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Abstract

Within the last decade mid-infrared absorption spectroscopy over a region from 3 to
17um and based on tuneable lead salt diode lasers, often called tuneable diode laser
absorption spectroscopy or TDLAS, has progressed considerably as a powerful
diagnostic technique for in situ studies of the fundamental physics and chemistry in
molecular plasmas. The increasing interest in processing plasmas containing
hydrocarbons, fluorocarbons, organo-silicon and boron compounds has led to further
applications of TDLAS because most of these compounds and their decomposition
products are infrared active. TDLAS provides a means of determining the absolute
concentrations of the ground states of stable and transient molecular species, which is
of particular importance for the investigation of reaction kinetic phenomena.
Information about gas temperature and population densities can also be derived from
TDLAS measurements. A variety of free radicals and molecular ions have been
detected by TDLAS. Since plasmas with molecular feed gases are used in many
applications such as thin film deposition, semiconductor processing, surface activation
and cleaning, and materials and waste treatment, this has stimulated the adaptation of
infrared spectroscopic techniques to industrial requirements. The recent development
of quantum cascade lasers (QCLs) offers an attractive new option for the monitoring
and control of industrial plasma processes. The aim of the present paper is threefold:
(i) to review recent achievements in our understanding of molecular phenomena in
plasmas, (ii) to report on selected studies of the spectroscopic properties and kinetic
behaviour of radicals and (iii) to describe the current status of advanced

instrumentation for TDLAS in the mid-infrared.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Low-pressure, non-equilibrium molecular plasmas are of
increasing interest not only in fundamental research but also
in plasma processing and technology. Molecular plasmas are
used in a variety of applications such as thin film deposition,
semiconductor processing, surface activation and cleaning, and
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0963-0252/06/040148+21$30.00 © 2006 IOP Publishing Ltd Printed in the UK

in materials and waste treatment. The investigation of plasma
physics and chemistry in situ requires detailed knowledge of
plasma parameters, which can be obtained by appropriate
diagnostic techniques. The need for a better scientific
understanding of plasma physics and chemistry has stimulated
the improvement of established diagnostic techniques and
the introduction of new ones. Methods based on
traditional spectroscopy have now become amongst the most
important.
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Figure 1. Absorption of external radiation in a plasma according to
the Beer—Lambert Law [1].

Over the past decade, several new techniques have been
successfully introduced for diagnostic studies of chemically
reactive plasmas in which many short-lived and stable species
are produced. It has been possible to determine absolute
concentrations of ground states using spectroscopy thereby
providing a link with chemical modelling of the plasma.
The other essential component needed to reach the objective
of improved knowledge of molecular phenomena is to
determine physical parameters of the plasma by an appropriate
experimental methodology.

The methods of absorption spectroscopy (AS) are of
great importance in plasma diagnostics because they provide
a means of determining the population densities of species
in both ground and excited states.  The spectral line
positions provide species identification while line profiles are
often connected with gas temperature and relative intensities
provide information about population densities. An important
advantage of AS over optical emission spectroscopy (OES)
methods is that only relative intensities need to be measured to
determine absolute concentrations, avoiding the problems of
complete instrument calibration inherent in the OES methods.
Absorption spectroscopy has been applied right across the
spectrum from the vacuum ultraviolet (VUV) to the far infra-
red (FIR). Continuously emitting lamps (e.g. the Xe-lamp for
the VIS and NIR and the D,-lamp for the UV) and tuneable
narrow-band light sources (e.g. tuneable dye lasers, diode
lasers) can be used as external light sources.

In the case where an external light source has much
higher intensity than that of the plasma itself, the absorption
of radiation can be described by the Beer—Lambert law which
is,

1, () = 1,(0) exp(—« (v)I). )]

I,(0) and I,(l) are the fluxes of the radiation entering
and leaving the plasma, [ is the length of the absorbing
(homogeneous) plasma column and «(v) is the absorption
coefficient. Figure 1 illustrates this situation [1].

A wide variety of light sources, dispersive elements,
detectors and data acquisition methods can be used for
absorption spectroscopy [2]. The classic dispersion
experiment for measuring the density of atomic or molecular
states in plasmas by AS relies on continuous light sources and
a spectrograph with a suitable detector for the spectral range
of interest. The Fourier transform infra-red (FTIR) technique
with a Michelson interferometer also uses a continuous light
source for absorption measurements. The transmitted light
intensity depends on the (variable) optical path difference
between the mirrors in the two interferometer arms and yields
the interferogram carrying the spectroscopic information.
In contrast to dispersion techniques the FTIR spectrometer
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Figure 2. Schematic of the compositional structure of a lead salt
diode laser and inset photograph of the laser in its packaging [1].

records the whole spectrum simultaneously (multiplex or
Fellgett advantage). In principle, the resolution of FTIR can
be as high as 0.002 cm ™', determined by the distance scanned
by the moveable mirror, but at the expense of recording time.
Fractional absorptions as small as 10~* can be measured.

With the development of tuneable, narrow band light
sources such as tuneable dye lasers and infrared diode lasers,
these have been substituted for continuous light sources in
AS experiments. These narrow band laser sources have the
advantage of high spectral intensity, narrow bandwidth and
continuous tuneability over the absorption profile. Figure 2
shows a homostructure lead salt diode laser used for infrared
tuneable diode laser absorption spectroscopy (TDLAS) [1].

Alternatively tuneable infrared radiation can be generated
using the methods of difference frequency mixing or optical
parametric oscillators (OPOs). In the past these systems
however had the disadvantage of rather low radiation power
and were restricted to specific wavelength regions [3,4]. New
technical developments have led to solutions, which provide
up to a mW of single mode power and tuneability of up to
100cm™! [133,134].

Another highly sensitive novel laser technique is cavity
ring-down (CRD) absorption spectroscopy. This method is
based on the measurement of the intensity decay rate of a laser
pulse injected into an optical cavity formed by two very highly
reflective mirrors which also enclose the plasma. Absorptions
as low as 107° can be measured with an acceptable signal-
to-noise ratio [5]. Near infrared tuneable diode lasers have
been used as the light sources for CRD spectroscopy [6].
More recently, CRD spectroscopy has been applied for density
measurements of the SiH, radical and of nanometre sized dust
particles in silane plasmas [7] and for detecting NJ ions in
nitrogen discharges [8].

The increasing interest in processing plasmas containing
hydrocarbons, fluorocarbons or organo-silicon compounds has
led to further applications of infrared AS techniques because
most of these compounds and their decomposition products
are infrared active. FTIR spectroscopy has been used for in
situ studies of methane plasmas for a number of years, but it
is generally insufficiently sensitive for detecting free radicals
or ions in processing plasmas. TDLAS is increasingly being
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used in the spectral region between 3 and 20 ,um for measuring
the concentrations of free radicals, transient molecules and
stable products in their electronic ground states. TDLAS
can also be used to measure neutral gas temperatures [9]
and to investigate dissociation processes of molecular low
temperature plasmas [10-13]. The main applications of
TDLAS until now have been for investigating molecules and
radicals in fluorocarbon etching plasmas [9, 12, 14] and in
plasmas containing hydrocarbons [13, 15-21]. A wide variety
of low molecular weight free radicals and molecular ions have
been detected by TDLAS in purely spectroscopic studies,
e.g. Si; [22] and SiHj [23] in silane plasmas. Most of
these spectroscopic results have yet to be applied in plasma
diagnostic studies.

Molecular plasmas are increasingly being used not
only for basic research but also, due to their favourable
properties, for materials processing technology. These fields
of application have stimulated the development of infrared
spectroscopic techniques for industrial requirements. In order
to exploit the capabilities of infrared TDLAS for effective
and reliable on-line plasma diagnostics and process control
in research and industry, compact and transportable tuneable
infrared multi-component acquisition systems (IRMA, TOBI)
have been developed [24,25] (see section 4). These systems
are mainly focused on (i) high speed detection of stable and
transient molecular species in plasmas under non-stationary
excitation conditions and (ii) on sensitive (sub-ppb) trace gas
detection with the aid of multi-pass absorption cells.

The main disadvantage of TDLAS systems, based upon
lead salt diode lasers, is the necessary cryogenic cooling of
the lasers (and also of the detectors), because they operate
at temperatures below 100 K. Systems based upon lead salt
diode lasers are typically large in size and require closed
cycle refrigerators and/or cryogens such as liquid nitrogen.
The recent development and commercial availability of pulsed
quantum cascade lasers (QCLs) offers an attractive new option
for infrared absorption spectroscopy.

The present paper is intended to give an overview of recent
achievements which have led to an improved understanding of
phenomena in non-equilibrium molecular plasmas based on the
application of TDLAS techniques. The paper is divided into
three main sections: in section 2 special attention is devoted
to recent studies of plasma chemistry and reaction kinetics in
gas discharges containing hydrocarbons, organo-silicon and
boron compounds. A link is thereby provided with chemical
modelling of the plasmas. Section 3 concerns recent results
of spectroscopic properties and kinetic behaviour of selected
radicals, which are of special importance for reaction kinetics
and chemistry in molecular processing plasmas. The current
status of advanced spectroscopic instrumentation is described
in section 4.

2. Plasma chemistry and reaction kinetics

2.1. General considerations

Low temperature plasmas, in particular microwave and radio
frequency (RF) plasmas, have high potential for applications
in plasma technology. In molecular low temperature plasmas,
the species and surface conversion is frequently governed
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by high degrees of dissociation of the precursor molecules
and the high amounts of chemically active transient and
stable molecules present. For further insight into plasma
chemistry and kinetics a challenging subject is to study the
mainly electron induced plasma reactions leading to entire
series of different chemical secondary reactions involving
the whole group of substances making up the source gas
molecules. Hydrocarbon precursors are of special importance,
since they are used in a variety of plasma enhanced chemical
vapour deposition (PECVD) processes to deposit thin carbon
films. In all cases, the monitoring of transient or stable
plasma reaction products, in particular the measurement of
their ground state concentrations, is the key to improved
understanding of fundamental phenomena in molecular non-
equilibrium plasmas which can be applied in turn to many other
aspects of plasma processing.

Transient molecular species, in particular radicals,
influence the properties of nearly all molecular plasmas, both
in the laboratory and in nature. They are of special importance
in several areas of reaction kinetics and chemistry. The study of
the behaviour of radicals together with their associated stable
products provides a very effective approach to understand
phenomena in molecular plasmas. Radicals containing carbon
are of special interest for basic studies and for application in
plasma technology.

Although the methyl radical (CHj3) is acknowledged to be
one of the most essential intermediates in hydrocarbon plasma
chemistry, only a few methods are available for its detection in
situ. Sugai et al and Zarrabian et al employed the technique of
threshold ionisation mass spectrometry to detect the methyl
radical in electron cyclotron resonance plasmas containing
methane [26-28]. Based on cavity ring-down spectroscopy
with ultraviolet radiation CH3 concentration measurements
have been performed in a hot-filament reactor [29-31]. Most
of the measurement techniques for detecting the methyl radical
are based on absorption spectroscopy either with 216 nm
ultraviolet radiation or in the infrared near 606cm™!. For
example, the ultraviolet absorption of CH3 at 216 nm was
used for number density measurements by Child et al and
Menningen et al and in different CVD diamond growth
environments, hot-filament, dc and microwave plasmas [32—
34]. In 2003 Lombardi et al performed a comparative study
to detect methyl radicals using both broadband ultraviolet
absorption and TDLAS [35] (see section 3.1).

The infrared TDLAS technique has proven to be highly
useful because it can also be used to measure the concentrations
of related species provided they are IR active. Already in
1990 Wormhoudt demonstrated this flexibility by measuring
CH; and C;H; in a CH4—H; RF plasma using a long path
plasma absorption cell [36]. Actually, TDLAS is probably
the best method for detecting the methyl radical for several
reasons. The v, out-of-plane bending mode is not only intense
but has many lines between 600 and 650cm™'. It is then
possible to derive rotational and vibrational temperatures from
their relative intensities. The (J/ = K) Q-branch lines of
the v, fundamental band near 606 cm™! are particularly useful
because several of them lie within 0.5 cm™~! of each other, i.e.
within a single laser spectral mode. Rotational temperatures
in the plasma are therefore easily measured from them. For
more than a decade, quantifying the concentrations of methyl
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Figure 3. (a) Experimental arrangement of the planar microwave plasma reactor (side view) with White cell multiple pass optical
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radicals via the determination of the line strength of the Q (8, 8)
line of methyl at 608.3 cm™! by Wormhoudt and McCurdy
has been highly important [37]. In 2005 using the decay of
the methyl radical in the off-phase of pulsed plasmas new,
precise measurements of the transition dipole moment of the v,
fundamental band have been performed [38] (see section 3.2).

One of the most successful applications of TDLAS is
for studying the decomposition of hydrocarbons in a variety
of PECVD processes. Systematic TDLAS measurements of
several different hydrocarbons, including methyl, in a 20 kHz
methane plasma in a parallel plate reactor were reported by
Davies and Martineau [10, 39, 40]. Goto and co-workers
have published numerous studies of methyl and methanol
concentrations in RF and electron cyclotron resonance (ECR)
plasmas under different conditions, e.g. investigating the
influence of rare gases on the plasma. They have also combined
IR absorption with emission spectroscopy and investigated the
effect of water vapour on the methyl radical concentration in
argon/methane and argon/methanol RF plasmas using TDLAS
[17,18,41-43]. Kim et al measured CH3, C,H, and CH;0H
concentrations in methanol/water RF plasmas by TDLAS and
found that methanol was almost completely dissociated even
at medium applied power levels [44]. In 1999 a group of
eleven species, CHy, CoH,, C,H4, C,Hg, CO, CO,, CHs,
H,0, CH,0, CH3;0H, HCOOH, were detected in O,—H,—
Ar microwave plasmas with small admixtures of methane or
methanol by TDLAS [13]. Busch ef al monitored the densities
and temperatures of CHy,0,, CH3, CO and CO, and studied
aspects of the chemistry in a capacitively coupled RF discharge
in 2001 [20].

2.2. Molecular microwave plasmas containing hydrocarbons

In recent years several types of microwave discharge
containing hydrocarbons as precursor gases have been at the
centre of interest. The most recent applications of TDLAS
for plasma diagnostic purposes include studies in which many
different species have been monitored under identical plasma

conditions [35,45]. These experimental data have frequently
been used to model plasma chemical phenomena.

2.2.1.  Studies in planar microwave reactors. In 2003
Hempel et al studied hydrocarbon plasmas with admixtures
of nitrogen in a planar microwave reactor [46] using a
tuneable diode laser (TDL) spectrometer [45]. The interest
in such plasmas is based on various applications including
deposition of diamond layers [47—-49] and of hydrogenated
carbon nitride films [50-53], detoxification of combustion
gases [54], conversion to higher hydrocarbons [55], studies
of astronomical objects such as interstellar clouds and stellar
atmospheres [56,57]. Such types of plasma are also gaining
importance in fusion physics, since they are representative of
the edge discharges observed in the proximity of the carbon
surfaces of the tokamak divertors [58].

Figure 3 shows the experimental arrangement. Hempel
and co-workers used TDLAS to detect the methyl radical and
nine stable molecules, CHy, CH3;0OH, C,H,, C,H4, C,Hg,
NH;, HCN, CH,O and C;N,, in H,—Ar-N, microwave
plasmas containing up to 7% of methane or methanol,
under both flowing and static conditions. The degree of
dissociation of the hydrocarbon precursor molecules varied
between 20% and 97%. The methyl radical concentration
was found to be in the range 10'-10'3 moleculescm™3. It
was established by analysing the temporal development of the
molecular concentrations under static conditions that HCN and
NH; are the final products of plasma chemical conversion.
The fragmentation rates of methane and methanol and the
respective conversion rates to methane, hydrogen cyanide and
ammonia were determined for different relative proportions of
hydrogen to nitrogen.

The novel experimental aspect introduced by Hempel et al
was the installation of multiple pass optics directly within the
plasmas reactor to achieve higher sensitivity. Twenty four
passes were realized with the White cell arrangement, leading
to an optical length inside the reactor of about 36 m [59].
Figure 3(b) shows a ray diagram of the alignment within the
White cell [60].
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Figure 4. TDL absorption spectra of some methyl and methanol
lines in a H,—Ar—N,—CH;OH microwave discharge (1,3,7—CHs;
2—CH;0H; 4,5,6—N,0). The dotted lines due to N,O are from a
reference gas cell placed in the beam path [45].
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In fact, it is sometimes possible to detect the IR spectra of
more than one species in a single laser mode using TDLAS, as
shown in figure 4. As an example of the experimental results
figure 5 gives an overview of the mass balance and degree
of dissociation, as well as the product concentrations which
range over five orders of magnitude in a methanol containing
discharge under flowing conditions as a function of the nitrogen
flow rate. A key objective of this type of study is to be able to
model the chemistry of the plasma, for which it is necessary
to monitor as many plasma species as possible.

In an earlier paper chemical modelling was successfully
used to predict the concentrations of molecular species
in methane plasmas in the absence of oxygen and the
concentration trends of the major chemical products as oxygen
were added [13,61,62].

In the work of Hempel et al chemical modelling of the
methane plasma with admixtures of nitrogen under static
conditions was performed to predict the concentrations of those
gaseous species which had been detected so far. A total of
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H,-N,—Ar—CH,-plasma (white—measured by TDLAS,
grey—calculated) [45].

145 reactions for 22 gaseous species were included in the
model leading to relatively close agreement of experimental
and calculated concentrations and to improved knowledge of
the main chemical reaction pathways and plasma chemical
processes [45].

The rate coefficients for the electron collision processes
have been determined by solving the time-dependent
Boltzmann equation for the given values of the reduced electric
field, microwave frequency and mixture composition up to
the establishment of the steady state. This electron kinetic
equation has been solved by means of the multiterm method
described by Loffhagen and Winkler [63]. Respective cross
sections for electron impact collisions for hydrogen, argon,
oxygen and methane were taken from the established literature
[61, 64, 65]. Figure 6 shows the calculated total electron
impact dissociation rate coefficients for hydrogen, nitrogen
and various hydrocarbons as a function of the reduced electric
field strength.

A comparison of modelled and experimental species
concentrations in a representative Hy—N,—Ar—CHy-plasma is
presented in figure 7 showing good agreement between them.
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deposition and the integrated TDL spectrometer IRMA) [68].

2.2.2. Studies in bell jar microwave reactors. Microwave
PECVD bell jar reactors are used to produce diamond films
with different morphologies depending on the gas mixture
used, e.g. poly-crystalline diamond (PCD) for CH4 strongly
diluted in H, and nano-crystalline diamond (NCD) for
Ar/H,/CH4 plasmas. The microwave plasmas generated in
a bell jar reactor present a very complex chemistry, due to
significant thermal gradients between the plasma bulk and the
growing diamond surface. In order to improve the deposition
process and optimize growth rates, a detailed spatially resolved
physico-chemical modelling of the discharge is required.
These models need to be experimentally validated, and TDLAS
is a particularly relevant tool to provide hydrocarbon densities
which can be compared with calculated values.

As anexample, one can give a brief comment about studies
performed in discharges used for NCD synthesis. Since the
demonstration of the feasibility of its deposition ten years ago
[66], NCD films have been the subject of increasing interest.
This interest was motivated by the fact that, in addition to some
physical properties similar to those of PCD, NCD possesses a
very low thickness-independent roughness suitable for some
tribological and electronic applications that often require very
smooth films [66,67].

In a recent paper Lombardi and co-workers characterized
Ar/H,/CH4 microwave discharges used for nanocrystalline
diamond deposition in a bell jar cavity reactor by both
experimental and modelling investigations [68]. Figure 8
shows a schematic diagram of the microwave PECVD bell
jar reactor used for nanocrystalline diamond deposition and
Ar/H,/CH4 microwave discharge diagnostics. The usual feed
gas used for the microwave PECVD process employed for
NCD film synthesis is an Ar/H,/CH4 gas mixture characterized
by low H, and CH4concentrations [66].

Discharges containing 1% CH4 and H, percentages
ranging between 2% and 7% were analysed as a function of the
input microwave power under a pressure of 200 mbar. TDLAS
was employed in order to measure the mole fractions of carbon-
containing species such as CHy, C;H, and C,Hg present. A
thermo-chemical model was developed and used in order to
estimate the discharge composition, the gas temperature and
the average electron energy assuming a quasi-homogeneous
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Figure 9. CH, mole fraction calculated in the Ar/H,/CH,4
microwave discharges under 200 mbar as a function of the absorbed
MWP and for different %H, [68].

plasma. Experiments and calculations yielded consistent
results with respect to plasma temperature and composition.
The CH4 mole fraction calculated in the Ar/H,/CH4 microwave
discharges under 200 mbar pressure as a function of the
absorbed MWP and for different %H, is shown in figure 9.

Similar analysis associating modelling and TDLAS
measurements were also performed in the case of PCD
deposition using H,/CH4 plasmas [69, 70], with special
emphasis on the detection of the methyl radical which plays
a major role in the gas phase chemistry and the deposition
process.

2.2.3. Studies in surface wave discharges. A challenging
subject of plasma technology is the effective conversion of
natural gas, which has methane as the main constituent,
to higher hydrocarbons. In the last decade, a variety
of papers have been published studying the conversion
of hydrocarbons by different experimental and theoretical
approaches. Only some recent examples shall be given here;
a more comprehensive discussion can be found in [13, 61].
Bugaeyv et al investigated the oxidative conversion of a mixture
of natural gas and oxygen in a barrier-discharge by monitoring
stable reaction products using gas chromatography [71]. Hsieh
et al used a RF plasma to convert methane into acetylene,
ethylene and ethane, which were detected by Fourier transform
infrared spectrometry [72].

In contrast to the many studies of RF plasmas systematic
investigations of plasma chemistry and kinetics in molecular
surface wave discharges are rather rare. Due to the working
conditions of the surface wave discharge, the gas flow and
the pressure can be varied over a relatively wide range. Spatial
effects appear mainly only in one dimension, in the direction of
the discharge tube axis, and can be modelled relatively easily.

TDLAS has been used to detect the methyl radical and
four stable molecules, CH4, C,H,, C,Hy4, CoHg, in a Hysurface
wave discharge (f = 2.45GHz, power density ~10-
50 W cm™3) containing up to 10% of methane under different
flows (& : 22-385sccm) and pressures (p : 0.1-4 Torr).
Figure 10 shows the schematic diagram of the experimental
set-up [62]. For the TDLAS measurements a compact and
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TDLAS (P = 600 W, p = 1.3 mbar, 10% CH,), ®, C;H,; v, C,Hy;
m, C;Hg [62].

transportable infrared multi-component acquisition (IRMA)
system was used [24].

The degree of dissociation of the methane precursor varied
between 20 and 85% and the methyl radical concentration was
found to be of the order of 10'? molecules cm—3. The methyl
radical concentration and the concentrations of the stable C-2
hydrocarbons C,H,, C,H4, C,Hg, produced in the plasma,
increased with increasing amounts of added CHy as well as
with increasing pressure. For the first time, fragmentation
rates of methane (Rp(CHy): 1 x 105-2.5 x 10'® molecules
J=1) and conversion rates to the measured C-2 hydrocarbons
(Rc(CoH,y): 5 x 103-3 x 10" molecules J=') and their
dependence on flow and pressure in a surface wave discharge
could be estimated. Figure 11 shows the rate of conversion
as a function of flow in a H,—CH, plasma in a surface wave
discharge measured by TDLAS. The influence of diffusion
and convection on the spatial distribution of the hydrocarbon
concentration in the discharge tube was considered using a
simple model [62].

The following plasma chemical phenomena were found
under flow and pressure variation: (i) a lower degree of
dissociation of CH4 at higher flows but increasing absolute
rates of fragmentation leading only to slightly reduced
concentrations of the measured C-2 hydrocarbons and (ii) an
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increasing degree of dissociation with pressure corresponding
to higher rates of fragmentation [62].

2.3. Fragmentation of hexamethyldisiloxane in RF discharges

Plasmas containing organosilicon precursors are used in
a variety of plasma enhanced chemical vapour deposition
(PECVD) processes to deposit thin films with advantageous
mechanical, electrical or optical properties. For many years
the well-established plasma-assisted polymerization technique
has been based on hexamethyldisiloxane (HMDSO), (CH3)3—
Si—O-Si—(CH3)3, one of the simplest siloxane compounds
[73]. Nevertheless, to open up new applications the deposition
of coatings with a wide range of chemical and physical
properties by varying plasma parameters is a challenging topic
in plasma technology.

The analysis of the properties of various discharges
containing HMDSO and of the chemical structure of deposited
layers has along and interesting history; for details see [74,75].
As far as it is known, no absolute concentrations of reaction
products in HMDSO plasmas have been ever measured. Only
in his early paper in 1973 Schmidt used mass spectrometry to
determine the fraction of reaction products in HMDSO glow
discharges under static conditions [76]. In 1994 based on
mass spectrometry, the same group published estimates of the
relative concentrations of methyl and methane in HMDSO/Ar
discharges [77].

Recently spectroscopic diagnostic studies of pure
HMDSO plasmas and of admixtures of argon in a low-
pressure, asymmetric, capacitively coupled radio frequency
discharge (f = 13.56 MHz) have been described [75]. In
these TDLAS studies, the methyl radical and three stable
molecules, CH4, CoH, and C,Hg, were detected. For the first
time the methyl radical concentration and the concentration
of hydrocarbons, produced in the plasma, have been measured
while the discharge power (P = 20-200 W), total gas pressure
(p = 0.08-0.6 mbar) and gas flow rate (M = 1-10 sccm) were
varied. One of the objectives was to determine conversion
rates into the measured hydrocarbons as a function of flow,
power and pressure. The analysis of gas phase phenomena
was completed by deposition experiments and by mass
spectrometric studies.

The experimental arrangement of the low pressure,
asymmetric RF discharge and the tuneable diode laser (TDL)
systemis shownin figure 12. Asanexample, figure 13 presents
molecular concentrations as a function of power in a pure
HMDSO plasma measured by TDLAS. This figure gives an
overview of the mass balance and of hydrocarbon product
concentrations, ranging over three orders of magnitude, in pure
HMDSO plasmas. An increasing amount of power coupled to
the plasma leads to higher concentrations of the (measured)
stable hydrocarbons reaching saturation values at about 80 W
[75].

The methyl radical concentration was found to be of
the order of 10'*> molecules cm™3, while methane and ethane
were the dominant stable hydrocarbons with concentrations
of 10'-10" moleculescm™3.  Conversion rates to the
measured stable hydrocarbons (Rc(C H,): 2 x 102-2 x
10" molecules J=! s~!) could be estimated as a function of
power, flow, mixture and pressure. Under the experimental
conditions used, a maximum polymer deposition rate of about
400 nm min~! was found [75].
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2.4. On NOy production and volatile organic compound
removal

Recent concerns about air quality have led to increasing
research in the field of pollution abatement from gas exhausts.
Apart from conventional techniques, such as catalysis,
scrubbers and active carbon, the use of electric discharges is
a promising technique for toxic gas removal, especially when
these gases are present in low concentrations [78—83]. There is
of course a wealth of literature dealing with the NO, problem
and so only a single example dealing with new aspects is
presented here.

One of the key issues when studying plasma processing
for gas treatment is to make sure that no undesirable by-product
results from the process. Among them, NO, compounds are
readily produced in air plasmas. The production of undesirable
NO and NO, and the removal of 3-pentanone, an example of a
volatile organic compound (VOC), has been studied in a pulsed
microwave discharge in air at near atmospheric pressures. The
influence of changing pulse duration from 25 to 500 us and
of the pulse repetition rate from 10 to 500 Hz is reported. At
a relatively high pressure of p = 800 mbar plasma ignition

detector

diode laser IR

N/
plasma X e |
+ .
i : A4
Gasflow T A
N2/02 BaT|O3
VOC coupling _|
device

Multipath cell

Figure 14. Experimental set-up: plasma generator, laser device and
the multipass cell where the infrared laser beam is collimated. The
microwave power is injected into the plasma via a ‘surfaguide’. The
plasma is generated in a quartz tube in contact with high dielectric
permittivity BaTiO; pellets. The gas pressure is 800 mbar in the
plasma reactor and 1 mbar in the multipass cell [84].

is achieved by inserting BaTiO3 pellets inside the microwave
excitator.

Both NO and NO, could be measured simultaneously
using TDLAS spectroscopy in the infrared region. NO,
densities as high as several thousands ppm were found to be
produced at high specific energies. In contrast to what was
expected, the use of short pulses did not lead to an effective
curtailment of the NO, production. It was found that the NO,
formation depended only on the average power injected into
the plasma independent of the pulse duration and repetition
rate.

Furthermore, the efficiency of the pulsed microwave
discharge for VOC oxidation, in this case of 1400 ppm of 3-
pentanone in dry air, has been studied. The VOC removal
efficiency was determined using gas chromatography. The
oxidative efficiency of the discharge was found to increase
linearly with the pulse repetition rate as well as with the
pulse duration, the power duty cycle ratio being the key
parameter [84]. Figure 14 shows the experimental set-up:
plasma generator, laser device and the multipass cell where the
infrared laser beam is collimated. In figure 15 the production
of NO and NO; as a function of the pulse duration for different
pulse repetition rates is shown.

2.5. Detecting boron hydrides in microwave plasmas

Non-equilibrium low-pressure plasmas containing boron,
commonly used in combination with other reactive molecular
gases, are widely employed for surface treatment in a variety
of PECVD processes, for example, to deposit thin hard films of
diamond or boron nitride [85-90]. Also this type of plasma is
used for producing semiconductors and thermo-polymers and
is also of interest in astrophysics and for jet engines and rocket
propulsion. Various precursor molecules such as BCl;, BF;
or B,Hg are used to provide boron containing species in the
plasma.

In contrast to the rather widespread application of
plasmas containing boron and hydrogen not much is known
about internal plasma properties and phenomena, including
processes of precursor fragmentation, plasma heating and
related dissociation processes.
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Figure 15. Production of NO and NO, as a function of the pulse duration for different pulse repetition rates. The gas flow rate was 250 sccm

of dry air (N, : O, = 4: 1) at 800 mbar [84].
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Figure 16. Part of the absorption spectrum of diborane recorded in
the H,—Ar-B,Hg (64 :33:3) gas flow (dots) and in the H,—Ar-B,Hj
discharge plasma at p = 1.5 mbar, P = 1.5kW (open circles). The
arrows show two spectral lines of the Q branch of the BH; radical
produced in the plasma, at 2596.077 cm™' Q(3, 0) and
2596.764cm™! Q(1, 0) [94].

The structure and molecular constants of the BHj3
molecule were determined from the analysis of its v, and v3
fundamental bands by TDLAS and FTIR, respectively [91,92].
Chemical aspects of boron nitride deposition in Ar—B,Hg—
NH; and Ar-B;Hg—N; RF discharges were studied by FTIR
absorption spectroscopy [87]. In the spectral range between
500 and 3500cm~! several diborane bands were detected.
It was observed that their intensity decreased due to B,Hg
dissociation caused by the discharge activity.

The basic spectroscopy and reaction kinetics of diborane
and its fragmentation products, BH3; and BH [93], have been
widely studied, but investigations of the behaviour of these
boron hydrides in non-equilibrium plasmas are uncommon.
Only in their recent FTIR study of Ar-B,H¢—NHj3 and Ar—
B,Hg—N; RF discharges did Franz et al find, not surprisingly,
a decreased absorption of diborane bands in the plasma
compared with the gas phase. They were able to roughly
estimate the degree of dissociation of the precursor but the
behaviour of the other fragmentation products was not reported
[87].

The TDLAS measurements were performed with the
IRMA system to measure absorption lines of B,Hg, BH3 and
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Figure 17. The spectral distribution of the absorption coefficient of
N,O (@) and BH (O) molecules measured in a N,O reference gas
cell and in a Hy—Ar-B,Hg microwave plasma (P = 2.5kW,

p = 2.5mbar). The proportions in the H,—Ar-B,Hg gas mixture
were (64:33:3) [94].

BH. For the detection of the BH radical an optical multiple
pass arrangement was used providing higher sensitivity.

Since the TDLAS method does not provide overview
spectra over a wide range selected spectral windows were
chosen, where absorption features of the species of interest
such as ByHg, BH3 and BH could be expected. An example
of absorption spectra containing lines of B,Hs and BHj3 is
presented in figure 16. Although the infrared spectrum of B,Hg
is rather rich in lines in the vicinity of 2596 cm~!, two BHj
lines, even at absorptions less than a few per cent, can be clearly
identified.

The analysis of the profile of two BH absorption lines
of the 1-0 band of the BH X'X* state, at 2143.39 cm~' and
at 2170.0391 cm~' [94], provided an additional approach to
measure the gas temperature (figure 17). A typical example of
an absorption spectrum of BH together with N,O lines used
for identification and calibration of the wavenumber is shown
in figure 17.

Normalized on the maximum, or in the case of diborane
normalized on its absorption with the plasma off, the
absorption coefficients of B,Hs, BH3; and BH lines as a
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Figure 18. Integral absorption coefficients of B,Hg (O0—Tline at
position 2596.280 cm™'), BH; (A—line at 2596.077 cm~') and BH
(O—line at 2143.39 cm™') measured in the H,-Ar-B,Hg discharge
plasma (64 :33: 3 a gas mixture) as a function of the microwave
power (p = 1.5mbar, ® = 150 sccm, in the case of diborane
normalized on its absorption in the gas flow without discharge). For
clarity, straight lines are drawn from P = 1.4kW to P = OkW [94].

function of the discharge power are shown in figure 18. The
increase in electron density (due to the increase in microwave
power) leads to a decrease in the density of diborane in
favour of BH3 up to a maximum around P = 1.6kW. On
further increasing the power the BH3 density decreases while
the diatomic molecule boron hydride (BH) shows a rapid
growth in its density. This behaviour should be considered
as direct evidence of the electron impact character of the
dissociation in the present conditions. The straight dotted
lines drawn in figure 18 from O to 1.4 kW represent possible
trends of the population densities of those species in the plasma.
Unfortunately, absolute values of the particle densities cannot
be obtained yet because of the lack of assignment of the
absorption lines to certain rovibronic transitions (in the case of
B,Hp) and of values of the corresponding Einstein coefficients
for the boron hydrides under study. The determination of line
strengths of the transient molecules, BH; and BH, would be
of great importance for further quantifying measurements (for
details see [94]).

3. Kinetic studies and molecular spectroscopy of
radicals

3.1. Comparative study of CH3 detection by IR-TDLAS and
UV absorption techniques

The methyl radical is important not only in carbon film
deposition plasmas but also in combustion and in atmospheric
and interstellar molecular chemistry. Although in recent
years several studies to quantify the methyl concentration in
hydrocarbon plasmas have been performed in the ultraviolet
and infrared spectral range, never have both spectroscopic
approaches been compared directly to verify the applicability
of the absorption cross sections or line strengths for the
conditions under study. This comparison is of particular
importance since the validity of the line parameters is directly
related to the accuracy of calculated methyl concentrations and
in turn to the quality of related plasma chemical modelling.
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Figure 19. Ultraviolet transmission spectrum of methyl in a
H,-CH,4 microwave plasma in the bell jar reactor. The measured
spectrum is fitted by a calculated spectrum representing a sum of the
P-, O- and R-branches of the BCA}) <« X(zAg) transition. A
polynomial fit, shown inset, was used to determine the baseline.

(p = 25mbar, P = 600 W, MWPD = 9W cm 3, &y = 200sccm,
H, + 4% CH,4 admixture [35]).

For the purpose of concentration measurements, the
frequencies, absorption cross sections or line strengths and the
pressure broadening coefficients of the lines need to be known
accurately. Unfortunately, the number of quantitative studies
is relatively small and the validity of the reported values is
limited (for details see [35]).

Recently a comparative study has been performed in
plasmas of two different microwave reactors (f = 2.45 GHz),
(i) in Ho—Ar plasmas with small admixtures of methane or
methanol in a planar microwave reactor, at a pressure of
1.5mbar, and (ii) in H,—CH4 plasmas in a bell jar reactor,
at pressures of 25 and 32 mbar.

The planar microwave plasma reactor used for these
experiments is comparable to that shown in figure 3(a). Details
of the reactor, the infrared tuneable diode laser and broadband
ultraviolet spectrometer can be found elsewhere [95-97]. A
schematic diagram of the bell jar reactor together with the
optical arrangement is shown in figure 8 [33,35,98].

For classical absorption measurements in the ultraviolet
spectral range a deuterium lamp is the light source and a
monochromator of medium spectral resolution combined with
(i) an optical multi-channel analyser as detector (method 1)
or (ii) employing chopper modulation and a photo multiplier
detector together with a lock-in amplifier (method 2). In the
current work, the absorbance of the methyl radical in the
ultraviolet spectral region was determined by the best fit of
the measured spectrum to a calculated spectrum representing
the P-, Q- and R-branches of the B(*A]) <« X(®A))
transition. Figure 19 shows a typical example of an ultraviolet
transmission spectrum of methyl, together with the related
fits, in a H)—Ar—CH3;OH microwave plasma using the planar
reactor.

For infrared absorption measurements in the planar
reactor, a one-channel TDLAS system [13] and, in the bell jar
reactor, the IRMA system were used [24]. The data acquisition
method was an advanced form of sweep integration including
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Figure 20. The concentration of the methyl radical as a function of

the methane admixture in the planar microwave reactor measured by
ultraviolet and infrared absorption techniques (B—TDLAS Q(3, 3)

line, x—UYV absorption method 1, O—UYV absorption method 2,

p = L.5mbar, P = 1.5kW, @, = 555 scem) [35,101].

the non-linear least-squares fitting of the methyl line shapes
[99,100].

Figure 20 shows the concentration of the methyl radical
as a function of the flow rate of methane measured by
ultraviolet and infrared absorption techniques in the planar
microwave reactor. Taking into account the uncertainties of
the UV absorption cross section and of the line strength,
the data shown in figure 20 demonstrate that the results of
both techniques are in excellent accord. In addition to data
former published by Lombardi et al [35] the influence of
stimulated emission has been considered [101]. In summary,
the present comparative quantitative study of the methyl radical
by broadband ultraviolet and infrared absorption techniques in
the non-equilibrium plasma of a planar microwave reactor has
led to a significant result: the application of the CH3 absorption
cross section of the B(ZA’I) «~— X (2A;) transition at 216 nm,
reported by Davidson ef al [96], and of the line strength of
the Q(8, 8) line of the v, fundamental band near to 16.6 um,
found by Wormhoudt and Mc Curdy [37], gives, within the
errors of the measurements and of the spectroscopic data, the
same concentration. For further details see Lombardi et al [35].

3.2. Line strengths and transition dipole moment of CH3

This section describes a new measurement of , for the v,
fundamental band of the methyl radical in order to resolve the
differences between earlier experimentally measured values
and between experiment and theory. The method used for
determining the absolute methyl radical concentrations was
the same as that used by Yamada and Hirota [15]. However,
integrated intensities and many more methyl radical lines were
used. Furthermore, the kinetic conditions were more precisely
specified and the temperature determined more exactly. The
resulting value of p, is now in much better agreement with
theory.

The methyl radical has no electric dipole allowed
rotational transitions because of its Dz, symmetry and so

S158

1.2
0.8
)
(8]
C
3
04 -
o
- Q33
Q4
0.0 Q
22 Q1,1
T T I‘ T
606.0 606.1 606.2 606.3 [cm™]

Figure 21. Survey spectrum showing several (J = K) Q branch
lines of the v, fundamental of the CHj; free radical around the band
origin. The spectrum represented by the dashed line is a calibration
spectrum from N,O and CO, [38].

IR spectroscopy is one of the few suitable methods for its
detection. The determination of methyl radical concentrations
in terrestrial and astronomical sources using IR spectroscopy
relies on the availability of accurate line strengths and
transition dipole moments. The v, band of CH3 is the strongest
among its IR active fundamentals and particularly useful for
quantitative measurements. The need for a more accurate and
precise value of ., has been highlighted by the measurements
of CH3 in the atmospheres of Saturn [102], Neptune [103] and
in the interstellar medium [104].

The experimental set-up of the planar microwave plasma
reactor with the optical arrangements used for the methyl
transition dipole moment study is comparable to that shown
in figure 3(a). Details of the diode laser spectrometer, IRMA,
and discharge absorption cell have been reported elsewhere
[24,46]. The methyl radical was produced in mixtures of
tertiary butyl peroxide ([(CH3)3CO]J,) and argon at a total
pressure of 1 mbar. Two kinds of experiment were performed:
(a) time-dependent measurement of the decay of the absorption
coefficient when the discharge was turned off, to obtain
absolute methyl concentrations and (b) measurements of the
absorption coefficients of different rovibronic lines. In total
ten lines were studied in the fundamental band, seven in the
first hot band and one from the second hot band. A survey
spectrum of the Q-branch region of the v, fundamental band
is shown in figure 21.

In order to derive accurate line strengths and the
transition dipole moment, it is necessary to obtain the absolute
concentration of the methyl radical and its temperature in the
discharge. The decay method was the experimental approach
for methyl radical concentration measurements. The plasma
was switched on and off for periods of ten seconds and
the decay of the methyl radical signal measured during the
off period with ms time resolution [99, 100]. The absolute
concentration was obtained from the decay of the integrated
absorption coefficient and the recombination rate constant. It
is well known from numerous kinetic studies that the main loss
channel under the conditions used here is self-recombination
via a three body reaction. Hence, by measuring the integrated
absorption coefficient as a function of time and knowing
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Figure 22. Line strengths, S, for different Q branch transitions of CHj as a function of temperature. Values calculated from the reference

temperature values at 296 K [38].

the value of the recombination rate constant the absolute
concentration of the methyl radical can be obtained.

The rate constant k; for the self-recombination reaction
of methyl radicals has been extensively investigated in
experimental and theoretical work [105-112]. The selected
value for k; was based on the compilation of Baulch et al
and was appropriate for the specific temperature and argon
concentration [38, 113]. The translational, rotational and
vibrational temperatures of the methyl radical were measured.
A near similarity of Ti,s and Ty, was observed. Based on
experimental results the vibrational temperature was found
to be in equilibrium with the translational and rotational
temperature within experimental uncertainties, i.e. Ty, =
600 K. For details see [38,101].

Figure 22 shows an example of the temperature
dependence of the line strengths of several transitions from the
lower energy levels. The line strengths have been calculated
from the experimental data. It should be mentioned that the
line strength dependences can be used to determine the gas
temperature when two absorption coefficients are measured.
Measuring the ratio of two absorption coefficients is the
same as the ratio of their line strengths. Taking a measured
absorption coefficientratio, the temperature for which their line
strength ratio is the same determines the rotational temperature.
In recent measurements (not shown here) which were done
in a hot filament diamond deposition reactor [114] the gas
temperature has been determined from the ratio of Q(6, 6)
and Q(12, 12). The gas temperature was found to be about
800 K near the deposition substrate, which was essentially the
same as the temperature measured by a thermocouple probe.

The line strengths of the nine Q branch lines in the
vy fundamental band of the methyl radical in its ground
electronic state were used to derive a more accurate value of the
transition dipole moment of this band: u, = 0.215(25) Debye.
Improved accuracy over earlier measurements of u was
obtained by integrating over the complete line profile instead
of measuring the peak absorption and assuming a Doppler line

width to deduce the concentration and the derivation of more
accurate temperatures by examining a large number of lines.
In addition a more precise value for the rate constant for methyl
radical recombination than available earlier was employed.
The new value of u; is in very good agreement with high
quality ab initio calculations. Furthermore, the ratio of the
transition dipole moments of the v, and v3 fundamental bands
in the gas phase is now in highly satisfactory agreement with
the ratio determined for the condensed phase. Figure 23 shows
the chronological summary of calculated and measured values
of w, the transition dipole moment of the v, fundamental band.

3.3. Molecular spectroscopy of the BO radical

Transient molecular species, to be found in the gas phase
and in plasmas in particular free radicals, are amongst the
most fascinating species in the field of molecular spectroscopy.
They are of special importance for several areas of reaction
kinetics and chemistry. The study of the high resolution spectra
of radicals provides a very effective approach to understand
their properties and dynamics. There is continuing interest
in the boron and oxygen containing intermediates [115] that
may be formed during the oxidation of elemental boron
leading eventually to the final, thermodynamically stable,
oxide product, B,O3;. However, relatively little is known
about the spectroscopy of these species in the gas phase.
Only the simple oxides BO and BO, have been investigated
in detail by high-resolution spectroscopy. Both of these
radicals have electronic emission spectra in the visible region
of the spectrum. In the case of BO there are two extensive
band systems, the A’IT-X?X and B?’X-X’%, which have
been studied since the early days of quantum mechanics, for
example, by Mulliken [116]. Most relevant are the recent
analyses of these band systems by Coxon et al [117] and Mélen
et al [118]. In addition, the microwave spectra of the two
lowest rotational transitions of the radical have been reported
by Tanimoto et al [119].
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Figure 23. Chronological summary of calculated and measured values of 15, the transition dipole moment of the v, fundamental band of

CH3; [38].

Recently, a study has reported on the fundamental bands
of the '°B and ''B isotopomers of BO in their ground 2%*
states, detected in natural abundance in the O + BCl; reac-
tion, at Doppler limited resolution using tuneable diode laser
absorption spectroscopy. It extended a preliminary study re-
ported earlier, in which only the spectrum of 'BO was ex-
amined quantitatively [120]. The radicals were made ina 1 m
long White-type absorption cell with 26 passes, following the
method described by Clyne e al and Llewellyn et al [121,122].
Oxygen atoms were produced by partially titrating a flow of ni-
trogen atoms, generated in a 2.45 GHz microwave discharge in
molecular nitrogen, with nitric oxide to just below the end point
so that some nitrogen atoms remained in the gas flow. Boron
trichloride vapour was then added to produce an intense, light
blue chemiluminescence from the emission of BO.

The fundamental band origins for '°B'°0 and ''B'60 are
found to be 1915.30674(14) cm ™" and 1861.92409(13) cm™!,
respectively. The rotational constants for the lower states
are 1.877680(22)cm~! and 1.773421(10)cm™!, which are
in excellent agreement with the microwave values for Bj.
Assuming a linear dependence of B, on (v + %) the derived
value of R. is 1.204552(5) A. The stick diagram shown in
figure 24 displays the detected lines for both species calculated
at a rotational temperature of 300 K [123].

3.4. Molecular spectroscopy of the CN radical

The CN radical is of fundamental importance in laboratory
spectroscopy and in astrophysics. Electronic emission spectra
arising from the red (A’IT-X?X*) and violet (B2X*-X2%")
band systems excited in flames and discharges have been
studied in the laboratory over decades while CN spectra have
been detected in the atmospheres of stars and in the interstellar
medium. Most recently the electronic band systems have been
very extensively measured and analysed in emission [124,125]
using high resolution Fourier transform spectroscopy.
Rotationally resolved spectra of the fundamental band of
the CN free radical in four isotopic forms have been measured
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Figure 24. Stick diagram of the measured '’B'®O (bold) and ''B'®O
lines. The intensities were calculated for 300 K [123].

using tuneable diode laser absorption spectroscopy [126]. The
source of the radical was a microwave discharge in a mixture of
isotopically selected methane and nitrogen diluted with argon.
The lines were measured to an accuracy of 5 x 10~*cm~! and
fitted to the formula for the vibration rotation spectrum of a di-
atomic molecule, including quartic distortion constants. The
band origins of each of the isotopomers from the five parameter
fits were found to be '>C'*N: 2042.42115(38) cm™'!, BC"N:
2000.08479(23) cm™"', 2C9N:2011.25594(25) cm ™!, BCPN:
1968.22093(33) cm~! with one standard deviation from the fit
given in parenthesis. Some of the lines showed a resolved
splitting due to the spin rotation interaction. This was av-
eraged for fitting purposes. The average equilibrium inter-
nuclear distance derived from the v = 0 and v = 1 ro-
tational constants of the four isotopomers is 1.171800(6)1&
which is in good agreement with the value determined from
microwave spectroscopy. Figure 25 shows a stick dia-
gram of all the lines measured in the four isotopic forms
and their intensities calculated for a rotational temperature
of 950K [126].



TDLAS for plasma diagnostics

20

Y
(6]

intensity [a.u.]
=

1900 1950 2000 2050 2100

(a) wavenumber [cm™']

I i ]
A .
— ponn o
& o) 1 i
g IR " N T
_é‘ :: ! ::I :I:l :: |
@ o L
T qon
I R |
o N I
N A
BRI I
0 L T II. T L T I.I. II T
1900 1950 2000 2050 2100
(b) wavenumber [cm™]

Figure 25. Stick diagrams showing the detected absorption lines from the fundamental band of CN and their intensities at 950 K: (a) '>*C'*N

and BCUN (- ) and (b) 2C"*N and BCPN (- .- ) [126].

Figure 26. Photograph of the IRMA system: left—optical table,
right—data acquisition rack with diode laser controllers and
industrial computers [24].

4. Infrared absorption for plasmas diagnostics and
control

4.1. The IRMA system

In order to exploit the capabilities of infrared tuneable diode
laser absorption spectroscopy for effective and reliable on-
line plasma diagnostics and process control in research and
industry, a compact and transportable tuneable infrared multi-
component acquisition system (IRMA) has been developed
[24]. Figure 26 shows a photograph of the complete IRMA
system including the optical table and the data acquisition rack.

The IRMA system contains four independent laser
stations. The narrowband infrared emission of four lead-
salt diode lasers, which can be temporally multiplexed, is
used to monitor the infrared absorption features of the target
species. The arrangement of the instrument optical table
has the dimensions of 110 x 60 cm?. The four diode lasers
are mounted in individual cold stations, which are thermally
coupled to the cold finger of a closed cycle cryostat. The
temperature of each laser is controlled at milli-Kelvin precision
between 30 and 100 K. A single cold station can be heated up
to room temperature and decoupled from the main vacuum to
allow laser replacement in typically 90 min with the other laser
stations remaining operative. Four grating monochromators

serve as mode filters. The light of the four lasers is converged
into a single beam, which is used for measurement and
reference purpose, respectively. The measurement path can
either be passed through a measurement cell, for example a
plasma, external to the optical table or through an internal
multi-path astigmatic Herriot cell. This cell with a path length
of 36 m is included for exhaust gas detection. In the reference
path, the spectral absorption from small optical cells containing
the target gas at high concentration is monitored as input for
a laser emission wavelength control loop (line-locking). The
two measurement beams and the reference beam are focused on
photoconductive infrared detectors mounted in liquid nitrogen
cooled dewars.

The data acquisition system for the four-channel tuneable
diode system consists of two computers combined with
two high speed (300kHz) boards and two dual diode laser
controllers housed in a single transportable rack (figure 26).
Based on rapid scan software using direct absorption with
sweep integration, the absolute concentrations of several
molecular species can be measured simultaneously within
milliseconds and used as digital output for on-line process
control. The software of the system is able to fit up to four
species simultaneously using up to 45 individual spectral lines
per species.

The result of time-dependent species density measurement
is useful especially for process control. The burst data
acquisition mode provides the highest possible time-resolution
by transferring fifty measured spectra directly to the extended
memory of the computer following a trigger pulse [24]. The
IRMA system has been applied successfully in several studies
of molecular phenomena in plasmas, e.g. [38, 62, 68, 70, 94,
128, 129].

4.2. The TOBI system

For further progress in understanding molecular processes,
in particular in plasmas under non-stationary excitation
conditions, there is a need for improved temporal resolution of
TDLAS, i.e. for improved, sensitive high speed diagnostics.
For these purposes a compact and transportable two laser
beam infrared (TOBI) (figure 27) system has been designed
for simultaneous measurement of two gaseous species with
two tuneable lasers operating simultaneously. In comparison
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Figure 27. Photographic overview of the TOBI system [25].

with the IRMA system TOBI is mainly focused on high
speed detection. A new generation of rapid scan software
for the Windows operating system (‘TDL Wintel’) allows
investigation of transient plasma conditions on time scales
of tens of microseconds. This program implements direct
absorption with sweep integration to measure the absolute
concentrations of several molecular species and provides
continuous digital output, which can be used for process
control. The TDL Wintel program has many further advanced
features. This includes several convenient frequency locking
options as well as methods for suppressing background
interference. The laser sweep and signal digitization cycle
can be synchronized with a pulsed plasma apparatus. The
program will collect spectra which are the ratios of the spectra
with the discharge on to those with the discharge off. This
provides a highly sensitive method for searching for transient
species. The software also provides spectral simulation,
remote instrument operation and gas concentration calibration.
The optical system can switch between two measurement
modes, either directing the probe beams through the plasma
apparatus or through a 100 m multi-pass cell to measure gas
extracted from an operating plasma. The capabilities of the
TOBI system have been demonstrated in plasmas of pulsed Hy—
N surface wave and pulsed air—-CH4 DC discharges (figure 28).
The potential use of the TOBI system can be summarized
as being mainly focused on (i) the high speed detection of
transient molecular species, radicals and molecular ions, in
plasmas under non-stationary excitation conditions using fast
external detectors, and on (ii) the sensitive (sub-ppb) trace gas
detection based on the multi-pass absorption cell [25].

4.3. The Q-MACS system

For reasons of enhanced efficiency, increased stability and
product quality the direct control of plasma applications is
a challenging subject for plasma technology. Therefore,
appropriate diagnostic tools are necessary allowing for on-line
process monitoring in such applications. Pulsed QCLs are able
to emit mid-IR radiation near room temperature. Compared
with lead salt lasers, QCLs allow the realization of very
compact mid-infrared sources characterized by narrow line
width combining single-frequency operation and considerably
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Figure 28. Example of NH; concentrations as function of time in a
pulsed N,—H, surface wave discharge (f = 2.45 GHz,

Ppuse = 1kW, pulse = 1, of period = 55, flow conditions,

Ny/H, = 9/1, p = 1.3 mbar) [25].

Figure 29. Q-MACS-Basic system with laser head (left-hand side,
size 700 cm®), supply unit and connection cable [131].

higher power values, i.e. of tens of mW. The output power
is sufficient to combine them with thermoelectrically cooled
infrared detectors, which permits a decrease in the apparatus
size and gives a unique opportunity to design compact liquid
nitrogen-free mid-IR spectroscopic systems. These positive
features of quantum cascade laser absorption spectroscopy
(QCLAS) can open up new fields of application in research
and industry, including studies of gases in atmospheric,
environmental and plasma chemistry but also for in situ control
of industrial plasma processes.

Recently, a compact quantum cascade laser measurement
and control system (Q-MACS) has been developed for time-
resolved plasma diagnostics, process control and trace gas
monitoring [130, 131]. The Q-MACS system contains a
tuneable quantum cascade laser which can be directed through
a plasma or into a multi-pass cell for exhaust gas detection.
Rapid scan software with real-time line shape fitting provides a
time resolution up to 1 us to study kinetic processes of infrared
active compounds in plasmas or gases. The Q-MACS-Basic
system has been designed as a platform for various applications
of QCLAS (figure 29).

Measurements with the Q-MACS-Basic were performed
in an industrial pulsed plasma reactor used to deposit boron
based hard coatings. Figure 30 shows an absorption spectrum
of diborane near 1613 cm™! recorded with 5% admixture of
this molecular precursor gas in hydrogen and argon. Using the
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Figure 30. Fitted absorption spectrum of diborane at 1613 cm™!

measured in an industrial pulsed DC reactor with 5% diborane at the
gas inlet (p = 200 Pa) [131].
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Figure 31. Absorption spectrum of N,O contained in a reference
gas cell (I = 15cm, p = 6.6 mbar) at 2235 cm™! and also the etalon
pattern of known fringe spacing (fsr = 0.049 cm™~!) both recorded
in a single QCL pulse (r = 100ns) [131].

software package “TDLWintel’ it was possible to continuously
monitor the concentration change of diborane while driving
a process plasma. The measurement results are not only
displayed but can be transferred via hardware interfaces to
other systems, e.g. for the use in automated process monitoring
and controlling. These measurements prove that QCLAS can
be useful for improving the reliability and effectiveness of
industrial plasma processes.

The scan through an infrared spectrum can be achieved by
a bias dc ramp, in the interpulse mode. Another option is the
scanning in single, longer pulses, using the intrapulse mode.
An example of a 1.7 cm™! long scan in this mode is shown in
figure 31. Since the duty cycle of QCL is about 1 per cent
the temporal resolution in this mode can be as good as a few
us. Therefore, it fits very well to measurements of rapidly
changing chemical processes.

For high sensitivity trace gas measurements a compact
and transportable measurement system, the Q-MACS-Trace,
was developed. It combines the Q-MACS-Basic with a 56 m
astigmatic multi-pass absorption cell of the Herriot type [132],
a compact optical system and a computer system. The
sensitivity of the Q-MACS-Trace was as high as a few ppb

Figure 32. Photograph of the Q-MACS-Trace system with optical
arrangement and laptop for analysis. (1 channel system with 56 m
long path cell, sensitivity: ppb [131].)

(parts per billion—1/10%). Figure 32 shows a photograph
of the Q-MACS-Trace with optical arrangement and laptop
for analysis. The Q-MACS-Trace optical system is designed
around the QCL laser head.

5. Summary and conclusions

During the past few years a variety of phenomena in molecular
non-equilibrium plasmas in which many short-lived and stable
species are produced have been successfully studied based on
diode laser absorption techniques in the mid-infrared spectral
range, with which the present review paper is concerned. It
has been possible to determine absolute concentrations of
ground states using spectroscopy thereby providing a link
with chemical modelling of the plasma, the ultimate objective
being to understand better the chemical and reaction kinetic
processes occurring in the plasma. In table 1 the major results
are shown. The other essential component needed to reach this
objective is to determine physical parameters of the plasma, for
example, temperatures, degrees of dissociation and dynamics
of reaction kinetic processes, and the present paper discusses
methods for achieving this. The need for a better scientific
understanding of plasma physics and chemistry has stimulated
the application of TDLAS, which has been proven to be one of
the most versatile techniques for studying molecular plasmas.
Based on the recent development of quantum cascade lasers the
further spread of this method of high resolution mid-infrared
spectroscopy to industrial applications has become a reality.
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Table 1. Tabulation of the major results.

Wavenumber Plasma
Molecular  region used Concentration Gas chemistry
species cm™! Type of plasma range temperature modelling  References
Relative
BH 2143.39 MwW concentration 1000 K No [94]
2170.039 up to 8 mbar
BH; 2596 Ar/H,/B,Hg
B,He 1583
2596
Relative
10150 ~1915 MW post-discharge concentration 300K No [120,123]
200 mTorr
HBI6QO ~1861 N,/O,/BCl;
Relative
CF 1298 RF concentration 350-400K No [9,12,14]
CF, 1096 up to 500mTorr
CF; 1260 Ar+CF, or CHF;
CF, 1283
CH; 606-608 ac parallel plate reactor ~ ~10'2cm™3 325K Yes [10,13]
CH4 or CH4/H2/02
Relative
606-612 AC glow discharge concentration 400-800K No [15]
[(CH3);COl,
CH;I
(CH;),CO
CH;SH
CH;0H
~606 RF No [16-18]
CHy diluted — —
in He, Ne, Ar, Kr or Xe
~606 RF+MW No [41,43]
H,/CH;0H — —
~606 RF 1 mbar 10"-102cm™  ~300-500K  No [20]
CH,4
RF ~102cm™3 No [44]
CH;3;0H/H,O0 1 Torr — —
606.12032 RF Ar/HMDSO ~108% cm™3 500K No [75]
0.08-0.6 mbar
~606 ECR ~10" cm™3 No [42]
H,/CH,4 or CH;0H
1.3Pa
606.12032 MW 102108 cm™  1000K Yes [35,45]
Hz/AI'/N2+CH4
or CH;OH mixture
1 mbar
MW ~10"2 cm™3 800-2500K  No [62]
Surface wave discharge
Up to 10 mbar H,/CH,4
612.413 44 MW Bell-Jar cavity 10"3-10%* cm™  2000-3500K  Yes [35,38,68-70, 101]
Up to 100 mbar
H,/CH,4
CH, 6067 RF 1 mbar ~10'"% cm3 ~300-500K  No [20]
CH, plasma
3013.7 RF ~10"cm™3 500K No [75]
Ar/HMDSO
0.08-0.6 mbar
1347.05429 MW ~105% cm™3 1000 K Yes [45]
Hz/AI'/N2+CH4
1347.19515  or CH30H mixture
1 mbar
1302.736 MW 105-10"*cm™  800-2500K  No [62]
2978.848 Surface wave discharge
Up to 10 mbar
H,/CHy4
1302.4515 MW 105-10"cm™  2000-3500K  Yes [35, 68-70]
2989.9814 Bell-Jar cavity

Up to 100 mbar
H,/CH,4
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Table 1. Continued.

Wavenumber Plasma
Molecular  region used Concentration Gas chemistry
species cm™! Type of plasma range temperature modelling  References
C,H, 760-790 ac parallel plate reactor ~ ~ 10" cm™3 325K Yes [13]
CH4/H,/0,
RF ~102cm™3 No [44]
CH;0H/H,0
1 Torr
700.9004 RF 103-10"cm™ 500K No [75]
Ar/HMDSO
0.08-0.6 mbar
1347.1631 MW 1083-10%*cm™  1000K Yes [45]
H,/Ar/N,+CHy
or CH3OH mixture
1 mbar
1302.5968 MW 104-10%cm™  800-2500K  No [62]

Surface wave discharge
Up to 10 mbar
H,/CH4
1302.5968 MW 105-10" cm=  2000-3500K  Yes [35, 68-70]
Bell-Jar cavity
Up to 100 mbar

H,/CH,4
C,H, 945-960 AC parallel plate reactor  ~10'3 cm™ 325K Yes [13]

CH4/H,/0,

947.9829 MW 10"-10%cm™  1000K Yes [45]
Hz/AI'/N2+CH4

948.002 or CH3OH mixture — — —
1 mbar

898.2883 MW 103-10"cm™  800-2500K No [62]

Surface wave discharge
Up to 10 mbar

H,/CH,4

800-820 AC parallel plate reactor  ~10"3 cm™3 325K Yes [13]
CH,4/H,/0,

C,H¢ 2999.5 RF 10"%-10"%cm=3 500K No [75]

Ar/HMDSO
0.08-0.6 mbar

2993.361 MW 10"2-10"%cm™3  1000K Yes [45]
Hz/AI'/N2+CH4

2993.477 or CH3;OH mixture — — —
1 mbar

2980.073 MW 10"3-10"cm™3  800-2500K No [62]

Surface wave discharge
Up to 10 mbar
H,/CH,
2993.361 MW 10"-10% ecm™  2000-3500K  Yes [35, 68-70]
Bell-Jar cavity
Up to 100 mbar
H,/CH,
CH;0H 1020-1045 AC parallel plate reactor  ~10'3 cm™3 325K Yes [13]
CH4/H,/0,
1347.572 MW ~10"% cm™? 1000K Yes [45]
Hz/AI'/N2+CH4
or CH3OH mixture
1 mbar
CH,0O 1720-1750 ac parallel plate reactor ~ ~10'*cm™3 325K Yes [13]
CH4/H,/0O, plasma
1777.3196 MW ~10"” cm™3 1000 K Yes [45]
Hz/AI'/N2+CH4
or CH3OH mixture
1 mbar

CN, 2149.99048 MW 10"-10"?cm™3  1000K Yes [45]
Hz/AI'/N2+CH4
or CH3;OH mixture
1 mbar

Cco 2050-2150 ac parallel plate reactor ~ ~10'*cm™ 325K Yes [13]
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Table 1. Continued.

Wavenumber Plasma
Molecular  region used Concentration Gas chemistry
species cm™! Type of plasma range temperature ~ modelling  References
CO, 600-620 CH4/H,/0, ~10"%cm™3
CO 2060 RF 1 mbar ~104-10" cm™  ~300-500K No [20]
CO, 2250 CH,4/O, ~104-10"% cm™3
HCOOH  1720-1750 ac parallel plate reactor ~108 cm™3 325K Yes [13]
CH4/H,/0O, plasma
HCN 785.3894 MW 10-10" cm™3 1000K Yes [45]
H,/Ar/N,+CH,
785.576 66 or CH3OH mixture
1 mbar
NH; 948.232 06 MW 10"-10* cm™3 1000K Yes [45]
Hz/Ar/Nz +CH4
or CH3OH mixture
1 mbar
NO 1880 Pulsed MW 100-2000 ppm 1000K No [84]
800 mbar
N,/0,/CsH,00
Relative
Si; 740-820 AC glow discharge H,/SiH,;  concentration — No [22]
SiHj 730-1015 [23]
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