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for the Degree of Doctor of Philosophy in Chemical Engineering

~ ABSTRACT

An experimental study of the plasma etching of polysilicon in
various halocarbon gases is described. In particular, etching with
CF,C1 (Freoa™ 13) is studied exiemsively. Experimental measures of
etching rate, etching directionality, plasma impedance, atomic
chlorine concentration, and total positive ion bombardment flux and
energy are shown over wide ranges of three process variables: power
input, pressure, and gas composition. Considerable experimental work
with CF,Br (Freon 13B1) discharges is also presented — the etching of
n+—polysi1icon, undoped polysilicon, and silicon dioxide are
discussed. Etching directionality ard uniformity are also examined
for this chemical system.

Important plasma pruperties such as electron concentration are
estimated by analysis of the discharge impedance using electrical
analog models., Response Surface Methodology (RSM), a statistical
design and analysis tool, is used for efficient examination of the
above parameter space. RSM is & powerful tool for plasma process
development, and is 8 necessary experimental technique because of the
importance of interactions between process variables in determining
plasma properties and etching characteristics,

Two primary mechanisms contribute to the etching process: (i) ion—
assisted etching, which results in anisotropic profiles, and (ii)
chemical etching, which results in isotropic profiles. Assuming the
ion-assisted and chemical etching processes to be independent, a two-
adjustsble parameter model which successfully describes both etching
rate and directionality is presented.



As suggested both by previous work and by the present data, the
ion-gssisted etching rate is assumed proportional to the flux of ions
on the surface with energies in excess of a 15 eV threshold. Mean ion
energies are described using a simple sheath transport model which
incorporates results from the plasma impedance analysis, while ion
bombardment energy distributions are modeled empirically.

Chemical etching is presumed to occur via attack of the silicon
surface by chlorine stoms. The rate is assumed proportional to the
atomic chlorine concentration near the wafer surface. Atomic chlorine
concentrations, as measured by laser infrared absorption and
corroborated by optical emission actinometry, were modeled by
accounting for the rates of Cl° formation (via electron—-impact
dissociation of CF,Cl) and loss in steady-state models. The dominant
loss process at opressures lower than 0.5 torr is apparently
recombination on the electrode surfaces, although gas-phase
recombinatio: may be important at higher pressures. Despite the 1low
pressures used in plasma reactors, diffusion limitations must be
considered.

The etching model is also consistent with the observed lack of a

loading effect in CF,C1 discharges, and provides a qualitative
explanation for the variations in etching uniformity with conditions.
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CHAPTER 1 - INTRODUCTION

1.1 GENERAL BACEGROUND
1.1.1 Integrated Circuit Fabrication

Since the invention of the tramsistor by William Shockley and
coworkers in 1950, integrated circuit (IC) technology has become
increasingly important to the world economy. Tremendous advances in
both device physics and processing technology have allowed rapid
increase in device demsity and computing speed.

Integrated circuit fabrication relies on planar processing, i.e.,
electronic devices are produced on a substrate by selectively adding
and subtracting material from the surface. Tke gemersl process for
making lines on a substrate is shown schematically im Fig. 1-1,
First, a thin layer of material (.1-1 pm thick) is deposited by
chemicai vapor deposition (CVD). By photolithographic techniques, the
desired pattern is transferred to a photoresist mask on the surface of
the film, The pattern is replicated in the film by selectively
etching away unwanted material,

One common film, polysilicon, is used as a gate metallization
material in metal oxide semiconductor (MOS) devices, and as electrical
interconnects between devices (Ghandi, 1983). The resistance of

polysilicon decreases dramatically as it is doped with either group
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Figure 1-1: Planar processing schematic — CVD, photolithography, and
etching.
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III (e.g., boron) or group V (e.g., phosphorus) compounds — therefore,
most polysilicon used in semiconductor applications is heavily doped
(about 1 atomic percent). As is discussed later, doping at this level

has dramatic effects on the etching characteristics of the film.

1.1.2 Dry vs. Wet Etching

Until 1980, thin film etching was performed in acid baths by a wet
etching technique. The acid solution reacts selectively with the film
to remove unwanted regions on the surface. However, wet etching is
isotropic, i.e., the et:ching rate is the same in all directions,
Consequently, as a film is etched, the mask is undercut from each side
by a distance equal to the mask thickness (see Fig. 1-1). The
importance of this undercut depends on the aspect ratio of the line;
undercutting is a serious problem when the linewidth/film thickness is
less than 5:1 (Mogab and Harshbarger, 1978). As linewidths decreased
to 2 microns and below, wet etching became undesirable since a
significent fraction of the line was lost during the etching process.
Therefore, wet etching is nunacceptable for very—large-scale
integration (VLSI) technology.

Another technique, plasma etching, can be used for VLSI processing
because the vertical etching rate is in many cases much higher than
the 1lateral etching rate, i.e., the etch can be anisotropic.

Energetic ion bombardment of the film surface is used to ackieve the
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directionality of etching. The plasmas used in microelectronic
fabrication arec more correctly named non-equilibrium glow discharges,
Plasma etching is essentially a gas—solid reaction for selective
removal of a thin film, however, the energy input to the chemical
process is not thermal., Rather, a rapidly-oscillating radio—-frequency
(rf) voltage is applied across the low-pressure gas. Free electrons
in the gas are accelerated by this applied electric field. Because of
their low mass, the electrons cannot efficiently exchange energy with
the gas molecules. Consequently, the mean electron temperature is
much higher than that of the gas and the high-energy electrons
initiate flame—type reactions in the gas: iomizatior, free radical
formation, etc. These highly reactive chemical species react with the
film to form volatile compounds; in this way the film is etched.

A plasma is a partially iomized gas, with ionized fractions in
the range of 1077 to 10°°¢ being common for glow discharges. Because
the electrons in the discharge are much more mobile than the heavier
positive ions they diffuse to the reactor walls much more rapidly,
leaving the plasma mnet positive. The charge separation resulis in a
potential difference between the plasma and the surfaces in contact
with it. This electric field, which points along the macroscopic
surface normal, opposes the further loss of electrons and aids the
ioss of positive ions until the fluxes of the two species equalize and
the plasma becomes net neutral, Because the plasma potential can
reach hundreds of wolts, the positive ions striking the electrode

surfaces may have very high energies. JToms, which can only strike the
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microscopic features exposed to the plasma (i.e., normal to the
¢electric field), contribute energy to the etching reactions and
thereby increase the vertical etching rate. Since ion bombardment of
the film sidewalls is mnot generally important, ion bombardment
selectively accelerates etching in the vertical direction while
leaving lateral etching unaffected. In this way, directional profiles
can be achieved via plasma etching.

Apart from the isswme of directionality, plasma processing offers
several advantages over wet etching. ©First, plasma processes are
automatable and can be integrated into the fabrication lines of the
future (Lam, 1982). Second, plasma processing uses much smaller
volumes of dangerous chemicals than does wet etching - the
environmental impact of a dry process is therefore less than that of a
wet process (Coburn, 1982). Third, plasma etching is compatible with
most. organic photoresist masks, especially if the wafer is cooled
during etching (Parry and Rodde, 1979). This is in contrast to many
wet etching processes, which require silicon dioxide masking
(Poulsen, 1977) - therefore, wet etching proéesses m#y require extra
steps in wafer fabrication., Finally, plasma processes are inherently
cleaner than wet processes, i.e., wafer contasmination can be more
strictly controlled.

The disadvantages of plasma processing are the high capital
equipment costs, the use of small volumes of highly toxic gases, and
most importantly, the complexity of these poorly-understood processes.
Plasma etching is &n empirical science at best; presently, many

processes are developed via hit—or-miss experimentation,
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At present, plasma etching accounts for about 20% of all etching
steps in VLSI fabrication; in the next five years the fraction is
expected to increase to 80% (Strategic Incorporated, 1984). Since
most fabrication sequences involve at least 3-5 etching steps, the
importan¢e of plasma etching is obvious given the 2normous economic

potential of VLSI,

1.1.3 Plasma Etching Reactor Configurations

Several etching reactor configurations have been described in the
literatnre - among these are barrel etchers, hexode batch reactors,
single—wafer plasma etchers and single-wafer reactive—ion etchers.
Although each configuration offers great advantages for a particular
purpose, the single-wafer tools are most important for VLSI. In this
subsection, the strengths and weaknesses of each configuration are
briefly outlined. The interested reader is referred to Chapman (1980)
or Coburn (1982) for schematic diagrams and more detailed discussion.

In barrel etchers, a large number of wafers can be processed
simultaneously. Therefore, throughput can be very good if etching
rates are appropriately high. Generally, high pressuvres (0.5-1 torr)
are used in barrel etcher systems to achieve high etching rates.
However, energetic ion bombardment of surfaces in a barrel reactor is
generally insignificant, so etching is ‘mearly isotropic. Plasma
ashing of photoresist amd silicon dioxide mask removal are two

important processes well suited to the barrel configuration.
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Hexode batch reactors (so named  because the powered
electrode/wafer support is hexagonal) have been the mainstay of the
industry for the past five years. Many wafers can be etched
simultaneously in these systems, and good etch directionality can b
achieved. However, directionality is obtained at the expense of
etching rate because low pressures (~0.1 torr) must be used. Also,
process control is difficult because of etching nonuniformities over
the large wafer surface area.

Single—wafer tools can be used in two modes: plasma etch (PE) or
reactive—ion etch (RIE). In both cases, a parallel-plate electrode
assembly is used (Reinberg, 1973)., Single-wafer etchers offer several
important advantages over batch systems. First, single-wafer tools
are physically smaller, which is vital as clean room floor space
becomes almost prohibitively expensive., Single—wafer etch processes
are easier to control due to better spatial uniformity (Weiss, 1984),
which will be more important as wafer sizes increase and the cost per
wafer becomes higher, Finally, process development is easier in
single-wafer etchers because of the simplified geometry.

In PE, the wafer sits on the grounded electrode, and the system is
symmetric (i.e., the electrodes are of equal area). Etch
directionality can be controlled by varying system pressure, power
input, etc. Generally, PE results in directional but not completely

anisotropic etching.
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In RIE, the powered electrode is much smaller than the ground
electrode. Therefore, most of the voltage is dropped across the
plasma sheath of the powered electrode, on which the wafer is placed
(Bondur, 1976). Consequently, the wefer is subject to very energetic
ion bombardment. As discussed later in this thesis, emergetic ion
bombardment increases etch directiocmality. For this reason, RIE has
been the preferred mode for VLSI etching (Wang and Maydan, 1983); even
deep and narrow trenches can be etched im silicon by this technigque.
However, emergetic ion bombardment also causes device damage (Ephrath,
1982), so a tradeoff between directionality and damage must be made.
In the future, etching processes may incorporate some of the
advantages of both PE and RIE by operating in intermediate pressure

ranges (e.g., 100-200 mtorr).
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1.2 OBJECTIVES AND SCOPE

A better understanding of the physical and chemical processes
important in plasma etching will provide & more ratiomal basis for
process development, optimization, and comtrol. For example, by
examining the relationships between externally—-controiled variables,
internal plesma properties, and etching respomnses, heuristics to aid
in process development can be developed. Weiss (1983b) noted that
plasma etching equipment manufacturers mneed to supply etching
processes with their product, and that workable etching process models
would be most welcome. Of course, a fully descriptive theoretical
model for the etching process would be very helpful. As such a model
is not possible given the present state of our knowledge of plasma
etching, and may never be possible given the tremendous complexity of
these processes, simplified models which indicate process tremds with
controllable parameters and identify importamt physical processes
would be most useful,

In this thesis, I have takenm the following approach to the problem
of etch precess modeling, A large volume of experimental data, both
of etching responses and of important physical plasma properties, was
collected for two chemical systems - CF,Cl1 and CF,Br. Etch gases
based on multiple halogen chemisties are particunlarly interestimg
because of the wide range of etching characteristics which can be
obtained by varying process conditions. The importance of chemistry
is seen in that fluorinefbased chemistries undercut polysilicon films

more than do chiorine-based omes (Winkler, 1983).
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Experimental design end statistical amalysis techniques for rapid
identification and quantification of process trends with external
variables were developed and used. The relationships between
important process responses (e.g., etching rate) and plasma properties
(e.g., ion bomberdment flux) were then examined using simple models.
The importance of energetic ion bombardment on the etching process was
examined in detail. The final result is a phenomenological model
which accounts for observed tremds in etching rate and directiomality
with varying power input, pressure, and gas composition using a
minimaom of adjustable parameters. The model, although mnot fully
predictive, provides <considerable imsight into the important

mechanisms of plasma etching,



1.3 HALOCARBON ETCHING OF POLYSILICON - PREVICUS WORK

1.3.1 CF

Host of the studies involving halocarbon etchant gases have
centered on CF, and its mixtures with O, (for polysilicon etching) or

H, (for silicon dioxide etching). Since such a large body of work,

2
including several modeling attempts, exists for this gas, it will be
not be examined here, Several excellent reviews of many aspects of

halocarbon etching are evailable (e.g., Cpburn 1982).

1.3.2 CF,C1

Few studies of CF,Cl1 etching can be found in the literature,
althongh the gas has freguently been used as an additive to
fluorocarbon (e.g., CF,) etching systems to improve etch
directionality (Borghesani and Mori, 1983; Adams and Capioc, 1981;
Mogab and Levinstein, 1980). Because of its high selectivity to
silicon dioxide and its relatively small loading effect, CF,Cl1 is an
industrially interesting etching gas (Mogab and Levinstein, 1980).

Leahy (1981) observed that the etching rate of doped polysilicon
in CF,Cl1 discharges reaches a maximum with increasing pressure at
about 0.4-0.5 torr. He also observed that etching rate increased with

power input. As in other chlorine-based discharges, CF,Cl etching of
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polysilicon becomes more rapid with increasing dopant concentration
(n-type dopants). The etching rate of p-doped polysilicon was not

significantly different than that of undoped polysilicon,

1.3.3 CF,Br

The 1literature on CF,Br etching of polysilicon is even more
sparse, although the gas has been used to etch other films, Flamm et
al. (1980) reported some observetions on polymeric film formation in
these plasmas, while Flamm (1981) examined the production of the
radical species °CF, and °CF, in both CF,Cl1 and CF;Br discharges.
Only Matsuwo (1980) has reported previously om the etching properties
of CF,Br plasmas, wherein it was seen that the selectivity of CF,Br

for 8i:8i0, etching is adequate for many applicationms.
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CHAPTER 2 - EXPERIMENTAL

2.1 APPARATUS

The equipment used in this thesis is described in this section,
both etching system hardware and diagnostic hardware and software.
Equipment designed or built by the author is explained in detail,
including equipment drawings. Further details of the apparatus may be
found elsewhere (Richards, 1986a), as may the specifics of the

microcomputer control system (Thompson, 1986).

2.1.1 Geometry

The etching reactor is a8 single-wafer tcol, see the schematic in
Fig. 2-1. It is a symmetric parallel-plate system, i.e., the powered
and ground electrodes are of equal diameter (12.7 cm). The upper
electrode is powered, the lower grounded; the wafer sits on the
grounded electrode. The upper electrode is suspended from the chamber
lid on a Mitutoyo model 297-101 micrometer drive; the micrometer
allows the electrode spacing to be varied from 0-4 cm. The lower
electrode rests on the chamber baseplate. Three powered electrode
assemblies were used over the course of this thesis — these designs

are discussed in section 2.1.3.
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The main chember itself is & cylinder 19 cm high by 27 ¢m in
diameter., As shown in Fig. 2-1, Teflon rings extend from both
electrodes toward the chamber walls; the lower rimg to the wall aad
the upper ring to within a few cm of the wall. The Teflon rings serve
to isolate the plasma from the metal surfaces by dropping the high
electric fields through the insulating rings. All metal surfaces
inside the etching chamber are stainless steel (304L or 316L).

The lower electri.de, to which the wafer sample is clipped, can be
removed from the main chamber to the outer chamber through a load-lock
gate valve. Since the outer chamber is vented and pumped separately,
this system allows the sample to be changed without losing vacuum in
the main chamber. Pump-down time due to degassing of the chamber is
greatly reduced by this system; turnaround time from sampie to sample
is less than 5 minutes.

The lower chamber, which houses the mass spectrometer and the
Faraday cup, is also constructed of 304L stainless steel. The lower
chamber is separated from the upper chamber by a 25-50 pm diameter
pinhole aperature in the main chamber baseplate, and is differemtially
pumped. The small flux of neutrals or ioms through the pinhole is
effusive, since the diameter is less than the mesa free path (~100 um
at 0.3 torr)., The mass spectrometer is encased in a liquid nitrogen

baffle to minimize background noise.
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2.1.2 Vacuum System

The etcher’s gas manifold is capable of mixing up to five gases
from a selection of tem ports., The feed gases to the chamber are
metered with Tylan mass flowmeters; flowmeter ratings are 10 and 50
sccm, The gas feedthrough to the chamber is a hollowed Teflon tube
connected to the upper electrode. The gases exit the upper electrode
through a showerhead arrangement in the center, flow radially outward
between the electrodes, and are pumped out of the chamber at an exit
port in the chamber 1id. System pressure is measured with an MKS 22-
ABS capacitance manometer on the chamber 1id. Independent control of
pressure and flow rate is achieved with an MKS Baratron 252A exhaust
valve controller, which varies the effective pumping speed with a
butterfly valve in the exhaust line,

After passing through the exhaust valve controller, gases are
pumped through a pair of liquid nitrogen (LN,) cold traps to remove
corrosive/reactive chemical species; each trap consists of a
"coldfinger” on which the gases are frozem, The LN, level in the
traps is maintained by a pair of thermal sensors in conjunction with a
solenoid-valve flow system (manufactured by Cryo—Med). The traps are
vented to a laminar flow hood when the system is not in use., During
this time the chamber is purged with nitrogen, which is pumped through
a bypass line <containing a molecular sieve trap to prevent
backstreaming of pump o0il to the chamber. Schemetic drawings of the

cold trap assembly are shown in Appendix C.2. Upon leaving the cold
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trap the gases enter the line to the main pump, an Edwards E2M80
rotary vane pump (80 CFM), and are exhausted to the hood. All gas
lines between the chamber and the main pump are at least 3.5 cm in
diameter, so gas conductance is adequate, System base pressure is
about 10”’ torr at low flow rates and leak rates are om the order of
.005 scem.,

The lower chamber is differentially pumped by either a Varian ion
pump or a 150 liter/sec Leybold-Heraeus turbemolecular pump backed by
a roughing pump. Lower chamber background pressure is 10°°¢ torr; an
order of magnitude 1lower pressure is obtained when the mass
spectrometer’s LN, baffle is filled.

The outer chamber is pumped by a roughing pump. Load-lock
pressure is measured with a thermocouple gauge, and is generally less
than 10 mtorr,

A schematic of the vacuum system is shown in Fig. 2-2,

2.1.3 Powered Electrode Assemblies

Three powered electrode designs evolved during the course of this
thesis; these are referred to as electrode assemblies A, B, and C,
respectively. Briefly, assembly A is a thin (about 1/8 inch)
stainless steel plate of 15 cm diameter. A 17.7 cm diameter by 1 cm
thick Teflon sheet rests on top of the powered electrode. The

electrical feedthrough to this electrode consists of two Teflon-
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coated wires inside a flexible Teflon tube. The gas feedthrough is a
ground quartz tube; the electrode is connected to the feedthrough by
tightening a pair of O-rings onto the tube with a Cajon fitting,

At pressures below 0.4 torr, or at high power densities, a
parasitic discharge formed around the electrical feedthrough wire.
This presents great problems because the discharge must be contained
solely between the electrodes if the impedance measurements are to be
interpreted in any meaningful way. Another difficulty with assembly A
is the stremgth of the quartz tube. As the chamber 1id is removed
from the chamber (a frequent procedure), the upper electrode may
strike the chamber walls. Concern over the fragile quartz tube
resulted in the design of electrode assembly B.

Electrode assembly B is connected to the Achamber 1id via a
threaded stainless steel tube fit snugly inside a 5 cm diameter Teflon
tube., The electrode is 12.7 cm diameter by 1 cm thick, and is cooled
by flowing water through its hollow interior., Again, a Teflon sheet
rests on the electrode. The electrical feedthrough is again a pair of
Teflon-coated wires, but the wires are isolated from the plasma. The
wires are fed from the chamber 1id to the electrode in a 0.15 cm wide
slot milled out of a 2 cm thick Teflon block; the high electric fields
around the wires are dropped in the block and a plasma sheath caanot
form around the feedthrough. A plasma cannot form in the milled slot
because the gap spacing is smaller than the oscillation amplitude of

electrons at 13,56 MHz.
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However, assembly B does not contain the plasma between the
electrodes at low pressures; a parasitic glow forms in the upper
chamber (between the powered electrode and the chamber walls), At
these pressures, electrical breakdown of the gas is oscillation-
limited, i.e., & plasma can only form if the distance travelled by an
electron in the electric field is less than the interelectrode spacing
(Brown, 1965). Since the distance between the powered electrode and
the chamber 1id is greater tham the interelectrode spacing, the gas
breaks down above the electrode before breaking down between the
electrodes,

Electrcde assembly C circumvents this problem by removing all
electric fields, except between the electrodes. The assembly is
modeled after s triaxial cable, see Fig. 2-2 and Appendix C.1. The
periphery of the electrode itself (the same one used in assembly B) is
surrounded by & Teflon ring which also supports the remainder of the
assembly. A powered shield of 1/16-inch sheet stainless steel rests
on the Teflon support; this shield extemds about 7 cm above the
electrode, and is covered. A 1-cm thick Teflon sheet rests on the
cover of the powered shield; a Teflon pipe (1 em thick) ercircles the
sides of the powered shield. Finally, a ground shield (similar to the
powered shield) surrounds the assembly. Consequently, all electric
fields are dropped through Teflon and no fields are exposed to the
gas, except between the powered and grounded electrodes. The
electrical feedthrough is also a triaxial cable, fashioned from

Teflon—-coated wire, Teflon tubing, and silver—coated copper braid.
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No parasitic discharges are observed using assembly C. Of course,
at very low pressures the plasma is not well contained because it
expands out between the electrodes toward the chamber walls, In
CF,Br, the minimum operating pressure (defined as the pressure at
which plasma containment disappears) is about 0,15 torr using assembly
C, 8s opposed to 0.25 torr using assembly B,

Another important comnsideration im electrode design is the
parasitic impedance of the assembly. Since parasitic impedances must
be subtracted out from total measured impedarces to get the plasma
impedance, they should be minimized. For example, a parasitic
capacitance of 30 pF is a significant fraction of the total measured
capacitance in electronegative gas plasmas. The parasitic capacitance
and feedthrough line inductance of assembly B are about 25 pF and 0.3
pH, respectively (for further discussion see Thompson et al., 1986a or
subroutine IMPED of computer program ANALYZE, Appendix B.1). The
triaxial design of assembly € reduces the stray capacitance to 5 pF, a
significant improvement. The measured line inductance of assembly C

is 0.35 pH.
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2.2 PLASMA DIAGNOSTICS

In this section, the diagnostic equipment associated with the
plasma etching system are described. In addition, special diagnostic
and data analysis techniques are detailed where necessary, although
further details are presented in other sections of this thesis, Most
of the diagnostic equipment is controlled by a microcomputer, which is

elso used to acquire the data from the diagnostic tools.

2.2.1 Electrical Impedance

The discharge geometry and electrode construction are described inm
subsections 2,1.1 and 2.1.3, respectively. In this subsection, the
power system and impedance measurement equipment are described in
more detail.

The applied voltage is supplied by an ENI model 2100L broadband
amplifier (100 KHz - 10 MHz), fed by a Hewlett-Packard model 3312A
fonction gemerator. This apparatus allows variation of the plasma
excitetion shape and frequency, as well as amplitude modulation of the
power input to the plasma. The forwerd and reflected powers are
measured with a Bird model 43 power meter or with am ENI model 2K250
power meter. A 7w network (capacitor-inductor-capacitor) is used to
match the 50 Q2 output impedance of the amplifier to the plasma
impedance. In general, matching is sufficiently good that less than 1

watt is reflected.
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High frequency-response voltage (Tektrenix 100 MHz bandwidth, 10MQ
impedance) and current (Ion Physics, 30 MHz bandwidth) probes are
located at the vacuum electrical feedthrough to the chamber, betweeu
the matching network and the powered electrode. A Tektronix 7603
oscilloscope, with a bandwidth of 70 MHz, acquires the voltage and
current waveforms. The waveforms are then processed by & Tektronix
D20 programmable digitizer and stored fer further analysis. Typical
current and voltage waveforms are shown in Fig., 2-4, The waveform

angiysis procedures are presented in Appendix B.1.

2.2.2 Laser Interferometry

The etching rate of the polysilicon is measured in situ by laser
interferometry, A Hughes 5 mW He-Ne laser is mounted above the
chamber 1id. The laser passes through a window in the chamber 1id,
through 8 hole in the upper electrode assembly, and is reflected back
at the 8i/Si0, interface of the wafer sample. After passing back
through the electrode and the chamber 1id, the beam is redirected by a
beam splitter and focused onto a photodetector. The photodetector
output is sest simultaneously to a chart recorder and to an A/D port
on the microprocessor. Laser alignment is accomplished with a series

of three X-Y tables.
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Figure 2-4: Typical current and voltage waveforms in CF,Br plasma,
using electrode assembiy C.
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The intensity of the reflected beam is dependent on the phase of
the laser light as it leaves the wafer surface. As film thickness is
varied the reflected intensity varies sinusoidally. The period of the

oscillation, in film thickness, is (Marcoux and Foo, 1981)

d=(/2) N, (2.2.2-1)

where d is the film thickness between intemsity maxima, A is the
wavelength of the laser, and N is the refractive index of the
material, In this study, A=632.8 nm and N=3.42; therefore, the film
thickness between intensity peaks is 925 3. Fig. 2-5 is a typical
laser interferometry scan, showing etch start and endpoint,

The effects of surface topography on laser interference patteras
have been examined previously (Heimann, 1985; Roland et 21., 1985),
Sternheim et al. (1983) developed an slgorithm by which the optimum
placement of the laser on a patterned wafer could be determined.
Interference effects are also wuseful for determining absolute

thicknesses of some films by colorimetry (Pliskin and Conrad, 1964).
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2.2.3 Optical Emission Spectroscopy

Perhaps the most commonly employed endpoint detection technique
(Weiss, 1983), optical emission spectroscopy is & very useful tool for
monitoring known species in a plasma because of its simplicity and
ease of installation (Harshbarger et al., 1977). Visible optical
emission data are obtained with a Jarrell-Ash Monospec monochromator
and a Tracor-Northern TN-6100 multielement array detector. The
monochromator is equipped with three gratings, which allows both iow
resolution (200-800 nm) and high resolution (20 nm range) scans. High
and low resolution scans are shown in Figs, 2-6 and 2-7, for a CF,C1
plasma, The outboard microcomputer controls the monochromator and
receives and stores the emission data.

Optical emission from a plasma occurs as electromically-excited
species in the discharge (created by collision with energetic
electrons) relax to lower emergy states by emitting photons, The
energy (and hence, wavelength) of this tramsition is indicative of the
particular species involved. Because discrete energy states are
involved, optical emission spectroscopy is genmerally limited to small
molecules; large molecules emit a diffuse continuum rather than
discrete peaks. The intensity of emission from a given species X at a
characteristic wavelength is a function of the species concentration,
the electror concentration and emergy distribution, and the excitation

cross section of that species., Atomic fluworime and chlorine are
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Figure 2-6: High resolution optical emission scan of CF,Cl/Ar
plasmas. Several atomic chlorine and argon lines are
shown,
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commonly studied by optical emission, although atomic silicon (Bulat
et &1., 1982), CF, radicals (Millard and Kay, 1982; Trung et al.,
1977), (Washida et al.. 1983; Suto and Lee, 1983; Suto and Washids,
1983a; Suto and Washide, 1983b; Suto et al., 1983), and many others
have also been studied.

Optical emissiom spectroscopy cannot, in gemneral, be used to
determine absolute species concentrations, However, addition of a
small amount of an imert gas with similar excitation cross—section to
species X allows evaluation of relative changes in [X] with varying
plasma conditions., By this technique (optical emission actinometry)
the effects of electron concentration and energy are removed by taking
the ratio of the emission intensity from species X to that of the
actinometer. The technique was first developed by Coburn and Chen
(1980), and has been used in many more recent studies (d'Agostino et
al,, 1981a and 1981b; d'Agostino et al., 1984; Domnelly et al., 1985).
The benefits and pitfalls of optical emission actinometry are

described in more detail elsewhere (Richards et al., 1986).
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2.2.4 Mass Spectrometry

Mass spectrometry is a very useful techunique for identifying
species present in a glow discharge (H6fler, 1984). For example, many
species characteristic of sheath ion-molecule reactions have been séen
in plasmas (Vasile and Smolinsky, 1973). However, quantitative
analysis to yield species fluxes to the surface is not
straightforward. For example, cracking patterns of radical species
formed in a plasma are unknown; the measured pcak height ratios cannot
be converted to relative fluxes. The sensitivity of mass spectrometer
gain to the emergy state of the species is also & problem,

The Leybold-Heraeus Q200 quadrupole mass spectrometer (QMS) is
located in the differentially-pumped lower chamber, directly below the
50 pm pinhole orifice, The flux through the pinhole is representative
of the flux upon the electrode surface because the mean free path of
the ions or neutrals (about 100 um at 0.3 torr) is greater than the
pinhole diameter; therefore, flow through the pinhole is effusive.

The QMS can be used to observe two types of species — ions and
neutrals. When in neutral mode, neutral species are ionized by a 70
eV ionizing cage. When observing ions, the ionizer is turnmed off and
the QMS is biased so as to be at a slightly negative potential (about
10 V below ground). Example ion and neutral scans in CF,Cl1 plasmas

are shown in Figs, 2-8 and 2-9, respectively.
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Figure 2-8: Sample QMS ion scan of CF,Cl plasma,
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Figure 2-9: Sample QMS neutral scan of CF,Cl plasma.
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In the presemt study, the mass spectrometer was used primarily in
the ion mode because the corrections (e.g., cracking patterms) which
must be made to the raw data are less vital than in the neutral case.
Relative peak heights are reported, with no attempt at correction for

ion energy distribution,

2.2.5 Langmuir Probe

Electrostatic (Langmuir) probes are the simplest of the few
diagnostic tools available for investigation of plasma electrical
properties. In addition, the theoretical analysis of the measurements
required for plasma property estimation is fairly well developed
(e.g., Cherrington, 1982; Laframbroise, 1966; Chen, 1965). A
considerable volume of data exists for imert sputtering discharges
such as argon, but relatively 1little information is available
regarding chemical systems pertinent to plasma etching,

A Langmuir probe is a thin wire inserted into the plasma. By
varying the applied potential to the probe and measuring the resulting
current from the plasma (i.e., determining the I-V curve), much
information about the plasma electrical properties cam be obtained:
electron and positive ion densities, floating and plasma potentials,

and mean electron energy.
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Limited probe data are available for rf plasmas (Eushner, 1982;
Norstrom, 1979; Steinbrfichel, 1983), although a wealth of information
exists for dc sputtering discharges. A major problem encountered in
the rf system is the coupling of the rf voltage with the probe; to
obtain accurate and noise-free measurements the probe must have a very
high impedance at the plasma excitation frequency and a low impedance
to dc¢ current, This problem is solved by inserting a series of
inductors in the probe circuit (Surendra, 1985; Surendra et al.,
1986). The I-V curves are obtained by applying a triangle-wave
voltage to the probe, amplifying the current with a Keithley 427
current amp, and averaging over many cycles with an EG&G PAR 4203

signal averager. A sample I-V curve is shown in Fig. 2-10,

2.2.6 Faraday Cup/Energy Analyzer

A schematic of the Faraday cup assembly is shown in Fig, 2-11,
The assembly consists of a pair of 97%transmission tungsten—mesh
grids and a collection plate. By biasing the upper grid to -90V,
positive ions are focused into the assembly. The potential omn the
lower grid is controlled externally via the microcomputer., The
current tn the collection plate is amplified by a Keithley 427 current

amp and recorded i:y the outboard microcomputer.
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Figure 2-10: Sample Langmuir probe I-V curve in CF,Cl1 plasma.
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Figure 2-11: Faraday cup assembly: (&) overall schsmatic, (b)
expanded view of grids.
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By biasing the lower grid and the collection plate to —45 V, any
ibns which enter the assembly are collected and observed as a cunrzent,
If the lower grid is biased positively ioms with energy less than the
grid bias potential are repelled by the grid, and are not collected by
the plate. In this way the ion energy distribution is obtained, as
discussed in chapter 4. Many subleties of ion flux and ion emergy
measurement by this technique are discussed in Thompson et al.

(1986a).

2.2.7 Laser Infrared Absorption

Laser infared absorption of atomic chlorine was first demonstrated
by Wormhoudt et al. (1983), and was recently used to measure [Cl] in

Cl, plasaas (Wormhoudt et al., 1986). A diode laser is tumed to

2
known absorption frequency of the atomic chlorine., The beam is then
directed through the plasma; the intensity lost by absorption in the
plasma is related to the atomic chlorire density by Beer'’s law.

In this thesis, laser infrared absorption atomic chlorine

measurements in CF,Cl1 plasmas were compared with optical emission

actinometry results and with kinetic discharge models (chapter 5).
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2.2.8 Computer Control

Much of the amalytical equipment om this apparatus is controlled
by an Intel 8088-based outboard minicomputer. Further deteils on the
computer design can be found elsewhere (Thompson, 1986). The ountboard
computer also serves as a storage facility for the data acquired by
the analytical equipment. Operation of this computer is performed by
software written and compiled on a Labtech microcomputer and
transferred to the outboard; listings of the dats acquisition romtine
FORTRAN code can be found elsewhere (Thompson, 1986). Before an
etching run, the user selects from among the variomus diagnostics the
set of data to be acquired during the run. Laser interferometry, mass
spectrometry, and optical emission data are displayed on a graphics
terminal as acquired — therefore, the user has the option of changing
scales, etc., during an etching run.

After the etch is complete all data (including waveforms from the
oscilloscope, ion fluxes, and ion emergy data) are transferred to the
departmental minicomputer, a Data General MV/4000. Data anaiyses are
performed om this minicomputer., Both raw and analyzed data are

transferred to magnetic tape for permanent storage.

2.2.9 Data Analysis

All computer programs used in the data analysis are presemted in
Appendix B,1, The function of each routine is specified, and sample
input and output files are included where appropriate.
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2.3 RESPONSE SURFACE METHODOLOGY

The goals of this thesis are threefold: to fully characterize the
plasma etching process im omne chemical system via extemsive
experimental measurements, to understand variations im the observed
etching responses with respect to changing process coamditions, and to
relate the external plasma conditions (power input, pressure, etc.) to
physically—important internal plasma properties (e.g., electron
density) so that a physical model for etching cam be developed.
Unfortunately, a very large set of experimental data is necessary if
these goals are to be met. Conventional experimental techniques are
very inefficient; therefore, a statistical experimentation techmique,
Response Surface Methodology (RSM), was applied in this thesis,

Response Surface Methodology is an efficient and effective way of
modeling plasma processes. Using this technique, plasma etching
processes can be modeled quantitatively, permitting both rapid and
efficient process development. RSM is often used in the shemical
process industry (CPI) for the optimization of complex chemical
processes. This statistical approach is not commonly used in the
microelectronics industry; however, it offers significant savings inm
both time and expense for the testing and optimization of
microelectronic fabrication processes, A mathematical process model
pérmits an engimeer to manipuvlate amd to optimize a process in a short

period of time, with a minimum of experimentation,
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A statistical approach is warranted because the present
snderstanding of plasma etching processes for microelectronic
fabrication is such that kinetic modeling is infeasible. Plasma
etching is 8 complex process in which many chemical reactiomns occur
simultaneously, e.g., electron—impact, gas—gas, and gas-surface
reactions, A large set of potentially significant plasma reactioas
could be posed and the creation, tramsport, and loss of species can be
mathematically represented by either a continuum approach (Edelson and
Flamm, 1985) or by Momte Carlo simmlation (Eushner, 1982a). However,
the rate coéfficients and/or cross-sections for most of the reactions
are unknowz and tke physics and chemistry of the etching process are
not well understood. Since it is presently not possible to model
plasma processes from a fundamental approach, parametric modeling

techniques are both necessary and appropriate.

2.3.1 Plesma Process Compiexity

In plasma process development the effect of a large number of
process variables (factors) must be comsidered. Even if a particular
etching tool and the etching gases are predetermined, a typical list
would include many variables (Table 2-1). Process specifications
vhich must be considered to optimize the total process are listed in
Table 2-2, Histories of similar systems or stock ’'recipes’ may be

used as a starting point; however, the complexity of plasma
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Table 2-1
Process Variasbles (factors)

Gas mixtare

Gas flow rate

Pressure

Power

Electrode spacing
Electrode temperature
Electrode material

Total wafer area (loading)
Previouws processing steps

Table 2-2
Etching Specifications (responses)

Etching rate

Edge profile

Selectivity

Loss of critical dimension
Uniformity
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processes makes their development and optimization an omerous task
unless 8 structured strategy is implemented. To use RSM most
effectively the number of parameters to be examined must be reduced to
those which are most significant, Those variables which have little
effect should be fixed at some convenient 1level. Important and
unimportant variables are identified using screening designs. A
physical understanding of the process can suggest which parameters are
important; however, 8 priori decisions about the significance of
variables are difficult,

A further complication of this multi—-dimensional problem is that
process varisbles may interact, i.e., the setting of ome variable
influences the response of the system to another variable. For
example, the etching rate typically increases with power; however, the
rate of increase depends on pressure, feed gas composition, electrode
temperature, total wafer area, etc. Therefore, to optimize this
process, the settings of &ll parameters must be considered
simultaneously.

Traditionally, processes are developed by varying one factor at a
time while holdirg all other factors at some constant level. While
this approach does not require a statistical Jdesign, it is expemsive
and can yield incomplete, and often misleading, results, Traditiomal
experimentation requires testing at many levels of a given factor,
does not account for experimental error, and igmores interactions
among the independent variables. Fig. 2-12a demonstrates a8 poteantial

interaction effect, im which a decrease in the respcnse Y is observed
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Figure 2-12: Interaction effects ©between variables (a) strong

interaction and (b) typical interaction.
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as process variable X, imcreases with X, set at a low level, but an
increase in Y is observed if X, is set at a high level. A more common
interaction, in which the slope of the response to X, varies with the
setting of X,, is skhown in Figure 2-12b.

Given interaction between process variables, the complexity of the
process becomes too great to allow efficient optimization without a
model, It is highly desirable to construct a mathematical model which
quantitatively represents process responses as a function of process
varisbles, as such a model will permit identification of the best
process settings for a given set of etching requirements., A
quantitative model is also useful in process control; it can suggest
the direction in which process settings should be varied to adjust for
a minor chamnge in the process specifications or process conditions,
The limits of the parameter changes which can be tolerated while
maintaining process specifications can also be determined using a

process model.

2.3.2 Response Surface Methodology

RSM is a statistical techanique by which experimental strategy and
anglysis of data are combined efficiently to gemerate & parametric
model which represents the process responses. RSM can be applied to
any process in which the response can be measured in a continuous

fashion and in which the process settings can be independently
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manipulated. The number of required experiments is minimized by
expsrimental design, i.e., careful selection of process settings.,
Once the response has been modeled, graphical representations of the
response surfaces (e.g., contour plots) can be gemerated for use in
process optimization, Contour plots allow rapid visualization of the
change in a process response with respect to a process variable,

In most chemical processes, including plasma processing, the
response of the process to variations of the process settings has a
continunous and smooth functionality. For example, the etching rate
often increases approximately linearly with increasing power, while
the selectivity between films (e.g., Si over 8$i0,) declines in a
continuous fashion. Some process conditions lead to instabilities
which can produce abrupt changes; however, such process conditions
are typically avoided because of their wuncontrollable nature.
Therefore, polynomial functions can be used to model the response,
with the process variable settings as terms in the expansion.

RSH is omly applicable to responses that can be represented as
continuous functions, For example, etching rate, selectivity, and
anisotropy cam be represented as continuons functions. Discrete
effects such as etching-induced electrical defects can be converted to
continuous functions by some scaling procedure, e.g. the percentage of
defective die per wafer. By modeling several respomses
simultaneously, the tradeoffs in etck quality with varying process

conditions can be examined.
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Experimental error effects on the model predictions are assessed
using statistical analysis. Experimental error is estimated by
repeating experimental runs end calculating the standard deviation of
the replicate differences. The lack-of-fit of a parametric model is
estimated by performing more trials than are necessary to specify the
coefficients of the model, arnd thereafter calculating the standard
deviation of the differences between the model and the experimental
data.

Consider the characterization (by a linear model) of a function Y
of one variable X, If four experimental trials are to be performed,
the selection of the trial conditiors influences the information which
can be gained. If two process comditions are selected, and each is
replicated, & linear model is represented by a line between the
average of the observations at each condition (Figure 2-13a). The
difference between the replicates indicates the magnitude of the
experimental error, and is therefore an estimate of the confidence in
the model predictions. However, the correctness of the linear model
cannot be assessed. With four equally-spaced (in X) trials a least
squares regression can be performed to obtain a limear model, as well
as the standard deviation between model and data (Fig. 2-13b).
However, the experimental error cannot be determined since mno

'replicates are included. In this case, the lack—of-fit error cannot
be separated from the experimental error. By chosing two extreme
conditions and a replicated intermediate comndition, ©both the

experimental error and the fit of the model can be estimated (Fig.
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Figure 2-13:

(c)

Impact of experimental design on modeling: (a) two
levels with each replicated, (b) four levels with no
replicates, and (c) three levels with middle 1level

repeated.
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2-13¢). The lack-of-fit error indicates whether the functionality of
the model is sufficient to represent the process. In Fig. 2-13c, the
presence of curvature is indicated simce the lack of fit is
significantly greater tham the experimental error, Therefore, a
quadratic model, as shown by the dashed line, better represemts the
data. The experimental designs described in the following subsection
incorporate these concepts in a statistically efficient manner for
more complex models. The distribution of experimental points in the
parameter space is selected to gemerate models which represent the
process with uniform precision over the entire parameter space of

interest.

2.3.3 Experimental Designs

In general, a design should be chosen that will support at least a
full quedratic model. Guadratic models include linear, two-factor
interaction, and quadratic terms to describe curvature. The gemeral

form of the full quadratic model is

£ f i-1 f
2
T=b+ )X + ) )b XX + )b X, (2.3.3-1)
i=1 i=1 j=1 i=1
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where Y is the process respomse, the Xi are the process variables, f
is the number of factors, and the b’s are the constants in the fit.
This model requires testing at least three levels of Xi; ideally, the
levels should be equally spaced on some scale (e.g., linear, log,
square root) consistent with the expected dependence of Y on X,

Response surface designs were developed by G.E.P. Box and
coworkers, These designs are fractional factorial designs requiring
three or more levels (settings) of each process variable (factor).
The number of trials in a full factorial design is kf, where k is the
number of levels and f is the number of factors., A full two-level,
three-factorial design would consist of experimental measurement
points at each corner of a cube in parameter space (8 trials), while a
full three-level design would have additional trials at the center of
each edge and the center of the cube (27 trials). A fractiomal
factorial design is a selected subset of the full design.

Common three-variable designs are illustrated in Figure 2-14: a)
the Box-Behnken Design with 15 trials, and b) thé Face?Centered Cube
(FCC) Design with 17 trials., The factor level codings of -1, 0, and
+1 designate the lower, middle, and upper level of the variables,
respectively. These designs replicate the center point to aid in
error prediction and have at least five degrees of freedom to estimate
quality of model fit. Used together without cemter point zeplication,
the combination produces the full three-level factorial design of 27
trials. The designs are esasily extended to cases involving more

factors (DuPomt, 1578; Box et al., 1978; Cochran aand Coxz, 1257).
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Figure 2-14: Common three-variable experimental designs: (a) Box-~
Behnken design with 15 trials, and (b) Face—centered
cube design with 17 trials.
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A third type of design, the central composite rotatable design,
tests five levels per factor, It is a variation of the FCC design
with the trials at the centers of the faces pushed outward a distance
of 2fl4. thereby sampling at positions equally spaced from the center.
The central composite designs generally require fewer trials ihan do
the Box—Behnken or FCC designs for large numbers of factors, but have
the disadvantage of covering the primary region of interest (-1 to +1)
less well,

If there are more tham six independent wvariables under
consideration, screeming designs should be used as a first step in the
analysis to determine which variables which are most significant,
Once the important variables have ©been identified, the less
significant variables can be fixed at convenient levels. Designs such
as the Plackett-Burman (Plackett and Burman, 1946) and small
fractional factorial designs (DuPont, 1978; Box et al., 1978) cam be
used to determine the significance of a large number of independent
variables with omnly a few frials, typically 16 rums for 7 to 8
variables and 20 rumns for as many asl}14 'fariablés. The response
surface design used would be based on the\significant variables only.

Several other factors must be considered while designing an
experiment, The factor levels should span as broad a range as
possible, for two reasons, First, the empirical model fit to the data
cannot be wused for prediction outside of the region explored
experimente’ly - for example, a quadratic model will revert to an

elliptical shape, giving nonsensicel gesults, Only & physically-
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correct theoretical model can be used for extrapolation; however,
these are usnally difficult and costiy to develop. Second, the
difference observed in the response whem going from the low to the
high factor level must be greater than the experimental error,
otherwise the significance of a factor cannot be evaluated,

The number of experimental trials in the design must exceed the
number of coefficients in the model; if the number of trials and
coefficients are equal, the fit will have no degrees of freedom for
error estimation and a 'perfect’, but uswvally erromeous,
representation of the data will be obtained, In fact, the empirical
model will give accurate predictions at the data points but will not
necessarily provide the correct interpolation to other conditions
within the parameter space of the design.

In addition, replication of dsta points allows comparisop of the
lack-of-model-fit to the experimental error. A full quadratic model
for f process variables contains a constant term, f linear terms, f(£f-
1)/2 interaction terms, and f quadratic terms. Thus, with three
factors, 10 coefficients ﬁﬁst be determined. The full guadratic model

is:

Y=0%, +b,X, +b,X, +b,X, +b,,X,X, +b,,XX, +b,,X,X,

+b,,%,% +b,,5% +b,,%° . (2.3.3-2)
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The nnmber of levels of each factor must be adequate to support the
model under comsideration. A minimum of two levels is needed for a
linear model, three levels for & quadratic model, and four for a cubic

model.

2.3.4 Statistical Analysis

The data generated by the response surface design are analyzed
using Least Squares Regression (LSR) Analysis, which determines the
model coefficients by minimizing the residual variance. Computer LSR
analysis progrems are readily available from many sources; a simple
example written for this thesis is shown in Appendix B.2. The inputs
and the more important outputs of one such program (property of
DuPont) are illustrated (Tables 2-3 to 2-6 and Figs. 2-15 and 2-16)
for a LSR of a 15-run, 3-factor Box-Behnken design with 3 extra
replicates fitted to a quadratic model. Thq response (etching rate
of P-doped.polysilicon in a CF,Cl1/Ar plasma) was measured as a
function o¢f pressure, power, and argon dilution. The results of a
more complete design are discussed later,

If in an experimental design, two factors are varied in some
related fashion, these factors are said to be correlated and their
independent effects on the respoﬁse cannot be separated. For example,
if power input and pressure are tested only at conditions where their

ratio is constant, they are perfectly correlated and the effect of
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Table 2-3
Box-Behnken Design (including replicates) for Polysilicon Etching
in CF,Cl Plasmas,

RON # POWER PRESSURE CF,Cl ETCHING
DENSITY FRACTION RATE
(W/cm?) (torx) (um/min)
1 0.315 0.6 0.865 0.088
2 0.315 0.6 0.865 0.081
3 0.315 0.6 0.865 0.081
4 0.315 0.6 0.865 0.094
5 0.315 0.6 0.865 0.104
6 0.087 0.3 0.865 0.039
7 0.715 0.3 0.865 0.100
8 0.715 0.9 0.865 0.356
9 0.315 0.3 0.738 0.052
10 0.715 0.6 0,738 0.217
11 0.315 0.9 0.738 0.062
12 0.087 0.6 0.738 0.045
13 0.315 0.3 0.956 0.110
14 0.087 0.6 0.956 0.042
15 0.315 0.9 0.956 0.045
i6 0.715 0.6 0.956 0.392
17 0.087 0.9 0.865 0.042
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varying either power or pressure alone cannot be determined. The
correlation matrix (Table 2-4) shows the degree of linear correlation
among all combinations of the model terms and the responses. A
correlation coefficient of 1.0 indicates a perfect positive or
negative relationship., A coefficient of 0 indicates that the terms
are independent, which is desirable. Correlation among the terms of
the model can occur when small experimental designs and higher order
terms are used, and commonly occurs in undesigned experiments. If the
correlation is high, the model coefficients from a least squares
regression analysis are not interpretable. With significant
correlation among the model terms to be fitted, ridge or biased
regression (Hoerl and Kennard, 1970) must be used to stabilize the
values of the coefficients such that they are meaningful.

The variables are standardized by the transformation xi=(Yi-§i)/Si

for each Xi. Here, X.

i is the average value of Xi for the experimental

design, and Si is the standard deviation of X,. Standardized
variables x; have an average value of 0 and a standard deviation of 1,
Since all variables are now on the same basis, this scaling allows
direct interpretation of the relative importance of model terms via
the magnitude of the coefficients, The wutility of this scaling is
demonstrated in Table 2-5, in which the standardized power input has
the largest coefficient of the model terms. Power input is therefore
the dominant factor in the etching of polysilicon with CF,Ci, while

argon fraction is less important,
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Table 2-4
Correlation Metrix for Terms in Box-Behnken Design,

1.00
0.01 1.00

1.00
0.05
-0.13

1.00
0.05
0.05
0.61

1.00
0.00
0.00
0.00
-0.06

1.00
0.00
0.00
0.02
0.00
0.20

0.00 0.00 1.00
0.00 0.01 0.00 1.00
0.00 0,01 0.00
0.00 -0.01 0.00 -0.02
-0.54 0.00 -0.01 0.00
0.01 0.00 -0.01 0.00
0.01 0.00 -0.35 0.00
0.80 0.17 0.17 0.34

1.00
0.00 1.00
0.01

N o n

W oMo oW 8w hud

b4 b4 b4 b4 b P4 P4 b Pd

Y

X,=Power Density
X, =Pressure

X,=

3Cl Fraction
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Table 2-5

Least Squares Regression Output for Box-Behnken Design.

Term Standardized Regression Coefficient

F-Ratio

]
X, 0.0708 30.5
X, 0.0176 2.7
X, 0.0204 3.2,
XX, 0.0365 11.5
X.X, 0.0225 4.3
X,X, -0.0069 0.4
X,? 0.0253 4.4
x,? -0.0160 2.3
X,* 0.0068 0.4
CONSTANT 0.0996

‘Significant at 95% level
value in this case is 5.6,

of confidence or greater;
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The analysis typically includes the decremental F-ratio, which is
a measure of the statistical significance of each term. The F-ratio
compares the varistion in the response accounted for by each term in
the model (the decremental sum of squares) to the residnal error (the
variation between the model and the data). Significance 1levels for
the F value are given in tabular form in most statistical texts (e.g.,
Larsen and Marx, 1981). Statistical significance is obtained when the
decremental F-ratio for a model term is greater than or equal to the
tabulated F-value with 1 and n-p-1 degrees of freedom, where p is the
number of terms in the model (excluding the constant term) and n is
the number of experimental data points. The experimenter chooses the
confidence level, typically 0.90, 0.95, or 0.99.

A residual plot for the etching model is shown im Fig. 2-15. The
residual is the difference between each observed value of the
response, Yi’ and the value predicted by the model, §i' V¥hen plotted
against Y; or ii' the residuals should be randomly distributed around
zero. Other patterns indicate model inadequacy, e.g. a8 transformation
of the response may be needed, or additional terms in the model may be
required.

From the analysis of variance (Table 2-6), the sources of the
statistical variance in the response can be determined. The adjusted
R* is defined as 1.0 — (residual mean square)/(total mean square) and
is the fraction of the variation in the data accounted for by the
model, A perfect fit would have an adjusted R® value of 1.0. The

value of 0.81 from Table 2-6 suggests that the data is reasonably well
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Figure 2-15:
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design data (Tasble 2-3).
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Table 2-6
Analysis of Variance Results for Box-Behnken Desiga.

LEAST SQUARES REGRESSION ANALYSIS

SOURCE SUM OF DEGREES OF MEAN F-RATIO
SQUARES FREEDOM SQUARE

Regression  0.16911 9 0.01879 10.1°

Residual 0.01297 7 0.00185

Total 0.18208 16 0.11380

Adjusted R* = 0.84

LACK—OF-FIT ANALYSIS OF VARIANCE

SOURCE SUM OF DEGREES OF MEAN F-RATIO
SQUARES FREEDOM SQUARE

Residual 0.01297 7 0.001853 44.5‘

Lack-of-fit 0.01259 3 0.004197

Replicate

Error 0.00038 4 0.000094

#Significant at the 95% level of confidence or greater.
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represented. If the design includes replication, the residual mean
square can be split into its lack-of-fit and replicate componeants.
The very large F value of 77.02, which is the ratio of the lack-of-fit
to the replicate error residuals, indicates that the residuval is
primarily caused by lack-of-fit rather than experimental error. This
suggests that despite its reasonable representation of the data, the
model functionality could be improved, perhaps by including
additional terms such as third-order interactions, Transformation of
the response by fitting the log,, of the etching rate was found to
significantly improve both the fit and the randomness of the residual
pattern,

Once the data has been analyzed by RSM, it must be presented in a
convenient form. Contour plots are useful for finding combinations of
process variable levels that optimize a response. The generation of
contour plots for a number of responses permits the trade—offs between
process responses to be examined and optimized; contour plots salso
show the semsitivity of the response tb a change in the level of s
process variable. For example, Fig. 2-16 is a contour plot of the
etching rate as a function of power and pressure. Note that the
etching rate changes more rapidly with power at high pressure than at
low pressure, which is indicative of an interaction between power and

pressure.
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Figure 2-16:

Power Density (W/cm?)

Contour plot of doped polysilicon etching rate (pm/min)
in CF,C1/Ar discharges genmerated from quadratic model
fit of Box~Behnken design data. Varisbles are power
density (watts/cm®) and pressumre (torr).
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Several important results were pointed out by this simple
experimental design. From this study and from the previous work of
Leahy (1981), it is known that in the CF,Cl1 system the etching rate
has complicated curvature, and exhibits an inflection as a function of
pressure. Because of this complexity, it was suspected that cubic
terms would be needed in the model to fit the response. Im addition,
it was suspected from kinetic theory that the functionality of the
response to power, pressure, and composition might be very complex,
and that third-order interaction terms might be significant,

Therefore, an experimental design was developed (Fig. 2-17) which
would support a cubic model. A cubic model requires at least four
levels of experimental sampling. The independent variables were coded
to a range of ¥2 for power densities between 0.05 and 1.0 W/em®, total
pressures between 0.2 and 1.0 torr, and Ar concentrations between 5
and 50%, This design hLas seven levels, more than sufficient to
characterize the process as a function of of all first, second, and
third-order terms with low correlation among most terms. Unlike
quadratic models and designs, cwbic designs are not standard and must
be formulated to satisfy the statistical principles already described.
Also, caption must be exercised in the fitting of a cubic model to
ensure that the model represents real process tremds rather than

random experimental error.
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Figure 2-17: Three-variable cubic model experimental design,
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Shown in Fig. 2-18 are contour plots of the etching rate gemerated
using a cubic model via ridge regression. The quality of the fit was
excellent, with the adjusted R? being 0.97, i.e. the model predicts
97% of the variation in the etching rate. Recall that the adjusted R?
for the quadratic model was orly 0.81. Since the adjusted R® is based
upen the number of degrees of freedom, it is independent of the number
of points in the data set and the number of fitted terms. If a more
restricted r--vion of parameter space were to be modeled, the
complexity of the curvature would be reduced and a quadratic model
should better represent the data,

The utility of R5M in modeling other response variables, including
selectivity and directionality, has been demonstrated by Bergeron and
Duncan (1982). They successfully optimized the etching of polysilicor
in C2F5C1/02 discharges for gas ratio, electrode temperature, power,
and pressure to give the desired etching profile with sufficient
selectivity with respect to both the photoresist and the underlying
oxide. Bergemdahl et al. (1982) used the concept of a desirability
function for mathematical process optimization of plasma etching,

In conclusion, RSM is an excellent tool for process development.
The experimental work required for complete and accurate
characterization of a complex response in & multivariable system is
greatly reduced by the experimental design. Unlike traditional
experimentation technigues (one variable at a time), RSM allows for
interactions between process variables, This feature is especially

important in plasma processing.
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Figure 2-18a: Contour plots of doped polysilicon etching rate (um/min)
in CF,C1 discharges wusing cubic-model fit to
experimental design (Fig. 2-17), vs. power density
(watts/cm®) and pressure (torr) for 20% Ar in CF,CL.
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Figure 2-18b: Contour plot of doped polysilicon etching rate (um/min)

in CF,C1 discharges wusing cubic-model fit to

experimental design (Fig. 2-17), vs. power demsity and
pressure for 10% Ar in CF,C1,
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CHAPTER 3 -~ PLASMA IMPEDANCE

3.1 INTRODUCTION

A plasma is an electrical entity; current flows between the two
electrodes in response to the applied voltage. The relationship
between the current and voltage wave<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>