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Dynamics of surface reactions of Si(l11) with

chlorine molecules
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Surface science has been progressed by various experimental techniques under
ultrahigh vacuum since 1960’ s. In particular, the last fifteen years has seen a
growing interest in heavy molecule-metal surface interactions and dynamics of
surface reactions to clarify the inherently complicated surface reactions from
dynamic point of view. However only a few investigations have been made on the
velocity and angular distributions of desorbed products. In order to understand
the dynamics of surface reaction he has constructed a molecular beam-surface
scattering apparatus and- investigated the etching reactions of Si(l11) surface
with chlorine molecules using molecular beam techniques. They are applied
because the initial state of the gaseous reactants can be selected for the
adsorption process and also the product state distributions of the desorbed
species can be measured.

A molecular beam-surface scattering apparatus with a rotatable mass
spectrometer detector equipped with an electron bombardment ionizer has been
constructed to study l)molecule-surface scattering process, 2)molecular beam-
surface reaction dynamics, and 3)light excited molecular desorption under
ultrahigh vacuum conditions.

Velocity distributions of the scattered or desorbed species from the surface
can be measured in two time-of-flight modes, i.e., 1) the pulsed incident
molecular beam mode and 2) the pulsed scattered beam mode. In the latter mode
the scattered beam is modulated with a pseudorandom chopper disc positioned
between the sample chamber and the entrance into the detector chamber, which 1is
advantageous especially when the residence time of the molecular beams on the
surface is long compared with the time resolution of the TOF measurement.

The etching reaction was carried out in two types of experiments: (1) a
bombarded Cl: beam experiment, and (2) ambient Cl. gas experiment. In the former
a continuous Cl. beam was produced by a supersonic expansion of Cl:. gas seeded
in He at a stagnation pressure of 3.0 atm and a stagnation temperature up to
1000K. The incident beam energies, E,’s, and angle were 0.56~1.17eV and 35° from
surface normal, respectively. The Cl. beam intensity at the sample surface is
estimated to be on the order of 10'° molecules cm ®s™'. In the ambient Cl: gas
experiment Cle: gas was continuously supplied through a variable leak valve. The
partial pressure in the sample chamber was 5X10°7 Torr and the does at the
sample is estimated to be on the order of 10'* molecules cm ®s™'.

The velocity distributions of the desorbed or scattered neutral species were
measured using a time-of-flight (TOF) technique. The flight length from the
chopper to the.ionizer region was 28.3 cm. The TOF spectra of desorbed nascent

species formed from the reaction of Si(111) with Cl: molecules were measured



detecting the products at masses, SiCl.”(n=1,2, 3, and 4).

(1)Bombarded Cl: beam experiment

The TOF spectra of the products were well fitted to Maxwell-Boltzmann (MB)
distributions with translational temperatures close to the surface temperatures
or slightly higher (up to 18%) than the surface temperature. From the best-fit
analysis the desorbed neutral species were determined to be SiCl.(n=1,2, 3, and 4)
at surface temperatures below 1000K. The neutral SiCl molecules were identified
for the reaction at a surface temperature of T. = 1000K. He has found that the
SiCl. radical is the major product for T. between 700 and 1000K. For the
reaction at T.=570K, the TOF spectrum of the SiCl. was well fitted to MB formula,
but for the reaction above T.=770K slight translational heating occurs
Furthermore for the reaction at T.=870K the TOF spectrum of the SiCl. is fitted
to a shifted-MB formula with two parameters, a low drift velocity, u, and the
ratio T/M, where M is the assumed neutral mass, i.e., 98 and T the translational
temperature. The angular distribution of the neutral SiCl: produced at Ts=870K
was found to be fitted to cos' *°0, which is slightly sharper than the cos @
distribution. From these results it is concluded that the SiCl: molecules are
formed after overcoming a low potential barrier. For the reaction at T.=570K
the neutral SiCls:; and SiCls intensities plotted against surface temperature
exhibit a maximum at T.=580K. The desorbed neutral §iCl, molecules are not a
first order reaction (n=1) but a little higher order reaction, i.e., n=1.2 for
the reaction at T.=570K

The TOF spectra of Cl: molecules scattered from the surface exhibited bimodal
distributions, the fast component of which were assigned to the direct inelastic
scattering process and the slower one to the trapping-desorption process
Translational temperatures of the scattered Cl: molecules with a MB formula are
higher than the surface temperatures between 420 and 870K. For the reaction at
T.=420K and E:=0.56 and 1.06eV the scattering angle dependence of the
translational energy of the direct-inelastic component is found to be completely
different from that expected from a Hard cube model which assumes the
conservation of surface parallel-momentum upon collision. It is because (1) the
effective mass of the surface chemisorbed with chlorine atoms is smaller than
that of the clean Si atoms and (2) the translational energy of the scattered
chlorine molecules is efficiently transferred to its vibrational and/or

rotational energies.

(2)Ambient Cl: gas experiment
The TOF spectra of the products were well fitted to Maxwell-Boltzmann

distributions with translational temperatures close to the surface temperatures.



From the best-fit analysis the desorbed neutral species were determined to be
SiCl.(n=1,2,and 4) below the surface temperature of T.=1000K. The angular
distribution of the neutral SiCl: was found to obey a cos@ law at T.=870K. The
TOF spectra of Cl: molecules scattered from the surface exhibit a single
component which was fitted to a MB formula with translational temperatures

identical to the surface temperatures
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