3
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w
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O density by CRDS

13.56 MHz: reproducibility

Power (W)

13.56 MHz
1Toro, 3 B 1
[ |
E 8 Dec 2020
B 21 Dec 2020
22 dec 2020
[ | B 4 Jan 2021
= m 7 Jan 2021
m il ® 8Jan 2021
B 8 Mar 2021
[ ] B 8 Mar 2021 (2)
u
[ |
[ |
- =
0 50 100 150 200

250

Poor reproducibility
Does chamber history matter?
Does measurement order matter?



O density by CRDS @ 13.56 MHz: effect

5.0

3.5

of order of measurement

- 1 Torr O,

P

/

Star

7

4

—m— 8 Mar 2021

50

100 150
Power (W)

200

250

[O] seems to be continually
decreasing with time

Effects mush stronger at
lower pressure (0.5 Torr)

2 Torr results more
reproducible



Chamber history effects on O density:

most marked at 0.5 Torr

el f‘.. s | S ‘: After weekend:
ey : [O] initially high, returns to steady state value
1.5x10% - Y3 7 : 1
e ¢ . ; in about 30 minutes
%0 ]
51.




Chamber history effects on O density

2.0x10% |

0.0

0.5 Torr

O recombination measure
0.5son 2 s off

Pulsed operation for

00 05 10 15 20 25 30 35 40
time (hours)

After weekend:
[O] initially high, returns to steady state value
in about 30 minutes

Pulsed mode :
-suppresses O density in subsequent cw
operation!

-Returns to steady state in about 30 minutes

We repeated this, and got very similar results

Are the measurements of O lifetime from
pulsed measurements even valid??



Chamber Drift : discussion

O recombination coefficient ~10%
-much lower than values observed in low-pressure systems (10’s %)

O recombination at surfaces increased by:
-low pressure

-high RF power

-plasma pulsing

What is special about pulsed mode?
-over-voltage at breakdown? Not significant

-ratioI".

onlL o higher? — less oxidised, more metallic surface?

-ratio I'g,./T' o, higher?

Passivation/oxidation of Al (Al,O5?) at high O/ low ion energy and flux



CRDS stability check :

O, molecules

~

£ Vil

O, b«X (2,0) P9 transition adjacent (+2.7cm) to O D, <3P, :

O atoms in 3 Torr plasma: O, 255 mBar (no plasma)
7.0x10° T T
T T
40x10° / 3 Torr O, T e \2/55 mf!Bar ° ‘.Q\

_ # "\ 200W 1356 MHz P olgt it J ¢

7 P 3 [

§ " \‘ = | = \\

g e experiment| ¢ ! o °

0] ’ * ‘o 5 \

I3 Gaussian fit \ £ 6.0x10° | | \ E

& ¢ g \

[} / \ o hi-Sqp \

8 / \ p (cop) []

c 4 ‘ k=l =

5 / \ g .

S 3.5x10° - / \ . S .

: . | © '\"-.’

o [ L] © L

© / P ]

M w 5.0x10°° |- o
()
1 L 1 L 1 L
' : ! 15870.4 158705 15870.6 15870.7

15867.7 15867.8 15867.9 15868.0

-1
wavenumber (cm-1) wavenumber (cm™)

Need to include pressure
broadening in line shape

Monitor O, CRDS signal over 100 minutes:



CRDS stability check :

O, molecules

‘ Standard deviation =1.2%

255 mBar O,
e Density from Voigt fit

I . I . I . I
0 20 40 60

Time (min)

. I
80

I
100

Signal stable to + 1.2%
-O, signal about 2.5 times bigger than
for O

—=drift is not due to problems with CRDS
Future : check O, X depletion in O,
discharge (time resolved)

— use (0,0) transition at 763nm
(100x stronger)



Conclusions

Cavity ringdown spectroscopy provides reliable direct absolute measurements :

- O 3P, density @ 630nm
- Gas translational temperature
- O & O; density also, from continuum baseline

- Time-resolved measurements are possible
for timescales longer than ringdown time (10’s us)

O, X density can be measured by the b-X transition ((0,0) around 763nm)
-Time-resolved measurements in pulsed plasmas (O, X depletion)
can be used to probe other species (O 3P, O,a)

O surface recombination strongly influenced by ion bombardment:
v~ 103 on glass and Aluminium without energetic ions
much higher at low pressure/ high ion/neutral flux ratio



