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Abstract

Broad band UV-visible absorption spectroscopy is widely used to measure the concentration
of radicals in reactive plasmas. We extended the applicability of this technique to the VUV
(115 nm to 200 nm), the spectral range in which the electronic transitions from the ground
state to the Rydberg or pre-dissociated states of many closed shell molecules are located. This
gives access to the absolute densities of species which do not, or weakly absorb in the
UV/visible range. The technique is demonstrated by measuring the densities of HBr and Br,

molecules in HBr high-density ICP plasmas.
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Broad band absorption spectroscopy (BBAS) in the UV-visible region is a widely used
technique to measure the absolute concentration of radicals in gaseous media. The application
domain of this technique is wide, ranging from the detection of atmospheric gases and
pollutants' to the measurement of the densities of small polyatomic radicals in reactive
plasmas™**°. In the past 10 years, the sensitivity of BBAS has been enhanced by two orders
of magnitude thanks to the progress in detection system and to recent availability of extremely
stable light sources (UV LEDs)*’. This was necessary to probe reactive plasmas, in which the
absorbance by radicals is typically smaller than a few 10~. However, BBAS is restricted to
the detection of radicals which absorbs light in the UV-visible domain, i.e. often small
polyatomic radicals. For instance, the detection of larger, closed shell molecules is impossible
and relies on the use of more sophisticated laser absorption techniques in the infrared

891011 or on mass spectrometry12’13. However, many molecules have Rydberg states or

region
pre-dissociated continuums which absorb in the Vacuum-UV (VUV) spectral range. In
etching plasmas, examples of relevant molecules that could be detected in the VUV region
includes Cl,, HBr, BrCl, Br,, HCI, BCls, SiCly, SiFs, CCls, SFs, CHyF,, O,. Most of these
molecules have no transitions accessible in the UV-visible domain, or the transition
probability is not large enough for providing measurable absorption rate in low pressure
plasmas. Since the electronic transitions from the ground state to the Rydberg states of
molecules often have very large probabilities, the VUV absorption spectroscopy is promising
to detect those molecules with a high sensitivity and it should be complementary to the typical
UV-visible absorption spectroscopy. However, broad band VUV absorption spectroscopy has
not yet been used for probing low pressure reactive plasmas.

Our experimental set up is shown in Fig.1 and has been described in our previous UV-

BBAS publicationsl4’15. We are using an industrial, 50 cm diameter etching reactor

(Advantage™ G5 silicon etcher from Applied Materials) designed to etch 300 mm diameter



wafers. The light source is a high pressure deuterium (D;) lamp (X2D2 from Hamamatsu) that
emits a continuum radiation extending from 100 to 400 nm. A VUV grade parabolic mirror
produces a collimated, 1 cm diameter, light beam at 90° from the incident light. This VUV
beam crosses the reactor chamber, through two optical ports (with MgF, windows) facing
each other, at about 5 cm below the reactor roof on which lies the rf coil used to create the
plasma. At the exit of the second window, another VUV grade parabolic mirror focuses the
VUV beam onto the entrance slit of a 20 cm focal length VUV monochromator (Jobin-Yvon
H20-UVL), equipped with a 1200 groove/mm VUV grating. With 40 um entrance and exit
slit widths, the spectral resolution of the system is about 0.2 nm. The light intensity at the exit
slit is converted to an electric signal with a solar blind Photomultiplier Tube (PMT) (R8486
from Hamamatsu) backed with a 10° V/A amplifier. The choice of reflective optics instead of
lenses is mandatory because in the VUV the wavelength dependence of the focal length of
lenses is too strong to ensure a good collimation and focussing of the beam all over the 115-
200 nm range. To discard the strong plasma induced emission, the intensity of the light from
D, lamp is modulated at 115 Hz with a tuning fork chopper placed before the first parabolic
mirror (see Fig. 1) and the signal from the PMT is processed with a lock-in amplifier®, whose
output is digitalised by an A/D converter and recorded in a computer. The entire optical path
(between D, lamp / reactor input window and between exit window/PMT) is pumped down to
10 Torr by turbomolecular pumps.

To record an absorption spectrum, the wavelength of the monochromator is scanned and
the intensity It(4) of the transmitted light after having passed through the [ = 50 cm plasma is

acquired. The absorption spectrum is then deduced from the Beer Lambert law:

~L(A)=exp(- A(p)) (1)



Where Ip(A) is the signal recorded in an empty reactor chamber, A(A) = NIo(L) is the
absorbance, N the density of the absorbing species and ¢ the absorption cross section.

Fig.2 shows the absorption spectra of HBr at different pressures recorded without
plasma. HBr is a closed-shell molecule, with (486)2(4p6)2(4pﬂ?)4 molecular orbital electron
configuration in the X 'E* ground state'®. According to the Nee et al'’ assignment, the three
strongly absorbing peaks of this spectra correspond to the 4pmt —5s6 electron excitation in
the Rydberg states C 'TI (for 137 and 143 nm peaks) and b *TI (for 150 nm peak), while the
continuum between 154 and 235 nm results from the 4p ¢ > o* transition into the
dissociative a °IT and A 'TI states (o* is an antibonding orbital). These authors also give the
corresponding cross sections, which can be use to deduce the HBr density from the measured
absorbance. However, for a stable gas like HBr, we could directly measure It/Iy ratio at
different wavelengths as a function of HBr pressure (density) in the chamber. This possibility
is of prime importance since as seen in Fig.2, the absorbance of transitions to Rydberg states
is strongly saturated even at low HBr densities (A(A) does not vary linearly with N and is
almost saturated for the 143 nm band). It should be emphasised that each of the observed
peaks at 137, 143 and 150 nm is in reality composed of many rotational lines, having a
Doppler width of about 0.25 pm and of non absorbing regions between these lines. As the
width of these lines is much smaller than the 0.2 nm spectral resolution of the monochromator
we are using, we can conclude that with the measured absorbance in the range of unity, the
absorption on the position of rotational lines is almost total (for more detail see Ref. 4). So,
for transitions to the Rydberg states, the medium cannot be considered as optically thin, even
at low HBr density. Fortunately, this non linearity is not an issue since most of the molecules
accessible in the VUV are stable (i.e. available as commercial gases): it is thus possible to

experimentally determine the relation between the measured It/Iy and the density, shown in



Fig.2. But for the continuum part of the absorption spectrum, this artefact no more exists and
the absorbance becomes proportional to the HBr density.

Fig.3 shows the absorption spectrum recorded in 5 mTorr total pressure pure HBr
plasma at 600 W (without wafer). The absorption spectrum recorded at 1 mTorr HBr gas (no
discharge) is also shown in the same figure. Features corresponding to the HBr absorption of
these two spectra are very similar, indicating that the density of HBr molecules in the plasma
is about 3.10" cm™. Furthermore, new absorption features are seen in the spectrum recorded
in the plasma. These New bands are unambiguously attributed to the absorption by Br;
molecules formed by Br atoms recombination on the reactor walls'®'"?. VUV absorption from
Br; on a few rotational lines have been observed by the resonance enhanced photo ionization
technique and analyzed previously” but to our knowledge, its complete VUV absorption
spectrum is missing in the literature. To obtain the absorption spectrum of the Br, molecule,
we subtracted the HBr contribution from the recorded plasma absorption spectrum. The
resultant spectrum is shown in the lower part of Fig.3. Beside the absorption spectrum of Br;
one can distinguish a small contribution from H atoms at 121.6 nm (Lyman o). It is not
straightforward to deduce the absolute density of Br, from this spectrum since for the same
reasons than already mentioned for HBr, the absorption on rotational lines of Br, must be
saturated and unfortunately it is not permitted to introduce Br,, which is liquid at room
temperature, into the chamber. However, it is possible to produce known amounts of Br,
molecules by mixing HBr and Cl, gases, which react totally together to form HCI and B,
So, the absorption spectrum recorded at pressure p in an stochiometric mixtures (2/1) of
HBr1/Cl, gases, will correspond to the one recorded in a mixture of 2/3.p of HCI and 1/3.p of
Br,. Using this procedure, we were able to obtain the wavelength dependent absorption
spectra of Br, at different pressures. So, the absorbance of Br, could be calibrated on an

absolute scale”. It leads to a Br, density of 1.45 x 10" cm™ at 600 W rf power (Fig.3).



Fig.4 shows the rf power dependence of the HBr and Br, densities in a 5 mTorr HBr
plasma without etching substrate. With increasing rf power, the electron density and hence the
dissociation fraction of HBr molecules increase. Furthermore, since the gas temperature also
increases with the electron density” and since the pressure is maintained at 5 mTorr, the
observed decrease of the HBr density when the rf power increases (Fig.4) can also partially
due to the neutral depletion24. In contrast, when the rf power is increased, the dissociation
fraction of HBr increases and more Br atoms are available to recombine on the reactor walls
leading to a higher Br; density. However, above 200 W, an equilibrium is reached between
the dissociation of Br; by electron impact and its production by recombination on the reactor
walls and the observed decay of Br, density must also be due to the neutral depletion by gas
heating.

In conclusion, VUV absorption spectroscopy is a simple and powerful technique to
measure the density of stable molecules in reactive plasmas. Giving access to novel species, it
is complementary to the typical absorption spectroscopy in the UV-visible region.
Furthermore, owing to the large strength of the transitions in the VUV region, the technique
appears to be highly sensitive. It follows that extremely low densities can be measured with a
good accuracy. The drawback is that many absorption bands are saturated. However, this is
not an issue since the molecules that can be detected are often stable gases, for which the
absorbance can be directly calibrated by filling the reactor with known pressure of these
gases. The detection limit of the technique can be drastically improved if the PMT detector is
replaced by a VUV sensitive Diode-Array or a CCD detector. This will eliminate the non-
quantum noise of the sequential scan of the monochromator and would also significantly
reduce the data acquisition time. Information we are reporting in this paper are essential for a

better understanding of etching processes in HBr-based plasmas, which are widely used in



microelectronic industry to etch silicon, and for which information available in the literature

are extremely sparseg.
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Figure Caption

Fig.1 : Schematic of the experimental set-up (top view).

Fig.2 : Absorption spectra of HBr gas at 5, 10 and 20 mTorr pressures. The insert shows in

more detail the absorption bands to the Rydberg states.

Fig.3 : Upper part: absorption spectra of a SmTorr / 600 W HBr plasma and absorption

spectra of 1 mTorr HBr gas (no plasma). Lower part: fractional absorption of Br; in the

plasma obtained by subtracting the HBr contribution from the plasma spectrum

Fig.4: Absolute densities of HBr and Br, as a function of the RF power in a 5 mTorr pure

HBr plasma
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