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Abstract

SURFACE CLEANING OF OPTB@FLASMA (SCOPE) WITH ATOMIC HYDROGEN
Robert EdwardLofgren
Department of Nuclear, Plasma, and Radiological Engineering

University of lllinois at UrbanaChampaign, 2010
Professor DavidN. Ruzic, Advisor

A major obstacle in the implementation of extremeultraviolet (EUV) light
photolithography in production tools is the accumulation of fuel debris on the collector
optics near the pinch region. Specifically, removal of deposited tin from the source onto the
collector optics is needed to improve the lifetine of these optics and lower the cost of
ownership. Most cleaning processes investigated thus far have had trouble with selectivity;
they require highly reactive gases that will degrade the optics in the removal process. In
addition, the current cleaning @ses have low transmission for the EUV light, eliminating in
situ operation as an option. An investigation into a new approach is researched by the
#A1T OAO &I O 01 AGI A - AOAOCEAI 60 )1 OAOAAOQEITTO
This unique non-invasive background process selectively etches tin from the collector
optics surface at room temperature without damage to the underlying collector optics
composition. A computer model of the plasma system used and of the etching process of
the tin film is shown in correlation to experimental results. Created using collisional cross
sections of input gas particles in a helicalesonated plasma and assumed surface
interactions at a sample substrate, a clear indication of how the plasma system behaves
wit h the desired substrate is found from the model (approximate etch rates of 80 nm/min).

The cross sections are developed from past research data on partiglarticle interactions

j



and are numerically integrated into the computer model. Surface interactionsra initially

set to related material specifications as this process is relatively new and unexplored.
Comparison to experimental data allows for changes to the surface interaction inputs in the
model. The developed procedure has selected etching of tin @ing from 20-160 nm/min
experimentally. A variation in inputs causes alterations in the etch rate. Mainly, gas
pressure and plasma input create difference in the reactive species created in the plasma
system. Gas flowrate and surface temperature affectthe surface interactions. These
variances are explored as to optimize the cleaning process. With these results, the hope is
to input this new process as an irsitu cleaning process or a quick cleaning cycle in the EUV

lithography process.
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Chapter 1

Introduction

Much of society today depends on an evemproving computer market. From
supercomputing for decoding the genome to personal computing for communication and
entertainment, people demand faster, more efficient, and longer laisig computer chips in
order to improve their business or lives. More computing power could potentially enhance
the work of many companies. In order to meet these demands of improved performance,
the computer industry must progress its products at incredibé rate. Developers and
manufacturers can do this in two ways. One is to increase the size of the computer chip to
fit more transistors for performance enhancement. However, this expansiowould enlarge
the size of the computer itself toundesirable proportions. Therefore, the primary way to
i AARO ET AOOOOUSGO AAT AT A EO OIF AARAAOAAOA OEA OO/
be the most challenging as computer chip manufacturers must continually push their

research and development tareate new technolgyOl 1 AAO O1T AEAOUB O AAI Al



Figure 1.1: Transistor Price over time. Notice how quickly the price decreases after the
OAT EAT T AOAOT 060 KEOAIT OAOU ET pwoeu

This tendency of reducing feature size over short amounts of time follows a trend
developed by Gordon Moore. As a cfounder of one of the biggest chip manufacturers,
Intel, Moore hypothesized in 1965[2] that the number of transistors on the same size
computer chip would double every 1824 months. Though very bold, his trend has actually
EAIT A OOOA 1T OAO OEA AAAAAAO AT law. Bdw i is daeAsO
by constant research and development into the integrated circuits that operate in a

computer chip and the machines that manufacture them.
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Figure 1.2: Number of transistors on a same size computer chip over time. Each bar is a CPU

created by Intel w ith corresponding transistors  [3].

The machinery used in manufacturing must be researched with long term use and
high volume production in mind. Furthermore, they are required to waok for longer than
just one potential feature size. Otherwise, the cost for making a faster chip will be too great.
Therefore, all machines must have minimized cost of ownership () in all areas. One of
the highest costs is in cleanliness; if a machineedrades over long term use, the quality of
chips it makes will also degrade over timeThe main cause of system degradation is debris

reaching highly manufactured mirror surfaces in the lithography apparatus. Over time,



debris can lead to many hours of repir and an increase in COQOTherefore, cleaning

processes must be considered for many of these machines.

This thesis looks into a cleaning process for a nexgeneration manufacturing
equipment. This process, if successful, could greatly reduce te®0and the downtime for
the tool as well asallow for much longer lifetime of the machinery. Reduction o€0O0Oand
downtime would mean a faster and cheaper production lineproducing a high quality

product for much less cost.



Chapter 2
Lithography in Integrated C ircuits

Integrated circuits used in computer chips combine the active construction of
miniature electronic circuits with passive properties of a semiconductor substrateThough
continually minimized for faster chips, the general process has not changed otuand yet is
still very detailed. The actual building of the transistors on chips involves the depositing,
etching and doping of very specific materials. This, however, cannot be done without the
proper layout being placed on the substrate. This is doneybusing a process called
lithography. An overview of this process will be provided followed by a glimpse of future

lithography tools and their primary obstacles.

2.1 An Overview of Lithography

, EOEIl COAPEU EO OEA OxOEOET Cdvingl ptocessds Al T PET
making semiconductors on silicon wafers for computer chipsThe most widely used form
of lithography in creating ICs is photolithography{4]. How it is used isas follows. Taking a
blank silicon wafer, a photoresist coats the wafer. This organic compound that sticks to the
wafer is light sensitive to certain wavelengths of light. Once this is done, the wafer is placed
in the photolithography light source.Inside this source is a mask; this part of the machine
gives the pattern for the chip. The mask, or reticle, acts much like a sten@lso a light

source is present, whether in lamp or laser form. When activatednd filtered to specific

5



wavelengths the light emtted passes through a series ofondenser lenses tareate planar

waves that hit the mask. The mask has the desired design of the circuitry on it, much like a

cookie cutter design; some areas have holes of transparent material to allow light to pass

through while others have absorbent material to absorb the lightAs light passes through

OEEO I AOGEGO TPATET COh EO OOOEEAO OEA DEIT O OAc
the exposed photoresist either strengthens or weakenslhe resistcovered wafer s then

given a developer solution. This mixture removes the weakly bonded photoresist, leaving a

pattern of undeveloped photoresist on the wafer[5]. This wafer then can undergahe

multiple other steps described above.The benefit for photolithography is that it can

produce the patterns very rapidly. In summary, photolithography is the step that

determines the feature size for transistors in all manufacturing stages. Therefore,

perfecting and improving photolithography is the primary cause for MooR6 O | Ax EO DO

to be correct.
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Figure 2.1: Basic lithography stepper in a manufacturing setting. The light travels through
refractive parts of the mask to the photoresist surface. Light causes a reaction in the resist to

create the desired pattern

2.1.1 Resolution

The driving mechanisms of lithographyare quantum mechanics in the use of light
optics. Resolution determines the feature size and thus, diffraction and wavelength of the

light are very important. The primary equation for resolution is as follows:



where R is the resolution) EO OEA xAOAI AT COE T &£ OEA 1 ECEOh
k1 is a process factor of the reactivity of the photoresist. Numerical aperture is the ability to

collect diffracted lights from the mask. In lithography, NA is typically between .16 inthe

projector lenses.In physical terms, the resolution is comparable to the minimal feature size

in the horizontal plane of the wafer. That is, kand NA are unitless and wavelength is
measured in units of lengthWith the above equation, the minimum restution occurs when

the numerical aperture is increased, and both the photoresist factor and wavelength is
decreased. Over the past few developments in IC industry, the wavelength has been the
primary component that has been altered. Currently, though, thaumerical aperture has

changed. Modern immersion lithography uses the high refractive property of water to

increase NA. Also, constant improvements to photoresist changetk lower levels.

2.1.2 Depth-of-Focus

Perhaps a more better barometer for using lithography in high volume
manufacturing (HVM) is the depthof-focus (DOF). DOF is the tolerance of the distance
between the wafer and the lens while maitaining the same feature sizes; its value

determines process control.The equation for DOF is expressedas,

/ kR

DOF =k =
“NA* K7/




where ko is a processdependent constant (relying on the process and the photoresist
characteristics)[5]8 41 | AAO OEA AAI ATAO T &£ -11 0A80
the DOF will decrease as well. This correl@n means that the feature sizes decrease but
the controllability also decreases. Therefore, shrinking the wavelength of light is much
more beneficial as it decreases the feature sizmit does not greatly affect DORs compared

to its dominance in resolutbn.

Of course, there are other ways to reduce feature size that do not require
enhancement in the lithography source but rather in the lithography procedure. Double
patterning and double exposures call for two lithography exposure steps to better define
one pattern. These added steps however add more time, material, and other cost to the
manufacturing. These steps can be avoided if the resolution of the initial light source is
high. Nanoimprinting uses a mold with the desired pattern to press into the coateresist. It
can produce a clear pattern at high throughput and does notequire high end resist to
work. Nanoimprinting does however have a limit in size of the features (~10nm). Also the
resist has a tendency to stick to the mask, which leads to an addial cleaning step after
each imprinting. Finally, the mold must be of the highest grade. Any defect in the mold is

reflected in the imprinting process. This quality increases COO.

2.2 Extreme Ultraviolet Lithography

Therefore with this understanding, a lower wavelength of light creates a smaller

feature size with the same amount of controland potentially, at a lower cost As the

I Axh
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The nextgeneration light source is arrently the extreme ultraviolet (EUV) light source
with wavelengths in the 10s of nanometerd6]. EUV light is much shorter than the light
given off by excimer lasers currently being used for lithography. The wavelengthosen for
the next lithography step is 13.5 nm due to mirror fabrication and source availability.

Having light in the soft Xray range presents potential problems in existing lithography set

ups and thus changes must be made.

Many characteristics of EUVigiht will alter conventional lithography designs, but
not to a point where it becomes a hindrance. Firstly, EUV photons are easily absorbed in air
and other materials. Consequently, EUV lithography must be operated in vacuum.
Transparent masks can no longebe used as EWM light is also absorbed here. Thus, masks
and any other optics used must now be reflective, not refractivg7]. Refraction at this
wavelength causes a loss in EUV intensity asrae light is absorbed. Rather than having the
usual transparent and opaque parts of a pattern on masks, they must now have reflective

and absorbent areas. This is seen in the figure.

10



Wafer
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Reflected light

<+—— Absorbent material
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Reflective material

Figure 2.2: EUV lightography stepper setup. As opposed to a refractive mask, EUV masks are

reflective as to ensure no light absorption on the surface.

EUV lithography demands all the reflective surfaces within the system to be very
much defect free and non absorbing. To do this, each reflective fage has underlying
multilayer to ensure complete reflection of incoming light.This Bragg reflector comprise of

alternating layers of reflective materials (primarily molybdenum and silicon)|[8].

11
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Figure 2.3: Mirror reflectivity of a Mo -Si multilayered collector optic in an EUV light source.

Most optics and masks has these multilayered surfaces [9].

The materials are deposited at the highest purity to achieve up to 70% reflectivity.
The top layer of most collector optics currently is made of ruthenium to prevent underlying
layers from oxidizing quickly. This process helps protect the higlsost manufactured layers
underneath from degrading in reflectivity due to oxidation. Nonetheless, defects still exist
(~10 14 defects/cm?) and affect the overall quality of the lithography proces§10]. Reducing
defects leads to increased production time and costhese optial surfacesare constructed

with the highest standard and thus arealready one of the largest costs to the machine.

12



2.2.1 Xenon as an EUV Fuel

The creation of the light is, of coursethe main ingredient to the whole process.
Many previous lithography machines used lamps, lasers, or gaseous discharges to create a
specific wavelength of light. EUV, due to its tremendously low and specific wavelength,
requires excitation of scientifically exotic fuels.Xenon(Xe) gas was initially thought to be a
great fuel for EUV sourcesXe'l0 is the state that emits the EUV light and thus a high
ionization must take place.As a gasa discharge plasma pinch is used; with a charged
capacitor bank, gasflows through a capillary electrode and the bank is dischargedhe
emitted light is collected far from the source and reflected to various optics and finally the
mask and photoresist substrate.This creates a high density, highly ionized plasmHL1].
Since Xe is a noble gas, its chemical reactivity with surrounding structures is unlikely. Xe
does have many drawback; its conversion efficiency (EUV power versus input power), or
CE, is low (~1%), damage to the electrode in HVM would cause downtime, aXe is a
heavy gas which leads to physical damage to surrounding structures. Thus, Xe hasnbee

pushed aside for other fuels.

2.2.2 Tin as an EUV Fuel

Currently, the most researched EUV fuel is tin (Sn). Unlike Xe, Sn has multiple
ionized states that giveoff EUV light, which gives it a higher CE (~3%). However since Sn
mostly comes in metal form, new methods must be researchddl1]. Some research has

found that EUV light can be created by using Sn in gaseous form (such as §riét a DPP

13



system. Tlese gases are difficult to produce and require additional cleaning systems.
Rather, a different system has been created to use Sn in a more natural state. The laser
produced plasma(LPP) utilizes high powered lasers to ionize small Sn target® proper

levels for EUV lightThese targets ablate and the fuel expands out in a plasma plufi€].

— Q2
— NYAG

0 1 12 B3 4 15 6 7 B 9 D
vaeengh[m]

Figure 2.4: Light intensity of a tin -fueled EUV light source using two different lasers. A
carbon dioxide laser, though producing more light at the 13.5 nm wavelength, has a lower CE

than the Nd:YAG[5] .

This ionization actually develops a plasma out of the metal target3he light is
reflected by a close collector optics that then reflects the light toward other optics and
finally the mask and substrateThese targetsof Sn in can be made various states of matter

(liquid droplets, liquid jet, frozen droplets, and gas)[13]. To create the EUV power

14



required, lasers must continue to improve as the current power output of lasers is too low
for HYVM. The above figureshows how two laser systems compare in making EUV light on a
tin liquid pellet. Fiber lasers are currently being researched as potential tin ionizing lasers
for this process. If successful, CE would increase tremendously, reducing cost per laser shot
dramatically. LPP has major advantages overHP in its higher CE as well as less damage to
equipment inside the vacuumchamber. Therefore LPP is the present leader in system

design for HVM.

Droplet Generator

3

(o
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g /Intermediate

p Focus (IF)
; N S
> ur A

EUV Sensors.—. %

Laser / Droplet
Targeting Cameras

Obscurations!

Elliptical
Collector Turbomolecular
Pump(s)
Turning Mirro

Primary Focus, Plasma

Focusing Mir

Droplet Catcher

Figure 2.5: Mockup of an LPP EUV system. The elliptical collector i s the mirror in question

for this experiment [14].
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2.2.3 Present Dilemmas in LPP EUV Lithography

A main drawback to creating a tin plasma in an LPP s is its potential damage to
the collector optics, the first initial reflective material the light encounters. Since these
mirrors are close to the tin plasma, numerous ways of degradation can occli5]. Within
the plasma, Sn is ionized and these ions have a high amount of energy due to the |a=®e.
ions can strike the mirror surface, causing sputtering. Sputtering is the ejection of a
OOAOOOAOAGO OOOEAAA AOI I O AU xAuUu T &£ EIT Al 1 A/
this problem is much more likely for heavy atoms like Xe as heavier ions cs more
sputtering than lighter ones. This difference in sputtering yield is primarily due to
momentum of the particles reaching the surface. The Xe and Sn ions reaching the surface
have relatively identical energies. Since Xe is much heavier, its sputtagi yield is much
more significant. The more probable dilemma with Sn fuel is having Sn condense onto the
collector optics near the LPP. Some fairly energetic tin fuel does not always exit the

chamber through pump or be directed away from the surface by mdgation tools. The tin

deposits onto the collector optic, covering the reflective surface.

16



Figure 2.6: Collector optic material coated with tin fuel debris. The change in color between

the masked and unmasked areas represents the amount of tin deposited [16] .

As previously stated, rdlective surfaces for EUV are created with the highest purity and
intended to be defect free. A tin coating reduces EUV reflection greatly and could cause

potential damage to the underlying multilayers in the mirror.

17



Figure 2.7: Current configuration of LPP EUV system created by Cymer Currently, Cymer is

planning to release its first operational tool in late 2010  [14].

2.3 EUV Lithography Optics Cleaning

A few procedures have been looked at to reducen buildup on mirrors. After the
LPP process, any remaining tin that is not pumped out through the vacuum system is
considered debris. Prevention of this debris reaching the collector optics is of the utrsb
importance. Debris mitigation in EUV lithography systems has been a research focal point
for years. lon debris can be mostly mitigated through electromagnetic forces, but Sn
neutrals still reach the mirror surface. These neutrals are mitigated with a dter gassuch

as argon or hydrogenDebris mitigation is done by having a gas in between the mirror and

18



the location of the tin droplet being hit by the laser. Hydrogen is used at high throughput
(flow rate) to continually remove any large debris. The primary reason for the use of
hydrogen over other gases is its high transmission of EUV light. This characteristic means
that of any gas put into the system, hydrogen is the least likely to absorb the light. In tools
that are presently having trouble meeting he desired amount of light, any loss of light
emission is a huge problem. Therefore, hydrogen is used as a buffer gagen with current
mitigation techniques, Sn is still deposited at 3.2 X 10 nm/pulse [17]. In HVM, this rate
gives an operational time span of 10 hours before the tin causes too much degradation

operation. Therefore,cleaning must be undertaken.

Figure 2.8: Collector optic from LPP source. Notice the elliptical shape to maximize the

amount of light reflected [14].

19



2.3.1 EUV Collector Optics

Due to their high quality, collector optics raises theCOQOof EUV lithography tools. If
the fuel source constantly causes the mirrorsd be cleaned or replaced, th€OOelevates

even higher.

$100,000,000 F————

$10,000,000

vyt = vy

S$1,000,000

Exposure 100l price

S——

$100,000
1980 1985 1990 1995 2000 2005

Year
Figure 2.9: Cost of lithography tools over time. With smaller feature sizes, the
smaller wavelength increases the cost of lithography machines as the light  sources

become much more complex [9].

Hence, tool manufacturers research cleaning processes that can rapidly remove the fuel
debris from the mirror without any subsequent damage to underlying layers. The
procedures to really consider are ones that can operate in the vacuum environment and
cause as little interference or added cost as possible. The best and most sought after
method to do just this is reactive ion etching with an additional plasma source. This section
reviews how reactive ion etching works and the reactive species used to clean tin off of

collector optics.

20



2.3.2 Reactive lon Etching

Since the EUV lithography envisnment is under vacuum (i.e. at extremely low

pressures), plasma systems are a viable option to remove debris from mirror surfaces. A

reactive ion etching(RIE) system utilizes products ofelectron-atom collisions for chemical

reactions. The created reactve species is created near surface in order to react with given

materials. A plasma source produces these species at a great rate and more importantly,

with a given electrode design, can direct the plasma particles to a surface. Most reactive

species are eutral atomic gas particles such as atomic fluorine (F) or atomic chlorine (C

Gas Flow

E-field

L -

1 B-field

Tuning Capacitor

Chamber

Load Capacitor

1

RF Power
Supply

1

Figure 2.10: A basic plasma etching experiment using an inductively coupled plasma source.

Using radio frequency, the input power is maximized using a matching network. The

is ignited by the inductor antenna [4].

plasma
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In IC manufacturing, RIE is used to create the trenches or grooves for transistors in
the chips. Its main advantages are its anisaipic etch (giving square, flat tenches), its
wide variety of gases to use, and its excellent etch raf#8]. However, ontrollability can be
an issue; overetching a designated trench is very damaging to a multilayered chip. In the
EUV system, overetching leads to damage to the collector optics if the reactive species is
not selective. Two types of gases are therefore resehed: those with high etch rates but
poor selectivity and/or controllability and those with moderate to low etch rates with great

selectivity.

2.3.3 Chlorine and Oxygen as EUVCollector Optic Cleaning

Gases

Firstly, some gases used have high etching raseof tin, but their selectivity and
possible damage to underlying substrates are cause for concefh9]. Chlorine has been
thoroughly researched for such a possibilitylts etch rate of tin is extremely high(~150
nm/min) , but it is also very volatile to ¢her metals present in the chamber. Also, chlorine
would need a special exhaust cleaning system as to not pump the toxic gas into the
atmosphere or work environment [20]. Most potential systems involve either a cleaning
cycle that requires tool downtime or removal of the optic ® be cleaned elsewhere with

chlorine plasma.
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Figure 2.11: Surface roughness of the mirror surface over oxygen plasma exposure time  [21].

Adding roughness to the surface leads to degradation of the mirror surface.

Oxygen has also been considered as a cleaning agent. However,clbaning rate is
low and the formation of oxides on collector optics could degrade reflectivity22]. As both
these gases have shown to etch tin, they are still too absorbemt potentially work in-situ;
they would require downtime of the tool in order to clean the collector optics.In a
manufacturing setting, this downtime becomes costly as it slows productiod.hough an in

situ system has been made for using oxygen, a systehat uses a gas already present in the

chamber and that has a high transmission of EUV light would be much better for

production. Therefore, using a high EUNransmitting gas asthe reactive species would be

the best option. Thus, experimentation must be dee on hydrogen cleaning of tin.
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2.3.4 Hydrogen as an EUVCollector Optic Cleaning Gas

There are many reasons to strongly consider hydrogen as a cleaning gas. First and
foremost, hydrogen gas is used as a mitigating gas in current setupfie gas is presenin
the chamber and has been accounted for in all other parts of the system. Secondly,
hydrogen allows for the highest EUV light transmission. As the smallest element, its
absorption of the light is the lowest of all gases. Thus, during its cleaning, hypdien has the

smallest amount of light reduction.

Transmission coefficients at 13.5 nm through a path length of
100 cm with a gas temperature of 2 eV.
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Figure 2.12: Transmission of EUV light through various gases. Hydrogen is clearly the best

[23].

This characteristic makes it ideal for insitu cleaning. Thirdly, as a light gas, its sputtering
yield is extremely small for a capping layeof heavy materials (Ru, or Mo). Thus, physical

damage to the top layer is relatively moot. Also, no chemical reactions with these materials
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and hydrogen are seenkinally, the etch rate of tin is moderately high. Ranging from 260
nm/min in conventional settings, hydrogen is more than capable to clean the deposition of

tin on the optics.
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gure 2.13: Removal of tin with hydrogen plasma over time. With a different surfa@apping

layer, the cleaning rate can change drastical[24] .

Of course, disadvantages are identified in a hydrogen system. Hydrogen diffusion is
possible with a plasma at the mirror surface. Having high energy hydrogen atoms or ions
directed at a surface could cause gas implantation. Alsoyrrent work shows that 100%
removal might not be possible in the original multilayer orientation[24]. Changes to the
multilayer structure might better serve the necessary cleaning systemsuch as having a

silicon nitride capping layer rather than ruthenium.
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Chapter 3

Theoretical Model

To create reactive species in RIE, a plasma model must first be developed. This
model takes the most likely electroratom collisions into account. These collisions later tell
of how much reactive species is produced. In additioto the inner workings of a plasma,
reactions on a surface must be analyzed. All adsorption, desorption, and reaction rates
must be quantified to determine thepredicted etch rate of the system as well as the inputs
that affect it. This model merges thesewo topics into one program to better understand

how the mechanism works.

3.1 Mathematical Approach to Plasma Collisions

The collisions and resulting reactions among particles in plasma can determine
what species are created. These interactions can causastic changes in species densities
with respect to average energy and pressure in the plasma. Hydrogen plasma has a strong
potential to produce hydrogen neutrals (H) as seen by the following reactions of particles

that occur within the plasma[25].

e+ H, = Hf +2e”
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3.1.1 Plasma Reactions and System of Equations Setup

The reactions occur at given reaction rates, 6], [27]. These rates are determined

through quantum mechanical principles and experimental dat§28] .
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Figure 3.1: Reaction rate coefficients versus electron temperature. The most dominant
reaction in lower energies is the dissociation of H »* ion. This particular ion is low in density

initially, but in increasing electron temperature, it becomes dominant.

The basic definition of a rate coefficient is as follows

k= ]'xf(f:) (=% o(E)dE

—
4 s = E

FE) = |— (ksT.)™ " VE Exp[—7
\T kT,

]

where E and m are the energy and mass respectively of incoming particle, f(E) is the energy
distribution function of the incoming particle, k EOQ " T 1 OUI AT TedsGleckdnT OOAT C

temperature, AT A A} %qQ EO OEA AOI 00O OAAGE'I'T[%}E’F@ OEA 1
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the speed of the incoming patrticle. If the incoming patrticle is an electron and the cross

section is constant for at a certain range of energiethien the equation can be simplified.

|
|.4 T —-15 ./ &
(— ("{E.‘Ts) "VE E-\-p[_

ol ==

k= [ 1@ Ecetran | | &) odE

Eon N T keT,
- E, +T. E.,
=6.692+ 10" * g——— Exp[——]
Ve T,

where Eon is the energy at which the cross section increases from a very low value to its
constant value used in the equation. A reason to do this is to simplify much of the integral

work while still ensuring quantum mechanical properties are still being satisfied.

o - 23+te —23
k1 =6.692 %107 107 ———Exp[ ]
4 te te
o - o _S+te —5
k2 = 6,692 =107 # 2.6056 = 1071 ———Exp[—]
4 te te
. - = -
19 +1 19
k3 = 6,692 « 107 » 1071 ———Exp[—]
4 te te
o - 13 +te —13
ké = 6.692 « 107 »1071% ——— Exp|—
yie te
. - 1.5+ te —15
k8 = 6.692 107 » 1071 ———Exp][ ]
yie te

Other values are found in detailed papers on the subject of hydrogen plasmas.

k5 =10"°
ki=10
k9 =107%

k10 = 3.349 = 107 %/te

29



k1l =3.346 1077

k12=10

The remaining values are found through experimental work done in plasma science.

Reported data has bee quantified and put into a polynomial fit[26] .

{—16.7+.60356 sLogte] - 1.54=10 " %sLoglte] * = 2:10" =7+ Logte]* + 2.96=10 " %sLog[te] *
kd = g #2.13:10 ":Loglte]*—£.35+10 ~"sLoglte]*+6.15+10° —10+Log[te]* 7 —.2.03+10 "~ 11+ Log[te] * )

(—36.465857 +14.3+Log[te]—6.07+Loglte]* +1.677 sLoglte] *—.3128 7« Log[te]*
k13 = ¢ +03205:Loglte]®—00288+Loglte] *+.0001159 +Loglte] " —.00000214223+Loglre]"8)

The reaction rate coefficients are a function of electron temperature,el The plasma is
considered to be under steady stateSteady state implies that the species in the plasma do
not change over time.This is somewhat close to experimental as any gassed in the
etching process is easily replaced by constant gas flomput. Therefore, the time
AAOEOAQGEOAO 1T £ OEA ODPAARHIN . bveral OHaledof theO A
plasma is considered to be zero asell. Thus the system has five main equations.
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where n are the densities of the related species,[3 the diambipolar diffusion coefficient,

andL is the geometric constant.

. Radius .

2.405

where Radiusis the radius of the plasma chamber.

The diffusion terms (D, D', Dinz*) are diffusion of the species to the wall, where they
recombine to form neutral particles [31]. The diffusion coefficients are dependent on

pressure. The ion diffusion coefficients are also dependent on electron temperature.

T 1 \8KT, T, T.(eV) 1
D, =— : [1——) ¥ 11740.88—— — —
% 8330P(Torr) NE T. P(Torr)u

T 1 \8KT. 11

D neutral = 5 [ - & 1174088 ———

8 330P(Torr) NE P(Torr)\u

where | is the number of hydrogen masses in the gas species.

R is the atomic hydrogen creation factor due to ion diffusion. When ions diffuse, they return
to a nonionized state. H and Hs* lead to a production of K as they deionize (Hz is

unstable and dissociates into Pland H).
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The central inputs of the plasma pdion of this model are chamber radius,electron
temperature, gas pressure, anélectron density. Gas pressure determines the density of:H

in the plasma, a quantity easilyneasured by any pressure gauge.

ny = 3.32853 « 10 « P(Torr)

Thus, the unknown variables are the densities dfi*, H*, Hs*, and atomic H[32]. A method

to do this in Mathematica is attached in the appendix.

3.1.2 Results of Reactive Species Density

A system of equationsis formed with the time derivative of the above particle
interactions. Given the amount of components tohis system, a mathematical computer
program (Mathematica 6.0) is used to better analyze the systenOnce the unknowns are
solved for, the only dependences are on the ion density, electron temperature, and gas
pressure. Thus, the density of the reactive ggies is related to these dependences and

compared.
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Figure 3.2: lon, electron, and atomic density versus electron temperature. The electron
density is set at a constant 10 11 cm-3 and the pressure is set at .08 Torr. Hs* is at the bottom

of the bottom of the graph.

The densities change dramatically over a given electron temperature range. As seen
in the reaction rates, H* is very likely to dissociate into atomic tydrogen much at lower
electron temperatures and is therefore at a lower density at thesgalues. H is created
rapidly at low electron temperatures but as T is increased, the single ion begins to react
with other particles and thus, its density drops. Bt is very low regardless of the electron
temperature. The atomic hydrogen grows very quicly with increasing electron

temperatures.
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Figure 3.3: H* ion density versus pressure versus electron temperature. The electron density

is set at 1011 cm-3. Notice that initially, this ion density is almost all of the ion density in the

system.
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Figure 3.4: H,* ion density versus pressure versus electron temperature. The electron

density is set at 10 11 cm-3. Notice that even though the upward trend is significant within this

range, the scale is much less than that of the H + case.
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Figure 3.5: Hs* ion density versus pressure versus electron temperature. The electron
density is set at 10 11 cm-3. Notice that compared to both other ions, the density of this species

is extremely low.
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Figure 3.6: HO density versus pressure vs electron temperature. The electr on density is set at
1011 cm-3. The reactive species of the process has a moderate density and is positively

influenced by pressure and electron temperature.

With these found trends, the constant electron density is changed to a higher
density. This chang is similar to increasing power in the system. The resulting ion
densities are, of course, higher than previous amount#\s a result this alteration also

increases the atomic hydrogen density in a significant way.
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Figure 3.7: lon, electron, and atomic density versus electron temperature. The electron

density is set at a constant 10 12 cm-3 and the pressure is set at .08 Torr.
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Figure 3.8: H* ion density versus pressure versus pressure versus electron temperature. The

electron density is set at a cons tant 10 12 cm-3. With an increased electron density, the ion

density also increases, though the decreasing trend remains the same.
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Figure 3.9: H,* ion density versus pressure versus electron temperature. The electron

density is set at a constant 10 12 cm-3.
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