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Abstract

The current work is focused on the study of two surface modi�cation plasma processes,
(i) the active screen plasma nitriding (ASPN) and nitrocarburizing (ASPNC) for the
hardening of ferrous surfaces and (ii) the microwave plasma assisted chemical vapor
deposition (MW-PACVD) for the synthesis of single crystal and doped diamond. The
aim of the thesis is the improvement of the understanding of the chemical processes in
these plasma applications in order to improve process control and production e�ciency.
For the avoidance of disadvantages appearing in conventional plasma nitriding (CPN)

processes, such as possible damage due to edge e�ects, the generation of hollow cathode
discharges or the appearance of arcing phenomena, the ASPN technique has been devel-
oped recently. The main advantages of this technology, which has proven its industrial
applicability in the last decade, compared to CPN are based on the replacement of the
glow discharge region from the components to a separate metal screen, the active screen,
which surrounds the workload.
Low-pressure pulsed dc H

2
-N

2
plasmas with admixtures of CH

4
or CO

2
used for CPN

and ASPN processes were studied in a cylindrical 1 m3 industrial scale ASPN reactor.
The experiments were carried out in three di�erent performance modes: (i) the CPN
mode with the plasma at an internal model probe, (ii) the ASPN mode with the plasma
at the active screen (�oated model probe) and (iii) the ASPN mode with an additional
plasma at the biased model probe. For the monitoring of the precursors, CH

4
and CO

2
,

and of the molecular reaction products in situ tunable diode laser spectroscopy (TD-
LAS) and ex situ Fourier transform infrared (FTIR) spectroscopy have been applied to
the ASPN reactor. For the emission diagnostics of both the plasma of the active screen
and the plasma of the model probe, acting as the treated workload, optical emission
spectroscopy (OES) has been used. Totally, the concentration of eight stable molecular
species, NH

3
, HCN, CH

4
, C

2
H
2
, C

2
H
4
, CO

2
, CO and H

2
O, and of the methyl radical

could be determined. The density of the monitored species was found to be in a range
of 1012 to 1016 molecules cm−3. The usage of the plasma at the active screen leads
to a dissociation of the carbon containing precursors with κ(CH4) = 50 . . . 95 % and
κ(CO2) = 80 . . . 98 %, increasing with the plasma power. Beside the detection of atomic,
molecular and ionic species in excited states, the OES method allowed the determination
of the rotational temperature of the plasma, which increases linearly with the process
temperature measured at the treated model probe. A strong dependence of the screen
plasma power on the process temperature and a strong in�uence of the plasma at the
model probe on the screen plasma have been found.
Additional investigations of treated carbon steel surfaces with the help of GDOES show
that the thickness of the compound layer can be in�uenced sensitively by changing the
gas mixture, by the usage of an additional plasma at the samples and by changing the

ix



process temperature via changing the plasma power of the screen.

For deeper insights into ASPN and ASPNC processes a plasma nitriding monitoring
reactor, PLANIMOR, has been constructed. The main feature of this reactor is the lin-
ear con�guration of the electrode setup combined with a tubular glass vessel, overcoming
the experimental disadvantages of cylindrical laboratory scale ASPN reactors. In a �rst
series of measurements the plasma chemistry in PLANIMOR has been compared with
that in the 1 m3 ASPN reactor by using OES and quantum cascade laser absorption
spectroscopy (QCLAS). As the reference parameter for comparing both reactor types
the intensity ratio of the most sensitive spectral features in emission, i.e. the band heads
of the �rst negative system (FNS) of N2

+ and of the second positive system (SPS) of N
2
,

has been used. Additionally, the OES method allowed the determination of the rotational
temperature of the screen plasma. QCLAS enabled the monitoring of the concentration
of four stable molecular species, CH

4
, C

2
H
2
, NH

3
and HCN, and the determination of

the rotational temperature in the gas phase.
A similar behavior of the plasma chemistry in both reactors has been found for a variation
of the screen power, the H

2
-N

2
ratio and the admixture of CH

4
. Even the precursor's

degree of dissociation with κ(CH4) = 87 . . . 94 % and the rotational temperature in the
plasma, Trot = 700 . . . 850 K, are comparable to those of the ASPN reactor. Most di�er-
ences, e.g. the independence of the screen plasma power on the sample temperature in
PLANIMOR, are caused by the advantageous construction of PLANIMOR, allowing a
separate control of screen plasma, sample plasma and sample temperature.
With the help of GDOES, the elements pro�les of some treated carbon steel surfaces
could be compared with those treated in the ASPN reactor. It has been found that
samples treated in PLANIMOR reach a comparable thickness of the compound layer as
samples treated in the ASPN reactor.
Another focus of interest has been the substitution of the (usually gaseous) carbon con-
taining precursor by the usage of a meshed carbon electrode instead of a meshed steel
electrode acting as the active screen. This change of the setup leads to a decrease of the
NH

3
production by a factor of 2.5 and an increase of the concentrations of HCN by a

factor of 30 and of C
2
H
2
by a factor of 70.

MW-PACVD reactors are well adapted for an e�cient generation of the precursor
species for growing diamonds. The combination of high pressure and high MW power
conditions in such plasma reactors leads to high deposition rates of high purity diamond
growth.
MW H

2
plasmas with a small admixture of CH

4
were studied in a jacketed stainless

steel reactor (JR), dedicated to the deposition of single crystalline diamond under high
pressure and power conditions. The experiments were carried out in order to analyze
the dependence of the plasma chemistry on several parameters, such as plasma power,
pressure and gas mixture, in a wide pressure (p = 25 . . . 270 mbar) and power range
(P = 0.6 . . . 4 kW). Using in situ TDLAS the concentrations of four stable molecules,
CH

4
, C

2
H
2
, C

2
H
4
and C

2
H
6
, and of the methyl radical have been monitored and were

found to be in the range of 1013 to 1017 molecules cm−3. While the amount of the re-
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maining precursor decreases strongly with pressure and power, the density of the detected
reaction products increases. C

2
H
2
was found to be the most abundant reaction product.

The line ratio method using di�erent absorption lines of CH
4
in the spectral range near

∼ 1314 cm−1 enabled the determination of the rotational temperature of the stable
molecules, which increases from 340 to 425 K with increasing pressure and power. Using
the Doppler broadening of the CH

3
absorption line at ν = 612.413 cm−1 the gas tem-

perature in the plasma zone was found to be Tg = (2000 ± 200) K at low pressure and
power conditions.
The experimental obtained molecular densities have been compared to those of a 1D-
radial thermochemical model for a pressure and power range of 25 . . . 100 mbar and
0.6 . . . 2 kW, respectively. The calculated radial densities have been integrated axially.
For the same range the chemical processes in JR have been compared with those in a
bell-jar (BJ) reactor. The hydrocarbon chemistry in JR has found to be similar to that
in a BJ reactor.
Due to the fact that diamond �lms doped with boron have great potential for applica-

tions in electronic and optical devices as well as in biology and for biosensing, B
2
H
6
has

been used as an additional precursor in the H
2
and H

2
-CH

4
MW plasmas.

Beside TDLAS has been used to measure molecular species concentration, OES has been
used simultaneously to gather complementary information about the concentration of
atomic boron. One target was the determination of the precursors' fragmentation rates
and the conversion rates to the molecular reaction products. The concentration of the
detected molecular and atomic species, B

2
H
6
, B, CH

4
, C

2
H
2
, C

2
H
4
and C

2
H
6
, were found

to be in a range of 1010 to 1016 cm−3. The degree of dissociation of the carbon precursor,
CH

4
, was found to be κ(CH4) = 35 . . . 75 %, while that of the boron precursor, B

2
H
6
,

was found to be κ(B2H6) = 85 . . . 97 %.
With the variations of gas mixtures, pressure and plasma power, the atomic boron and
molecular concentrations have been analyzed. It has been found that (i) the atomic boron
concentration depends strongly on the presence of hydrocarbons in the plasma and (ii)
compared to the solely usage of H

2
and CH

4
the admixture of B

2
H
6
has no in�uence on

the hydrocarbon chemistry. The fragmentation e�ciencies of the precursors (RF(CH4) =
1 × 1015 . . . 2 × 1015 molecules J−1, RF(B2H6) = 4 × 1012 . . . 1.4 × 1013 molecules J−1)
and the conversion rates to the molecular products (RC ≈ 1013 . . . 1015 molecules J−1)
have been determined for di�erent plasma powers, pressures and gas mixtures.
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Kurzfassung

Im Rahmen dieser Arbeit wurden zwei Plasmaprozesse zur Ober�ächenmodi�zierung un-
tersucht: (i) Das Aktivgitter Plasmanitrierien (ASPN) und Nitrocarburieren (ASPNC)
zum Härten von eisenhaltigen Werkstücken und (ii) die mikrowellenplasma-gestützte che-
mische Gasphasenabscheidung (MW-PACVD) zur Herstellung von einkristallinen und
dotierten Diamandschichten. Ziel dieser Arbeit ist ein verbessertes Verständnis insbeson-
dere der chemischen Prozesse innerhalb dieser Plasmaanwendungen, was zukünftig zu
einer gezielten Steuerung der chemischen Reaktionen und damit zu einer Erhöhung der
Produktivität der Plasmaprozesse führen soll.
Um die Nachteile von konventionellem Plasmanitrieren (CPN), wie z.B. mögliche Zer-

störungen der behandelten Ober�ächen durch Kantene�ekte, Hohlkathoden- oder Licht-
bogenbildung am Werkstück, zu umgehen, wurde die ASPN-Technologie entwickelt. Die
Vorteile dieser Technologie, die seit dem letzten Jahrzehnt auch industriell genutzt wird,
ergeben sich dadurch, dass sich das Plasma, im Gegensatz zum CPN, nicht mehr an
den zu behandelnden Bauteilen, sondern an einem separaten Gitter, welches die Bauteile
umgibt, be�ndet.
In einem ASPN-Reaktor mit dem Volumen von 1m3 wurden CPN- und ASPN-Prozesse
untersucht. Hierbei handelte es sich um gepulste DC Niederdruckplasmen in einem H

2
-

N
2
-Gemisch mit Zugaben von CH

4
oder CO

2
. Die Experimente wurden in drei grundle-

genden Arten durchgeführt: (i) der CPN-Modus, bei dem sich das Plasma nur an einer
Modellprobe mittig im Reaktor befand, (ii) der ASPN-Modus mit dem Plasma am akti-
ven Gitter (Modellprobe war ge�oatet) und (iii) der ASPN-Modus mit dem zusätzlichen
Plasma an der Modelprobe. Die Präkursoren, CH

4
und CO

2
, und die Reaktionsprodukte

wurden mittels Infrarotabsorptionsspektroskopie (IRAS) detektiert. Zum einen wurden
in situ durchstimmbare Bleisalzlaserdioden zur Absorptionsspektroskopie (TDLAS) ver-
wendet und zum anderen wurde die Fourier-transormierte-infrarot (FTIR) Spektroskopie
ex situ in einer separaten Kammer genutzt, bei der Gasproben aus dem ASPN-Reaktor
entnommen wurden. Zusätzlich wurde optische Emissionsspektroskopie (OES) genutzt,
um die Emission des Gitterplasmas und des Plasmas an der Modellprobe, die im Reaktor
als zu behandelndes Werkstück agierte, zu diagnostizieren. Insgesamt konnte die mole-
kulare Konzentration von acht stabilen Spezies, NH

3
, HCN, CH

4
, C

2
H
2
, C

2
H
4
, CO

2
, CO

und H
2
O, und vom Methylradikal bestimmt werden. Die Dichten lagen hierbei im Bereich

von 1012 bis 1016 Moleküle cm−3. Das Gitterplasma sorgte hierbei für eine Dissoziation
der kohlensto�haltigen Präkursoren mit Dissoziationsgraden von κ(CH4) = 50 . . . 95 %
und κ(CO2) = 80 . . . 98 %, die mit der Plasmaleistung zunahmen. Neben der Detekti-
on von angeregten atomaren, molekularen und ionischen Spezies konnte mit Hilfe der
OES auch die Rotationstemperatur im Plasma bestimmt werden, die linear mit der Pro-
zesstemperatur, gemessen an der Modellprobe, zunahm. Hier konnten sowohl eine starke
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Abhängigkeit der Plasmaleistung am Gitter auf die Prozesstemperatur als auch ein star-
ker Ein�uss des Plasmas an der Modellprobe auf das Gitterplasma festgestellt werden.
Zusätzlich wurden im ASPN-Reaktor behandelte Karbonstahlproben mit Hilfe von GD-
OES untersucht. Hier zeigte sich, dass die Verbindungsschichtdicke von der Gasmischung
im Reaktor, vom zusätzlichen Biasplasma an den Proben und von der Prozesstemperatur,
gesteuert durch die Gitterplasmaleistung, abhängt.

Um einen tieferen Einblick in ASPN- und ASPNC-Prozesse zu ermöglichen, wurde
ein Plasmanitriermonitoringreaktor, PLANIMOR, konstruiert. Dieser Reaktor zeichnet
sich durch eine lineare Elektrodenkon�guration aus, die sich in einem Glasreaktor be�n-
det, wodurch die Nachteile von herkömmlichen, zylinderförmigen Labor-ASPN-Anlagen
umgangen werden können. In einer ersten Messreihe wurde die Plasmachemie in PLA-
NIMOR mit der in der 1 m3 groÿen ASPN-Anlage verglichen. Hierzu wurden OES und
Absorptionsspektroskopie mit Hilfe eines Quantenkaskadenlasers (QCLAS) genutzt. Als
Vergleichsparameter der beiden Reaktortypen diente das Linienverhältnis der beiden
stärksten und emp�ndlichsten Emissionsstrukturen der Gitterplasmen, nämlich die Ban-
denköpfe des ersten negativen Systems (FNS) vom N2

+-Ion und des zweiten positiven
Systems (SPS) vom N

2
-Molekül. Auch hier wurde die OES wieder zur Bestimmung der

Rotationstemperatur des Plasmas genutzt. Die QCLAS ermöglichte die Detektion und
Quanti�zierung der vier stabilen molekularen Spezies CH

4
, C

2
H
2
, NH

3
und HCN und

die Bestimmung der Rotationstemperatur im Gas.
Bei der Variation der Plasmaleistung am Gitter, des H

2
-N

2
-Verhältnisses und des CH

4
-

Gehalts konnte ein ähnliches Verhalten der Plasmachemie festgestellt werden. Sowohl
der Dissoziationsgrad des Präkursors mit κ(CH4) = 87 . . . 94 % als auch die Rotations-
temperatur im Plasma mit Trot = 700 . . . 850 K zeigen vergleichbare Werte zu denen
im ASPN-Reaktor. Die meisten Unterschiede, wie z.B. die Unabhängigkeit von Plasma-
leistung und Probentemperatur in PLANIMOR, sind auf die vorteilhafte Konstruktion
von PLANIMOR zurückzuführen, welche eine unabhängige Kontrolle von Gitterplasma,
Plasma am Probentisch und Probentemperatur erlaubt.
Mit der Hilfe von GDOES wurden die Elementenpro�le der, in PLANIMOR behandel-
ten, Karbonstahlproben ermittelt und mit denen der, im ASPN-Reaktor behandelten,
Proben verglichen. Die Verbindungsschichtdicken aus der Behandlung in PLANIMOR
sind vergleichbar mit denen aus der Behandlung im ASPN-Reaktor.
Ein weiterer Schwerpunkt der Untersuchungen in PLANIMOR war der Austausch von
kohlensto�haltigem Präkursor und Stahlgitter durch die Verwendung eines Karbongit-
ters, welches als aktives Gitter fungierte. Dies führte zu einem Abfall der NH

3
-Produktion

im Prozess um den Faktor 2, 5 und zu einem Anstieg der HCN- bzw. C
2
H
2
-Konzentra-

tionen um das 30- bzw. 70-fache.

Zur Generierung der notwendigen Plasmachemie, um Diamantschichten technisch her-
zustellen, sind insbesondere MW-PACVD-Reaktoren geeignet. Eine hohe Wachstumsrate
von hochreinen Diamandschichten kann in solchen Reaktoren durch eine Kombination
von hohem Druck und hohen Plasmaleistungen gewährleistet werden.
In einem edelstahlummantelten Reaktor (JR), der die Abscheidung von monokristallinen
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Diamandschichten bei hohem Druck und hohen Plasmaleistungen ermöglicht, wurden
H
2
-MW-Plasmen mit Zugabe von CH

4
untersucht. Um den Ein�uss verschiedener Plas-

maparameter, wie Plasmaleistung, Druck und Gasmischung, auf die Plasmachemie zu
ermitteln, wurden Studien in einem groÿen Druck- (p = 25 . . . 270 mbar) und Leistungs-
bereich (P = 0.6 . . . 4 kW) vorgenommen. Mit Hilfe von in situ TDLAS konnten die
Konzentrationen von vier stabilen Molekülen, CH

4
, C

2
H
2
, C

2
H
4
und C

2
H
6
, und vom

Methylradikal bestimmt werden. Diese lagen in einem Bereich von 1013 bis 1017 Molekü-
le cm−3. Während die Dichte des Präkursors mit steigenden Druck- und Leistungswerten
�el, stieg die Dichte der Reaktionsprodukte an, wobei C

2
H
2
die höchste Konzentration

hatte.
Mit Hilfe der Line-Ratio-Methode, angewendet auf mehrere Absorptionslinien von CH

4

im spektralen Bereich nahe ∼ 1314 cm−1, wurde die Rotationstemperatur der sta-
bilen Moleküle bestimmt. Diese nahm mit zunehmender Leistung und zunehmendem
Druck von 340 auf 425 K zu. Die Doppler-Verbreiterung der CH

3
-Absorptionslinie bei

ν = 612.413 cm−1 konnte bei niedrigeren Druck- und Plasmaleistungsbedingungen ge-
nutzt werden, um die Gastemperatur im Plasma mit Tg = (2000±200) K zu bestimmen.
Für den Bereich von Druck und Plasmaleistung von 25 . . . 100 mbar und 0.6 . . . 2 kW
wurden die experimentell bestimmten molekularen Dichten mit denen eines eindimen-
sionalen, radialen, thermochemischen Modells, nach Integration in axialer Richtung, ver-
glichen. Zusätzliche erfolgte ein Vergleich mit der Plasmachemie in einem Bell-Jar (BJ)
Reaktor, die ähnlich zu der im JR war.
Auf Grund des groÿen Anwendungspotenzials von Bor dotierten Diamandschichten,

sowohl für elektrische und optische Bauteile als auch für biologische Anwendungen, wur-
de B

2
H
6
als zusätzlicher Präkursor in den H

2
- und H

2
-CH

4
-MW-Plasmen verwendet.

Neben der TDLAS zum Messen der molekularen Konzentrationen konnte gleichzeitig die
atomare Bordichte mit Hilfe von OES ermittelt werden. Ein Schwerpunkt war die Be-
stimmung der Fragmentationsraten der Präkursoren und die Umwandlungsraten in die
einzelnen molekularen Reaktionsprodukte. Die Konzentration der detektierten moleku-
laren und atomaren Spezies, B

2
H
6
, B, CH

4
, C

2
H
2
, C

2
H
4
and C

2
H
6
, lag zwischen 1010

und 1016 cm−3. Während der Dissoziationsgrad des kohlensto�haltigen Präkursors, CH
4
,

bei κ(CH4) = 35 . . . 75 % lag, erreichte der des borhaltigen Präkursors, B
2
H
6
, Werte von

κ(B2H6) = 85 . . . 97 %.
Mit der Parametervariation von Druck, Plasmaleistung und Gasgemisch wurden die Ab-
hängigkeiten der Boratom- und molekularen Konzentrationen bestimmt. (i) Die atomare
Borkonzentration hängt emp�ndlich von der Präsenz von Kohlenwassersto�en im Plas-
ma ab und (ii) verglichen mit den reinen H

2
-CH

4
-MW-Plasmen, führt die Zugabe von

B
2
H
6
zu keiner wesentlichen Veränderung der Kohlenwassersto�chemie. Zudem konnten

für die verschiedenen Plasmaleistungen, Drücke und Gasgemische die Fragmentations-
raten der Präkursoren (RF(CH4) = 1 × 1015 . . . 2 × 1015 Moleküle J−1, RF(B2H6) =
4× 1012 . . . 1.4× 1013 Moleküle J−1) und die Umwandlungsraten in die molekularen Re-
aktionsprodukte (RC ≈ 1013 . . . 1015 molecules J−1) bestimmt werden.
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Symbols

Table 1 List of constants

Symbol Meaning Value

h Planck constant 6.626 · 10−34 Js
ε0 vacuum permittivity 8, 854 · 10−12 AsV−1m−1

kB Boltzmann constant 1, 38066 · 10−23 JK−1

me electron mass 9, 10938 · 10−31 kg
e elementary charge 1, 602176 · 10−19 As
c velocity of light 2, 99792 · 108 m · s−1

e Euler's number 2.71828
π mathematical constant Pi 3.14159

Table 2 List of symbols

Symbol Description Dimension

dCL thickness of the compound layer µm

I(X
(+)
y ) emission intensity of the molecular band (y> 1) counts

or atomic line (y= 1)
K integrated absorption coe�cient cm−2

N0(B) atomic boron ground state density cm−3

ne electron density cm−3

nmolecule molecular density molecules cm−3

p pressure mbar
P plasma power W
Pprobe plasma power at the model probe W
Psample plasma power at the sample holder W
Pscreen plasma power at the active screen W
Ptotal total plasma power W
RC conversion e�ciency molecules J−1

RF fragmentation e�ciency molecules J−1

S absorption line strength cm−1/(molecule cm−2)
Tg gas temperature K
Tprobe temperature at the modelprobe K
Trot rotational temperature K
Ve electron temperature V

xvii



Symbol Description Dimension

Vfl �oating potential V
Vpl plasma potential V
xXY mole fraction of species XY
[XY] density of species XY cm−3

κ(ν) absorption coe�cient cm−1

κD degree of dissociation %
λ wavelength nm
ν wavenumber cm−1

φP gas �ow of the precursor cm3 min−1

φtot total gas �ow cm3 min−1

xviii



Table 3 List of abbreviations

Acronym Meaning

AS absorption spectroscopy
ASPN active screen plasma nitriding
ASPNC active screen plasma nitrocarburizing
BJ bell-jar (reactor)
C15 carbon steel containing 0.15 wt% carbon
CPN conventional plasma nitriding
dc direct current
EC-QCL external cavitiy quantum cascade laser
FNS �rst negative system of N2

+ emission
FTIR Fourier transform infrared spectrograph
GDOES gas discharge optical emission spectroscopy
IRAS infrared absorption spectroscopy
IRLAS infrared laser absorption spectroscopy
IRMA infrared multi-component acquisition system
JR jacketed stainless steel reactor
MIR mid infrared
MW-PACVD microwave plasma assisted chemical vapor deposition
MWPD microwave power density
OES optical emission spectroscopy
PLANIMOR plasma nitriding monitoring reactor
QCLAS quantum cascade laser absorption spectroscopy
SPS second positive system of N

2
emission

TDLAS tunable diode laser absorption spectroscopy
VUV vacuum ultraviolet
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1 Plasma induced surface modi�cation

1.1 Introduction

Since the humanity is able to extract and to process natural resources, several possibilities
for the modi�cation and improvement of tools and surfaces have been found. For millenia,
iron, copper and other metals have been formed with heat and compounded to alloys
by adding chemicals and gases to the process. In particular, the hardening of metals
for tools and weapons and the enhancement of their wear-resistance have been the goal
of the modi�cation processes. In the legend of the Nibelung it is described how the
smith Wieland enhanced the hardness of the king's sword by the addition of (ammonia
containing) bird's dirt during the forging of the steel. This can be considered as a
�rst description of a simple nitriding similar process of steel. The nitriding process,
industrially developed during the last 100 years using di�erent technologies, uses the
heating of a metal part in a nitrogen containing atmosphere (ammonia or nitrogen-
hydrogen gas mixtures) with the consequence that nitrogen atoms di�use into the metallic
surface leading to a formation of a ceramic layer of increased hardness and wear resistance
(comparing to the base metal) [1�5].
Beside the formation of hard layers by surface di�usion the corrosion resistance, func-

tionality and hardness of metallic surfaces have been also increased by applying coatings
of a hard material on the metal [6]. Since diamond has been synthesized by Erik Lund-
blad the �rst time in 1953 [7] this hardest natural material has been applied for the
coating of metallic surfaces by using various technologies to enhance the corrosion resis-
tance and hardness of implants, machine components and tools as well as for electrical
devices [6�11].
More than 100 years ago, a new way for material processing has been found. Due to

the electri�cation at the end of the 19th century gas discharges have been in the focus of
interest in science and have been used as a consequence in industry. This state of matter
named 'plasma' has been widely used for technical applications as light production,
sterilization, decontamination, and surface modi�cation and functionalization for more
than one hundred years. While in the early experiments inert gas plasmas have been
studied, they are industrially used e.g. for sputtering and surface cleaning processes [12],
molecular plasmas are of increasing interest in fundamental research as well as in plasma
processing and technology [13]. Today these kind of discharges are used in a wide �eld
of applications, e.g. for cleaning and etching processes in semiconductor industry as well
as for thin �lm deposition for corrosion protection or functionalization [14, 15].
In particular, the ability of plasmas to dissociate molecules and form radicals has led
to the implementation of molecular plasmas into the �eld of chemical vapor deposition.
The plasma assisted chemical vapor deposition (PACVD) is one of the fundamental
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1 Plasma induced surface modi�cation

technologies for the deposition of synthetic diamond �lms creating wear-resistant surfaces
and electrical devices [16�18].
In the �eld of nitriding a plasma process has been established, too. Beginning with a

patent for 'ion nitriding' in 1931, plasma nitriding has been developed as an industrial
surface coating process in the 1960's. This technology uses pulsed dc plasmas in a low
pressure hydrogen nitrogen atmosphere to ensure the di�usion of nitrogen into the surface
[2, 4, 19].
The rapid development of these widely used industrial plasma processes requires for

process control and process diagnostics. On the one hand the understanding of chemical
and physical processes is necessary on the other hand it is needed to ensure the quality
of the treated surfaces and of the treatment process itself. Also the improvement of the
e�ciency and the reduction of material consumption of such industrial plasma processes
underline the necessity of the development of process control. An e�ective process control
assumes a good knowledge of the plasma itself and the plasma surface interaction. In
such plasmas the increasing number of molecular gases requires e�ective in situ diagnostic
tools. The key to an improved understanding of chemical phenomena and kinetics in such
plasmas is the analysis of the precursors fragmentation and its conversion into stable
and transient species, in ground and excited states, as well as the determination of the
temperatures in the process [13, 20, 21]. A second key is the knowledge of the plasma
parameters, e.g. as electron temperature and electron density [22, 23]. For this purpose
the Langmuir probe, an invasive method developed by Irving Langmuir in the 1920's
[24] using electric probes, has been established as a standard plasma diagnostics for the
determination of these parameters [22, 23, 25].
For the detection of atomic, molecular, and ionic species in plasmas, non-invasive

spectroscopic diagnostic methods have been developed, in particular optical emission
spectroscopy (OES) and absorption spectroscopy (AS). Since plasma phenomena are
accompanied by light emission caused by the excited species in the plasma this natural
radiation source can be used as a source of information for (non-invasive) diagnostic
purposes [13]. Even AS using low intensity light sources or using the light emitted (and
self-absorbed) by the plasma can be considered as a non-invasive diagnostics [13, 26, 27].
Beside the information about atom, molecule, and ion densities OES and AS provide also
information about gas, rotational, and vibrational temperatures [13].
Generally, OES provides qualitative information about the presence of atomic, ionic

and molecular species in their excited states [39]. Even the determination of absolute
ground state concentration of atomic species and of the rotational temperature in molec-
ular plasmas, containing e.g. B

2
H
6
, H

2
or N

2
, has been shown in several works [26�33].

Meanwhile, AS provides a means to determine population densities in both ground
and excited states. The important advantage over OES methods is that only relative
intensities need to be measured for the determination of absolute concentrations. AS has
been applied in the spectral range between the vacuum ultraviolet (VUV) and the far
infrared (FIR) [13]. The spectral absorption line positions provide the identi�cations of
species while the analysis of the line pro�les may be used for the determination of the
gas temperature.
Due to the strong absorption line strengths of molecular species in the mid infrared
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1.2 Outline of the thesis

(MIR) spectral range, this spectral range is ideal for the detection of molecular species.
In laboratory and industrial processes using molecular plasmas infrared absorption spec-
troscopy has proven its applicability [20, 34�36]. As IR radiation sources broad band
emitters, as used in Fourier transform infrared (FTIR) spectroscopy, or IR lasers have
been used. Beside the detection of hydrocarbons [15, 37] infrared laser absorption spec-
troscopy (IRLAS) using di�erent IR laser sources has proven its applicability in boron
containing plasmas [28, 35, 38]. So tunable diode lasers (TDL) and quantum cascade
lasers (QCL) have been found being well adapted for IRLAS. The narrow line width of
both laser sources allows the analysis of absorption line pro�les which enables to deter-
mine the gas temperature.
The present work gives an overview of the plasma chemistry in two plasma surface

modi�cation processes and their e�ects of the treated surfaces: (i) the active screen
plasma nitriding (ASPN) for the hardening of ferrous surfaces and (ii) the microwave
plasma assisted chemical vapor deposition (MW-PACVD) for the synthesis of single
crystal and doped diamond. For this purpose infrared absorption and optical emission
spectroscopic methods, supplemented by Langmuir probe diagnostics have been used.
IRLAS and Fourier transformation infrared spectroscopy (FTIR) has been used for the
determination of molecular species concentration in their ground states. The radiation
of the plasma sources has been investigated using OES for the detection of atoms, ions
and molecules in their excited states. Both spectroscopic diagnostics enabled the deter-
mination of the temperature, more precisely translational and rotational temperature, in
the gas phase of the plasma processes. The Langmuir probe diagnostics led to additional
information about electron temperature and density and about the plasma and �oating
potential.

1.2 Outline of the thesis

Chapter 2 introduces the reader into the plasma technologies investigated in the frame of
this thesis. For this purpose a brief introduction about the physcis in plasmas is given in
the �rst section. Additionally, the plasma treatment technologies plasma nitriding and
MW-PACVD used for diamond deposition are described in more detail in the following
sections. After a short introduction to nitriding mechanisms, plasma nitriding, which is
the studied technology in chapters 4 and 5 in two di�erent reactor types, is explained in
two separated approaches: (i) the conventional plasma nitriding (CPN) where the treated
workload is directly supplied by a plasma and (ii) the active screen plasma nitriding
(ASPN) where the workload is treated in the local afterglow region of the plasma of a
metal screen.
Afterwards, the principles of the growth of diamond layers in an MW-PACVD reactor
which has been used for the studies in chapters 6 and 7 is described. The conditions with
main mechanisms and key species in plasmas with H

2
-CH

4
gas mixtures are revealed

leading to diamond growing.
In Chapter 3 the process diagnostics, applied in the frame of this work, are summa-

rized. Introducing with a brief overview of invasive and non-invasive plasma diagnostics

3
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the reader is led to a short overview of quantum mechanical descriptions about the origin
of molecular spectra being the base of molecular spectroscopy. Following this, the prin-
ciples of the applied plasma diagnostics are explained, these are infrared absorption and
optical emission spectroscopy and Langmuir probe diagnostics. Furthermore, it is shown
how the spectroscopic diagnostic techniques may be used for the determination of molec-
ular and atomic species concentration and for the determination of gas and rotational
temperature. A focus in the IRAS is the intrumentation. While a FTIR is able to scan a
wide spectral range (ν ≈ 800 . . . 4200 cm−1) and allows therewith multi-component de-
tection of molecular species, TDLs and QCLs have the advantage of narrow bandwidths
and continues tunability over a single line's absorption pro�le allowing the measurement
and analysis of line broadening e�ects, as explained in section 3.1.2.
The end of this chapter is formed by a description of gas discharge optical emission spec-
troscopy (GDOES). This surface diagnostics has been used for the analysis of the iron
and steel surfaces which have been nitrided in the experiments described in chapters 4
and 5. GDOES is a destructive surface diagnostics which allows a quantitative analysis
of elements in a depth pro�le covering a range from 0.1 to 100 µm.
In chapter 4 the plasma chemistry in an 1 m3 industrial scale ASPN reactor is de-

scribed. Due to the choice of three performance modes, the plasma chemistry in nitrid-
ing and nitrocarburizing processes in a CPN mode and two ASPN modes (the workload
is �oated or separately biased in the local after glow region of the screen plasma) has
been studied. In situ tunable diode laser absorption spectroscopy (TDLAS) and ex situ

FTIR spectroscopy enabled the detection and quanti�cation of eight stable molecules,
i.e. C

2
H
2
, CH

4
, C

2
H
4
, CO, CO

2
, NH

3
, HCN and H

2
O, and the methyl radical as well

as the determination of the gas and the rotational temperature. With the help of a time
resolved OES the emission characteristics of both the plasma of the active screen and the
plasma applied to the biased workload could be recorded. In ASPN mode supplementary
Langmuir probe measurements have been carried out in the local after glow region in the
middle of the reactor.
In the plasma the rotational temperature could be determined by using the (0− 0) emis-
sion band of the �rst negative system of the N2

+ ion. The gas and rotational temperature,
the concentrations of the monitored molecular species and the degree of dissociation of
the added carbon containing precursors were determined in a wide �eld of parameters.
Additionally, the fragmentation e�ciency of the precursors and the conversion e�ciency
of the reaction products have been calculated.
In CPN mode the variation of the gas mixture has been in the focus of interest, i.e.
the amount of the carbon containing precursors, CH

4
and CO

2
, and the H

2
-N

2
ratio.

In ASPN mode the �eld of parameters has been expanded by the plasma power of the
screen, by the plasma power of the biased model probe and by the simultaneous usage
of CH

4
and CO

2
.

A novel designed plasma nitriding monitoring reactor, PLANIMOR, is introduced in
chapter 5. Because of its linear setup, its �exibility and its transparent vessel it enables
deeper insights into the plasma chemical processes of active screen plasma nitriding
(ASPN) and nitrocarburizing (ASPNC) processes.
Furthermore, the plasma chemical processes of this reactor have been compared with
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those of the industrial scale ASPN reactor, described in chaper 4, and by the investigation
of treated iron samples with the help of GDOES. For the in situ detection of four stable
molecular species, i.e. NH

3
, HCN, CH

4
and C

2
H
2
, a three channel QCL board has been

designed using an external cavity quantum cascade laser (EC-QCL) in the spectral range
of ν = 1350 . . . 1400 cm−1. For the diagnostics of the emission of the screen plasma OES
has been used.
For �nding comparable plasma conditions at the active screen the ratio of the emission
intensity of the band heads of the N2

+ (0 − 0) band of the �rst negative system and of
the N

2
(0− 0) band of the second positive system of the screen plasmas in both reactor

types has been correlated. The emission band of N2
+ provides additional information

about the rotational temperature in the plasma. The rotational temperature of the stable
molecules has been determined by using di�erent absorption lines of NH

3
and of CH

4
.

By varying the screen plasma power, the CH
4
admixture and the basic gas mixture the

determined quantities were compared with those of the ASPN reactor.
Additional to the ASPNC measurements using CH

4
as the carbon source a new approach

has been tried out. Instead of the steel screen a carbon screen has been used with the
simultaneous omission of the CH

4
admixture for providing the carbon by sputtering of

this carbon electrode by the plasma.
In chapter 6 in situ TDLAS technique has been implemented in a MW-PACVD reactor

dedicated to the deposition of synthetic diamond. During the experiments in the H
2
-

CH
4
plasma the concentration of four stable hydrocarbon species, i.e. CH

4
, C

2
H
2
, C

2
H
4

and C
2
H
6
, and the CH

3
radical has been monitored in a wide �eld of parameters. The

measurements has been performed over a high pressure and plasma power range from
27 mbar and 600 W up to 270 mbar and 4000 W. Additionally the amount of the admixed
CH

4
has been varied.

With the help of the Doppler broadening of an absorption line of the methyl radical the
gas temperature for low pressure conditions could be determined in the plasma zone.
Over the whole parameter range the rotational temperature of the stable molecules has
been determined by using the line ratio method with several CH

4
absorption lines.

In the low to moderate pressure and power range the measurements of the molecular
concentrations have been compared with chemical modeling presented in this chapter.
In diamond MW-PACVD processes a boron containing precursor can lead to the for-

mation of doped diamond layers having the property of superconductivity at low tem-
peratures [40�42]. Chapter 7 presents TDLAS and OES measurements in H

2
microwave

plasmas with admixtures of CH
4
and small amounts of B

2
H
6
used for doped diamond

deposition. The in situ TDLAS allowed the monitoring of the stable molecules B
2
H
6
,

CH
4
, C

2
H
2
, C

2
H
4
and C

2
H
6
and the determination of their rotational temperature. Be-

side the detection of excited molecules, radicals, ions and atoms the OES method allowed
to determine the atomic boron ground state concentration using the emission doublet of
the excited B atom at λ ≈ 250 nm.
The investigations have been carried out in H

2
-B

2
H
6
gas mixtures (up to 165 ppm B

2
H
6

in H
2
) and in experiments with the addition of up to 5 % CH

4
to the gas mixture.

A wide range of the pressure, i.e. p = 60 . . . 300 mbar, and of the plasma power, i.e.
P = 0.6 . . . 4.0 kW, has been used. Also the in�uence on the amount of B

2
H
6
and CH

4
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has been studied.
Bigger parts of this work have been published already.
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2 Theoretical background

2.1 Low temperature plasmas

In the 70's of the 19th century Sir William Crookes, as a member of the Royal Society of
London, studied the physical phenomena in self constructed vacuum tubes. He proposed
in 1879: �The phenomena in these exhausted tubes reveal to physical science a new world
- a world where matter may exist in a fourth state...� [1]. The name �plasma� was chosen
by Irving Langmuir in 1922 for the ionized gas contained electrons, ions and neutrals,
which he investigated [2].
A plasma describes an ionized gas, i.e. an ensemble of charged particles, atoms and

molecules in ground and excited states, which shows collective behavior [3]. An option
for the classi�cation of plasmas in the degree of ionization, κi:

κi =
ne

nn + ne
(2.1)

with ne and nn the densites of electrons and neutral species. A fully ionized plasma
leads to a degree of ionization of κi = 1. When κi < 1 the plasma is partially ionized.
Typical values κi for technological plasmas are in the range of 10−5, for radio frequency
plasmas [4], and up to 10−1 for microwave plasmas [5].
A plasma is de�ned by collective behavior and quasineutrality. The collective behavior

is caused by the charged particles, i.e. electrons and ions, and the resulting forces.
Additionally to the collision processes as appearing in an ideal gas between the particles,
the particle interactions are mainly determined by the Coulomb force of the charged
particles [3].
Quasineutrality means that if the length scales, L, of the system is larger than the

Debye length, λD, the density of electrons, ne, is nearly equal to the density of the ions,
nk

i , of the kind 'k' multiplied with their charge number, zk
i [3, 6]:∑

zk
i enk

i − ene ≈ 0 (2.2)

The Debye length is de�ned by:

1

λ2
D

=
1

λ2
De

+
1

λ2
Di

=
nee

2

ε0

(
1

kBTe
+

1

kBTi

)
(2.3)

with ε0 the vacuum permittivity, kB the Boltzmann constant, Te and Ti the electron
and ion temperature, and λDe and λDi the electron and ion Debye length. It is the length
at which the electrical potential of a test charge inside the plasma is negligible [6].
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2 Theoretical background

When the plasma is excited or disturbed by high frequency �elds, i.e. alternating
electromagnetic �elds, ions can not follow this disturbances because of their - relative to
electrons - high mass. So the Debye length is determined by the electrons only:

λD = λDe =

√
ε0kBTe

nee2
(2.4)

On small scales a local violation of the quasineutrality may occur. Electrons and
positive ions can be shifted against each other. The repelling Coulomb force as a result
of the electric �eld retracts the lightweight electrons and they oscillate with the electron
plasma frequency, ωpe:

ωpe =

√
nee2

ε0me
(2.5)

and by analogy the ions may oscillate with the ion plasma frequency, ωpi:

ωpi =

√
nie2

ε0mi
(2.6)

with me and mi the masses of the electrons and of the ions. Since me � mi, it follows
ωpe � ωpi [3].
In non-thermal plasmas the temperature of electron di�ers from the temperatures of

ions and of neutral species. While Te is in the order of 104 K, the temperature of ions
and of neutral species is near room temperature:

Te � Ti ≡ Tn (2.7)

Because of its high conductivity a plasma can be treated as an equipotential area with
an electric potential, V (r), relative to the grounded walls of the reactor. This potential
di�ers from the vacuum potential of the metallic environment and is called the plasma
potential, Vpl [7].
Comparing to the temperature of the ions in the plasma the electron temperature is

signi�cantly higher. So more electrons than ions are able to strike the surface of an
object which is inserted into the plasma. The surface is negatively charged. Because of
the Coulomb interaction slower electrons are repelled from the object whereas positively
charged ions are attracted. Finally, an equilibrium between the �uxes of electrons and of
ions is reached in that way that the total �ux of charges becomes zero. Insulated objects
in a plasma gets the �oating potential, Vfl, which is lower than the plasma potential, Vpl.
Thus, a positively charged sheath is formed around the object where the density of ions
exceeds that of electrons. This sheath leads to a shielding of the plasma from the object
and two ranges can be de�ned: the space charge layer and the Bohm presheath, as it is
shown in �gure 2.1. Outside where the plasma is not anymore disturbed quasi neutrality
occurs.
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2.1 Low temperature plasmas

Figure 2.1 The electrical potential as a function of the distance to a metallic surface with the
potential Vsurface (adapted from [7]).

Within the Bohm presheath the low potential decrease of ∆V = Vpl − VBohm leads to
an acceleration of the positive ions up to the Bohm velocity, vBohm, which is de�ned by
the Bohm criterion [3]:

vBohm ≥
√
kBTe

mi
(2.8)

Within the space charge layer a high potential drop towards the surface leads to an
acceleration of the ions and a deceleration of the electrons and therewith to a local
decrease of the electron density, where ne � ni. The thickness of the Bohm presheath
depends on the potential at the surface, the electron temperature and the Debye length
[3, 7].

While in the early experiments mainly plasmas containing noble gases has been in-
vestigated, molecular plasmas has been of increasing interest in research as well as in
industrial applications. Due to the energy, the temperature and the electrons provided
by the discharge, a molecular plasma supports chemical reactions of the particles in the
gas phase. Most of the detailed plasma chemical models concentrate on the gas phase
chemistry. Under low pressure conditions the probability of the molecule formation by
three-body collisions is small [8]. The interaction of particles with the surface has to
be considered. An example of the non-negligible in�uence of the surface material has
been found for the production of ammonia in nitrogen hydrogen plasmas [8�10]. Di�er-
ent reactions lead to dissociation of (precursor) molecules, to formation of radicals and
of stable reaction products and to excitation and ionization of particles in the plasma
[11�17]. An overview of possible general reactions in a molecular plasma is given in table
2.1. It has to be noted, that the ionization, excitation and de-excitation processes apply
to the molecules as well as to the atoms in the plasma. The excitation of molecules is
related to the electron levels and to the vibrational and rotational levels, as it is described
in section 3.1.1.
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2 Theoretical background

Table 2.1 Atomic and molecular processes in reactive plasmas (summarized from [11�17]).

Reaction Reaction process

AB + e− → A+B + e− dissociation by electron impact
AB + e− → AB+ + 2e− ionization by electron impact
AB + e− → AB∗ + e− excitation by electron impact

AB+ + CD → AB + CD+ charge transfer
AB + C∗ → A+B + C Penning dissociation

AB + C∗ → AB+ + e− + C Penning ionization
AB + C∗ → AB∗ + C Penning excitation
AB∗ → AB + hν de-excitation by spontaneous photon emission
A+ +B− → AB ion-ion recombination

A+B +M → AB +M recombination at the wall (M)

2.2 Nitriding

Nitriding is a widely used surface engineering technology for the improvement of tribo-
logical properties and of corrosion resistance of ferrous material surfaces, which is mainly
based on thermo-chemical di�usion processes [18, 19]. This hardening process has been
developed during the last 100 years using di�erent technologies. Since the beginning
of the 20th century nitriding evolves signi�cantly with a patent of Adolph Machlet for
gas nitriding of steel and cast iron in ammonia in 1913 [20, 21]. During the 1920's salt
bath nitriding gained more acceptance in research and industry [22]. In 1931 the �rst
ionnitriding process has been invented by Bernhard Berghaus at the Krupp Works [23].
The plasma nitriding process as an industrial application as it is known today has been
developed since the 60's of the 20th century and enhanced until today. The �rst patent
for an active screen plasma nitriding system has been awarded to Georges in 1999 [24].

All the processes have in common that the surface layers of the treated metallic parts
are enriched with nitrogen. The nitrogen di�uses into the surface and is solved intersti-
tially into the metal lattice. This is called the di�usion layer (Fe

4
N, γ'-phase). When the

nitrogen concentration exceeds 2.5 wt% the formation of a nitride layer - the compound
layer - begins [18, 25]. The compound layer is a ceramic layer with a non-metal structure
(Fe2−3N, ε-phase) [18]. The principle structure of a nitrided surface is shown in �gure
2.2. An example of a plasma nitrided stainless steel (AISI 410) done by Li et al. [26] is
given in �gure 2.3.

As it is suggested in �gure 2.2, also an additional usage of a carbon containing medium
is possible where the carbon is able to di�use into the metallic surface. The process
where nitrogen and carbon are di�used simultaneously into the marginalized layer is
called nitrocarburizing [25]. In comparison with nitriding, nitrocarburized materials get
a higher corrosion resistance [25].

In the following sections the conventional plasma nitriding and the active screen plasma
nitriding are described in more detail.
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2.2 Nitriding

Figure 2.2 Principle structure of a nitrided
surface with compound and di�usion layer
(adapted from [25]).

Figure 2.3 Cross-sections image (liquid
etched) of a pro�le of nitrided steel (AISI 410)
(adapted from [26]).

2.2.1 Conventional plasma nitriding

In comparison to gas or salt bath nitriding plasma nitriding o�ers several environmental
bene�ts, e.g. no production of waste, a reduced energy and treatment gas consumption
[27]. In a conventional plasma nitriding (CPN) reactor the metallic workload to be
nitrided acts as the cathode and the reactor wall acts as the anode of the pulsed dc
glow discharge. The process occurs in a gas mixture of H

2
and N

2
with a pressure of

p = 1 . . . 10 mbar [28]. In the nitrocarburizing case the precursor CH
4
or CO

2
is acting

as the carbon source [29]. A schematic arrangement of a typical CPN reactor is shown
in �gure 2.4.
Reactors of this type have dimensions of up to tens of m3. They consist of a cylindrical

stainless steel vessel, a pumping system to reach �ne vacuum, a power supply providing
the electrical power to the workload and a gas supply. To reach the necessary nitriding
temperature of the workload of T = 643 . . . 923 K an additional heater may be installed
[28].
At the workload a negative potential of 600 to 800 V is applied leading to an electro-

static �eld. Electrons leave the cathode by secondary electron emission and are acceler-
ated towards to the anode. On that way they collide with the molecules and atoms of
the gas phase, forming excited and charged species. A glow discharge arises which covers
the workpieces uniformly [23].
The plasma provides the treatment temperature at the workload by radiation and ion

bombardment as well as the energy and the chemistry (in the gas phase and in interaction
with the surface) needed for the nitriding process [23, 29]. The most important gas phase
reactions and nitriding mechanisms elaborated by several groups [30�35] are summarized
in �gure 2.5.
Via electron impact dissociation of the free electrons, recombination or collisions of the

atoms and molecules the H
2
-N

2
plasma consists of several species in ground and excited

states, neutral and ionized: H
2
, N

2
, H

2
+, N

2
+, H, N, and N+ [30, 36]. These species are

15



2 Theoretical background

Figure 2.4 Schematic arrangement of a con-
ventional plasma nitriding system (adapted
from [29]).

Figure 2.5 Schematic illustration of nitrid-
ing mechanisms (summarized from [30�34]).
Reactions ((1)-(8)) are explained in the text.

able to react with the surface (see �gure 2.5):
(1) The atomic nitrogen can move onto the cathode surface being adsorbed by physisorp-
tion where it can collide with other atoms and molecules. Or it can be adsorbed by
chemisorption and can di�use into the metal lattice forming di�usion and compound
layer.
(2) Because of their positive charge the atomic and molecular nitrogen ions are attracted
by the workload on negative potential. Due to their velocity they can di�use into the
surface.
(3) The positive ions are also able to sputter Fe atoms from the surface. These atoms
may react with atomic nitrogen to a FeN compound.
(4) This FeN compound is adsorbed again on the surface.
(5) Nitrogen ions or atoms also collide with a physisorbed nitrogen atom on the surface
leading to a recombination to N

2
.

(6) Also a particle-wall-reaction between the atoms of hydrogen and of nitrogen are pos-
sible to form adsorbed NH or NH

2
.

(7) The NH and NH
2
radicals recombine with (atomic and molecular) hydrogen to NH

3
.

(8) NH
3
can be dissociated in the plasma to hydrogen and atomic nitrogen by electron

impact. Finally, the nitrogen di�uses in the solid and forms with Fe the di�usion layer
and the compound layer.
[30, 34, 35]
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2.2 Nitriding

Figure 2.6 Schematic arrangement of an ac-
tive screen plasma nitriding system (adapted
from [29]).

Figure 2.7 Schematic diagram of an ASPN
setup and its nitriding mechanisms [37].

2.2.2 Active screen plasma nitriding

CPN processes have to handle with some disadvantages, i.e. a non-homogenous tem-
perature distribution within the workload and arcing damages. In a process charge only
parts with a similar ratio of surface and volume can be treated [29]. For the prevention
of these disadvantages the active screen plasma nitriding (ASPN) has been developed re-
cently [24]. The main advantages of this technology in comparison with CPN are based
on the replacement of the glow discharge region from the workload to a separate metal
mesh, i.e. the active screen which surrounds the treated components [19]. A schematic
arrangement of a typical ASPN reactor is shown in �gure 2.6.

The active screen has two function during the plasma-enhanced nitriding process: (i) it
generates a mixture of active species required for the nitriding process and (ii) it radiates
the heat produced by the plasma, resulting in a homogenous temperature distribution
over the workload parts even with highly structured geometry [19]. The workload is on a
�oating potential or is biased by a separate generator with a cathodic potential. So the
reactions described in section 2.2.1 assisted by the plasma occurs in this setup mainly
at the screen. The idea is that the reaction species, nitrogen ions and atoms, which are
responsible for the nitriding process di�use from the plasma region to the workpieces
[24, 37]. So the workpieces are treated in the local afterglow of the plasma. In �gure 2.7
the chemical reactions and nitriding mechanisms elaborated by Ahangarani et al. [37] in
an ASPN reactor with an insulated sample holder are illustrated.
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2 Theoretical background

2.3 Principles of diamond growth using plasma assisted
chemical vapor deposition (PACVD)

The manifold properties of synthetic produced diamond enable a wide �eld of industrial
applications. Diamond coatings are used e.g. for mechanical applications as coating of
tools or of parts in the automobile industry [38], or for the production of optical and
thermoelectric tools [39�43].
The synthesis of diamond with the help of CVD processes is based on the activation of

a carbon containing gas by an energy source. Mostly hydrogen is used with admixtures
of carbon containing precursors as methane or acetylene. During the process the si-
multaneous formation of both graphite (carbon con�guration sp2) and diamond (carbon
con�guration sp3) may occur. The CVD process should support the favorable formation
of the diamond phase much more than that of the graphite phase. It has to be noted that
the di�erences of the free enthalpy between the graphite phase and the diamond phase
is relatively low: ∆G = 0.016 eV [44]. For the selective etching of the carbon atoms in
the graphite phase - these are etched by a factor of 1000 more than the atoms in the
diamond phase - hydrogen atoms play the most important role [45, 46]. Furthermore
the atomic hydrogen stabilizes the growth rate on the surface with the favorable carbon
atoms of sp3 type [44]. It is also responsible for the vacancy generation on the surface
for supporting the diamond layer growth - for the embedding of one carbon atom into
the diamond surface approximately 10000 hydrogen atoms in the gas phase are needed
[47]. Another important role of the atomic hydrogen is the formation of the CH

3
by the

reaction H + CH4 → CH3 + H2. Beside the H atom the CH
3
radical is the second key

species for the production of diamond [48�51]. The in�uences of the atomic hydrogen on
the diamond growing process is summarizes in �gure 2.8
During the decades di�erent techniques have been developed for the growing of dia-

mond layers. The di�erences between each technique is how the activation of the gas
phase, i.e. the dissociation of the hydrogen, is controlled.
In hot-�lament CVD (HFCVD) reactors hydrogen is dissociated thermally at tung-
sten �laments which are heated between 2000 and 2700 K [53�56]. Another possibil-
ity for the dissociation of molecular hydrogen is a plasma assisted process (PACVD)
where the energy is coupled directly into the free electrons which e�ect the reaction
H2 + e− → H + H + e−. This reaction occurs through successive vibrational excitation
of H

2
by electron impact [57]. The excitation of the gas phase can be performed e.g. by

plasma torches [58], by plasma jets [59] and by microwave plasmas [60, 61].
The microwave plasma assisted chemical vapor deposition (MW-PACVD), as a part

of the used plasma techniques in the frame of this thesis (see chapters 6 and 7), shall be
described in more detail below.
The synthesis of high quality single crystal diamond, intrinsic, or doped layers, by

MW-PACVD has opened the opportunity to produce e�cient diamond-based electronic
devices [62�64]. MW-PACVD processes using hydrocarbon-hydrogen feed gas mixtures
have been proven to be e�cient for the deposition of di�erent crystallinity types of
diamond layers [67]. One of the key issues associated with high purity diamond growth at
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2.3 Principles of diamond growth using plasma assisted chemical vapor deposition

(PACVD)

Figure 2.8 Reaction mechanisms occurring at the diamond surface illustrating the integration
of carbon atoms into the diamond lattice (adapted from [52]).

high deposition rates is the combination of high pressure and high MW power conditions
[65, 66]. The microwave plasma reactors operating at a frequency of 2.45 GHz have a
capacity to couple simultaneously high pressure and high power (up to 400 mbar and
4 kW) [68�71]. Usually, a gas mixture with hydrogen and an admixture of up to 7 % of
a hydrocarbon gas, as methane, is used [52, 57]. A schematic outlining of a typical setup
of a MW-PACVD system is shown in �gure 2.9.
Since no electrodes or �laments are situated in the reactor vessel the MW radiation

guided into the gas vessel is able to decompose the gas mixture without any contamination
by metal impurities of the grown �lm. This has led to the exploitation of the electronic
properties of diamond grown in MW-PACVD processes [60].
Recently it was shown that �lms doped with boron have great potential not only for

applications in electronic and optical devices [73], but also in biology and for biosens-
ing [74, 75]. Moreover, boron doped diamond �lms can show superconductivity at low
temperatures [76�78]. The most frequently used boron source gas is diborane, which is
normally used as a dilute mixture in hydrogen [67].
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2 Theoretical background

Figure 2.9 Schematic side view of a MW-PACVD system for synthetic diamond growing,
with a magnetron coupling the energy via a rectangular waveguide into the chamber (150 cm in
diameter, stainless steel) (adapted from [72]).
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3 Diagnostics

3.1 Process diagnostics

In order to lead to better insights into internal processes of plasma applications, the
diagnostics of a plasma should achieve the analysis of as much plasma parameters as
possible. Ideally, these techniques should work without any disturbances of the plasma
process and allow an in situ and time- and spatial-resolved approach. The time and
spatial resolution should be smaller than typical times and lengths of instabilities. Fi-
nally, the ideal diagnostics, being calibration-free, should provide absolute values of the
measured parameters. Because these attributes has been labeled as �ideal�, it illustrates
the di�culty of �nding or creating diagnostics, which �ts best to the application. Since
all mentioned properties are not available in a single method together, the usage of
multi-channel diagnostics are needed [1, 2].
The methods of plasma diagnostics can be classi�ed into in situ and ex situ as well

as into invasive and non-invasive techniques [3]. Invasive techniques describe methods
disturbing the investigated object signi�cantly. Examples are the diagnostics of plasmas
with probes as Langmuir probes [4] and thermal probes [5]. These probes introduced
into the active plasma zone can change the local electric �eld, can be coated or sputtered
material of the probe can contaminate the plasma volume [6]. So the probe measure-
ments itself can be in�uenced. These probe measurements can be considered as in situ

diagnostics. Non-invasive methods, these are diagnostics not disturbing the monitored
processes, are e.g. mass spectrometry [7] and gas chromatography [8]. Since these meth-
ods needs the extraction of a gas sample from the discharge these diagnostics can be
assumed to be ex-situ. With a high sensitivity of ∼ 10−4 and a suitability in particular
for complex gas mixtures these diagnostics are limited in their time resolution by the
need of a separation volume and by the velocity of the gas through the extraction path.
For non-invasive in situ investigations spectroscopic diagnostic techniques are promis-

ing options. They can provide information about atomic, ionic or molecular densities
in excited or ground states and about the gas, rotational, and vibrational temperature.
One possibility is the investigation of the radiation emitted by the plasma. OES uses the
separation of the emitted light into its spectral intensities, e.g. with the help of a grating
spectrometer. This diagnostics enables the detection of excited species. A description of
this method can be found in section 3.1.3.
Another possibility of spectroscopy is the usage of the plasma light or that of external
light sources to investigate the absorption behavior of a plasma. On the one hand this
absorption can lead to �uorescence e�ects, as it is used for laser induced �uorescence
(LIF). On the other hand absorption e�ects of the plasma on the used light sources may
be observed. Due to the strong absorption strengths of numerous molecular species,
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the mid infrared spectral range is the means of choice for the absorption spectroscopy
in molecular plasmas. This method enables beside the detection of excited species the
measurement of (mostly molecular) species concentration in their ground state. In sec-
tion 3.1.2 the methods (i) Fourier transformation infrared (FTIR) spectroscopy, (ii) laser
absorption spectroscopy using tunable diode lead salt lasers (TDLAS) and (iii) using
quantum cascade lasers (QCLAS) used for the studies presented in this thesis are de-
scribed in more detail.
Also the e�ect of the absorption of light emitted by the plasma, i.e. self- or re-absorption,
has been used in the experiments described in chapter 7 for the detection of atomic boron
concentration. A description of this method can be found in section 3.1.3.2.

3.1.1 Basics of molecular spectroscopy

A molecule, consisting of two or more atoms, has a total energy which is lower than
the sum of the energies of each component. Thus, the components form stable ionic
or covalent bonds. Due to the complex interactions between electrons and nuclei the
calculation of energy levels are complicated. One reason is the movement of the nuclei
caused by vibration and rotation of the molecule. However, the mobility of electrons
is much greater than that of nuclei which has led to the approximation of Born and
Oppenheimer to separate the movement of the electrons from the movement of the nuclei
[9]. Even the vibration of a molecule is much faster than the rotation leading to a
separation of the total energy into electronic, vibration and rotation part [10, 11]:

E = Eel + Evib + Erot.

For each electronic states Eel a set of vibrational states exists characterized by the
vibrational quantum number ν, and for each vibrational state a set of rotational states
exists characterized by the rotational quantum number J , as it is illustrated in �gure 3.1
[12].
As it is also shown in �gure 3.1, transitions between the di�erent energy states may

occur by emission (from an upper level to a lower level) and by absorption of a photon
(from a lower to an upper level). (Due to the following description, i.e. the introduction
of the Einstein coe�cients, the upper electronic level is labeled with '1' and the lower
electronic level is labeled with '2'.) The wavelength, λ, of such a photon is given by the
energy di�erence of the upper (excited) energy level, E1, and the lower energy level, E2,:

hc

λ
= E1 − E2. (3.1)

Thus, emission and absorption give the same information about energy level separation.
From �gure 3.1 it becomes clear that transitions between two electronic levels need a
higher energy than transitions between two vibrational levels which need again a higher
energy than transitions between two vibrational levels. So there are existing three energy
ranges: the transition between two rotational levels is in the energy range of microwave
and FIR radiation, the transition between two vibrational levels is in the energy range of
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Figure 3.1 Scheme of vibrational and rotational levels of two electronic states (A and B) of
a molecule. Possible transitions between electronic states and vibrational states with ∆J =
−1, 0,+1 are shown, represent the P-, Q-, and R-branches, respectively (adapted from [10]).
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NIR and MIR radiation and the transition between two electronic levels is in the energy
range of UV and optical light radiation [12].
If a molecule is interacting with incident radiation having a radiation density of u(λ),

the transitions dN21 per time unit of the stimulated absorption from state 2 to state 1
is given by:

dN21

dt
= B21 · u(λ) ·N2, (3.2)

with N2 the population of level 2 and B21 the Einstein coe�cient of stimulated ab-
sorption.
The transition from the excited state to the lower state may occur by spontaneous

emission. Its transition rate dN ′12/dt can be described by the equation:

dN ′12

dt
= A12 ·N1, (3.3)

with N1 the population of level 1 and the Einstein coe�cient of spontaneous emission,
A12.
Also a transition caused by stimulated emission is possible. This transition rate

dN ′′12/dt can be described analogously:

dN ′′12

dt
= B12 · u(λ) ·N1, (3.4)

with B12 the Einstein coe�cient for stimulated emission.
The relationship between the Einstein coe�cients is as follows:

g2

g1
B21 = B12 =

(
λ3

8πh

)
A12. (3.5)

If the multiplicities of degeneracy of the corresponding states, g1 and g2 are the same,
B21 = B12 [13, 14].
In the absorption case, if the upper level is not populated, the absorption coe�cient,

κ(ν), of an absorption line can be expressed by:∫
line

κ(ν)dν = hνnB21 (3.6)

with ν the wavenumber and n the population density of the lower level (n = N2)
[15, 16].
To determine the ro-vibrational energy of a (diatomic) molecule the vibration and the

rotation have to be taken into account, separately. The pure vibrational energy, G(ν),
(of an anharmonic oscillator) is given by:

Evib

hc
= G(ν) = ωe

(
ν +

1

2

)
− ωexe

(
ν +

1

2

)2

+ ωeye

(
ν +

1

2

)3

− . . . (3.7)
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with the vibrational quantum number ν = 0, 1, 2, 3, . . . and ωe, ωexe and ωeye the
vibrational constants.
In analogy the pure rotational energy, Fν(J), for a given vibrational level, ν, can be

expressed by:

Erot

hc
= Fν(J) = BνJ(J + 1)−DνJ

2(J + 1)2 +HνJ
3(J + 1)3 − . . . (3.8)

with the rotational quantum number J = 0, 1, 2, 3, . . . and Bν , Dν and Hν the rota-
tional constants.
The spectral position of each transition, i.e. the line in a (absorption or emission)

spectrum, is given by the di�erence of the energy term of the upper level and the energy
term of the lower level.
Furthermore, the intensity of an absorption line, i.e. the absorption line strength, of

a rotational transition is given by:

Iabs =
2Cabsν

Qr
Shl · e

− (G′′+F ′′
ν )hc

kBT , (3.9)

that of an emission line is given by:

Iem =
2Cemν

4

Qr
Shl · e

− (G′+F ′
ν)hc

kBT (3.10)

with Qr = kBT/hcBν the partition function and Shl the Hönl-London factors. Cabs

and Cem are constants. The prime (′) indicates the energy value of the upper level and
the double prime (′′) indicates that of the lower level [10].

3.1.2 Infrared absorption spectroscopy

Absorption describes the interaction of a physical quantity when passing an absorbing
medium. In gas phase absorption spectroscopy, the intensity of an incidental light beam
can be reduced when it passes a volume containing absorbing species. Due to strong
absorption line strengths comparing to other spectral regions the IR region has proven
to be the ideal spectral range for the detection of molecular species. The reduction of
the incoming light beam is dependent on the wavelength of the light source, the number
density and the cross section of the species, and the absorbing length. The variation of
the light intensity, dI, absorbed on the in�nitesimal length, dz, in the absorbing medium
can be expressed by [17, 18]

dI(ν) = (j(ν)− k(ν)) · I0(ν) · dz. (3.11)

j(ν) is the emission coe�cient and I0 is the intensity of the incident light beam.
k(ν) is the absorption coe�cient which is the product of the number density n per unit
volume and the relating absorption cross section, σ(ν). If several absorption features are
involved, k(ν) is expressed as their sum with corresponding concentration n per unit and
absorption cross-section σ(ν):
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Figure 3.2 One dimensional illustration of
the Beer-Lambert law given in equation 3.14
(adapted from [18]).

Figure 3.3 Example spectra of an absorp-
tion line of CO at 2119.681 cm−1.

k(ν) =
∑
i

ki(ν) =
∑
i

niσi(ν). (3.12)

Compared to the visible spectral range scattering can normally be neglected in the
infrared region due to the strong ν4 dependence. When the absorbing medium is ho-
mogeneous, scattering and emission e�ects can be neglected and equation 3.11 simpli�es
to:

dI(ν) = −k(ν) · I0(ν) · dz. (3.13)

Integration over an e�ective absorption line path, Leff leads to the Beer-Lambert law
of linear absorption:

ln

(
I0(ν)

I(ν)

)
= k(ν)Leff , (3.14)

which is illustrated in �gure 3.2. An example of an absorption line of the CO molecule
is shown in �gure 3.3.
The integration of k(ν) over the frequency of a whole absorption line enables the

calculation of the number density per unit volume, n, of the absorbing species:

K(T ) =

∫
line

k(ν) dν =
1

Leff

∫
line

ln

(
I0(ν)

I(ν)

)
dν = n · S(T ) (3.15)

where K(T ) is the integrated absorption coe�cient which is the product of the number
density and the line strength, S(T ), in cm molecules−1. If the integration is done over
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more lines or a whole absorption band S(T ) is named the band strength. It is a pro-
portional factor and can be found in di�erent databases such as HITRAN [19], GEISA
[20] or PNNL [21]. For single resolved absorption lines a line shape pro�le Φ(ν − ν0) can
be assigned with S as the proportionality factor to the cross section σ (in cm−2) of a
transition centered at ν0 [18]:

σ(ν − ν0) = S · Φ(ν − ν0) (3.16)

with the normalized line shape pro�le:∫
line

Φ(ν − ν0) = 1. (3.17)

The broadening of the line shape pro�le can be a�ected by:

i natural broadening

ii Doppler broadening

iii pressure broadening.

While the natural broadening and the pressure broadening cause Lorentzian shapes of
the absorbtion line the Doppler broadening results in a Gaussian line pro�le. Since the
natural line width is connected with the spontaneous life time of vibrational levels in the
electronic ground state of molecules (τ ≈ 10−3 s) it is in the order of 10−8 cm−1 [18, 22].
Comparing to the other, much stronger broadening e�ects it can be neglected.
Furthermore, the line width is depending on the collision rate of the molecules. Hence,

the number density of the molecules and the relative velocity of the molecules have a
stronger in�uence on the line shape if the pressure increases. This e�ect can be described
by a Lorentzian line shape function:

Φ(ν − ν0) =
1

π

∆νL

(ν − ν0)2 − (∆νL)2
(3.18)

where ∆νL is the half width at half maximum (HWHM) of the pro�le. As an expression
of the pressure, p, and the temperature, T , this value can be expressed by:

∆νL = ∆νL0

p

p0

√
T0

T
(3.19)

with p0, T0 and ∆νL0 the pressure, the temperature and the Lorentz width at standard
conditions [23].
The Doppler broadening is caused by the thermal velocity of the atoms and molecules.

In case of a Maxwellian distribution of the velocities the shape of the spectral line can
be described by a Gaussian function:

Φ(ν − ν0) =
1

∆νD

√
1

π
exp

(
−(ν − ν0)2

(νD)2

)
(3.20)
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where ∆νD is the half width at half maximum of the line with:

∆νD =
ν0

c

√
2 kBNA ln2

T

M
. (3.21)

NA = 6.02214129 × 1023 mol−1 and kB = 1.3806503 × 10−23 J·K−1 are the Avogadro
constant and the Boltzmann constant, respectively. M is the molecular weight in g·mol−1

and c is the velocity of light in the vacuum.

3.1.2.1 Fourier transformation infrared spectroscopy

A Fourier transformation infrared (FTIR) spectrometer enables the spectroscopic inves-
tigation of an infrared active medium, in particular the identi�cation and quanti�cation
of molecular species in the gas phase. A FTIR spectrometer consists of a light source, an
interferometer and a detector unit. Usually, broad band emitters, e.g. Globar or Nernst
sources, are used as light sources allowing the usage of the whole MIR spectral range.
The parallelized beam is led to the interferometer, mostly of Michelson type [24, 25].
There, the beam is split into the re�ecting part (a), re�ected again by the �xed mir-
ror, and the transmitting part (b) which is re�ected by the movable mirror (see �gure
3.4). The beam of the movable mirror is then re�ected by the beam splitter whereas the
other beam is transmitted. Behind the beam splitter both beams are superimposed and
interfere with each other. Reaching the detector the interference signal of both beams
is detected. This depends on the di�erence of the path length between the beam split-
ter and the �xed mirror and between the beam splitter and the movable mirror. This
variation of the intensity yields the spectral information.

Figure 3.4 Schematic of a Michelson interferometer (adapted from [25]).

The di�erence between the path lengths, i.e. twice the segment a and twice the segment
b in �gure 3.4, is δ = 2 · (a− b). In case of a continuing source, the interferogram, I, can
be written as a function of δ by the integral:
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I(δ) =

+∞∫
−∞

B(ν) cos (2πνδ) dν (3.22)

with B(ν) as the intensity of the source, i.e. the spectrum. Fourier transformation
leads to:

B(ν) =

+∞∫
−∞

I(δ) cos (2πνδ) dδ. (3.23)

Due to the fact that I(δ) is an even function, equation 3.23 may be rewritten as:

B(ν) = 2

+∞∫
0

I(δ) cos (2πνδ) dδ. (3.24)

It is indicated by equation 3.22 that the complete spectral range from 0 to +∞ (in
cm−1) at in�nitely high resolution can be measured theoretically. Considering equation
3.24, the mirror has to be moved on an in�nitely long distance with a digitization of
the interferogram at in�nitesimal small steps. In practice, this is not achievable. An
implementation of an apodization function is necessary. Assuming that the maximum
retardation of the interferogram is δmax, the complete interferogram can be multiplied
by a truncation function, D(δ), which is 1 for δ = −δmax . . .+ δmax and 0 outside of this
limits:

D(δ) = 1 if − δmax ≤ δ ≤ +δmax

D(δ) = 0 if δ > |δmax|
(3.25)

This function, D(δ) is often called a boxcar truncation function, because of its shape.
It describes the limits of the endless movable mirror mathematically and can be included
into equation 3.23:

B(ν) =

+∞∫
−∞

I(δ)D(δ) cos (2πνδ) dδ. (3.26)

It has to be noted that the boxcar function, D(δ), is a simple function which can
not describe apodization at all. The consideration of the apodization function is of
great importance in spectroscopy since it determines the appearance of the spectra.
The described boxcar function leads to the highest possible resolution of the spectra, i.e.
1/δmax, but can lead also to disturbances in the spectra. The in�uences of other functions
on the spectra appearance have been tested with the result of less disturbed spectra and
a reduced resolution. In [24] an overview is given. Nevertheless, the measurements taken
out within the frame of this thesis were performed with the same parameters as the
database spectra of the PNNL database to ensure a good comparability. An example
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overview transmission spectrum in the spectral range of ν = 800 . . . 4200 cm−1 of an
extracted gas sample of an ASPN process is given in �gure 3.5. The used gas �ows are
40 slh H

2
, 40 slh N

2
and 8 slh CH

4
, the plasma power is Pscreen = 9.5 kW, the pressure

is p = 2 mbar and the process temperature is T = 850 K.

Figure 3.5 Transmission spectrum of the extracted gas sample of a H
2
-N

2
-CH

4
pulsed dc

plasma recorded with a FTIR spectrometer during a nitriding process in the ASPN reactor
described in chapter 4 (Pscreen = 9.5 kW, p = 2 mbar, ΦH2

= 40 slh, ΦN2
= 40 slh, ΦCH4

= 8 slh,
Tprobe = 850 K).

3.1.2.2 Laser absorption spectroscopy using tunable diode lasers

Tunable diode lasers (TDL) in the mid-infrared spectral range are narrow-band light
sources with quite low emission power and has been proven their application in absorption
spectroscopy for the diagnostics of plasmas (see [26] and references therein). TDLs have
the advantage of narrow bandwidths and continuous tunability over a line's absorption
pro�le. The simplest form of a TDL, the homo structure, is illustrated in �gure 3.6. It
consists of a crystal of PbSnSe or PbSSe with several 100 µm thickness and Cd as a donor
on which the p-n-junction is formed by di�usion. Two metal contacts are placed on the
top and bottom and supply a current of several 100 mA �owing through the p-n-junction.
With a su�cient current �ow, laser radiation is emitted due to the population inversion
created in the active zone of the p-n-junction. Hereby the needed optical cavity is created
by the two polished parallel resonator facets [3, 23]. A photo of a tunable diode laser
with a size comparison is shown in �gure 3.7. The previously described semiconductor
crystal can be seen as the grey quadrangle situated on the top of the white body (marked
with a circle).
Lead salt lasers used for the mid-infrared spectral range need temperatures between

20 and 120 K to be operated. So they need cryogenic cooling, i.e. the usage of liquid
nitrogen or of helium closed cycle refrigerator systems. Generally, the emission of a
TDL at a given temperature current couple shows a multi-mode characteristic. Several
frequency modes may be emitted simultaneously. For illustrating this behavior typical
examples for the emission of a TDL at a �xed temperature is given in �gure 3.8. For the
mode �ltering the usage of a spectrograph behind the diode laser is necessary.
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Figure 3.6 Schematic illustration of the
structure of the diode laser (adapted from
[23]).

Figure 3.7 Photo of a tunable lead salt
diode laser with a part of a 1 cent coin for
scale. Arrow and circle show the literal diode
laser.

Figure 3.8 Example for the emission characteristic of a tunable diode laser: (a) threshold, (b)
single mode, (c) mode hop, (d) multimode.
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3.1.2.3 Laser absorption spectroscopy using quantum cascade lasers

Since the last two decades the development and commercial availability of Quantum
Cascade Lasers (QCL) establishes new attractive possibilities for mid-infrared laser ab-
sorption spectroscopy for plasma diagnostics. The idea for these types of lasers has been
developed by Kazarinov and Suris [27] and was realized by Faist et al. [28]. Advantages,
comparing to tunable diode lasers, are the operating of the laser near room temperature
with a narrow line width radiation and a (comparing to TDLs) high output power be-
tween some tens and some hundreds of mW. A photo of an open QCL with TS-mount is
shown in �gure 3.9.

Figure 3.9 Photo of a TS mounted quan-
tum cascade laser chip with a part of a ruler
for scale. The copper block acting as cool-
ing body carries the electrical contact with the
electrical bondings to the QCL chip [29].

Figure 3.10 Band diagram illustrating a
potential well and without external bias (up-
per). Con�ned quantum states of the active
zone is indicated with A, B indicates the tun-
nelling barrier. With external bias (lower)
the band diagram indicating radiative transi-
tion (A) and resonant tunnelling (B) is shown
(adaped from [18]).

In a QCL the radiative transition is based on con�ned quantum states inside a stack of
nm thick semiconductor layers. Each layer is a semiconductor alloy. The con�ned quan-
tum states are realized by an alternating composition of the single layers. The traveling
of electrons between quantum states of the conduction band leads to the laser emission
(see �gure 3.10). The wavelength of the radiation is determined by the separation of the
energy levels which are caused by the layer thickness. So the emission wavelength of a
QCL can be controlled by controlling the thickness of the layer during the production.
The electron transport as it is illustrated in the lower part of �gure 3.10 is accomplished

by applying an external bias to the periodic structure. Injected electrons get into the
upper laser level through special designed injector regions and fall into the lower level by
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the radiative transition. The lower level depopulates by tunneling of the electrons through
the potential wall barrier. This act as the injector of the upper level of the next active
region, �gure 3.10. For the resonant case caused by the external �eld, i.e. subsequent
lower and upper laser levels are aligned, a high tunneling probability is observed [18].
The development of pulsed and continuous wave QCLs for wavelengths longer than

3.4 µm and of inter-band cascade lasers (ICLs) for shorter wavelengths, and their commer-
cial availability, establishes new attractive possibilities for laser absorption spectroscopy
in the mid infrared region for plasma diagnostics. Distributed feedback (DFB) QCLs,
with a typical emission range of about 7 cm−1, provide continuous mode-hop free wave-
length tuning. Using external cavity (EC) con�gurations, a tunability over much broader
spectral ranges has been achieved. Nowadays, EC-QCLs (see �gure 3.11) are tunable over
a spectral range greater than 100 cm−1 with a mode-hop free tuning range of the order of
80 cm−1 [30]. Meanwhile the variety of QCLs and ICLs operating at room temperature
has led to the development of QCLs as powerful IRLAS tools. These types of lasers are
considered as substitutes for cryogenically cooled lead salt lasers leading to the rapid
development of IRLAS from a niche position to a standard diagnostic technique [31�33].
Combined with integrated DFB gratings, the emission wavelength of this class of ther-
moelectrically cooled lasers can be adapted over a wide range throughout the infrared
molecular �ngerprint region [34].

Figure 3.11 Photo of a commercial available EC-QCL (Daylight Solutions [35]). This type of
QCLs has been used for the investigations in chapter 5.

3.1.2.4 Determination of the temperature using laser absorption spectroscopy

The usage of both TDLs and QCLs provide the recording of absorption lines with spectral
resolution of ≤ 0.001 cm−1. This allows a �tting of the lines with a Voigt pro�le. As it has
been discussed in section 3.1.2, the gas temperature can be determined by analyzing the
Gaussian part of the Voigt �t and determining the Doppler broadening of the absorption
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feature. From equation 3.21 the gas temperature can be calculated (using the full width
at half maximum):

Tg =

(
c

2ν0

)2

(∆νD)2 M

2 ln2 kBNA
. (3.27)

It has to be noticed that the Gaussian width of the recorded absorption line is a
convolution of the temperature caused Doppler broadening, ∆νD, and the instrumental
broadening, ∆νinstr, which can be assumed as Gaussian:

(∆νmeasure)
2 = (∆νD)2 + (∆νinstr)

2 (3.28)

Another possibility for the determination of the gas temperature is the line ratio
method. Following equation 3.15 the ratio of the integrated absorption coe�cients of
two monitored lines of the same species is:

K1

K2
=
n1 · S1(T )

n2 · S2(T )
. (3.29)

It can be seen easily that because of the temperature dependence of the line strengths,
S1 and S2, the integrated absorption coe�cients, K1 and K2, and therewith this ratio is
depending on the temperature. Since this method is applied for the absorption lines of
one species it has to be taken into account that n1 = n2 = n. So equation 3.29 can be
written as:

K1(T )

K2(T )
=
S1(T )

S2(T )
(3.30)

and can be used for the determination of the rotational temperature which can be
assumed to be the gas temperature [36]. The temperature dependent line strengths
can be calculated by using the software Q-MACSoft-HT [37] which uses the HITRAN
database [19].

3.1.3 Optical emission spectroscopy

Optical emission spectroscopy (OES) is an in situ, non-invasive diagnostic method. It
is based on the spectral resolved intensity determination of the plasma emission. The
light emitted by a plasma originates from atomic and molecular transitions. One of the
basic underlying processes, in particular in non-equilibrium plasmas, is the excitation of
atoms, molecules, and ions by electron impact from a lower level to a higher excited level,
E1, and the decay into the lower level, E2, accompanied by spontaneous emission with a
transition probability, given by the Einstein coe�cient A12, as it is described in section
3.1.1. The energy of the emitted photon is given by the di�erence of upper and lower
energy level ∆E = E1 − E2. Therewith the central wavelength, λ0, of the emission line
is given by [38]:
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λ0 =
hc

Ei − Ek
. (3.31)

Due to the fact that the energy of a transition is a characteristic of the particle species,
the central wavelength is used for the identi�cation of the radiating particle, i.e. the
particle in excited states [38].
The intensity of a spectral line, I12 is the product of the transition probability and the

population density, N1:

I12 = N1A12. (3.32)

It has to be noted that the population density depends strongly on plasma parameters,
as electron temperature, electron density, or gas temperature [38]. Regarding the spon-
taneous emission from molecules it should be noted that the intensity of a spectral line
may occur with a changing of rotational and vibrational levels. Thus, it may be written
as

In
′,ν′,J ′

n′′,ν′′,J ′′ = Nn′,ν′,J ′An
′,ν′,J ′

n′′,ν′′,J ′′ (3.33)

with n′,ν ′, J ′ the electronic, vibrational and rotational quantum number of the upper
(excited) level and n′′, ν ′′, J ′′ the electronic, vibrational and rotational quantum number
of the lower level [16].
In addition, information about the rotational temperature in a molecular plasma can

be achieved. With the rotational temperature the population distribution of the excited
levels is changing and therewith the intensity distribution inside an emission band [10].
This behavior may be used for the determination of the rational temperature.
The gas temperature determination by using the molecular emission bands has been ap-
plied in plasmas, e.g. with H

2
and BH [39�41]. Nowadays several software is commercial

available for the calculation and �tting of molecular emission bands and the determina-
tion of the temperature,e.g. for the bands of N2

(+) [42].

3.1.3.1 Determination of the temperature

Comparable with the broadening e�ects in the absorption case (see section 3.1.2.4), even
in the emission case the lines are underlying line broadening caused e.g. by tempera-
ture, pressure or natural line broadening. The experimental determination of these e�ects
requires spectroscopic systems with high spectral resolutions as provided by Echelle spec-
trometers or Fabry-Perot set-ups [38].
If Doppler broadening is the dominant line broadening mechanism, the analysis of the

line pro�le enables to determine the gas temperature of heavy particles, in particular the
full width at half maximum (FWHM) of the emission line. Taken into account the part
of the line width caused by the apparatus, ∆λinstr, the total measured FWHM of the
line, ∆λmeas can be written as [38]:

∆λmeas =

√
(∆λD)2 + (∆λinstr)

2 (3.34)
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with ∆λD the line width caused by the Doppler broadening, assuming a Gaussian line
pro�le for both mechanisms. The Doppler broadening can be expressed, in analogy to
equation 3.27, as [38]:

∆λD = 2
√

ln2
λ0

c

√
2kBTg

m
(3.35)

with m the particle mass and λ0 the central wavelength of the emission line.
Alternatively, a common method is the analysis of rotational lines of a vibrational band

of diatomic molecules, as it has been shown for the bands of hydrogen, nitrogen or BH
[41�43]. The very small energy distance between rotational levels allows a description
of the rotational population with a Boltzmann population and therewith to introduce
a rotational temperature, Trot. Trot can be obtained either from a Boltzmann plot [16]
or from spectra simulations based on molecular constants compared with the measured
vibrational bands [38]. A comparison of a measured band of the nitrogen ion and a
simulation of this band (using [42]) with a rotational temperature of Trot = 960 ± 65 K
is shown in �gure 3.12. The shape of the shown band is sensitive on the rotational
temperature, the only �t parameter in the simulation.

Figure 3.12 Recorded (0− 0) band of the FNS of the N2
+ ion measured in the screen plasma

of an ASPN reactor (Pscreen = 11 kW, 40 slh H
2
+ 40 slh N

2
, p = 3 mbar), �tted with simulated

spectra using the rotational temperature (Trot = 960± 65 K) as �tting parameter.

Under the assumption that the time of rotational relaxation in a certain vibronic state
is much smaller than the mean lifetime of the rotational levels, the rotational temperature
have de�nite physical meaning. Then, the rotational distribution of the populations is
close to a Boltzmann distribution, with a temperature Trot equal to the translational (or
gas) temperature Tg of the colliding particles (with a Maxwellian velocity distribution)
[16].
The radiative lifetimes of rotational levels in excited vibronic states are often much

smaller than those of the rotational relaxation in the speci�ed excited vibronic states
in low-pressure plasmas. In this case the rotational population distributions and the
corresponding rotational temperatures in ground and excited vibronic states can be re-
lated by using speci�c kinetic models. The so-called corona-like model is the simplest
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model. It is based on the assumption of dominant direct electron impact excitation and
spontaneous decay of rovibronic levels. This fact allows the determination of the ground
state rotational temperature, which is often close to the gas temperature, by measuring
an intensity distribution of the rotational structure of emission bands [16].

3.1.3.2 Determination of atomic boron concentration

Beside the identi�cation of species and their gas temperature determination the OES
method may enable the determination of atomic densities as the result of the dissociation
of molecules. As an example the determination of atomic B densities, developed by
Lavrov [41] and as it has been used in chapter 7, shall be described here.
For resonance radiation of atoms low temperature plasmas are often not optically thin.

The re-absorption of resonance lines leads to a small decrease of the measured emission
intensity comparing to the light emitted inside the plasma, when the optical thickness is
low enough. In homogenous plasmas, this intensity decrease is determined by the product
of the oscillator strength of the absorption line, the population density of the initial state
and the plasma length (along the line of sight) [44]. If the ground state structure of an
atom is a multiplet, the ratio of the component intensities of the multiplet changes with
the optical thickness of the plasma. The re-absorption leads to an intensity ratio which
di�ers from that emitted by an optical thin plasma [41]. For the determination of boron
atom densities the resonance doublet of B at λ ≈ 250 nm has been used to apply this
method. According to [41] following assumptions has to be considered:

i the plasma is homogeneous

ii the atomic boron ground state population is much larger than that of all excited
states

iii the population densities of 22P1/2 and 22P3/2 levels obey the Boltzmann law, if the
multiplet splitting in the ground state is much smaller than the gas temperature

iv the emission and absorption lines have identical (Gaussian line) pro�les, being
determined by Doppler broadening.

An example of the optical emission spectrum of the normalized intensity distribution
of that emission doublet in a MW H

2
plasma containing B

2
H
6
with and without the

admixture of CH
4
is shown in �gure 3.13.

Taken into account the Gaussian pro�le of absorption and emission lines (assumption
(iv)), the absorption coe�cient of a particular transition can be written as

κni(ν) = κ0
nie
−ω2

(3.36)

with

ω =
2
√

ln2

∆νD
(ν − ν0) .

43



3 Diagnostics

Figure 3.13 Normalized intensity distribu-
tion of the resonance doublet of boron at
p = 200 mbar and P = 3 kW with and with-
out admixed 1 % CH

4
in a H

2
-B

2
H
6
MW dis-

charge. The markers at the y-axis give the
relative intensity value of 0.5 for the �rst line
of the doublet in the case of an optically thin
plasma[34].

Figure 3.14 Grotrian diagram illustrating
the transitions of the resonance doublet of the
boron atom [41].

κ0
ni is the absorption coe�cient in the center of the line at the wavenumber ν0, n

denotes the upper level, i denotes the lower levels, l and m, of the resonance doublet, as
it is shown in the Grotrian diagram in �gure 3.14. ∆νD is the Doppler width (full width
at half maximum) in cm−1.
In analogy, the local value of the emission intensity may be expressed as

εni(ν) = ε0
nie
−ω2

(3.37)

with ε0
ni ∼ AniNn, where Ani is the Einstein coe�cient for spontaneous emission due

to the transition from the upper level n to the lower levels of i, and Nn is the population
density of the upper level. For the resonance doublet of the boron atom the small
di�erences between the transition wavelengths (λnm = 249.678 nm and λnl = 249.772 nm)
can be neglected.
The total intensity, Ini, of the n→ i spectral line from the homogenous plasma column

is depending on the local value of the emission coe�cient ε0
ni in the center of the line:

Ini =
∆νD
√
πLε0

ni

2
√

ln2
S
(
κ0

niL
)
. (3.38)

with

S
(
κ0

niL
)

= 1− κ0
niL

2!
√

2
+

(
κ0

niL
)2

3!
√

3
−
(
κ0

niL
)3

4!
√

4
+ . . .
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the Ladenburg-Levy function describing the contribution of re-absorption [44]. L is
the length of the plasma along the line of sight.
The total absorption coe�cient of the n → i spectral line is according to assumption

(iv):

+∞∫
0

κni(ν)dν =
1

2

√
π

ln2
κ0

ni∆νD. (3.39)

Since the stimulated emission may be neglected, the absorption coe�cient in the line
center, κ0

ni may be given as a function of the population density, Ni of the low level i:

κ0
ni =

1

8π

√
mu

2πkB

(
√
µ
gn

gi

Ani

ν3
ni

)
Ni√
T

(3.40)

with νni the wavenumber in cm−1 of the transitions n← i, mu = 1.66053873×10−24 g,
kB the Boltzmann constant in erg K−1 and T the gas temperature in K. Ani is in s−1

and Ni is in cm−3. µ is the dimensionless atomic mass which is assumed to be 10.815,
considering the natural occurence of boron isotopes, i.e. 18.5 % 10B and 81.5 % 11B.
Taken into account that the energy di�erence between the 22P1/2 and 22P3/2 levels of

the atomic boron ground state is only 15 cm−1 and in accordance with assumption (iii),
the ratio of the population density of both ground state levels may be written as:

Nl

Nm
=

gl

gm
e−(El−Em)/kBT ≈ gl

gm
= 2 (3.41)

with gl = 4 and gm = 2, the statistical weights of the 22P1/2 and 22P3/2 levels. It can
be seen easily that the total population density of the ground state, N0, is divided into
Nl = 2

3N0 and Nm = 1
3N0. According to assumption (ii) N0 is close to the total density

of boron atoms in the plasma.
Following the above discussion, the ratio of the line intensities of the resonance doublet

is depending on the ratio of the Ladenburg-Levy functions and on the ratio of the Einstein
coe�cients for spontaneous emission:

Inm

Inl
=
ε0

nm

ε0
nl

S
(
κ0

nmL
)

S
(
κ0

nlL
) . (3.42)

As it can be seen from equations 3.38, 3.40 and 3.42, the knowledge of the gas tem-
perature and the length of the line of sight through the plasma is needed, that the ratio
Inm/Inl is a function of only one parameter, the atomic boron density N0. If L and
T are known, Inm/Inl may be used for the spectroscopic determination of the absolute
concentration of the boron atoms.
An example of that function calculated for a MW plasma containing H

2
and B

2
H
6
is

shown in �gure 3.15. The plasma length has been measured with l = 5 ± 0.5 cm. The
gas temperature has been measured with Tg = 2800 ± 150 K. The intensity ratios of
the example in �gure 3.13 are shown in the �gure. Curve 2 shows the ratio without the
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admixture of CH
4
, curve 3 shows the ratio with an admixture of 1 % CH

4
in the B

2
H
6
-H

2

plasma.

Figure 3.15 The calculated intensity ratios, I(λ1)/I(λ2), as a function of the ground state
concentration, N0, of atomic boron for Tg = 2800± 150 K and a plasma length l = 5± 0.5 cm,
curve 1. The measured intensity ratio of the resonance doublet of atomic boron in a H

2
-B

2
H
6

plasma, curve 2, and in a H
2
-B

2
H
6
plasma with an admixture of 1 % CH

4
, curve 3 (p = 200 mbar,

P = 3 kW, Φ = 500 sccm, 66 ppm B
2
H
6
) [34].

3.1.4 Langmuir probe

The Langmuir probe is used for the determination of plasma parameters, e.g. electron
density and electron temperature. For the �rst time it was described by Irving Langmuir
in 1923 [4] and is still applied nowadays [45]. Detailed descriptions of this diagnostics
method can be found elsewhere [46, 47]. In this section a short overview shall be given.
Usually cylindrical probes made of tungsten or platinum surrounded by a ceramic

insulation are used. The sensor itself is only the cylindrical probe tip, an uninsulated
�lament, with typical dimensions of a few mm in length and a diameter of < 1 mm.
With the help of a voltage source the current-voltage characteristic can be measured as
it is illustrated in an idealized way in �gure 3.16.
For a strong negative potential of the probe all positive ions can reach the probe

unimpeded with a velocity close to the ion sound velocity resulting into the ion saturation
current, Ii,sat. In analogy to this, more positive probe voltages result in the electron
saturation current, Ie,sat. Because of the much higher thermal velocity of the electrons
compared to ions, the electron saturation current is much higher than the ion saturation
current and can be expressed by:

Ie,sat =

√
mi

me
Ii,sat, (3.43)

with mi and me the masses of the ion and the electron.
The zero point of the I-V -curve de�nes the �oating potential, Vfl. At his point the

potential enables equal �uxes of negatively and positively charged particles to the probe.
The total current is zero. Above the �oating potential the current increases exponentially
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Figure 3.16 Typical current-voltage characteristics of a Langmuir-probe situated in a plasma
(adapted from [48]).

until reaching the electron saturation. At the in�ection point of the I-V -characteristic
the probe has a potential, the plasma potential Vpl, where the plasma is not disturbed
by the probe. Additionally to the de�ned potentials the electron temperature, Te, and
the electron density, ne, can be determined by the following equations:

kB Te =

Vpl∫
Vfl

I(V ) dV

I(Vpl)
(3.44)

ne =
I(Vpl)

Apr

√
2πme

e2 kB Te
(3.45)

with Apr the surface of the probe.

3.2 Surface diagnostics - GDOES

The glow discharge optical emission spectrometry (GDOES) is a surface destructive di-
agnostics to determine the chemical composition of a metal surface. It provides element
depth pro�le and therewith the distribution and the identi�cation of elements in coatings.
The information depth is covering a range from 100 nm to 100 µm [49, 50].
A schematic setup of a GDOES system and of a typical glow discharge source is shown

in �gure 3.17. For the diagnostics the investigated sample is �xed into the glow discharge
source (of Grimm type [51]) where it forms together with the housing of the source and
the opposite window a closed chamber. This chamber is pumped down and �owed with
Argon at a pressure of p = 2 . . . 15 mbar [50]. Between the cathode and the anode (see
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�gure 3.17) a dc voltage of about 1000 V is supplied. The generated plasma provides
excited atoms and ions which sputter the surface of the cathodic sample leading to a
planar erosion. The sputtered atoms are excited and emit photons with a characteristic
wavelength depending on the elements. The light is spectral resolved by a re�ective
grating and detected by photo multipliers [50, 52, 53]. Ref [52] gives an overview of the
usually used emission lines of 57 elements.

Figure 3.17 Schematic setup of a GDOES system and of the glow discharge source (Grimm
type) (adapted from [50] and [53]).

Due to the fact that GDOES is a spectroscopic method it provides qualitative results
only. For the quanti�cation it requires a calibration [52]. In the easiest case, standard
reference samples can be used to determine the sputter rate and the emission intensity
of the containing element at known discharge conditions. Otherwise, other surface diag-
nostics for comparative measurements which provide quantitative information has to be
used for calibration [49, 52].
With sputter rates between 0.5 and 14 µm min−1 GDOES provides information about

chemical composition within a couple of minutes with a su�cient depth resolution. Com-
paring to other surface diagnostics as X-ray photoelectron spectroscopy (XPS) or energy
dispersive X-ray spectroscopy (EDX) it is a fast diagnostics needing lower e�orts.
GDOES is a standard diagnostics for nitriding processes. The thickness of the com-

pound layer of a nitrided surface can be obtained by measuring the depth of the nitrogen
content in the surface. An example of a depth pro�le of an iron plate nitrided in the
reactor PLANIMOR (see chapter 5), measured with GDOES, is given in �gure 3.18.
The marker connecting both axes and the curve of nitrogen shows the depth where the
nitrogen content exceeds 2.5-wt-%, i.e. the thickness of the compound layer (≈ 4.7 µm).
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3.2 Surface diagnostics - GDOES

Figure 3.18 Depth pro�le of a nitrided iron plate. The marker on the x-axis shows the
thickness (≈ 4.7 µm) of the compound layer.
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4 Plasma chemistry in an industrial scale
ASPN reactor 1

4.1 Introduction

Since several decades nitriding and nitrocarburizing has been a widely used surface en-
gineering technology for the improvement of the wear and corrosion resistance of steel
components, which is mainly based on thermo-chemical di�usion processes. Conventional
plasma nitriding (CPN) using a pulsed dc discharge, where the metallic components serve
as a cathode, has become a standard industrial technology for surface hardening and
surface modi�cation in a variety of industrial �elds. The reactive interaction of plasma
species, in particular of active nitrogen, with the surface of the metal, combined with an
appropriate heating is the basic mechanism of plasma di�usion treatment.
For the prevention of disadvantages caused by the direct in�uence of the discharge

energy on the surfaces of the work load, inherent to the CPN technology, like possible
damages caused by edge e�ects, the generation of hollow cathode discharges, inhomo-
geneous temperature distributions or the appearance of arcing phenomena, the active
screen plasma nitriding (ASPN) technique has been developed recently [4]. The main
advantages of ASPN compared to CPN are based on the replacement of the glow dis-
charge region from the components to a separate metal screen, i.e. an active screen,
surrounding the entire workload. This approach provides a reduction of the plasma en-
ergy at the surfaces of the components to be treated and a more pronounced decoupling
of process temperature and the current density of the plasma. For the plasma enhanced
nitriding process the active screen has a twofold function, (i) it generates a mixture of
active species required for the nitriding process and (ii) it radiates the heat, produced by
the plasma, resulting in a uniform temperature distribution over the workload parts even
with highly structured geometry. The worktable and the parts are driven on �oating
potential or biased with a weak cathodic potential, which builds a characteristic triode
con�guration [5]. This allows the processing of highly dense and mixed loads.
The ASPN technology has proved its industrial applicability in the last decade, never-

theless the use of its full potential for metallurgy depends on the improved understanding
of the fundamental mechanisms and the adaptation to technological requirements. The

1based on:
[1] Hamann S, Börner K, Burlacov I, Spies H-J, Röpcke J 2013 Plasma Sources Sci. Technol. 22
055022
[2] Hannemann M, Hamann S, Burlacov I, Börner K, Spies H-J, Röpcke J 2013 Surf. Coat. Technol.
235 561 and

[3] Hamann S, Börner K, Burlacov I, Spies H-J, Röpcke J 2015 J. Phys. D: Appl. Phys. (submitted)
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process of plasma nitriding with an active screen is essentially governed by the complex
mechanism of nitrogen mass transfer to the surfaces of the metallic parts [6, 7]. Hubbard
and co-workers [8�10] stated that sputtering and deposition mechanisms proposed by Li
and Bell [6, 11, 12] cannot explain su�ciently the mass transfer in the ASPN process.
They proposed that energetic nitrogen ions or neutrals originating from the active screen
and a su�cient bias voltage applied to the worktable ensures the uniform nitriding results
in an ASPN setup. Georges suggested that active neutral nitrogen species generated at
the active screen play a decisive role [13]. The advantageous properties of the ASPN
technology for metal treatment has been described in a variety of studies, e.g. in [14�
17]. Ahangarani and co-workers performed a comparative study of ASPN and CPN at
the example of low-alloy steel [18] and used optical emission spectroscopy (OES) data
concerning excited atomic and molecular nitrogen from former studies of Cleugh [7] and
Zhao et al. [6] to explain the positive e�ects of their treatment. Recently a review article
compiled the state-of-the-art of the ASPN technology with a speci�c focus on controlled
plasma nitriding and plasma nitrocarburising to ful�ll the requirements of wide spread
applications [14].
Already since several decades plasmas containing nitrogen have been studied in fun-

damental and applied research, focusing on the rule of atomic nitrogen and of excited
nitrogen molecules [11]. Based on the detailed knowledge of the emission phenomena
in nitrogen plasmas, OES has been the preferred method in a variety of studies focused
on the detection of active plasma species, sometimes combined with mass spectrometry
(MS) [14]. Several groups put a lot of diagnostics e�ort into the study of discharge and
post-discharge phenomena in N

2
-H

2
plasmas. Mainly the achieved OES results provided

information about neutral and charged gas species and about rotational and vibrational
temperatures. Further these studies clari�ed unambiguously a major role of the neutral
atomic nitrogen in the nitriding process during the post-discharge [20�28]. In addition
to OES and MS, methods of laser induced �uorescence (LIF) have been used to measure
relative concentrations of atomic and molecular radicals [29]. Langmuir probe measure-
ments provided information about spatially distributions of ion densities and electron
temperatures [22]. Based on a combination of OES with absorptions spectroscopy in
the near infrared, using a plasma as light source, the absolute concentrations of neutral
active species, N and vibrationally excited N

2
, could be determined in the afterglow of a

nitrogen containing atmospheric-pressure plasma [30].
Already in 1997 Ricard described the usefulness of adding hydrogen and methane to

the nitrogen feed gas to avoid oxidation processes leading to thin iron oxide layers, which
may inhibit the nitriding reactions [21]. The admixture of carbon containing precursors,
as e.g. CH

4
or CO

2
, to the N

2
-H

2
feed gas supports the generation of anti-corrosive

layers of high quality [31]. Gallo and Dong studied optimum windows of active screen
plasma processing for carburizing, using methane as feed gas, and nitriding of austenitic
stainless steel [32]. They reported the usefulness of plasma diagnostics, namely OES and
electrostatic probes in their case, to evidence the working principle of ASPN. In [14] it
was found, that a small admixture of CH

4
to the process gas can lead to an activation

of the nitriding process even without any additional bias voltage at the work load. On
the other hand, the risk of cementite precipitation in the compound layer, given already
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at small admixtures of CH
4
, can be drastically reduced, in case CO

2
is used as carbon

precursor gas [33�35].
The increasing number of feed gases and therefore the growing complexity of nitriding

processes have led to further interest in advanced non-intrusive in situ plasma diagnostic
techniques, which can provide quantitative information, in particular, about absolute
concentrations of stable and transient molecular species in the ground state. Methods
of absorption spectroscopy (AS) in the mid-infrared spectral range have been proven to
be a versatile diagnostic approach for a better understanding of the plasma chemical
phenomena. Fourier transform infrared (FTIR) spectroscopy can be used for studies
of molecular discharges in a wide spectral range, but is generally insu�ciently sensi-
tive for detecting of transient species in processing plasmas. In contrast tunable diode
laser absorption spectroscopy (TDLAS) using lead salt lasers as radiation sources is well
suited for the measurement of absolute ground state concentrations of a wide variety
of molecular species including radicals and molecular ions thereby providing a link with
chemical modelling of the plasma (see [36] and references therein). Using a pure H

2
-N

2

feed gas mixture TDLAS has been applied to determine the concentration of ammonia
in an ASPN chamber [47].
In the present chapter plasma chemical and reaction kinetic phenomena in an industrial

scale reactor used for active screen plasma nitriding (ASPN) using a low pressure (p =
1 . . . 3 mbar) gas mixture of H

2
-N

2
containing small amounts of CH

4
and CO

2
are studied.

In sections 4.3 and 4.4 the results of a spectroscopic study of conventional and active
screen plasma nitriding processes are presented. The evolution of the concentrations of
the methyl radical and of eight stable molecules, C

2
H
2
, CH

4
, C

2
H
4
, CO, CO

2
, NH

3
,

has been monitored in situ in the plasma reactor by TDLAS and, in the case of HCN
and H

2
O ex situ in the extracted gas phase by FTIR. Simultaneously, OES was used to

receive complementary information about neutral and charged nitrogen molecules and
to determine the rotational temperature of nitrogen. One of the objectives was to deter-
mine the fragmentation rates of the precursor molecules and the conversion rates to the
produced molecular species. Another focus was the analysis of correlations between the
power of the plasma at the active screen and molecular concentrations and the di�erences
found with CH

4
and CO

2
admixtures.

In addition to the TDLAS and OES investigations, section 4.4 presents the results
of Langmuir probe diagnostics combined with OES to analyze the temporal behavior
of general processes in the ASPN reactor. Inside the process volume the parameters of
the electrons were at the center of interest using a H

2
-N

2
feed gas with admixtures of

CH
4
. The electron density and temperature as well as the plasma potential could be

determined in dependence (i) on time in the discharge pulses and (ii) on parameters of
the gas mixture including the N

2
-H

2
ratio. Using temporal resolved OES complementary

information about neutral and charged nitrogen molecules in the glow discharge between
the active screen and the outer reactor wall could be received.
In section 4.5 the interplay of the two plasma types (i) of the cylindrical active screen

plasma driven in a pulsed dc mode with (ii) the plasma at the internal model probe
operated via a dc bias voltage, has been in the focus of interest. The evolution of the
concentrations of six stable molecules, of the carbon containing precursors CH

4
and CO

2
,
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and of the reaction products NH
3
, HCN, CO and H

2
O, has been monitored in situ by

TDLAS. Simultaneously, OES has been used to receive complementary information about
neutral and charged nitrogen molecules and to determine the rotational temperature of
nitrogen. In analogy to sections 4.3 and 4.4 one of the objectives was to determine the
fragmentation rates of the precursor molecules and the conversion rates to the produced
molecular species. Another focus was the analysis of correlations between the power of
the plasma at the active screen and at the model probe and molecular concentrations.
The conditions found at CH

4
and CO

2
admixtures and for the case, both precursor

molecules have been added to the feed gas, have been characterized. For getting access
to kinetic phenomena, the time behavior of the emission of the NH and N

2
molecule has

been studied in the on and o� phase of the plasma of the active screen.

4.2 Experimental setup

The experimental arrangement of the pulsed dc plasma reactor used for nitriding, nitro-
carburizing and oxinitriding experiments with the TDLAS, FTIR and OES diagnostic
systems is shown in �gure 4.1. The experimental setup with the Langmuir probe and
the OES systems with the scheme of triggering for realizing the time resolution is shown
in �gure 4.2. A photograph of the reactor is shown in �gure 4.3. The reactor consists of
a cylindrical chamber with an inner volume of about 1m3, which contains a metal mesh
acting as an active screen, and a model probe in the middle. The active screen with a
height of 750 mm and a diameter of 800 mm surrounds the model probe. The model
probe, shown in �gure 4.4, with a length of 48 cm is made of three threaded rods and
26 punched discs (carbon steel: 65 mm in diameter, centred holes: 34 mm in diameter,
thickness: 4 mm) with a distance of 15 mm from each other. This distance was chosen
to avoid any hollow cathode e�ects. The symmetrically designed model probe has the
function of simulating a work piece treated in the reactor. Using a bias voltage, which
can be applied to the model probe, this element can act as an independent plasma source
in addition to the active screen. Former studies with large-scale ASPN units pointed out
the essential role of activation using an appropriate bias voltage [8, 12]. The holes in
the discs allowed guiding the IR laser beam of the TDLAS system lengthwise through
the middle of the probe. Therefore, in the case where a bias voltage was applied to the
probe leading to the ignition of a glow discharge, the IR laser beam directly passed the
plasma region close to the surface of the discs. In the case where the FTIR system was
used, the extraction of gas from the middle of the probe was performed with the help of
a specially designed quartz tube, see below. For the Langmuir probe measurements the
model probe was removed out of the reactor, so that the table of the probe can act as a
reference electrode.
The active screen was driven by a pulsed dc plasma generator at a frequency of f =

1 kHz at 60 % duty cycle. The power applied to the active screen, Pscreen, was varied
between 2 and 11 kW to adjust the process temperature in the range between 570 and
850 K. Another generator provided the negative bias voltage for the model probe with a
power of Pprobe = 1 kW (i.e. a voltage of about 450 V and a current of about 2.2 A) at
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4.2 Experimental setup

Figure 4.1 Experimental arrangement of the pulsed dc reactor combined with the TDLAS
system (IRMA), the FTIR spectrometer with extraction tube and the OES unit, top view. (For
better visibility the model probe is inserted twice (a, b) in the �gure.) [1].

Figure 4.2 Experimental arrangement (side view) of the pulsed ASPN reactor combined with
Langmuir probe and OES diagnostics with the scheme of the time resolved measurements [2].
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4 Plasma chemistry in an industrial scale ASPN reactor

Figure 4.3 Photograph of the pulsed dc plasma reactor. The plasma of the active screen is
seen at the window of the vessel.

Figure 4.4 Photograph of the special designed model probe with dimensions.
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a frequency of f = 10 kHz at 50 % duty cycle.
The experiments were performed in three modes:

Mode I. The plasma at the model probe, driven by the bias voltage operated only.
This mode represents a CPN approach (see section 4.3).

Mode II. The screen plasma operated only, which corresponds to a pure ASPN
experiment (see section 4.4).

Mode III. The plasmas at the active screen and at the model probe operated si-
multaneously. This mode represents an approach of an usual nitriding treatment
in an ASPN reactor (see section 4.5).

Before every measurement the chamber was pumped out to a base pressure of about
70 Pa. Three independent mass �ow controllers were used to control the �ows of the N

2

and H
2
feed gases and also the admixtures of CH

4
or CO

2
into the chamber. The gas

mixture was introduced via a shower head above the active screen. During the Langmuir
probe measurements a total gas �ow rate of 40 slh was used. For the TDLAS, FTIR and
OES measurements the �ow rate of N

2
and H

2
together was kept constant at 80 slh for

admixtures of CH
4
and CO

2
below 10 %. For higher admixtures of CH

4
of up to 50 %

the �ow rate of H
2
and N

2
was reduced. CH

4
or CO

2
was added to the gas mixture with

a �ow of up to 10 slh. The pressure was p = 100 Pa performing the Langmuir probe
measurements and p = 200 Pa during the experiments in mode I and II and p = 300 Pa
during the experiments in mode III performing the TDLAS, FTIR, and OES diagnostics.
The pressure was regulated by a butter�y valve at the exit gas line of the chamber. The
temperature of the model probe, measured by a thermocouple and controlled by the
power of the screen plasma, could be varied between 570 and 850 K. In the case where
mode I was used, i.e. only the glow discharge at the probe was excited, the temperature
at the probe was found to be about 330 K.
For an overview analysis of stable molecular species of the gas phase the reactor sys-

tem was combined with a FTIR spectrometer system, (IFS 66v/S with MCT detector,
Bruker). The ex situ working FTIR system utilized a quartz tube for gas extraction from
the inside of the model probe into an optical long-path absorption cell (lcell = 20.64 m).
In �gure 4.5, an example of an FTIR spectrum is presented. For all experiments, the
pressure in the optical cell was stabilized to a value of about pcell = 100 Pa by a needle
valve combined with a vacuum pump.
For the TDLAS measurements presented here a compact and transportable infrared

multi-component acquisition system (IRMA) was used. The optical setup of IRMA
allowed the parallel usage of four di�erent lead salt lasers which were operated simulta-
neously sharing the same beam path through the reactor. In all measurements, one laser
was used for monitoring the concentration of the precursor, CH

4
or CO

2
, and with the

help of the other three lasers the concentrations of the reaction products (NH
3
, C

2
H
2
,

C
2
H
4
, CH

3
, CO, HCN, H

2
O) were determined. A detailed description of the IRMA

system and of the software used for data analysis can be found elsewhere [48]. The laser
beam from the IRMA system with a diameter of about 2 cm was guided directly into the
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4 Plasma chemistry in an industrial scale ASPN reactor

Figure 4.5 Example of an FTIR spectrum of extracted gas measured in the spectral range of
ν = 4200− 800 cm−1 (p = 2 mbar, ΦN2

= 60 slh, ΦH2
= 20 slh, ΦCO2

= 8 slh, Pscreen = 9.5 kW,
Tprobe = 850 K) [1].

reactor via KBr windows through the model probe. Behind the chamber the beam was
focused on a liquid nitrogen cooled HgCdTe infrared detector by an o�-axis parabolic
mirror (�gure 4.1). The identi�cation of lines and the determination of their spectral
positions were carried out by using an etalon of known free spectral range and well-
documented reference gas spectra. The spectral positions of the molecular ground-state
absorption lines used for the measurements, their absorption line strengths and detection
limits are listed in table 4.1.
Inside the model probe the plasma length was 48 cm. For the purpose of concentration

measurements, the methyl radical was assumed to exist only in the visible plasma region
of the reactor. On the other hand, stable molecules were assumed to di�use into regions
outside the probe through which the diode laser beam passed. For their concentration
measurements, therefore, the path length was taken to be the complete optical path
inside the discharge reactor.
Figure 4.6 shows an example spectrum of the CH

3
free radical in a H

2
-N

2
-CH

4
dc

plasma. Two Q branch lines, Q(2, 2) and Q(3, 3), from the ν2 fundamental band are
seen. The dashed line gives the spectrum of the reference gas N

2
O used for spectral

calibration. The infrared method for the detection of methyl radicals is well established
and has been validated by comparison with UV absorption measurements at 216 nm
[49, 50].
Moreover, two example spectra of NH

3
, HCN and CO

2
at screen plasma conditions

comparing the admixtures of 4.8 % CO
2
and 2 % CH

4
in the spectral range of 670 cm−1

are shown in �gure 4.7. The plasma power at the screen was Pscreen = 3 kW and the
power of the probe plasma was Pprobe = 1 kW.
For further insight into the plasma chemical conversion, the measured concentrations

and the degrees of dissociation of the precursors, CH
4
and CO

2
, were used to calculate

absolute fragmentation e�ciencies of these admixed reagents and conversion e�ciencies
to the monitored reaction products. These values are normalized on the total plasma
power of the process. The fragmentation e�ciency, RF, of the precursors is calculated in
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4.2 Experimental setup

Table 4.1 Species, spectral positions and line strengths used for the TDLAS and FTIR (*)
measurements with detection limits.

Species Spectral position Absorption line strength Limit of detection Reference
(cm−1) (cm−1/(molecule cm−2)) (molecules cm−3)

CH
4

1306.140 7.620× 10−20 5× 1012 [51]
3085.832 1.693× 10−19 1× 1013 [51]

C
2
H
2

1321.037 6.498× 10−20 5× 1013 [51]
C
2
H
4

876.9723 3.771× 10−21 1× 1013 [51]
CH

3
606.1203 4.530× 10−19 3× 1011 [52, 53]

CO 2119.681 3.709× 10−19 1× 1012 [51]
CO

2
606.2771 2.720× 10−21 1× 1013 [51]
670.2138 8.591× 10−21 1× 1013 [51]

NH
3

623.5108 1.281× 10−20 7× 1012 [51]
888.0794 1.078× 10−19 9× 1012 [51]

HCN 712.6357 3.373× 10−19 3× 1012 [51]
3339.883(*) 3.398× 10−19 3× 1012 [51]

H
2
O 1358.027 9.104× 10−22 1× 1014 [51]

3837.869(*) 2.445× 10−19 2× 1012 [51]

Figure 4.6 Example spectrum of the CH
3

free radical in a N
2
/H

2
/CH

4
plasma showing

two Q branch lines from the ν2 fundamental
band. The dashed line is a calibration spec-
trum from N

2
O (p = 1.5 mbar, Φ = 20 slh

(50 % CH
4
, 25 % N

2
, 25 % H

2
), Pprobe =

1 kW) [1].

Figure 4.7 Absorption spectra of NH
3
,

HCN and CO
2

at plasma conditions of
Ptotal = 4 kW (Pprobe = 1 kW), a pressure
of p = 3 mbar and a gas mixture with 40 slh
H
2
and 40 slh N

2
with an admixture of (i)

4.8 % CO
2
(Φtotal = 84 slh) and (ii) 2 % CH

4

(Φtotal = 81.6 slh) in the spectral range of
670 cm−1 [3].
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units of molecules J−1, analogous to [40, 61]:

RF = ΦP ·
1

60
· κD

100
· N0

Ptotal
, (4.1)

ΦP is the precursor �ow rate in sccm, κD is the degree of dissociation of the precursors
in percent, N0 is the total molecular concentration at STP (2.69× 1019 molecules cm−3)
and Ptotal is the total power of the active screen and the model probe in W.
The conversion e�ciency, RC, to the reaction products is expressed analogously (in

units of molecules J−1) as

RC = nmolecule · Φtot ·
1

60
· 103

p
· 1

Ptotal
, (4.2)

where nmolecule is the molecular concentration of the monitored reaction product (in
molecules cm−3), Φtot is the total gas �ow rate (sccm), p is the pressure (mbar) and
Ptotal is the power (W).
The optical emission of the plasma at the active screen was analyzed by a spectrograph

of 0.5 m focal length (Acton2500i) using gratings with 600 or 2400 grooves/mm combined
with an ICCD detector unit (Andor iStar, DH734-18F-03). For the optical coupling to
the reactor a quartz �ber has been used. It was �xed to a quartz glass window at the
reactor in front of the active screen and connected with the spectrograph (�gure 4.1).
In order to record either mainly the emission of the plasma at the active screen (with
the weaker emission of the model probe in the back ground) or only the emission of the
plasma at the model probe the ICCD camera was triggered by the plasma generator
of the active screen. Figure 4.8 shows the development of the discharge current of the
screen plasma and the emission intensity of the N2

+ band at 391 nm. This scheme shows
the possible timeframes of measurement during (i.e. screen pulse) and after the screen
plasma pulse (i.e. screen pause). The exposure time was 300 µs with 50 accumulations.
For the overview spectra the grating with 600 grooves mm−1 has been used recording the
spectral range of λ = 300 . . . 900 nm in steps of 25 nm (integration time: 15 ms). For the
high resolved spectra of the bands of N2

+, N
2
and NH, a grating with 2400 grooves mm−1

has been used with the same integration time. For the speci�c time resolved analysis of
these bands the grating with 2400 grooves mm−1 has been used with an exposure time of
50 µs and 100 µs (combined measurements with Langmuir probe) with 50 accumulations
(integration time: 2.5 ms).
Figure 4.9 shows an example of an optical emission spectrum with identi�ed spectral

features of the plasma at the active screen at a power of Pscreen = 9.5 kW and a pressure
of p = 200 Pa. The gas mixture was 40 slh H

2
, 40 slh N

2
and 8 slh CH

4
. The inserted

�gure shows the spectral range between 330 and 340 nm in more detail. The NH band at
336 nm is relatively weak and overlapped by the N

2
band of the second positive system

(SPS). Table 4.2 summarizes the spectral features observed in the screen plasma using
OES.
In order to determine the translational temperature of the plasma experiments, OES

was used to study the rotational distribution in excited levels of N2
+, in particular the

�rst negative system (FNS) [54]. In addition, line pro�les of absorptions of the methyl

64



4.2 Experimental setup

Table 4.2 Spectral features observed in the screen plasma using OES.

Species Wavelength (nm) Remarks

N
2

1st pos system B3Πg −A3Σ+
u

646.85 8− 5
654.48 7− 4
662.36 6− 3

2nd pos system C3Πu −B3Πg

315.93 1− 0
337.13 0− 0
357.69 0− 1
380.49 0− 2

N2
+ 1st neg system B2Σ+

u −X2Σ+
g

391.44 0− 0
423.65 1− 2
427.81 0− 1
470.92 0− 2
522.83 0− 3

N 821.65
822.33

H Balmer series
434.05 Hγ

486.13 Hβ

656.29 Hα

N+ 500.15
500.51

NH Å− Sys A3Π−X3Σ−

336.01 0− 0

CO Å− Sys B1Σ−A1Π
451.09 0− 0
483.53 0− 1
519.82 0− 2
561.02 0− 3

CN Violet system B2Σ−X2Σ
386.19 2− 2
387.14 1− 1
388.34 0− 0

65



4 Plasma chemistry in an industrial scale ASPN reactor

Figure 4.8 Temporal evolution of the emis-
sion intensity of the (0 − 0) band of the FNS
of N2

+ (symbols) and of the discharge current
(line) of the active screen plasma (Pscreen =
8.5 kW) with the usage of the additional
plasma at the model probe (Pprobe = 1 kW) at
p = 3 mbar, with a gas mixture of 40 slh H

2
,

40 slh N
2
and 4 slh CO

2
and Tprobe = 843 K

[3].

Figure 4.9 Optical emission spectrum of
the active screen plasma with identi�ed spec-
tral features at Pscreen = 9.5 kW, p = 2 mbar,
Tprobe = 850 K, ΦH2+N2

= 80 slh (H2 : N2 =
1 : 1), ΦCH4

= 8 slh (SPS: second positive
system, FNS: �rst negative system). The in-
set shows the spectral range between 330 and
340 nm in more detail [1].

radical were analysed. Outside the plasma region the temperature directly measured at
the model probe was used for the calculation of the concentration of all stable species.
The Langmuir probe measurements were carried out in the after glow region of the

active screen (see �gure 4.2). For that purpose the model probe was removed. The power
of the screen plasma was chosen to be about Pscreen = 4.6 kW to ensure a temperature
of T = 723 K inside the reactor. As Langmuir probe a small tungsten wire, 0.2 mm in
diameter and 10 mm in length, was used to measure the current-voltage characteristics
in relation to the big reference electrode formed by the chamber wall. The cylindrical
probe was placed in the center of the process volume.
Based on the monitoring of the Langmuir probe characteristics, the dependencies of

the plasma potential as well as the temperature and the concentration of the electrons in
the post-discharge region on several external plasma parameters could be derived with
a time resolution of 1 µs inside the reactor. As with the OES the measurements were
performed during the dc pulses of 600 µs duration at delay times in steps of 100 µs after
beginning of the discharge pulse.
The probe measurements were performed using a SmartProbe acquisition unit (Scien-

ti�c Systems) containing an internal delay generator. Before starting every measurement
the probe tip was heated to bright red glow to remove deposited layers from the probe
surface. Within the monitoring of the single current-voltage characteristics, which have
been averaged 10 times, the single current values were also averaged 10 times.
Floating and plasma potential as well as the temperature and the density of electrons

were derived from the probe characteristics. The plasma potential, Vpl, is determined as
the probe bias V at the in�ection point or the maximum value of the �rst derivative of
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the probe characteristics i(V ) [55, 56]:

Vpl = V (imax). (4.3)

The electron temperature, Ve, given in voltage units, results from the integral of the
probe current i(V ) over the probe bias in the limits of the �oating potential Vfl to the
plasma potential Vpl [57]. The �oating potential Vfl is the potential at the zero current
value of the probe characteristics.

Ve =
kTe

e0
=

1

i (Vpl)

∫ Vpl

V fl
i (V ) dV (4.4)

(k: Boltzmann constant, Te: electron temperature, e0: elementary charge).
The electron density ne is determined from the thermal electron current, approximated

by the total probe current i(Vpl) at the plasma potential [55�58]:

ne =
i (Vpl)

e0Ap

√
2πme

e0Ve
, (4.5)

Ap is the surface of the probe and me is the electron mass. At a �xed gas pressure
p, with a bigger chosen probe radius rp, the probability of disturbances of the probe
measurements increases caused by higher numbers of collisions of electrons with neutral
particles inside the space charge sheath surrounding the probe. Under the present exper-
imental conditions, the relatively high probe radius of rp = 0.1 mm was chosen to ensure
a high level of reproducibility and relatively long lifetime of the probe.
It should be noted, that at the probe the disturbances caused by collisions are controlled

by the Knudsen number ke = λe/rp of the electrons [59], where λe is the mean free path
of the electrons within the neutral particles of the plasma [58]. The plasma potential and
the electron temperature can be determined, as described above, without any correction
taking into account collisions if ke > 2 [59]. The error of the determination of the
electron density is smaller than 20 % if ke > 7 and less than 10 % if ke > 13 [59]. Under
the present experimental conditions, a neutral gas temperature of about 800 K can be
expected leading to a value of ke > 13 [1]. Based on these considerations collisions of
electrons with neutrals inside the probe sheath were not taken into account in the analysis
of the probe characteristics.
For some chosen conditions, carbon steel C15 samples have been treated in the ASPN

reactor. The treatment time was 4 h for a process temperature of Tprocess = 843 K
and 20 h for a process temperature of Tprocess = 693 K. The treated surfaces have been
analyzed by GDOES to obtain the depth pro�le of the surface elements. The sample
treatments in the ASPN reactor and the GDOES measurements and analysis have been
done in the Institute of Materials Engineering of the TU Bergakademie Freiberg 1.

1TU Bergakademie Freiberg, Institute of Materials Engineering, Gustav-Zeuner-Str. 5, 09599 Freiberg,
Germany
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Figure 4.10 Concentration of NH
3
depend-

ing on the gas mixture at p = 2 mbar, Pprobe =
1 kW and ΦH2+N2

= 80 slh for di�erent admix-
tures of CH

4
(Tprobe = 330 K) [1].

Figure 4.11 Concentration of NH
3
depend-

ing on the gas mixture at p = 2 mbar, Pprobe =
1 kW and ΦH2+N2

= 80 slh for di�erent admix-
tures of CO

2
(Tprobe = 330 K) [1].

4.3 Results in CPN mode

In �gure 4.10, the concentration of the plasma chemical reaction product, NH
3
, depending

on the gas mixture at a pressure of p = 2 mbar at a power value of Pprobe = 1 kW and for
a �ow of ΦH2+N2

= 80 slh for di�erent admixtures of CH
4
is shown. In �gure 4.11, the

experimental results for a comparable measurement using CO
2
as the carbon-containing

precursor are given. Some useful generalizations follow from these �gures. The maximum
of the concentration of ammonia is reached in a feed gas mixture, which contains H

2

and N
2
in a relation of about 1 : 1. This behaviour corresponds to the results of the

dependence of NH
3
concentration on the mixture containing only H

2
and N

2
presented in

a former study, performed in the same reactor system [47]. Although in [47] the applied
power was much higher, i.e. 8 kW instead of 1 kW as in the present investigation, the
maximum of the NH

3
concentration was found to be of the same order of magnitude.

In [47], where the plasmas of the active screen and of the probe were combined, it was
shown that the NH

3
concentration increased with the increasing power introduced via

the model probe plasma. Certainly, it can be expected that a higher power value of the
discharge should lead to a more e�ective production of NH

3
. But a higher power also

causes an increase of the temperature and therefore a more e�ective thermal dissociation
of NH

3
. In [47], a probe temperature of 850 K is reported, while in the present case

the probe temperature reached only 330 K. (The in�uence of the discharge power on
the NH

3
concentration is further studied in the experiments using mode II, section 4.4)

The ammonia concentration does not depend, within the errors of the measurement, on
the amount of admixed carbon-containing precursors, which was 9.1 % in maximum, see
�gures 4.10 and 4.11.
Figure 4.12 shows that the measured concentrations of the methyl radical show a

signi�cant dependence on the CH
4
admixture only, within the errors of the measurement

even if the ratio of hydrogen and nitrogen is changed.
To study the in�uence of higher admixtures of methane on the plasma chemical pro-
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Figure 4.12 Concentration of CH
3
depending on the gas mixture at p = 2 mbar, Pprobe = 1 kW

and ΦH2+N2
= 80 slh for di�erent admixtures of CH

4
[1].

cesses in the pulsed dc reactor, the methane content in the feed gas was gradually in-
creased up to 50 %. Figure 4.13 gives an overview of the mass balance and degree of
dissociation, as well as the product concentrations, which range over three orders of mag-
nitude. The wide range of concentrations measured for the di�erent species, CH

4
, C

2
H
2
,

C
2
H
4
, CO, HCN, NH

3
, and CH

3
, provides a convenient means for detailed discussions

below. The highest concentrations are for the precursor molecule and the major products
C
2
H
2
, HCN and NH

3
followed by the stable and unstable hydrocarbon products C

2
H
4

and CH
3
. Although no oxygen-containing species were in the content of the feed gases,

a small concentration of CO of the order of 1013 molecules cm−3, the lowest of all stable
species, increasing with CH

4
admixture, could be measured in the plasma reactor. De-

posits at the reactor walls and at the active screen as well as a small amount of oxygen in
the base gas mixture are supposed to act as an oxygen source for CO production. In the
pure H

2
-N

2
process gas the redox quotient p(H

2
O)/p(H

2
), measured by a solid electrolyte

oxygen probe, was found to be about 0.015. The species with the lowest concentration
of all those studied was CH

3
, which increased with the amount of methane admixture in

the plasma in the range from 3×1011 to 4×1012 molecules cm−3 (�gures 4.12 and 4.13).
A similar behaviour was reported for static discharge conditions in [60], where a mi-

crowave discharge was under study. The relative dependence of the concentration of CH
3

on the added precursor �ow is quantitatively reproduced, within error limits, compared
with the earlier study [60]. However, the absolute values of methyl concentration here
are more than a factor of two smaller than reported earlier in microwave plasmas [60].
The reason for this discrepancy is possibly the essentially higher fragmentation e�ciency,
RF, of methane (�gure 4.14), i.e. the ability to dissociate hydrocarbons, in pulsed dc
plasmas compared with the microwave plasmas described in [60].
It should be noted that the concentrations of all measured products in �gure 4.13

increase with the methane content in the feed gas; only NH
3
shows a slight decrease in

its concentration. This e�ect is most probably caused by the changed balance between
hydrogen and nitrogen.
A knowledge of the degree of dissociation of the carbon-containing precursor is nec-
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Figure 4.13 Concentration of CH
4
, NH

3
,

C
2
H
2
, C

2
H
4
, CO, HCN and CH

3
depending

on the gas mixture at p = 2 mbar and Pprobe =
1 kW for higher CH

4
content. The concen-

tration of the introduced amount of CH
4
is

given by the dashed line. The combined �ow
of nitrogen and hydrogen decreases with the
CH

4
admixture from ΦH2+N2

= 80 to 10 slh
(H2 : N2 = 1 : 1) [1].

Figure 4.14 Degree of dissociation, κD, and
fragmentation e�ciency, RF, of CH4

depend-
ing on the CH

4
content at p = 2 mbar and

Pprobe = 1 kW. The combined �ow of nitrogen
and hydrogen decreases with the CH

4
admix-

ture from ΦH2+N2
= 80 to 10 slh (H2 : N2 =

1 : 1) [1].

essary in order to study the conversion of the added gas mixture into products and for
understanding the mass balance of the plasma processes. Figure 4.14 shows the degree
of dissociation, κD and the fragmentation e�ciency, RF, of methane at increasing con-
tent compared with hydrogen and nitrogen. It can be seen that increasing the methane
admixture has a noticeable e�ect. For relatively small CH

4
amounts of about 10 %, the

degree of dissociation is near 40 % but reaches 80 % at 50 % methane admixture. The
fragmentation e�ciency of CH

4
increases nearly lineary with adding more precursor gas,

while keeping the the discharge pressure constant. A similar behavior but at lower abso-
lute values has been found in planar microwave plasmas and in surface wave discharges
[60, 61]. The fragmentation e�ciency of methane, recently reported for RF plasmas, was
of the same order of magnitude as in this study [40].
The carbon mass balance in methane-containing discharges versus the CH

4
content in

the gas mixture is shown in �gure 4.15. The upper dashed line represents the sum of all
carbon-containing molecules. It is easy to see that 6 − 10 % of the available carbon in
the gas phase appears as C

2
H
2
. Only for low amounts of methane does HCN contribute

measurably to the mass balance. Since, generally, these plasmas tend to produce surface
�lms, dust and in particular soot, it is reasonable to suppose that depositions on the
reactor walls act as sinks for carbon.
Figure 4.16 shows the conversion e�ciencies into NH

3
, C

2
H
2
, C

2
H
4
, CO, HCN and

CH
3
in H

2
-N

2
dc plasmas depending on the admixture of methane. They range between

1013 and 1015 molecules J−1. The conversion e�ciency to C
2
H
2
is about one order of

magnitude higher than that to C
2
H
4
.

Since the methyl radicals are considered to be only present in the plasma region,
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4.3 Results in CPN mode

Figure 4.15 Carbon mass balance in a
methane-containing discharge versus the CH

4

content in the gas mixture at p = 2 mbar and
Pprobe = 1 kW. The combined �ow of nitro-
gen and hydrogen decreases with the CH

4
ad-

mixture from ΦH2+N2
= 80 to 10 slh (H2 :

N2 = 1 : 1). The line at the top of the �gure
represents the sum of all carbon-containing
molecules [1].

Figure 4.16 Conversion e�ciency, RC, of
NH

3
, C

2
H
2
, C

2
H
4
, CO, HCN and CH

3
de-

pending on the gas mixture at p = 2 mbar
and Pprobe = 1 kW for high CH

4
content.

The combined �ow of nitrogen and hydro-
gen decreases with the CH

4
admixture from

ΦH2+N2
= 80 to 10 slh (H2 : N2 = 1 : 1) [1].

the pro�le of their absorption line is used to deduce the neutral gas temperature, Tg, via
analysing the Doppler broadening. These data are compared with results of the rotational
temperature based on the intensity distribution of the FNS of N2

+ measured by OES.
Figure 4.17 shows both the gas and rotational temperatures, measured as a function of
the CH

4
content at p = 2 mbar and Pprobe = 1 kW. The combined �ow of nitrogen and

hydrogen decreases with the CH
4
admixture from ΦH2+N2

= 80 to 10 slh while ΦCH4
is

in the range from 8 to 10 slh. Both experimental methods, TDLAS and OES, have led,
within experimental errors, to a reasonable coincidence of the temperature values, which
are found to be about 800 K.
In the case where CO

2
is used as the carbon-containing precursor the number of molec-

ular species, which could be detected by the present experimental approach, is reduced
compared with the methane case. In �gure 4.18, the concentrations of CO

2
, CO, NH

3
,

H
2
O and HCN measured as a function of the CO

2
admixture in the probe plasma are

given. It is interesting to note that with increasing carbon dioxide admixture the con-
centrations of CO, HCN and H

2
O also increase, while the density of NH

3
stays nearly

constant in the plasma reactor. The degree of dissociation of CO
2
is found to be about

58 % and also remains constant with changing precursor admixture, �gure 4.19.
The fragmentation e�ciency of CO

2
shown in �gure 4.19, as well, is nearly constant

with the admixture of CO
2
(RF(CO2) ≈ 3.4 × 1016 molecules J−1). Comparing to

the admixture of 9.1 % CH
4
(RF(CH4) ≈ 3.1 × 1016 molecules J−1) the fragmentation

e�ciency of CO
2
is slightly higher.

The conversion e�ciencies into CO, NH
3
, HCN and H

2
O which are presented in �gure

4.20 show a comparable conversion rate for HCN compared with the methane case (see
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4 Plasma chemistry in an industrial scale ASPN reactor

Figure 4.17 Gas temperature of CH
3
, Tg, and rotational temperature of N2

+ , Trot , measured
as a function of the CH

4
content at p = 2 mbar and Pprobe = 1 kW. The combined �ow of nitrogen

and hydrogen decreases with the CH
4
admixture from ΦH2+N2

= 80 to 10 slh (H2 : N2 = 1 : 1),
ΦCH4

= 8− 10 slh [1].

Figure 4.18 Concentration of CO
2
, CO,

NH
3
, H

2
O and HCN measured as a function

of the CO
2
admixture in ΦH2+N2

= 80 slh
(H2 : N2 = 1 : 1) at p = 2 mbar in the probe
plasma with Pprobe = 1 kW [1].

Figure 4.19 Degree of dissociation, κD, and
fragmentation e�ciency, RF, of CO2

as a func-
tion of the CO

2
admixture in ΦH2+N2

= 80 slh
(H2 : N2 = 1 : 1) at p = 2 mbar in the probe
plasma with Pprobe = 1 kW [1].
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4.4 Results in ASPN mode

�gure 4.16). It is noticeable that RC(NH3) does not change with the CO
2
admixture

caused by the constant concentration of NH
3
. The fragmentation e�ciencies of CO

and H
2
O increase with the amount of CO

2
caused by the fragmentation of more CO

2

molecules into CO and O and the further reaction of O with H
2
in H

2
O.

Figure 4.20 Conversion e�ciency, RC, of CO, NH3
, H

2
O and HCN measured as a function of

the CO
2
admixture in ΦH2+N2

= 80 slh (H2 : N2 = 1 : 1) at p = 2 mbar in the probe plasma
with Pprobe = 1 kW [1].

4.4 Results in ASPN mode

The main focus of the experiments performed in mode II, i.e. the case with the screen
plasma operated only, which corresponds to an ASPN approach, was the in�uence of
changing power values of the discharge and the temperature on the dissociation of the
carbon-containing precursors and on the appearance of product molecules. Figure 4.21
presents the concentration of the precursors, CH

4
and CO

2
, depending on the screen

power for 9.1 % precursor content. In �gure �g:kDRfCH4
CO

2
PASPN the related values

of the degree of dissociation are given. At this relatively low amount of admixture the
degree of dissociation of CO

2
is clearly higher than that for CH

4
, which corresponds to

the mode I case, for low CH
4
admixtures. For power values above 5 kW the process of

dissociation becomes very e�ective and reaches values of more than 80 %.
It is interesting to note that one of the main reaction products, ammonia, is e�ectively

destroyed also at power values higher than 5 kW and decreases down to a value of
3×1013 molecules cm−1 at 9.5 kW, �gure 4.23. Comparing with mode I (�gure 4.13) it is
noticeable that the NH

3
density reaches similar values (∼ 1014 molecules cm−3) in mode

II at a power of 8 kW. The gas temperature (see �gures 4.17 and 4.29) is about 800 K in
both cases. The admixture of the carbon-containing precursors has only a relatively low
in�uence on the ammonia concentration. There is a small but noticeable reduction in the
NH

3
concentration with admixture of 9.1 % of CO

2
or CH

4
, see �gure 4.23. Since with

the added carbon-containing precursor gases the 1 : 1 balance of nitrogen and hydrogen
is slightly changed, this may cause the observed reduction in the ammonia concentration.
In general, the thermal dissociation of NH

3
can be considered as the main process for
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4 Plasma chemistry in an industrial scale ASPN reactor

Figure 4.21 Concentration of the precur-
sors, CH

4
and CO

2
, depending on screen

power Pscreen at p = 2 mbar and Φ = 88 slh
(H2 : N2 = 1 : 1, 9.1 % precursor content) [1].

Figure 4.22 Degree of dissociation, κD, and
fragmentation e�ciency, RF, of the precur-
sors, CH

4
and CO

2
, depending on the screen

power at p = 2 mbar and Φ = 88 slh (H2 :
N2 = 1 : 1, 9.1 % precursor content) [1].

the steep decrease in its concentration above 5 kW discharge power, because this leads
to temperature values of more than 700 K in the reactor volume.
During the mode II experiment, in addition to NH

3
only CO could be detected as the

major reaction product in the range of 1015 molecules cm−3 when CO
2
was added. In

addition, traces of HCN and H
2
O could be found, but range about one order of magnitude

below NH
3
and CO, �gure 4.24. A comparable behavior was detected as the admixture

of CO
2
was varied, see �gure 4.25.

The degree of dissociation of CO
2
and the fragmentation e�ciency depend only slightly

on the amount added to the H
2
-N

2
feed gas mixture, shown in �gure 4.26. The conversion

e�ciencies to CO, NH
3
, H

2
O and HCN measured as a function of the CO

2
admixture

show a comparable relative behavior as in the experiments of mode I. The absolute RC

values are slightly di�erent, probably in�uenced by the higher gas temperature, but are
found to be of the same order of magnitude, see �gure 4.27.
The strong in�uence of the discharge power on the temperature of the probe is shown

in �gure 4.28. The temperature Tprobe increases with power to more than 800 K for a
power of 10 kW. It is interesting to note that with power the emission characteristics of
the plasma at the active screen are also changed. The most sensitive spectral feature is
the ratio of the intensities of the band heads of the N2

+-(0− 0)-band of the FNS and of
the N

2
-(0− 2)-band of the SPS. With power the ionic component of nitrogen molecules,

i.e. the intensity of the N2
+-(0− 0)-band, increases strongly in relation to the intensity

of the neutral component, represented by the N
2
-(0 − 2)-band, �gure 4.28. To validate

the method used to determine the rotational temperature in the plasma of the reactor,
the rotational temperature determined from the shape of the molecular (0− 0)-band of
the FNS of N2

+ is depicted as a function of the temperature at the probe and of the
screen power in �gure 4.29. The present comparison shows a remarkable coincidence
between both temperatures. Within the errors of the experiment no in�uence of added
carbon-containing gases on the temperature of the plasma could be found.
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4.4 Results in ASPN mode

Figure 4.23 Concentration of NH
3
mea-

sured as a function of the screen power,
Pscreen, with and without the admixture of the
precursors, CH

4
and CO

2
, at p = 2 mbar and

ΦH2+N2
= 80 slh (H2 : N2 = 1 : 1) [1].

Figure 4.24 Concentration of CO and HCN
measured as a function of the screen power
with and without the admixture of CO

2
at

p = 2 mbar and ΦH2+N2
= 80 slh (H2 : N2 =

1 : 1) [1].

Figure 4.25 Concentration of CO
2
, CO,

NH
3
, H

2
O and HCN measured as a function

of the CO
2
admixture in ΦH2+N2

= 80 slh
(H2 : N2 = 1 : 1) at p = 2 mbar in the screen
plasma with Pscreen = 5.5 kW at T = 720 K
[1].

Figure 4.26 Degree of dissociation, κD, and
fragmentation e�ciency, RF, of CO

2
mea-

sured as a function of the CO
2
admixture

in ΦH2+N2
= 80 slh (H2 : N2 = 1 : 1)

at p = 2 mbar in the screen plasma with
Pscreen = 5.5 kW at T = 720 K [1].
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Figure 4.27 Conversion e�ciency, RC, of CO, NH3
, H

2
O and HCN measured as a function of

the CO
2
admixture in ΦH2+N2

= 80 slh (H2 : N2 = 1 : 1) at p = 2 mbar in the screen plasma
with Pscreen = 5.5 kW at T = 720 K [1].

Figure 4.28 Ratio of the intensities of the
band heads of the N2

+-(0 − 0)-band of the
FNS and of the N

2
-(0 − 2)-band of the SPS

measured as a function of the screen power
and of the probe temperature at p = 2 mbar
and ΦH2+N2

= 80 slh (H2 : N2 = 1 : 1), with
and without the admixture of the precursors,
CH

4
and CO

2
[1].

Figure 4.29 Rotational temperature deter-
mined from the molecular (0− 0) band of the
FNS of N2

+ measured as a function of the tem-
perature and of the screen power at the probe
for 9.1 % CH

4
and 9.1 % CO

2
in 40 slh H

2

and 40 slh N
2
at p = 2 mbar [1].
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4.4 Results in ASPN mode

The results of the Langmuir probe measurements, concerning the plasma potential,
the electron density and electron temperature, depending on the mixture of the H

2
-N

2

feed gas are shown in �gures 4.30-4.34. The plasma potential, Vpl, (�gure 4.30) and the
electron density, ne, (�gure 4.31) are given for delay times, tdelay, of 100, 200, 300 and
600 µs. For better visibility the values for tdelay = 400 and 500 µs are not plotted because
they have been found to be closely located between the curves of tdelay = 300 and 600 µs
which re�ects an asymptotic temporal behavior. The values of the electron temperature,
Ve, show a relative strong variance. Therefore, in �gure 4.34 a �t of the temporal mean
courses considering delay times from 100 to 600 µs is used as guide to the eye.
It should be noted, that the measured values of ne of up to 109 cm−3 and of Ve in

the range of 0.2 V are very low compared to values found in active plasma regions,
because they are determined in the remote discharge region of the active screen. There
are several possible processes, which may contribute to the presence of charge carriers
inside the remote discharge region of the active screen characterizing a post-discharge
volume:

i Some of the positive ions, which are accelerated inside the glow discharge to the
cathodic mesh, pass the mesh and can move into the inner volume. A part of them
can be accelerated back to the mesh. There they are neutralized and can detach a
certain number of electrons which are concentrated inside the volume surrounded
by the active screen.

ii High vibrational exited molecules as well as metastable molecules and atoms di�use
through the mesh from the glow discharge to the post-discharge volume. There they
can create charge carriers by associative and Penning ionization [62�72]. The elec-
trons generated in these processes are concentrated inside the volume surrounded
by the active screen as well.

iii In the standard way of reactor operation the feed gas is exhausted at the bottom
of the vacuum vessel. This naturally causes a �ow of plasma species from the
discharge gap between the screen and outer wall into the lower area of the system.
From this afterglow like gas stream charge carriers and active neutral species may
di�use into the inner screen volume.

iv A negative space charge is formed inside the volume of the surrounding screen
which attracts positive ions until quasi-neutrality is established.

Near to the symmetrical axis of the system, i.e. in the middle of the reactor between
the top area of the screen cylinder and the bottom of the vacuum vessel, the �eld lines
are straight. The potential at the grounded anodic bottom is 0 V, at the place of
measurement it is between −19 and −30 V (see �gure 4.30) and at the cathodic top area
it is between −276.4 and −289.8 V (see �gure 4.32). Beginning at the anodic bottom it
can be expected, that the potential decreases relatively fast up to the values measured
at the probe position. At the measuring position, i.e. about midway between bottom
and top area, the potential decreases weakly and linearly, because of the quasi-neutrality
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4 Plasma chemistry in an industrial scale ASPN reactor

Figure 4.30 Plasma potential, Vpl, of the
pulsed ASPN discharge depending on the gas
mixture at p = 1 mbar and Φ = 40 slh in H

2
-

N
2
plasmas measured at delay times of 100 µs,

200 µs, 300 µs, 600 µs [2].

Figure 4.31 Electron density, ne, of the
pulsed ASPN discharge depending on the gas
mixture at p = 1 mbar and Φ = 40 slh in H

2
-

N
2
plasmas measured at delay times of 100 µs,

200 µs, 300 µs, 600 µs [2].

property of the plasma, towards the cathodic top area. Near to the cathode the potential
drops very fast to values less than −200 V up to the cathodic potential.

Figure 4.32 Electrical characteristics, here
discharge voltage, Vd, and discharge current,
Id, of the pulsed ASPN reactor depending on
the gas mixture at p = 1 mbar and Φ = 40 slh
in H

2
-N

2
plasmas measured at a delay time of

tdelay = 300 µs [2].

Figure 4.33 Electrical conductivity, σ, of
the discharge of the pulsed ASPN reactor de-
pending on the gasmixture at p = 1 mbar and
Φ = 40 slh in H

2
-N

2
plasmas measured at a

delay time of tdelay = 300 µs [2].

In the center of the remote volume for H
2
-N

2
discharges the electron density, ne, shows

a maximum value between 15 and 25 % of H
2
admixture whereas the plasma potential,

Vpl, has a minimum value in this region (see �gures 4.30 and 4.31). The maximum value
of ne is attributed to the maximum of the discharge conductibility (see �gure 4.33) at
these values of H

2
admixtures. The minimum value of the plasma potential at a similar

H
2
admixture appears because a stronger negative potential is necessary to con�ne the

higher number of electrons. In addition, in this volume a lower potential gradient, i.e.
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Figure 4.34 Electron temperature, Ve, of
the pulsed ASPN discharge depending on the
gas mixture at p = 1 mbar and Φ = 40 slh
in H

2
-N

2
plasmas measured at delay times of

100 µs, 200 µs, 300 µs, 600 µs [2].

Figure 4.35 The ratio of the intensities of
the band heads of the N2

+-(0−0)-band of the
FNS and of the N

2
-(0 − 2)-band of the SPS

depending on the gas mixture at p = 1 mbar
and Φ = 40 slh in H

2
-N

2
plasmas measured at

delay times of 100 µs, 200 µs, 300 µs, 600 µs
[2].

a lower electrical �eld strength, is needed to provide a su�cient voltage drop in front of
the cathode. The available electrons are accelerated to a lesser extent at a lower �eld
strength leading to a decreasing electron temperature. In fact, in the post-discharge
volume of the active screen a minimum of the electron temperature was measured at
about 25 % H

2
admixture in the case of a H

2
-N

2
discharge (see �gure 4.34).

Complementary to the Langmuir diagnostics optical emission measurements have been
performed. It has been found that the most sensitive spectral feature is the ratio of
the intensities of the band heads of the N2

+-(0 − 0)-band of the FNS and of the N
2
-

(0− 2)-band of the SPS. Figure 4.35 shows this ratio measured as a function of the gas
mixture. It is interesting to note, that with the ratio of hydrogen to nitrogen content in
the feed gas mixture in�uences the emission characteristics of the plasma at the active
screen considerably. The intensity ratio of the nitrogen band emission shows a distinct
minimum at about 30 % of H

2
content. The present comparison shows a remarkable

coincidence to the behavior of the electron temperature, presented in �gure 4.34.

4.5 The interplay of active screen and model probe plasma
used for nitriding processes

4.5.1 E�ect of the plasma of the model probe

In a �rst step the in�uence of the plasma at the model probe on the plasma chemistry
was investigated by the variation of the power of this plasma, Pprobe, while the process
temperature measured at the model probe was kept constant at Tprobe = 673 K. Since
this temperature is controlled by the plasma of the active screen the additional heating
caused by the probe plasma led to the reduction of the plasma power at the active screen,
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Figure 4.36 Concentration of CH
4
, HCN

and CO measured as a function of the ad-
ditional plasma power at the model probe
at p = 3 mbar, a CH

4
admixture of 2 %,

ΦH2+N2
= 80 slh and Tprobe = 673 K. The

plasma power at the screen decreases from
Pscreen = 4.5 kW to 3 kW with increasing
Pprobe [3].

Figure 4.37 Rotational temperature deter-
mined from the molecular (0 − 0) band of
the FNS of N2

+ of the screen plasma mea-
sured as a function of the additional plasma
power at the model probe at p = 3 mbar
and ΦH2+N2

= 80 slh without any precur-
sor (squares) and for an admixture of 2 %
CH

4
(cycles) and 4.8 % CO

2
(triangles). The

plasma power at the screen decreases from
Pscreen = 4.5 kW to 2.8 kW with the increasing
Pprobe [3].

Pscreen. Figure 4.36 shows the dependencies of the concentration of the precursor, CH
4
,

and of the reaction products, HCN and CO, with the increase of the probe plasma from
0 to 1.0 kW with an admixture of CH

4
of 2 %, a pressure of p = 3 mbar and a probe

temperature of Tprobe = 673 K. The plasma power at the screen decreases from 4.5 to
3.0 kW at the same time. It can be seen that the concentrations of CH

4
and HCN increase

nearly linear and of CO decreases with Pprobe. The behavior of the concentrations of CH4

and CO can be explained by the reduction of the plasma power at the screen whereas
the increase of the HCN concentration is caused by the higher plasma density near the
optical path. The probe plasma generates more HCN while less CH

4
is dissociated and

CO is less produced by the plasma at the screen. The screen acts as a source for CO.
Even without any admixture of carbon to the gas phase CO can be monitored in the
process and its density increases with Pscreen [1].

It should be noted that the concentration of NH
3
with nNH3

≈ 2.5×1015 molecules cm−3

(not shown) is independent on the probe plasma.

In �gure 4.37 the dependencies of the rotational temperature of the screen plasma on
the plasma power at the model probe is shown. Independent on the precursor a slightly
decrease of the temperature of about ∆T = 50 K for the increasing plasma power from
Pprobe = 0 to 1.2 kW could be found. The reduction of the plasma power of the active
screen can be considered as the reason for the temperature decrease (see �gure 4.44).
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Figure 4.38 Concentration of NH
3
, CH

4
,

HCN and CO depending on the total plasma
power with (�lled symbols) and without (open
symbols) the additional usage of the probe
plasma (Pprobe = 1 kW) at p = 3 mbar and
Φ = 81.6 slh (H2 : N2 = 1 : 1, 2 % CH

4

content). For each array of points the tem-
perature at the model probe, Tprobe, increases
with the power from 673 K to 843 K [3].

Figure 4.39 Concentration of NH
3
, CO

2
,

HCN, CO and H
2
O depending on the total

plasma power with the additional usage of the
probe plasma (Pprobe = 1 kW) at p = 3 mbar
and Φ = 88 slh (H2 : N2 = 1 : 1, 9.1 % CO

2

content). For each array of points the tem-
perature at the model probe, Tprobe, increases
with the power from 673 K to 843 K [3].

4.5.2 E�ect of the plasma of the active screen

In order to investigate the in�uence of the screen plasma the plasma power of the active
screen, Pscreen, and therewith, the process temperature measured at the model probe,
Tprobe, was increased incrementally leading to a process temperature range of Tprobe =
673 . . . 843 K. The experiments were carried out at a pressure of p = 3 mbar and a gas
�ow rate of ΦH2+N2

= 80 slh (H2 : N2 = 1 : 1) with the addition of 1.6 slh CH
4
and

8 slh CO
2
. For both precursors the additional probe plasma with Pprobe = 1 kW has

been used leading to a total range of the plasma power of Ptotal = 4 . . . 10 kW. Only for
CH

4
the experiments were also performed in the solely screen plasma at plasma powers

of Pscreen = 5 . . . 11 kW.

The dependencies of the molecular concentrations of the precursors, CH
4
and CO

2
,

and of the reaction products, NH
3
, HCN, CO and H

2
O on the total plasma power are

presented in �gures 4.38 and 4.39. The concentrations of the precursors decrease with
the total plasma power. Figures 4.40 and 4.41 show that both the degree of dissociation
and the fragmentation e�ciency of CO

2
are higher than those of CH

4
. Using the screen

plasma only, a stronger dissociation of the CH
4
precursor is induced (see �gures 4.38

and 4.40). At this point the power of the screen plasma, which controls the temperature
at the model probe, has to be increased from 9 to 11 kW when switching o� the probe
plasma. So, more CH

4
can be dissociated by the stronger screen plasma before reaching

the optical path.

The highest concentration at low power values has been found for the reaction product
NH

3
which is more fragmented at higher power values. This decrease from nearly 3×1015
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Figure 4.40 Degree of dissociation, κD, and
fragmentation e�ciency, RF, of CH4

depend-
ing on the total plasma power with (closed
symbols) and without (open symbols) the ad-
ditional usage of the probe plasma (Pprobe =
1 kW) at p = 3 mbar and Φ = 81.6 slh
(H2 : N2 = 1 : 1, 2 % CH

4
content). For

each array of points the temperature at the
model probe, Tprobe, increases with the power
from 673 K to 843 K [3].

Figure 4.41 Degree of dissociation, κD, and
fragmentation e�ciency, RF, of CO2

depend-
ing on the total plasma power with the addi-
tional usage of the probe plasma (Pprobe =
1 kW) at p = 3 mbar and Φ = 84 slh
(H2 : N2 = 1 : 1, 9.1 % CO

2
content). For

each array of points the temperature at the
model probe, Tprobe, increases with the power
from 673 K to 843 K [3].

down to 1014 molecules cm−3 is caused by the thermal dissociation of the NH
3
molecules

and is independent on the precursors. Without the usage of the additional plasma at the
model probe the NH

3
concentration drops down to 2 × 1013 molecules cm−3 (see �gure

4.38). In analogy to the dissociation of CH
4
the higher plasma power at the screen leads

to a stronger thermal dissociation of NH
3
in the whole reactor.

Furthermore, in �gures 4.38 and 4.39 it can be seen that the concentrations of CO and
HCN increase with the plasma power. In case of the precursor CH

4
(�gure 4.38), CO

is generated (in the range of 6 × 1012 . . . 2 × 1014 molecules cm−3) mostly in a sputter
process from the screen which might act as the main source of CO. This assumption
can be supported by the calculated conversion e�ciency, RC. Figure 4.42 shows that
RC(CO) increases from 1013 to 1014 molecules J−1 with the total plasma power.
The increasing generation of CO with the plasma power in case of the precursor CO

2

(�gure 4.39) can be explained by the stronger dissociation of CO
2
to CO and oxygen in

the plasma. Hence this CO concentration is one to two orders of magnitude higher than
that in the H

2
-N

2
-CH

4
plasma. The conversion e�ciency decreases slightly as it can be

seen in �gure 4.43.
The free oxygen of this process can react with hydrogen of the basic gas to water which

has been found with a concentration of up to 3× 1015 molecules cm−3.
Comparing the HCN concentrations for the two precursors (see �gures 4.38 and 4.39) it

can be noted that there is up to 3.5 times more HCN in the case of CO
2
than using CH

4

as precursor. The amount of 9.1 % CO
2
supplies nearly 4.5 times more carbon atoms to

the process than the amount of 2 % CH
4
does. That could mean that the conversion to
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Figure 4.42 Conversion e�ciency, RC, of
NH

3
, HCN and CO depending on the total

plasma power with (closed symbols) and with-
out (open symbols) the additional usage of the
probe plasma (Pprobe = 1 kW) at p = 3 mbar
and Φ = 81.6 slh (H2 : N2 = 1 : 1, 2 % CH

4

content). For each array of points the tem-
perature at the model probe, Tprobe, increases
with the power from 673 K to 843 K [3].

Figure 4.43 Conversion e�ciency, RC, of
NH

3
, HCN, CO and H

2
O depending on the

total plasma power with the additional us-
age of the probe plasma (Pprobe = 1 kW) at
p = 3 mbar and Φ = 84 slh (H2 : N2 = 1 : 1,
9.1 % CO

2
content). For each array of points

the temperature at the model probe, Tprobe,
increases with the power from 673 K to 843 K
[3].

HCN with CH
4
in the H

2
-N

2
gas mixture is more e�ective than that with CO

2
.

It is interesting to note that on the one hand the conversion e�ciency of HCN stays
constant with the plasma power when using both plasma sources in the process (�g-
ures 4.42 and 4.43) and on the other hand it increases when only the screen plasma is
used (�gure 4.42). For total plasma powers higher than Ptotal = 8 kW the conversion
e�ciencies in both cases converges at approximately 6.5× 1013 molecules J−1.
In �gure 4.44 the in�uence of the total plasma power on the rotational temperature

determined from the shape of the molecular (0− 0)-band of the �rst negative system of
N2

+ is shown. Regarding the process temperature measured at the model probe which is
increasing from 673 to 843 K with the plasma power, the determined gas temperature is
approximately 100 K higher independent on the precursor and the usage of the additional
model probe. Besides this, �gure 4.44 shows that the total plasma power has to be up to
0.5 kW higher with CH

4
as precursor comparing to CO

2
to reach the same temperature

values.
Furthermore, the increasing plasma power leads to a change of the emission charac-

teristics, too. The dependency of the most sensitive spectral feature, that is the ratio
of the (0 − 0)-band of the �rst negative system of N2

+ ion and the (0 − 0)-band of the
second positive system of the N

2
molecule, is presented in �gure 4.45. Additional to the

screen plasma the plasma at the model probe was driven with Pprobe = 1 kW. It can be
seen that the intensity of the ionic component, represented by the N2

+-band, increases
strongly in relation to the intensity of the neutral component, i.e. the intensity of the
N
2
-band, both for the screen plasma (measured during the screen pulse) and for the

probe plasma (measured during the pulse pause of the screen plasma). In ref. [1] that
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Figure 4.44 Rotational temperature deter-
mined from the molecular (0− 0) band of the
FNS of N2

+ depending on the total plasma
power (i) without a precursor in the pure
screen plasma and (ii) with the admixture of
1.6 slh CH

4
or 4 slh CO

2
and the additional

usage of the probe plasma (Pprobe = 1 kW) at
p = 3 mbar and ΦH2+N2

= 80 slh. For each
array of points the temperature at the model
probe, Tprobe, increases with the power from
673 K to 843 K [3].

Figure 4.45 Ratio of the intensities of the
band heads of the N2

+-(0−0) band of the FNS
and of the N

2
-(0−0) band of the SPS depend-

ing on the total plasma power with the addi-
tion of 1.6 slh CH

4
or 4 slh CO

2
and the addi-

tional usage of the dc probe plasma (Pprobe =
1 kW) at p = 3 mbar and ΦH2+N2

= 80 slh
measured in the screen plasma (square) and
in the probe plasma (circle). For each array
of points the temperature at the model probe,
Tprobe, increases with the power from 673 K
to 843 K [3].

behavior was already shown for the solely use of the screen plasma. The N2
+/N2-ratio of

the probe plasma is higher than that of the screen plasma. Also the precursor CH
4
leads

to an increase of this intensity ratio in the screen and in the probe plasma. For values of
the total plasma power higher than Ptotal = 8 kW this di�erences at the comparison of
the plasma sources and the precursors does not exist anymore.

4.5.3 E�ect of the gas mixture

Previous experiments [47] show that the gas mixture, i.e. the ratio of the hydrogen and
the nitrogen in the feed gas, has a sensitive in�uence on the thickness of the compound
layer of the nitrided surfaces. In order to study the dependencies on the chemistry in the
plasma processes the gas mixture has been changed in the range of 0 to 90 % hydrogen
in nitrogen with an admixture of 9.1 % CO

2
. The investigations have been carried out

for two temperature conditions with and without the additional usage of the plasma at
the model probe

i Tprobe = 673 K, Pscreen = 2.5 . . . 3.5 kW and Pprobe = 1 kW or Pscreen = 3.9 . . . 5.0 kW
(�gure 4.46) and

ii Tprobe = 843 K, Pscreen = 7.0 . . . 8.8 kW and Pprobe = 1 kW or Pscreen = 9.3 . . . 11.0 kW
(�gure 4.47).
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Figure 4.46 Concentration of NH
3
, CO

2
,

HCN, CO and H
2
O measured as a function of

the gas mixture with (Pscreen = 2.5 . . . 3.5 kW,
Pprobe = 1 kW, closed symbols) and without
(Pscreen = 3.9 . . . 5.0 kW, open symbols) the
usage of the additional plasma at the model
probe at p = 3 mbar, a CO

2
admixture of

9.1 %, ΦH2+N2
= 80 slh and a temperature of

Tprobe = 673 K [3].

Figure 4.47 Concentration of NH
3
, CO

2
,

HCN, CO and H
2
O measured as a function of

the gas mixture with (Pscreen = 7.0 . . . 8.8 kW,
Pprobe = 1 kW, closed symbols) and without
(Pscreen = 9.3 . . . 11.0 kW, open symbols) the
usage of the additional plasma at the model
probe at p = 3 mbar, a CO

2
admixture of

9.1 %, ΦH2+N2
= 80 slh and a temperature of

Tprobe = 843 K [3].

It should be noted that the given values of the plasma power of the screen are dependent
on the gas mixture. The plasma power increases from low to high content of H

2
to keep

the process temperature measured at the model probe constant.
Figures 4.46 and 4.47 present the measured concentration of the observed molecular

species for both temperatures. It can be seen easily that the concentration of the pre-
cursor, CO

2
, has a maximum at a H

2
content of 25 % and 10 % for 673 K and 843 K,

respectively. That leads to a minimum of the degrees of dissociation at the same H
2

content while the fragmentation e�ciencies drop down by approximately 15 % for a H
2

admixture of 0 to 5 % and decrease slightly for higher H
2
contents (�gures 4.48 and 4.49).

This behavior can be explained by the in�uence of the increasing screen plasma power
with the increasing H

2
content.

The concentration of NH
3
has a maximum at a H

2
:N

2
ratio of 1 : 1 (�gures 4.46 and

4.47) as it has been measured for the same reactor in [47]. Figure 4.46 shows that the
additional usage of the model probe plasma does not in�uence the amount of NH

3
at a

temperature of 673 K (see section 4.5.1). In contrast the NH
3
concentration shown in

�gure 4.47 is �ve times higher with the additional usage of the model probe comparing to
the solely screen plasma at a process temperature of Tprobe = 843 K. This phenomenon
can be explained by the production and the thermal dissociation of that molecule by
the screen plasma and by its production by the plasma of the model probe which is
surrounding the optical path. At a process temperature of Tprobe = 673 K both plasmas
compensate each other. The screen plasma acts as a NH

3
producer. Reducing the plasma

power at the screen the NH
3
production decreases. But switching on the probe plasma at

the same time leads to the production of a similar amount of NH
3
near the model probe.
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Figure 4.48 Degree of dissociation, κD, and
fragmentation e�ciency, RF, of the precursor
CO

2
measured as a function of the gas mix-

ture with (Pscreen = 2.5 . . . 3.5 kW, Pprobe =
1 kW, closed symbols) and without (Pscreen =
3.9 . . . 5.0 kW, open symbols) the usage of the
additional plasma at the model probe at p =
3 mbar, a CO

2
admixture of 9.1 %, ΦH2+N2

=
80 slh and a temperature of Tprobe = 673 K
[3].

Figure 4.49 Degree of dissociation, κD, and
fragmentation e�ciency, RF, of the precursor
CO

2
measured as a function of the gas mix-

ture with (Pscreen = 7.0 . . . 8.8 kW, Pprobe =
1 kW, closed symbols) and without (Pscreen =
9.3 . . . 11.0 kW, open symbols) the usage of the
additional plasma at the model probe at p =
3 mbar, a CO

2
admixture of 9.1 %, ΦH2+N2

=
80 slh and a temperature of Tprobe = 843 K
[3].

At a process temperature of Tprobe = 843 K the screen plasma acts beside the production
of NH

3
mostly as a thermal destructor for that species. Reducing the power of the screen

plasma the NH
3
destruction decreases more considerable than the NH

3
production. The

probe plasma acts in the same way as at lower process temperatures which leads to a
higher NH

3
concentration.

In �gures 4.46 and 4.47 an increase of the HCN concentration with the hydrogen
content in the feed gas can be found with slightly higher concentrations for the higher
temperature case. The usage of the additional plasma at the model probe leads to a
two times higher concentration of HCN for both process temperatures. Here the probe
plasma acts as an additional producer of HCN.
The concentration of the dissociation product of CO

2
, CO, is constant with changing

the gas mixture. The amount of the produced water, which is produced by the oxygen
of the CO

2
dissociation and hydrogen, increases with the increasing H

2
content.

Figure 4.50 shows the dependency of the emission characteristics, namely the ratio of
the (0− 0)-band of the �rst negative system of N2

+ and the (0− 0)-band of the second
positive system of N

2
, of the screen plasma (screen pulse) and of the probe plasma

(screen pause) on the gas mixture. Screen and probe plasma were used at the same time
at a process temperature of 673 K and a CO

2
admixture of 4.8 %. For both plasmas a

minimum of the N2
+/N2-ratio can be found at 25 % H

2
admixture with a higher ratio

in the plasma of the model probe as it has been shown in �gure 4.45. It is interesting to
note that this minimum occurs for the same gas mixture as the minimum of the degree
of dissociation of CO

2
(see �gure 4.48).

86



4.5 The interplay of active screen and model probe plasma used for nitriding processes

Figure 4.50 Ratio of the intensities of the band heads of the N2
+-(0 − 0) band of the FNS

and of the N
2
-(0− 0) band of the SPS measured as a function of the gas mixture with the usage

of the additional dc plasma at the model probe (Pscreen = 2.5 . . . 3.5 kW, Pprobe = 1 kW) during
the pulse and in the pause of the screen plasma at p = 3 mbar, a CO

2
admixture of 4.8 %,

ΦH2+N2
= 80 slh and a temperature of Tprobe = 673 K [3].

4.5.4 On the combined admixture of CH4 and CO2

The combined admixture of CH
4
and CO

2
as carbon containing precursor gases provides

possible advantages in plasma nitrocarburizing, e.g. the elimination of the unfavorable
carburizing of steel surfaces [73]. In order to investigate the in�uence of the combined
admixture of CH

4
and CO

2
, the ratio CH

4
:CO

2
has been varied at a pressure of p =

3 mbar, a total plasma power of Ptotal = 9.5 kW (with Pprobe = 1 kW) and a process
temperature of Tprobe = 843 K. Both precursors were added to the feed gas (40 slh H

2
,

40 slh N
2
) with a gas �ow rate of ΦCH4+CO2

= 4 slh.
Figure 4.51 presents the concentration of the precursors, CO

2
and CH

4
, and of the

reaction products, NH
3
, HCN, CO and H

2
O measured as a function of the ratio of CO

2

and CH
4
. It is obvious that the concentration of CH

4
, comparing the corresponding val-

ues, is higher than that of CO
2
. It is clear from �gure 4.52 that the degree of dissociation

and the fragmentation e�ciency of CO
2
comparing to CH

4
are higher similar to the data

presented in section 4.5.2 (see �gures 4.40 and 4.41).
The slight increase of the NH

3
concentration, shown in �gure 4.51, can be explained

by the deviation from the H
2
:N

2
ratio of 1 : 1 to a little surplus of H

2
with the admixture

of CH
4
.

The concentration of HCN is nearly constant. The increase of the concentrations of
H
2
O and of CO is most probably caused by the dissociation of CO

2
and therewith the

increase of the oxygen concentration.
Figure 4.53 shows a decrease of the emission characteristics, i.e. the ratio of the (0−0)-

band of the �rst negative system of the N2
+ ion and the (0−0)-band of the second positive

system of the N
2
-molecule with the increase of CO

2
. This behavior follows the curve in

�gure 4.50 from a high H
2
content to the H

2
:N

2
ratio of 1 : 1. With the admixture of

CH
4
more hydrogen is provided for the process gas. When the methane is exchanged by

CO
2
H
2
:N

2
reaches the ratio of 1 : 1. The ratio of the N2

+ and the N
2
band measured in
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Figure 4.51 Concentration of CH
4
, NH

3
,

HCN, CO
2
, CO and H

2
O depending on

the precursor gas mixture with the usage of
the additional plasma at the model probe
(Pscreen = 8.5 kW, Pprobe = 1 kW) at p =
3 mbar, ΦH2+N2

= 80 slh, ΦCO2+CH4
= 4 slh

and a temperature of Tprobe = 843 K [3].

Figure 4.52 Degree of dissociation, ÎºD,
and fragmentation e�ciency, RF, of the pre-
cursors, CO2 and CH4, depending on the pre-
cursor gas mixture with the usage of the addi-
tional plasma at the model probe (Pscreen =
8.5 kW, Pprobe = 1 kW) at p = 3 mbar,
ΦH2+N2

= 80 slh, ΦCO2+CH4
= 4 slh and a

temperature of Tprobe = 843 K [3].

the screen plasma (Pscreen = 8.5 kW) and the probe plasma (Pprobe = 1 kW), shown in
�gure 4.53, shows a comparable value. As it is shown in �gure 4.45, this ratio for both
plasmas converges for total plasma powers of more than 8 kW to a value of 9.
It should be noted that the rotational temperature determined from the (0− 0)-band

of the �rst negative system of N2
+ (not shown) does not depend on the ratio of CO

2

and CH
4
. The temperature is constant at Trot = 920 K when exchanging the precursor

stepwise at a total plasma power of Ptotal = 9.5 kW and a process temperature of 843 K.

4.6 Diagnostics of the treated surfaces

Beside the plasma chemistry studies a couple of surface treatments have been carried out
in the ASPN reactor. Samples of the carbon steel C15 have been nitrided at a process
temperature of 693 K without any plasma at the samples and at a process temperature of
843 K with an additional plasma at the samples. The carbon steel C15 (0.15 wt% carbon)
has been chosen because the elements of the chemical composition of this type of steel do
not in�uence the nitriding mechanisms, e.g. as chrome would do. The treated surfaces
have been analyzed by GDOES to obtain the depth pro�le of the surface elements, in
particular that of nitrogen. The sample treatments in the ASPN reactor and the GDOES
measurements and analysis have been done in the Institute of Materials Engineering of
the TU Bergakademie Freiberg. Figure 4.54 shows an example of a nitrided C15 sample,
treated for 20 h in the ASPN reactor at a temperature of Tprocess = 693 K and a screen
plasma power of Pscreen = 5.5 kW in a gasmixture of 40 slh H

2
and 40 slh N

2
without

any additional plasma at the treated samples.
The nitrogen depth pro�le has been used to determine the thickness of the compound
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Figure 4.53 Ratio of the intensities of the band heads of the N2
+-(0−0) band of the FNS and

of the N
2
-(0− 0) band of the SPS depending on the precursor gasmixture with the usage of the

additional dc plasma at the model probe (Pscreen = 8.5 kW, Pprobe = 1 kW) measured during the
pulse and in the pause of the screen plasma at p = 3 mbar, ΦH2+N2

= 80 slh, ΦCO2+CH4
= 4 slh

and a temperature of Tprobe = 843 K [3].

Figure 4.54 Depth pro�le of treated carbon steel (C15). The marker shows the thickness of the
compound layer. The pro�le of iron is not shown. (Conditions: t = 20 h, ΦH2+N2

= 40 + 40 slh,
p = 2 mbar, Pscreen = 5 kW, Tprocess = 693 K)
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Figure 4.55 Thickness of the compound
layer, dCL, of treated carbon steel (C15) sam-
ples measured as a function of the gas mix-
ture. No additional plasma has been sup-
plied to the samples. (Conditions: t = 20 h,
Pscreen = 5 kW, p = 2 mbar, ΦH2+N2

= 80 slh,
Tprocess = 693 K)

Figure 4.56 Thickness of the compound
layer, dCL, of treated carbon steel (C15) sam-
ples measured as a function of the CH

4
ad-

mixture. No additional plasma has been sup-
plied to the samples. (Conditions: t = 20 h,
Pscreen = 5 kW, p = 2 mbar, ΦH2+N2

=
40 + 40 slh, Tprocess = 693 K)

layer. As it is shown in �gure 4.54 the thickness of the compound layer is determined by
the depth where the nitrogen concentration deceed 2.5 wt%.
The thickness of the compound layer of nitrided C15 samples depending on the gas

mixture is shown in �gure 4.55. The samples were treated at a process temperature of
Tprocess = 693 K (Pscreen = 5.5 kW) in the local afterglow of the H

2
-N

2
screen plasma

(without bias plasma at the sample holder) at a pressure of p = 2 mbar for a treatment
time of 20 h. It can be seen, that a formation of a compound layer appears when
the samples are situated just in the local afterglow of the plasma at the active screen.
Furthermore, the thickness of the compound layer has a maximum for a H

2
-N

2
ratio of

1 : 1. While the value is slightly smaller for a H
2
content of 25 %, it decreases drastically

for 75 % H
2
. It is interesting to note, that the maximum of the NH

3
concentration also

appears at a H
2
content of 50 % (see �gure 4.46). The dissociation of this molecule

provides by electron impact provides the atomic nitrogen being able to di�use into the
steel surface.
The e�ect of the admixture of CH

4
to the gas mixture of 40 slh H

2
and 40 slh N

2
at the

same conditions is shown in �gure 4.56. As it can be seen, the thickness of the compound
layer increases slightly. Due to the increase of the carbon content in the surface with
the increasing admixture of CH

4
(not shown), it is assumed that CN compounds are

chemisorbed on the steel surface. A reasonable process can be the dissociation of HCN
in the plasma and at the surface. As it is shown in section 4.3, the concentration of HCN
increases with the CH

4
admixture.

The concentration of HCN increases even with the admixture of CO
2
(see section 4.4).

Comparing with the admixture of CH
4
, a similar result can be seen in �gure 4.57,i.e. the

increasing thickness of the compound layer with the CO
2
admixture. Here, the samples

were treated with a process temperature of 843 K (Pscreen = 7.2 kW) and the additional
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Figure 4.57 Thickness of the compound
layer, dCL, of treated carbon steel (C15) sam-
ples measured as a function of CO

2
admix-

ture. The samples have been biased addition-
ally with a plasma power of Psample = 1.2 kW.
(Conditions: t = 4 h, Pscreen = 7.2 kW,
p = 3 mbar, ΦH2+N2

= 20 + 60 slh, Tprocess =
843 K)

Figure 4.58 Thickness of the compound
layer, dCL, of treated carbon steel (C15)
samples measured as a function of the bias
plasma supplied to the samples. The power of
the screen plasma decreases with the increas-
ing sample plasma with Pscreen = 8.5 . . . 6.0.
(Conditions: t = 4 h, p = 3 mbar, ΦH2

=
20 slh, ΦN2

= 60 slh, ΦCO2
= 10 slh, Tprocess =

843 K)

usage of the sample plasma (Psample = 1.2 kW) in a gas mixture of 20 slh H
2
and 60 slh

N
2
at a pressure of p = 3 mbar.

A much stronger in�uence on the compound layer thickness can be found for the
variation of the plasma power at the treated samples which is shown in �gure 4.58. It
should be noted that the plasma power of the active screen decreases with the increased
sample plasma power because of the compensation of both plasma sources caused by the
temperature control, described in section 4.5. By increasing the sample plasma power
from 0.4 kW to 2.0 kW the compound layer is nearly 2 times thicker, although the plasma
power at the screen is decreased by ≈ 30 %. Due to this fact it can be assumed that the
plasma around the sample increases the number of dissociation processes, in particular
of NH

3
and HCN, leading to a higher amount of atomic nitrogen which can di�use into

the steel surface.

A similar result is shown in table 4.3. Here, an increase of ≈ 70 % of the thickness
of the compound layer by increasing the plasma power at the sample from 0.4 kW to
1.2 kW has been found for 4 h treatments of carbon steel C15 in the ASPN reactor for
temperatures of 813 K and 843 K at a pressure of p = 2 mbar.

It should be noted that an increase of the process temperature, which is caused by
the increase of the screen plasma power, leads also to an increase of the compound layer
thickness. Due to the thermal dissociation of NH

3
above 673 K (see �gure 4.38) it can

be assumed that more nitrogen atoms can reach the sample surface.
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Table 4.3 The thickness of the compound layer, dCL, for di�erent values of the process tem-
perature (and screen plasma power) and of the sample plasma power. The carbon steel C15
samples were treated for 4 h in a gasmixture of 60 slh N

2
and 20 slh N

2
at a pressure of 2 mbar.

Tprocess [K] Pscreen [kW] Psample [kW] dCL [µm]

813 7.5 0.4 5.3
813 6.5 1.2 9.0
843 8.2 0.4 9.2
843 7.2 1.2 16.3

4.7 Conclusions

For further insight into the fundamental chemical phenomena in pulsed dc H
2
-N

2
plasmas

with admixtures of carbon-containing species,i.e. CH
4
and CO

2
, which are used for

conventional and active screen plasma nitriding and nitrocarburizing in an industrial
scale active screen plasma nitriding reactor, infrared absorption techniques such as in

situ TDLAS and ex situ FTIR were combined with optical emission spectroscopy (OES).
Beside the investigations during the solely usage of the two plasma sources, i.e. the
plasma at the active screen (ASPN mode) and the plasma at the model probe (CPN
mode) also the interaction at the common usage of both plasmas in the nitriding processes
have been in the focus of interest. Beside the detection of seven atomic, molecular and
ionic species in excited states the OES method allowed the determination of the rotational
temperature of the plasma.
The in situ TDLAS enables the monitoring of the concentration of the precursors, CH

4

and CO
2
, and of the reaction products, NH

3
, CO, C

2
H
2
, C

2
H
4
, HCN, H

2
O and the methyl

radical, being in a range of more than three orders of magnitude. In some experiments
the concentration of HCN and H

2
O were determined in the extracted gas phase by FTIR.

The investigations were performed in a wide �eld of parameters, including the plasma
power at the screen and at the model probe, the gas mixture and the admixture of the
precursors.
Regarding the development of the concentrations of the molecular species the screen

plasma power and therewith the process temperature have found to be the main param-
eter for controlling the dissociation of the precursors with degrees of dissociation of up
to κD(CH4) = 89 % and κD(CO2) = 92 % and for controlling the NH

3
and CO concen-

trations in the processes. Concerning the reaction product, HCN, the changing of the
gas mixture has been identi�ed as the main controlling parameter.
Furthermore, the sensitive in�uence of the additional bias plasma of the model probe

on the screen plasma could be shown, in particular on the emission characteristics and
on the concentrations of HCN and NH

3
.

The rotational temperature of the screen plasma determined from the N2
+ (0 − 0)

band of the �rst negative system of the plasma emission is in�uenced by the screen
plasma power and the process pressure. It could be shown that the determined rotational
temperature has a similar behavior as the process temperature, Tprobe, measured at the
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model probe.
In the CPN mode the values of the rotational temperature determined from the (0−0)

emission band of the �rst negative system of N2
+ could be validated on the basis of

the analysis of absorption line pro�les of methyl radicals, which were considered to be
present only in the active plasma region of the reactor.
In addition to the absorption and emission diagnostics time resolved Langmuir probe

diagnostics has been taken out in the ASPN reactor. Depending on the gas mixing ratios
plasma potentials between −19 and −30 V, electron temperatures between 0.13 and 0.3 V
and electron densities of about 109 cm−3 where measured. A qualitative interpretation
of the �ndings and a comparison with nitriding results are given. The simultaneously
performed OES method allowed a temporal resolved study of the emission properties of
neutral and ionic nitrogen species in dependence on the gas mixture. The most sensitive
spectral feature is the ratio of the intensities of the band heads of the N2

+-(0− 0)-band
of the FNS and of the N

2
-(0− 2)-band of the SPS.

Additional investigations of treated carbon steel surfaces with the help of GDOES
show that the thickness of the compound layer can be in�uenced sensitively by changing
the gas mixture, by the usage of an additional plasma at the samples and by changing
the process temperature via changing the plasma power of the screen. It can be assumed
that HCN and NH

3
are key reaction products in�uencing the nitriding process.
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5 Plasma chemistry in a compact
plasma nitriding monitoring reactor

5.1 Introduction

The improvement of the properties of the surface of steel components has been in the
center of interest of plasma based nitriding and nitrocarburising processes since sev-
eral decades. In the traditional technique, the conventional plasma nitriding (CPN), the
metallic workload acts as a cathode while a pulsed dc discharge is used for the treatment.
In a variety of industrial applications CPN is a standard technology for surface modi�-
cation and surface hardening. The di�usive interaction of excited atomic and molecular
species with the appropriately heated surface of the metal components is considered as
the basic mechanism of this technology. A modi�cation of CPN, called active screen
plasma nitriding (ASPN), replaces the glow discharge region from the workload to an
additionally introduced separate metallic screen, the active screen (AS), which surrounds
the components to be treated [1]. The ASPN approach is focused on the reduction of
possible disadvantages of the CPN technology, which may be caused by the direct in�u-
ence of the discharge energy on the surface of the workloads, including inhomogeneous
temperature distributions, as well as possible hollow cathode and arcing e�ects. Using
the ASPN technique two important parameters, (i) the temperature of the process and
(ii) the current density of the plasma are more pronounced decoupled. In addition the
active screen has a twofold task, the generation of a mixture of active species for the
nitriding process and the radiation of heat leading to a relative uniform temperature
distribution over the parts of the workload even in the case of complicated geometries.
The workload can be driven on �oating potential or is weakly negatively biased leading
to a characteristic triode con�guration. Under these conditions even highly dense and
mixed loads can be e�ectively treated. Although over the last years the ASPN technology
has proven its industrial applicability, a better understanding of the fundamental mech-
anisms inherent in this speci�c nitriding approach could open up a wider technological
potential. Since more than a decade several aspects of the ASPN technology frequently
compared to the traditional CPN approach have been studied [2�30]. For a longer period
only N

2
-H

2
gas mixtures have been in the center of interest. But already in 1991 the

usefulness of the admixture of carbon containing precursors to the N
2
-H

2
feed gas for

the generation of anti-corrosive layers of high quality was described [25]. In 2009 Gallo
and co-worker studied optimum windows of ASPN for carburizing, using CH

4
as feed

gas, and nitriding of austenitic stainless steel [26]. The growing complexity of nitriding
processes caused by the increasing number of feed gases has led to further interest in
advanced non-intrusive in-situ plasma diagnostic techniques, which can provide quanti-
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5 Plasma chemistry in a compact plasma nitriding monitoring reactor

tative information, in particular, about absolute concentrations of stable and transient
molecular species in the ground state. Recently a comparative spectroscopic study of
conventional and active screen N

2
-H

2
plasma nitriding processes with admixtures of CH

4

or CO
2
has been performed in an industrial-scale reactor. Combining in situ tunable

diode laser absorption spectroscopy (TDLAS) with ex-situ Fourier transform infrared
spectroscopy (FTIR) the evolution of the concentrations of the methyl radical and of
eight stable molecules has been monitored. In addition, based on optical emission spec-
troscopy (OES), the behavior of the ionic component of nitrogen molecules in relation to
their neutral counter parts and the rotational temperature could be determined [28]. To
evidence the working principle of ASPN and to analyze the temporal behavior of general
processes OES has been combined with electrostatic Langmuir probes in another recent
diagnostic study in the same reactor [29].

Advanced diagnostics approach su�ers from limitations of the plasma reactor. In pre-
vious laboratory scale experiments the laboratory size has been reached by down-sizing
the ASPN reactor or the used cathodic cage [2, 11, 13, 31]. This may lead to a changing
of the electrical �eld and of the heat generation within the cylindrical screen comparing
to industrial scale ASPN reactors. Due to the fact that at least a simple optical path
is needed for the realization of in situ infrared laser absorption spectroscopy (IRLAS),
cylindrical ASPN reactors have to provide a free path through reactor walls and active
screen, leading to a partial destruction of these components. Since this destruction has
to be kept on a minimum leading to a minimal in�uence on the functionality, the usage
of multi path optics as White cells is disenabled.
In order to avoid these disadvantages, the plasma nitriding monitoring reactor, PLAN-
IMOR, with a linear electrode con�guration has been developed. Here, only a linear
passage of the ASPN setup, i.e. the con�guration of the separate electrode parts anode,
cathodic screen and sample holder, is projected into a tube reactor. This leads to the ad-
vantage to be able to diagnose the whole space between the active screen and the treated
sample. A modi�cation or destruction of the parts is not necessary anymore. Since the
material of the reactor vessel should have a minimal in�uence on the nitriding processes,
the vessel of PLANIMOR is made of borosilicate glass equipped with a diagnostic path.
This allows the mounting of a multi pass cell for increased sensitivity when performing
IRLAS measurements.

Another feature of PLANIMOR is the �exibility of the reactor, in particular the mobil-
ity of active screen and sample holder part. While the in�uence of the workpiece distance
to the active screen has been investigated previously by using samples with di�erent sizes
[32] or by using special sample holders inside the screen [33], PLANIMOR provide the
advantage to vary the distance between the screen and the sample holder.

In this chapter the construction of PLANIMOR is described. Furthermore, it is eval-
uated to be able to nitride steel surfaces and generate similar processes as they have
been found in industrial scale ASPN reactors. Even the idea to substitute the carbon
containing precursor in ASPNC processes by using a carbon screen is realized.
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5.2 Experimental setup

5.2.1 Design of the reactor

In contrast to low scale and industrial scale ASPN reactors the design of PLANIMOR
shows a linear con�guration of the electrodes, i.e. the anode and the active screen, and
of the substrate holder. The computer-aided design of the reactor is shown in �gure 5.1

Figure 5.1 Design of the plasma nitriding monitoring reactor: PLANIMOR, with labeled
parts.

The reactor vessel of PLANIMOR, a sketch is shown in �gure 5.2, consists of a tube
with a length of 400 mmmade of borosilicate glass with an inner diameter of di = 100 mm.
In the mid-part the tube is expanded on a length of 160 mm up to di = 130 mm.
Perpendicular to the main tube two KF63 glass �anges are located face to face at the
middle of the reactor. These provide a diagnostic path with a length of 380 mm.
Into both open sides of the glass tube two hollow cylinders made of stainless steel

with outer diameter of dcylinder = 99 mm are inserted. The design of the two parts with
electrical and water cooling connections are presented in �gures 5.3 and 5.4. One cylinder
contains the gas inlet, the grounded anode, and the meshed electrode made of steel, i.e.
the active screen (see �gure 5.3). For some experiments the steel screen is substituted
by a meshed carbon electrode. A photograph, comparing both types of screen, is shown
in �gure 5.5.
On the other cylinder on one side the sample holder is mounted while on the other side
the vacuum pump is connected (see �gure 5.4). Each cylinder is surrounded by sealing
rings which ensure the vacuum tightness to the glass vessel. Both cylinders are moveable
along the tube of the glass vessel. This allows a variation of the distance between the
sample holder and the screen.
The active screen is driven by a dc plasma generator at a frequency of f = 1 kHz at

60 % duty cycle (see �gure 5.3). The plasma power has been varied between 30 and
150 W. Another dc plasma generator supplies the sample holder, made of stainless steel,
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5 Plasma chemistry in a compact plasma nitriding monitoring reactor

Figure 5.2 Design of the reactor vessel made of borosilicate glass with dimensions.

Figure 5.3 Design of the stainless steel cylinder forming the active screen part of PLANIMOR.
The active screen is electrical connected with the cylinder. The anode is grounded. Dimensions
and wiring of the parts are shown.
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5.2 Experimental setup

Figure 5.4 Design of the stainless steel cylinder forming the sample holder part of PLANI-
MOR. The sample holder, electrically separated from the cylinder, can be heated and biased.
Dimensions, wiring and water cooling connection of parts are shown.

Figure 5.5 Photograph of the used meshed electrodes made of carbon (left) and steel (right)
acting as the active screen.
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5 Plasma chemistry in a compact plasma nitriding monitoring reactor

with a dc voltage leading to plasma powers between 5 and 20 W. Independent on the
power of the screen plasma and the sample plasma temperatures of the sample holder
between 673 and 823 K can be realized by a ceramic heater (Bach Resistor Ceramics,
Germany) and controlled by a thermocouple to enable the nitriding process (see �gure
5.4). The sample holder allows the mounting of metal plates with dimensions of up to
40× 40 mm2.

A turbo molecular pump connected to the pumping side of the sample holder part
allows to pump out the reactor down to a basic pressure of p = 10−5 mbar. The gas �ows
of N

2
and H

2
and of the precursor, CH

4
, into the chamber are controlled by independent

mass �ow controllers. A butter�y valve between the chamber and the vacuum pump
regulates the pressure with p = 3 mbar.

A photograph of the reactor PLANIMOR with the speci�ed parts is shown in �gure
5.6. Both plasma generators have been in use to supply the active screen and the sample
holder. The schematic setup of PLANIMOR with applied diagnostics is given in �gure
5.7.

Figure 5.6 Photograph of the plasma nitriding monitoring reactor, PLANIMOR, with speci�ed
parts. The grounded anode is indicated on the right side inside the cylinder.

For some conditions, carbon steel C15 samples (19× 19 mm2, thickness: 3 mm) have
been treated in PLANIMOR. The treatment time was 4 h. The treated surfaces have been
analyzed by GDOES to obtain the depth pro�le of the surface elements. The GDOES
measurements and analysis have been done in the Institute of Materials Engineering of
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5.2 Experimental setup

Figure 5.7 Experimental arrangement of the PLANIMOR model reactor combined with
QCLAS and OES spectrometers. The plane of the White cell is parallel to the screen and
the sample holder (it is rotated by 90◦ for better illustration).

the TU Bergakademie Freiberg 1.

5.2.2 Applied diagnostics

The �anges of the diagnostic path allow the mounting of a multi pass cell (White cell
type) with a length of 475 mm for improved sensitivity [34]. This enables the usage of
absorption spectroscopy techniques in the mid-infrared. The MIR light sources can be
coupled into the multi pass arrangement via the KBr windows of the cell. With up to
20 passes a total absorption length of l = 950 cm can be realized. The orientation of the
plane of the White cell parallel to the screen and to the sample holder enables a spatial
resolution of the molecular densities in the space between screen and sample holder by
moving the cylinders relatively to the optical path.
For the detection of the precursor, CH

4
, and the molecular reaction products a compact

EC-QCL spectrometer has been designed (see �gure 5.8). A photograph of the EC-QCL
spectrometer is shown in �gure 5.9. The used EC-QCL (Daylight solutions) provides a
mode-hop free tuning range of ν = 1345 . . . 1400 cm−1 - the �nger print region of the
molecular species CH

4
, NH

3
, C

2
H
2
, HCN and H

2
O. Since the QCL is working in cw-

mode the laser beam is interrupted by a chopper with a frequency of f = 80 Hz. With the
help of two beam splitters (�gure 5.8) the beam is separated into the measurement beam,
the etalon beam and the reference gas beam. The signals of the beams are detected by

1TU Bergakademie Freiberg, Institute of Materials Engineering, Gustav-Zeuner-Str. 5, 09599 Freiberg,
Germany
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three separated liquid nitrogen cooled HgCdTe detectors. The reference gas path and the
etalon path allow the usage of two reference gas cells (RGC, �gure 5.8) and a germanium
etalon of known free spectral range, respectively, for the identi�cation of lines. The
spectra of the measurement path, of the reference gas path and of the etalon path are
recorded simultaneously.

Figure 5.8 Schematic arrangement of the
EC-QCL spectrometer.

Figure 5.9 Photograph of the EC-QCL
spectrometer.

An example spectrum in the spectral range near 1356.5 cm−1 in the H
2
-N

2
plasma

with an admixture of 2.4 % CH
4
at p = 3 mbar and Pscreen = 90 W is shown in �gure

5.10.
Furthermore, the glass vessel of PLANIMOR allows the diagnostics of the optical

emission of the plasma sources. Using a quartz �ber with the orientation either to the
active screen or to the sample holder the optical emission characteristics of both plasmas
can be analyzed separately. For this purpose a spectrograph (Acton2500i) with a focal
length of 0.5 m connected with the �ber is used with an ICCD detector unit (Andor
iStar, DH734-18F-03).
Using the grating with 600 grooves mm−1 overview spectra in a range of λ = 300 . . . 900 nm

can be recorded in steps of 25 nm. For the recording of high resolution spectra, e.g. of
several molecular nitrogen bands, the grating with 2400 grooves mm−1 is used.
In �gure 5.11 an example of an optical emission spectrum of the H

2
-N

2
-CH

4
plasma

of the active screen in the range of λ = 300 . . . 900 nm with identi�ed spectral features
is given.

5.3 Comparison to industrial scale ASPN processes

The main objective of the development of PLANIMOR is the creation of a laboratory
scale reactor which enables performing active screen and conventional plasma nitriding
processes. For that purpose the emission characteristics and the gas phase chemistry of
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Figure 5.10 Example of an absorption
spectrum at 1356.6 cm−1 with absorption fea-
tures of CH

4
, HCN, C

2
H
2
and NH

3
(p =

3 mbar, 10 sccm H
2

+ 10 sccm N
2
, 2.4 % CH

4
,

Pscreen = 90 W).

Figure 5.11 Optical emission spectrum of
the screen plasma with identi�ed spectral
features at a pressure of p = 3 mbar, a
plasma power of Pscreen = 90 W, a gas
�ow rate of 10 sccm H

2
, 10 sccm N

2
and

0.2 sccm CH
4
, recorded with a grating with

600 grooves mm−1.

PLANIMOR is compared with those of the industrial scale ASPN reactor which has been
investigated in chapter 4.
As it can be seen by comparing �gures 5.11 and 4.9 the plasmas at the active screens

of PLANIMOR and the ASPN reactor show similar emission spectra in the range of
λ = 300 . . . 900 nm. It can be seen easily that the bands of the �rst negative system of
the N2

+ ion and of the second positive system of the N
2
molecule are the most intense

emission features. From sections 4.4 and 4.5.2 it is known that the ratio of the heads of
these bands changes sensitively with the plasma power of the screen. So it is a suitable
reference parameter for the comparison of the two plasma sources.
The dependency of the ratio of the band heads of the �rst negative system of the

N2
+ ion and of the second positive system of the N

2
molecule on the plasma power of

the screen is shown in �gure 5.12, comparing the screen plasmas of PLANIMOR and the
ASPN reactor. The ratio increases strongly with power in both plasmas and shows similar
values for the power ranges of PPLANIMOR = 30 . . . 110 W and PASPN = 5 . . . 11 kW.
Also the rotational temperature determined from the (0− 0) band of the �rst negative

system of the N2
+ ion increases with the plasma power in both reactors, see �gure 5.13.

However, the rotational temperature of the sreen plasma in PLANIMOR is approximately
100 K lower than that of the screen plasma in the ASPN reactor.
Additionally the rotational temperature in the gas phase of the process can be de-

termined by using the line ratio method with IR laser absorption spectroscopy which is
described in section 3.1.2.4. Whereas the emission band of N2

+ re�ects the rotational
temperature in the plasma zone, the applied line ratio method using several absorption
lines of the CH

4
molecule leads to the determination of the rotational temperature of the

stable molecules averaged over the line of sight. This includes both the plasma and the
non-plasma zone, i.e. the gas in the diagnostic path of PLANIMOR.
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Figure 5.12 Ratio of the intensities of the
band heads of the N2

+-(0−0) band of the FNS
and of the N

2
-(0−2) band of the SPS depend-

ing on the plasma power of the active screen
in PLANIMOR (�lled symbols, upper axis)
and the ASPN reactor (open symbols, lower
axis). (Conditions PLANIMOR: 10 sccm H

2

+ 10 sccm N
2

+ 0.2 sccm CH
4
and p = 3 mbar.

Tsample is kept constant at 673 K. Conditions
ASPN: 40 slh H

2
+ 40 slh N

2
+ 1.6 slh CH

4

and p = 3 mbar. Tprobe increases from 673 to
843 K.)

Figure 5.13 Rotational temperature deter-
mined from the molecular (0− 0) band of the
FNS of N2

+ depending on the plasma power of
the active screen in PLANIMOR (�lled sym-
bols, upper axis) and the ASPN reactor (open
symbols, lower axis). (Conditions PLANI-
MOR: 10 sccm H

2
+ 10 sccm N

2
+ 0.2 sccm

CH
4
and p = 3 mbar. Tsample is kept con-

stant at 673 K. Conditions ASPN: 40 slh H
2

+ 40 slh N
2

+ 1.6 slh CH
4
and p = 3 mbar.

Tprobe increases from 673 to 843 K.)

The determined rotational temperature using the absorption lines of CH
4
depending on

the power of the screen plasma in PLANIMOR and the ASPN reactor is shown in �gure
5.14. The temperature in the ASPN reactor corresponds to the process temperature,
Tprobe, which is measured at the model probe. So the temperature increases with the
plasma power from 673 to 843 K. Only a slight increase of the temperature in PLANIMOR
can be found with values between 340 and 365 K.

Due to the cylindrical setup of the ASPN reactor the plasma at the screen which sur-
rounds the workload heats the metal parts and the gas in the process volume. Finally, a
temperature equilibrium is reached with similar a temperature of the gas phase molecules
and of the metallic model probe. Contrary to the ASPN reactor in PLANIMOR an ad-
ditional volume provided by the diagnostic path is existing beside the process volume
between the screen and the substrate holder. Here, all molecules are cooled down to
nearly room temperature by the glass walls of the diagnostic path. This leads to an
average temperature at about Trot(CH4) ≈ 350 K.

A comparison of the concentrations of CH
4
, NH

3
and HCN measured as a function of

the plasma power in PLANIMOR and in the ASPN reactor is presented in �gure 5.15. A
similar behavior in both reactors can be found for the concentrations of CH

4
and HCN.

The increasing plasma power at the screen leads to an increase of the HCN concentration.
The amount of CH

4
decreases with the plasma power leading to an increase of the degree

of dissociation and to a decrease of the fragmentation e�ciency as it can be seen in �gure
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Figure 5.14 Rotational temperature of
CH

4
determined by using the line ratio

method measured as a function of the plasma
power of the active screen in PLANIMOR
(�lled symbols, upper axis) and the ASPN re-
actor (open symbols, lower axis). (Conditions
PLANIMOR: 10 sccm H

2
+ 10 sccm N

2
+

0.2 sccm CH
4
and p = 3 mbar. Tsample is kept

constant at 673 K. Conditions ASPN: 40 slh
H
2

+ 40 slh N
2

+ 1.6 slh CH
4
and p = 3 mbar.

Tprobe increases from 673 to 843 K.)

Figure 5.15 Concentration of CH
4
, NH

3

and HCN measured as a function of the
plasma power of the active screen in PLAN-
IMOR (�lled symbols, upper axis) and the
ASPN reactor (open symbols, lower axis).
(Conditions PLANIMOR: 10 sccm H

2
+

10 sccm N
2

+ 0.2 sccm CH
4
and p = 3 mbar.

Tsample is kept constant at 673 K. Conditions
ASPN: 40 slh H

2
+ 40 slh N

2
+ 1.6 slh CH

4

and p = 3 mbar. Tprobe increases from 673 to
843 K.)

5.16.

In both reactors a similar behavior of κD and RF can be found. The degree of dissocia-
tion is lower and the fragmentation e�ciency is higher, respectively, in the ASPN reactor.
The di�erences in the dissociation degrees of both reactors may be explained by the reac-
tor geometry. While the whole gas in PLANIMOR has to �ow through the plasma screen,
in the ASPN reactor the gas is distributed inside and outside the cylindrical screen. This
should lead to a higher excitation and dissociation rate in PLANIMOR.

The concentration of NH
3
shows a di�erent development with the plasma power in

PLANIMOR comparing to that in the ASPN reactor (see �gure 5.15). While the
NH

3
concentration in the ASPN reactor decreases strongly due to the thermal disso-

ciation above 673 K, the NH
3
concentration in PLANIMOR has a slight maximum at

PPLANIMOR ≈ 80 W. This can be explained on the one hand by the increasing generation
of NH

3
with the increasing plasma power. On the other hand the higher plasma power

leads to higher gas temperatures, in particular near the active screen. So the amount of
NH

3
in the volume near the screen, which contains approximately 20 % of the line of sight

of the diagnostic laser, decreases more and more when the local gas temperature reaches
values higher than 673 K. Because the generated NH

3
molecules are able to move to the

cold region, i.e. the arms of the diagnostic path, the temperature dependent decrease as
it occurs in the ASPN reactor can be observed in PLANIMOR only slightly.

Because of the in�uence of the gas mixture on the thickness of the compound layer of
the nitrided steel [27], the dependence of the gas mixture on the plasma chemistry has
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5 Plasma chemistry in a compact plasma nitriding monitoring reactor

Figure 5.16 Degree of dissociation, κD, and fragmentation e�ciency, RF, of CH4
depending

on the plasma power of the active screen in PLANIMOR (�lled symbols, upper axis) and the
ASPN reactor (open symbols, lower axis). (Conditions PLANIMOR: 10 sccm H

2
+ 10 sccm N

2

+ 0.2 sccm CH
4
and p = 3 mbar. Tsample is kept constant at 673 K. Conditions ASPN: 40 slh

H
2

+ 40 slh N
2

+ 1.6 slh CH
4
and p = 3 mbar. Tprobe increases from 673 to 843 K.)

been studied in PLANIMOR and compared with the ASPN reactor. For that purpose
the pure H

2
-N

2
gas mixture without any carbon containing precursor has been used.

In �gure 5.17 the dependence of the concentration of NH
3
on the gas mixture is given.

For both PLANIMOR and the ASPN reactor the NH
3
concentration has a maximum at

a hydrogen content between 40 and 50 %. The decrease of the amount of NH
3
for higher

H
2
admixtures is slightly stronger in PLANIMOR compared to the ASPN reactor. As the

reason the adapted plasma power in the ASPN reactor can be assumed. In PLANIMOR
the plasma power at the screen has been kept constant. The temperature at the sample
holder of Tsample = 673 K is realized by a ceramic heater whereas the temperature at the
model probe in the ASPN reactor is regulated by the screen plasma. The plasma power
at the screen in the ASPN reactor increases with the increasing H

2
content (see section

4.5.3). So more NH
3
can be generated.

The concentration of CH
4
, NH

3
and HCN measured as a function of the CH

4
admixture

is shown in �gure 5.18. For both reactors the amount of NH
3
does not change with

the carbon containing precursor. The concentration of CH
4
and HCN increases nearly

linearly where the amount of CH
4
is slightly higher and the amount of HCN is one order

of magnitude higher in PLANIMOR than those measured in the ASPN reactor. The
HCN values in both reactors for 0 % CH

4
give indications for carbon contamination of

the reactor walls and the active screens which is relatively higher in the ASPN reactor.
Due to the fact that an increase of the screen plasma power as well as the usage of

the additional plasma at the workload lead to an increase of the process temperature
measured at the workload in the ASPN reactor, the e�ect of the simultaneous increase
of screen plasma power and sample temperature with and without additional usage of
the plasma at the sample holder has been investigated. The in�uence of the temperature
and plasma power variation on the intensity ratio of the emission band heads of the N2

+-
(0−0)-band and the N

2
-(0−2)-band is presented in �gure 5.19. It can be seen easily that

the same increase of this ratio can be found with the plasma power and temperature as
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5.3 Comparison to industrial scale ASPN processes

Figure 5.17 Concentration of NH
3
depend-

ing on the gas mixture in PLANIMOR (�lled
symbols) and in the ASPN reactor (open sym-
bols). (Conditions PLANIMOR: ΦH2+N2

=
20 sccm, p = 3 mbar and Tsample = 673 K.
Conditions ASPN: ΦH2+N2

= 80 slh, p =
3 mbar, Tprobe = 673 K.)

Figure 5.18 Concentration of CH
4
, NH

3

and HCN depending on the admixture of the
precursor CH

4
in PLANIMOR (�lled sym-

bols) and in the ASPN reactor (open sym-
bols). (Conditions PLANIMOR: ΦH2+N2

=
10+10 sccm, p = 3 mbar and Tsample = 673 K.
Conditions ASPN: ΦH2+N2

= 40 + 40 slh,
p = 3 mbar and Tprobe = 673 K.)

for the solely increase of the plasma power (compare �gure 5.12). The additional usage of
the sample plasma seems to have the same in�uence as an increase of the screen plasma
of about 10 W would have.
The rotational temperature of the plasma, determined from the (0 − 0) band of the

FNS of N2
+, show the similar result, as it can be seen in �gure 5.20. As the comparison

with the solely variation of the plasma power (crosses symbols) shows, the increase of
the sample temperature does not a�ect the rotational temperature.
The concentration of the precursor, CH

4
, and of the reaction products, NH

3
, HCN and

C
2
H
2
, depending on the plasma power of the screen and the temperature of the sample

holder, is shown in �gure 5.21. It can be seen easily that the usage of the additional
plasma at the sample holder with 10 W a�ects the molecular concentrations slightly in
that way, which would be induced by an increase of the screen plasma power of about
10 W.When comparing that curves with those in �gure 5.15 it is obvious that the increase
of the sample temperature has no e�ect on the concentrations of the molecular species.
This (non-)e�ect is re�ected even in the behavior of the degree of dissociation and the

fragmentation e�ciency of the precursor CH
4
. Comparing with the solely variation of

the plasma power at the screen (�gure 5.16), degree of dissociation and fragmentation
e�ciency, shown in �gure 5.22, have nearly the same behavior. The additional usage of
the 10 W sample plasma changes the concentration in the same way as an increase of
10 W of the screen plasma would do.
These results (�gures 5.19-5.22) show that screen plasma, sample plasma and sample

temperature may be controlled separately without a�ecting each other. In PLANIMOR
the e�ect of each of these parameters can be investigated without changing the chemistry
or the plasma behavior.
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5 Plasma chemistry in a compact plasma nitriding monitoring reactor

Figure 5.19 Ratio of the intensities of the
band heads of the N2

+-(0−0) band of the FNS
and of the N

2
-(0−2) band of the SPS depend-

ing on the plasma power of the active screen
and on the sample temperature in PLANI-
MOR with (�lled symbols) and without (open
symbols) the additional usage of the sample
plasma (Tsample = 10 W). The crosses show
the comparison to the solely variation of the
screen plasma (compare �gure 5.12). (Condi-
tions: 10 sccm H

2
+ 10 sccm N

2
+ 0.2 sccm

CH
4
and p = 3 mbar.)

Figure 5.20 Rotational temperature deter-
mined from the molecular (0− 0) band of the
FNS of N2

+ depending on the plasma power
of the active screen and on the sample tem-
perature in PLANIMOR with (�lled symbols)
and without (open symbols) the additional us-
age of the sample plasma (Tsample = 10 W).
The crosses show the comparison to the solely
variation of the screen plasma (compare �gure
5.12). (Conditions: 10 sccm H

2
+ 10 sccm N

2

+ 0.2 sccm CH
4
and p = 3 mbar.)

Figure 5.21 Concentration of NH
3
, HCN,

CH
4
and C

2
H
2
measured as a function of

the plasma power of the active screen and on
the sample temperature in PLANIMOR with
(�lled symbols) and without (open symbols)
the additional usage of the sample plasma
(Tsample = 10 W). (Conditions: 10 sccm H

2
+

10 sccm N
2

+ 0.2 sccm CH
4
and p = 3 mbar.)

Figure 5.22 Degree of dissociation, κD, and
fragmentation e�ciency, RF, of CH4

measured
as a function of the plasma power of the ac-
tive screen and on the sample temperature in
PLANIMOR with (�lled symbols) and with-
out (open symbols) the additional usage of the
sample plasma (Tsample = 10 W). (Conditions:
10 sccm H

2
+ 10 sccm N

2
+ 0.2 sccm CH

4
and

p = 3 mbar.)
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5.4 Active (carbon-) screen plasma nitrocarburizing processes

5.4 Active (carbon-) screen plasma nitrocarburizing
processes

Several experiments have shown possibilities to deposit pure carbon or carbon-nitrogen
�lms by sputtering of a carbon containing target in a nitrogen plasma [35�37]. Crespi et
al. [38] has shown the deposition of carbon nitride layers on polypropylene samples with
a laboratory scale ASPN setup using a cylindrical carbon screen (80 mm in diameter,
65 mm in height) which surrounds the sample. Even for the plasma nitrocarburizing
process it is conceivable to substitute the carbon containing gaseous precursor by a
carbon containing electrode for the formation of iron carbonitride. For that purpose the
advantage of easy convertibility of PLANIMOR has been used. So the steel mesh has
been exchanged by a carbon �ber mesh.
For the comparison of the discharges with the carbon and the steel screen two series of

measurements have been performed. On the one hand a variation of the screen plasma
power and on the other hand a variation of the gas mixture has been done, similar to
that of section 5.3. While the carbon containing experiments with the steel screen in
section 5.3 have been taken out by using a H

2
-N

2
-CH

4
gas mixture the experiments with

the carbon screen have been done with the pure H
2
-N

2
gas mixture, only.

Figure 5.23 shows the results of the measurements of the concentration of NH
3
, HCN,

CH
4
and C

2
H
2
depending on the plasma power of the active screen. It can be seen

easily that in the carbon screen case the amounts of NH
3
, HCN and C

2
H
2
shows a

similar behavior to the steel screen case. The concentration of NH
3
stays nearly constant

with a slightly maximum around Pscreen ≈ 80 W. The concentration of HCN and C
2
H
2

increases with the plasma power. More CH
4
is produced with a stronger plasma power

at the carbon screen whereas the stronger plasma power at the steel screen leads to a
stronger dissociation of the carbon containing precursor. It should be noted that the
concentration of HCN is more than one order of magnitude higher and that of C

2
H
2
is

nearly two orders of magnitude higher comparing the usage of the carbon screen with
the steel screen. The concentration of NH

3
is 2.5 times lower when using the carbon

screen in comparison to the usage of the steel screen. The reason for that decrease can
be explained by the increase of the HCN. More nitrogen is bonded by the carbon forming
the CN radical and the HCN molecule, respectively, because the volume of the chemical
reactions, i.e. the plasma, is directly connected to the solid carbon. This is not the case
when the steel screen is used together with the admixture of CH

4
.

Even the conversion e�ciencies of NH
3
, HCN, C

2
H
2
and CH

4
(only for the carbon

screen), shown in �gure 5.24, give the similar behavior in the plasma processes of both
screens. While the conversion e�ciency of the carbon containing reaction products stays
constant with the plasma power that of NH

3
decreases. It has to be noted that the

discharge with the carbon screen has a more than 20 times higher conversion e�ciency
regarding the carbon containing molecules comparing to those in the steel screen plasma.
In �gure 5.25 the development of the rotational temperature determined from the

(0− 0) emission band of the FNS of the N2
+ ion is shown. The rotational temperature

which has been found being independent on the material of the screen electrode increases
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5 Plasma chemistry in a compact plasma nitriding monitoring reactor

Figure 5.23 Concentration of NH
3
, HCN,

CH
4
and C

2
H
2
measured as a function of the

plasma power of the active screen in PLANI-
MOR using the steel screen with an admixture
of 0.2 sccm CH

4
(open symbols) and using the

carbon screen without any additional precur-
sor (�lled symbols). (Conditions: 10 sccm H

2

+ 10 sccm N
2
, p = 3 mbar, Tsample = 673 K)

Figure 5.24 Conversion e�ciency of NH
3
,

HCN, CH
4
and C

2
H
2
measured as a function

of the plasma power of the active screen in
PLANIMOR using the steel screen with an
admixture of 0.2 sccm CH

4
(open symbols)

and using the carbon screen without any ad-
ditional precursor (�lled symbols). (Condi-
tions: 10 sccm H

2
+ 10 sccm N

2
, p = 3 mbar,

Tsample = 673 K)

with the plasma power.
The intensity ratio of the band heads of the (0 − 0) band of N2

+ and of the (0 − 2)
band of N

2
measured as a function of the plasma power is given in �gure 5.26. For both

electrode materials, i.e. steel and carbon, the ratio increases with the plasma power. So
the ionic component, i.e. the emission band head of N2

+, increases stronger than the
molecular component, i.e. the emission band head of N

2
. In comparison with the steel

screen the usage of the carbon screen leads to a higher ratio of both emission bands.
Beside the strong emission bands of the nitrogen molecule and the nitrogen ion, also

the emission band of CN appears strongly near 388 nm when the carbon screen is used.
A comparison with the plasma emission of the steel screen using CH

4
as the precursor is

given in �gure 5.27. While the head of the CN band of the violet system at 388.34 nm
appears slightly in the H

2
-N

2
-CH

4
plasma of the steel screen, it becomes 10 times higher

(normalized to the N2
+ band) in the plasma of the carbon screen in the pure H

2
-N

2

mixture using the same plasma power of Pscreen = 33 W. It can also be seen easily that
the appearance of the CN band has no in�uence on the shape of the (0−0) band of N2

+.
So the determined rotational temperature does not change (see �gure 5.25).
The ratio of the band heads of the (0−0) band of the CN violet system and of the N

2
-

(0−0) band of the SPS measured as a function of the plasma power is given in �gure 5.28.
It can be seen easily that this ratio increases for both screen materials. Nevertheless, it
is up to 25 times higher for high plasma powers when using the carbon screen.
Due to the strong in�uence of the gas mixture on the quality of the nitrided surfaces

[27] the dependence of the gas mixture on the plasma chemistry and on the emission
characteristics using the carbon screen or the steel screen (with CH

4
admixture) has
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Figure 5.25 Rotational temperature deter-
mined from the molecular (0− 0) band of the
FNS of N2

+ depending on the plasma power
of the active screen in PLANIMOR using the
steel screen with an admixture of 0.2 sccm
CH

4
(open symbols) and using the carbon

screen without any additional precursor (�lled
symbols). (Conditions: 10 sccm H

2
+ 10 sccm

N
2
, p = 3 mbar, Tsample = 673 K)

Figure 5.26 Ratio of the intensities of the
band heads of the N2

+-(0−0) band of the FNS
and of the N

2
-(0−2) band of the SPS depend-

ing on the plasma power of the active screen
in PLANIMOR using the steel screen with an
admixture of 0.2 sccm CH

4
(open symbols)

and using the carbon screen without any ad-
ditional precursor (�lled symbols). (Condi-
tions: 10 sccm H

2
+ 10 sccm N

2
, p = 3 mbar,

Tsample = 673 K)

Figure 5.27 Optical emission spectrum of
the screen plasma (recorded with a grating
with 2400 grooves mm−1) in the range of
λ = 386 . . . 392 nm with identi�ed spectral
features, comparing the plasma at the steel
screen with the admixture of 0.2 sccm CH

4

(dashed line) and the plasma at the carbon
screen without any additional precursor (solid
line). (Conditions: 10 sccm H

2
+ 10 sccm N

2
,

Pscreen = 33 W, p = 3 mbar, Tsample = 673 K)

Figure 5.28 Ratio of the intensities of the
band heads of the CN band at 388.3 nm and
of the N

2
-(0 − 0) band of the SPS depend-

ing on the plasma power of the active screen
in PLANIMOR using the steel screen with an
admixture of 0.2 sccm CH

4
(open symbols)

and using the carbon screen without any ad-
ditional precursor (�lled symbols). (Condi-
tions: 10 sccm H

2
+ 10 sccm N

2
, p = 3 mbar,

Tsample = 673 K)
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been studied in PLANIMOR.
The concentration of NH

3
, HCN, CH

4
and C

2
H
2
depending on the gas mixture is

given in �gure 5.29. The development of the NH
3
concentration is similar for both screen

types. Both curves show a maximum at a H
2
content of 50 %. While the concentration

of HCN decreases with the admixture of hydrogen when using the steel screen it stays
constant when using the carbon screen for a hydrogen content higher than 10 %. The
concentration of CH

4
and C

2
H
2
have a similar behavior at the carbon screen when

increasing the hydrogen content. Both increases nearly in the same way with the amount
of H

2
. This behavior should be caused by the screen which acts in the interaction with

the plasma as the carbon source for both hydrocarbons. When using the steel screen the
concentration of the precursor, CH

4
, increases a little and that of the reaction product

C
2
H
2
decreases.

Figure 5.29 Concentration of NH
3
, HCN,

CH
4
and C

2
H
2
measured as a function of the

gas mixture in PLANIMOR using the steel
screen with an admixture of 0.2 sccm CH

4

(open symbols) and using the carbon screen
without any additional precursor (�lled sym-
bols). (Conditions: ΦH2+N2

= 20 sccm, p =
3 mbar, Pscreen = 33 W, Tsample = 673 K)

Figure 5.30 Rotational temperature deter-
mined from the molecular (0− 0) band of the
FNS of N2

+ measured as a function of the gas
mixture in PLANIMOR using the steel screen
with an admixture of 0.2 sccm CH

4
(open

symbols) and using the carbon screen with-
out any additional precursor (�lled symbols).
(Conditions: ΦH2+N2

= 20 sccm, p = 3 mbar,
Pscreen = 33 W, Tsample = 673 K)

The rotational temperature determined from the (0− 0) band of the FNS of the N2
+

ion is shown in �gure 5.30. Within the error bars of the measurement the rotational
temperature reaches similar values for both screen electrode materials. The temperature
decreases with the H

2
content. With the usage of the steel screen a slight maximum

plateau can be identi�ed between a hydrogen admixture of 5 and 15 %.
In �gure 5.31 the ratio of the band heads of the N2

+ (0−0) band of the FNS and of the
N
2

(0− 2) band of the SPS are presented. For hydrogen admixtures of higher than 25 %
this ratio increases. While the band ratio increases over the whole range of hydrogen
admixture when using the carbon screen it has a minimum plateau for an admixture
of H

2
between 5 and 25 %. For a hydrogen content of higher than 5 % the N2

+ - N
2

emission band ratio of the plasma of the carbon screen exceeds that of the plasma of the
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steel screen.

Figure 5.31 Ratio of the intensities of the
band heads of the N2

+-(0 − 0) band of the
FNS and of the N

2
-(0 − 2) band of the SPS

depending on the plasma power of the active
screen in PLANIMOR using the steel screen
with an admixture of 0.2 sccm CH

4
(open

symbols) and using the carbon screen with-
out any additional precursor (�lled symbols).
(Conditions: ΦH2+N2

= 20 sccm, p = 3 mbar,
Pscreen = 33 W, Tsample = 673 K)

Figure 5.32 Ratio of the intensities of the
band heads of the CN band at 388.3 nm and
of the N

2
-(0 − 0) band of the SPS depend-

ing on the plasma power of the active screen
in PLANIMOR using the steel screen with
an admixture of 0.2 sccm CH

4
(open sym-

bols) and using the carbon screen without any
additional precursor (�lled symbols). (Con-
ditions: ΦH2+N2

= 20 sccm, p = 3 mbar,
Pscreen = 33 W, Tsample = 673 K)

A similar behavior as it has been described for the ratio of the emission bands of
N2

+ and N
2
has been found for the ratio of the band heads of the (0 − 0) band of the

violet system of CN and of the (0− 0) band of the SPS of N
2
. This ratio increases over

the whole range of the admixture of H
2
in the plasma of the carbon screen whereas a

minimum plateau between 5 and 25 % of hydrogen content can be found in the plasma of
the steel screen. It has to be noted that for H

2
admixture of higher than 5 % the CN-N

2

emission band ratio in the carbon screen plasma exceeds that of the steel screen plasma
by a factor of higher than 10.

5.5 Diagnostics of the treated surfaces

Due to the advantageous behavior of PLANIMOR of a separate control of screen plasma
and sample temperature a couple of treatments have been carried out by changing either
the plasma power at the screen or the sample temperature. In section 5.3 it is shown
that even the plasma chemistry in PLANIMOR is not in�uenced by changing the sample
temperature.
For the treatment in PLANIMOR carbon steel C15 samples has been chosen to com-

pare the treatments with those in the ASPN reactor (see section 4.6) and to avoid any
in�uences of surface elements on the nitriding processes, e.g. as can be obtained by
nitriding chrome containing steels. The treated surfaces have been analyzed by GDOES
to obtain the depth pro�le of the surface elements, in particular that of nitrogen. The
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GDOES measurements and analysis have been done in the Institute of Materials Engi-
neering of the TU Bergakademie Freiberg. An example of a carbon steel C15 sample
treated for 4 h in PLANIMOR is shown in �gure 5.33.

Figure 5.33 Depth pro�le of treated carbon steel (C15). The marker shows the thickness of the
compound layer. The pro�le of iron is not shown. (Conditions: t = 4 h, ΦH2+N2

= 10 + 10 sccm,
p = 3 mbar, Pscreen = 30 W, Psample = 10 W, Tsample = 823 K)

The nitrogen depth pro�le has been used to determine the thickness of the compound
layer. As it is shown in �gure 5.33 the thickness of the compound layer, dCL, is deter-
mined by the depth where the nitrogen concentration deceed 2.5 wt%. All treatments
in PLANIMOR has been carried out by using the plasma at the sample holder with a
plasma power of Psample = 10 W, taking a similar ratio of the powers of screen and
sample plasma as in the ASPN reactor (see section 4.6). GDOES investigations of steel
surfaces treated 4 h without any bias plasma at the sample holder have shown that no
compound layer has been formed.
The development of the thickness of the compound layer depending on the sample

temperature at constant plasma powers at the screen and at the sample holder (Pscreen =
90 W, Psample = 10 W) is shown in �gure 5.34. During the treatment time of 4 h the
compound layer grows stronger with a higher sample temperature and reaches a value of
up to 6.6 µm which is comparable to the treatments at similar conditions in the ASPN
reactor (see �gure 4.3). It has to be noted that the plasma chemistry does not change with
a change of the sample temperature (see �gures 5.21 and 5.22). These results show that
the treated surface can be in�uenced while keeping the plasma and chemistry conditions
constant.
The in�uence of the screen plasma power on the thickness of the compound layer is

shown in �gure 5.35. The temperature of the sample holder has been kept constant
with Tsample = 773 K. It can be seen easily that the compound layer thickness increases
slightly with the plasma power of the screen. This in�uence on the compound layer is
much lower than that of the temperature of the sample holder. This results give a hint,
that the nitriding process is generated mainly by the plasma at the sample holder and
the sample temperature as it has been discussed before.
For a comparison of the e�ect of the material of the active screen, i.e. steel or carbon,
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Figure 5.34 Thickness of the compound
layer, dCL, of the treated carbon steel (C15)
measured as a function of the sample tem-
perature. (Conditions: t = 4 h, ΦH2+N2

=
10 + 10 sccm, p = 3 mbar, Pscreen = 90 W,
Psample = 10 W)

Figure 5.35 Thickness of the compound
layer, dCL, of the treated carbon steel (C15)
measured as a function of the screen plasma
power. (Conditions: t = 4 h, ΦH2+N2

=
10 + 10 sccm, p = 3 mbar, Psample = 10 W,
Tsample = 773 K)

a carbon steel C15 sample has been treated in PLANIMOR by using the carbon screen.
In �gure 5.36 the nitrogen and carbon depth pro�les of a sample treated with the carbon
screen are compared with those of a sample treated with the steel screen. Both samples
were treated for 4 h in a gasmixture of 10 slh H

2
and 10 slh N

2
at a pressure of p = 3 mbar,

a screen plasma power of 30 W, a sample plasma power of 10 W and a sample temperature
of 773 K.

Figure 5.36 The depth pro�le of nitrogen and carbon on the treated carbon steel (C15) surface
using the carbon screen (solid curves) and the steel screen (dashed curves). (Conditions: t = 4 h,
ΦH2+N2

= 10 + 10 sccm, p = 3 mbar, Pscreen = 30 W, Psample = 10 W, Tsample = 773 K)

It can be noted that no compound layer has been formed when the steel C15 sample is
treated with the carbon screen, while the compound layer in the steel screen case reaches
a thickness of up to 4.3 µm. Nevertheless a nitrogen enrichment in the carbon screen
treated steel surface of up to 1 wt% can be found. The opposite case can be found for the
depth pro�les of carbon. While a considerable amount of carbon di�uses up to 5 µm into
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5 Plasma chemistry in a compact plasma nitriding monitoring reactor

the surface when the sample has been treated with the steel screen, the sample treated
by the carbon screen consists of a carbon rich layer developed to a plateau of 0.05 wt%
carbon for a depth of > 2 µm.
Here, it can be assumed that the plasma at the sample holder can not be the main

reason for the formation of the compound layer. As it is shown in �gure 5.23, the
generation of NH

3
decreases by a factor of 2.5 when using the carbon screen. The

generation of HCN consumes a higher part of nitrogen than the generation of NH
3
. As

it is discussed in section 4.6, the concentration of NH
3
might have an in�uence on the

compound layer thickness. That decrease of the NH
3
concentration can be the reason

for the absence of the compound layer when using the carbon screen.

5.6 Conclusions

For deeper insights into fundamental chemical phenomena in ASPN and ASPNC pro-
cesses, the plasma nitriding monitoring reactor, PLANIMOR, has been developed. The
features of PLANIMOR are the linear setup with the separate controlling of screen and
sample plasma and sample temperature, a reactor vessel made of borosilicate glass for
visual access to the whole electrode con�guration and the possibility to use multi path
cells for increased sensitivity of absorption techniques.
For comparing the chemical processes in PLANIMOR with those in an industrial scale

ASPN reactor, H
2
-N

2
plasmas supplied at the active screen have been investigated with-

out any additional precursor (ASPN) and with admixtures of CH
4
(ASPNC). The in situ

QCLAS enabled the monitoring of the concentration of the precursor, CH
4
, and of the

reaction products, C
2
H
2
, NH

3
and HCN, in a range of four orders of magnitude. Addi-

tional used OES enabled the detection of atomic, ionic and molecular species in excited
states and the determination of the rotational temperature in the screen plasma. The
most sensitive spectral feature, i.e. the ratio of the intensities of the band heads of the
N2

+-(0 − 0) band of the FNS and of the N
2
-(0 − 2)-band of the SPS, has been used as

the reference parameter for comparing the screen plasma of PLANIMOR with that of
the ASPN reactor.
With the help of GDOES the elements pro�les of some treated carbon steel surfaces
could be compared with those treated in the ASPN reactor.
The results have been compared with those obtained in the ASPN reactor, described

in chapter 4. A comparable behavior of the chemistry and the plasma emission, including
the rotational temperature of the plasma, in PLANIMOR and in the ASPN reactor could
be found with the variation of the screen plasma power and of the admixture of CH

4
in

ASPNC processes and with the variation of the gas mixture in ASPN processes.
The increase of the plasma power at the screen in PLANIMOR leads to an increase
of the degree of dissociation of the precursor κD(CH4) = 87 . . . 95 %, which is slightly
higher than in the ASPN reactor, and to a decrease of the fragmentation e�ciency. The
rotational temperature of the screen plasma and the intensity ratio of the band heads
of N2

+ and N
2
increase with the power. The concentration of NH

3
has a maximum for

a H
2
content of ≈ 50 %, reaching a values of 4.2 and 5.4 × 1015 molecules cm−3, in
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PLANIMOR and the ASPN reactor, respectively.
Beside the similarities between PLANIMOR and the ASPN reactor, di�erences have

been found which are mainly attributed to the ability of PLANIMOR to control screen
plasma, sample plasma and sample temperature separately. In PLANIMOR the sample
plasma does not in�uence the screen plasma and acts as an additional plasma source,
which increases the concentration of the reaction products and decreases the precursor's
concentration. The increase of the sample temperature has no in�uence on the rotational
temperature of the screen plasma and of the concentrations of the molecular species
but in�uences strongly the thickness of the compound layer of the treated carbon steel
surfaces. Treated samples in PLANIMOR reach a comparable thickness of the compound
layer as samples treated in the ASPN reactor.
A very strong in�uence on the emission behavior of the screen plasma and on the

molecular species concentration has been found for the usage of the active screen made
of carbon instead of the steel screen. The conversion e�ciency of HCN and C

2
H
2
increases

strongly, by factors of up to 30 and 70, respectively. The conversion e�ciency of NH
3

decreases by a factor of 2.5. While the rotational temperature of the screen plasma is
nearly the same for both screens, the intensity ratio of the band heads of the N2

+-(0−0)
band of the FNS and of the N

2
-(0 − 2)-band of the SPS is higher in the plasma of the

carbon screen. As a further sensitive spectral emission feature the band of CN, which is
very weak in the plasma of the steel screen, occurs strongly in the carbon screen plasma.
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6 Plasma chemistry in a microwave
diamond PACVD reactor using
H2-CH4

1

6.1 Introduction

The synthesis of high quality single crystal diamond, intrinsic, or doped layers, by Micro-
Wave Plasma Assisted Chemical Vapor Deposition (MW-PACVD) has opened the op-
portunity to produce e�cient diamond-based electronic devices [2�4]. It has been shown
that MW-PACVD reactors are well adapted for an e�cient generation of the precursor
species for growing diamonds. One of the key issues associated with high purity diamond
growth at high deposition rates is the combination of high pressure and high MW power
conditions [5, 6]. The microwave plasma reactors operating at a frequency of 2.45 GHz
have a capacity to couple simultaneously high pressure and high power (up to 400 mbar
and 4 kW) [7�9]. Understanding the operation of these reactors under high pressure and
high power is of great interest to answer the requirements of fast high quality diamond
growth. Therefore, it is essential to appreciate chemistry and transport phenomena of
MW H

2
/CH

4
plasmas responsible for the production of the diamond key species, i.e.,

hydrogen atoms (H) and methyl radicals (CH
3
) [10�13].

Non-intrusive spectroscopic measurements are well suited to provide information on
the plasma properties and to validate numerical models owing to the high sensitivity and
selectivity of the spectroscopic methods. The monitoring of transient and stable species,
in particular the measurement of their ground state densities is the key to an improved
understanding of plasma chemistry and kinetics in nonequilibrium molecular plasmas.
Infra-Red (IR) absorption spectroscopy is among the most e�cient non-invasive tool

for the detection of molecular species as carbon-containing molecules. This welladapted
technique for e�ective and reliable on-line process control of species densities has been
used in a wide range of applications [14�17].
The most important di�culty for using these techniques in order to study high pres-

sure/high power plasmas is due to the strong gas temperature gradients, being charac-
teristic for these kinds of MW plasmas for diamond deposition. As a matter of fact,
absorption spectroscopy implies the knowledge of absorption coe�cients, which are de-
pendent on the gas temperature. The gas temperature has to be determined carefully
either by an experimental and/or numerical approach, as it will be described in this
chapter.

1based on: [1] Rond C, Hamann S, Wartel M, Lombardi G, Gicquel A, Röpcke J 2014 J. Appl. Phys.
116, 093301
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6 Plasma chemistry in a microwave diamond PACVD reactor using H2-CH4

In the frame of diamond growth, stable hydrocarbon molecules like CH
4
, C

2
H
2
as well

as transient species such as CH
3
radicals have been already monitored by IR-Tunable

Diode Laser Absorption Spectroscopy (TDLAS) [18�20] and Quantum Cascade Lasers
(QCLs) [21, 22]. In particular, IR TDLAS has been used in a spectral range from around
3 to 17 µm (600 − 3500 cm−1) to detect and quantify the methyl radical and stable
carbon-containing molecules densities in a MW Bell-Jar reactor (BJ) used for diamond
deposition under low to moderate pressure and power conditions (up to 100 mbar / 2 kW)
[23�25]. Thus, Lombardi et al. have analyzed the in�uence of several parameters on the
species densities such as the MW power density and the admixture of CH

4
. A good

agreement between calculations based on 1D axial and radial models and the experi-
mental values was obtained [26�28]. Other studies about a cavity diamond deposition
reactor were presented in Refs. [29�32]. It operates under moderate pressure and power
conditions (up to 150 mbar / 1.5 kW) with either C/H or C/H/Ar gas mixtures. Ex-
perimental results obtained from QCL absorption spectroscopy and CRDS (Cavity Ring
Down Spectroscopy) were compared to results of a non self-consistent 2-D model.
In this chapter, experimental and modeling investigations carried out in a MW cavity

reactor made of a water cooled jacketed stainless steel reactor (denoted JR in the follow-
ing) are presented. JR has been already studied by Optical Emission Spectroscopy (OES)
(actinometry) to determine the density of atomic hydrogen and the gas temperature [33].
OES has also been used to estimate the electron temperature while MW interferometry
provided an estimation of the electron density [34, 35]. The H-atom density has been
determined in the plasma bulk. Depending on the pressure and the power, an increase
from 0.5 × 1017 to 6 × 1017cm−3 has been found by increasing the pressure and power
from 60 mbar and 1 kW to 270 mbar and 4 kW. That corresponds to a H

2
dissociation

rate varying between 1 and 35 %. Under these conditions, a gas temperature varying
from 2800 K to 3300 K and an electron temperature close to 1 eV were measured. The
electron density was determined to 1012cm−3 at 250 mbar / 3.5 kW.
In the present work, IR TDLAS measurements of the methyl radical (CH

3
) and of four

stable hydrocarbons (CH
4
, C

2
H
2
, C

2
H
4
, and C

2
H
6
) have been carried out in a JR for

a wider range of diamond growth conditions with respect to previous studies described
above. The pressure-power couples were indeed pushed to the range 25 − 270 mbar
and 0.6 − 4 kW. Integrated measurements of species density and/or mole fractions are
presented as a function of the pressure, the power, and the admixture of methane.
Comparisons between results obtained for low pressure / power couple in JR and those

obtained previously in BJ are �rst presented and compared to calculations. Furthermore,
the densities of the monitored hydrocarbon species obtained at high pressure/power
couple are presented and discussed.

6.2 Experimental setup

The experimental set-up is made up of the microwave diamond deposition reactor JR
equipped with a multiple pass optical arrangement and coupled to a transportable in-
frared multi-component acquisition system (IRMA) (�gure 6.1).
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6.2 Experimental setup

(a) (b)

Figure 6.1 (a) Top view and (b) side view of the experimental setup [1].

The description of the JR as well as the principle of the MW-PACVD for diamond
growth has been already described in detail elsewhere [5, 34, 36, 37]. The deposition
set-up consists of a water-cooled jacketed stainless-steel chamber forming a resonant
cavity at 2.45 GHz. The discharge is supplied by a Sairem GMP 60 KE MW generator
delivering a maximum power of 6 kW along a rectangular waveguide up to the cylindrical
vacuum chamber, via an antenna. This reactor is especially dedicated to high pressure
and high microwave power conditions. A nearly hemispheric plasma is formed on the
top of a 5 cm in diameter substrate holder which is placed near the maximum of the
electric �eld. The feed gas consists of few percent of CH

4
(0 %-7 %) diluted in hydrogen

and supplied by a total �ow rate of 200 sccm. For most experiments, the total pressure
in the reactor chamber was adjusted according to the MW power in order to keep the
ratio of the power coupled to the plasma over the gas density constant. This allows as
e�ectively as possible maintaining a constant plasma volume [38]. As a consequence, the
experimental conditions are speci�ed in terms of pressure/MW power couple.

The multi-pass cell arrangement (White Cell) is mounted on the JR reactor in order
to achieve high sensitivity [39]. The distance between the two directly opposite �anges
equipped with mirrors is equal to 60 cm. The plasma region represents 8 % of the optical
paths (∼ 5 cm). Four optical passes were realized leading to a total optical length inside
the reactor of about 2.4 m.

The narrowband IR emission (line width about 10−4cm−1) of four independently tun-
able lead-salt laser diodes mounted onto the IRMA system is used to monitor the absorp-
tion features of the investigated species. The simultaneous analysis of absorption lines in
multiple spectral ranges is reachable as low as 10−5 with signal averaging of a few seconds.
The radiation of the lasers is combined into one beam, goes into the reactor through KBr
windows and is re�ected four times in the chamber thanks to gold-coated mirrors. The
outgoing laser beam is focused on a liquid nitrogen cooled HgCdTe infrared detector by
an o�-axis parabolic mirror (�gure 6.1). The identi�cation of lines and the measurement
of their absolute spectral positions were carried out with well documented reference gas
spectra and a germanium etalon of known free spectral range. Table 6.1 gives the ab-
sorption lines used for concentration measurements, their positions and line strengths.
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6 Plasma chemistry in a microwave diamond PACVD reactor using H2-CH4

Further details about the IRMA system and the species concentration determination can
be found in Refs. [14], [40], and [41].

Table 6.1 Species, spectral positions and line strengths used for the TDLAS measurements
[1].

Species Spectral position [cm−1] Line strength [cm−1/(molecule cm−2)] Ref.

CH
4

1313.722 5.596× 10−22 [42]
CH

3
612.413 2× 10−20 [23]

C
2
H
2

1314.068 3.650× 10−20 [42]
C
2
H
4

2994.091 3.795× 10−21 [42]
C
2
H
6

2993.472 1.980× 10−20 [42]

�gure 6.2 shows an example absorption spectrum recorded in a spectral range centered
at 1314.0 cm−1 including three absorption lines of CH

4
and two lines of C

2
H
2
. The

dashed curve corresponds to a measurement of the feed gas, 5 % of methane diluted in
hydrogen, without discharge (p = 25 mbar) and the solid curve was obtained in a plasma
of 25 mbar/0.6 kW at also 5 % of CH

4
.

Figure 6.2 Absorption spectra of a H
2
/CH

4
plasma (25 mbar/0.6 kW, 5 % CH

4
,Φ = 200 sccm)

measured with the IRMA system [1].

All the measurements have been carried out at z = 1.6 cm above the diamond sub-
strate. This location belongs to the higher gas temperature region for any pressure/power
couple, as it has been seen in �gure 6.3 representing axial gas temperature distributions
[27, 28].
The �tting procedure of the IR lines is based on direct application of the Beer-Lambert

Law. Species density can be estimated from the absorption signal for a known gas tem-
perature and a known absorption length. The application of this law appears sensi-
tive in MW-PACVD plasma where the probe gas does not constitute a homogeneous
medium at uniform temperature. Indeed, for all experimental conditions (from low to
high pressure/power couples), the gas temperature presents high gradient areas (around
700 K/cm). Typically for high pressure-power conditions, the plasma bulk tempera-
ture can reach more than 3000 K whereas the cold regions near the water-cooled walls

128



6.3 Modeling

Figure 6.3 Calculated axial pro�les of the gas temperature from 25 mbar/0.6 kW to
100 mbar/2 kW [1].

are close to 300 K. Since the chemical processes are thermally driven, the spatial dis-
tributions of species also show an important heterogeneity along the optical path. In
particular, spectroscopic measurements have highlighted this behavior for H-atom den-
sity [33, 34, 38, 44]. Then a numerical approach is of great interest to analyze the values
resulting from line-of-sight TDLAS measurements.

6.3 Modeling

Owing to the non-homogeneity of the plasma and the sti� gradients of the gas tempera-
ture within the chamber, a self-consistent 2D model would be rather e�cient for describ-
ing thermo-chemically non-equilibrium H

2
/CH

4
MW plasmas. However, the complexity

of the process involved in the plasma as well as the sti�ness of the system may call for a
simpler approach regarding the geometry description.
Two one-dimensional transport codes have been previously developed in order to de-

scribe the chemistry inside the discharge as well as the species and energy transport along
the axial and radial directions. A detailed description of the set of coupled equations as
well as the transport and chemical models has been presented in Refs. [23], [27], [28],
and [45].
In this study, the 1D radial model has been considered in the frame of the comparisons

with the line integrated TDLAS measurements. It implies that each of the radial values
is integrated along the axial direction of the reactor. This approach has been motivated
by the satisfying agreement obtained between IR TDLAS measurements and results from
the 1D radial model achieved in the BJ reactor for low pressure / power conditions [23].
Moderate-pressure MW plasmas for diamond deposition exhibit a strong thermal non-

equilibrium which is described in the applied model by taking into account two energy
modes: the heavy species mode and the translation mode of electrons. The heavy species
mode is described by a Maxwellian distribution function and therewith characterized by a
gas temperature Tg. The electron energy distribution function (EEDF) shows a bimodal
behavior and can be described by a bi-Maxwellian distribution with an average electron
temperature Te [28].
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6 Plasma chemistry in a microwave diamond PACVD reactor using H2-CH4

The thermochemical model describes the kinetic scheme of hydrogen and carbon-
containing species which represents 28 species (H

2
, H(n = 1− 3), H+

1−3, CH0−4, C2H0−6,
CH+

3−5, C2H+
2−6, e−) and 131 reactions. 22 reactions involving pure hydrogen taken

into account in the model are given in table 6.2. The model contains 82 reactions of
hydrocarbon species which are given in table 6.3.

Table 6.2 Reactions involving pure hydrogen taken into account in the model [46, 47].

No Reaction cross section σ
or Arrhenius law A
[m3 · s−1 ·mol−1]

or [m6 · s−1 ·mol−2]
or n [d.u.]

1 e− + H2 → e− + 2 H σ
2 e− + H2 → 2e− + H2

+ σ
3 e− + H→ 2e− + H+ σ
4 e− + H3

+ → 3 H σ
5 e− + H3

+ → H(n = 2) + H2 σ
6 e− + H+ → H + hν σ
7 2 H + H2 → 2 H2 105 × T−0.6

8 3 H→ H2 + H 3.2× 103

9 H2 + H2
+ → H3

+ + H 1.27× 109

10 2 H2 → 2 H + H2 8.61× 1011 × T−0.7exp (−52530/T )
11 H2 + H→ 3 H 2.7× 1010 × T−0.1exp (−52530/T )
12 e− + H2 → e− + H(n = 2) +H σ
13 e− + H2 → e− + H(n = 3) +H σ
14 e− + H→ e− + H(n = 2) σ
15 e− + H→ e− + H(n = 3) σ
16 H(n = 2) + H2 → H3

+ + e− 1.68× 107 × T 0.5

17 H(n = 3) + H2 → H3
+ + e− 1.68× 107 × T 0.5

18 H(n = 3)→ H(n = 2) + hν Einsteincoefficient4.36× 107s−1

19 e− + H(n = 2)→ H + e− σ
20 e− + H(n = 3)→ H + e− σ
21 e− + H+ → H(n = 2) + hν σ
22 e− + H+ → H(n = 3) + hν σ

Table 6.3 Reactions involving hydrocarbon species taken into account in the model [46, 47].

No Reaction cross section σ n Ea [J]
or Arrhenius law A
[m3 · s−1 ·mol−1]

or [m6 · s−1 ·mol−2]

23 e− + CH4 → e− + CH3 + H σ
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6.3 Modeling

No Reaction cross section σ n Ea [J]
or Arrhenius law A
[m3 · s−1 ·mol−1]

or [m6 · s−1 ·mol−2]

24 e− + CH4 → e− + CH2 + H2 σ
25 e− + CH4 → 2e− + CH4

+ σ
26 e− + C2H2 → e− + C2H + H σ
27 e− + C2H2 → 2e− + C2H2

+ σ
28 e− + C2H4 → 2e− + C2H4

+ σ
29 e− + C2H6 → e− + C2H4 + H2 σ
30 e− + C2H6 → 2e− + C2H6

+ σ
31 e− + C2H6 → 2e− + C2H5

+ + H σ
32 e− + C2H6 → 2e− + C2H4

+ + H2 σ
33 e− + C2H4 → e− + C2H2 + H2 σ
34 e− + CH5

+ → CH4 + H σ
35 e− + CH4

+ → CH3 + H σ
36 e− + C2H6

+ → C2H5 + H σ
37 e− + C2H5

+ → C2H4 + H σ
38 e− + C2H4

+ → C2H3 + H σ
39 e− + C2H3

+ → C2H2 + H σ
40 e− + C2H2

+ → C2H + H σ
41 CH4

+ + CH4 → CH5
+ + CH3 5.21× 107 0 0

42 H3
+ + CH4 → CH5

+ + H2 5.56× 107 0.5 0
43 H3

+ + C2H2 → C2H3
+ + H2 6.74× 107 0.5 0

44 H3
+ + C2H4 → C2H5

+ + H2 6.60× 107 0.5 0
45 CH5

+ + C2H6 → C2H5
+ + H2 + CH4 1.74× 107 0.5 0

46 CH4
+ + H2 → CH5

+ + H 1.15× 106 0.5 0
47 C2H3

+ + C2H4 → C2H5
+ + C2H2 7.99× 106 0.5 0

48 C2H2
+ + CH4 → C2H3

+ + CH3 1.43× 108 0 0
49 CH + H 
 C + H2 4.00× 108 0 11776
50 C + CH 
 C2 + H 2.00× 108 0 0
51 C + CH2 
 C2H + H 5.00× 107 0 0
52 C + CH3 
 C2H2 + H 5.00× 107 0 0
53 C + CH4 
 CH3 + CH 5.00× 107 0 12077.9
54 CH + M 
 CH + M 1.90× 108 0 33717.6
55 2 CH 
 C2H + H 1.50× 108 0 0
56 CH + CH2 
 C2H2 + H 4.00× 107 0 0
57 CH + CH3 
 C2H3 + H 3.00× 107 0 0
58 CH + CH4 
 C2H4 + H 6.00× 107 0 0
59 CH + C2H 
 C2H2 + C 108 0 0
60 CH + C2H3 
 C2H2 + CH2 5.00× 107 0 0
61 CH2 + M 
 CH + H + M 4.00× 109 0 41769.5
61 CH2 + M 
 C + H2 + M 1.30× 108 0 29641
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6 Plasma chemistry in a microwave diamond PACVD reactor using H2-CH4

No Reaction cross section σ n Ea [J]
or Arrhenius law A
[m3 · s−1 ·mol−1]

or [m6 · s−1 ·mol−2]

63 CH + H2 
 CH2 + H 1.08× 108 0 1555
64 CH2 + CH2 
 C2H2 + H2 1.60× 109 0 5957
65 CH2 + CH2 
 C2H2 + 2 H 2.00× 108 0 5594.5
66 CH3 + CH2 
 C2H4 + H 4.00× 107 0 0
67 CH4 + CH2 
 2 CH3 2.46 2.0 4135
68 CH2 + C2H3 
 C2H2 + CH3 3.00× 107 0 0
69 1CH2 + M 
 CH2 + M 1.80× 107 0 301.4
70 1CH2 + H 
 CH2 + H 2.00× 108 0 0
71 1CH2 + H 
 CH + H2 3.00× 107 0 0
72 1CH2 + H2 
 CH3 + H 7.00× 107 0 0
73 CH2 + CH3 
 C2H4 + H 1.20× 107 0 285
74 1CH2 + CH4 
 2 CH3 1.60× 107 0 285
75 1CH2 + C2H6 
 CH3 + C2H5 4.00× 107 0 275
76 CH2 + H + M 
 CH3 + M k0 = 1.04× 1014 −2.76 800

k∞ = 6.00× 108 0 0
Troe: a = 0, b = 0.562, c = 91, d = 5836, e = 8552

77 CH + H2 + M 
 CH3 + M k0 = 4.83× 1013 −2.8 295
k∞ = 1.98× 106 0.43 185

Troe: a = 0, b = 0.578, c = 122, d = 2535, e = 9365
78 CH2 + H2 
 CH3 + H 5.00× 10−1 2.0 3615
79 CH3 + H + M 
 CH4 + M k0 = 2.62× 1021 −4.76 1220

k∞ = 1.393× 1010 −0.63 268
Troe: a = 0, b = 0.783, c = 74, d = 2941, e = 6964

80 CH3 + CH3 
 C2H4 + H2 1010 0 15999.2
81 2 CH3 + M 
 C2H6 + M k0 = 3.40× 1029 −7.03 1381.5

k∞ = 6.77× 1010 −1.18 327
Troe: a = 0, b = 0.619, c = 73.2, d = 1180, e = 9999

82 CH3 + CH4 
 C2H5 + H2 107 0 11574.7
83 C2H3 + CH3 
 C2H2 + CH4 7.90× 105 0 0
84 C2H4 + CH3 
 C2H3 + CH4 2.27× 10−1 2.0 4600
85 C2H5 + CH3 
 C2H4 + CH4 7.20× 105 0 0
86 C2H6 + CH3 
 C2H5 + CH4 6.14 1.74 5253.91
87 CH4 + H 
 CH3 + H2 6.60× 102 1.62 5420
88 C2 + M 
 2 C + M 3.72× 105 0 72276.5
89 C2 + H2 + M 
 C2H2 + M 1.81× 10−2 0 0
90 C2H + M 
 C2 + H + M 3.61× 109 0 72412.3
91 C2H + H 
 C2 + H2 6.03× 107 0 14647.5
92 C2H + H2 
 C2H2 + H 5.68× 104 0.9 997.5
93 C2H + C2H3 
 2 C2H2 3.00× 107 0 0
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No Reaction cross section σ n Ea [J]
or Arrhenius law A
[m3 · s−1 ·mol−1]

or [m6 · s−1 ·mol−2]

94 C2H + H + M 
 C2H2 + M k0 = 3.75× 1021 −4.8 950
k∞ = 1011 0 0

Troe: a = 0, b = 0.646, c = 132, d = 1315, e = 5566
95 C2H2 + H + M 
 C2H3 + M k0 = 3.80× 1028 −7.27 3610

k∞ = 5.60× 106 0 1200
Troe: a = 0, b = 0.751, c = 98.5, d = 1302, e = 4167

96 C2H3 + H 
 C2H2 + H2 3.00× 107 0 0
97 C2H4 + M 
 C2H2 + H2 + M k0 = 1.58× 1039 −9.3 48900

k∞ = 8.00× 106 0.44 44385
Troe: a = 0, b = 0.735, c = 180, d = 1035, e = 5417

98 C2H3 + H + M 
 C2H4 + M k0 = 1.40× 1018 −3.86 1660
k∞ = 6.08× 106 0.27 140

Troe: a = 0, b = 0.782, c = 207.5, d = 2663, e = 6095
99 C2H4 + H 
 C2H3 + H2 1.32 2.53 6120
100 C2H4 + H + M 
 C2H5 + M k0 = 6.00× 1029 −7.62 3485

k∞ = 5.40× 105 0.45 910
Troe: a = 0, b = 0.975, c = 210, d = 984, e = 4374

101 2 CH3 
 C2H5 + H 6.84× 106 0.1 5300
102 C2H6 + H 
 C2H5 + H2 1.15× 102 1.9 3765
103 C2H5 + H + M 
 C2H6 + M 1.99× 1029 −7.08 3342.5

5.21× 1011 −0.99 −790
104 C2H5 + H 
 C2H4 + H2 2.00× 106 0 0

This complex kinetic scheme already leads to signi�cant calculation times so it was
decided not to go further with heavier carbon-containing species such as polycyclic aro-
matic hydrocarbons. The investigation of the plasma transport requires deriving the
conservation equations for species density, total energy, and electron energy modes. Ac-
cording to the experimental conditions of the investigated reactors, the convective �uxes
are neglected regarding di�usion �uxes.
Under the assumption that the gas �ow rate in the plasma is low enough that the

resulting gas velocities at the reactor inlet are less than 200 cm/s the pressure inside the
reactor can be considered as constant and can be expressed by:

p =
∑
s 6=e

nskTg + nekTe (6.1)

with ns and ne the density of the species 's' and the electrons and k the Boltzmann
constant [27].
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6 Plasma chemistry in a microwave diamond PACVD reactor using H2-CH4

As a consequence of the low gas �ow rate the convection �uxes can be neglected. This
leads to a purely di�usive transport of energy and species assumed in the present model.
Thus, the model contains a system of three one-dimensional di�erential equations: the
species continuity equations, the electron energy equation and the total energy equation
[27, 28, 46].
The balance between the di�usion �uxes and the chemical production rate of each

species is expressed by the species continuity equations [28, 46]:

d

dz

(
ρ

ρs
Ds∇xs

)
+Ws = 0 (6.2)

where ρ is the total plasma density (in kg m−3), ρs is the species' mass density (in kg
m−3), Ds is the mass di�usion coe�cient of the species (in kg m−1 s−1) and xs is the
species' mass mole fraction. Ws is the chemical production rate of the species 's' (in kg
m−3 s−1) calculated from the species' molar mass, its reaction rate and concentration
using the hydrogen reactions listed in table 6.2 [28, 46].
The energy of the electrons can be transported by electron di�usion and thermal

conduction. The heating of the electrons takes place by the high-frequency electrical
�eld and the collisions of the electrons with the heavy species in the plasma. These
collisions lead to the energy transfer to the vibrational and the translation-rotational
modes and additional to the energy loss by activation of chemical reactions [28]. These
phenomena can be described by the following equation:

d

dz

(
De∇xe

heρ

ρe
− λe∇Te

)
+ MWPD−Qe−v −Qe−t −Qe−c (6.3)

with De the mass di�usion coe�cient of the electrons (in kg m−1s−1), xe the mass
mole fraction of the electrons, he the enthalpy of the electron, ρe the mass density of the
electrons (in kg m−3), λe the thermal conductivity of the electron, Qe−v and Qe−t are
the rates of energy transfer between electron and the vibrational mode and between the
electron and the translation-rotation mode (in W m−3) and Qe−c is the energy dissipated
by electrons through reactive collisions (in W m−3). MWPD is the MW power density
absorbed by the electrons (in W m−3) which is calculated by the usage of spatial resolved
actinometer emissions using a low amount of Argon in the discharge [27, 28, 46].
The balance between the energy change due to the enthalpic di�usion �ux, the con-

duction �ux, the energy absorbed from the MW and energy loss at the reactor walls is
expressed by the total energy equation:

d

dz

(∑
s

hsρ

ρs
Ds∇xs − λ∇Tg

)
+MWPD − Sp (6.4)

where hs is the enthalpy of the species 's', λ is the thermal conductivity of the heavy
species and Sp is the loss of power at the reactor walls. The expressions of Ds, De, λe,
λ, hs, he, Qe−v, Qe−t and Qe−c are given in refs. [48�50]
The radial code of this model, developed originally for a BJ reactor [23], has been

adapted to the geometry of JR. The surface losses (heterogeneous reactions) are taken into
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account as homogeneous reactions at the location of the relevant material surfaces. Losses
on the diamond substrate (Ts = 1120 K), the upper quartz window of the steel cavity,
and the lateral metal walls are thus all considered. According to literature, [23, 27, 45]
the following values of sticking coe�cient have been used: H-atom on stainless steel wall
is set to 0.1 [51, 52] sticking coe�cient of methyl radical on stainless steel surface is
estimated to 1.3× 10−3 [53] sticking coe�cient for hydrocarbons are also assumed equal
to 1.3×10−3. A total recombination of ions on steel is assumed. The transport equation
was solved on a 100-point grid along the radial direction from the reactor center to the
metallic wall.

6.4 Results and discussion

6.4.1 Model based results

In order to compare the IR TDLAS measurements with the 1D radial model, it is neces-
sary to estimate the species pro�les along the whole optical path, including the optical
arms (17.5 cm long each). The model developed in Ref. [23] which consists of modeling
the arms as homogeneous cylinders at constant temperature has been applied. In order
to focus on the chemical active area of the reactor, the numerical results presented in this
section are only shown along a radius of the reactor without including the distribution
into the optical arms.
In the following, the mole fraction (xspecies) will be de�ned as the ratio between the par-

tial pressure of a single species to the total pressure. In �gure 6.4, the radial pro�les of gas
temperature and xH for three di�erent pressure/power conditions from 25 mbar/0.6 kW
to 100 mbar/2 kW are presented.

(a) (b)

Figure 6.4 Calculated radial pro�les of (a) the gas temperature and (b) the H-atom mole
fraction from 25 mbar/0.6 kW to 100 mbar/2 kW [1].

The calculated values are in good agreement with the axial pro�les of Tg and xH, which
have been measured for various experimental conditions [33, 34]. The gas temperature
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distribution is characterized by high values in the center of the discharge, which increases
from 2300 to 3200 K in the range of investigated experimental conditions. H-atom
mole fraction varies from 0.01 to 0.15 when the pressure/power couple increases from
25 mbar/0.6 kW to 100 mbar/2 kW according to the 1D radial model.

As noticed previously, the gas temperature presents high average gradient areas (around
700 K/cm); and as a consequence, since the chemical processes are thermally driven, the
spatial distributions of species show also an important heterogeneity along the radial
axis.

Figure 6.5 shows the radial pro�les of carbon-containing species for three di�erent
pressure-power conditions from 25 mbar/0.6 kW to 100 mbar/2 kW. The distribution
of CH

4
along the radial axis changes with the pressure/power couple (�gure 6.5a). The

dissociation of CH
4
increases in the plasma bulk when increasing the pressure and the

MW power because of the rise of the gas temperature, then the methane is almost totally
dissociated (xCH4

= 5.5×10−5) at 100 mbar/2 kW. C
2
H
6
shows a similar behavior (�gure

6.5b): the dissociation increases with the pressure/power couple and the mole fraction is 6
orders of magnitude higher out of the plasma than in the plasma bulk for 100 mbar/2 kW.

For all the investigated experimental conditions, C
2
H
2
appears to be the main carbon-

containing species in the discharge where it is produced (see �gure 6.5c). The maximum
value of xC2H2

increases with the pressure/power couple, from 1.5×10−2 to 2.3×10−2, due
to the in�uence of the gas temperature on the acetylene production. As a consequence,
the location of the maximum of C

2
H
2
pro�les also changes with the pressure/power

couple: for 25 mbar/0.6 kW, it is located in the center of the discharge and shifts toward
2 cm for 100 mbar/2 kW.

The methyl radical pro�le (�gure 6.5d) shows a similar behavior which is even more
emphasized. xCH3

depends strongly on the pressure/power couple and the location of
the maximum is shifted from the center of the discharge at 25 mbar/0.6 kW to 3 cm
at 100 mbar/2 kW. Furthermore, the maximum value of xCH3

decreases with the pres-
sure/power couple from 10−3 to 8× 10−4.

These results show (i) the essential of the gas temperature for the carbon-containing
species chemistry and (ii) the complexity of analyzing TDLAS measurements in terms of
plasma composition because of sti� gradients of both density and gas temperature.

Considering numerical results for all the operating conditions, the stable species (CH
4
,

C
2
H
2
, C

2
H
4
, and C

2
H
6
) can be considered to be present in the whole reactor (all along

the radial axis). Indeed their mole fractions remain constant over more than 90 % of the
optical path. As a consequence, the corresponding absorption length of stable species
is de�ned as the total optical path (2.4 m). Concerning the methyl radical, its spatial
distribution is closely related to the experimental conditions. At low pressure/power
couples, CH

3
is present in the plasma bulk; whereas for moderate to high pressure/power

couples (> 50 mbar-1 kW), CH
3
is located at the surface vicinity (according to axial

model) [27, 33, 45] and in a gas layer surrounding the plasma bulk. The corresponding
absorption length of methyl is estimated as 5 cm per optical pass, so 20 cm with our
optical design (4 passes).
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(a) (b)

(c) (d)

Figure 6.5 Calculated radial mole fraction pro�les for di�erent pressure and power (from
25 mbar/0.6 kW to 100 mbar/2 kW) of (a) CH

4
, (b) C

2
H
6
, (c) C

2
H
2
, (d) CH

3
, at z = 1.6 cm

above the diamond surface [1].
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6.4.2 Gas temperature measurements

Beside the absorption length, the absorption spectra �tting procedure requires de�ning
an average temperature along the optical path for each species. It will be distinguished
between the temperature outside the plasma called cold zone temperature (few hundred
of Kelvin) and the temperature corresponding to CH

3
location (few thousands of Kelvin)

called hot zone temperature. It is worth noting that the area where CH
3
exists does not

correspond to the hottest zone of the plasma, which is the plasma bulk, as shown in
�gures 6.4 and 6.5.

6.4.2.1 Measurements of temperature in the hot zone

According to the modeling (see section 6.3), the production of CH
3
is located in the

plasma bulk for conditions of low power and pressure (25 mbar/0.6 kW), whereas it
is produced in a shell surrounding the plasma for conditions of pressure/power larger
than 50 mbar/1 kW. At low pressure and power couple, the detection of methyl radical
at a z location of 1.6 cm above the substrate allows measurements of the hot zone
temperature using the Doppler broadening of the CH

3
absorption line [25]. Figure 6.6

shows the determined temperatures depending on the pressure from 27 to 49 mbar at a
MW power of 0.6 kW. The temperature can be considered as constant and close to 2000 K
(±200 K), in agreement with the results obtained previously either by calculations or by
experimental measurements [27, 33, 45, 54].

Figure 6.6 Determined hot zone temperature using Doppler broadening of the CH
3
absorption

line at z = 1.6 cm above the diamond substrate depending on the pressure for a constant power
of 0.6 kW, a CH

4
admixture of 5 % and a �ow rate of Φ = 200 sccm [1].

6.4.2.2 Measurements of the cold zone temperature

CH
4
being localized outside of the plasma, the gas temperature of the cold region can

be measured from the CH
4
absorption rotational spectrum in the spectral range near

1314 cm−1 using a Boltzmann plot method and a simulation with the help of the software
Q-MACSoft-HT [55]. The variation of the cold region gas temperature, measured at a
z position of 1.6 cm above the diamond substrate, as a function of the pressure/power
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couples is given in �gure 6.7. The averaged cold region gas temperature increases with the
pressure/power couple from 340 K at (30 mbar/0.6 kW) to 425 K at (400 mbar/3 kW). On
this wide range of operating conditions, experimental and numerical studies have shown
the increase of the plasma bulk temperature with pressure/power couple.[33, 34, 44, 54]
As a result, despite the water cooling system of the wall reactor, transport processes (heat
and mass di�usion) from the plasma bulk involve the increase of the gas temperature in
the reactor.

Figure 6.7 Average cold zone temperature from CH
4
Boltzmann plot depending on pres-

sure/power couples at a CH
4
admixture of 5 % and a �ow rate of Φ = 200 sccm [1].

6.4.3 Carbon species mole fraction measurements at low pressure/power
conditions

Low to moderate pressure/power couples correspond to typical operating conditions used
in BJ design, i.e., from 25 mbar/0.6 kW to 100 mbar/2 kW. Even if JR reactor is dedicated
to high pressure/power operating conditions, stable plasma can also be realized in this
cavity. Results carried out at low pressure/power couple in JR are �rst compared to
previous measurements obtained in the BJ cavity [23, 45].

6.4.3.1 E�ect of pressur/power couple

The line-of-absorption integrated mole fractions of CH
4
, CH

3
(�gure 6.8a) and C

2
H
2
,

C
2
H
4
, C

2
H
6
(�gure 6.8b) measured at 1.6 cm above the diamond substrate in JR re-

actor measured as a function of di�erent pressure/power couples (open symbols) from
25 mbar/0.6 kW to 100 mbar/2 kW for 4 % of methane are presented in �gure 6.8. In
addition to JR results, measurements of the same hydrocarbon species obtained at 1.5 cm
from the diamond substrate in BJ cavity for 5 % of methane are also shown (open-crossed
symbols) [23]. For both reactors, CH

4
mole fractions are close to 10−2 (�gure 6.8a). This

high value is well understood since the methane is mainly located out of the plasma
where the cold zone temperature has been measured close to 350 K for these conditions.
However, whereas no evolution of the CH

4
mole fraction with the pressure/power couples

is observed in BJ, we observe a decrease from 1.6 × 10−2 to 0.47 × 10−2 in JR. xCH3
is
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slightly higher in JR than in BJ. It can be considered constant at around 1.5× 10−3 in
JR while, in BJ, it slightly decreases as the pressure/power couple increases (�gure 6.8a),
from 9× 10−4 to 5× 10−4. It is worth noting that in JR, the methyl radical could only
be detected for conditions up to 70 mbar/1.5 kW reaching the detection limit for this
radical in the frame of this study.

(a) (b)

Figure 6.8 Carbon-containing species mole fractions integrated along the optical path mea-
sured as a function of pressure/power couples in JR reactor for 4 % CH

4
(open symbols), in BJ

reactor for 5 % CH4 (open-cross symbols) and calculated from 1D average radial model (linked
�lled symbols). (a) CH

4
, CH

3
and (b) C

2
H
2
, C

2
H
4
and C

2
H
6
(Φ = 200 sccm) [1].

Concerning 2-carbon species, the agreement between the measurements realized in
both JR and BJ is very good regarding the order of magnitude and the variation with
pressure/power couple (see �gure 6.8a). xC2H6

is almost constant near 1×10−4 whatever
the pressure/power couple; xC2H4

shows a constant behavior of about 1 × 10−3 for the
range of pressure/power going from 50 mbar/1 kW to 100 mbar/2 kW in JR whereas
lower values are observed for lower pressure/power couple in BJ. Finally, xC2H2

increases
from 2.4× 10−3 at 25 mbar/0.6 kW to 6.3× 10−3 at 100 mbar/2 kW, these latter values
being slightly lower in JR than in BJ.
It is noticeable that the chemical processes are very close both in BJ and in JR. It can

be assumed that both cavity designs work similarly.
The measurements achieved in JR (open symbols) have been also compared to the

results obtained from 1D radial model (linked �lled symbols), see �gures 6.8a and 6.8b.
The orders of magnitude of mole fractions obtained by TDLAS for the probed species
are consistent with the numerical ones. The agreement between the evolutions of mole
fractions in relation to the pressure/power can therefore be considered as rather good.
Especially, the constant behavior of CH

3
, C

2
H
4
, and C

2
H
6
mole fractions is well numer-

ically reproduced. Nevertheless, regarding the major carbon-containing species, some
discrepancies appear for xC2H2

at low pressure/power couple (25 mbar/0.6 kW) and
xCH4

at high pressure/power couple (100 mbar/2 kW). Owing to the complexity of the
investigated plasma and assumptions inherent to the 1D radial model, these discrepan-
cies have numerous possible causes. In order to understand this behavior, an uncoupled
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study was performed, �rst by changing the power and keeping the pressure constant, and
vice versa.

6.4.3.2 E�ect of pressure and power � uncoupled approach

In order to go further into the understanding of chemical processes appearing in the
plasma, the in�uence of pressure and power has been considered independently. A para-
metric study of the in�uence of the power on 1-carbon species and 2-carbon species mole
fractions measured in JR is presented in �gures 6.9a and 6.9b, respectively, for four
pressure conditions.

(a) (b)

Figure 6.9 Carbon-containing species mole fractions integrated along the optical path depend-
ing on the power in the JR of (a) CH

4
, CH

3
and (b) C

2
H
2
, C

2
H
4
and C

2
H
6
for di�erent pressures,

a CH
4
content of 5 % and a �ow rate of Φ = 200 sccm. The calculated values from 1D average

radial model are shown by the linked �lled symbols [1].

Independent on the pressure the CH
3
mole fraction increases with power. This result

may be well understood because the CH
3
formation is controlled by the gas temperature

that governs the fast equilibrium of CH
4
and CH

3
. Its domain of existence ranges from

1500 to 2200 K with a production peak located at around 1650 K [45].
Regarding the four other species (CH

4
, C

2
H
2
, C

2
H
4
, and C

2
H
6
), two di�erent behav-

iors are observed. On the one hand, for the two higher conditions of pressure (70 and
82 mbar), the power variation at a �xed pressure does not have any major in�uence on
the species mole fractions. From 1.2 kW to 1.75 kW, xCH4

and xC2H2
remain constant at

about 10−2, xC2H4
is equal to 1.5× 10−3, and xC2H6

is close to 1.5× 10−4. On the other
hand, the species mole fractions vary with the power for the lowest conditions of pressure
(27 and 36 mbar). From 0.6 kW to 1 kW, xCH4

and xC2H6
decrease by about 30 %

whereas xC2H2
and xC2H4

increase slightly and xCH3
increases signi�cantly as described

above.
These results are consistent with the kinetic models that predicts strong coupling

between CH
4
and C

2
H
2
as well as between CH

3
and C

2
H
6
[28, 45]. The evolutions of

mole fractions calculated by the 1D radial model are in quite good agreement with the
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experiments for the probe species.
However, regarding the values of the mole fractions calculated, one can point out

some discrepancies with respect to the measurements. This can be attributed to various
sources such as a rough estimation of the absorption length, uncertainties on the kinetic
constant or uncompleted kinetic scheme, which does not take into account higher carbon-
containing species such as soot precursors (PAHs) [56].
In the same way, the in�uence of the pressure on 1-carbon species and 2-carbon species

mole fractions measured in JR is presented in �gures 6.10a and 6.10b, respectively, for
�ve di�erent microwave powers.

(a) (b)

Figure 6.10 Carbon containing species mole fractions integrated along the optical path de-
pending on the pressure of (a) CH

4
, CH

3
and (b) C

2
H
2
, C

2
H
4
and C

2
H
6
for di�erent plasma

powers, an admixture of CH
4
of 5 % and a �ow rate of Φ = 200 sccm. The calculated values

from 1D average radial model are shown by the linked �lled symbols [1].

The evolution of CH
4
and C

2
H
2
mole fractions are clearly coupled. At 0.6 kW, both

mole fractions are quite constant according to the pressure and equal to 2 × 10−2 and
4 × 10−3 for CH

4
and C

2
H
2
, respectively. For higher power, they varied both in the

range from 5 × 10−3 to 1.3 × 10−2 but C
2
H
2
mole fraction increases with the pressure

whereas CH
4
mole fraction decreases (for a �xed power). The e�cient conversion of CH

4

into C
2
H
2
is then strongly highlighted, con�rming the results evidenced by Ashfold et al

[22, 57].
The C

2
H
4
mole fraction can be considered as constant with the pressure for the studied

powers. For a microwave power equal to 0.6 kW, the C
2
H
6
mole fraction decreases

when the pressure increases; whereas for higher power, the C
2
H
6
mole fraction can be

considered as constant depending on the pressure.
In �gure 6.10a, the CH

3
mole fraction decreases with the increasing pressure for a

constant power, in particular for the low power condition (0.6 kW), where xCH3
decreases

from 2 × 10−3 at 27 mbar to 6 × 10−4 at 50 mbar. According to both modeling and
measurements (�gure 6.6), the increase of the pressure in a limited range does not involve
any signi�cant change in the gas temperature. By using the modeling tool, it has been
shown that xH decreases with the increase of the pressure. Indeed, at low pressure/power
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conditions, H-atom production is mainly due to electron impact dissociation of H
2
. So

increasing the pressure leads to a decrease of the electron temperature [35] and then to
a less e�cient H

2
dissociative process. As a result the conversion of CH

4
into CH

3
is

less e�cient when the pressure increases. This phenomenon is less and less pronounced
when increasing the power because electron impact dissociation of H

2
becomes negligible

compared to thermal dissociation [28]. At the z position of 1.6 cm above the diamond
surface (line of sight studied here), note that CH

3
radicals are not detected anymore for

pressure/power couples higher than 70 mbar/1.5 kW.
Therefore, we can state that the dissociative reactions due to collisional processes by

heavy species become more e�cient with the pressure whereas mechanisms involving
electrons are less e�cient due to electron temperature decrease.
To conclude about the modeling relevance, this uncoupled approach allows us to point

out that if power (i.e., gas temperature) e�ects are quite well reproduced, the agreement
about pressure in�uence is lesser. See as an example that the behavior of xCH4

as a func-
tion of power is well reproduced (�gure 6.9a) in contrary to the pressure e�ect (�gure
6.10a). These results show clearly the need to develop a 2D-self consistent model to be
able to compare line-integrated absorption data to integrated calculations for conditions
where sti� gradients exist involving multi-directional transport phenomena. As a conse-
quence, for higher pressure/power couples, we will not compare the experimental data
to the calculations based on the 1D-radial model.

6.4.4 Carbon species mole fraction measurements at high pressure/power
couples conditions

The JR is dedicated for growing conditions of high pressure and high power which are
the optimum operating conditions for polycrystalline and single-crystal diamond growth
allowing high purity and high growth rate.

6.4.4.1 In�uence of pressure and power conditions

Due to xCH3
important decrease with the pressure/power couple observed in the previous

section 6.4.3, methyl radical has not been detected under the conditions of high pressure
and high MW power.
Figure 6.11 shows the TDLAS measurements of CH

4
, CH

3
, C

2
H
2
, C

2
H
4
, and C

2
H
6
.

They are represented according to di�erent pressure/power couple, ranging from 25 mbar/0.6 kW
to 270 mbar/4 kW with and admixture of 4 % of methane introduced in the feed gas, in
terms of mole fractions (�gure 6.11a) and densities (�gure 6.11b).
The dissociation of methane increases strongly with the pressure/power couple. The

CH
4
mole fraction decreases from 1.6 × 10−2 at 25 mbar/0.6 kW to 1.9 × 10−3 at

200 mbar/3 kW and then remains constant (xCH4
= 1.8 × 10−3) until 270 mbar/4 kW.

Simultaneously, C
2
H
2
mole fraction increases from 2.4 × 10−3 at 25 mbar/0.6 kW to

1× 10−2 at 200 mbar/3 kW and remains almost constant until 270 mbar/4 kW(xC2H2
=

1.3× 10−2).
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(a) (b)

Figure 6.11 Carbon containing species measurements integrated along the optical path de-
pending on pressure/power couples measured in JR for 4 % CH

4
: (a) mole fractions (b) densities

at a �ow rate of Φ = 200 sccm [1].

The conversion of CH
4
in favor of C

2
H
2
is a major process at high pressure/power

couples. The formation of acetylene appears to be associated with a slight increase of
C
2
H
4
mole fraction from 9× 10−4 to 2× 10−3 in the investigated range of experimental

conditions. On the opposite, C
2
H
6
mole fraction remains almost constant near 1× 10−4.

The hierarchy of the carbon containing species changes with the power/pressure cou-
ple. At low pressure/power couple, methane is the major species (nCH4

= 1016 cm−3 at
25 mbar/0.6 kW) and the hierarchy of carbon containing species is: nCH4

> nC2H2
>

nC2H4
> nCH3

> nC2H6
. At high power/pressure couple, acetylene is predominant

(nC2H2
= 6 × 1016 cm−3 at 270 mbar/4 kW) and the hierarchy of carbon containing

species is: nC2H2
> xCH4

= nC2H4
> nC2H6

. The inversion of the major carbon contain-
ing species (CH

4
↔ C

2
H
2
) occurs at about 100 mbar/2 kW and an equilibrium between

CH
4
and C

2
H
4
appears from 200 mbar/3 kW.

As previously, in order to improve the understanding of plasma chemical processes, the
in�uence of pressure and power on species mole fractions is considered independently.
E�ects of pressure and power on the carbon containing mole fractions are presented

in �gures 6.12a and 6.12b, respectively. In contrast to experimental results obtained at
low pressure and power (�gure 6.10), the variation of the pressure (from 185 mbar to
260 mbar) does not have any signi�cant e�ect on the mole fractions of the investigated
species (CH

4
, C

2
H
2
, C

2
H
4
, and C

2
H
6
) for a constant power of P = 3 kW. According

to results obtained at 82 mbar (�gure 6.9), the mole fractions of the monitored species
present a constant behavior according to the microwave power (from 3 kW to 3.75 kW)
for a pressure of p = 270 mbar.

6.4.4.2 E�ect of methane addition

A parametric study of the in�uence of the methane content added in the feed gas on
the mole fractions of the investigated species is presented in �gure 6.13 for two condi-
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6.4 Results and discussion

(a) (b)

Figure 6.12 Carbon containing species mole fractions integrated along the optical path mea-
sured in JR reactor for 5 % CH

4
as a function of (a) the pressure for a power P = 3 kW and (b)

the power for a pressure of p = 270 mbar at a �ow rate of Φ = 200 sccm [1].

tions of high pressure/power couple (200 mbar/3 kW and 270 mbar/4 kW). For the �rst
condition, the methane content was varied from 1 % to 10 % (�gure 6.13a); whereas
for the higher pressure/power couple density, 7 % of CH

4
(�gure 6.13b) has been the

maximum admixture possible allowing experimental conditions without soot formation.
The evolution of the mole fractions measured for the two experimental conditions give
similar results. For both cases when increasing the CH

4
content, xC2H6

decreases and
xC2H4

increases, both slightly. It is also worth noting an inversion of the main carbon
component; xCH4

is higher than xC2H2
for 1 % of CH

4
whereas it becomes lower since

2 % of methane is added to the feed gas. This behavior highlights the e�cient conversion
of CH

4
into C

2
H
2
, which becomes more important when increasing the methane content.

(a) (b)

Figure 6.13 Carbon containing species mole fractions integrated along the optical path mea-
sured in the JR as a function of the methane content for (a) p = 200 mbar and P = 3 kW and
(b) p = 270 mbar and P = 4 kW at a �ow rate of Φ = 200 sccm [1].
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6.5 Conclusions

IR TDLAS measurements have been performed in a diamond deposition water cooled
jacketed stainless steel microwave plasma reactor in order to estimate carbon containing
species mole fractions on a wide range of experimental conditions. Line integrated absorp-
tion measurements have been carried out in H

2
/CH

4
as a function of pressure, microwave

power, and gas composition (admixtures of methane), especially for high pressure (up
to 270 mbar) and high power (up to 4 kW). Five carbon-containing species have been
monitored: CH

4
, CH

3
, C

2
H
2
, C

2
H
4
, and C

2
H
6
. A good agreement of these experimental

results with those obtained previously in a bell-jar reactor has been shown, revealing
that the designed cavities work in a similar way.
The experimental measurements carried out in a wide range of conditions of pressure

and power have been compared with calculations based on a 1D radial model which
describes the thermo-chemical processes of the H

2
/CH

4
discharge along the radial axis

(i.e., the optical path). This comparison revealed an intrinsic limitation of using a 1D
radial approach to describe the plasma properties in particular for the conditions of high
power/pressure couples.
In the whole range of investigated conditions (from 25 mbar/0.6 kW to 270 mbar/4 kW),

the results show that the degree of dissociation of CH
4
increases with the pressure/power

couple and that C
2
H
2
is the most abundant reaction product. For the lowest pres-

sure/power conditions, the density of CH
3
could be measured within the plasma bulk

at a maximum value of about 1014 cm−3 (at 1.6 cm above the diamond surface). The
governing parameters that manage carbon-containing species conversion in such plasmas
have been seen to be either the pressure/power couple, or the methane content: they
clearly manage the e�cient conversion of methane into acetylene.
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7 Plasma chemistry in a microwave
diamond PACVD reactor using
H2-CH4-B2H6

1

7.1 Introduction

High-quality synthetic diamond �lm deposition, which can be used for widespread appli-
cations, has been in the center of fundamental and technical studies for more than two
decades. Microwave plasma assisted vapor deposition (MW-PACVD) processes using
hydrocarbon-hydrogen feed gas mixtures have been proven to be e�cient for the deposi-
tion of di�erent crystallinity types of diamond layers. Recently it was shown that �lms
doped with boron have great potential not only for applications in electronic and optical
devices [2], but also in biology and for biosensing [3, 4]. Moreover, boron doped diamond
�lms can show superconductivity at low temperatures [5�7]. The most frequently used
boron source gas is diborane, which is normally used as a dilute mixture in hydrogen to
reduce safety risks. To form thick high-quality boron doped diamond it is essential to
control the doping levels [8, 9]. Therefore, an understanding of the complex chemistry
in H

2
/CH

4
/B

2
H
6
plasmas is of general importance for further improvements in doped-

diamond deposition technology. While the chemistry prevailing in hydrocarbon-hydrogen
plasmas has been studied in several experimental and theoretical investigations, includ-
ing monitoring of transient species, e.g. [10�20], the literature containing information
about boron containing plasma is much more limited [21�26], in particular where plasma
conditions which are characterized by high pressure and microwave (MW) power density
values are concerned [27, 28].
The addition of diborane to the standard hydrogen-methane feed gas mixture for doped

diamond deposition, and therefore the growing complexity of the plasma, as well as the
in�uence of surface processes, leads to the necessity to acquire quantitative information,
particularly about absolute concentrations, of molecular species in the ground state which
can be provided by non-intrusive in situ plasma diagnostic techniques.
Absorption spectroscopy (AS) methods in the midinfrared spectral range supply a ver-

satile approach as a diagnostic technique for a better understanding of plasma chemical
phenomena. For studies of discharges with molecular gases in a wide spectral range,
Fourier transform infrared (FTIR) spectroscopy can be used, but it has the disadvantage
that it is insu�ciently sensitive for the detection of transient species. In contrast, tune-
able diode laser absorption spectroscopy (TDLAS) with lead salt laser sources is a highly

1based on: [1] Hamann S, Rond C, Pipa A V, Wartel M, Lombardi G, Gicquel A,Röpcke J 2014 Plasma
Sources Sci. Technol. 23 045015
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applicable technique for measuring absolute concentrations of molecular species, radicals
and ions in the ground state. This in turn provides a link with the chemical modeling
of plasmas (see [29] and references therein). Until now, the main applications of TDLAS
have been the investigations of molecules and radicals in �uorocarbon etching plasmas
and in plasmas containing hydrocarbons [29].
The development of pulsed and continuous wave quantum cascade lasers (QCLs) for-

wavelengths longer than 3.4 µm and of inter-band cascade lasers (ICLs) for shorter wave-
lengths, and their commercial availability, establishes new attractive possibilities for laser
absorption spectroscopy in the midinfrared region (IRLAS) for plasma diagnostics. Dis-
tributed feedback (DFB) QCLs, with a typical emission range of about 7 cm−1, provide
continuous mode-hop free wavelength tuning. Using external cavity (EC) con�gurations,
a tunability over much broader spectral ranges has been achieved. Nowadays, EC-QCLs
are tunable over a spectral range greater than 100 cm−1 with a mode-hop free tuning
range of the order of 80 cm−1 [30]. Meanwhile the variety of QCLs and ICLs operating at
room temperature has led to the development of QCLs as powerful IRLAS tools. These
types of lasers are considered as substitutes for cryogenically cooled lead salt lasers lead-
ing to the rapid development of IRLAS from a niche position to a standard diagnostic
technique [31�33]. Combined with integrated DFB gratings, the emission wavelength of
this class of thermoelectrically cooled lasers can be adapted over a wide range throughout
the infrared molecular �ngerprint region.
Nevertheless, the number of spectral ranges where QCLs are commercially available is

still limited. Therefore for the present studies the traditional TDLAS technique has been
chosen for in situ investigations. The TDLAS measurements have been complemented
by optical emission spectroscopy (OES) analysis of the plasma phase. It should be
mentioned that the combination of OES and TDLAS has already been successful for
the analysis of boron containing plasmas in the past [22]. Using the combination of
both spectroscopic techniques, Lavrov and co-workers were able to detect several neutral
species containing hydrogen and boron in MW plasmas of relatively low pressure and
high diborane admixtures compared to the present study. Of particular importance
was the development of a speci�c method for the determination of the absolute number
density of boron atoms from measured relative emission intensities of the components of
its resonance doublet using the distortion by reabsorption [22]. Later this method has
been applied to study MW plasmas used for boron doped diamond deposition in a bell
jar reactor [28].
In the present investigation, the focus was on the plasma chemistry in relation to

the parameters used in MW discharges in H
2
with admixtures of CH

4
and/or B

2
H
6
at

relatively high pressures, i.e. up to 300 mbar, and power values, i.e. up to 4 kW, used
for diamond deposition.
Using in situ TDLAS the concentration of �ve stable molecules, CH

4
, C

2
H
2
, C

2
H
4
,

C
2
H
6
and B

2
H
6
, was monitored in the reactor. OES was used simultaneously to obtain

information about the concentration of atomic boron. One target was the determination
of the fragmentation rates of the precursors and of their conversion rates to the molecular
reaction products. The analysis of correlations between the power and pressure of the
plasma and molecular concentrations and the di�erences found with CH

4
and B

2
H
6
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admixtures were another topic of interest.

7.2 Experimental setup

7.2.1 Experimental arrangement

The experimental arrangement of the MW plasma reactor used for diamond deposition
experiments together with the TDLAS and OES diagnostic systems is shown in �gure
7.1. The reactor, which has been described in detail elsewhere [34], is a water-cooled
stainless steel resonant cavity. It operates at moderate pressures and high power density.
A 2.45 GHz MW generator is used to create the discharge inside the reactor above the
substrate. Using a rectangular waveguide followed by an antenna the MW energy is
transported up to the cylindrical chamber with a diameter of 25 cm and a height of
25 cm. At the center of this chamber a substrate holder with a diameter of d = 5 cm is
located. Above the substrate holder a nearly hemispherical shaped plasma is generated
approximately in the middle of the chamber (�gure 7.1).

Figure 7.1 Experimental arrangement of the MW reactor combined with the TDLAS system
(IRMA [32]) and the OES unit. The dashed circle with a diameter of 12 cm around the 5 cm
plasma zone shows the section where B

2
H
6
is supposed to be thermally dissociated [1].

The experiments were performed over wide pressure and power ranges. The pressure
was regulated by a butter�y valve and was varied between p = 60 and 300 mbar. The
power was varied in the range of P = 0.6 to 4 kW. Before every series of measurements
the chamber was evacuated to a base pressure of about 10−6 mbar to ensure a high
level of reproducibility. Three separate mass �ow controllers were used to control the
�ows of (i) pure H

2
, (ii) H

2
with an admixture of 0.3 % B

2
H
6
and (iii) CH

4
. The CH

4
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admixture to the hydrogen feed gas was varied between 0 % and 5 % while the amount
of the admixture of B

2
H
6
, was up to a maximum of 165 ppm. The maximum �ow rate

was Φ = 500 sccm. In the typical course of a measurement series either (i) both pressure
and power were increased from p = 60 mbar and P = 1 kW up to p = 300 mbar and
P = 4 kW or (ii) only the pressure or the power were varied separately while keeping
the other parameter constant. The residence time of the gas mixture in the reactor was
in the range between 2 to 11 min depending on the pressure (p = 60 to 300 mbar) for a
�ow of Φ = 500 sccm. For a reduced �ow of Φ = 200 sccm the residence time was 2.5
times higher.

7.2.2 Optical measurements

The OES and TDLAS measurements were performed simultaneously. The TDLAS mea-
surements to determine the concentrations of the precursor gases B

2
H
6
and CH

4
and

of the hydrocarbon reaction products (C
2
H
2
, C

2
H
4
and C

2
H
6
) were carried out using a

compact and mobile infrared multicomponent acquisition (IRMA) system. The optical
setup of the IRMA system is such that it has the possibility for the simultaneous use
of four di�erent lead salt lasers on the same beam path through the reactor. Detailed
information about the IRMA system and about the software used for data analysis has
been reported elsewhere [32].
The infrared laser beam of the IRMA system had a diameter of about 2 cm and was

guided into an optical multi path cell of the White cell type with KBr windows and was
mounted on the plasma chamber for improved sensitivity [35]. 20 passes of the White
cell were realized leading to an optical length of 12 m. The height of the beam above
the substrate holder was 15 mm. The diode laser beam leaving the cell was focused
by an o�-axis parabolic mirror onto a liquid nitrogen cooled HgCdTe infrared detector
(�gure 7.1). The lines used for the determination of molecular concentration and their
spectral position were identi�ed with the help of an etalon of known free spectral range
and well-documented reference gas spectra. In table 7.1 the spectral positions of the
molecular ground-state absorption lines used for the measurements can be found and
additionally their line strengths and detection limits. The line strengths of diborane
have been determined using a speci�ed gas mixture in the reactor at room temperature.

Table 7.1 Species, spectral positions and line strengths used for the TDLAS measurements.

Species Spectral position Absorption line strength Limit of detection Reference
(cm−1) (cm−1/(molecule cm−2)) (molecules cm−3)

CH
4

2600.272 3.468× 10−22 5× 1013 [36]
C
2
H
2

1314.068 3.650× 10−20 5× 1013 [36]
C
2
H
4

2994.091 3.795× 10−21 5× 1014 [36]
C
2
H
6

2993.473 1.980× 10−20 3× 1011 [36]
B
2
H
6

2599.78 2.1× 10−18 5× 1011

MW deposition plasmas are characterized by high gradients of the gas temperature
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along the radial axis. The gas temperature of the plasma bulk can reach relatively high
values, typically 3000 K for the high pressure/power conditions used here, whereas the
walls are maintained at room temperature caused by a water cooling system. The distri-
bution of the gas temperature, which has been widely studied for large ranges of working
conditions [14, 42], highlights a central zone of about 12 cm in diameter, where the tem-
perature is higher than 500 K. For the purpose of concentration measurements, the B

2
H
6

molecules were assumed to exist only outside of this zone because the thermal dissoci-
ation of the boron precursor occurs at values above 500 K. Therefore the 12 cm high
temperature zone was excluded to determine the concentration of the B

2
H
6
molecule

leading to an optical path length of lB2H6
= 9.6 m. The strong decrease in the tem-

perature in the radial position from 500 K down to room temperature [14] leads to an
average temperature for the B

2
H
6
molecule which is a little bit higher than (but similar

to) room temperature.
However, the stable hydrocarbon molecules were assumed to exist not only in the

plasma zone but also outside the plasma region which the diode laser beam passed. As
a consequence, for the determination of the stable hydrocarbon concentrations the full
optical path length (l = 12 m) inside the discharge reactor was taken into account. Al-
though the temperature inside the reactor ranges from nearly 3000 K in the center of
the plasma down to room temperature near the reactor walls, an average temperature
for the determination of the concentrations of the carbon containing molecules was de-
termined. Therefore the absorption lines of the CH

4
molecule in the observed spectral

ranges of 1314 and 2600 cm−1 were simulated, depending on the gas temperature, with
the software Q-MACSoft-HT [43]. The average gas temperature of CH

4
and therewith

the assumed temperature of the other stable hydrocarbon species ranged between 350
and 430 K for a MW power between 1 and 4 kW, as has been found in [44].
As an example of TDLAS measurements, �gure 7.2 shows the absorption spectrum of

the B
2
H
6
containing hydrogen feed gas in the spectral range near 2600 cm−1 in the gas

�ow without discharge (p = 53 mbar) and in a plasma at a pressure of p = 60 mbar
and at two di�erent power values, P = 0.6 and 1 kW. For the same spectral range the
absorption spectra of plasmas in H

2
with the admixture of 1 % CH

4
and of 66 ppm of

B
2
H
6
in comparison to the spectrum measured in a plasma of a H

2
/B

2
H
6
(66 ppm) feed

gas without any CH
4
admixture is shown in �gure 7.3. The plasma power in both cases

was P = 1 kW for a pressure of p = 60 mbar. It is worth noting that methane has a
strong in�uence on the B

2
H
6
concentration.

The optical emission of the MW plasma was analyzed by an Acton500 spectrograph
with a focal length of 0.5 m using gratings with 600 and 2400 grooves mm−1 and an
ICCD detector unit (Andor iStar, DH734-18F-03). For the optical coupling the plasma
of the reactor was imaged with the help of an achromatic quartz lens with a focal length
f = 150 mm on a quartz �ber connected with the spectrograph. The range of the
overview spectra was λ = 300 − 900 nm recorded in steps of 25 nm recorded using a
grating with 600 grooves mm−1 at an integration time of 50×100 ms. The spectral lines
of the resonance doublet of atomic boron at 250 nm were recorded using a grating with
2400 grooves mm−1 at an integration time of 50× 500 ms.
An example of an optical emission spectrum with identi�ed spectral features of the
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7 Plasma chemistry in a microwave diamond PACVD reactor using H2-CH4-B2H6

Figure 7.2 Absorption spectra (i) of the
30 ppm of B

2
H
6
containing hydrogen feed

gas without discharge (p = 53 mbar) (solid
line) and (ii) in a plasma at a pressure of
p = 60 mbar at P = 0.6 kW (dashed line) and
(iii) at P = 1 kW (dotted line) in the spectral
range at 2600 cm−1 [1].

Figure 7.3 Absorption spectra (i) of a
plasma in the hydrogen feed gas containing
66 ppm of B

2
H
6
and 1 % of CH

4
(right or-

dinate) and (ii) of a plasma with the admix-
ture of only 66 ppm B

2
H
6
in H

2
(left ordinate)

(p = 60 mbar, P = 1 kW, Φ = 500 sccm) [1].

MW plasma is shown in �gure 7.4. The insets show the emission bands of BH overlapped
by the bands of CH between 420 and 450 nm and the C

2
Swan band in the range of 490

to 520 nm in more detail. The plasma power was P = 4 kW and the pressure was
p = 300 mbar in a hydrogen gas mixture with an admixture of 66 ppm B

2
H
6
and of

1 % CH
4
. Table 7.2 summarizes the spectral features observed in the MW plasma using

OES.

Figure 7.4 Optical emission spectrum of the MW plasma in H
2
with admixtures of 66 ppm

B
2
H
6
and of 1 % CH

4
with identi�ed spectral features at P = 4 kW, p = 300 mbar, Φ = 500 sccm.

The insets show the spectral range between 420 and 450 nm and the range between 490 and
520 nm in more detail [1].
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7.2 Experimental setup

Table 7.2 Spectral features observed in the MW plasma using OES.

Species Wavelength (nm) Remarks

B 249.678 32S1/2 − 22P1/2

249.772 32S1/2 − 22P3/2

BH 4332 Å− Sys A1Π−X1Σ
433.16 0− 0

Hα 656.29
Hβ 486.13
C
2

A3Πg −X ′3Πu

516.52 0− 0
512.93 1− 1
563.55 0− 1
558.55 1− 2
554.07 2− 3
619.12 0− 2
612.21 1− 3
600.49 2− 4

CH 4300 Å− Sys A2∆−X2Π
431.42 0− 0

7.2.3 Determination of the atomic boron concentration

For the determination of the atomic boron concentration the method using re-absorption
phenomena, described in section 3.1.3.2, has been applied. Figure 7.5 shows the optical
emission spectrum of the normalized intensity distribution of the resonance doublet of
boron at p = 200 mbar and P = 3 kW with and without admixed CH

4
in a H

2
/B

2
H
6
MW

discharge. The physical background of this method is based on the optical thickness of
the MW plasma for the resonance radiation of boron. Only in the case when very small
traces of boron atoms are present in the plasma volume, can it be considered to be
optically thin. In �gure 7.5 the markers at the y-axis give the relative intensity value of
0.5 for the �rst line of the doublet in the case of an optically thin plasma.
Since this method requires knowledge of the gas temperature, it has been determined

in separate studies by TALIF on H atoms, by OES on C
2
and by CARS measurements

on H
2
molecules. In �gure 7.6 the gas temperature measured as a function of pressure

and power in H
2
and in H

2
/CH

4
plasmas at Φ = 200 sccm in the used MW reactor is

given [10, 11, 37, 38]. Furthermore, the technique also requires knowing the length of
the boron containing medium. Regarding the gas temperature distribution and assuming
that the boron formation originates mainly from thermal dissociation, the characteristic
length of boron containing medium is estimated to be about 5 ± 0.5 cm. In [45] this
length of the plasma in the present reactor has been estimated by measuring the axial
distribution of the emission intensity of the Hα line.
In �gure 7.7 the nonhorizontal curves (1) represents the calculated intensity ratio,
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Figure 7.5 Normalized intensity distribution of the resonance doublet of boron at p = 200 mbar
and P = 3 kW with and without admixed 1 % CH

4
in a H

2
-B

2
H
6
MW discharge. The markers

at the y-axis give the relative intensity value of 0.5 for the �rst line of the doublet in the case of
an optically thin plasma[1].

Figure 7.6 Gas temperature measured as a
function of pressure and power (inserted val-
ues) at a CH

4
admixture of 4 % in H

2
at

Φ = 500 sccm (OES and TALIF) and in pure
H
2
at Φ = 200 sccm (TALIF and CARS) in

the MW plasma reactor [10, 11, 37, 38].

Figure 7.7 The calculated intensity ratios,
I(λ1)/I(λ2), as a function of the ground state
concentration N0 of atomic boron for Tg =
2800 ± 150 K and a plasma length l = 5 ±
0.5 cm, curve 1. The measured intensity ratio
of the resonance doublet of atomic boron in a
H
2
-B

2
H
6
plasma, curve 2, and in a H

2
-B

2
H
6

plasma with an admixture of 1 % CH
4
, curve

3 (p = 200 mbar, P = 3 kW, Φ = 500 sccm,
66 ppm B

2
H
6
) [1].
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I(λ1)/I(λ2), as a function of the ground state concentration N0 of atomic boron for
Tg = 2800 ± 150 K (see �gure 7.6) and a plasma length of l = 5 ± 0.5 cm, adapted to
the experimental conditions in the MW reactor. The solid horizontal curves (2, 3) show
two examples, given in �gure 7.5(a), for the measured intensity ratios of the resonance
doublet of atomic boron with and without admixed 1 % CH

4
in a H

2
-B

2
H
6
MW discharge

(p = 300 mbar, P = 4 kW, Φ = 500 sccm, 66 ppm B
2
H
6
). The corresponding values for

the concentration of boron are 7.9 and 3.1 × 1012 atoms cm−3 for plasma without and
with CH

4
admixture, respectively. Further details of the method are described in [22].

7.2.4 Fragmentation and conversion e�ciency

For further insight into the plasma chemical conversion, the experimentally determined
concentrations and the degrees of dissociation of methane and diborane were used to
estimate absolute fragmentation e�ciencies of these precursor gases and conversion e�-
ciencies to the observed reaction products. These calculated quantities are normalized
on the power of the MW discharge. The fragmentation e�ciency, RF, of the precursors
(in units of molecules J−1) is calculated by analogy to [39, 40]:

RF = ΦP ·
1

60
· κD

100
· N0

P
, (7.1)

where ΦP is the precursor �ow rate in sccm, κD is the degree of decomposition of
the precursors, CH

4
or B

2
H
6
, in percent in the volume of the reactor, N0 is the total

molecular concentration at STP (2.69 × 1019 molecules cm−3) and P is the discharge
power in W. The conversion e�ciency, RC, to plasma product molecules (in units of
molecules J−1) is expressed analogously as

RC = nmolecule · Φtot ·
1

60
· 103

p
· 1

P
, (7.2)

where nmolecule is the measured molecular concentration of the reaction product in
molecules cm−3, Φtot is the total gas �ow rate (sccm), p is the pressure (mbar) and P is
the power (W).

7.3 Results and Discussion

7.3.1 On the fragmentation of the boron precursor gas

A knowledge of the degree of dissociation of the boron containing precursor, calculated in
relation to the whole reactor volume, is necessary in order to study the conversion of the
added gas mixture into products and for understanding the mass balance of the plasma
processes. In �gure 7.8, the concentration of B

2
H
6
depending on pressure and power

for two di�erent admixtures of B
2
H
6
to the hydrogen feed gas is given. In addition,

the injected amounts of B
2
H
6
are presented by the dashed lines. For these speci�c

investigations no CH
4
had been added to the feed gas mixture, because methane was
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7 Plasma chemistry in a microwave diamond PACVD reactor using H2-CH4-B2H6

Figure 7.8 Concentration of B
2
H
6
depend-

ing on pressure and power, given by the
inserted values, for di�erent admixtures of
B
2
H
6
to the hydrogen feed gas. The injected

amounts of B
2
H
6
are given by the dashed lines

[1].

Figure 7.9 Degree of decomposed B2H6 de-
pending on pressure and power (inserted val-
ues) for di�erent admixtures of B

2
H
6
to the

hydrogen feed gas [1].

found to have a strong in�uence on the dissociation behavior of diborane in the plasma,
see �gure 7.3 and the discussed results below.
In the plasma the diborane concentration is found to be in the range between 2× 1012

and 1.2×1013 molecules cm−3. In general, the B
2
H
6
concentration increases slightly with

the pressure and shows, as expected, higher values with increased B
2
H
6
content in the

feed gas. In �gure 7.9, these experimental results are presented in terms of the degree
of decomposed B

2
H
6
depending on pressure and power for di�erent admixtures of B

2
H
6

to the hydrogen feed gas. From the data shown in �gure 7.9 it becomes obvious that
at pressure values above 100 mbar more than 90 % of the available diborane precursor
has been decomposed. This very e�ective dissociation of diborane is caused (i) by the
direct injection of the precursor gas into the plasma zone and (ii) by the relatively long
residence time of the feed gases in the reactor volume.
It is interesting to note that the fragmentation e�ciency depending on pressure and

power for di�erent admixtures of B
2
H
6
to the hydrogen feed gas decreases continuously in

a nearly exponential dependence from about 1.4 to 0.4×1013 molecules J−1 in the case of
an admixture of 66 ppm of the boron precursor gas, see �gure 7.10. At a lower admixture
of B

2
H
6
of 30 ppm, the fragmentation e�ciency is essentially lower, but decreases again,

nearly exponentially, with pressure and power, shown also in �gure 7.10.
To study the in�uence of varying power on the fragmentation of the diborane precursor,

a separate set of experiments has been performed. In �gure 7.11 the evolution of the
concentration of B

2
H
6
measured as a function of the MW power at p = 60 mbar and

Φ = 500 sccm for two admixtures of B
2
H
6
, again for 30 and 66 ppm, to the hydrogen feed

gas is presented. For both amounts of precursor admixture the diborane concentration
decreases nearly linearly with increasing power at a rate of about 3×1010 molecules W−1.
The degree of decomposed B

2
H
6
depending on the power for the two values of admixture

is presented in �gure 7.12. This degree depends very strongly on the plasma power and

160



7.3 Results and Discussion

Figure 7.10 Fragmentation e�ciency de-
pending on pressure and power (inserted val-
ues) for di�erent admixtures of B

2
H
6
to the

hydrogen feed gas [1].

Figure 7.11 Concentration of B
2
H
6
mea-

sured as a function of the MW power at p =
60 mbar and Φ = 500 sccm for two admixtures
of B

2
H
6
to the hydrogen feed gas. The dashed

lines show the introduced feed gas content of
B
2
H
6
[1].

reaches values near to 90 % in the case of 1 kW.

7.3.2 On the characteristics of boron atom concentration

Figure 7.14 shows the density of atomic boron dependent on the pressure and the power
for di�erent B

2
H
6
admixtures. The boron concentration, which was found to be in the

range of 2 to 11 × 1012 atoms cm−3, increases linearly with increasing pressure and
power. Higher B

2
H
6
admixture leads to higher boron concentrations. As in the case of

the diborane concentration measurements, for these speci�c investigations no CH
4
had

been added to the feed gas mixture in a �rst step, because methane was found to have
a strong in�uence on the concentration of boron atoms in the plasma, see below. It is
interesting to analyze the contribution of boron atoms, i.e. the boron atom balance, in
relation to the dissociated B

2
H
6
molecules. Figure 7.15 shows that this value may vary

between 10 % and 40 % depending on the discharge conditions, i.e. a considerable part
of the boron provided by the diborane precursor gas appears as atomic boron in the
plasma.
It is an interesting feature that the fragmentation e�ciency ranges between 0.5× 1013

and 2 × 1013 molecules J−1, while reaching the highest value for the higher diborane
admixture at low power levels, see �gure 7.13. In the case of a low level of B

2
H
6
admixture

the fragmentation e�ciency was found to decrease to a lower extent with power.
The concentration of the boron atoms was found to be relatively insensitive to varia-

tions in the power, given in �gure 7.16. In contrast, the admixture even of small amounts
of methane led to a considerable reduction in the boron atom concentration in the or-
der of at least one magnitude, in particular for lower pressure values, see �gures 7.17,
7.18 and 7.19. With increasing pressure, the in�uence of the methane admixture on the
boron concentration decreases, as presented in �gure 7.18. The considerable in�uence of
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7 Plasma chemistry in a microwave diamond PACVD reactor using H2-CH4-B2H6

Figure 7.12 Degree of the decomposed
B
2
H
6
, κD, measured as a function of the MW

power at p = 60 mbar and Φ = 500 sccm for
two admixtures of B

2
H
6
to the hydrogen feed

gas [1].

Figure 7.13 Fragmentation e�ciency, RF,
of B

2
H
6
measured as a function of the MW

power at p = 60 mbar and Φ = 500 sccm for
two admixtures of B

2
H
6
to the hydrogen feed

gas [1].

Figure 7.14 Density of atomic boron de-
pendent on the pressure and the power (in-
serted values) for di�erent B

2
H
6
admixtures

[1].

Figure 7.15 Contribution of boron atoms in
relation to the dissociated B

2
H
6
molecules in

dependence on the pressure and the power (in-
serted values) for di�erent B

2
H
6
admixtures

[1].
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Figure 7.16 Density of atomic boron de-
pending on the MW power at p = 60 mbar
and Φ = 500 sccm with and without the ad-
mixture of 5 % CH

4
[1].

Figure 7.17 Density of atomic boron de-
pending on the pressure and the power for
di�erent admixtures of B

2
H
6
and with and

without the admixture of 5 % CH
4
at Φ =

200 sccm [1].

methane and diborane admixtures to the feed gas on the boron atom concentration is
given in detail for the pressure value of p = 60 mbar in �gure 7.19. It should be noted
that the boron concentration, even at admixtures of methane, depends linearly on the
amount of the admixed diborane precursor, as shown in �gure 7.19.

7.3.3 On the fragmentation of the methane precursor and on the
conversion to higher hydrocarbons

In order to investigate the in�uence of the methane admixture on the plasma chemical
processes in the MW reactor, the content of CH

4
in the feed gaswas changed incrementally

from 1 % to 5 %. An overview of the concentration of the monitored molecules is given
in �gure 7.20. The concentration, in the range of three orders of magnitude, measured
for the di�erent molecular species, CH

4
, C

2
H
2
, C

2
H
4
and C

2
H
6
, provides a convenient

means for detailed discussions below.
The highest concentrations are for the precursor molecule CH

4
and the major product

C
2
H
2
followed by the stable hydrocarbon products C

2
H
4
and C

2
H
6
. The molecular

product with the lowest concentration of all those studies was C
2
H
6
. It can be seen that

the concentrations of all measured products increase with the admixture of methane in
the feed gas, only in the case of C

2
H
4
is this e�ect less pronounced. Even a slight decrease

in its concentration at 3 % CH
4
admixture was found. Based on these measurements

C
2
H
4
can be considered as an intermediate product. In contrast, the concentration of

acetylene was found to be very sensitive to the amount of admixed methane. While at
1 % methane in the feed gas mixture the C

2
H
2
concentration was measured to be about

8 × 1013 molecules cm−3, and this value increased nearly two orders of magnitude at
5 % admixture. This e�ect can be considered as a sign of essentially changed plasma
conditions leading to a higher degree of dissociation of the methane precursor and to the
increased production of higher hydrocarbons.

163



7 Plasma chemistry in a microwave diamond PACVD reactor using H2-CH4-B2H6

Figure 7.18 Density of atomic boron de-
pending on the pressure and the power for dif-
ferent admixtures of CH

4
with a B

2
H
6
content

of 66 ppm [1].

Figure 7.19 Density of atomic boron mea-
sured as a function of the B

2
H
6
admixture

(lower x-axis) at p = 60 mbar, P = 1 kW,
Φ = 200 sccm and a CH

4
admixture of 5 %

and the dependence on the CH
4
admixture

(upper x-axis) at p = 60 mbar, P = 1 kW,
Φ = 500 sccm and a B

2
H
6
admixture of

66 ppm [1].

Figure 7.20 Concentration of CH
4
, C

2
H
2
,

C
2
H
4
and C

2
H
6
measured as a function of the

CH
4
admixture at p = 60 mbar, P = 1 kW,

Φ = 500 sccm and 66 ppm B
2
H
6
. The intro-

duced amount of CH
4
is shown by the dashed

line [1].

Figure 7.21 Carbon mass balance and de-
gree of decomposition of CH

4
measured as

a function of the CH4 admixture at p =
60 mbar, P = 1 kW, Φ = 500 sccm and
66 ppm B

2
H
6
[1].
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Figure 7.22 Conversion e�ciency, RC, of
C
2
H
2
, C

2
H
4
and C

2
H
6
and fragmentation ef-

�ciency, RF, of CH4
measured as a function

of the CH
4
admixture at p = 60 mbar, P =

1000 W, Φ = 500 sccm and 66 ppm B
2
H
6
[1].

Figure 7.23 Concentration of CH
4
, C

2
H
2
,

C
2
H
4
and C

2
H
6
measured as a function of the

B
2
H
6
admixture at p = 60 mbar, P = 1 kW,

Φ = 200 sccm and 5 % CH
4
. The introduced

amount of CH
4
is shown by the dashed line.

Figure 7.21 shows the carbon mass balance and the degree of dissociation of CH
4
in

methane containing discharges depending on the CH
4
content in the gas mixture. The

sum of all monitored carbon containing species is given by the upper dashed line. It
can be seen easily that up to 20 % of the available carbon in the gas phase, which
corresponds to 100 % of the methane, appears as C

2
H
2
. Only in the low range of the

methane admixture do C
2
H
4
contribute considerably to the mass balance. Whereas this

kind of plasma is used for the production of surface �lms and also enables the formation
of dust and, in particular, soot, it can be supposed that the reactor walls as surfaces for
deposition can act as sinks for carbon.
The fragmentation e�ciencies of methane for increasing admixtures of the precursor are

shown in �gure 7.22. It was found to be in the range of RF(CH4) ≈ 1×1015 molecules J−1.
With the adding of methane the fragmentation e�ciency of this precursor increases nearly
linearly, while the total gas �ow and the discharge pressure are kept constant. In planar
MW plasmas and in surface wave discharges a similar behavior has been found albeit
at higher absolute values [39, 40]. In the present study the fragmentation e�ciency of
methane was found to be in the same order of magnitude as recently reported for RF
plasmas [41].
Figure 7.22 also shows the conversion e�ciencies into C

2
H
2
, C

2
H
4
and C

2
H
6
in H

2
/CH

4

MW plasmas measured as a function of the admixture of methane. They range between
1013 and 1015 molecules J−1. For high methane admixtures the conversion e�ciency to
C
2
H
2
is about one order of magnitude higher than that to C

2
H
4
and even more to C

2
H
6
.

As it can be seen in �gure 7.23 a variation of the diborane admixture between 0 and
165 ppm at a pressure of p = 60 mbar, a plasma power of P = 1 kW, a gas �ow rate
of Φ = 200 sccm and an admixture of 5 % CH

4
has no measureable in�uence on the

concentration of the monitored hydrocarbons, CH
4
, C

2
H
2
, C

2
H
4
and C

2
H
6
.

Furthermore, the hydrocarbon chemistry has been found to be similar to that of the
experiments without any diborane admixture in the same plasma reactor [44]. Figures
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Figure 7.24 Concentration of CH
4
, C

2
H
2
,

C
2
H
4
and C

2
H
6
depending on pressure and

power with an admixture of 5 % CH
4
, Φ =

500 sccm and 66 ppm B
2
H
6
(open symboles)

and with an admixture of 4 % CH
4
and Φ =

200 sccm (�lled symbols, [44]).

Figure 7.25 Carbon mass balance depend-
ing on pressure and power with an admixture
of 5 % CH

4
, Φ = 500 sccm and 66 ppm B

2
H
6

(open symbols) and with an admixture of 4 %
CH

4
and Φ = 200 sccm (�lled symbols, [44]).

7.24 and 7.25 illustrate the similarity in the dependencies of the concentration of CH
4
,

C
2
H
2
, C

2
H
4
and C

2
H
6
and the carbon mass balance on pressure and power in the MW

plasma reactor with and without (see section 6.4.3.1, �gure 6.8) the admixture of B
2
H
6
.

Both with an admixture of 5 % CH
4
, a total gas �ow rate of Φ = 500 sccm and a

B
2
H
6
content of 66 ppm and with an admixture of 4 % CH

4
and a total gas �ow rate

of Φ = 200 sccm without any admixture of B
2
H
6
the amount of CH

4
decrease and the

amount of the reaction products, C
2
H
2
, C

2
H
4
and C

2
H
6
, increase with pressure and

power (see �gure 7.24). Figure 7.25 shows that up to 30 % of the introduced methane
is contributed into C

2
H
2
. C

2
H
4
and C

2
H
6
dissipate up to 7 % and 1 % of the CH

4
,

respectively.

7.4 Conclusions

For further insights into fundamental chemical phenomena in MW H
2
plasmas with

admixtures of methane and diborane which are used for the deposition of thick high-
quality synthetic diamond �lms infrared TDLAS has been used in combination with
optical emission spectroscopy. Besides the detection of six atomic and molecular excited
species, the OES method enabled us to derive the boron atom ground state concentration
in the plasma for a couple of parameters, i.e. power, pressure and gas mixture. An
overview of the main produced species in the plasma processes was achieved by using the
in situ TDLAS technique combined with an OES spectrometer. The concentrations of
the main molecular products were in a range of more than three orders of magnitude. By
analyzing the development of the molecular concentrations it was found that (i) C

2
H
2
is

the main product of plasma conversion in the case of adding methane as the precursor
and (ii) the boron atom concentration depends strongly on the presence of hydrocarbons
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in the plasma.
Although the absolute ground state density of the molecular species, B

2
H
6
, CH

4
, C

2
H
2
,

C
2
H
4
and C

2
H
6
, has been studied for three general sets of hydrogen gas mixtures, i.e.

with small admixtures of diborane and/or methane further detailed investigations, in
particular regarding the in�uence of up-until-now not detected molecular species, will
be necessary. A better understanding of the phenomena of plasma surface interactions
with included substrates linked to modeling of chemistry and kinetics, should lead to the
possibility of improvements in diamond deposition technology.
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8 Summary and Outlook

The main objectives of this work has been the investigations of plasma chemsitry phe-
nomena in two types of plasma surface treatment processes, i.e. the active screen plasma
nitriding (ASPN) and nitrocarburizing (ASPNC) for the hardening of ferrous surfaces and
the microwave plasma assisted chemical vapor deposition (MW-PACVD) for the synthesis
of diamond, using emission and absorption spectroscopic and Langmuir probe methods.
With the help of infrared laser absorption spectroscopy (IRLAS) using tunable diode
(TDLs) and quantum cascade lasers (QCLs) as radiation sources the development of
the concentration of several molecular species could be monitored in-situ. Supplemented
by Fourier transformation infrared spectroscopy (FTIR) an overview of the detectable
stable species in the nitriding processes in the industrial scale ASPN reactor could be
achieved. Additional Langmuir probe measurements reveal the electrical properties of
the local post discharge region, i.e. the treatment region of the workload, in the ASPN
reactor. In all used plasma processes optical emission spectroscopy (OES) has been used
for the detection of molecular and atomic species in excited states.
The investigations of nitriding processes have been carried out in a 1 m3 industrial scale

ASPN reactor. A special designed model probe, situated in the middle of the reactor
surrounding the optical path of the infrared laser beam, has been used for simulating
a treated workpiece in the process. The studies have been performed in three di�erent
modes: (i) the CPN mode with the plasma only at the model probe, (ii) the ASPN mode
with the plasma at the active screen (�oated model probe) and (iii) the ASPN mode with
the additional plasma at the biased model probe. Using TDLAS and FTIR spectroscopy
the concentration of eight stable molecules (CH

4
,C

2
H
2
,C

2
H
4
, CO

2
, CO, NH

3
, HCN and

H
2
O) and of the methyl radical could be monitored in a range of 1012 to 1016 molecules.

With the help of OES the rotational temperature of the plasma could be determined.
The results obtained in the ASPN reactor can be summarized as follows:

i The degree of dissociation of both carbon containing precursors increases with the
plasma power, while that of CO

2
is higher than that of CH

4
.

ii The dominant reaction products are NH
3
and HCN, and CO when CO

2
is used as

the precursor.

iii A maximum of the formation of NH
3
is found at a H

2
content of 50 % in all three

performance modes.

iv Process temperatures of higher than 673 K leads to the thermal dissociation of
NH

3
.
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8 Summary and Outlook

v In CPN mode the gas temperature at the model probe, supplied with a plasma of
1 kW, was found to be ≈ 800 K.

vi The rotational temperature in the plasma increases linearly with the process tem-
perature measured at the model probe when increasing the plasma power.

vii The rotational temperature of the stable molecules is similar to the process tem-
perature measured at the active screen.

viii The additional usage of the plasma at the model probe compensates a part of the
screen plasma, leading to lower values of the total plasma power.

ix The simultaneous usage of the plasmas at the screen and at the model probe leads
to an increase of the concentration of HCN (by a factor of up to 2) and NH

3
(by a

factor of up to 4) when comparing with the solely usage of the active screen.

x NH
3
and HCN can be assumed as key reaction products in�uencing the nitriding

process.

Additional to the investigations in the ASPN reactor a laboratory scale plasma nitrid-
ing monitoring reactor, PLANIMOR, has been constructed. The outstanding feature of
this reactor is the linear con�guration of the electrode setup, avoiding the experimental
disadvantages of conventional laboratory scale cylindrical ASPN reactors. In the �rst
series of measurements the plasma chemistry in PLANIMOR has been compared with
that in the ASPN reactor, by using QCLAS and OES. While QCLAS enabled the de-
termination of the concentration of four stable species (CH

4
, C

2
H
2
, NH

3
and HCN) and

of the molecular species rotational temperature, OES enabled the detection of atomic,
molecular and ionic species in excited states and the determination of the rotational tem-
perature of the screen plasma. As the reference parameter for comparing both reactor
types the intensity ratio of the most sensitive spectral features in emission, i.e. the band
heads of the FNS of N2

+ and of the SPS of N
2
, has been used. In the second series of

measurements the carbon containing precursor has been substituted by the usage of a
meshed carbon electrode by exchanging the active screen made of steel with a carbon
screen. The results obtained in PLANIMOR can be summarized as follows:

i PLANIMOR enables the nitriding of iron plates forming compound layers with a
thickness comparable to that formed in the ASPN reactor.

ii The plasma chemistry in PLANIMOR is comparable to that of the ASPN reactor.

iii Most di�erences to ASPN are caused by the advantageous setup of PLANIMOR
with separate controlling of screen and sample plasma and sample temperature.

iv C
2
H
2
has been found as an additional reaction product in ASPNC processes.

v The substitution of the screen and of the carbon precursor by using a carbon screen
leads to a higher conversion e�ciency of HCN (by a factor of 30) and C

2
H
2
(by a

factor of 70). That of NH
3
is decreased by a factor of 2.5.
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For the detection of other relevant molecular species, in particular, of radicals future
work will be focused on an increase of the sensitivity of the infrared absorption diagnostics
and on a time-resolved analysis of the reaction kinetics within single discharge pulses.
Another focus will use the high research potential of PLANIMOR in overcoming the
constructional limitations of conventional ASPN reactors. For revealing plasma chemical
phenomena allocated mainly to the plasma region or to the region near the treated
surface, spatial resolved absorption measurements in PLANIMOR will be carried out.
Even the in�uence of the distance between the screen plasma and the treated sample will
be investigated.
In further experiments the focus will be moved to chemical phenomena near and in the
surfaces. In-situ surface diagnostics, as ellipsometry, a resistive probe or the usage of
infrared lasers with an ATR crystal are conceivable techniques.
Furthermore, the application of a carbon screen in an industrial scale ASPN process shall
be validated. As it has been shown in the frame of this thesis, both OES and QCLAS
provide powerful tools for the monitoring of hydrocarbon chemical processes and for the
process control.

In the MW-PACVD processes the concentrations of �ve stable species (CH
4
, C

2
H
2
,

C
2
H
4
, C

2
H
6
and B

2
H
6
) and of the methyl radical could be monitored in a range of 1012

to 1017 molecules cm−3, using in-situ TDLAS. This diagnostic technique enables the
determination of the rotational temperature of the stable molecules as well as the deter-
mination of the gas temperature of the CH

3
radical. The optical emission spectroscopy

enabled the determination of the atomic boron concentrations in a range of 1 × 1010

to 1.1 × 1013 atoms cm−3. The most important results obtained in the investigated
MW-PACVD processes are summarized as follows:

i With increasing power and pressure (from 27 mbar and 0.6 kW to 270 mbar and
4 kW) the degree of dissociation of CH

4
increases from 60 to 95 %, while the

maximum is reached from plasma power values of 3 kW, in plasmas containing H
2

and CH
4
.

ii In plasmas containing H
2
and B

2
H
6
the degree of dissociation of B

2
H
6
increases

from 85 to 95 % for increasing pressure and plasma power from 60 mbar and 1 kW
to 300 mbar and 4 kW, while the maximum is reached from plasma power values
of 2 kW.

iii C
2
H
4
is the most abundant reaction product for CH

4
admixtures of lower than 2 %.

When the CH
4
content exceeds this value, C

2
H
2
becomes the dominant reaction

product.

iv For low pressure and power the gas temperature in the plasma has found to be
2000± 200 K using the Doppler broadening of the CH

3
radical.

v The rotational temperature of the stable molecules increases from 340 to 425 K
with the increase of pressure and power.
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vi The results of modeling of the plasmas containing H
2
and CH

4
show good agreement

for the moderate pressure and power range.

vii The atomic boron concentration increases linearly with pressure and power.

viii The additional usage of CH
4
in H

2
-B

2
H
6
plasmas decreases the boron atom con-

centration by a factor of up to 30. B
2
H
6
is not detectable anymore.

ix The hydrocarbon chemistry is not in�uenced by the admixture of B
2
H
6
.

In future work the modeling of the plasma processes will be expanded on plasmas
containing B

2
H
6
and H

2
and also the admixture of both boron and carbon contain-

ing precursors in H
2
MW plasmas, leading to a better understanding of the chemical

phenomena in such processes. Another focus will be the phenomena of plasma surface
interactions with included surfaces. In situ applied surface diagnostics as ATR crystals
combined with high power radiation laser sources can provide a powerful tool for the
process control of the deposition technology of pure and doped diamond.
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