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Problem Studied

The feature sizes of silicon semiconductors continue to decrease dramatically,
with expected line dimensions reaching 100 nm within the coming decade. At these
dimensions, various material thicknesses, such as the gate oxide dielectric, are
projected to be on the nanometer scale. Refined methods for materials removal, or
etching, are largely responsible for the relentless improvement in nanotechnology
needed for this industry. High rates of semiconductor etching are presently
achieved with gaseous plasmas, which supply radical and neutral chemically
reactive species to the substrate and highly directional ions for bombardment. As
semiconductor devices shrink in size, a critical concern is the possibility of damage
caused by electrical charging of the very thin (5 nm) gate oxide by the ions generated
in the plasma. Recently there is considerable interest to explore etching with
kinetic-energy-enhanced neutral species, either as a replacement for or complement
to ion-assisted plasma etching. In addition, the use of kinetic energy enhanced
species can ultimately lower processing temperatures and may permit nanoscale
feature sizes to be prepared without degradation from the subsequent thermal
| processing steps required to remove defects induced by ion etching.

This project involves investigations of the mechanisms of dry etching by
kinetic-energy-enhanced neutral atoms and molecules. The results are central to
atomic and molecular aspects of nanotechnology. A new apparatus was developed
to study the interaction of translationally fast species with semiconductor surfaces.
The goal of this work has been to attain a detailed understanding of the microscopic
mechanisms of semiconductor etching. The approach chosen here is to accelerate
the etching by supplying modest kinetic energies directly to the reactive neutral
species of interest, for example, by using 1-20 eV Cl or Cl, for silicon etching. Typical
bond energies for surface species are 1-5 €V, and thus incident kinetic energies of, for
example, 1-20 eV can be successful to break Si-Si bonds, overcome activation barriers
to reaction, and release product molecules, such as the SiClx (x=1-4) species. In '
addition, the enhanced kinetic energy can increase both chemical adsorption
probabilities and subsurface bond formation.

Requirements for a successful etching process include a wide range of criteria,

such as overall etch rate, chemical selectivity, uniformity, lack of defects and




impurities, directionality, surface quality, and reproducibility. First of all, critical to
the process of neutral kinetic-energy-enhanced etching is the anisotropy of the etch
features. If the reactivity of the neutral species is not increased sufficiently over the
normal thermal reaction probability, the anisotropy will be degraded due to
reactions with isotropic background thermal species. Fundamental measurements
of both reaction probabilities and anisotropies as a function of kinetic energy are
essential. Secondly, the determinations of overall etch rates are important, since
processing speed is a key element for the industry. Finally, the control of the depths
of material removal on the nanometer scale is essential. The tremendous success of
plasma processing, despite the potential problems of ion-induced damage, sets
exceedingly high standards for processing speed, anisotropy, and feature size, with
which any proposed new process must be compared. Nevertheless, for some critical
steps, such as preserving a delicate gate oxide material, ion-free neutral processing

may represent an important technique in the future.

Important Findings

In the past three years, experiments have been performed to develop a new
method to selectively detect SiCl and SiCl, radical etch products by laser single
photon ionization. We elucidated the neutral kinetic energies produced in both an
electron cyclotron resonance source and an inductively coupled plasma radio
frequency source. The methodology has been developed for probing the anisotropy
of etching with masked samples using a scanning electron microscope. We explored
the reactive sticking probabilities of chlorine molecules and atoms as a function of
kinetic energy. The results of these studies are discussed after a brief introduction to
the new apparatus that has been constructed for these etching studies.
Electron Cyclotron Resonance Source Characterization

Low pressure plasmas that produce high densities of reactive radicals and
ions mark a recent advance in the etching industry. These sources are based on
electron cyclotron resonance (ECR) plasmas, radio frequency inductively coupled
plasmas (RF-ICP), or radio frequency helicon resonance plasmas. While most of the
kinetic energies emanating from these sources are modest, <1 eV, there is some

evidence that higher kinetic energies can be achieved.




We developed a versatile modulated molecular beam approach to interrogate
the velocities and fraction of dissociated species emanating from compact ECR and
RF-ICP sources. The source is positioned in front of a high speed chopper which has
narrow slits to permit the flux to be transmitted over a 41 cm flight path to the
quadrupole mass spectrometer. A direct comparison was made between the two
types of sources, and the distribution of kinetic energies were measured for Ar,
N,/N, and Cl,/ClL

Mean kinetic energies were derived from the resulting time-of-flight traces
over a wide range of pressure conditions after deconvolution for the chopper
opening function. The results indicate that the neutral kinetic energies increase
smoothly with decreasing pressure in the source, and in the case of Ar, the neutral
kinetic energy is definitely correlated with the ion yield; the greater the ion yield the
greater the kinetic energy of the neutrals emanating from the source. This is most
likely due to charge exchange of higher velocity ions with neutral argon atoms. For
N and N, the N/N, dissociation ratio varies from 0.2 at high pressures to 1.4 at the
lowest pressures. Mass spectral cracking, ionization cross sections, and mass
discrimination are taken into account in this determination, permitting an accurate
measure of the dissociation fraction. The extent of nitrogen dissociation is
substantial in the compact ECR source. The amount of dissociation is a very
important quantity since these sources are used to produce N atoms for growth of
II-V materials such as GaN.

Qualitatively similar results are observed for chlorine plasmas in the compact
ECR source, but the extent of dissociation is even more substantial, giving Cl/ C12
ratios from 10 to 16. Since the extent of dissociation is large and the residual Cl,
observed in the time-of-flight has nearly a thermal energy, this possibly indicates
that a small fraction of the molecules of Cl, effuse from the source region without
significant collisional impacts with higher energy species in the source.

The results observed under typical ECR plasma conditions have only modest
mean kinetic energies of <0.5 eV. Thus the typical neutral energies emanating from
these sources appear to be quite low. When the plasma conditions are arranged
such that low, <0.5 x 10 Pa, pressures are achieved, the ion densities increase

dramatically and there is some evidence for higher kinetic energy neutral species,




perhaps of the order of 10-20 eV. However, the fraction of these species is very
small, which would not be practical for etching studies.

Finally, we compared the results of the ECR source to those of the RF-ICP
source. The mean kinetic energies of the neutral species emanating from the two
sources are remarkably similar at low input powers. However, the kinetic energies
from the RF-ICP source are considerably larger than those from the ECR source
above 200 watts of input power. For both sources, very similar results are found for
Ar. The power supply for the RF-ICP source can deliver almost 600 watts, and the
mean kinetic energies continue to increase with power significantly, but start to
level off. Interestingly, although the mean kinetic energies from the ECR source are
less than the RF-ICP source under similar conditions, the extent of dissociation in
the RF-ICP source is considerably less. For example, at 250 watts and 7 x 102 Pa
pressure, the N/N, ratio in the ECR source is 0.18, while it is only 0.02 for the RF-
ICP source. Thus, the different mechanisms for injecting energy into the plasma
produce more dissociation in the ECR source and lower kinetic eriergy, while there
is less dissociation and more kinetic energy in the RE-ICP source. While RE-ICP
sources have been used successfully to grow GaN films, it is generally thought good
quality GaN cannot be grown with an ECR source of N atoms. The results show that
the reason may not be due to an effect of kinetic energy or extent of dissociation,
suggesting further checks on the amount of excited metastable neutrals or ions in
both sources.

Laser Single Photon Ionization Detection of SiCl, SiCl,

A new method to probe radical etch products has been developed, based on
laser single photon ionization time-of-flight mass spectroscopy (SPI-TOFMS). This
method permits radical species, such as SiCl and SiCL,, to be detected without mass
spectral cracking, since the radicals are photoionized with a photon energy that is
just sufficient to ionize but not enough to ionize and dissociate the species. The
method utilizes the 9th harmonic of a pulsed Nd:YAG laser at 118 nm to ionize the
radical species. The ions are extracted with potentials from in front of the wafer and
accelerated into a TOF mass spectrometer for analysis. A thermal etching study of
Si(100) by chlorine was performed to characterize the SiCl and SiCl, products.

The results show the liberation of SiCl, at the lowest temperatures, then both




SiCl, and SiCl at intermediate temperatures, and finally the desorption of Si at the
highest temperatures. A series of tests were performed to verify that both SiCl, and
SiCl are detected without mass spectral cracking. In addition, activation energies
were derived for the desorption of SiCl and Si. The value for Si (5.4+0.4 eV) agrees
with the usual heat of sublimation of Si, however the value for SiCl (0.26+0.02 eV)
is low compared to expected desorption energies for this species, suggesting that a
complex kinetic mechanism plays a role in the formation of this species. The
formation of SiCl, goes through a maximum with temperature, also indicating a
competition between the formation and loss mechanisms. These are the first
studies to confirm the production of SiCl in thermal etching directly, since there are
no obscuring signals from mass spectral cracking of heavier mass SiCl_species to
form the ion observed products with the laser ionization method.

Scanning Electron Microscopy of Etch Anisotropy

We have developed the internal capability to produce and measure
conventional etch processes for a silicon wafer using a chlorine-argon plasma in the
ECR source and an electron microscope for post-analysis. Having this capability in-
house and successfully operated by the student and postdoctoral on the project are
invaluable for experiments to etch silicon with neutral kinetic-energy-enhanced
species.

Sticking and Scattering of Hyperthermal Cl, and CI by Si(100)

A systematic study was completed to measure the sﬁcking probability of Cl,
and Cl on Si(100) as a function of kinetic energy up to 2.6 eV. In these experiments
a pulsed laser vaporization source of cryogenic films of Cl, was used to form the
kinetic-energy-enhanced species, and the velocities were selected by a high speed
chopper. The scattered Cl, and CI were monitored with a quadrupole mass
spectrometer. The incident beam was at 45° and the mass spectrometer detection at
the specular angle. The chlorine species were scattered from both a quartz substrate
and from Si(100). Since there is little or no sticking on the quartz substrate, the
comparison of the integrated scattered flux permits a measure of the sticking
probability on Si(100). Angular studies were performed with both substrates to
ensure that the entire scattered flux was included in the measurements.

Measurements were also obtained for the scattering probability as a function of




chlorine coverage on Si(100).

The sticking probability increases significantly with kinetic energy, suggesting
that there is an activation energy for chemisorption which is overcome by the
kinetic-energy enhancement. These results show that kinetic-energy-enhancement

plays a strong role in the initial chemisorption probabilities.
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