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In Ar and Ar/N2 RF plasmas with admixtures of aluminum tri-isopropoxide (ATI) the fragmentation of this
metal-organic precursor has been studied by means of infrared absorption spectroscopy (IR-AS) using an
external-cavity quantum cascade laser (EC-QCL) arrangement. The experiments were performed in an asym-
metric capacitively coupled reactor at a frequency of f = 13.56 MHz and a pressure of up to p = 10 Pa. The
discharge power was in the range of P = 40 – 100 W. Using EC-QCLAS the evolution of the concentrations
of six stable molecules, CH4, C2H2, C2H4, H2O, HCN and HNO3, has been monitored in the plasma. The
concentrations of these plasma chemical products were found to be in the range of about 7×1012 – 2×1014

molecules cm−3.

1 Introduction

Metal organic precursors are frequently used in plasma processes for the deposition of metal oxide layers. The
advantage of these precursors is that they have a relatively low boiling point and, thus, they can easily be inserted
into a plasma. Typical precursors for plasma-enhanced chemical vapor deposition (PECVD) include for example
silane [1], hexamethyldisiloxane (HMDSO) [2,3] and aluminum tri-isopropoxide (ATI). In contrast to silicon-
based precursors, which have been widely studied in plasmas, only a few publications exist about the usage
of aluminum-based precursors [4]. Already in the late 1960’s Daasch et al. made first investigations on ATI.
However, these investigations were not performed under plasma conditions. They used mass spectrometry to
determine the components of hot ATI gas. One of their results was, that ATI consists of different types of species
with the formula (Al(OC3H7)3)x, where x ranges from 1 to 7. For illustration, in figure 1 the monomeric and
tetrameric structure of ATI is shown.
Solid ATI was studied by Folting et al. in the 1990’s [6] and by Turuva et al. already in 1979 [7]. They carried out
X-ray diffraction to determine crystal structure and bond lengths. An important use of ATI is for the deposition
of AlxOy layers in CVD processes [8]. For example, cutting tools are coated with AlxOy layers. These layers
show high hardness, chemical resistance and low thermal conductivity, which is needed for high performance
cutting applications [9]. Another example for alumina deposition is the use as diffusion barrier. These barriers
are needed for the production of OLED devices to prevent permeation of O2 and H2O through the flexible plastic
substrates [10]. ATI also shows catalytic effects in chemical processes, for example for the co-polymerization of
cyclohexene oxide with CO2 [11].

In the past properties of AlxOy layers have been studied using different methods. In the 1980’s Saraie et al.
measured the deposition rate of AlxOy layers in CVD processes in dependence on the substrate temperature and
on the source gas supply by multi-interference microscopy [12]. Huntz and co-workers made in situ investigations
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a) b)

Fig. 1 a) Monomeric and b) tetrameric ATI.

on growing layers using X-ray diffraction and scanning electron microscopy [13]. They also investigated the
transformations occurring in AlxOy layers during heat-treatment. Long-term stability of the deposited alumina
layers is an important issue. The investigations of Sovar et al. showed that despite the ageing of ATI, it can be
used principally for depositing stable AlxOy layers [14]. For high temperature applications also mixed structures
were used. For example, AlxOy and SiOx layers were deposited on polyimide composites for thermo-oxidative
protection. These coatings improved the stability of polyimide composites at elevated temperatures [15].

Although ATI containing plasmas are used for deposition in PECVD processes [16] the chemical reactions are
far from being completely understood in these plasmas. In discharges containing ATI for an analysis of chemical
phenomena information about the absolute ground state concentration of molecular precursors, fragments and
products including transient species like radicals in relation to the discharge parameters as e.g. gas mixture and
power would be very helpful.

Tunable diode laser absorption spectroscopy (TDLAS) in the mid-infrared spectral range using lead salt lasers
as radiation sources has been proven to be a versatile diagnostic technique of molecular gases and plasmas. In
particular TDLAS 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 [17] and references therein). Until now, the main applications of TDLAS have been for investigating
molecules and radicals in fluorocarbon etching plasmas [38] and in plasma containing hydrocarbons [17]. For
the simultaneous monitoring of multiple molecular plasma species TDLAS systems, which make use of several
lead salt lasers, have been developed in the past [18,19]. In contrast to ATI the plasma based fragmentation of
other precursors, as silane and HMDSO, has been already investigated in several TDLAS studies, e.g. [20,21].

The recent development and commercial availability of pulsed and continuous wave quantum cascade lasers
(QCLs) for wavelengths longer than 3.4μm and inter-band cascade lasers (ICLs) for shorter wavelength offer an
attractive new option for mid-infrared laser absorption spectroscopy (MIR-LAS) for plasma diagnostic purposes.
Distributed feedback (DFB) QCLs provide continuous mode-hop free wavelength tuning. Their total emission
range is typically limited to less than 7 cm−1. Therefore, a multi-component detection to study infrared active
compounds in reactive plasmas requires, as in the TDLAS case, the combination of several QCLs in a spectrom-
eter [22]. Meanwhile the variety of QCLs and ICLs operating at room temperature are considered as substitutes
for cryogenic cooled lead salt lasers, which has led to a rapid development of MIR-LAS from a niche position to
a standard diagnostic technique [23], even for the study of metal-organic precursor fragmentation, as silane and
HMDSO, and also of fluorcarbons in plasmas [24,25,39].

Recently, tunability over much broader spectral ranges than with a typical lead salt lasers or DFB-QCL has
been achieved using external cavity (EC) configurations. Nowadays, EC-QCL, which are available in pulsed or
continuous (cw) wave working mode, can be tuned over more than 100 cm−1. Modern cw EC-QCL provide
mode-hop free tuning ranges in the order of up to 80 cm−1, at small line width of typically 20 to 60 MHz (6 –
18×10−4 cm−1) at power values of up to 150 mW [26]. At present EC-QCLs are used for an increasing number
of applications including high resolution isotope analysis, trace gas monitoring and explosive detection [27-29].
Recently, cw EC-QCLs have been tested as radiation sources for MIR-LAS studies of molecular plasmas [30].

In the presented investigation chemical phenomena of Ar and Ar/N2 RF discharges containing ATI as metal-
organic precursor have been in the focus of interest. Using MIR-LAS based on a cw EC-QCL arrangement
the evolution of the concentrations of six stable molecules, CH4, C2H2, C2H4, H2O, HCN and HNO3, has
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been monitored in the plasma. One of the objectives was to determine main fragmentation pathways of the ATI
precursor molecule and to receive information about the influence of added rare and molecular gases, as e.g. Ar
and Ar/N2.

2 Experimental

The investigations have been performed in an asymmetric capacitively coupled RF discharge at a frequency of
f = 13.56 MHz. The vacuum chamber with a volume of about 50 dm3 is cylindrical with a plain electrode and
several ports for diagnostics approaches. The used RF generator was a CESAR\TM 133 from Advanced Energy
Industries. The vacuum chamber was evacuated by a turbo pump (Varian Turbo-V 301) and a roughing pump
(Varian IDP3 scroll pump). The pressure was measured by a pirani and a baratron vacuum meter. As shown in
the scheme of the experimental setup in figure 2, on the top of the chamber the gas inlet for carrier and reactive
gas is located. As carrier gas argon (99.999%) and nitrogen (99.999%) and as metal-organic precursor ATI were
used. The measurements were performed at pressure values of up to p = 10 Pa and at discharge power values in
the range of P = 40 – 100 W. To keep the total pressure constant, the Ar and N2 gas flows were adjusted manually
by a needle valve and the ATI gas flow by a viscometer. The ATI vapor was provided by a special designed
heating system. The turbo-molecular pump has a throughput of 1 mbar s−1 at the operating pressure, leading to
a residence time of about 1s for the incoming gas flow.

Fig. 2 Experimental arrangement of the RF plasma
reactor

Fig. 3 Scheme of the EC-QCLAS spectrometer in combination
with the RF plasma reactor. (CH: chopper, M1-M3: mirrors, BS:
beam splitter, RC: reference gas cell, D1, D2: HgCdTe detectors,
FM: focal mirror, OAP: out of axis paraboloid).

By variation of one of the parameters, (i) discharge power, (ii) total pressure or (iii) gas mixture, molecular
concentrations of generated stable molecular species, CH4, C2H2, C2H4, H2O, HCN and HNO3, were measured
by an EC-QCL absorption spectrometer. The scheme of the spectrometer is given in figure 3. The set-up consists
(i) of the radiation source, an EC-QCL, Daylight Solution, with a full tuning possibility in the range of 1305
to 1445 cm−1, providing a mode hop free range between 1345 and 1400 cm−1 at a maximum power of about
150 mW, (ii) a chopper, (iii) two standard HgCdTe detectors for measuring and reference path and (iv) opto-
mechanical elements for beam guiding. Further details can be found in ref. [30]. The infrared laser beam
from the EC-QCL system has a diameter of about 1 cm and is transferred using gold-coated mirrors via KBr-
windows to an optical long path cell (White cell type [31], 20 passes, absorption length: 15.8 m), which is
mounted to the plasma chamber for improved sensitivity (figure 2). The diode laser beam leaving the cell was
focused on a standard HgCdTe infrared detector by an off-axis parabolic mirror. The identification of lines and
the determination of their absolute positions were carried out using well-documented reference gas spectra and
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an etalon of known free spectral range for interpolation. Spectral positions and absorption line strengths of
molecular ground state absorption lines used for the measurements are listed in Table 1.

The used data acquisition method is an advanced form of sweep integration which is carried out based on the
software package TDLWintel [18].

Table 1 Species, spectral positions and line strengths used for the EC-QCLAS measurements [32].

Species Spectral position Absorption line strength
[cm−1] [cm−1/(molecule cm−2)]

CH4 1332.731 9.557E-20
C2H2 1332.803 4.583E-20
C2H4 1413.212 5.645E-21
H2O 1375.086 1.490E-20
HCN 1382.514 4.408E-20
HNO3 1332.891 1.530E-20

Absolute species concentrations are returned from the nonlinear least-squares fits of the measured absorption
features so that external calibration is not required. For the calculations of the concentrations a gas temperature
of 300 K was used since this is a good average for the gas temperature over the line of sight, comprising the active
zone over the discharge electrode and the afterglow surrounding them, and over the course of the measurement.

Figure 4 shows an exemplary spectrum of CH4, C2H2 and HNO3 absorption lines in an Ar/N2/ATI plasma.

Fig. 4 Exemplary spectrum of of CH4, C2H2 and HNO3 ab-
sorption lines in an Ar/N2/ATI plasma

3 Results and Discussion

The plasma chemical study of the ATI fragmentation in the RF plasma has been performed for two different
conditions of the gas mixture, i.e. case 1: within a pure ATI-Ar mixture and case 2: using a ATI-N2-Ar feed gas.
In figures 5-7 the experimental results for the ATI-Ar case are given.

Some useful generalizations follow from these figures. The concentrations of the plasma chemical products,
CH4, C2H2, C2H4 and H2O, were found to be in the range of about 7×1012 – 2×1014 molecules cm−3. Plasma
dissociation of the ATI precursor molecules leads not only to AlOx fragments but also to a relatively high density
of methyl (CH3) groups and hydrogen [33]. The methyl radicals can directly react with hydrogen to methane
(CH4):

CH3 +H → CH4 (1)

In a plasma environment also acetylene as well as ethylene are formed by two methyl groups, see formula (2) and
(3) [34,35].

CH3 + CH3 → C2H2 + 4H (2)
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CH3 + CH3 → C2H4 + 2H (3)

The largest of the hydrocarbon product molecules, C2H4, shows the lowest concentration, while acetylene is
appearing with the highest density. For methane intermediate values could be monitored. It is interesting to note,
that the concentrations of C2H2 and C2H4 decrease with power, while the methane concentration remains nearly
constant, see figure 5. This behaviour may be caused by the increasing degree of dissociation with power not
only of the ATI precursor molecule, but also of the higher hydrocarbon products. Hydrogen can be dissociated
from C2H2 or C2H4 by electron collisions [36,37]:

C2H2 + e− → C2H +H + e− (4)

C2H4 + e− → C2H3 +H + e− (5)

The enhanced dissociation is caused by an increased collision rate of electrons and molecules due to higher
electron density with increasing RF power [33].

Fig. 5 Concentration of CH4 - �, C2H2 - •, C2H4 - �
and H2O - × in dependence on the discharge power in an
Ar/ATI plasma, p = 6 Pa, ratio Ar/ATI=2/1.

Fig. 6 Concentration of CH4 - �, C2H2 - •, C2H4 - �
and H2O - × in dependence on the pressure in an Ar/ATI
plasma P = 80 W, ratio Ar/ATI=2/1.

Fig. 7 Concentration of CH4 - �, C2H2 - •, C2H4 - � and
H2O - × in dependence on the mixing ratio of Ar to ATI,
given in pressure values, in an Ar/ATI plasma, p = 6 Pa,
P = 80 W.

As expected the concentration of all four molecular species increases with increasing pressure, see figure 6. A
comparable behaviour is observed, in case the total pressure remained constant and only the ATI partial pressure
has been varied as shown in figure 7. This observation indicates that the increasing ATI pressure results in a
higher concentration of fragmentation products.
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In all of these three experiments the water concentration was found to be on a comparable high value, reaching
a maximal value of 2×1014 molecules cm−3 at high ATI admixture (figure 7). In general the detected water can
originate from two different sources, (i) from the plasma chemical conversion of ATI and (ii) from residual water
inside the reactor, in particular, adsorbed at the reactor walls. From the present experimental results, it is difficult
to distinguish between these two sources. However, one could speculate that the main source is the ATI precursor
itself, because the amount of water is nearly constant for a constant ATI admixture (figures 5 and 6) but it is
increasing at higher ATI admixture (figure 7).

For the second experimental situation, case 2, nitrogen was used additionally as feed gas component. In the
available spectral range of the used EC-QCL two other additional molecular species could be identified, HCN
and HNO3. These molecules are certainly generated by reactions of ATI fragmentation products with nitrogen.
The results of the plasma chemical QCLAS study are shown in figures 8 and 9.

Fig. 8 Concentration of CH4 - �, C2H2 - •, C2H4 - �
H2O - ×, HCN - ◦ and HNO3 - � in dependence on the
discharge power in an Ar/N2/ATI plasma, p = 6 Pa, ratio
Ar/N2/ATI=1/1/1.

Fig. 9 Concentration of CH4 - �, C2H2 - •, C2H4 - �
H2O - ×, HCN - ◦ and HNO3 - � in dependence on the
mixing ratio of N2 to ATI, given in pressure values, in an
Ar/N2/ATI plasma, p = 6 Pa, pAr= 2 Pa, P = 80 W.

In figure 8 the concentration of six observable product molecules, CH4, C2H2, C2H4, H2O, HCN and HNO3,
in dependence on the discharge power in an Ar/N2/ATI plasma with a mixing ratio of 1/1/1 at a total pressure
of p = 6 Pa are given. It is interesting to note, that the concentrations of all molecules, except water, show a
maximum at medium power values between 50 and 90 W. The decrease of concentration above 90 W may be
explained by more effective collisions of electrons with nitrogen molecules, finally leading to a limited fragmen-
tation of ATI. The maximum concentration was found for C2H2 to be about 5×1013 molecules cm−3, followed
by HCN, H2O and CH4. A second group of molecular species is formed by C2H4 and HNO3 with concentrations
of about one order of magnitude lower than the species of the former group.

With increasing admixture of ATI compared to the nitrogen partial pressure again most of the molecules show
increasing concentrations except HCN (figure 9). For the concentration of HCN a slight maximum was found at
an ATI admixture of about 1 Pa. The concentration of HNO3 was again in the range of 1012 molecules cm−3.
The coupled process of decreasing nitrogen pressure and increasing ATI concentration makes it difficult to give
an explanation about the formation of HCN and HNO3 regarding the fragmentation process and the chemical
reactions of the products with nitrogen. But it seems to be obvious that the different electron collision cross
sections for ATI and N2 dissociation are the reason for this behavior, e.g. the importance of different reaction
channels in dependence on the plasma process conditions causes the observed changes. Even the Ar-N2 mixing
ratio can have a considerable influence on the dissociation behavior of the molecular feed gases, as described by
Saloum and co-workers [41].
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4 Summary and conclusions

In the present study the absolute ground state concentrations of six stable species under a wide range of ex-
perimental conditions have been determined by infrared laser absorption spectroscopy providing a link with
the fragmentation behaviour of ATI in a capacitively coupled RF discharge. The final objective to get a better
understanding of chemical processes occurring in plasmas containing metal-organic precursors for metal oxide
PECVD deposition can be achieved by applying this method. Although several molecular species concentrations
have been monitored in absolute scale, the mass balance of the whole ATI fragmentation process is far to be
comprehensively analysed. Future studies should include (i) the ATI precursor molecule itself, (ii) further stable,
in particular higher hydrocarbon molecules as well as other important intermediates, but also (iii) a quantitative
analysis of the molecular production rates in the discharge. Especially, other radicals, as for example CH3, C2H,
CH2, CH and metal-organic species should be monitored. Further, the combination of infrared absorption with
mass-spectrometric techniques, see ref. [33] where the complex fragmentation of the ATI molecule were studied
recently, could lead to an optimization of deposition processes and to an improved modelling potential for ATI
containing plasmas based on kinetic data as e.g. reliable reaction rates.

It has been shown, that based on the attractive properties of EC-QCLS, as in particular (i) wide spectral tunabil-
ity, (ii) intrinsic narrow linewidth, and (iii) high output powers, this radiation source for absorption spectroscopy
has a high potential to be applied for other plasma diagnostic purposes. In particular EC-QCLAS is well suited
for the monitoring of multiple species including larger plasma components characterized by broader spectral fea-
tures and also to be used under atmospheric pressure conditions, where pressure broadening effects have to be
considered [40]. Further interesting fields like the kinetics of oxygen containing electronegative plasmas and also
phenomena of plasma surface interaction should be accessible using these new MIR radiation sources.

Acknowledgements The authors would like to thank V. Rohwer, F. Weichbrodt, S. Saß, H. Zimmermann and U. Macherius
for technical support. This work was supported by the German Research Foundation (DFG) within the framework of Project
No. SFB-TR24 B13 and B2 and by the German Aerospace Center (DLR).

References

[1] K. Bhattacharya and D. Das, Nanotechnology 18, 415704 (2007).
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