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TextePlan de la présentation

• Propriétés, applications et principe de la synthèse du diamant

• Diamant mono- et polycristallin : décharges CH4/H2 « haute » pression

• Diamant nanocristallin : décharges CH4/H2/Ar « haute » pression

• Diamant nanocristallin basse température : décharges CH4/H2/CO2

« basse » pression

• Conclusion et perspectives



TexteLes différentes formes du carbone

Diamant Graphite Lonsdaleite C60

C70 C540 Carbone amorphe Nanotube



TextePourquoi le diamant ?

Combinaison de propriétés extrêmes

Nombreux domaines d’applications :

- Mécanique

- Tribologie

- Optique

- Electronique

- Thermique

- …



TexteRêve ou réalité ?

Dissipateurs thermiques Electrodes Fenêtres

Scalpels
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Capteurs
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TextePourquoi des films synthétiques ?

Diagramme des phases
du carbone

Ä Diamant HPHT = cristaux + impuretés => applications tribo et mécaniques
Ä Diamant métastable = films + contrôle propriétés => autres applications

Ä Diamant naturel = rareté + coût prohibitif + cristaux de faible dimension



TextePrincipe de la synthèse de diamant

7

Ä Domaine du diamant métastable (P < Pa, T < 1000 K)

Formation simultanée de graphite et de diamant à partir d’une 
phase gazeuse activée contenant une source de carbone

- Considérations cinétiques :

Le mélange gazeux doit procurer des espèces influant sur les
cinétiques de croissance en éliminant préférentiellement

les contributions non-diamant (gravure)

- Considérations thermodynamiques :

Faible différence d’enthalpie libre de formation entre graphite et diamant
(CNTP)



TexteCVD assistée par plasma micro-onde (MPACVD)

Générateur
Magnetron Isolateur

Adaptation 
d’impédance

Coupleur 
directionnel

- Fréquence de 2.45 GHz
- Pas d’électrodes

Mesure de 
puissance

Charge 
plasma

~

Piston de court 
circuit

Tube de quartz

Guide d’onde

Cylindre 
d’adaptation

Eau

l/4

Piston de 
court circuit

Offre le meilleur compromis :

Vitesse de dépôt, dimension traitée, qualité

(épitaxie, structure, pureté,…), coût, complexité,…



TexteProcédé MPACVD « classique »

Substrat (Si,  diamant HPHT…)

DIFFUSION
H HH

CH4 + H CH3 + H2

H2 2 H
e-, D

Micro-ondes (1000-4000W)
H2 + CH4 (95/5)

P= 100-300mbar

Tsubstrat = 700-1100°C

CONDITIONS TYPIQUES DE CROISSANCE



TexteExemples de réacteurs micro-ondes au LSPM 
• Réacteur bell jar

Cavité réelle

Cavité  couplée

• Réacteur métallique

Cavité couplée
Cavité réelle



TexteDiamant monocristallin
• Substrats en diamant, homoépitaxie

500 µm500 µm

Vitesse de dépôt : jusqu�à 70 µm/h
Épaisseur : jusqu�à 2 mm
Surface : jusqu’à 1 cm2

Écoulement de marches (Step Flow Growth)

Marche

Terrasse



TexteDiamant polycristallin
• Substrats en Si, Mo, W,…

12

3 µm

20 µm

100 µm

2 µm

2 µm

10 µm

3 µm

20 µm

100 µm

2 µm2 µm

2 µm2 µm

10 µm

Vitesse de dépôt : jusqu�à 10-20 µm/h
Épaisseur : jusqu�à 1 mm
Surface de dépôt : jusqu’à 2-3 pouces

Films auto-supportés
épaisseur 200 µm



TexteLes enjeux de la synthèse de diamant
Applications Problèmes à résoudre

Électronique

Optique

- Qualité (taux de sp2, impuretés)
- Microstructure
- Vitesse de croissance
- Dopage
- Contact électrique

Mécanique - Adhérence
- Rugosité
- Microstructure
- Revêtement de pièces complexes (3D)
- Vitesse de croissance

- Résistance mécanique
- Rugosité
- Homogénéité sur une large surface

Membranes :

- Contrôle de la pureté
- Large surface
- Vitesse de croissance
- Rugosité

Fenêtres :



TexteMéthodologie

Procédé d’élaboration
Contrôles

in situ

Technologie d’élaboration

Diagnostics de la 
phase plasma

Films de diamantCaractérisation

Applications
Simulation, conception,

caractérisation

R
ét

ro
ac
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ns

Procédés – Plasmas - Matériaux - Applications

• Approche globale et transversale



TexteMécanismes de croissance (Harris & Goodwin 1993)
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Quand [H]surface est suffisament élevée

(> 10-8 mole.cm-3) la vitesse de croissance

ne dépend que de [CH3]surface



TexteMécanismes de croissance (Harris & Goodwin 1993)
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Le modèle de Harris & Goodwin prédit
correctement la vitesse de croissance en
fonction de la composition du plasma



TexteCouplage pression-puissance dans les procédés MPACVD
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La pression et la puissance micro-onde influencent
le couplage micro-onde et par conséquent la forme,
la taille, les températures et les densités du plasma



TexteCouplage pression-puissance dans les procédés MPACVD
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Densité de puissance micro-onde (MWPD) = Puissance absorbée/volume plasma

Couple pression-puissance pour un volume de plasma constant 



TexteModélisation des décharges micro-ondes
• Model 1D avec H2/CH4

28 espèces, 130 réactions

MWPD (W.cm-3)

G. Lombardi et al., J. Appl. Phys. 98 (2005) 053303

Description suivant
l’axe du réacteur

Connaissant le profil
de puissance absorbée Composition du plasma le long de l’axe

=> Etude de H et CH3
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A basse pression, H et CH3 sont produits dans le plasma
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TexteModèle auto-cohérent en plasma H2

Te, Tg, ne

Module plasma
8 espèces, 36 réactions

Tg, <ee>, ne,…

Module électromagnétique
Equations de Maxwell

Mouvement électronique
E, H, Je-HF, MWPD

Densité de puissance 
micro-onde

Iterations

K. Hassouni et al. J. Appl. Phys. 86 (1999) 134

[H] (cm-3) Ne (cm-3) Tg (K) Te (K) MWPD (W.cm-3)



300 mbar – 4000 W

200 mbar – 3000 W
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50 mbar – 1000 W 
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F. Silva et al., J. Phys.: Condens. Matter 21 (2009) 364202



TexteDensité d’hydrogène atomique vs MWPD

Whatever the absolute value, all the tendencies obtained by TALIF, modeling and OES remain the same. For
the following pages, we have opted to base our approach on the measurements made by OES (actinometry)
although we are conscientious that they are probably slightly overestimated.

The strong increase inH-atomdensity as the gas temperature increases and as the electron temperature decreases
confirms that at high power density, dissociation is only carried out through heavy–heavy collisional reactions that
are activated by rotational–vibrational excitation. Since the vibrational temperature is in equilibrium with the
translational one (Hassouni et al., 1999), the whole process appears to be governed by the gas temperature.

Finally, the influence of increasing the power from 3000 to 4000 W, for a constant pressure of 270 hPa, is
such that the H-atom density is raised from 2.2! 1017 cm"3 to 3.5! 1017 cm"3 due to the increase in the gas
temperature (Figure 9(e)).

3.10.4.1.3 Production and Loss Processes and Boundary Layers behavior
The net H-atom production yields for different reactions as a function of the power density (pressure/power) are
shown in Figure 12 . As already mentioned, the thermal dissociation of molecular hydrogen clearly dominates at
high power density. Two processes are responsible for the production of H atoms: H2þH2/ 2HþH2, and
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Figure 11 (a) Measured (OES) and calculated electron temperature variation as a function of pressure for different microwave powers,
at 15 mm from the substrate. Measurements were performed from IHa/IHb ratio measurements. Conditions: H2/CH4 with 4 % CH4 and
500 sccm. (b) Variation of the measured and calculated electron density as a function of pressure for different microwave powers. The
volume-of-sight measurements were performed by microwave interferometry. Conditions : H2/CH4 with 4 % CH4 and 500 sccm.(c)
Maximal plasma bulk measured and calculated H-atom density as a function of pressure for different microwave powers. The mea-
surements were obtained from actinometry and from TALIF. The measurements performed at 4 % and 7 % of methane are plotted (flow
rate ¼ 500 sccm) (Derkaoui, 2012; Gicquel et al., 2012).
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from 0.5! 1017 to 6! 1017! cm"3, i.e. when the couple (pressure, power) varies from (100 hPa–2000 W) to
(350 hPa–4000 W).

nHjs values reported here must be compared to the maximal value at the surface (6! 1017 cm"3) predicted
by Goodwin et al. for a fully dissociated gas flowing at 5000 K and 2 atm, arriving at the stagnation point with a
stagnation-point velocity gradient of 105 s"1 (quasi-absence of boundary layer). We observe a difference of
more than one order of magnitude with our maximal experimental values (0.04).

From the spatial distributions of Tg (gas temperature) and nH (H-atom density), the thermal and mass
boundary layer thicknesses, defined by the following relationships, can be estimated by

dT ¼ TN " T0
ðdT=dzÞjz¼0

(24)

and

dH ¼ XHN " XH0

ðdXH=dzÞjz¼0
(25)

The experimental and numerical estimations are reported in Table 6 . The experimental values always appear
higher than the calculated ones: at 25 hPa and 600 W, the experimental dH referred to xH is 16 mm while the
calculated one gives only 5 mm; at 3 kW and 200 hPa, the corresponding values are 8 and 4, respectively. As
the power density is increased, both experimental and calculated dH and dT decrease due to on the one hand the
location where the MW energy is mainly absorbed (Figure 14(a)) and on the other hand to the reduction of
the thermal andmass diffusivity at highpressure. Indeed, as shownon themeasurements of the emission argon line
intensity profile (IAr7), themaximumof the IAr7 is displaced toward the surface as thepressure andpower increases,
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Figure 13 (a) Variations of the surface H-atom density as a function of pressure for some different powers; (b) H-atom density of the
diamond surface as a function of the maximum of H-atom density in the plasma bulk (Derkaoui, 2012; Derkaoui et al., work in progress).

Table 6 Thicknesses of the thermal and mass boundary layers at the plasmas / surface interface, for different
conditions of pressure and power.

Pressure (hPa) Power (W) dTg (mm) Calculated dH(mm) exp(Model)

70 1500 4.4 17(5.2)
100 2000 4 8(4.3)
150 2500 3.1 (4.1)
200 3000 2.6 8(4)
250 3500 2.4 6.8(3.7)
270 4000 1.9 (3)
400 3000 2.1 4.9
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Figure 13 (a) Variations of the surface H-atom density as a function of pressure for some different powers; (b) H-atom density of the
diamond surface as a function of the maximum of H-atom density in the plasma bulk (Derkaoui, 2012; Derkaoui et al., work in progress).

Table 6 Thicknesses of the thermal and mass boundary layers at the plasmas / surface interface, for different
conditions of pressure and power.

Pressure (hPa) Power (W) dTg (mm) Calculated dH(mm) exp(Model)

70 1500 4.4 17(5.2)
100 2000 4 8(4.3)
150 2500 3.1 (4.1)
200 3000 2.6 8(4)
250 3500 2.4 6.8(3.7)
270 4000 1.9 (3)
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TexteDensité de CH3 et vitesse de croissance vs MWPD 
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All this supports the idea that most of the improvement potential of the deposition process relies on H-atom
density. It also relies on the ability in making CH4 available into the plasma/surface interface, by a proper
injection.

3.10.5 How Can We Increase the Growth Rates

Increasing growth rate keeping very high the diamond crystalline quality and purity is obviously an important
challenge if one wants to increase the capacity of development of diamond applications in the world, in
particular in the domain of high-power electronics.

As seen before, the densities of the key species for diamond are governed by the local conditions at the
plasma/surface interface, i.e. the H-atom density and CH3-radical density at the growing surface, and the
substrate temperature. An enhanced energy deposited in the bulk of the discharge strongly increases the H-atom
density produced into the gas phase which is then transported to the surface. This also strongly affects the CH3
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Figure 17 Variations of the surface methyl density: (a) as a function of the maximum of CH3 density at the plasma / surface interface;
(b) as a function of the maximum H atom density in the plasma bulk with increased methane percentage in the feed-gas. Conditions: 200
hPa/ 3000 W (Derkaoui, 2012; Gicquel et al., 2012).
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challenge if one wants to increase the capacity of development of diamond applications in the world, in
particular in the domain of high-power electronics.
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plasma/surface interface, i.e. the H-atom density and CH3-radical density at the growing surface, and the
substrate temperature. An enhanced energy deposited in the bulk of the discharge strongly increases the H-atom
density produced into the gas phase which is then transported to the surface. This also strongly affects the CH3
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Figure 22 Growth rates as a function of pressure for different powers. The points in blue correspond to 7 % of methane, while those in
red and black correspond to 4 % of methane (Derkaoui, 2012; Gicquel et al., 2012).
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Figure 23 (a) Photography of a 350 mm thick diamond single crystal grown at 70 mm/h in a water cooled stainless steel reactor.
(b) Photoluminescence spectrum of the film shown in Figure 21a obtained at 77K showing an intense Raman peak and a luminescence
originating from SiV impurities at 737 nm (Silva, Hassouni, et al., 2009).
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Performances du procédé MPACVD

quality

growth
rate

MWPD plus élevée à température de gaz plus élevée
à meilleure dissociation de H2 et CH4

à Vitesse de croissance et pureté plus élevées

Modèle de Goodwin

4% CH4

10% CH4



TexteContrôle du procédé d’élaboration

Croissance d’un film monocristallin
à 8 µm/h pendant 60 heures

4 mm

Conditions opératoires :
Pression, puissance micro-onde,…

MWPD, Tg,… 

H et CH3

Croissance

Contrôle

Contrôle

Contrôle

D’autres paramètres doivent également être maîtrisés :
Ex : propriétés et prétraitement du substrat

=> propagation de défauts, adhérence, contraintes,…



Context

Réacteur bell jar (BJ)
Diamant monocristallin

H2/CH4

Diamant polycrystalline
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Taille de grain et rugosité nanométriques

500 nm

Diamant nanocristallin (NCD)

Ar/H2/CH4

Volmer-Weber

Germination 
secondaireCavité résonante

Fréquence micro-onde : 2.45 GHz

Synthèse de diamant nanocristallin



Texte
Principales caractéristiques du diamant nanocristallin

Germination continue

Vitesse de dépôt : qqs. µm/h
Surface de dépôt : 2 pouces
Épaisseur : jusqu�à qqs. centaines µm

1µm

Rms = 10-45 nm

plans (111)
0.205 nm

Grains de 5-20 nm

Mélange gazeux Ar/H2/CH4 (96:3:1) Puissance micro-onde = 600 W
Pression = 200 mbar Température de surface » 850-900 °C
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Décharge H2/CH4
9 W/cm3

MCD
Colonnaire

CH3 et H

Décharge H2/CH4
45 W/cm3

MCD
Colonnaire

CH3 et H

Décharge Ar/H2/CH4
7,5 W/cm3

NCD
Germination secondaire

Précurseur(s) carboné(s) ? H ?

Nature du film
Type de croissance
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(cm-3) près de la surface
H
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ä

Environnement local près 
de la surface (a)

H/CH3 17 304 1158
CH3/ΣCHx 346 5,5 0,16 
H/ΣCHx 6009 1686 182 

Tg 1380 1842 2077

Changement de l’environnement local de CH3
Espèces CHx deviennent significatives(Espèces CHx = CH2, CH, C)

Films de plus grande pureté + vitesse 
de croissance plus élevée

Comparaison décharge MCD/décharge NCD

Changement de mécanisme de 
croissance et de nature de film 

8P. W. May et al. Journal of Applied Physics 100(024301)(2006)



*Collaboration LPSC (Grenoble) et LAPLACE (Toulouse) 

Réacteur Plasmodie * Matrice 4x4 composée de 16 sources 

Avantages:

• Pas de cavité résonante

• Pas besoin de refroidir le porte substrat

• Plasma très dense (ne)

• Scale-up facile

PMW : 1-3 kW
[H2] : 90-98 %
[CH4] : 1-5 %
[CO2] : 1-5 %
Débit : 50 sccm
Pression : 0.2 - 0.7 mbar
Ts : < 400 °C

Paramètres du procédé :

Substrats de 4 pouces

L. Latrasse et al., Plasma Sources. Sci. Technol 16 (2007) 7 

Réacteur à plasma micro-onde distribué



Mélange conventionnel H2/CH4

Energy

Growth and etching species

Reaction on the substrate surface

Diamond Non-sp3

Deposition Etching
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Etching 
products
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CHx (x = 0, 1, 2, 3)
Décomposition de CH4

Espèces de croissance

H
Décomposition de H2

Gravure des phases non-diamant
Stabilisation de la surface en croissance

Production d’espèces oxygénées : O, OH, …
Décomposition de CO2

Rôle de O et OH :

La présence d’espèces oxygénées permet d’obtenir des films de NCD à basse température

+ CO2

1 Vescan et al DRM 1996
2 Ihara et al DRM 1992
3 Harris et al APL 1989
4 Stiegler et al DRM 1996

O Gravure efficace du graphite 1
abstraction de H à la surface 2
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OH Gravure des phases non-diamant 4

Spécificités du mélange H2/CH4/CO2



Effet de pointe dans le plasma
Surchauffe du substrat (> 1000 °C)

Traitement de substrats de géométrie complexe : exemple du Si3N4*

sans substrat avec Si3N4 (er=10)
Simulation électromagnétique Graphitisation

*Coll. CICECO, University of Aveiro

Intérêts du réacteur Plasmodie

Réacteur BJ
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respect to the substrate is thus observed. Nevertheless, it 
should be mentioned a small increase for Si substrate com-
pared to 400 °C. 

Finally, the growth rate calculated from the film final 
thickness and total deposition time assuming a linear de-
pendency is plotted in Fig. 10 as a function of the deposi-
tion temperature and substrate nature. The growth rate de-
creases by a factor 2 from 32-34 nm.h-1 at 400 °C to 15-17 
nm.h-1 at 250 °C. It should be noticed that the growth rate 
obtained for Si substrate is typically 2-3 nm.h-1 above that 
calculated for Si3N4 substrate. 

Figure 10 Growth rate as a function of the deposition tempera-
ture and substrate. 

 
Physical and chemical reactions during diamond 

growth are temperature dependent and the activation ener-
gy of the process can be determined from the Arrhenius 
equation: 

v = v0 exp(-Ea/RT) (1) 

where v is the rate constant, v0 is a temperature-
independent constant, Ea is the activation energy in J.mol-1, 
R is the universal gas constant (8.314 J.K-1.mol-1) and T is 
the substrate temperature in K. The activation energy de-
rived from the gradient of a least-squares fitting among the 
growth rates for the considered temperature range is 
Ea=3.57 ± 0.32 kcal.mol-1 for Si3N4 substrate and Ea=3.24 
± 0.07 kcal.mol-1 for Si substrate. 

These results show that the activation energy is not 
drastically influenced by the considered substrates. Besides, 
the values calculated here are sensibly above the values re-
ported for low-temperature NCD deposition for equivalent 
surface temperature range by Tsugawa et al. using surface-
wave plasma system (Ea=1.6 kcal.mol-1) [18] and Izak et al. 
using pulsed linear antenna microwave system (Ea=1.6-2 
kcal.mol-1) [19], in H2/CH4 and H2/CH4/CO2 gas mixture, 
respectively. However, it is worthy to notice that the acti-
vation energy estimated for the DAA reactor remains be-
low those usually admitted between 5 and 9 kcal.mol-1 for 

NCD or ultraNCD (UNCD) deposition process when using 
conventional H2/CH4 or Ar/H2/CH4 gas mixture at higher 
temperature (typically 500-900 °C) [20]. These differences 
may be linked both to the special design of DAA system 
and to the addition of oxygen-containing species, which 
contribute to the diminishing of the activation energy and 
therefore allow the NCD synthesis at very low surface 
temperature. 

 
4. Conclusion In this paper we investigated the 

growth of NCD film on Si3N4 ceramic substrates at low 
surface temperature using a distributed antenna array 
PECVD process. The simulation of the microwave electric 
field in the considered reactor points out that its special 
configuration permits to avoid a point effect above the ce-
ramic substrate, as observed in microwave cavity systems, 
which prevents from substrate overheating and film graphi-
tization. The DAA reactor is thus suitable to investigate the 
deposition of NCD films at low substrate temperature. Ex-
perimental results obtained for growing temperature of 
400 °C show that the ex situ pre-treatment enhancing dia-
mond nucleation does not significantly influence the mor-
phology, topography, composition and microstructure of 
the NCD films on Si3N4 substrates, the characteristics of 
which remain very close to those of NCD films deposited 
in the same conditions on Si substrates. These characteris-
tics remains also roughly identical when the deposition 
temperature is reduced down to 250 °C. Only the growth 
rate is affected by the temperature change and drastically 
diminishes from 32-34 nm to 15-17 nm.h-1. This evolution 
is well described when considering an Arrhenius law cou-
pling the growth rate and the deposition temperature 
through the activation energy which was estimated in the 
range 3.24-3.57 kcal.mol-1 for the considered low tempera-
ture NCD deposition process using H2/CH4/CO2 gas mix-
ture at low pressure. This value of activation energy is ap-
preciably lower than that usually reported for NCD and 
UNCD deposition at conventional substrate temperature (> 
500 °C). 

Now that the feasibility of low temperature NCD depo-
sition on Si3N4 ceramic substrates is established, forthcom-
ing works will be focused on the tribological characteriza-
tion of NCD/Si3N4 tribo-systems achieved in the growth 
conditions of DAA microwave process, especially adhe-
sion properties. 
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Comparaison des procédés HP/HT et BP/BT

microwave sources, the distance is typically between 5 and 12 cm [16],
it is possible to keep the surface temperature low during the growth
without the need of any cooling system.

In the present work, the substrates usedwere (100)-oriented silicon
wafers with diameters of 1.2 in. and 4 in. for the BJ and DAA reactors, re-
spectively. Two different substrate pretreatments were employed, de-
pending on the deposition systems, and have to be considered for a
total comparison of both processes. It should also be noted that previous
works showed that the nature of the substrate pretreatment (ultrasonic
abrasion or seeding) does not significantly affect the properties of films
with the same thickness grown in the DAA reactor [18]. Before the de-
position processwasperformed in theBJ reactor, the substrateswere ul-
trasonically abraded for 1 h in a suspension of diamond powder with a
grain size of approximately 40 μm in ethanol. The substrates treated in
the DAA reactor were seeded by spin coating with nano-diamond solu-
tion containing diamond particles of 25 nm size. Only one substrate
used in the DAA reactor was ultrasonically abraded in a suspension of
a 40 μm grain size diamond powder for 1 h, in order to increase the de-
position time and the subsequent film thickness, while avoiding deposit
delamination.

The duration of the deposition for the samples A (BJ reactor) and B
(DAA reactor) was set to provide continuous and homogeneous films
and to compare both processes for similar growth times. Sample C
was synthesized in the DAA reactor for a much longer time in order to
obtain a film thickness similar to sample A allowing characterization
and comparisons of the film texture. Table 1 summarizes the growth
conditions and presents the obtained thicknesses and growth rates to
be discussed hereafter. It must be underlined that the considered depo-
sition processes lead to very unlike growth rates (by almost factor 30)
which necessary conducts to different final thicknesses for comparable
synthesis times. However, from an industrial and economic point of
view it is suitable to compare sample A with sample B synthesized
with similar growth times of 5 h and 4 h, respectively. Sample C
achieved with a much longer growth time (100 h) is only studied in
order to investigate the film texture which requires thicker films.

2.2. Film characterization

The film morphology was investigated by top-view scanning elec-
tronmicroscopy (SEM) images taken by a field emission system. The to-
pography was assessed with an atomic force microscopy (AFM) system

in tappingmode in air. The Raman spectra were obtained by working in
a confocalmode and in theback-scattering configuration using a contin-
uous wave laser at 488 nm as an excitation source. X-ray diffraction
(XRD) patterns were obtained using the CuKα1 radiation (λ =
1.54056 Å) with an incident X-ray angle of 1° and 10°. The film grain
sizewas estimated based on the Scherrer equation applying theRietveld
method to the (111) and/or (220) diffraction peaks [19,20]. Additional-
ly, in order to describe carefully the preferred crystallographic orienta-
tion of the films, a direct pole figure analysis was carried out with a
four circle goniometer. The diffracted intensity of the (311) and (400)
reflections was so weak that only the (111) and (220) reflections
were considered. The measured intensities were corrected for back-
ground emission and defocusing and were normalized. Finally, the
film thickness was measured using a UV–visible reflectometer or by es-
timating the weight gain after deposition.

2.3. Plasma modelling and diagnostics

A one dimensional plasmamodel was developed to describemoder-
ate pressure Ar/H2/CH4 discharges inmicrowave cavity systems. A com-
plete description of this model is given elsewhere [21–23]. Briefly, the
model takes the thermal non-equilibrium into account in the plasma
by considering two energy-modes. The first one corresponds to the
heavy species translation-rotation (T-R) mode and is characterized by
the gas temperature Tg, while the second one is the electron translation
mode (e), the distribution of which may significantly deviate from a
Maxwellian one. The non-Maxwellian behavior of the electron energy
distribution function (eedf) is taken into account by solving the electron
Boltzmann eq. [21]. Due to the relatively high pressure, a thermal equi-
librium is assumed between the vibrational modes of molecular species
and the T-R mode. The chemistry of the considered Ar/H2/CH4 plasmas
is described by taking 38 chemical species into account containing up to
two carbon atoms: neutral and charged hydrogen compounds (H2, H,
H(n = 2), H(n = 3), H+, H2

+ and H3
+), hydrocarbon molecules CxHy

(x = 1–2, y = 0–6) and their corresponding positive ions (C+, CH3–5
+ ,

C2+, C2H1–6
+ ), as well as argon based compounds Ar, Ar+, ArH+, and the

metastable states Ar⁎ and ArH+⁎. These species are involved in 147
chemical reactions based on a model developed for moderate pressure
H2/CH4 plasmas that describes the chemistry of hydrogen species,
CH4/H2 hydrocracking, hydrocarbon ions, as well as the reactions due
to the presence of argon [21,22]. The model was carefully validated via
comparisons with experimental measurements carried out by emission
and absorption spectroscopy as well as actinometry [21–25], so that it
can be used to investigate the BJ reactor with satisfactory confidence
[26,27].

Since the development of a plasma model is still under progress for
theDAA reactor, themicrowave discharge ignited in this reactorwas ex-
plored by spectroscopic diagnostics: (i) optical emission spectroscopy
(OES) in the visible spectral range, and (ii) absorption spectroscopy in
the mid-infrared spectral range (MIR-AS). For the latter, two different

Fig. 2. Photographs of the microwave discharges ignited within: (a) the BJ reactor and (b) the DAA reactor.

Table 1
Sample growth conditions, thickness and growth rate.

Sample Pretreatment Reactor Deposition time
(h)

Thickness
(μm)

Growth rate
(μm·h−1)

A Abrasion BJ 4 3.8 0.95
B Seeding DAA 5 0.177 0.035
C Abrasion DAA 100 3.4 0.034
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radiation sourceswere used. Firstly, lead salt lasers employed in tunable
diode laser absorption spectroscopy (TDLAS), and secondly, an exter-
nal-cavity quantum cascade laser (EC-QCL), were utilized. The OES
method was mainly used to derive information about the gas tempera-
ture and the degree of dissociation of the hydrogenmolecules in themi-
crowave plasma. UsingMIR-AS, the temperature of the CH3 radicals and
of the stable molecules CO and CH4, as well as, the absolute concentra-
tions of CH3, CH4, CO2, CO, C2H2 and C2H6, were monitored in the reac-
tor. More detailed descriptions of the optical measurements,
experimental setups, and data analysis to determine species densities
and temperatures are given in previous papers [28,29].

3. Results and discussions

3.1. Film characterization

The film thickness measured for samples A and B and the resulting
growth rates deduced by assuming a linear dependency between thick-
ness and deposition time (Table 1) are typical for NCD films grown in
both microwave systems [16,30]. The growth rate of 0.95 μm·h−1 ob-
tained in the BJ reactor is much higher than that of 0.035 μm·h−1 for
the DAA reactor. This could be due to the radically different feed gas
mixture (Ar/H2/CH4 and H2/CH4/CO2, respectively), substrate tempera-
ture (1170 K and 670 K, respectively) and pressure (200 hPa and 35 Pa,
respectively) employed for each system, but also andmore likely due to
a strong difference in the microwave power density (MWPD) absorbed
by the plasma.

As a matter of fact, taking the total injected microwave power and
the plasma volume into account, which depends on the working pres-
sure, the MWPD calculated for the BJ reactor is around 7.5 W·cm−3,
whereas the value estimated for the DAA reactor is around 1 W·cm−3.
A higher absorbedMWPD in the BJ reactor leads to amore efficient cou-
pling of the microwave energy to the electrons, and thus to the neutral
gas through electron-heavy species collisions, leading to much higher
electron and gas temperatures [21]. As a result, the plasma reactivity
and consequently the production of key species for growth should be
enhanced in the BJ reactor compared to the DAA reactor. The height of
the microwave discharges of 2.5 cm and 9.5 cm for the BJ reactor and
the DAA reactor, respectively, should also be reminded in order to con-
sider the influence on the growth rate of reactive species gain or loss
due to species diffusion, but also convection, at the surface [31].

Physical and chemical reactionsduringdiamondgrowth are temper-
ature dependent and the activation energy of the process can be deter-
mined from the Arrhenius equation:

G ¼ G0 exp −Ea=RTð Þ ð1Þ

where G is the growth rate, G0 is a temperature-independent constant,
Ea is the activation energy in J·mol−1, R is the universal gas constant
(8.314 J·K−1·mol−1) and T is the substrate temperature in K. The Ar-
rhenius diagrams of the growth rate estimated for the BJ reactor and
the DAA reactor are given in Fig. 3 for a constant microwave power of
500 W and 3 kW, and for a typical substrate temperature range of
870–1170 K and 520–870 K, respectively.

According to Eq. (1), the activation energy derived from the gradient
of a least-square fitting of the growth rates for the considered tempera-
ture ranges is Ea = 9.0 ± 1.8 kcal·mol−1 for the BJ reactor and Ea =
3.2 ± 0.2 kcal·mol−1 for the DAA reactor. The value obtained for the
BJ reactor is in good agreement with those usually reported for NCD or
Ultra NCD (UNCD) deposition processes, between 5 and 9 kcal·mol−1,
when using conventional H2/CH4 or Ar/H2/CH4 gas mixtures at high
substrate temperatures (typically 770–1170 K) [32–34]. The value de-
termined for the DAA reactor is noticeably above the values reported
for low-temperature NCD deposition at an equivalent surface tempera-
ture range by Tsugawa et al. using a surface-wave plasma system (Ea =
1.6 kcal·mol−1) [35] and Izak et al. using a pulsed linear antenna

microwave system (Ea = 1.6–2 kcal·mol−1) [36], both for a H2/CH4/
CO2 gas mixture. However, it is noteworthy that this activation energy
is much lower than in the case of the BJ reactor. These differences may
be linked both to the particular design of the DAA system and to the dif-
ferent gas mixture employed, especially the use of oxygen containing
species in the case of the DAA reactor, which may contribute to the
diminishing of the activation energy and therefore allow the NCD syn-
thesis at low substrate temperature [36]. The huge difference between
the growth rate measured at 870 K for the BJ reactor (0.34 μm·h−1)
and the DAA reactor (0.061 μm·h−1) should also be mentioned, as
assessed in Fig. 3, which is further evidence for the difference between
both considered synthesis processes.

SEMmicrographs of samples A and B are given in Fig. 4. For both sys-
tems, the morphology of the film surface is characteristic of NCD layers
where nowell-facettedmicron-size diamond crystallites can be noticed.
The surface is covered by nanometric aggregates and grains due to a
high-rate predominantly secondary nucleation growth mode [37],
whatever the reactor and deposition conditions. However, thefilmmor-
phologies present some dissimilarities as well. The film of sample A is
formed by the coalescence of large aggregates which leads to an undu-
lating and apparently rough surface, whereas the aggregates and grains
of sample B are smaller and form a smoother interface. It should also be
noticed that in spite of the low growth rate measured for the DAA reac-
tor the film of sample B is homogeneous and continuous even for a
thickness as small as 0.177 μm.

The sample topography investigated by AFMon 5× 5 μm2 areas (Fig.
5) is in good agreement with SEM observations. The AFM micrographs
confirm that sample A is formed of much larger aggregates than sample
B. The resulting surface rootmean square roughness (Rms)was estimat-
ed to be 35 nm for sample A versus 12 nm for sample B. This significant
difference should be linked to the unlike film thicknesses and to the dif-
ference of the aggregate size, as pointed out by the SEM and AFMmicro-
graphs, and not to the size of the crystallized grainswhich formed these
aggregates. As a matter of fact, for both deposition systems, it has been
demonstrated that the aggregates forming the NCD films are composed
of crystallized grains of nanometer-scale size. Even if the grain size de-
pends on the growth conditions, it always remains in the range 10–
20 nm for the considered process parameters [16,38].

Previous works showed that the NCD films produced in the BJ reac-
tor are composed of polycrystalline globular grains (designated above
as aggregates) which are nano-structured ballas-like particles [39] as
described by Haubner and Lux [40]. The ballas particles start to grow
on the nucleation sites resulting from the substrate pretreatment and
develop radially up to the coalescence stage when a continuous film is

Fig. 3. Arrhenius diagrams of the growth rate measured for the BJ reactor and the DAA
reactor for a substrate temperature range of 870–1170 K and 520–870 K, respectively.
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formed. Therefore, for thicknesses of a few μm, the film surface topogra-
phy is mainly determined by the size of the ballas particles, which
strongly depends on the nucleation density. In the case of the DAA reac-
tor, the aggregates are much smaller, whichmay be due to a higher nu-
cleation density and much limited thickness. Indeed, in the case of
nanodiamond seeding, nucleation densities N1011 cm−2 can be reached
[41], whereas the nucleation density usually obtained after ultrasonic
abrasion and deposition in the BJ reactor is typically around
1010 cm−2 [42]. Also, certain aspects of the growth mechanisms could
be slightly different and the aggregates forming the NCD films synthe-
sized in the DAA reactor can deviate from the spherulitic ballas-like par-
ticles observed in the BJ reactor.

A detailed study of the filmmicrostructure may bring supplementa-
ry information about the layer components and arrangement. For this
purpose, Fig. 6 depicts the Raman spectra of samples A and B. Some sim-
ilarities between both growth processes are found, with spectra
exhibiting the diamond peak at 1332 cm−1, the graphite D and G
bands at 1350 and 1580 cm−1, respectively, and the trans-polyacetylene
bands around 1140 and 1470 cm−1, respectively [43]. However, the in-
tensity of the diamond peak is much weaker for the film of sample A
grown in the BJ reactor. Furthermore, the graphite bands and the
trans-polyacetylene contribution at 1470 cm−1 are more exalted for
this sample than for the layer obtained in the DAA reactor. Hence, the
relative purity of sample B appears to be better than that of sample A.

It should be remindedhere that the 1140 and 1470 cm−1 peaks have
been assigned to the v1 and v3 modes of trans-polyacetylene, which are
roughly sum and difference combinations of C_C chain stretching and
CHwaggingmodes [44–46]. trans-polyacetylene is an alternate chain of
sp2 carbon atoms, with a single hydrogen bonded to each C, and the
consideredmodes are connected to the presence of hydrogen. This sug-
gests that the incorporation of hydrogen can be lower for sample B. This
can be due to an effective abstraction of surface hydrogen atoms by the
atomic oxygen created in the dissociation of CO2 in the plasma [47].
Also, since sp2 phases, especially trans-polyacetylene, are localized in

grain boundaries [43], the decrease of such contributions in the
Raman spectrum of sample B could result from differences in the
growth modes as discussed previously.

The XRD patterns of samples A and B are shown in Fig. 7. The (111),
(220) and (311) reflection peaks, occurring at 2θ = 43.9°, 2θ = 75.3°
and 2θ = 91.5°, respectively, are clearly visible for both samples
which is further evidence for the presence of crystalline diamondwithin
the films whatever the growth process. The substrate related silicon
(311) diffraction peak at 2θ = 56.1° is also observed for the thinnest
film (sample B).

Using the Scherrer formula, the size of the coherent diffracting do-
mains, representative of the crystallized grain size, was estimated to
be 20 ± 1 nm and 21 ± 1 nm for samples A and B, respectively. These
measurements definitely point out the film nanocrystalline structure
but also that both growth processes produce identical diamond grains
despite the deviation between the microwave coupling, composition
of the feed gas and substrate temperature. This is an important result
since the difference in the film performances for applications does not
depend on the diamond components itself, but in the way the
nanometric grains are arranged in the layer matrix and on the impuri-
ties located at the grain boundaries.

Finally, a direct pole figure analysis was completed in order to inves-
tigate the crystallographic orientation of the films grown in both reac-
tors. As long as the films are azimuthally disoriented, a plot of the
radial pole density versus the polar angle χ is sufficient to describe the
film fiber axis. In order to allow the comparison of films with compara-
ble thickness, sample C, the thickness of which is 3.4 μm after 100 h de-
position in theDAA reactor (Table 1), was considered alongwith sample
A (BJ reactor). The (111) and (200) radial pole figures thus obtained are
shown in Fig. 8. A very interesting result is the following, in spite of their
thin thickness (below 4 μm), both samples exhibit unambiguously a
strong 〈110〉 fiber axis comparable to that obtained, depending on
growth conditions, for a polycrystalline diamond (PCD) film of a few
tens of μm thickness [48].

Fig. 4. SEM micrographs of NCD films deposited in the BJ reactor (sample A) and in the DAA reactor (sample B).

Fig. 5. AFM micrographs of NCD films deposited in the BJ reactor (sample A) and in the DA reactor (sample B).
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radiation sourceswere used. Firstly, lead salt lasers employed in tunable
diode laser absorption spectroscopy (TDLAS), and secondly, an exter-
nal-cavity quantum cascade laser (EC-QCL), were utilized. The OES
method was mainly used to derive information about the gas tempera-
ture and the degree of dissociation of the hydrogenmolecules in themi-
crowave plasma. UsingMIR-AS, the temperature of the CH3 radicals and
of the stable molecules CO and CH4, as well as, the absolute concentra-
tions of CH3, CH4, CO2, CO, C2H2 and C2H6, were monitored in the reac-
tor. More detailed descriptions of the optical measurements,
experimental setups, and data analysis to determine species densities
and temperatures are given in previous papers [28,29].

3. Results and discussions

3.1. Film characterization

The film thickness measured for samples A and B and the resulting
growth rates deduced by assuming a linear dependency between thick-
ness and deposition time (Table 1) are typical for NCD films grown in
both microwave systems [16,30]. The growth rate of 0.95 μm·h−1 ob-
tained in the BJ reactor is much higher than that of 0.035 μm·h−1 for
the DAA reactor. This could be due to the radically different feed gas
mixture (Ar/H2/CH4 and H2/CH4/CO2, respectively), substrate tempera-
ture (1170 K and 670 K, respectively) and pressure (200 hPa and 35 Pa,
respectively) employed for each system, but also andmore likely due to
a strong difference in the microwave power density (MWPD) absorbed
by the plasma.

As a matter of fact, taking the total injected microwave power and
the plasma volume into account, which depends on the working pres-
sure, the MWPD calculated for the BJ reactor is around 7.5 W·cm−3,
whereas the value estimated for the DAA reactor is around 1 W·cm−3.
A higher absorbedMWPD in the BJ reactor leads to amore efficient cou-
pling of the microwave energy to the electrons, and thus to the neutral
gas through electron-heavy species collisions, leading to much higher
electron and gas temperatures [21]. As a result, the plasma reactivity
and consequently the production of key species for growth should be
enhanced in the BJ reactor compared to the DAA reactor. The height of
the microwave discharges of 2.5 cm and 9.5 cm for the BJ reactor and
the DAA reactor, respectively, should also be reminded in order to con-
sider the influence on the growth rate of reactive species gain or loss
due to species diffusion, but also convection, at the surface [31].

Physical and chemical reactionsduringdiamondgrowth are temper-
ature dependent and the activation energy of the process can be deter-
mined from the Arrhenius equation:

G ¼ G0 exp −Ea=RTð Þ ð1Þ

where G is the growth rate, G0 is a temperature-independent constant,
Ea is the activation energy in J·mol−1, R is the universal gas constant
(8.314 J·K−1·mol−1) and T is the substrate temperature in K. The Ar-
rhenius diagrams of the growth rate estimated for the BJ reactor and
the DAA reactor are given in Fig. 3 for a constant microwave power of
500 W and 3 kW, and for a typical substrate temperature range of
870–1170 K and 520–870 K, respectively.

According to Eq. (1), the activation energy derived from the gradient
of a least-square fitting of the growth rates for the considered tempera-
ture ranges is Ea = 9.0 ± 1.8 kcal·mol−1 for the BJ reactor and Ea =
3.2 ± 0.2 kcal·mol−1 for the DAA reactor. The value obtained for the
BJ reactor is in good agreement with those usually reported for NCD or
Ultra NCD (UNCD) deposition processes, between 5 and 9 kcal·mol−1,
when using conventional H2/CH4 or Ar/H2/CH4 gas mixtures at high
substrate temperatures (typically 770–1170 K) [32–34]. The value de-
termined for the DAA reactor is noticeably above the values reported
for low-temperature NCD deposition at an equivalent surface tempera-
ture range by Tsugawa et al. using a surface-wave plasma system (Ea =
1.6 kcal·mol−1) [35] and Izak et al. using a pulsed linear antenna

microwave system (Ea = 1.6–2 kcal·mol−1) [36], both for a H2/CH4/
CO2 gas mixture. However, it is noteworthy that this activation energy
is much lower than in the case of the BJ reactor. These differences may
be linked both to the particular design of the DAA system and to the dif-
ferent gas mixture employed, especially the use of oxygen containing
species in the case of the DAA reactor, which may contribute to the
diminishing of the activation energy and therefore allow the NCD syn-
thesis at low substrate temperature [36]. The huge difference between
the growth rate measured at 870 K for the BJ reactor (0.34 μm·h−1)
and the DAA reactor (0.061 μm·h−1) should also be mentioned, as
assessed in Fig. 3, which is further evidence for the difference between
both considered synthesis processes.

SEMmicrographs of samples A and B are given in Fig. 4. For both sys-
tems, the morphology of the film surface is characteristic of NCD layers
where nowell-facettedmicron-size diamond crystallites can be noticed.
The surface is covered by nanometric aggregates and grains due to a
high-rate predominantly secondary nucleation growth mode [37],
whatever the reactor and deposition conditions. However, thefilmmor-
phologies present some dissimilarities as well. The film of sample A is
formed by the coalescence of large aggregates which leads to an undu-
lating and apparently rough surface, whereas the aggregates and grains
of sample B are smaller and form a smoother interface. It should also be
noticed that in spite of the low growth rate measured for the DAA reac-
tor the film of sample B is homogeneous and continuous even for a
thickness as small as 0.177 μm.

The sample topography investigated by AFMon 5× 5 μm2 areas (Fig.
5) is in good agreement with SEM observations. The AFM micrographs
confirm that sample A is formed of much larger aggregates than sample
B. The resulting surface rootmean square roughness (Rms)was estimat-
ed to be 35 nm for sample A versus 12 nm for sample B. This significant
difference should be linked to the unlike film thicknesses and to the dif-
ference of the aggregate size, as pointed out by the SEM and AFMmicro-
graphs, and not to the size of the crystallized grainswhich formed these
aggregates. As a matter of fact, for both deposition systems, it has been
demonstrated that the aggregates forming the NCD films are composed
of crystallized grains of nanometer-scale size. Even if the grain size de-
pends on the growth conditions, it always remains in the range 10–
20 nm for the considered process parameters [16,38].

Previous works showed that the NCD films produced in the BJ reac-
tor are composed of polycrystalline globular grains (designated above
as aggregates) which are nano-structured ballas-like particles [39] as
described by Haubner and Lux [40]. The ballas particles start to grow
on the nucleation sites resulting from the substrate pretreatment and
develop radially up to the coalescence stage when a continuous film is

Fig. 3. Arrhenius diagrams of the growth rate measured for the BJ reactor and the DAA
reactor for a substrate temperature range of 870–1170 K and 520–870 K, respectively.
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For PCD films the textured growth can be described, in absence of
secondary nucleation, by the Van der Drift model [49]. Themain param-
eter which determines the film texture is the direction of fastest growth
corresponding to the largest dimension of the single crystals. After coa-
lescence of isolated crystallites, the growth is governed by the compet-
itive development of randomly oriented crystals. As the film thickens,
more and more grains are buried by adjacent grains and only the crys-
tals with their direction of fastest growth normal to the surface survive,
which results in a pronounced fiber texturewith the degree of texturing
increasing with the film thickness.

For NCD films produced in the BJ reactor, the growth is not colum-
nar. The strong 〈110〉 preferentially oriented growth is explained
through a growth mechanism taking a high nucleation rate and twin-
ning into account, as well as a selective evolution model at nanometric
scale. The main concept is the development of ballas-like particles
formed of radially oriented nanometric growing sectors elongated
along the〈110〉 axis [39]. In absence of a columnar growth [16], con-
sidering the high secondary nucleation rate and the identical grain size,
the resilient〈110〉 fiber axis observed for thin NCDfilms grown in the
DAA reactor can be due to a growth mode comparable to the one de-
scribed for the BJ reactor. It is then remarkable that NCD films deposited

using so different growth processes, especially at high and low substrate
temperatures, exhibits similar properties.

In the first part of the presented study, some similarities and notice-
able disparities betweenNCDfilms grown at low and high temperatures
have been described. In order to further understand, but also to be able
to control the film properties, the investigation and the comparison be-
tween the plasma discharges ignited in both reactors considered here
are required.

3.2. Plasma characterization

The following part of the study deals with plasma characterization
and comparisons between both growth processes. Firstly, the depen-
dencies of the growth process on the electron density and electron tem-
perature, aswell as of the gas temperature, are presented and discussed.
Secondly, the major and key species densities calculated and/or mea-
sured close to the substrate surface are discussed regarding their plasma
kinetics and impact on growth processes.

Microwave discharges are characterized by a strong thermal and
chemical non-equilibrium. Typically, heavy species translation, elec-
tronic, vibration and rotation excitation modes and also the electron
translation mode can be distinguished. The heavy species translation
mode is characterized by the gas temperature Tg, whereas the electron
energy is described by the electron temperature Te. The discharge kinet-
ics depend on both temperatures as these govern the electrons-heavy
species and inter heavy species reaction rates. Thus the knowledge of
Tg and Te is of prime interest in order to analyze themain reactionmech-
anisms that lead to the production and consumption of growth and
etching key species, especially close to the growing surface.

For the BJ reactor and growth conditions used here, the electron
temperature was estimated from the plasma model to be about 0.4 eV
(4400 K) at a distance of 1 mm from the substrate surface, for an elec-
tron density of about 1.5× 1012 cm−3. In a former study of plasmas cre-
ated in a 4 × 3 source matrix DAA reactor in pure hydrogen at 1.4 kW
and 30 Pa [50], the electron temperature and density were measured
by a Langmuir probe to be 1.2 eV (14,000 K) and 4× 1011 cm−3, respec-
tively, 2 cm away from the microwave sources. Even at a microwave
power value of 3 kW power and at a gas mixture of 96.5% H2/2.5%
CH4/1% CO2, the electron temperature and density are expected to
strongly decrease with increasing distance from themicrowave sources
as shown for the case of a pure argon plasma in [51]. Therefore, at 9.5 cm
from the microwave sources in the DAA reactor, which corresponds to
the substrate position considered for NCD growth, both the electron
temperature and density are probably at least as low as the values re-
ported here for the BJ reactor.

The gas temperature in the BJ reactor was determined to be 2100 K
1 mm away from the substrate surface, whereas in the plasma bulk Tg
was estimated to be 4000 K by modelling and between 3500 and
4000 K by experimental investigations [22,52]. Due to the moderate
pressure used in the experimental conditions, modelling calculations
and measurements assume a thermal equilibrium between translation,
rotation and vibration of heavy species.

In the DAA reactor, the experimental determination of the gas tem-
perature is more complex due to the low working pressure and subse-
quently due to the strong non-thermal equilibrium between the
relevant energy modes. Based on the α–Fulcher Q branch emission
band (2–2) of the H2 molecule around 600 nm, the gas temperature
was found to be about 850 K at a distance of 2 cm from the microwave
sources of a 4 × 3 source matrix DAA reactor working in pure hydrogen
gas at 2 kW and 30 Pa [50]. As a matter of fact, in the DAA reactor the
determinationof the gas temperaturewidely depends on the investigat-
ed species and on related excitation states which result from the zone
where the species are probed [28]. Thus, depending on the different
plasma zones and on the probed species, the gas temperature was
found to range between 360 and 1000 K 9.5 cm away from the micro-
wave sources. Despite the deviations between the values measured in

Fig. 6. Raman spectra of NCD films deposited in the BJ reactor (sample A) and in the DAA
reactor (sample B).

Fig. 7. XRD patterns of NCD films deposited in the BJ reactor (sample A) and in the DAA
reactor (sample B).
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Taille grains = 21 nm

Taille grains = 20 nmthe DAA reactor, the gas temperature can be considered to be lower
than 1000 K at the substrate position, which is drastically below the
value of 2000 K reported for the BJ reactor. A so high discrepancy is ex-
pected to strongly influence the plasma chemistry and reaction mecha-
nisms nearby the substrate surface. Thus, for the BJ reactor the plasma
kinetics may be mainly driven by thermal chemistry, whereas in the
DAA reactor both thermal and electron driven processes can govern
the production and consumption of key species.

Fig. 9 presents the major and key species densities and mole frac-
tions calculated at 1 mm from the substrate surface in the BJ reactor
with the plasma model for the current growth conditions. At this posi-
tion, the density of C2 species, which is considered as one of the possible
precursor of secondary nucleation and NCD film growth [53,54], is
2.5 × 1012 cm−3. More recently, May et al. demonstrated the impor-
tance of CHx species in the growth process, depending on their relative
densities [55–57]. They foundout that theCH3=∑

xb3
CHx ratio determines

the nature of the deposited diamond film and suggested that CHx spe-
cies play an important role in promoting secondary nucleation and
NCD growth, in addition to the contribution usually reported for CH3

radical [58]. At the considered position, the CH3, CH2, CH and C densities
are 4.2 × 1012, 1.7 × 1012, 1.3 × 1012 and 2.4 × 1013 cm−3, respectively,
which points out that the densities for CHx(xN1) species are all of the
same order of magnitude and furthermore shows the predominance
of C atoms among all CHx species. In these conditions, the CH3=∑

xb3
C

Hx ratio was estimated to be 0.16 which is much lower than the maxi-
mum value of 50 in which case the NCD growth is enhanced by mainly
CH3 and C [56]. In addition to the species densities, their sticking coeffi-
cient has also to be taken into account in order to accurately examine
the plasma-surface interactions. This parameter depends strongly on
the nature of the surface and of the involved crystallographic planes,
so that the values reported in literature are generally dispersed, even
if detailed studies have been carried out, for example based on calcula-
tions of the molecular dynamics for CH3 [59].

C2H2, C2H and H, are other predominant species with densities of
4.1 × 1015, 2.2 × 1013 and 4.9 × 1015 cm−3, respectively. C2H6 has a
very low calculated density of 4.9 × 107 cm−3. The high density of H
atoms has to be particularly noted because it contributes to about 1%
of theplasma composition, despite the lowH2 concentration of 3% intro-
duced into the feed gas. This value is comparable to the amount of H
atoms produced in H2/CH4 gas mixture with 99% H2 under 25 hPa and
600 W usually used for polycrystalline diamond growth [21]. For the
current conditions, this corresponds to a degree of dissociation of hy-
drogen of about 12%, which is considerably high in relation to themod-
erate microwave power of 500W fed to the reactor. Therefore, H atoms
probably play a key role in the growth process by ensuring, for instance,
an enhanced etching of the non-diamond phases.

With amole fraction of 1.6× 10−6 close to the surface, CH4 is almost
entirely converted in other carbon containing species,mainly into stable
molecules as C2H2 which represents around 0.6% of the discharge com-
position for 1% CH4 in the feed gas. Taking the carbon containing species
shown in Fig. 9 into account, the carbon mass balance is fulfilled nearly
to 100%. The strong dissociation observed for the microwave discharge
investigated here results from the very high gas temperature reached
in Ar rich plasmas as discussed in previous works [22,52]. Finally, in

Fig. 8. (111) and (200) radial pole figures for NCD films deposited in the BJ reactor (sample A) and in the DAA reactor (sample C).

Fig. 9. Species densities and mole fractions calculated in the BJ reactor at 1 mm from the
substrate surface. (a) CHx species; (b) C2Hx species and H-atom.
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Modélisation en configuration multi-sources
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3 kW, 0.45 mbar

a=4 cm et b≈5.6 cm

Matrice 2D
a

b Plasma plus homogène :
- Loin des sources

- A plus basse pression

Modélisation en configuration multi-sources



Film homogeneity vs plasma homogeneity
Proche des sources et/ou

à plus haute pression

Films hétérogènes

nH (cm-3)

Plasma hétérogène

Homogénéité des films vs homogénéité du plasma

Loin des sources et/ou
à plus basse pression

Films homogènes
Plasma homogène



Plasma diagnostic technics

Espèces et transitions considérées* :

Diagnostic Type of laser Species Temperature 
measurement

Concentration 
measurement

OES
H2, Q(2,2) Fulcher-a
H, Balmer lines

IR-AS
TDL

CH3, Q(3,3)
CH3, Q(12,12)

CH4
C2H2
CO2
C2H6

EC-QCL CO, n = 0, 1, 2 and 3

Conditions plasma :
Paramètres standards :

97 mm; H2/CH4/CO2 (96.5 % / 2.5 % / 1%)
Pression [mbar]:

0.25 - 0.55
Puissance [kW]:

2 - 3

Film homogeneity vs plasma homogeneityDiagnostic des décharges H2/CH4/CO2

*Coll. INP Greifswald, Allemagne



Système Fulcher-a Q(2-2) de H2
niveau excité ("#Π%&)

Trot du niveau vibronique ()*+,, . )

• Trot plus élevée à plus hautes pressions
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2 Dekkar master 2017

• ne de 8·1015 m-3 à 3·1016 m-3  quand PMW de 2 à 3 kW 2

Trot due à ne quand PMW 

1 Nave et al PSST 2017, Part 1

Basse pression Trot de 775 à 875 K

Hautes pressions Trot de 850 à 1050 K

Plasma diagnostic technicsFilm homogeneity vs plasma homogeneityTempérature rotationnelle de H2



Températures cinétiques et rotationnelles à 3 kW et 0.35 mbar 1:

Zones de detection des différentes espèces :

La temperature depend 
fortement de l’espèce sondée et 

de la zone de détection

Hot zoneCold zone
Cold zone

Species Temperature [K] Lifetime Zone of detection
H2("#Π%&) Trot = 1030 (±100) 40 ns Hot zone
CO, n = 0 Trot = 360 (±30), Tkin = 345 (±30) stable Cold zone
CO, n = 1 Trot = 525 (±50), Tkin = 480 (±50) ~25 ms Hot and cold zone
CO, n = 2 Trot = 630 (±50), Tkin = 635 (±100) ~12.5 ms Hot and cold zone
CO, n = 3 Trot = 900 (±200), Tkin = 685 (±200) ~8 ms Hot and cold zone

CH4 Tkin = 350 (±50) stable Cold zone
CH3 Trot = 640 (±180) 1-5 ms Hot zone

Température du gaz estimée à 600 ± 100 K dans le plasma

Plasma diagnostic technicsFilm homogeneity vs plasma homogeneityBilan des températures mesurées

1 Nave et al PSST 2017, Part 1
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• !" quand PMW

• 90 % < !",$%& < 97 %

• 80 % < !",$'( < 90 %

• 2 % < !",'& < 6 %

• Optimum en fonction de la pression

1 Nave et al PSST 2017, Part 2

KD élevé pour CH4 et H2 Production d’espèces de croissance et de gravure

KD élevé pour CO2
Production d’espèces oxygénées nécessaires pour la 
croissance de NCD à basse température

Plasma diagnostic technicsFilm homogeneity vs plasma homogeneityTaux de dissociation de H2, CO2 et CH4
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Espèces oxygénées 1

• Pas de variation avec PMW

• [H2] = 2·1015 cm-3 et [CH4] = 4·1013 cm-3

• [C2H2] = 2·1013 cm-3 et [C2H6] = 1.5·1012 cm-3

• [CH3] = 2·1012 cm-3 et [H] = 2·1014 cm-3

• Pas de variation avec PMW

• [CO2] = 5·1012 cm-3 et [CO (n = 1)] = 1·1013 cm-3 

• [CO (n = 2)] = 8·1011 cm-3

• [CO] = 1·1014 cm-3

CO et H sont les principales espèces resultant de la décomposition
du mélange gazeux + concentration significative de CH3

CH4 injected CO2 injected

CH4 est une source additionnelle de 
carbone pour la production de CO[CO] mesurée plus élevée que [CO2] introduit

1 Nave et al PSST 2017, Part 2

Plasma diagnostic technicsFilm homogeneity vs plasma homogeneityConcentration des espèces
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• [CH3] = 2·1012 cm-3 et [H] = 2·1014 cm-3

• [H2] = 2.5·1015 cm-3 et [CH4] = 2.5·1013 cm-3

• [C2H2] = 1.5·1013 cm-3 et [C2H6] = 8·1012 cm-3

• [CO (n = 0)] = 1·1014 cm-3

• [CO (n = 1)] = 1·1013 cm-3 et [CO2] = 3·1012 cm-3

• [CO (n = 2)] = 1·1012 cm-3

Pas d’effet significatif de la pression

1 Nave et al PSST 2017, Part 2

Plasma diagnostic technicsFilm homogeneity vs plasma homogeneityConcentration des espèces
Espèces hydrogénées 1 Espèces oxygénées 1



Concentrations 1
• [CH3]: même ordre de grandeur comparé à [CH3] = 4·1012 cm-3 dans le BJ

• [H]: un ordre de grandeur plus faible que [H] = 5·1015 cm-3 dans le BJ

1 Monéger PhD thesis 2009

Températures

• Bell Jar (plasma de 2 pouces – MWPD = 9 W.cm-3): Tgas = 2100 K et Te = 0.4 eV 1

Mécanismes radicalaires thermiques

• Plasmodie (plasma de 4 pouces – MWPD = 1 W.cm-3): Tgas = 600 K et Te = 1 eV 2

2 Dekkar master thesis 2017

Dans Plasmodie, les espèces sont créées à la fois par la voie
radicalaire thermique et la voie électronique

Même quantité d’espèce de croissance CH3

Plus faible quantité d’espèce de gravure H

Mise en evidence de l’importance des espèces oxygénées en tant
qu’espèces additionnelles de gravure pour le procédé basse température

Juste au-dessus de la surface en croissance

Plasma diagnostic technicsFilm homogeneity vs plasma homogeneityComparaison des procédés HP/HT et BP/BT



Principales réactions impliquées dans la formation de quelques espèces-clés1:

! + #$% ⟹ ! + #$ + ' ()* = 12 !.
! + #$ ⟹ ! + # + ' ()* = 14 !.

Dissociation de CO2 et CO par impact d’e :

#01 + $ ⇋ 345 + '4
#06 + $ ⇋ 0%#$ + 4
0%#$ + $ ⇋ 0#$ + '4

Réactions impliquant l’oxygène atomique :

Dans Plasmodie CO2 est efficace pour produire O et OH en complément des atomes de H

Dissociation de CH4 par impact d’e : ! + #01 ⟹ ! + 345 + 4 ()* = 10 !.
Deshydrogénation de CH4 : #01 + 0 ⇋ 345 + 0%

Dissociation de H2 par impact d’e : ! + 0% ⟹ ! + 0% 86Σ:; ⟹ ! + 4+4 ()* = 8.9 !.

[CO] mesurée élevée Forte production de O Production de OH, H2CO and HCO

1 Nave et al PSST 2017, Part 2

Plasma diagnostic technicsFilm homogeneity vs plasma homogeneityDiscussion de quelques processus chimiques



TexteConclusion et perspectives
Pression Paramètres 

clés 
Mélange Taille 

substrat 
Température 

dépôt 
Mono Poly Nano 

> 20 mbar Tg CH4/H2 2 pouces > 700 °C X X  
> 20 mbar Tg CH4/H2/Ar 2 pouces > 700 °C   X 
< 1 mbar ne, Te, Tg, CH4/H2/CO2 4 pouces < 400 °C   X 

 
  

X X

ü Diamant monocristallin
Ø Réduction des défauts (dislocations)
Ø Élargissement de la surface utilisable (> 1 cm2)

ü Diamant polycristallin/nanocristallin

Ø Augmentation de la vitesse de croissance
Ø Accroissement de la surface traitée (> 4 pouces)
Ø Contrôle de l’homogénéité
Ø Diminution de la température du substrat (< 100 °C)
Ø Traitement de géométries complexes
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