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Abstract: We propose a method to measure the densities of vibrationally excited Cl,(v) molecules in levels up
to v = 3 in pure chlorine inductively coupled plasmas. The absorption continuum of Cl, in the 250 — 450 nm
spectral range is deconvoluted into the individual components originating from the different vibrational levels of
the ground state, using a set of ab-initio absorption cross sections. It is shown that gas heating at constant
pressure is the major depletion mechanism of the Cl, feedstock in the plasma. In these line-integrated absorption
measurements, the absorption by the hot (and therefore rarefied) Cl, gas in the reactor centre is masked by the
cooler (and therefore denser) Cl, near the walls. These radial gradients in temperature and density make it
difficult to assess the degree of vibrational excitation in the centre of the reactor. The observed line-averaged
vibrational distributions, when analyzed taking into account the radial temperature gradient, suggest that
vibrational and translational degrees of freedom in the plasma are close to local equilibrium. This can be
explained by efficient VT relaxation between Cl, and Cl atoms. Besides the Cl,(v) absorption band, a weak
continuum absorption is observed at shorter wavelengths, and is attributed to photodetachment of CI™ negative
ions. Thus, line-integrated densities of negative ions in chlorine plasmas can be directly measured using broad-
band absorption spectroscopy.



1. Introduction

High density plasmas in chlorine and chlorine-based mixtures are widely used for etching of
nanostructures in integrated circuit manufacturing [1]. Besides their technological
importance, Cl, plasmas have attracted a considerable attention as a model system for the
study of the dynamics of electronegative molecular plasmas. Diagnostics techniques have
been developed to measure the absolute densities of the most important neutral and charged
species occurring in these plasmas: chlorine molecules [2,3], chlorine atoms in the ground
and metastable states [4-7], electrons [8,9] and negative ions [10]. Combined with the
measurements of the neutral gas temperature [11,12] this provides a comprehensive dataset
for model validation. Numerical models of Cl,—containing plasmas have been proposed by
several authors. Volume averaged (global) models of steady state and pulsed Cl, plasmas
have been developed in [13-17]. More sophisticated fluid and hybrid kinetic-fluid approaches
have been adopted in [18-20].

Vibrational excitation is known to strongly affect the kinetics of molecular plasmas [21]. For
example in chlorine, the cross section for dissociative electron attachment increases fast with
the vibrational quantum number (oy=o/Gy=1/Gy=2/oy=3 =~ 1/4/8/12) [22]. Therefore in Cl,
plasmas, production of negative ions and dissociation of Cl, may be substantially enhanced
by vibrational excitation. Moreover, vibrationally excited Cl,(v) could contribute
significantly to the gas heating via VT relaxation processes with chlorine molecules and
atoms [23]. Despite its potential importance, vibrational excitation in high density chlorine
plasmas hasn’t been properly characterized in previous experimental studies. This is partly
because the detection of vibrationally excited chlorine molecules in the experiment is
challenging especially at low gas pressures (in the mTorr range) typical for processing
plasmas. In the present study, we demonstrate that broad-band absorption spectroscopy
(BBAS) of Cl, continuum between 250 and 450 nm can be used to characterise vibrational
excitation in chlorine plasmas.

The well-known absorption continuum of Cl, originates from the excitation of the ground
state Cl, to the unbound repulsive states (C ‘Tl A Iy, and B *IIg+), therefore leading to
dissociation in all cases. Vibrational excitation in the ground state modifies the
photodissociation process and leads to the appearance of new features in the absorption
spectrum [24,25] resulting in a broadening of the absorption band [26]. In the present study,
we use this effect as a diagnostic tool to measure the line-integrated densities of vibrationally
excited (for levels up to v = 3) Cl, molecules in a high-density inductively coupled plasma.
The deconvolution of the broad absorption features into individual components originating
from different vibrational levels of the ground state Cl, is performed using a set of ab-initio
absorption cross sections [24,27]. For the purpose of this study, the absorption cross sections
from levels v = 2,3 were calculated using the time-dependent wave-packet method [28]
previously used for v = 0,1[24].



2. Experimental
The experimental setup is shown schematically in Figure 1. The ICP reactor and the ultra-
broad-band absorption diagnostics have been described previously [4,29]. Briefly, the
discharge is sustained in a hard anodized aluminium chamber (cylinder, 10 cm height and 55
cm diameter) by a 4-turn planar spiral antenna placed on a top window made of alumina. The
generator power (13.56 MHz) is varied between 50 and 500 W. The typical flow rate of Cl; is
50 sccm and the gas pressure is regulated between 5 and 80 mTorr by a throttle valve.
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Figure 1 Experimental setup.

The broad band absorption is performed using a highly stable laser-driven light source
(LDLS, Energetiq EQ-99) that provides very bright continuous radiation in the 200 — 2000
nm spectral range. The output of the light source is collimated by a parabolic mirror and
directed through the reactor (the optical path length inside the chamber is 57 cm). After
passing through the discharge at the midplane between the alumina window and the chuck,
the light is focused (with another parabolic mirror) onto the entrance slit of an aberration-
corrected spectrograph (Acton Isoplane SCT-320, 300 I/mm grating) equipped with a linear
photodiode array detector (Hamamatsu S-3904, 1024 pixels). The entire optical path is
covered and purged with dry N in order to avoid accumulation of ozone produced by the UV
radiation of the plasma and the lamp. The use of the stable light source in combination with
achromatic optics ensures the stability of the baseline better than 5-10° over a spectral range
of 250 nm [29] which is a significant improvement compared to previous studies [2]. This
ultra-broad-band and highly sensitive system was specially conceived for the investigation of
broad, weak absorption features such as Cl, at low pressure.

The experiment is automated using a Labview program which can switch the plasma on/off
and operate a shutter in the light beam, in order to acquire spectra in four modes (to account
for the emission of the plasma and the dark current of the detector)

L, (1) plasma on, lamp on

L, (1) plasma off, lamp on

Ls (1) plasma on, lamp off

L4 () plasma off, lamp off.
Signal accumulation is performed over several minutes (typically 100 cycles) to reach the
optimum signal to noise ratio. The relative absorbance of the plasma with respect to the
neutral Cl, gas, A"(1), is then calculated using a standard expression:
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Since in this case the reference spectrum (plasma off, L, (1)) corresponds to a reactor full of
undissociated Cl,, the observed relative absorbance spectrum, A'(4), is negative, representing
the reduction in absorption due to the decrease in Cl, when the plasma is on [2]. Therefore,
the true absorption spectrum of the plasma A(A) is calculated from the sum of the observed
relative absorbance spectrum, A'(4), and the absorbance A'?(1) of undissociated Cl, gas (no
plasma) at a given pressure (measured in a separate experiment, in which a reference
spectrum is taken with the reactor empty): A(1) =A"(A)+A(1). This approach is taken
because emptying the reactor of Cl, for every reference spectrum would greatly slow down
the data acquisition cycle, severely increasing the effect of slow temporal drifts in the lamp
spectrum.

3. Spectroscopy of Cl; and fitting of absorption spectra

As mentioned above, the first absorption band of Cl, arises from the excitation to unbound
electronic states followed by dissociation. The vibration level dependent cross sections of this
process for levels with v = 0,1 were calculated by Kokh et al. [27] in an ab-initio
configuration interaction study. More recently, Campbell et al. [24] performed time-
dependent wave-packet calculations using a set of ab-initio potential energy curves from [27]
to investigate the photo-dissociation dynamics of Cl,(v=0,1). For the purpose of the present
study, these dynamic calculations were extended for vibrational levels up to v=3. It should be
noted that these wave-packet calculations assume a constant transition dipole moment, and
are therefore expected to be less accurate than the results of Kokh et al. [27].

The set of partial cross sections used to fit the experimental absorption spectra includes
ov=1(A) from Kokh et al. [27] and o,=23(1) obtained using the dynamic wave-packet method.
However, when these cross-sections were used (including oy=o(A) from Kokh et al.) to
simulate a spectrum at T=298 K, there were small but significant deviations from an accurate
experimental cross section measured at T=298 K by Maric et al. [30] (c20sx(2)). Therefore, in
order to increase the accuracy of the fit, instead of using the calculated cross section cy=9(\)
we use the experimental cross section of Maric et al. (o29sx(A)) which includes contributions
from the low lying vibrational levels according to their equilibrium populations:
o298k(A) = 0.928-6y=0(A) +0.066-6y=1(A)+0.005-6y=2(1). Figure 2 shows the set of partial
absorption cross sections used for spectra fitting. In order to allow for an offset of the
experimental data, an additional function &(\) = const is added to the basis set.
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Figure 2 Partial absorption cross sections used for fitting of experimental data.

The experimental absorption spectra A(L) were fitted using the described set of cross sections
A(A) = &1 0205k (1) + &, 0y=1 (1) + &3 0y=2(A) + &4 0y=3(A) + E5 6(A)

where the fit coefficients ¢; are estimated using the least squares method. Line-integrated
populations of Cl,(v) are then calculated as follows:

[Cl,(v=0)] =0.928-¢;
[Cl,(v=1)] =0.066¢; +¢,
[Cl,(v=2)] =0.005¢; +¢;
[Cl,(v=3)] =¢,

This approach is numerically equivalent to deriving an experimental absorption spectrum for
v=0, oy=0(A), from the experimental c,9s«(A) by subtracting the calculated contributions of

the higher vibrational levels. The vibrational temperature of Cl, can be calculated from the
ratio of the densities in the first two vibrational levels:

T, = —E(v = 1)/In([Cly(v = D]/[CL(v = 0)]) 1)

where E(v = 1) = 790 K is the energy of the first vibrational level of Cl, expressed in Kelvin.
At equilibrium, T, should to be equal to the kinetic gas temperature. However in non-
equilibrium plasmas, kinetic and vibrational temperatures may differ considerably.

In order to confirm the validity of this fitting procedure, experiments with an externally
heated gas cell were performed. A 10 cm long cylindrical quartz cell was filled with Cl, at 5
Torr and was heated using a resistive heating tape. The temperature of the cell was measured
using a thermocouple. Figure 3 shows the normalized absorption spectra of Cl, measured at
different cell temperatures. A significant broadening of the absorption band is observed as the



cell temperature is increased. This is well reproduced by the fit, as illustrated in Figure 4
showing the experimental spectrum at T¢e; = 650 K together with the corresponding fit.

Table 1 compares the temperature of the cell with the spectroscopically measured vibrational
temperature T,. A very good overall agreement is obtained. The difference between T and
Ty increases from 8 K to 40 K as the cell temperature is increased from 296 K to 700 K. We
attribute this discrepancy to the overall accuracy of the fit (and the cross sections) as well as
to temperature gradients in the heated cell.

Fitting of the observed absorption spectra provides the (line-integrated) populations of the
lower vibrational levels of Cl,. Figure 5 shows normalized vibrational distribution functions
(VDFs) determined at different cell temperatures. As expected, the measured populations
closely follow a Boltzmann distribution with the temperature parameter equal to the
vibrational temperature of the first level (T,). The measured population of Cly(v=2) is
systematically 30 % lower than the expected Boltzmann population. We postulate that this
discrepancy is due to the overestimation of the corresponding cross section o,=2(A) by the
dynamic wave-packet method. Taking into account that our experimental absorption spectra
from the heated gas cell are almost perfectly reproduced by the fit, we presume that the
overall shape of partial cross sections is accurate and only the amplitude of ,=»(A) has to be
adjusted. In the following data treatment, we apply a 30 % correction to populations on
Cly(v=2) obtained from the fit of experimental absorption spectra.
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Figure 3 Normalized absorption spectra of Cl, measured at different cell temperatures.
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Figure 4 Normalized experimental absorption spectrum of Cl, at T, = 650 K (dotted line) and the
corresponding fit. Contributions of individual vibrational states are depicted separately.

Teen/K | 296 | 346 | 400 | 500 | 600 | 650 | 700
T/ K 288 | 336 | 385 | 476 | 568 | 612 | 657
Table 1 Comparison between the temperature of the cell and the vibrational temperature of Cl, determined from
the absorption measurements.
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Figure 5 Normalized vibrational distributions measured at different cell temperatures (symbols). Bold lines
represent Boltzmann distributions with the temperature parameter equal to T,.

In this section, we have shown that sensitive broad-band absorption spectroscopy can provide
guantitative information on populations of vibrational levels of Cl,. In the following section,
BBAS is applied to investigate the density of the different vibrational levels of Cl; in a high
density inductively coupled plasma.



4. Results and discussion

Figure 6 shows the absorption spectra of chlorine plasma at 10 mTorr as a function of
injected rf power. As the discharge power is increased the absorbance decreases due to
depletion of the Cl, feedstock, due to a combination of dissociation and gas heating (at
constant pressure). This is accompanied by the appearance of an absorption continuum at the
short-wavelength side of the spectrum. A closer inspection (see Figure 7) shows that
additional step-like features (at 343 nm and 333 nm) superimposed on the main Cl, band
become noticeable at higher rf power. We attribute these features to the continuum absorption
due to photo-detachment of electrons from CI™ negative ions in the process CI” + hv —
CI(®P312, °P1o). The electron affinity of chlorine is 3.6 eV which explains the threshold at 343
nm. The second threshold at 333 nm is associated with the production of spin-orbit excited
Cl (®P1) upon the photo-detachment [31,32]. The photo-detachment cross section for CI-
determined by Popp [31] was therefore included into the fit. Figure 7 shows an example of
the fitted spectrum of the discharge at 500 W along with the separate contributions from CI™
(corresponding to a line-averaged negative ion density of (2+0.5)-10™ cm™) and Cl..

p =10 mTorr
0.004 —O0W
——50W
o — 100 W
S 0.003 1 200 W
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Figure 6 Absorption spectra of Cl, plasma at p = 10 mTorr with injected power P = 0 — 500 W.
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Figure 7 Absorption spectrum of Cl, plasma (p = 10 mTorr, P = 500 W) and the corresponding fit. Contributions
of Cl, molecules and CI" ions are shown separately. The best-fit value of the line-integrated density of negative
ions is [CI']=1.3-10"* cm™.

Fitting of the observed absorption spectra yields the line-integrated densities of Cl, in each
vibrational state in the discharge. Figure 8 shows the total molecular chlorine density (a sum
over individual vibrational states) measured as a function of power and pressure. The density
of chlorine molecules first decreases with rf power, but saturates at about 50% of the initial
density (before plasma) for all studied pressures. In the discharge, dissociation and heating of
the neutral gas are the main processes contributing to the depletion of the Cl, feedstock
[2,15]. Previous absolute measurements of atomic chlorine densities performed in the same
reactor [4] showed that at P= 500 W and p = 5 — 50 mTorr atomic chlorine density represents
not more than 5 — 10 % of the initial Cl, density. Therefore, dissociation alone cannot explain
the observed strong decrease of the Cl, density. We conclude that gas heating (at constant
pressure) is the major mechanism responsible for the depletion of Cl; in the plasma under the
studied conditions. The saturation at around 50% of the depletion can be attributed to the
persistence of cold, undissociated Cl, gas at the radial edges of the chamber, where the
electron density is low, independent of the rf power.
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Figure 8 Line-integrated Cl, density in the discharge (p =5 — 80 mTorr, P =0 — 500 W).

Figure 9 shows the effective (i.e. derived from line-integrated densities on v = 0 and v =1)
vibrational temperature of Cl; in the discharge as a function of power and pressure. The value
of T, increases with rf power, but the apparent vibrational heating remains surprisingly low,
not exceeding 500 K at P =500 W. This is much lower than the translational gas temperature
as estimated from the Doppler broadening of Ar* transitions (5% Ar added to Cl,) measured
by tuneable diode-laser induced fluorescence (LIF) technique previously described in [11,33],
which reaches up to 1600 K in the centre of the reactor at the highest pressure and power. A
more detailed description of the LIF results is beyond the scope of this paper and will be
presented in an ongoing publication. The seeming discrepancy between LIF and BBAS
results is a consequence of strong spatial gradients in the gas temperature: hot and strongly
dissociated gas occupies the centre of the reactor while un-dissociated and much colder gas
resides at the edge [4]. The density of hot Cl, molecules in the reactor centre is strongly
depleted and their contribution to the line-integrated absorption spectrum is relatively small.
As a result, the absorption measurements are dominated by the cold periphery of the plasma.

The effect of the spatial non-uniformity of plasma parameters can be evidenced by analysing
the populations of individual vibrational states of Cl,. Figure 10 shows line-integrated
densities of Cly(v = 0-3) measured at P = 500 W and p = 5 — 80 mTorr. The vibrational
distribution function cannot be described by a single Boltzmann distribution. The apparent
overpopulation of levels v = 2 and v = 3 can be explained by the contribution of the hot zone
in the reactor centre.
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Figure 10 Line integrated densities of Cl, (v=0-3) measured at different pressures and a fixed rf power P = 500
W. Dashed lines represent Boltzmann distributions with the temperature equal to T,. Error bars correspond to
the standard deviation of 7 independent measurements.

The non-equilibrium vibrational distributions of Cl,(v) in the plasma may also be caused by
electron impact excitation [34,35] and vibration-translation energy transfer processes between



Cly(v) and CI [36,37]. It should be noted that these absorption measurements provide
information both on the vibrational excitation and on the gas translational temperature in the
discharge. The depletion of the total Cl, density shown in Figure 8 is linked to the neutral gas
heating provided that the dissociation fraction is independently measured. The vibrational
level populations in Figure 10 represent the degree of vibrational excitation. So far we have
made no assumption regarding the relation between the translational and the vibrational
temperatures in the plasma. Detailed vibrational kinetic modelling [23] predicts that under the
conditions of the present study, vibrational and translational degrees of freedom should be
close to equilibrium owing to a very efficient Cl,(v) and ClI VT relaxation. Here we verify if
the results of our BBAS measurements are compatible with the assumption of local
equilibrium between vibrational and translational temperatures. Under this assumption, the
line integrated densities of Cl,(v) can be readily calculated if the radial profile of the gas
temperature and the density of atomic Cl (the dissociation fraction) are known. This data is
available from previous experimental and modelling studies performed in the same
conditions as the present work [4,23,33].

As a reference case we take chlorine ICP at p = 10 mTorr and P = 500 W. The gas
temperature in the reactor centre close to 900 K was measured using Ar~ LIF. The spatial
distribution of the gas temperature in the discharge has been recently modelled in [23] using
the Hybrid Plasma Equipment Model (HPEM) [38]. Simulations predict a bell-shaped
temperature radial profile that can be reasonably well approximated by a Gaussian with a
FWHM of 28 cm. As outlined in [23], the model fails to accurately reproduce the peak gas
temperature at the reactor centre. Therefore in the following calculations, the calculated
temperature profile is scaled to match with the measurements. Figure 11 (a) shows calculated
radial profiles of Cl,(v=0-3) densities at the reactor mid-plane calculated assuming local
thermodynamic equilibrium of the neutral species. In Figure 11 (b), the calculated and
measured line-integrated populations are depicted. As one can see, the assumption of local
thermodynamic equilibrium results in calculated line integrated densities that match the
measurements within the experimental error.

To conclude, broad-band optical absorption measurements do not indicate any strong
departure of the Cl, vibrational distribution function from local thermodynamic equilibrium.
This confirms model predictions in [23] regarding the equilibrium between vibrational and
translational temperatures in Cl, plasmas. It should be noted that in this study, only the
populations of lower-lying vibrational states were measured. The sensitivity of our BBAS
setup was not sufficient to detect highly vibrationally excited molecules, especially in the
presence of cold gas at the radial reactor edges. Therefore, we cannot exclude the formation
of non-equilibrium VDFs for high vibrational levels in the reactor centre where the plasma
density is high. Such distributions of O,(v) on levels up to v = 18 have been observed in our
recent BBAS study of inductively-coupled plasmas in oxygen [29].
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heavy plasma species. b) Comparison between measured and calculated line-integrated densities of Cl,(v=0-3).

In addition to the measurements of Cl,(v) concentrations, BBAS allows the detection of CI”
negative ions, a species which plays an important role in chlorine plasma kinetics and
transport. In the conditions shown in Figure 7, the best-fit value of the line-integrated CI™
density (1.3+0.3)-10" cm? is found, corresponding to an average density of
(2+0.5)-10™ cm™. This is in a good agreement with the results of Fleddermann et al. [10]
where CI™ densities up to 4-10™ cm™ were measured in a high density chlorine ICP.
Therefore, high-sensitivity BBAS can be potentially used for direct measurement of absolute
negative ion densities in chlorine plasmas. The advantage of this technique is that it requires
no calibration, provided that available photo-detachment cross sections are accurate. The
main limitation is that the peak absorbance of CI™ is very weak (below 2-10 in this study)
and it is hindered by a much stronger signal of Cl,. Therefore, CI™ can be detected only at low
Cl; pressures (p< 10 mTorr) and relatively high injected rf power, i.e. when the density of
negative ions is sufficiently high compared to the Cl, feedstock gas.

5. Conclusions
In the present study, an inductively coupled chlorine plasma was investigated by broad-band
absorption spectroscopy in the 250 — 450 nm spectral range. Line-integrated densities of
vibrationally excited Cl, molecules in levels up to v = 3 were measured by fitting the Cl,
absorption band using a set of ab-initio absorption cross sections corresponding to individual
vibrational levels of the ground state Cl,. The validity of the method was confirmed by
measuring vibrational distributions of Cl; in an externally heated gas cell.

We have shown that the depletion of the Cl, feedstock occurs predominantly due to the strong
gas heating in the plasma at a constant pressure. Regardless of high gas temperatures
reaching 1600 K in the reactor centre, the effective vibrational temperature of Cl, determined
from the BBAS stays relatively low and does not exceed 500 K. We attribute this difference
to the radial non-uniformity of the plasma. Line integrated absorption measurements are
dominated by the cold undissociated chlorine gas at the reactor periphery that hinders the



contribution of the hot gas at the reactor centre. This limitation of the line-integrated
absorption spectroscopy could be overcome by the use of optical probes that guide the
broadband emission to the desired spatial location in the plasma.

In addition to Cl,(v) measurements, the photodetachment continuum of CI™ negative ions was
observed below 343 nm. Owing to the excellent baseline stability of the absorption set-up
over a wide spectral range partial absorbances of CI™ as low as 10™ can be extracted from the
total plasma absorption. That corresponds to the line-integrated density of negative ions of
the order of 10'°* cm™ which is typical for large area high density processing plasmas. We
have shown that BBAS is a versatile and sensitive diagnostics that can be used to measure
densities and energy distributions of species in plasmas.
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