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Chapter 1 Introduction

Reactive gas plasmas are indispensable for semiconductor etching processes. As the required rule size has
become smaller than 0.1 pm, several problems such as the degradation of the MOS devices due to the charging
damage and local side etching due to the local charge-up, which is called “notch”, have become serious. For
those problems, time-modulated plasma etching technique was proposed. The plasma discharge was cut off
periodically in this etching technique. The ion density was kept high while the electron temperature was
lowered. In addition, a number of negative ions were produced in the discharge-off period. It was considered
that the alternative impinging of the positive and negative ions could neutralize the charge accumulated on the
wafer. As a result, charging damage free and notch free etching characteristics were obtained.

Cly gas plasma has been widely used for the silicon etching processes. The etching reactions were enhanced
by the ion bombardment to the surface. For the superior etching, it is important to clarify the etching reactions
in bulk plasma and on wafer. The major problems in Cly plasma etching were as follows. The densities
and temperatures of individual ions such as ClJ, Cl* and Cl~, which were responsible for superior etching,
were not investigated in the bulk time-modulated plasma. The amounts of chlorine ions change depending on
the time-modulation as well as the conventional plasma parameters such as power, gas pressure bias voltage
etc. Therefore, it is essential to measure those ions in the time-resolved experiments. The measurements of
ion density in the bulk plasma are indispensable to discuss the plasma time-modulation frequency for effective
etching. The ion temperature affects the ion impinging energy on the wafer. Moreover, the fluxes and energies of
those ions impinging on the wafer surface have also been unclear although they affect the etching characteristics

directly.
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In this dissertation, the ions have been measured in the inductively coupled Cly plasma using time-resolved
laser spectroscopy. In the bulk Cl; plasma, the densities of C1*, Cl3 and Cl~ ions were measured under the same
experimental conditions. In addition, combining the laser spectroscopy technique with a micro sensor fabricated
with semiconductor microfabrication technique, ion fluxes were measured on wafer with newly developed on-

wafer monitor probes.

Chapter 2  Development of metastable atomic chlorine ions

Plasma source and a time-resolved laser spectroscopy system were developed. Plasma was generated by in-
ductively coupling method. Ion species were measured using laser-induced fluorescence technique. As for the
time-resolved laser spectroscopy system, The time resolution of the developed laser spectroscopy system was
5 ns. The linewidth of the laser was 0.02 cm ™!, which was much smaller than Doppler profile. Therefore, the
developed system was suitable for ion measurements in the etching plasma. By shifting the laser wavelength to
the center of the spectrum, the ion density was measured. The ion temperature was evaluated from the Doppler

profiles measured by shifting the laser wavelength.

Chapter 3 Measurement of metastable chlorine ions

Relative density and temperature of metastable chlorine ions (Cl**)
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period. It was considered that ClT* temperatures were decreased by

collision with other plasma species. In the discharge-off period, positive ion diffusion was slow due to the
ambipolar diffusion with the negative ions. In addition, since the plasma uniformity was improved, the gradient

of the electric field which accelerate the ion velocity become small.
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Chapter 4  Measurement of molecular chlorine ions

Relative density and temperature of C1J in the time-modulated plasma were measured for the first time with the
time-resolved laser-induced fluorescence technique. The Clf measurements were carried out under the simjlay
conditions to those in Chapter 3. The decay time constants of the Cli density ranged from a few tens of icro
seconds to a few hundreds of micro seconds. The lifetime of the ClJ ions was longer than that of the Cp+
ions. The ClJ density in the discharge off period was discussed considering the rate equations. The Cly density
was dependent on the ionization from Cl, ground state, the recombination with Cl~ ions, the charge-transfer
"between CI* and Clg, and the C1I diffusion to the wall. Among them, the diffusion rate was large. The long
life time was explained by the ambipolar diffusion. In addition, C1 temperatures were measured. The Clf

temperature was in the range from 2000 K to 3500 K.

Chapter 5 Measurement of negative chlorine ions

The C1~ density was measured as a function of time with photodetachment method. The Cl~ density was low
in the discharge-on period and high in the discharge-off period. Cl~ ions were generated by the dissociative
electron attachment. Since high energy electrons which detached electrons from Cl~ ions still persisted in the
beginning of the discharge-off period, the Cl~ density increases slowly. The Cl~ density became maximum
around 15 us from the discharge-off time and then decreased. From the measured results, the plasma time-
modulation frequency lower than 30 kHz (50% duty ratio) was suitable for generating high Cl™ density in this

plasma etching system.

Chapter 6  Positive and negative ions in bulk plasma

The measured densities of positive ions in the bulk time-modulated plasma were compared with those in cw
plasma. The measured results in the LIF experiments were calibrated to obtain the absolute ion densities by
using the results of the Langmuir probe measurements. Although the Cl* ions were dominant in cw plasma, the
CléF density was comparable to the CI* density in the time-modulated plasma under the measured conditions.
The time-modulation of the plasma discharge lowered the dissociation of feedstock Cly gas under the measured
conditions.

In addition, time-variation of Cl'{ , C17 and Cl~ densities were discussed. The time-variation of the CIZJr

density was smaller than the time-variations of the Cl* and Cl~ densities.

Chapter 7  Wafer probe

Ton measurements were carried out in the vicinity of the wafer using newly developed on-wafer monitors, “wafer
probe”. The wafer probe for positive ion measurement were fabricated. Chromium electrodes were evaporated
on the silicon wafer and contact holes were patterned by resist on them. The contact hole size was 1 um. The
probe was set on the etching stage. Positive ions were measured as a function of rf power in the cw plasma and

time-modulated plasma. Positive ion densities were increased with increasing rf power.
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As for Cl™ ions, they were measured on wafer for the first Si02
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time using the newly developed wafer probe and photodetach- @ ——
ment method. Figure 2 shows a principle of the Cl~ detection J - —

P
, e s f h . : Electrode /
in the vicinity of the wafer. Chromium electrode and contact Quarts glass E_
holes were fabricated on a quartz substrate. The C1~ ions in the .

aser

hole were irradiated by the laser light from the back side of the mirror Oscilloscope

on-wafer monitor. The photodetached electrons were detected ‘

by the electrode fabricated in the bottom of the side wall. With Fig-2 : Principle of CI™ detection on wafer.
increasing the time from discharge-off time, the C1~ ions became

detectable with the wafer probe around 20 ps. From the fact that the Cl™ ions were detected on the wafer,
the C1~ ions impinged on the wafer due to the collapse of the positive ion sheath. The Cl~ densities were also

increased with the increase of rf power.

Chapter 8 Comparison of bulk with on-wafer measurements

The ion densities measured in the bulk plasma were compared with those in the vicinity of the wafer surface.
The transportations of ions were discussed. In positive ion measurements, the measured ion (CIT, Cl;) densities
in bulk and on-wafer showed similar tendencies on rf power.

In the discharge-off period, the Cl™ density measured in the bulk plasma was compared with that measured
in the vicinity of the wafer. The C1~ ions detected with the wafer probe began to increase from around 20 us
after the discharge was turned off while the Cl~ densities in the bulk plasma becomes maximums around 15 us.
It took longer time for the Cl™~ ions to impinge on the wafer. The Cl~ density was also measured as a function

of rf power. The Cl™ density increased with increasing rf power in both bulk and on-wafer regions.

Chapter 9  Summary

The conclusion of this dissertation was given.
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