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ABSTRACT

In this thesisa nanescale model of feature evolution is developed and used to illustrate
several of the physical mechanisms at workluring stateof-the-art plasma etching of
semiconductor materialsA new modefor plasma etching of silicon, silicon dioxidend silcon
nitride in fluorocarbon containing plasmas was developed. Thistedwmique uses physically
based models ttakeinto account the transport of reactive species and ion energy through the
finite thickness fluoropolymer overlayer which develops dumtching to the etch interface
beneath.

This etch model was used to explore the underlying physical mechanisms behind the
aspect ratio dependence of etch rate in high aspect ratio etching, as well as the wafer scale
uniformity of plasma etching. The rd®upresented here indicate that, for a wide range of
applications, diffusive neutral transport of reactive species is responsible for the aspect ratio
dependence of etch rate. Etching silicon in a chlorine containing plasma was shown to have an
etch ratewhich depends linearly on ion flux for a wide range of conditions. Because of this
dependence, any namiformity of ion flux over the target wafeesultsin norruniform etching.

Both of the issues described above can be addressed by introducingiqueceferred
to as atomic layer etching (ALE). This technique separates the reactive radical and ion fluxes in
time, by dividing the etching reaction into two sktfiited half step reactions. Only by cycling
between the radical passivation phase armd itim etching phase is etching observed. The
conditions under which this system is effective was explored using the ALE of silicon as a

prototypical example. It was found that ideal ALE can provide total independence from aspect
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ratio etch rates, and pgect wafer scale uniformity. By introducing nafeal fluxes thatare
more representative of conditions found in a typical plasma etching reactor, both of these
benefits were reduced, but not eliminated.

Applying the ALE technique to SKJs more difficut than bare silicon, as chlorine does
not effectively passivate the surfacénstead a fluorocarbon containing plasma is employed.
Unlike using a pure halogen gas, the inclusion of fluorocarbon species was found to result in
non-selflimited passivationof the surface, with a fluoropolymer layer forming having a
thickness thatlepends on the passivation timResults indicate that this fluoropolymer layer
functions as a fuel for continued etching during the ion bombardment phase, linking the etch per
cyde to the passivation time. The selectivity of the ALE of Sy@er SgN, was also studied. It
was found that very high selectivity can be obtained in the steady state, but a transient period
exists at the beginning of etching during which the selegtigilow. The implications of this
transient etching were explored using a-aséitined contact etch as an example application. It
was found that thicker passivation in each cycle improved selectivity, but at the tradeoff of

causing more tapered featuresferred to as critical dimension loss.
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Chapter 1 INTRODUCTION

1.1.Plasma Etching in Semiconductor Processing

Low temperature plasmas have been used for etching in the semiconductor industry since
t he 11926 Béfere plama etching became widely used, material removal and pattern
transfer was accomplished using chemical etching in solution. The vast majority of solution
based etching is isotropic, etching in all directions at the same rate. The few anisotropic solution
based processes etch preferentially in one crystal direction over affjth&hich is not useful
for processing amorphous films or when etching directions musthbiteagly imposed on the
crystal for design considerations. Many chemical etching processes can have very high
selectivity, meaning that a given etchant may etch one material much faster than another
material[4] This high selectivity made their use in earlyegrated circuit fabrication effective
as long as the thickness of the film to be etched was much smaller than the size of the feature;
that is, features which have a l@aspect ratio(defined as etch depth divided by feature size) as
shown in Fig. 1.1.

As the integrated circtiaind the microprocessor in particlilgained popularity in the
19706s, the trend became scaling features to
components in a given area beda®] As features shrank, the aspect ratio of the etch processes
increased. Eventually the undercut (etching underneath the mask) of isotropic etching became
too large to efctively pattern smaller features, requiring an anisotropic etch method, as depicted
in Fig. 1.1. Plasma etching offered a method to achieve anisotropic etching by harnessing the

energy of ions impinging on the surface to facilitate etchiegctions thatare otherwise



thermodynamically unfavorable. Because the impinging ions have a very anisotropic angular
distribution with respect to the surface normal, with the majority of the ions having velocity
aligned near the surface normal, the resulting etals@svery anisotropic.

Modern microprocessors rely on plasma etching for nearly all material removal and
pattern transfer steps. Characteristic dimensions of features have continued to shrink, with the
10 nm node in full production and research and lkbgveent in progress for 7 nm and 5 nm
feature sizes. At these scales plasma technology is challenged to keep pace with increasingly
demanding physical constraints. Atomic precision has gone from a theoretical [[7pttona
technological imperativi8]. While fundamental research into plasma etching mechanisms dates
back to the 1960606s, many | imitations of the
processes are continually beidgsigned to meet the next challenge.

Several studies on the fundamental mechanisms of plasma etching, and new plasma
etching processes, are presented in this thesis. A brief overview of the elements of plasma
physics thatrelate to plasma etching will kbgiven in Chapter 1.2. A description of the basic
types of plasma surface interactions will be given in Chapter 1.3. Chapter 1.4 includes a
description of some of the challenges which occur during plasma etching, and Chapter 1.5
provides a description déature scale modeling, the main technique used in this thesis, and its

role in the furthering of our understanding of plasma etching and process development.

1.2.Plasma Physics Overview

The term plasma is typically used to describe an energetic gaseousf stater that
includes charged patrticles, typically electrons and ions. This definition is inclusive and the term
plasma is used to refer to fully ionized gas in thermodynamic equilibrium (such as exists in the

interior of stars), fully ionized neaquiibrium plasmas (such as occur in space) and partially



ionized norequilibrium lowtemperature plasmas (such as exist in commercial semiconductor
etching reactors). In this thesanly the last of these plasmas will be discussed. In this,work
the termplasma implies a weakly ionized gas where the ionization fraction is small (< 1%), the
electron temperature is relatively low-10 eV) and the system has at least three distinct
temperatures (electrons, igr&d neutral gas).

The focus of this thesis is on the modeling of plasma surface interactions during
semiconductor etching. As such, a full discussion of gas phase physicsefuiborium low
temperature plasmas is outside d@donisgvertothdhesi s O
elements of plasma physics which give rise to energetic interactions between the plasma and the
surfaces it is in contact with. It is these energetic interactions, both in the form of kinetically
accelerated ion bombardment of theface and exposure to large fluxes of high enthalpy radical
species, that differentiates plasma etching from gas phase thermal etching.

1.2.1.QuaskNeutral Plasma

In a typical low temperature plasma studied here, the plasma is sustained in a neutral gas
by accéerating electrons (usually using an electric field), and generating charged species by
electron impact ionization, such as

Ar+e- Arf+2e, (1.1)
In this scenario|t is reasonable to expect that the number of electmnsyill be equal to the
number of positive iond\". This results in zero net space charge,q(N* - ne), in the isotropic
plasma, referred to as the quasutral assumption.

In a typical low temperature plasma for microelectronics fabrication, tbetreh
temperatureTe) is on the order of-10 eV due to efficient heating by an applied radio frequency

(RF) electric field, while ion temperatureg)(are typically around 1000 K due to less efficient



heating by the field and more efficient cooling mpmentum transfer with the background gas.
This large difference in temperature, along with the large difference in mass, results in a large
disparity in the average (RMS) thermal velocity of electrons and ions in the plasma,

<Vm>=\/ ol \/ 2l (1.2

e i

wherek;, is the Boltzmann constanty is the electron mass ami is the ion mass. If ionization
was localized to a small area in extended space, this difference in thermal vilatithe
absence of coulombic interactiénwould allow electrons touckly diffuse away leaving the
slower ions behind. Since the species are oppositely charged, coulomb interactions prevent this
behavior, establishing a correcting field any time a charge separation occurs in the plasma.

A quick examination of this sefestoring field gives significant insight into the
characteristic time and length scales of the plasma. Imaginedimensionaplasma as a fixed

region of positive charge (ions) and a mobile region of negative charge (electrons). An electric

fieldwil f orm between these two regions of charg
dE_r. (1.3)
dx g

where g is the permittivity of free spacg is the electric field and is the charge density. As
the negative charge region moves in space this electric field will change as

dE _dE dx _dE wr

— ==V

A (1.4)
dt  dx dt dx e

whereV, is the velocity of the electron cloud. The largdistdt will occur when the charges are

completely sepatad andr =i qgne. The force exerted on the negative charge region changes the

velocity as,



dv, _ aE (1.5)
dt m,

This acceleration changes in time (at the point of complete charge separation) as,

dv,_ g
dt® m

dE ydn (1.6)
dt em '

The solutia to this equation is a velocity which oscillates at the plasma frequegayiven by

2
wo= |9 (1.7)
&M

The average distance traveled during this oscillation is

eO kae

/= . (1.8)

Ql\)
S

This length,l p, is the Debye length, and represents the longest distance over which the plasma
can be nomeutral. For distances larger théas the magnitude of the restoring field is such that
the plasma will retain neutrality. For reference, this distance can fiaamgeéens to hundreds of
microns in typical processing plasmas discussed here. This concept of establishing a self
restoring electric field, and the quamutrality of the plasma are critical to behavior of the low
temperature plasma.

1.2.2.Electron Impact Reactions

In order to sustain a plasma in a low pressure plasma etching reactor, the rate of
ionization must be equal to the loss of charged species in the system. In a typical reactor used
for plasma etching, the loss mechanism is often dominated lynb#cation on surfaces.
lonization is accomplished by electron impact reactions with the background gas. In order to

achieve a steady stgtasmathe electron temperature must be such that it satisfies the equation



ey v 2aane o (1.9)

wherek;(Te) is the ionization rate coefficienl is the density of the background gasjs the
diffusion length (a parameter describing the average distance to the walls in a particular vessel)
andDa(Te) is the ambipolar diffusion coefficient.

The ambipolar diffusion coefficient describes the diffusion behavior of the electrons (and
ions) after taking into account the effect of the restoring field described in Chapter 1.2.1. The
cumulative effect of the restoring field, referred to as the amidmigield, is to increase the rate
of diffusion of ions while dramatically reducing the rate of diffusion of electrons. In this way
ions and electrons diffuse over long distances with the same diffusion constant, maintaining

guastneutrality. The valuef the ambipolar diffusion constant is approximately

Te
+e
T

O: O

DA o Di Yt

: (1.10)
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whereD; is the diffusion coefficient of the ion.

The rate of ionization depends on the ionization rate coeffidignthich is

¥‘ éZeéjz
k =0Of (¢)s, (€ 8 de, (2.12)
€n ( ) ( )Eﬁ@

wheef (9 is the electron energy distributiosi(9 is the cross section for ionization by electron
impact anda, is the threshold energy faonization. Belowthe ionization threshold the cross
section is, by definition, zero. For the ionization ratée significant there must be a population

of electrons with enough kinetic energy to ionize the neutral gas. For most gasses of interest for
plasma etching the ionization reaction require2Q@@V of electron energy, below this threshold
energy the cres section is zero. From Eqgn. 1.11, the electron energy distribution must have

some overlap with the ionization cross section to produce a finite ionization rate coefficient. The



larger the overlap is (which increases with electron temperature), ther lirghionization rate
coefficient becomes.

The end result of Eqns. 1.9, 1.10 and 1.11 is that the electron temperature in a plasma
sustained in typical low pressure etching reactor will be between 2 to 10 eV. This is the
temperature where the tail of ti{@pproximately Maxwellian) electron energy distribution
overlaps the ionization cross section in such a way as to produce enough ionization to balance
the diffusion losses to the chamber walls. In such a population, the most likely energy for an
individual electron (mode of the distribution) is between 1 and 2.5 eV, significantly less than the
typical ionization potential. Therefore, a typical electron in the plasma will not have enough
energy to ionize the background gas, but in the typical chemistiiek/ed in plasma etching
these electrons can participate in many important dissociation and excitation processes.

While Te is determined primarily by the balance between ionization and losses, most
technologically relevant plasma chemistries also include several lower threshold electron impact
cross reactions. For instance, molecular chlorine has several process whichtcargies
lower than ionization, including direct electron impact dissociation, vibrational excitation
reactions and dissociative attachment, as shown in Fig9]JL.2Vhile processes such as direct
dissociation and electronic excitation have lower threshold energies than ionization, their cross
sections have a similar energy dependence. Vibrational excitation, on the other hand, has a very
different cross section. Thocess is resonant in electron energy, having a large cross section
for some energies (0.2 to 0.9 eV and 7.0 to 15 eV) and zero otherwise. Dissociative attachment,
where the Gl molecule is decomposed into a Cl radical and ‘addl has an inverse eleon

energy dependence throughout much of the energy range.



The result of having & large enough to produce significant ionization as well as several
lower energy electron impact processes is to have significant power deposition in the neutral gas.
Gases such as chlorine become significantly dissociated, generating large densities of highly
reactive radical species. In gases of larger molecules, sudfrash@ dissociation process has
many more pathways, but the end result is always the brea&img df stable molecules into
reactive fragments by energy transfer from electrons. The resulting reactive species then play an
important role in the etching process, which is discussed in detail in Chapter 1.3.2.

1.2.3.Formation of the Plasma Sheath and Anisotipic Acceleration of lons

In close proximity to a surface the ambipolar field is unable to maintain charge neutrality.
As discussed previously, for distances shorter than selgrtdie restoring field is unable to
maintain charge neutrality. If a plasimsebrought into contact with a surface, initially the flux of
electrons to the surface will be much higher than the flux of ions due to the higher thermal
velocity of electrons. This condition will negatively charge the surface, raising the potential of
the bulk plasma above the boundary potential. This field will retard the flux of electrons to the
surface. Eventually the negative charge buildup on the surface will balance the flux of electrons
with the positive ion flux. The region where this electfield, and the resulting charge
imbalance, exists is known as the plasma sheath. The development of the plasma sheath is
extremely important to plasma etching because the potential which acts to retard the electron flux
to the surface (referred to astbheath potentiak, o) also acts to accelerate positive ions in the
normal direction of flat surfaces. In this way, most ions reaching the surface will arrive aligned
with the surface normal having kinetic energies much higher than their thermal vetoitigy

plasma.



At a point just outside of this sheath, the random flux of electrons directed toward the

surface is

G % , (1.12)

where vy, is the thermal velocity (mean of the magnitude of the velocity distribution) of the

electron,

v, = [HTe (1.13)
pm,

At the sheath edge, the surface will collect all positive ions with a velocity oriented in the
direction of the surface due to the attractive field. On the other hand, only the electrons with an
energy larger than théeath potential will be able to reach the surface. Assuming a Maxwellian

distribution of electrons the fluxes can be balanced as

* I8k T skT  agF €
N7 BT N BT opatFog (1.14)
4\ pm 4\ pm, g(S%Te-:
whereF o is the sheath potential. At the sheath edge, whegris zero,N* = n., sothat canbe

solved as

(1.15)

In a typical processinglasmathe magnitude of the negative sheath potential will be between 5
to 20 times,TJ/q, or about 10 to 30 V.

This potential is dropped over the span of a fg\swmoving into the plasma, as the charge
density in the plasma masks the surface charge. This creates a strong electric field in the sheath
region. In the presence of this field, all ions entering the sheath will be accelerated toward the

surface. In thel@sence otollisions,the ions arrive at the wafer with an energy approximately



equal togFo. The velocity imparted by the sheath is in the direction of the surface normal
(perpendicular to the surface), and is much larger than the randomly directed twelouity of

the ion before entering the sheath (tangential to the surface). Due to these relative speeds, ions
reaching the surface have velocities that are closely aligned with the surface normal. The angle

between the surface normal and the ioreti&gjry () can be approximated as

o A2

avy,
~6§/_" 1.16

whereva ~ F o2

This results in most ions being within &f the surface normal for typical
plasma conditions. In a plasma reactor designed for plasma processing, this range edlebe sm
due to additional negative bias on the substrate, as described in the following section.

1.2.4.1on Energy Distributions and the Influence of RF Bias

In addition to the acceleration provided to ions due to the floating sheath potential
described by Eqri.15, additional acceleration is often provided by the application of an RF bias
on the electrode where etching is intended to occur. The influence of an applied RF bias on the
sheath dynamics depends on many factors, including system pressure (cbNisicoHision
less sheath), plasma density, reactor geometry, ion mass and RF frdg0¢nds such, a
detailed analysis of the RF bias will not be included here. Instead a few important examples of
how these factors affect the ion energy distribution to the wafer will be discussed qualitatively.

By applying an RF bias, a4 to the wafer it igpossible to accelerate ions to a much
higher energy thak . For the positive half of the RF cycle the potential in the bulk plaspa, V
must increase with ¢ in order to maintain a sheath potential of at léagtas shown in Fig.
1.3(a). This is neasary as the positive potential would otherwise attract electrons and

unbalance the flux of electrons and ions. During the negativecyidl the plasma potential
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remains af o, requiring the sheath to drop a much larger volt&gethan without the Rbias.

If we assume that ions transit the sheath quickly compared to the change in RF voltage, ions
which enter the sheath during the negative cycle will gain-F o potential before they reach

the wafer. While Fig. 1.3 shows &M= 100 V case, it isgssible to create much larger sheath
potentials, with ions being accelerated into the keV energy range.

In a typical plasma etching reactor there will also be a (usual negative) Dbiaself
voltage on the powered electrode due to the reactor geometwidipgofurther acceleration to
ions. This DC selbias arises because the electrodes in a typical reactor design are asymmetric
in size, with the powered wafer chuck being small compared to the remaining surface area in the
reactor, which it typically gnonded. The total current to these electrodes, including
displacement current, must remain balanced in an AC system. If the powered electrode is
interfaced to the power supply using a blocking capacitor, then the difference in current
collecting area offte two electrodes results in the charging of this capacitor and a DRlasgl|f
Vpe, developing on the powered electrode. With this DC voltage imposed on the biased
electrode, the sheath must dropeW Vpc + Fo, as shown in Fig. 1.3(b), and this poteintian
be transferred to ions before reaching the wafer.

While the potential dropped across the sheath can be as largs: as Wkr + Fo, it
fluctuates throughout the RF period. Therefore, not all ions will reach the wafer with the same
ion energy. The awgal distribution of ion energies reaching the wafer depend stronghy.0i,
wherefto, is the time required for the ion to transit the sheath,famslthe RF period. If the ion
transit time is large compared to the RF period then the ion motion through the sheath averages
the RF potential over several cycles. In the absence of a DC bias, the average sheath potential

becomes ¥r / 2, due to the regication effect shown in Fig. 1.3. If the DC bias is large
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compared to ¥r/2 , then most ions gain aboupy+ F o energy before reaching the wafer. This
results at a single narrow peak in the ion energy distributiohen, IE small compared té; then

the ion can gain an energy equal to the sheath potential at the instant the ion enters the sheath.
As the sheath potential oscillates throughout the RF period, this results in a wide distribution of
ion energies, with bmodal peaks aF, and \bc + Vrr + Fo. For intermediate, /¢, the
distribution is bimodal with peaks centered aroundc\ F o, but more narrowly spaced than

the shorttio, limit, as shown in Fig. 1.411]

The main factors which determirg,/t, and therefore the ion enegy distribution, are ion
mass and RF frequency. Modifying the RF frequencgnges fi/f¢ directly, with high
frequencies resulting in narrower energy distributions and lower frequencies giving wider bi
modal distributions, as shown in Fig. 11®] The transit time depends primarily on ion mass,
with larger ions resulting in longer transit times. Because of this scaling, lighter ions tend to
have a wider, bmodal energy distribution, while heavier ions tend to have a single peaked

energydistribution, as shown in Fig. 1[62]

1.3.Plasma Surface Interactions

All surfaces in contact with a plasma will undergo exposure to bombardment by high
energy particles and reactive radical fluxes. These two main components, kinetic energy from
ion bombardment and chemical potentialnir radical exposure, make plasma etching effective
for many materials and applications. The balance of ion energy and radical exposure, and the
possible synergy between these energy sources allows for etch mechanisms to be tailored for
specific materialsproviding selective etching of one material over another. Furthermore, the
anisotropic nature of the ion energy deposition, and the isotropic flux of incoming reactive

radicals provide a method to tune the directionality of the etch process whichpgssdile in
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thermal etching (either wet or dry). The ability to control etch selectivity and directionality has
made plasma etching essential in the semiconductor industry.

1.3.1.Physical Sputtering

Perhaps thesimplestplasma surface interaction is the phykisputtering of surface
atoms by energetic ions. The basic mechanism of physical sputtering is the transfer of kinetic
energy from impinging ions to target atoms in the solid. If the energy transferred to the target
atom is large enough to overcome theface binding energy then the atom can be ejected from
the solid material, referred to as sputtefib8] For this energy transfer to result in sputtering,
the target atomdés final velocity must be dire
arrive (on average) normal to the surface, this requires at least two collisions in order to eject
target atons, as shown in Fig. 1.7. In this figure, target atoms 2 and 4 are both ejected from the
solid. In order to conserve momentum, both of these sputtered atoms required a collision
cascade of at least two collisions before being ejected.

Due to the inhererdomplexity of the collision cascade, futincipals analytical models
of the sputtering process are comp#&] Phenomenologicainodeling and empirical fitting of

experimental data has arrived at a general expression for sputtering yield at normal incidence of

[14]
o} ~B
Z a z O
y=A L@ g’ (1.17)
) (th/s +Zz/3) th +Z

where Z; is the atomic number of the targé, is the atomic number of the incoming ion
(assuming single ionizationg is the incident ion energy and is the surface bindmenergy.
The parameteré andB are essentially fitting parameters, and vary from one model to another,

but are often given values Af= 5.2 andB = 0.67.
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This expression for sputtering yield presented in Egn 1.17 results in several useful
observatios. First, the sputtering yield scales as the square root of the incoming ion energy.
This trend remains consistent over a wide range of conditions and energies, even outside of the
physical sputtering regimjé&5] Second is that mass rafgZ; impacts the sputtering yield. This
mass ratio dependency arises for the same reason as the mass ratio dependence in a simple binary
elastic collision model, but in the case of sputteritfy dightly larger thar¥; results in the most
efficient sputtering (as opposed to elastic collisions, wiZgrg; results in the largest energy
transfer).

Due to the narrow range of mass ratios for different materials of interest, and the
relatively low dependence on mass ragibysical sputtering usually has little or no selectivity to
different materials. It is therefore difficult to use for patterning purposes as any mask material
will erode at a similar rate to the etch target. This lack of material selectivity can dfecia¢n
for some purposes. Focused ion beam milling relies on physical sputtering by noble gas or metal
ions, and is a critical metrology technique in the semiconductor indasfryF-ocused ion beam
milling uses, as the name implies, electronic optics to generate a narrow beam of heavy ions.
This beam can be used to etch patterns into arbitraryrialatevith very high spatial resolution.

This technique is used extensively in the preparation of cross sectioned samples of
semiconductor devices for scanning electron or transmission electron microscopy, as shown in
Fig. 1.8.

1.3.2.Surface Passivation and Cheical Sputtering

Reactive radical species generated in the plasma can also have a significant effect on the
plasma etch process. Some of these species, particularly halogen radicals, can strongly bind with

the surface of target materigls/] The strong covalent bond between the halogen and the
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surface atom can produce weaker binding between the surface atom and the underlying
lattice[18i 20] This weakening of the bond with the underlying lattice effectively reduces the
surface binding energy of the passivated surface site.

The reduced surface binding energy of passivated susitasecan significantly increase
sputtering yield21] For example, in their seminal work Coburn aNhters studied the effect
of combining Xek exposure with Arion bombardment. They found that neither Xabr Ar*
exposure resulted in significant etch rates when used alone. When both fluxes are combined the
etch rate increased to more than 10 tithesbackground rate of Xgletching, as shown in Fig.

1.9. This increase in etch rate can be directly attributed to the reduction of surface binding
energy when the silicon becomes fluorinated by thermal decomposition of theoKeffe
surface. This gyergistic effect of increased etch yield when a passivating radical is combined
with ion bombardment has become referred to as chemically enhanced sputtering, or simply
chemical sputtering.

In addition to the dramatic increase in sputtering yield assdciatgh surface
passivation, this process allows for the selective etching of one material over another due to
differences in the reactivity with the passivating species. For instance, silicon can be chemically
sputtered by exposing the surface to chloradical specief22,23] Silicon dioxide, SiQ, on
the other hand does not etch with the same increased yield in chlorine containing plasmas due to
the lack of a strong oxygen chlorine bd@d] This results in selective etching of silicon over
SiO, in chlorine containing pkmas. This selectivity, enabled by carefully choosing the
passivation chemistry, is fundamental to the success of plasma etching in the semiconductor

fabrication industry.
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One significant consequence of relying on passivation reactions to increaseirgputter
yield is the synergistic coupling of ion and radical fluxes. Chang et al. explored this coupling
using molecular beam experiments and found that the etching yield depends strongly on the
neutral to ion flux ratioG/G, for low and moderate values Gf/G (< 100), as shown in Fig.
1.10[22] The dependence saturates at larger valu€/6f when the etching reaction becomes
ion starved. In this ion starved regime the surface can be considered to betelynppissivated,
presenting each impinging ion with a similarly passivated surface and creating a constant etching
yield. For lower values of5/G the surface is not fully passivated, and the coverage of
passivated sites depends directly on ion flur,eaergy and radical flux.

The effects of neutral/ion synergy are compounded by the difference in transport methods
between the two fluxes. At pressures and length scales typical of modern etching, neutral fluxes,
including the reactive radicals whiclanicipate in surface passivation, must transport through
the etch feature by molecular flg&5] This implies that the radicals will ballistically travel
from surface to surface insideet feature, with each interaction resulting in @m@ssion from
the surface with an isotropic Lambertian cosine law angular distribution. The properties of this
transport method have been well studied in vacuum systems, where neutral conduction through
high aspect ratio tubes has been of interest for de§2@ed he results of this transport method
are that higher aspect ratio features will have significant reductions in neutral flux at the etch
front (bottom of feature) than smaller aspect ratios. This is itragirto the transport of ions,
which occurs predominantly by ballistic transport aligned with the surface normal. Because of
the anisotropic angular distribution, the ions tend to interact less with the walls, and reach the
etch front with little dependee on aspect ratio. This difference in transport methods between

neutrals and ions can create aspect ratio dependent etch rates (ARDE).
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1.3.3.Fluorocarbon Etching

In some cases, particularly Si@nd SiN4, etching using halogen plasma does not
provide effedve surface passivation due to the lack of a strong bond between the halogen
radical and the oxygen or nitrogen sites in these compd@ifisin these cases it is typical to
use a fluorocarbon gas plasma instead of a simple haloghis allows for the removal of
silicon as a volatile product contang fluorine, such as SiFand for the removal of oxygen in
the form of CO, C@or COFR.[28] Similarly, nitrogen removal from the $8l, compound is
aided by the availability of carbon, creating volatile gas phase products lik¢2GNF.

While the addition of carbon containing radicals to the etch chemistry results in a
chemically enhanced etching pathway for oxygen and nitrogen containing compounds, it also
results in the formation of a steady stdli@oropolymer layer on the etch surface. This
fluorocarbon overlayer has been observed by Standaert et al. to play a critical role in plasma
etching using fluorocarbon gag@9] For a given plasma chemistry the steatiate polymer
thickness during continuous etching will depend on the ion energy and the material being etched,
as shown in Fig. 1.11. This polymer thickness mediates the transport of reactive radical species
and ion energy to the etch front. This résuh an etch rate that depends on polymer thickness,
and therefore offers selective etching of So®er SN, or silicon[29]

There are several factors which affect the steady state polymer thicknesdeactriclie
materials etched in fluorocarbon gas plasmas. To achieve a steady state thickness, the polymer
deposition rate must be balanced by polymer loss mechanisms. It is clear from experimental data
that a fairly wide range of plasma conditions will prodisteady state polymer thicknesgs.

For this to be possible, either the deposition rate or loss term must depend on polymer thickness,

such as
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—==D -Sp &, 1.18
p P (1.18)

wherep is the polymer thickness (cmi, is the polymer deposition rate (esit) andSpis the

polymer etch rate. In the steady state, D/S In this simplenodel,the deposition rate is

D=—P2P, (1.19)

fp is the incident flux of polymering speciesa, is the probability for depositing on the
underlying polymer and is the volumetric number density of the film. While the polymer etch
rate in the physical system may not be linearly dependent on polymer thickness, as proposed in
Eq. (1.18), there must be some dependency on polymer thickness or there would onhglee a si
D/S ratio which would produce steadyate polymer thickness, which is not the experimental
observation. The polymer etch ra®g(cm s') is conceptually given by

S=af_D, (1.20)
feis the incident flux of polymer removing (otching) speciesa. is the probability for etching
the polymer and D is the diffusivity of the etching species in the polymer film. This simple
analysis implies that the deposition of polymer is a surface dominated process, depending on the
exposed areafdhe feature, while polymer etching is a volumetric process, depending on the
thickness of the polymer. This is a physically consistent picture of producing a steady state
polymer thickness provided that the etching species is not significantly depldtadsporting
through the polymer layer. In plasma etching of, for example; BiGluorocarbon plasma,
polymer deposition occurs dominantly by incorporation of radicals (e.g., Gk GE¥) into the
outermost surface of the polymer. Polymer etchomgthe other hand, occurs predominantly due
to thermal reactions with reactive radicals (e.g., F, O), which can diffuse through the bulk of the

polymer, resulting in a volumetric procqd84]
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These deposition and loss mechanisms depend only on plasma prpmartdem
principle should be identical on all materials exposed to the same plasma, provided the surface is
covered by at least one monolayer of polymer. The difference between steady state polymer
thickness on different materials is due to differentsrateconsumption of polymer at the etching
interface between the polymer and the underlying material. These differences in polymer
consumption result from the different stoichiometries of producing etch products for each
material. When etching SiOsilicon sites are dominantly removed as,&jfSpecies, while
oxygen is removed from the surface mainly as CO or {28} Therefore, for each Si atom
removed, the etch process will consume two carbon atoms from the polymer overlayesreO
silicon, this consumption of carbon by the formation eObonds does not take place, resulting
in a less polymer loss compared to Sidhis in turn results in a thicker polymer layer on silicon
than on SiQ@. The interface reactions of polymear 8sN4 forming, for example, CNF, removes
carbon at a rate that is intermediate between &id silicon, producing a polymer layer that is

also intermediate in thicknep29]

1.4.Plasma Etching Challenges

High fidelity pattern transfer into semiconductor, metal and dielectric materials is critical
to the fabrication of microelectronics devices that now have characteristic feature sizes of < 10
nm[32i 34] Plasma etchig has long been an essential tool that has enabled the economic
scaling of pattern transfer as device scales continue to §BBhkAlong with this aggressive
scaling of transistor size comes significahallenges for plasma etchif@p]

As aspect ratios of features increase with scaling, addn8nsional (3d) features
become more common, it is imperative that many etch processasi@te process features with

different aspect ratios simultaneously. For this to be possible the etch rate of the process must be
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independent of aspect ratio. Unfortunately, the difference in transport methods between reactive
radical species and iomssults in ARDE for many processes. This occurs due to the synergistic
relationship between the neutral and ion fluxes, as discussed in Chapter. 1.3.2. The most easily
observable result of ARDE is that etching features with different width, or criticengion

(CD), simultaneously results in larger features etching faster than smaller ones, as shown in Fig.
1.12.[37] The reason for this trend is that for the same etch time the smaller etch features will
reach a higher AR than the smaller ones, reducing the flux of reactive radical species to the etch
front.

Obtaning uniform etch rates across the entire wafer is another issue which has
challenged engineers throughout the history of plasma etching. This is particularly true as wafer
sizes increase over time to reduce fabrication costs. As transistors are sealedame films
which must be etched become very thin. In odplicationsthe aspect ratio is very high, and
etch times are long. For both of these extremes it is very important that the etch process be very
uniform across the wafer. There are several sources efimtwrm etching, some originating in
the plasma, and some thre wafer itself, as depicted in Fig. 1[BB] Techniques to increase the
uniformity of processes wtih originate in the plasma have been developed, but typically
increase the complexity of the etching hardware or prg88s41] Recently the selfimited
process referred to as atomic layer etching (ALE) has been proposed as a method for increasing
uniformity. This application will be discussed in detail in Chapter 6.

During plasma etching, exposing the wafer to high energy ions can result in damage to
the underlying crystal lattice, often affecting device performgdd@e43] Minimizing this
plasma damage is an important challenge. Minimizing ion grezng reduce plasma damage, as

can increasing the neutral to ion ratio and avoiding reactive ions (8d44 Atomic layer
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etching can also possibly reduce the plasma damage in many applications, by reducing ion
energy and eliminating (or minimizing) reactive ion fluxes. This will be discussed in detail in

Chapter. 5

1.5. Feature Scale Modeling

Modeling of physical processes is important in many fields. Accurate modeling can
provide insights into physical mechanisms which are difficult to isolate in experiment. Well
validated models can be used in many casegptaae expensive experiments. Modeling of the
plasma etching process, at different scales and levels of physical detail, has been used
extensively over the history of plasma etching. In tihesis,a new model of the etching of SIO
in fluorocarbon gaslpsmas will be introduced, so a review of previously published etch models
will focus on that topic.

Several methods have been used previously to predict fluorocarbon plasma etching
behavior. Atomistic simulations, including density functional thigffly quantum chemical
molecular dynamidé5,46] and classical molecular dynam4$,48] have been used to explore
reaction mechanisms and pathways. These atomistic techniques can incorporate very detailed
physics, but they are challenged at resolving large enough simulation domains to predict feature
scale etch evolution with current techniques and computing hardware

Kinetic models of the Si@etching process have been developed which can describe the
polymer coverage and etch rates for various plasma condiiers)] Such models allow for
the etch yield, as well as source and loss terms for polymer deposition/etching, to depend on the
polymer thickness, as has been seen experimentally.le Wimetic models can accurately
describe the etching mechanisms for a single set of plasma conditions, these conditions can vary

within a typical etch feature, which in turn requires feature scale modeling to resolve.
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To predict the evolution of an etdébature, a model should include transport of reactive
species through the feature and position dependent etch rates. Current feature scale models
typically rely on either the levedet technique or cell based methods. Level set methods are used
to trackthe propagation of the etch or deposition front (that is, the top surface of the material) in
the presence of a locally varying forcing function which represents the rate of material removal
(etching) or addition (depositiof§l] In plasma etch modeling, the local rate of etch front
propagation typically depends on the ratio of neutral to ion fluxes. This technique has been used
to model the etching of silicon with a pulsdbsch process using two simultaneously
propagating level sets to track the passivation front separately from the underlying[S@&ton.
Etching of SiQ in fluorocarbon plasma was modeled by Shimada et al. using a single level set to
track the etch front propagati¢®3] In this cag, the polymer thickness was tracked separately
for each point on the etch surface and etch rate depended on the local polymer thickness.

Cellular models divide the simulation domain into a computational grid where each cell
or voxel represents the matéraf that region of space. Individual computational cells can
represent a single material or be fractionally filled by different material species which aids in
smoothing statistical noigé4] Fractional filling of cells can ab be used to resolve some of the
kinetics of the mixing layer. The ratio and number of these species in a single cell then
determine the reaction probability for incoming pseudoparticles representing the plasma
produced fluxes. This technique was usgddwo et al. to study €lplasma etching of silicon
and Ar/GFg plasma etching of Si£]55,56] Cellular models have also been employed to study
oxide etching in three dimensional featues]

Cellular models have also been used to represent ion implantation into the substrate. For

example, Osano and Ono tracked the implantation 0@ T ions into silicon using Monte

22



Carlo techniques|58i 60] The distribution of implanted reactants was then used to obtain
chemical sputtering probabilities which depended on the local density odntegl species.
Takagi et al. used a more continuous approximation to study the effect of ion energy loss in a
polymer layer while etching SiJ61,62] In this model, the polymer thickness was determined
by local (position dependent) radical fluxes. The polymer thickness was thero usdcltate a
local etch rate based on an analytical slowing of ions in the polymer.

1.5.1.Goalsfor Feature Scale Modeling

There are several possible goals for a model of the evolution of feature profiles during
plasma etching. Depending on the specific goghdp targeted, one model may be more
advantageous than another. Possible goals for feature scale modeling include:

1. Process design and optimization.

2. Process control / feedback.

3. Access to operating conditions inaccessible to experiments.

4. Determine physicahechanisms responsible for observed behavior.

The first two goals, process design and control, are very important to the use of feature scale
modeling in industry. Process control, in particular, is an interesting topic and worthy of future
investigation. In the photolithography field, computational electrodynamics modeling is
frequently used to simulate the lithography process. An inverse model is then employed to
correct for imperfections in the final projected image by making changes the madi63ised.
Similar techniques may be possible using an etch model, incorporating corrections for etch
imperfections in the original design, as depicted in Fig. [64}.In order to effectively meet

these goals, the model must be well validated, requiring access to large amounts of experimental
data. This access is difficult for academic purposes, as many of the processes being developed

are trade ecrets.
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Being able to explore operating conditions inaccessible to experiments, and determining
physical mechanism responsible for observed etching phenomenon require that the model
incorporate a very complete set of physics. Reduced models (those mtogptess physics)
often perform well within a well calibrated range, but may be less reliable outside of this range.
On the other hand, a model constructed with every effort to capture a complete picture of the
physics involved can be more successtupr@dicting behavior outside of its calibrated range.
The models described here have been designed with this latter goal in mind. Every effort has
been made to incorporate all relevant physical processes into the model, with the goal of creating
a modelwhich is useful for the study of physical mechanisms in technologically relevant etching

processes.

1.6. Summary

Plasma etching is critical to the semiconductor industry, and feature scale modeling can
play an important role in expanding our understandindpisfgrocess. The interactions between
the plasma and the etching surface are complex, with strongly coupled effects from reactive
neutral species and energetic ions. Modeling this process requires a detailed representation of
the physics inside the gabase plasma, reactions on the surface and transport of reactive species
through the feature. In thikesis,a model will be developed describing these processes. This
model is then used to better understand several physical mechanisms affecting rttee plas
etching of modern semiconductor devices.

In Chapter 2 a detailed description of the model will be given. A brief review of the
model used here to predict gas phase plasma behavior, the Hybrid Plasma Equipment Model
(HPEM) will be given. A complete desption of the Monte Carlo Feature Profile Model will

then be given, including details on the newly developed models for ion implantation, neutral
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diffusion through solids and the surface diffusion of physisorbed species. An overview of the
code structie and parallelism techniques is presented, as well as an overview of recent
validation efforts.

Chapter 3 describes the surface reaction mechanisms developed for use with the
MCFPM. A previously reported model for Ar/Cétching of silicon was expanded ieclude
physical sputtering pathways for passivated species at higher energy. A fluorocarbon etch
mechanism for Sig) SkN4 and silicon is also presented. This reaction mechanism utilizes the
new implant and diffusion capabilities of the MCFPM to sirteithe effect of ions and radicals
transporting through the polymer overlayer.

The physical mechanisms involved in aspect radio dependent etching are discussed in
Chapter 4. Particularly, the effect of neutral transport is discussed in detail. The oéshis
study indicate that the onset of ARDE can be postponed to higher aspect ratios if the neutral flux
is high enough to saturate the passivation. Doing so also results in more tapered features and a
propensity to form micrdrenches. The implicains of ARDE on 3d structures are also
discussed. The results indicate that 3d features complicate the concept of an aspect ratio, as no
single critical dimension can be defined. Instead, 3d features must be thought of as having a
range of effective asperatios, depending on position in the feature.

The atomic layer etching (ALE) technique is introduced and discussed in Chapter 5. This
chapter focuses on the ALE of silicon using a chlorine containing plasma for passivation. An
ideal ALE mechanism is @eloped and compared to typical nioleal fluxes originating from an
inductively coupled plasma reactor. The results indicate that the presenceidéalofuxes
that introduce continuous etching during either etching phasetroeluces ARDE and cause

surface roughening. These issues were not observed in the ideal model. The ALE model was
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also used to demonstrate the ability to clear high aspect ratio gate etch features with reduced
overetch when compared to continuous etching.

The use of ALE to improve wafer scale uniformity of plasma processing is discussed in
Chapter 6. It was found that fully saturated ALE reactions can dramatically reduce the
dependence of etch rate on the local ion flux, improving wafer scale uniformity. Without over
saturaibbn of the ALE surface reactions, the improvement in etch uniformity is reduced. This
oversaturation is only achieved by exposing the etch feature to a much larger total fluence of
ions than a comparable continuous etch, which may cause undesirablies @ffesome
applications.

The use of fluorocarbon containing plasma for the passivation phase of ALE 0iSiO
discussed in Chapter 7. The selectivity of the etch mechanism @O SEN, is discussed.

The results indicate that the polymer overlayackness is critical to the selectivity of the etch
process. This polymer deposition process is continuous, so when used for ALE this introduces
nonseltlimited behavior. The etch per cycle was found to depend on the polymer thickness,
coupling the pssivation time to the etch rate, which is undesirable in an ALE process. The use
of ALE does provide a window where infinite selectivity to S@er SgNy4 is achievable in the

steady state. Because this selectivity depends on the polymer overlayee potymer overlay

must develop over several cycles, there is a transient period at the beginning of etching where the
selectivity is less than the steady state value. The use of this fluorocarbon ALE is applied to the
application of etching seklignedcontacts. The results indicate that careful tuning of the ALE
process is required to balance the loss gf.Smask material with the CD loss during etching.

A final summary of this work, a description of possible future works and concluding

remarks argjiven in Chapter 8.
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1.7.Figures

Isotropic Etching: low aspect ratio

Isotropic Etching: moderate aspect ratio

Ansotropic Etching: high aspect ratio

Fig. 1.1 Comparison of isotropic and anisotropic etching. Low aspect ratio features can be
etched adequately by isotropic etching, while high aspect ratio features raquar@sotropic
etch profile.

27



Qtotal QIOT., el
o /
Qm, el

Cross section (10'20 m2)

107
10> 100 10" 100 107
Electron energy (eV)

Fig. 1.2 Electroni ClI; collision cross section set. Cross sections for dissociative attachment
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Fig. 1.3 Schematic example of the effect of applying a RF bias to a wafer in a (a) symmetric and
(b) asymmetric reactors.
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Fig. 1.7 Two different three body collision cascades which result in sputtering. Target atom 2
undergoes a collision with the incoming ion, then a second collision with target atom 1 before
being ejected from the solid. Target at@8nundergoes a collision with the incoming ion, then
transfers (some of) the kinetic energy from the ion collision to atom 4, which is ejected from the
solid. Reproduced from Sigmuipti3]
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Figul8 Two cross sectional scanning electron micr
10 nm process. In der to take thesenages,the transistors were cut using focused ion beam
milling to expose therosssectionalview. Reproduced from Auth et 465]
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increase in etch rate when XeiB combined with At exposure is due to the reduced surface
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Fig. 1.12 Features with different critical dimensions etched simultaneously. Notice larger
features etch faster than smaller ones. Reproduced from Bat¢3#t al.
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Chapter 2 DESCRIPTION OF MODELS

2.1.Overview of Monte Carlo Feature Profile Model (MCFPM)

The MCFPM uses statistical methods to simulate the progression of etch Jeahee
exposed to plasma conditions. The model uses a cubic mesh of computational cells, each
representing either a solid material or gas, to represent the etch feature. This mesh can be
initialized in an arbitrary initial condition, which may include ltmple materials and features
within the etch domain. This allows the simulation of complex steps in the fabrication process,
such as the gate etch during finFET fabrication. This etch step, discussed in detail in Chapter 4,
must etch pohsilicon maskedby a photoresist (or hamask), from around and -imetween
existing fin structures. The ability to simulate specific, industtgvant etch processes with
accurate physical models is of great interest as etch processes begin to be limiting stéps in yie
optimization.

The basic MCFPM algorithm, launches psepdaticles at the initial material mesh and
tracks the interactions of these particles with the mesh using Miamte techniques. The
statistics of the incoming fluxes of pseugarticles are oéin derived from a reactor scale plasma
model, such as the HPEM described in Chapter 2.2, but they may also be user defined to
represent arbitrary conditions. This allows the MCFPM to be used to explore the coupling of
plasma reactor parameters with thehetesult, or to be used for studies of more fundamental
guestions regarding the etch process by decoupling the incoming flux statistics from a physical
plasma model. This versatility makes the MCFPM a strong tool for process development and

optimization,as well as general scientific exploration of the physics of plasma etching.
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In this chapter, all of the models used for the work presented in this thesis will be
discussed. The HPEM, which is used as a reactor scale plasma model for many of the studies
presented here, is described in Chapter 2.2. The remaining sections are devoted to describing the
MCFPM. A description of the-8 mesh used in the MCFPM, and the derivation of simulation
time is provided in Chapters 2.3 and 2.4. The behavior of gas mpseseleparticles is
described in Chapter 2.5. The types and probabilities of surface reactions are described in
Chapter 2.6, and the layout of the code is presented in Chapter 2.8. Finally, two different

validation efforts are presented in Chapter 2.8.

2.2.Reactor Scale Modeling

All reactor scale modeling presented in this thesis was done using the Hybrid Plasma
Equipment Model (HPEM). The HPEM is thus named because it uses a hybrid time slicing
technique to solve all relevant plasma equation®;dimensions, sel€onsistently by addressing
each physical process on a different timescale relevant to that pfe@geschis model has been
discussed in detail befof&7] and will only be introduced herin the context of generating self
consistent realistic etching conditions for use in the MCFPM.

The HPEM uses several computational modules, each of which address a different aspect
of the plasma physics at its own relevant timescale. The electrontagretule (EMM) solves
Maxwel |l 6s equations for the time varying fiel
inductively coupled antenna. The fluid kinetics module (FKM) solve continuity, momentum and
energy equations for ions and neutral spesggmrately using a mufiuid approach.The FKM
also solves the Poisson equation for the potential due to the position dependent charge density in
the gas phase and on surfaces. Using the electromagnetic and electrostatic fields calculated in

the EMM am FKM, the electron energy transport module (EETM) solves the Boltzmann
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equation for electron transport and energy kinetically using MGaté techniques. Electron
impact reaction rates are calculated by integrating thecsaHistently solved electroenergy
distribution with a database of electron impact reaction €esgons for all species in the gas
phase chemistry. The resulting electron impact source functions are used by the FKM as source
and loss terms. This loop is iterated until a-seffsistent answer is achieved. The resultirgy 2
profiles of species densities, potentials, fields and temperatures represeftasstent picture
of the plasma physics in the reactor.

As part of this seltonsistent calculation, the HPEM must addrégxes to the reactor
walls and the composition of the species returning to the plasma. This can be done with different
levels of detail within the HPEM. Th&mplestapproach is to assign fixed reactive sticking
coefficients for each gas species orcreaurface material. This allows for simple surface
reactions, such as neutralization of ions or recombination of radical O to fomol€cules, but
only with fixed probabilities that are uniform throughout the reactor. In a real system, many
sticking mefficients will be dependent on the local plasma properties, which vary throughout the
reactor. When these effects become important the HPEM can address-ti@foon surface
reactions using the Surface Kinetics Model (SKM). In this model, a simgpdéior mechanism,
similar to that used by the MCFPM, is evaluated using a susitebalance kinetic model at
each surface mesh poi®8,69] This allows the plasma to change the reactor surface conditions
over longer timescales, with the reactive sticking coefficients of each species changing with
position in the reactor and simulation time. Both of these techniques result intianpos
dependent measurement of the flux of each gas phase species to the wafer, which is output from

the HPEM for use in the MCFPM.

43



In order to accurately simulate the plasma surface interactions using the MCFPM, we
need both the flux of each reactiveesjes, as well as the energy and angular distributions of
energetic species. The fluxes of each reactive species are a direct product of the FKM, but the
energy distribution is solved separately using the Plasma Chemistry Monte Carlo Module
(PCMCM). This module initializes ion pseuedoarticles based on electron impact sources
functions derived from the EETM and FKM, and propagates them through time using the phase
resolved fields and species densities from the EMM and FKM. All collisions accounted for in
the plasma chemistry reaction mechanism are included in the Monte Carlo simulation. Some of
these particles will make it to the wafer, after being accelerated through the sheath region. The
energy and angle of incidence of these particles are recaaddda statistical distribution is
accumulated. This energy and angular distribution (EAD) is output from the HPEM for use in
the MCFPM.

With the position dependent fluxes of reactive species from the FKM and the energetic
particle distributions from theGMCM, the plasma conditions relevant to etching can be fully
described. The MCFPM accepts these conditions as user input. The EAD output file from the
HPEM is read directly by the MCFPM. The values in the EAD file are organized into energy
and angle bis, and have units of chs" steradiaft eV™'. Therefore, if integrated for all angles
and energies, the resulting value is the average flux of that species on the wafer in unfts of cm
! This average value may be accurate if the plasma conditiengeay uniform across the
wafer, but in many systems the roniformity is large enough significantly affect the etch
process, as discussed in detail in Chapter 6. In this case the average value of the fluxes does not
well represent any specific point oine wafer. Because of this the standard practice is to use

values of fluxes measured from the output of the FKM, not the values embedded in the EAD file.
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2.3.3D Mesh

The MCFPM discretizes 3D space into a cubic lattice of computational cells. The size of
the computational cell determines many aspects of the model behavior. Because the only
supported lattice is cubic, the size of each cell is identical in all three dimensions,

Dx=Dy=Dz, (2.1)

whereDx is the size of the cell in thedimension. The choice ofix has several implications on
the model behavior. Most obvious is model resolution; the MCERBNhotresolve features
smaller than several timé&x. Another consideration is computational overhead. Assuming a
given feature size must smulated, choosing a smallBx results in and increase in memory
and computational runtime requirements as approxim@ts), wheren is the number of cells
per side in the simulation domain (assuming a cubic domain). The chdzeatsfo affects the
time weighting of each pseugbarticle, as described in Chapter 2.4.

Each cell in the mesh is assigned a material property. The materials used within the
MCFPM are user defined, and can be elements or compounds (i.e. Si, Sigl,e8il For
most etchingeactionsjt is important to respect stoichiometry, and most materials are defined as
elements or compounds to facilitate this, but there is no inherent limitation on the material
properties in the MCFPM. Because of this, arbytnaraterials can be adopted which usually
model a material which is difficult to treat stoichiometricly. An example of an arbitrary material
definition is AResisto, w h i adsistsiused forspattbrnintgo r e p
These resists carate varying material properties and chemistries, and it is not always possible

or necessary to capture their stoichiometry accurately.
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By default,the MCFPM assigns a single material to each cell. Each solid cell in the
mesh is assumed to have the sauenic densityy cm®, which is a user input. This density is

used to calculate number of atoms per cell

N, =Dx’r. (2.2)

Typical values of range froms.0% 10?2 cm® for silicon to 2.3 10°* cm® for SiQ,. Because all

cells contain a single (usually stoichiometric) material, but are represented as having the same
volume and density, it is important to remember that all materials in the MCFPM represent
average behaviors of their respective compounds. ifeesping able to address atomic scale

meshes, there is no attempt to calculate iatemic potentials, which precludes modeling effects

like surface reconstruction or steric repulsion.

2.4. Simulation Time / Pulsing
An important aspect of accurate simulatiof profile evolution, particularly for pulsed
systems such as ALE, is the rigorous representation of physical time in the simulation. In the

MCFPM thisis performed by assigning each incoming psepddicle a time weight of

NS
A (2.3)

whereNs is the number of atoms per solid computational @&din. 2.2) G is the total flux ofall
gas phase species entering the feature?(sm) and A is the area through which the flux is
launched into the computational domain. Scaling the time weighting of each gsstide by
Ns in Eon. (2.3 is required to enable gas phase particles to react stoichiometrically with solid
cells having norunity numbers of atoms per cell.

The concept of assigning each psepdaicle an equal time is necessary to ensure that

the number of particles delivered per square centimeter per second of simulation time is exactly
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the user defined fluxG. This is similarto theN-fold way(NFW) used in Kinetic Monte Carlo
(KMC) simulation$70], with two additional assumptions

Al. A particle entering the feature israre event This implies that all of the effects each
particle has on the feature are arganeous compared to the time between incoming
particles.

A2. The number of total particles (not pseyuhrticles) entering the feature per square

centimeter per second of simulation timexsactly G.

These assumptions allow us to construct a KMC sinarlatvhere there is only one
possible event; the release of a psepddicle. In this construct, the time between each event
becomes uniform and is given exactly by Egn. 2.3. This allows the model to treat each pseudo
particle, and its effects on the ptefmesh, as independent and fioteracting. When a particle
generates multiple changes to the profile mesh (for instance an ion sputters a material from the
bottom of the feature, and the sputtered etch product subsequently sticks to the wall before
es@ping the feature) the entire cascade of mesh changes can be handled without updating the
simulation time. Only the release of new particles results in an update of the simulation clock.

To support the validity of these assumptions, we will look at waarsé scenarios which
may occur during typical simulations. For assumption Al to be valid, the time a particle spends
interacting with a feature must be small when compared BtithA worstcaseexample may
occur when a neutral particle impinges on a high aspect ratio feature. In this case, the particle
may interact with the walls many times before finally reacting or being released back into the
bulk gas. Take, as a specific example, a circuwith a depth of 3m and a radius of 30 nm
(aspect ratio of 50), represented as a 32QC 120 cell meshx = 1 nm) Assuming a neutral
particle might travel a total distance of 5 times the depth of the feature, at a thermal speed of 350

m/s (appraimately that of Cp), the particle will spend <38.0° s in the feature. If we assume a
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total flux of 510 cm? s, andr = 2.3 10 cmi® we have &t > 410" s, almost ten times
longer than the particle residence time.

The Dt calculated for the example above is based on the pgwmartiole atomic
weighting,Ns, from Eqn. 2.3. In the limit wherls goes to 1 (each pseugarticle represents
one atom), thét shrinks to 210° s, for the same example. This implies that, orraye
between two and three atoms may be in the feature at any given time. While this means that
multiple particles can be interacting with the feature at the same time, as long as they are dilute
enough that the particles do not interact with each dainectly (through collisions) or indirectly
(by changing a mesh cell which a simultaneous particle then interacts with) then the result will
be the same. This implies that A1l can be relaxed to assuming that the particles do not interact
with each other, mly the mesh. Given that the example feature has a volunfel6f Bm* and
relevant radicals have van der waals radii in the neighborhood of 0.2 nm, the assumptien of non
interacting particles seems to be appropriate, even inwths-casescenario.

In the physical etching system, we would expect the time between particles to be Poisson
distributed. The choice to use a fix& is made possible by assumption A2, assuming the
particles per unit time is exactly the user defined total flux. Becausectheystem is probed as
a function of time, not number of particles, the only error which could come from this
assumption would be if a different number of particles impinged on the system in a Poisson
distributed model than in the fixddt model. The standard deviation of the number of particles
per unit time goes as'2, where n is the mean number of particles in that period of time. If, for
example, we have a 5 s etch time (very small) using a total flux '3 cm? s? and a
simulaion area of 109100 nm, the total number of particles in the fiXetdmodel would be

5310%. In the Poisson distributed model, the number of particles in this same time would be
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5.0 10°° 2.2 10" particles. The difference between the two is less thariro@6,000. This
source of error is not expected to have any impact on the simulation.

While the Dt is fixed in any given simulation, the time interval between launching a
particle of a particular species, whose total number of particles may be a rsiadinf of the
total, is purely statistical and Poisson distributéa.complex gas mixtures, there may be ten or
more differentradical and ion specieghose fluxes may differ by factors of 100 or more. For
the species with low fluxes, there may be atistically different number of particles of that
species launched into the computational domain during each pulsed cycle.

In addition to simulating continuous etching using a single set of plasma conditions, the
MCFPM is also capable of simulating pulggdsma systems. In the continuous etchimagle,
the MCFPM measures time by the number of particles released, with altixasl described
above. In a pulsed plasma simulation, the MCFPM uses the total fluxes of eanjtisuf) to
calculate the time per particle for that particular-syble, Dt,,. The length of the subycles is
defined by the user in seconds. The code converts the user definggtlubbme into a number
of particles using thét,, of that subcycle. This esults in each subycle having the same
number of particles per stdycle from period to period, invalidating assumption A2 for very
short sukcycles. The shortest subycle used in the simulations discussed hese 23 10¢
particles giving a deviation bless than 1%n the number of particles in each styxle from
pulse to pulsevhen using Possion statisticsThis pulseto-pulse variation is not expected to
contribute to the results, artde constantDt for each particlean be assumed. Species hgvin
low fluxes are chosen at random by Monte Carlo techniques (described shortly). In this way, the
number of a given low flux species released in a given cycle will be Poisson distributed, despite

the total number of particles in that cycle being fixed.
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2.5.Pseudo-particle Behavior

The trajectories of the incoming psetplarticles are advanced inddmensions through
continuous space until they impact a solid mesh cell. When a ppautide strikes a solid
surface,a reaction is chosen from a user definedactien mechanism. This mechanism can
include reactions with both energy and angular dependencies. Based on this reaction
mechanism, particle collisions can result in a reflection of the incoming particle without
changing the material cell properties. téfa particle collides with a surface, any resulting
particles emitted into the gas phaseicluding etch products and/or the original particlare
tracked in a similar manner as the initially launched particle until the next collision with a
surface. This process is repeated for each particle until that particle (and the gas phase particles
it generates) are removédyy reacting with a surface, or the particle leaves the computational
domainby scattering out of the top of the domain

2.5.1.PseudaeParticle Initialization

Pseudeparticles are initialized such that their fluxes, as well as energy and angle
distributions, statistically match the input obtained from reactor scale modeling. This is done
using a typical Monte&arlo technique, by choosing a randommberu i [0,1] and selecting the

corresponding species,where

i+1

ag ac

= _tu <4, (2.4)
G G

If the chosen species is an ion (or an energetic neutral with a user defined IEAD) the
energy and initial polar angle of the particle are chosen from a cumulative distribution function
fi(e,q) using the same Momn€arlo selection technique. The IEADs arevided to the MCFPM

(calculated from the HPEM) in a probability density functibfeg), normalized to the flux of
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that species. The input IEAD is discretized inteenergy bins and, angle bins. This input

format is converted by the MCFPM into anwulative distribution function as

g=-rt—. (2.5)

e g

a ar(e ¢
e g
The energy and initial (polar) angle is chosen fifiolyy choosing three random numbeus, u,

anduz. The random numbeyr is used to find the energy and angle bify rsing

(e, geu <t( .8 (2.6)
Once the energy and angle bin has been selectedffrahe exact energy (angle) is linearly
interpolated betweeg ande.; (g andgi+1) at a pointu, (uz) of the distance between the values.
If the chosen species idgl@rmal neutral particle the energy is chosen from a Maxwellian energy
distribution with a user defined temperature corresponding to the gas temperature of the plasma.
The initial polar angle of thermal neutrals is chosen from a uniform distributionOftom (only
downward trajectories).

To fully describe the initial position and velocity the MCFPM must have an initial
position, ro, as well as two angles; a polar angle and an azimuthal angle. The valyés of
chosen from a uniform distribution of all positions in &g§, plane at the top of the simulation
domain. The polar anglg, which is chosen from the IEAD as described above, is the angle
between thé &, axis and the initial velocity vectory,, a shown in Fig. 2.1. The azimuthal
angel,j , betweeri & andvg in the §, § planeis also need. Due to the 2D nature of the HPEM,
the IEAD data only includes the single polar angle. This polar angle is in the rahg od
p/2, with negative anglegepresenting initial velocities ithe 7 & direction (left moving), and

positive angles resulting in initial velocities the & direction (right moving). Therefore,
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because the MCFPM is a 3D code, tpr 0 an azimuthal angle is chosen from a uniform
distribution from 0 angh. Forq< 0, is chosen in the range from O airal

2.5.2.Particle Trajectories
Particles are advanced in time through 3D continuous space according to a first order

explicit discretizat on of Newtonds equations,

V, =V, % L and (2.7)
r,=r, ¥ 0@ (2.8)

wherev; is the velocity at particle timé, r; is the positiong is the particle chargem is the
particle mass anf is the electric field.In this study, electric potentials due to charging will not
be calculated, so that the electric field is zero everywhere. The vatiablased to denote
particle time to emphasize the difference between the particle tim®stgmd the simulation

time stepDt, which was discussed in Chap®#. As previously discusse@ is the period (in
simulation time) between particles impinging on the simulation dom&ar. most simulations

Dt is chosen to be the time required to cross at most a fraction of a computational cell, and so
depends on the speed of the particle. This choidef o used to avoid the particle trajectory
passing through any solid materialshaitit detecting a collision. In some cases (particularly in
the fluorocarbon cases presented in Chapgtewhere a slightly porous polymer overlayer
develops on all surfaceBy can be chosen to be between one and two computational cells. This
would be doe to allow particles to occasionally pass through very small obstructions in the
particle trajectory, providing a type of rdahe smoothing of the surface roughne¥ghen ion
trajectories are being affected by electric fields, it is possibleDhatay need to be significantly

smaller than otherwise. For thisasonit is possible to sdds differently for neutral and charged
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species. The largest allowabl®’ in a charging scenario is typically found through a
convergence study.The behavior of edic of those particles is considered instantaneous in
simulation time. Therefore, particle timg,is only used to accurately track particles, and its
value is never used to influence the simulation clock.

As the particle is tracked through continuous spat must be mapped onto the

computational mesh of materials using

i=g, B g, (2.9)
=g, P g (2.10)
k=gr 2 g, (2.11)

whereéxuis the floor function ok, andry is the component of the current position vector the
& direction The particle is thus mapped onto ddll;x of the 3D matrixM, which represents
the material of that region of space. The material malvix,is indexed from one in each
dimension such that the domain origin is at the frombst lower left corner of ceM 1 if
viewing from the same view as Fig. 2.1. The use of the floor function in this mapping
guarantees that the lower boundary and upper boundary of each index are handled
symmetrically.

At each step in particle time the MCFPM must check the mataaalix, M, to detect
when the particle enters a solid material. The particle is assumed to have a finite (user defined)
size, Dxp, occupying a cubic volumgDx, around the current positianin each dimension. A
collision with the material matrix is coidered fully resolved only when a single point in the
sevenpoint molecule formed by the current position and points locatex in each cardinal
direction from the current position, maps to a mesh cell which is occupied by a solid material. If

more tharone point in this set maps to a cell which is occupied by a solid material, the particle is
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returned to its previous position and the propagation time Biggut in half. This process is
repeated until only a single point maps to an occupied cellhigh time that cell is considered
to be the impact location.

There are two different ways of handling boundaries in the MCFPM,; reflective boundary
conditions and periodic boundaries. When a particle encounters a reflectindary,it is
reflected baclkas by a mirror. That is, if the particle position is mapped onto the mesh, and the
calculated index is outside the bounds BF (i < 1, ori > ny, whereny is the number of cells in

thex dimension), its position and velocity area&culated as:

€ i1 if i<t
i=i 2n -i if i>n
% [ otherwise
f -, if i<1
Reflective Boundary:  r, =1 2x__ -1, if i>n (2.12)

1[ r otherwise
Tev if i<1

v.=1l-v_ if i>n
l[ v otherwise

This reflective boundary condition is good for reducing the simulation size for geometries which
have a line of reflective symmetry. Of course, if a simulation domain is constructed that only
includes hdlof a geometry, split at a line of mirror symmetry, there is no way for the MCFPM
to predict asymmetries.

The periodic boundary condition allows right moving particles to pass fromighe
handboundary of the simulation domain to the left boundaryheuit altering the velocity. This
accurately models the effects of translational symmetry. While, many geometries are able to be

represented by both periodic and reflective boundaries, in these cases, periodic is often
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preferable. When a particle intetaavith the left of right boundaries with periodic boundary

conditions, the position and is remapped as:

n-i if i<l
i=1i-n_if i>n
i otherwise

Periodic Boundary: (2.13)

X o tro if i<l

m
r-X. ifi>n
r otherwise
Recall that with periodic boundaries, there is no need to modify the velocity.

2.5.3.Surface Normal Calculaion

When a particle collides with the solid material, the MCFPM must calculate the surface
normal of the profile at the collision point. Because the mesh is cubic the normal of the face
where the particle impacted is not useful, since it will always benm of the six cardinal
directions &, &, €, 18,16, 1&). Instead the MCFPM fits a plane to nearby surface sites, and
uses the normal of this plane as the surface normal. The process begins by finding all surface
sites within a user defined seamdistance. This distance is typicalR4Dx in this work. As the
surface is approximated with a linear function, increasing this search distance works to average
local fluctuations and smooth the surface. The size of the search radius also affects the
maximum local curvature, and therefore theotation of the feature. Because of this, large
values of search radius maintain smoother surfaces, but compromise the smallest features which
can be represented with the same mesh. Surface sites are defined as any computational cell with
one or more fags exposed to the plasma. Once all surface sites are found then a plane, defined
as Ax+By+Cz=D, is fit to the points by finding A, B, C and D such that they minimize the sum of

the squared error,

55



Q=<2:lm(A><i +By +Cz - D)z, (2.14)

LN

wherem is the number of stace points within the search region, aqdy; andz are thex, y, z
locations of the centers of tifésurface point in that set.
The derivative of Q with respect to eaabefficienthas two points where it reaches zero,

the best and worst fits. offind the best fit we solve by setting the each derivative to[Z&}o,

dQ _§
—=q 2x(Ax +By +Cz - D])=0
dA 2- I( I >II [} )
dQ 3
=a?z? Ax+B +Cz D|=0. 2.15
- Y, (Ax +By, ) (2.15)
dQ_én _
o aZZI(Ax+By+Cz D)-o

i=1

The value of D can be found as the center of mass of the surface points,

A z =AX+By+Cz. (2.16)

i=1

- Qos
Qo3

D=

A
- y, +
m

B
X +—
i=1 ml

310

I\
LN

Substituting Egn. 2.16 back into Eqn. 2.15 results in the systequations:

e m m m 4]

¢ alx-x)  al-(u-y) alx-Hz-g)
eml_l I_lm Ir;l lFAggoﬁ
Calc-N(v-y)  alw-y)  a(n-v)(z-2) E8 w=e0 v
gcygol
cd(x-¥(z-2) a(v-y)z-7) a(z-2

é i=1 i=1 i=1 u

This system of equations can be solved as an eigenvalue problem by assuming
A’+B?+C?=1 (to avoid the trivial solution) and using the Jacobi algorfifi2h. This algorithm
returns three eigenvectors and three eigenvalues. The eigenvector corresponding to the smallest

eigenvalue is parallel to the unit normal of the profile at the impact site.
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Since the algorithm describedave only has information about the surface, and not the
state of the surrounding solid or gas cells, it is possible that the unit vector returned will be
pointing into the solid. To select a normal vector of the surface pointing into the plasma, three
points along the given vector are polled in the positive and negative directions. If the point maps
to a cell which is occupied by a solid material, it casts a vote against that direction being the
surface normal. If the cell is toccupied (gas) the poirtsts a vote in favor of that direction
being the surface normal. If one direction has more votes for it than the other, it is selected as

the surface normal. If the vote is tied, then the sign of the surface normal is selected at random.

2.5.4.Reflections: Specular and Diffusive

When gas particles interact with the solid material the resulting reflected-@mitéad
particles must have the correct velocity distributions. If the particle is energetic, meaning that it
has > 1 eV translational energy, it hmgendency to reflect from a surface speculaily.the
MCFPM, all ions (positive and negative) neutralize when striking surfaces, retaining an energy
and angular dependent fraction of their incident energy last aeutralparticle, dispersed in
specularand diffusive modes, as described below. All processes involving energetic particles
apply equally to energetic ions and hot neutrals.

In a speculareflection, the angle between the incoming particle velosityand the
surface normal vecton is the same as the angle between the final velagigndn. The
component of the velocity which is tangential to the surface normal does not change during

specular reflection. The resulting velocity is computed using the vector exprig&ion,

& =2(B) - & (2.18)

where hatted vectors are the unit dil@tivectors.
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Particles lose energy during the reflection as a function of initial energy and incident

angle. Both of these processes scale the reflected energy as

e=&()8() ¢ (219
whereg is the initial energyg is the final energyg is a user defined maximum fraction for the
reflected energy and is the angle between the surface and the incoming velodityergy
dependent energy loss favors retaining a larger proportion of the initial velocity for more
energetic particles. Thenergy scaling factof(g), is zero for initial energies less thas unity
for initial energies greater thamand scales linearly between the two user defined engggiels

as

0 if e< g

“ € it et et.
1 if e> g
The angle dependent energy loss te@, is unity forg= 0 (grazing incidence) and decreases

linearly to zero at a user definegl as

if g< g
if g> g
In this study the values af = 0.85,¢ = 0 eV, & = 50 eV andg = 30 were used for all

simulations. The magnitude of the final velocity is then calculated as

2e;
Vv, _‘,FE’ : (2.20

lons are assumed to be neutralized when striking a surfacé, iantthe absence of an

electric fieldi are not distinguished fro the hotneutrals which result from reflections of ions
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from the surfac¢r4] For simplicity, we use the termon to denote a hot, netinermal, particle
the initial ion before striking a surface or the -heutral after striking a surfacelons whose
energy drops below 1 eV by energy lost through reflectwitisbe converted to their thermal
neutral counterparts, and are then indistinguishétade the incoming neutral flux of that
species.

Neutral particles with thermal, or near thermal (< 1 eV) energies reflectemniterom
surfaces diffusively followinga cosine angular distributid@6,75] This occurs because each
particle is in thermal equilibrium with the surface, allowing thembriefly physisorb to the
surface, before being-emitted into the gas by vibrational processes in the solid, such as phonon
scattering. This scattering is done in the MCFPM by assuming teeniteed particle is
traveling in the direction of the sade normah, in a local coordinate systergi( i, &i) where
the &, axis is aligned witm. Two rotations are then applied, fiRt(q, j ) applies a rotation in
the local coordinates with polar angjeand azimuthal anglg. NextR»(a, b) rotatesthe local
coordinate system back to the glob&l , &) coordinates, using the Euler angkeandb. The

a andb angles are calculated as

, (2.21)

whereny is the component of the surface normal in the glépdirection. The angl& rotates
the n vector about th&, axis to bring it into the&d, & plane. The anglé rotates then vector
again, this time about th& axis to bring it into alignment with th& axis. The combined

rotation matrix isR(a, b, q, j) = Rax(a, b)Ri(q, j ). Since the initial velocity is in thé,
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direction by construction, the rotation can be applied as,

V.=V, (cos(b) cos(a)sin(g)cos(/ ) +cos(b)sin(a)cos(q) - sin(b)sin(g)sin(/ ))
V, =V, (sin(b)cos(a)sin(q)cos(/ ) +sin(b)sin(a)cos(q) +cos(b)sin(g) sin(/ )) (2.22)
v, =V, (- sin(a)sin(g) cos(/ ) + cos(a) cos(g))
where vy, is the thermal velocity chosen from a Maxwellian energy distribution with a user

defined temperature, representing the temperature of the substrate.

2.5.5.Surface Reactions

Surface reactions occur when a gas phase pggarticle interacts with any solid cefi
the mesh. These reactions can be (1) chemical reactions that change the material identity, (2)
sputtering reactions that convert the cell from a solid material into a gas cell and (3) deposition
reactions that deposit a new solid cell on top of theti@a cell. Each of these reactions are

described in a universal reaction format in the MCFPM reaction mechanism. For example

Type (1) Sis) + Clg) - SiClg),
Type (2)  Sig+Arg -  Sig+Arg,
Type 3)  Sig+CRg -  Sig+ Chy),
Type (4)  Sig+ Clg - Sig) + Clg),

The reactions can be defined with fixed probabilities, or with energy and angle dependent
probabilities. Typically Type (1) and Type (3) reactions are defined with fixed probabilities,
while Type (2) reactions usuylhave energy and angle dependent reaction probabilities. Type
(4) reactions are simply reflections without reactidhe equivalent of an elastic scattering event

in the gas phase.
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Gassolid reactions involving thermal reactions are modeled in the RMCEs having
fixed probabilities, which includes most reactions of Type (1) and Type (3). These thermal
reactions, in a real etching system would be functions of gas and substrate temperatures. In the
MCFPM both gas and substrate temperatures are assiomsel constant, resulting in fixed
probabilities for all thermal reactions.

lon activated reactions usually have an energy dependence proportietfalvihereeis
the energy of the impinging partidié6] This dependence implemented in the MCFPM using

the form

(2.23

P(e)= 2o 6d
poé%'ﬁg :

P(8 is the energy dependent yield, having threshold engtgs is a reference energps is the

sputtering yield at the reference energy aiglthe energy dependency exponent (typically ¥2).

In addition to an energy dependence, mostactivated reactions also have a dependence
on the angle of incidence of the impinging particle. This can be significantly different for
physical sputtering ahchemically enhanced sputtering proce$84k. To distinguish tlese
processes, the MCFPM includes two angular dependent probability fun&{ghs,One angular
dependency typically has a maximum near adtle of incidence, is less than unity at normal
incidence, and drops to zero at grazing incidence, charaicterigt physical sputtering. The
second angular dependency function is unity at normal incidence, gradually dropping after 45
until reaching zero at grazing incidence, characteristic of chemical sputtering. Therefore, the

total yield of a sputtering refion is given by

P(eg)=P(P(q). (2.24
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When gas patrticle intersects with a surface, the probability of reaction is, by definition, unity.
The process of choosing a particular reaction for asghd pair requires a series of

renormalizations Since P(e, § can both exceed one, and there may be several energy dependent

reactions between any gas/solid pair, the probability of'tlieaction must be rrormalized so

as to not exceed one,

P(eq) =Npi(e)—P‘(q), (2.25

a PP ()

j=1

whereN is the number of reactions between this gas/solid pair. If the sum of -tharmmalized
probabilities is less than one, then the probability of the elastic Type (4) reaction is increased to
so the sum is unity. If the sum of the-mormalized probabiiies is greater than one, then the
probability of thermal reactions are scaled down so that the probability is unity. The normalized
probabilities are converted to a cumulative probability distribution in the same manner as for
choosing the initial veloty of a particle. Choice of a random number then determines which
reaction occurs.

2.5.6.Radical Diffusion Through Bulk Solids

Atomic radical species, such as fluorine atoms, can diffuse through a -stassly
polymer capping layer and play an important roletching processd3$.7] Since the MCFPM
utilizes pseudeparticles, an atomistic approach was adopted in which a random walk through the
computational lattice represented the diffusion of individual pseadicles through the
polymer layer. Diffusion occurs with a user defined, fixed probability wiema diffusible gas
species strikes a surface of a permeable material, such as the polymer. If the such a particle
interacts with a permeable surface but does not enter the material to diffuse, it diffusively

reflects.
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Diffusion of a particle through thpermeable material takes place on the computational
mesh, not in continuous space as particle propagating in the gas phase or during implantation.
When the particle begins to diffuse through the solid, the position of the particle projected onto
the mek as described by Egn(2.9-(2.11) The particle propagates through the mesh by
randomly choosing its next location from the current set of six nearest neighbors. If the new
chosen position is a gas phase cell, as would occur of the particle diffadedolthe surface,
the particle is reemitted from the solid at that point with a Lambertian distribution, similar to a
thermal particle reflecting from the surface at that point. If the new position is not also a
permeable material, the interaction witiat cell is treated in the same way as a gas phase
particle interacting with a new site. For instance, if a F atom diffuses through a polymer
overlayer and encounters a Si material site beneath the surface, there is a possibility a reaction
will occur forming SiF, consuming the F radical. If such a reaction does not occur with the non
permeable, a different nearest neighbor is chosen, and the particle continues propagating by
randomwalk through the polymer layer.

To ensure thaturing the random walkhe particle visits each nearest neighbor only
once, the next position in the random walk is chosen from a shuffled list of possible transitions.
First, a list of integers from 1 to 6 representing the nearest neighbors is generated. This list is
then shiffled using the FisheYates algorithnj78] The first integer from the shuffled list is
selected and mapped to a nearest neighbor transition from a static lookup table. If this neighbor
does not result in an allowable transition (the new site is ngtr@w) or produces a reaction
which consumes the diffusing particle, the next integer in the list is selected.

The species which are tracked in the MCFPM diffusion routine are often highly reactive.

Some atomic species may only react with the underlyigerial, but most (F and O in
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particular) will also react with the polymer itself. Such thermal reactions are assigned a fixed
probability, and this probability is evaluated at each step in the random walk. A cumulative
probability array for reactions ithh the solid is constructed, and choice of a random number
determines whether the diffusing radical reacts with the polymer. As a result of these reactions,
highly reactive species will have a smaller average depth of penetration (sampling a smaller
volume surrounding the point of entering the solid) than less reactive particles, despite using the
same mean free path.

2.5.7.lon Implantation

Modeling of ion implantation phenomenon is necessary for capturing the physics of the
fluorocarbon etching mechanism.ev&ral physicaprocessesincluding energy transport to the
etch front, mixing and energy activated sulsface chemical reactions should be addressed. The
MCFPM enables user defined energetic species to penetrate into solids and continue to propagate
until a stochastically determined implant range is reached. The average implant range for each
ion (hot neutral) for each solid material in the mechanism is calculated using R Ithen
added into the MCFPM database.

The actual implant range for a specific ion and solid is randomly chosen from a Gaussian
distribution withthe mean range provided by the SRIM data with a standard deviation equal to
half of the mean. For most ions of interest (e.g’, El, O', Ar’) this process produces a close
match to the longitudinal straggle predicted by SRIM. During implantationpainicle is
tracked through continuous 3D space, with a scattering event occurring each time the particle
enters a new computational cell, resulting in an average-fneapath of approximatelypx =
0.3 nm. At each scattering event, polar and azimuttetesing angles are chosen using Monte

Carlo techniques. The polar angle is selected from an exponential distribution with a user
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defined mean (7was used for all results presented herB)is mean polar scattering angle was
adjusted to closely match the SRIM results for lateral straggle for typical iohadrF). The
exponential distribution of polar angles results in mostly sarale scattering, with the
occasional high angle stating event. The azimuthal angle is chosen from a uniform
distribution from [0,p]. Scattering is implemented using the same Euler angle rotations
described in Eqns.2(21) and @.22), substituting the current velocity vector for the surface
normal veoobr.

There are several benefits to modeling the scattering of ions during implant as a series of
discrete scattering events compared to a simplefolirsgght technique. First, distributions of
implanted ions more accurately reflect the true distributasnshown in Fig2.2, produced by
SRIM calculations. Second, including discrete -sulface scattering of ions enables the
modeling of the reflection of quagrazing ion impacts. (That is, an ion that penetrates a
surface, scatters beneath the surtaue exits the solid back into the gas phase.) All ions striking
a solid surface with an incident angle greater thamargé assumed to implant. For ions with
small angles (quagjrazing), scattering within the material results in a large fraction of
implanting ions reemerging from the solid. Such particles continue to travel in the gas phase
with the velocity and energy which they had when emerging from the implant path. The energy

of the particle is calculated as,

e al
e=eg- exp itey
e

(2.26

0O %QJO
#&%%z

wheregi s t he i o n OLsisthenmmplant rarigd,ietmegatiglgngth traveled aads a
user defined parameter. A value @t 8.0 was used for all simulations presented here. The

result is the reflection of quagrazing ions with a distributioof scattering angles and energies
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which are related to the implant properties of the particles. Similar distributions of scattering
angle and energy have been observed experimentally and using molecular dynamics
simulationg48,80]

The collision cascade initiated by ion implantation deposits energy into the solid, not only
near the implant site, but also alotlge implant path due to electronic stopping forces and
stochastic nuclear stoppifig®] To model this cascad&n inducedmixing was implemented
whereby energy deposition is represented as the exchange of the material properties of two
adjacent computational cells. This ion induced mixing occurs at each cell along thd pagian
with a probability defined by the userl00% is used for all simulations presented here. When a
mixing even occurs, the material identity of the cell currently containing the ion is swapped with
the material identity of a randomly chosen nearegghbor. In the bulk of a material this mixing
goes unnoticed, but near interfaces the results of ion mixing are critical.

When two solid materials are brought into contact due to ion induced mixing, there is a
probability that asolid-solid reactionwill occur. In the MCFPM, a solidolid reaction
represents the reaction of two chemical compounds in the solid phase that forms a new material.
Since ion mixing represents energy deposition these reactions are effectively ion activated
mixing processes dhe scale of the computational cell. For example, our solid phase model of
the SiQ etching reaction involves three materials: SiGFK polymer and a selvedge layer
SIO.C,Fy. This SIQCF, material represents the thin layer wher®©@nd SiF bonds exst[46]

During etching it is common for an ion implantation event to bring apBkymer cell in direct
contact with a Si@cell. In this case, a sohsblid reaction can occur which converts the, CF
polymer cell and the Sikxell into a SIQC,F, cell due to the ion energy deposited in the lattice,

such as,
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SiO; + Ch) - SIOCiFy. (2.27)

Since the reaatn between Si@and Ckg) in Eqn @.27) results in two solid material
cells reacting to form one new solid cell, a vacancy is generated at the interface between the
polymer and Si@ This vacant cell must be addressed in the model, or the polymer surface
would become porous eventually become artificially separated from thes8i@ace. (The
polymer is assumed to remain dense during this reaction.) To prevent this artificial porosity, the
resulting vacancy diffuses out of the polymer, using an algorittentical to the process of
neutral diffusion described previously where the reaction probability is zero. The vacancy
diffusion proceeds by a random walk through the polymer overlayer until the particle reaches a
gas cell, at which point it is releasénl the gas phase. This diffusion of the vacancy was
necessary due to the inability to a priori specify the direction in which a polymer overlayer
woul d be Acompr essiwmdadandy.o el i mi nate an in

In order to speed the rejection of vacancies, magehat are nofpermeable to vacancies
can be specified. For example, if there is an underlying-stgh layer which is known to
always be at the bottom of the feature, this material can be denoted-psrnm@mable. The
vacancy will therbe reflectedrom that norpermeable material in a direction more likely to find
the solidgas boundary.

In addition to soligsolid reactions which occur due to the energy transfer from the
implanting ion to the solid, it is also possible for the ion to undergo reactibsubsurface
interfaces. Selection of these reactions is performed in the same manner as for reactions at the
gas/solid interfacéd construction of a cumulative probability array and choice of a random
number. The ion energy that produces the reachbthe suisurface site will have been

appropriately scaled by Eqr2.26 due to energy loss during implantation. Such reactions can,
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for example, result in sputtering which generates a vacancy in the solid. Such vacancies diffuse
to the gas surface ithe same manner as for vacancies generated bysstiidreactions. Sub
surface reactions can also produce a gas phase, volatile product such as G |If the
product is nosreactive, it is not tracked in the simulation, assuming that it withieaadly diffuse
out of the feature without having reacted. If the gas phase product is a radicak, GiFEEhen
the particle is diffused out of the feature using the neutral diffusion technique as previously
described. This procedure results in sgmabability of the product reacting with the polymer
layer before emerging into the gas phase.

When an ion reaches the end of its implant path, there are several possible outcomes. It
is possible that the implanting ion will generate interstitial defeDspending on the size of the
ion, this type of defect can be modeled in different ways in the MCFPM. For largeadive
atoms [e.g., heavy ions (Ar, Xe)] a new cell can be generated in the lattice, displacing a
(randomly chosen) nearest neighbotl.ceThis displaced cell will then displace one of its
neighboring cells, continuing in a randamalk until one of the displaced cells reaches a surface
by displacing a gas cell. The algorithm is similar to the diffusion of radical species discussed
previously, with the exception that the material identity of each cell in the random walk path will
be replaced with the material of the previous cell. The end result is that each atom along the
random walk path is pushed one cell in the direction of theatisglparticle. This random walk
behavior is intended to model the secondary collision cascade(s) which occur due to atoms
di spl aced by-opoi man[8l] hopsanalierenoneactive ions (e.g., He, Ne)
the interstitial defect may be neglected, resulting in no change to the lattice eatdttué the

implant range. For more reactive ions, such 8sOF or O', substitutional defects may form,
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effectively acting as suburface chemical reactions. For instancé, i@planting into silicon
can generate a SiCl cell at the implant site.

2.5.8.Surface Diffusion of Adsorbed Particles

The MCFPM can address the diffusion of adsorbed particles on surfaces. This type of
diffusion is particularly important in depositing chemistries, such as PECVD or polymerizing
fluorocarbon plasmas to prevent dendrigmowth. In the simulations presented here, the
polymer species, Gf), deposited by the sticking of G species are allowed to diffuse along
the surface to ensure conformal polymer film formation. In this process, species are designated
as being physorbed species or chemisorbed. When, for example g Ciélical deposits onto
the surface as a physisorbed species, the particle is propagated that along the surface using a
Metropolis like algorithm to minimize the Hamiltonian function,

HE=UM u" uye. (2.29

The three terms in this Hamiltonian represent the contributions of neighboring solid cells through
the Morse binding potential), the energy penalty for hopping to neearesneighbor sites
(U™) and a phenomenological potent@h i ch attracts the deposited
material (J°).

The Morse potential is the dominant term in most systems. This term represents the

potential between two solid cells as

(@]

Mg 2exl§e e @29
(0] c Ab

1-O

wherer; = |fi T rj|| isthe distance between cellandj. The variabled/y, ro and Ay have user
defined values that scale the potentil;); define the distance of strongest bindimg @nd

define the width of the binding welkh{), respectively. The shape of the potential as a function
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of rjj is shown in Fig. 2.3.A typical value ofVy = 5 meV was used for this work. The general
assumption of using this potential is that having more close neighbors produces more binding
energythan fewer neighbors. To achieve this apd= Dx, so that nearest neighbors (NN)
contribute the largest (most negative) binding energies. (In this cubic lattice nearest neighbors
are cells that share a face with the cell in question,-meatest neighdrs share an edge and
nextnextnearest neighbors share a corner point) The width of the binding régjoran be
adjusted to provide larger or smaller contributions from negresineighbors (NNN) and next
nextnearesneighbors (4N). The value @ used for this study wasA. Contributions from
cells beyond 4N are not considered regardless of the valyge of

The hopping potential represents an energy penalty for hopping to a NNN site instead of

a NN site. It is evaluated as

g0 NN
U=V, NNN (2.30
to  otherwise

whereVy is the user defined energy penalty in &4 € 5 meV was used in this study). Hopping
to 4N or further in a single step is not allowed. Allowing for NNN hopping is required to diffuse
across steps in the cubic lattice. Otherwise, diffusion would be limited to only smooth surfaces
only, as shownn Fig. 2.4.

The gravity potential is provided to enable smooth and conformal coatings when
diffusion with only Morse and hopping potentials does not suffice. The gravity potential offers
an empirical method to force the polymer deposition to favor smaoth conformal films

matching experimental results. The gravity potential is calculated as

Uf=V;(D, -D), (2.31)
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whereVg is the strength of the gravity potential in &/ andD; is the distance from cdllto the
nearestbase materiain units of Dx. A value ofVs = 50 meV was used for all simulations
presented here. This method enables a set of base materials which attract the depositing species,
as by gravity. To quickly calculate;, the MCFPM periodically calculates the distance from
each gas cell in the mesh to the nearest base material. This distance is stored as a scalar field,
which can be quickly evaluated during the diffusion process. As long as this distance field is
updated frequently enough this technique offers a way tarieadly tune the smoothness of the
deposited film.

The distance field is calculated using a rapid but approximate method. The simplest
method which givean exact resulivould involve looping through the entire mesh for each point
on the mesh to look for the nearest base material. This method wouls@hevBéren is the
number of cells in the mesh. Instead an iterative method is employed, looping through the mesh
several times to build the solution. On the first pass through the mesh, cells which have a base
material nearest neighbor are assigned a distance iU, cells which are next nearest
neighbors with a base material are assigned a val@ ahd 4N cells are assigneG?2 On
subsequent passes, cells that have neighbors with distance values are assigned the value of the
neighbor cell with the smallesistance value plus 1 for nearest neighbdesfor NNN and Zp
for 4N. In thisway, the distance field can be calculated by looping through the mesh a number
of times,D, that can be dramatically less than the number of cells in the mesh, resul@irg in
algorithm scaling. 1D is equal to the number of cells in the largest side of the computational
domain, the entire distance mesh will be calculated i smaller, cells which are not given a
distance value by the algorithm are assumed to beitelff far from the base material. This

allows for values oD which address typical film thicknesses without needing to calculate the
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entire mesh. In the work presented here, the algorithmised0 iterative loops, whil@ is
typically 16-10'.
The dffusion of physisorbed particles proceeds as discrete hopping events which are

chosen with a similar technique to the Metrop#éisstings algorithnfi82] In this algorithm, if
the particle is currently at positiona new proposedagition,j, is chosen randomly from a list of
all NN and NNN sites. The potential difference between these Big# eV, is calculated as

an NS

DE; =5 | Uir’:/I _an'\r/ll OUT}j Ule'*a (2.32

(; n n -

whereN; is the set of all NN, NNN and 4N of site The proposed transition is accepted with

probability
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wherekgi s Bol t z ma n nDis thecsobstmte eemperat@BsB13 K in this study).
Regardless if the transition is accepted or rejected, the particleiwdéirgo another diffusion

step with probabilityPy, which is a user defined paramet®; € 0.99 here) to regulate the
amount of diffusion to be allowed. Notice that, even if very high valu®; @fre chosen, if the
diffusing particle finds a potentiatell whereDE;; >> kgT for all possible transitions then it will

likely remain trapped there. This process continues, choosing a new random number each step,
until a number is chosen which is greater tRgn This process allowsome reasonable large
jumps to, for example, escape from a potential well. When diffusiorcaspleting the

physisorbed species is converted to the corresponding chemisorbed species.
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2.6.Code Layout / Parallelism

The MCFPM is divided into three main functional units: serial pr@ssparallel
processes and output processes. Each of these processes are split into different files, each
containing many subunctions. The main parallel section of the code is the particle propagation
routine. Serial processes are those which mustub®n the entire system at one time. These
include operations which only occur once, such as reading input files and initialization of the
simulation. Other serial processes are run periodically, modifying or using the entire mesh
simultaneously, thuseguiring serial execution. The output processes are a larggraugp of
the serial processes, requiring the entire mesh to be output by a single thread. The MCFPM is
written in FORTRAN.

The MCFPM algorithm, shown if Fig. 2.6, mirrors this parallel,aetivision. There are
two main loops in the algorithm: thieration loop, where serial processes occur, and the particle
loop, where the parallel particle propagation algorithm occurs. By construction the parallel
particle loop exists inside of theiigdion loop. Therefor the iteration loop executes after eMery
particles have been processes in the particle loop. The valdkei®fset by the user, and
represents a period of time as defined in Eqn. 2.3. Therefore, serial processes, including
outputing the profile, are run periodically evexy Dt s.

The main parallel particle propagation routine is parallelized over particles using a shared
memory model. Meaning that, during parallel executiemch parallel thread is tracking a
different particle and their effects are synchronized by utilizing a material mesh which is stored
in shared memory. To accomplish parallelism in FORTRAN, openMP directives were added to

the code to guide an openMP compiler (Intel ifort) in parallel compilation. Thigllglar
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programing model is effective at allowing the algorithm to scale to utilize a significant portion of
the resources of a modern midtre CPU architecture.

The MCFPM usually obtains scaling benefits fros8 @ore operation, with reduced
scaling eficiency after that. The main obstacle to obtaining better scaling performance in the
MCFPM algorithm is the existence of a parallel race condition in the basic algorithm which
occurs stochastically, and must be addressed specifically. This conditiors edoen two
parallel threads, each tracking a different particle, attempt to modify the same cell in the material
mesh at the same time. Due to the internal memory handling techniques of openMP this
condition results in nodeterministic effects and oftegrrors. This race condition is resolved
through the use of the openMHtical statement. This parallel construct demands that only one
thread can be operating during the execution of a critical section of the code, and before parallel
operation is resued all threads must be fully synchronized. All changes to the main mesh
matrix are contained in these openMP critical statements, forcing other threads to wait while the
mesh is modified and synchronized across threads. This resolves the issue,dvetasdmore
threads are added to the same problem, it introduces more and more pauses into the parallel

execution, limiting strong scaling.

2.7.MCFPM Validation

The recent 3dMCFPM code has been validated in two different studies at different levels
of model complexity. To validate the neutral transport aspects of our mosleiple test
problems were simulated and compared to results of analytical models by CIgR&irg
neutral trasport in the molecular flow regime. The transmission of neutral fluxes through a
circular tube was computed with the MCFPM and transmission probabilities were derived as

function of ARand the reactive sticking probabilit§,, of the bottom surface oheé feature.
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(Transmission probability is the ratio of thex of neutral particlesn the bottom surface of the
tubedivided by theflux of particles entering the tubeJhe walls of the tube are assumed re
emit all incident particles with cosine lawgaar distributions, as discussed in Chapter 2.5.4.
The computed transmission probabilities agreed with theory with an error of < 6% over the range
of AR studied as shown in Fig. 2.7 The error wadound to bedirectly related to the
discretization of aircular tube by a rectilinear mesh and not due to any issue with the neutral
transport model itself.

Validation of a more complex plasma etching reaction were done in collaboration with
Lam Researchy comparing simulated profiles with experiments fattiees etched in a He/Cl
plasmdg84] The He/C} mechanism is not discussed in detail in this thesis, but isstisd by
Zhang et al. in Ref84], and is very similar to the Ar/€mechanism discussed in Chapter 3.1.
By tuning the reaction probabilities of the bas&actionsa very good match to experiment was
obtained for etch rate, profile shape and feature density dependency, as shown in Fig. 2.8. While
the etch mechanism includes many fitted parameters, the ability ofatiel i@ match well for
all of these features at two different etch times indicates that the model includes much of the
important physics involved in this etching reaction. It is reasonable to expect such a model,
which has been calibrated in such a wapeoquantitatively predictive over a range of process
parameters significantly larger than the training set. Furthermore, it is also reasonable to expect
a similar physical mechanism to be qualitatively predictive over an even larger range of process
paraneters, even if it has not been calibrated to produce an exact match of experimental results,
provided it also incorporates the important physics of the process being modeled. This
assumption, that a MCFPM mechanism which incorporates the importantpb¥sigiven etch

process will provide qualitative predictions for trends of etch metrics with changes in process
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parameters, is fundamental to this work.
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2.8.Figures

D>

Fig. 2.1 lllustration of the simulation domain showing the origin and cardinal coordifat@s
andé,. An initial velocity vectoryy, is shown along with the polag)(and azimuthalj() angles.
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Fig. 2.2 Implant path of 60 argon ions with energy of 2000 eV impinging on silicon.
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Fig. 2.3 The Morse potential used fahe diffusion routine. The idtance between cellsis
normalized tao and the potential is normalizedVg. TheAo used for this potential is 0.75.
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Fig. 2.4 lllustration of possible diffusion locations for a physisorbed particle, shown in blue.
The dotted cubedlustrate the allowable diffusion transitions. Nearest neighbor sites are shown
in green, nexhearest neighbors in purple, and a rexttnearest neighbor as hatched. The 4N
site is not an allowable direct transition from the current site.

80



14r

1.2F
i Chemical\

1.04—=—=

Physical \

o 30 60
Angle (°)

Fig. 2.5 Angular dependence functiorf¥,g), for chemical and physical sputtering processes.
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Fig. 2.6 MCFPM algorithm flow chart. Code blocks colored orange are newly developed for
this thesis. Darker blue blocks had substantial updates to evableatures. Light blue blocks
are unchanged from the legacy 3D code.
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Fig. 2.7 Neutral transport simulation in MCFPM for cylindrical tubes with sticking coefficients

S, on the bottom surface. Transmission ratio is the flux of particles at the bottom of the tube,
divided by the flux of particles entering the feature.
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Fig. 28 MCFPM validation cases using HefQlasma etching. Notice the close match of
profile geometry in dense, seiieénse and end of array features at two different etch {Bdés.
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Chapter 3 SURFACE REACTION MECHANISMS

3.1.Introduction

In addition to the computational framework provided by the MCFPM, as described in
Chapter 2, a user fieed reaction mechanism is required to represent the chemical reaction
pathways possible in a given plasma surface interaction. For this mechanism to be consistent
with the goals discussed in Chapter 1.5.1, it must include all relevant reactions bedwlegas
phase species and every solid species in the mechanism. These reactions are listed in a text
format, which is included as an input to the MCFPM. The types of reactions which can be
described are discussed in Chapter 2.5.5.

In this thesiswo different etching chemistries were used; &id GFg. Both of these
feedstock gases were typically diluted in argon, though some simulations of pure chlorine
discharges were also usedlhese twoga®s generate very different chemistry, and require
different physics to represent the plasma/surface interactidres chlorine mechanism uses only
surface reactions, described in Chapter 2.5.5. The fluorocarbon gas mechanism requires the use
of the implant and diffusion models to accurately captureptingsics of delivering reactive
species and ion energy through a finite thickness polymer overlayer. Therefore, this reaction
mechanism requires additional reactions, such as implant reactions andosidlideactions
(described in Chapter 2.5.7), in atiloin to the typical surface reactions, in order to provide a
complete physical picture of the plasma surface interaction.

In this chapter detailed descriptions are given of two different reaction mechanisms. In

Chapter 3.2 a description is given of how tbhysics of chlorine/silicon etching are modeled in

85



the MCFPM. In Chapter 3.3, the model of the fluorocarbon surface interactions is given. This
section is intended to describe the reaction mechanisms used in the work presented here, and to
provide jusification for the mechanisms included and reaction rates (probabilities) used. These

reaction mechanisms are an integral part of the model.

3.2.Halogen Plasma Surface Reaction Mechanism

The etching of silicon by Ar/Glplasmas proceeds by first passivating #urface with
chlorine. The process begins with a reaction of a Cl radical with the bare silicon surface to form
SiCl). Subsequent reactions with chlorine further chlorinate thes3Giface to form SiGgs),
wherex < 4[19,20,85] The surface reaction mechanism used in this investigatioatlisedin
Table 3.1 In our model, this process is represented by having assefienaterials which
represent different chlorination levelsis$iSiCls, SiChs) and SiChs) Each of these materials
with x <3 can undergo additional chlorination reactions, with successively lower probabilities, to
increase the chlorination leve SiCl.1sy The probabilities of passivation are 99%, 40% and
30% forx =0, 1 and 2. As these materials are applied to entire computational cells, which can
represent several atoms, they are not meant to exactly represent the chlorinationestatg of
silicon atom in the cell, but rather they represent an increasing average surface chlorination level.
At pressures above a few mTorr this chlorination process is carried out mostly by Cl radicals,
however CJ* and Cf species are also capable ofarinating surface sites in this mechanism.
Thermal etching is included, with a small probability, by the chlorination of g§&ite by a Cl
radical to form volatile SiGli that is, the surface site is converted to a gas phasg [&icicle,
which is emitted from the feature leaving behind a vacated surface cell.

The recombination of atomic Cl on surfaces is incorporated into the reaction mechanism

as an EleyRideal (ER) type reaction. In this reaction, chlorine radicals impinging onsp(£|
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= 2,3) sites can abstract one of the chlorine atoms from the solid surface and return to the gas
phase as G| leaving SiCliis) on the surface. Reactions (4) and (6) in Tahteshow the
recombination reactions and probabilities as included in thedzsse We assumed that SiClI
represents a strongly chemisorbed state which does not allow recombination reactions. The
reaction probabilities in the basic mechanism (T&htB result in a chlorine recombination
coefficient of 0.07 on a steadyate pasivated surface. Due to the disordered nature of the
amorphized silicon layer resulting from plasma exposure, the recombination coefficient was
chosen to be between the measured values for pristine crystalline silicon (< 0.01) and poly
silicon € 0.14) n a neutral beam experimdB6] This value is also similar to the recombination
coefficient of 0.03 on a plasma exposed silicon-oklpride surface, as measured by Khare et al.
using the spinning wall techniq(®7] Cunge et al. have measured lower recombination
coefficients of 0.00%.007 on the SiOCI surfaces formed in/O} plasmag88] Although there

is always some likelihood for oxygen contamination from sputtering of alumina or quartz in
contact with the plasma, we expect that the proportion of SIOCI sites to be smaller than in a
plasma with Qas a feedstock gas. While the experimental data can be fit well with a Langmuir
Hinshelwood (LH) mode[86,87], most of the recombination for our conditions occurs on the
fully saturated sidewalls. For these saturated conditions the ER and LH models are expected to
converge.

The chlorinated passivation layer has an increased sputtering yield when compared to the
bulk silicon, as discussed in detail in Chapter 1.3.2. The reduction in surface binding energy
increases with increased chlorinatio@hemical sputteringeactionsof all SiClys) surface sites
have a threshold energy of 10 eV, and valueppafhich increase with chlorine coordination.

For & = 100eV, po = 0.20, 0.50 and 0.50 for Sif) SiClysy and SiCh, Direct sputtering of
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unpassivated silicon sites waxluded with a threshold energy of 25 e® € 100 eV,pp =
0.05). In thismodel,each gas pseudoparticle can only react with a single solid cell, including
sputtering reactions. This limitation poses a problem for process conditions where therh are hig
ion energies and high neuttation flux ratios. For these conditions, experiments show that the
etch yield per ion can exceed da8] Our sputter yield parameters were chosen to best
represent expenental trends over a wide range of etching conditions while acknowledging that
our etch yields will be low when operating with high ion energies and high nextoad flux
ratios.

In addition to a dependence on ion energy, sputtering reactions aksa ltependence
on the angle of incidence of the impinging particle with respect to the local surface normal. This
angular dependence for chemically enhanced sputtering involving a passivating species is
typically different than for direct physical spuitey.[22,54] There is evidence that both
physical and chemical sputtering mechanisms can be simultaneously active, with chemical
sputtering dominating at low ion energy and physical sputtering becoming more important as ion
energy increses[89i 91] Different processes, each with a different threshold enexgyand
reaction probabity (po), are used to represent these two reactions. Physical sputtering reactions
have a peak in the probability for angles of incidence aroundvé@ith reduced probability at
normal incidence and zero probability at grazing incidence. These reactomgiwen higher
threshold energies than chemically enhanced processes, and lower etch probabilities for more
chlorinated species. Chemically enhanced sputtering reactions have unity probability for normal
incidence and angles up to 4%vith a monotonigoll-off above this value to zero probability at
grazing incidence.

Gas species generated deep in the feature, such as etch or recombination products, must
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diffuse out of the feature by molecular flow before returning to the bulk plasma. The etch
productsare typically neutral, often are radicals, and generally have approximately thermal
energy. Radical etch products (Sid < 4) have a finite probability of t@epositing within the
feature each time they strike the surface. The sticking coefficientSi€l on SiOCI coated
reactor walls has been measured to be near unity, whilg I®€llower sticking probability of
0.05[88] In our mechanism, a sticking coefficient of 0.02 was chosen for al} @i 4) etch
products on all other solid surfaces. While fluxes of S&did SiCl;" returning to the feature
from the bulk gas have been shown to be important in industrial plaf#@e83] their
contributions hag been neglected here for simplicity.

The probabilities of the reactions used for this study were chosen, wherever possible, to
match available experimental data. Chemical sputtering probabilities, and their energy and
angular dependence, were chosen ftatcm experimental trends for etch yield for low ion
energyf23] Recombination probabilities are set such that a stetatg passivated surface
produces a recombination coefficient of 0.07, which is between the measured values for pristine
crystalline silicon and that of polsilicon in a neutral beam experim¢86] Passivéon
reactions between CI radicals and silicon surface sites were chosen to qualitatively reproduce

surface species coverage results from XPS dataqi&ima etchingd4]

3.3.Fluorocarbon Plasma Surface Reaction Mechanism
A new reaction mechanism was developed for the interaction between reactive species
produced in an Ar/g~g plasma and Sig) SN, and Si.  This mechanism heavily relies on the

transport of reactivera energetic species through the polymer overlayer. This mechanism
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should be applicable to majority of fluorocarbon plasmas that produce similar varieties of
radicals.
The lowest energy etching reaction pathway involves five steps:

1. Passivation of the swa€e by Ckg) radicals, forming a selvedge layer wherédQor GN)
and SiF bonds exist.
2. Deposition of a finite thickness polymer layer on top of the selvedge layer.
3. Anion (O or N) removal from the solid by chemical sputtering, leavingsHigctivatedoy
ions penetrating through the polymer layer.
4. Etching of Siks) by chemical sputtering (by implanting ions) or thermal reactions with
radical fluorine diffusing through the polymer.
5. Repassivation of the underlying surface by ion mixing of surface sitt#s the polymer
overlayer. (Repeat stepsb
In addition to the reactions which make up the minimum energy etching pathway, many

other reactions are possible and necessary for a complete description of the fluorocarbon etching
mechanism. In thisection a description is given of the reactions involved, with a complete list
of possible reactions included in this mechanism given in TaBle

The mechanism relies on the formation of two distinct material regions in the overlayer
which forms on the substeg the selvedge layer, and the polymer layer. The selvedge layer is
the thin region where covalent bonds exist between the fluoropolymer overlayer and the
underlying material. For Sithis region is modeled using the species BiB,s), SIOGFys)
and Siks). For SgN4 the selvedge layer is composed of SiIRGand Siks) species. On top of
the selvedge layer a fluoropolymer (denoted§)Hayer forms which is unaffected by the
substrate material being etched. Taken together the selvedgelgmer layers will be referred
to as theoverlayer

The selvedge species in the &i€ystem, SIQC,F, SIOGF, and Sikgs), represent

different phases in the etching process. The,GiE) species represents a site where gd-F

9C



molecule has chemisorbed a SiQ site, either by the formation of a@ or SiF bond. The
SIOGF, material is as site which has undergoneoggenation due to an ion impact reaction,
such as

SiO,C,Fy + Ar' - SIOGF, + CO + Ar. (32)
This reaction converts the initial SIQF cell to SIOGF, releasing a CO etch product. Because
of the strong € bond, this reaction is considered a chemically enhanced sputtering reaction in
this mechanism, with a low energy threshotg)(of 10 eV. The SiO¢, can then be de
oxygenated again by ion impact, resulting in agilite. Finally, the Sifs) site can be
sputtered by low energy ions due to the strength of tHel&ind weakening the strength of the
bonding with the underlying lattice, or it can beermally etched by radical fluorine. This
process is schematically shownkig. 3.1 These materials are not intended to representative
individual molecules, but rather the average behavior of the materthals computational cell in
guestion. Dueto this average behavior, the exact stoichiometry of each reaction is not
necessarily conserved. The etching aNgiproceeds through a similaathway, but with only
two selvedge materials; SiNIg; and Siks). For each silicon atom removed from thitida, this
results in the removal of only one carbon atom, as opposed to two carbon atoms in the case of
SiOCFy etching channel. As a result, less polymer is consumed during the etchingNeof Si
than SiQ.

Each of the selvedge species has a reducddcsubinding energy compared to the
underlying lattice, meaning that it is also possible to directly chemically sputte€.&{Cor
SiIOGFy, instead of following the pathway described above. Direct chemical sputtering of each
of these materials is includen the model, but with higher energy thresholds {38 eV) and

lower probability than the lowest energy pathway described above. As a result, with
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predominantly low energy ions (as used for ALE) the nsip process described above
dominates. Withhigher ion energy (> 100 eV) direct sputtering of Sy, SIOGF, and
SINCF, becomes the dominant etching pathway. Higher energy ions can also participate in
physical sputtering reactions, directly removing S8© SgN4. Physical sputteringeactions for
these materials are given a higher threshold energy (70 eV) and lower probability than chemical
sputtering reactions.

The formation of a steaestate polymer overlayer is critical to the fluorocarbon plasma
etching mechanism, as describecCimapter 1.3.3 In this mechanism, the steastyate behavior
is achieved by allowing for chemisorption of CF and €ielicals on the surface of the polymer,
sputtering of polymer and etching of the polymer by fluorine radicals which diffuse through the
polymer volume. This process results in a deposition term in BdiB) (which is proportional
to the surface area, and a loss term that has components proportional to the polymer volume.
The model only includes deposition from CF and, Gidicals due to #ir higher number of
radical sites making them more reactive in general, though including deposition (@rChHF,
n > 1) can be incorporated by the appropriate entries into the data file representing the reaction
mechanism.

The CF, species in partidar is in high abundance in the gas phase chemistries used here,
and has been experimentally shown to play an important role in polymeri@gjoithe sum of
the polymerizing species, CF and £Will be referred to as Gjjfor brevity. The main polymer
loss term is etching by radical fluorine, as has been seen experimg@aily}] Polymer etching
by fluorine is a thermally driven process, given a fixed prdivalmf 0.008 in our model. This
probability is the likelihood of the F atom etching the polymer at any step during the diffusion of

the F radical through the polymer. The average chance of an etching event occurring per
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FyCFys)interaction is muchigher than this value due to the multiple interactions. The exact
value of this rate was adjusted to result in stestdie polymer thicknesses similar to
experimental results during continuous etct{B@. In addition to polymer etching by radical
fluorine, ion sputtering of the polymer surface is also included in the model with a threshold of
30 eV. Despite the relatively low threshold, the sputtering reaction is given a low probability to
conform with experimentabbservation that sputtering plays a minimal roll in polymer loss in
this systenj31]

This model also includes a polymer activation channel, whereby low energy ions can
create activated polymer sites which have a larger sticking coefficient fgrr@dicals. This
polymer activation mechanism models the breaking of bonds within the polymer layer, exposing
a larger dangling bond density on the surface. This mechanism has been proposed to explain the
higher polymer deposition rate in etch features with diegbosure to low energy ions,
compared to neutral deposition of @Fadicals without such exposuy®5,97] The ion
activation process is given a negative energy dependence to model the balance between ion
activation at low energies and sputtering of polymer at higher ion energies. This mesh#
polymer deposition term, and therefore steatiite polymer overlayer thickness, that depends on
the ion energy reaching the surfg88] The sticking coefficients for G on SiQ, un-activated
polymer andactivated polymer are 0.20, 0.01, and 0.03, respectively. These sticking coefficients
are similar to those obtained recently by Kaler et al. in cyclic plasma beam exposure
experiment$98]

The transfer of ion energy through the polymer overlayer to the etch front is critical to
this etch mechanism. Which energetic particles carry the aotivatiergy to the etch front is

difficult to analyze. In this mechanism, "Ais allowed to penetrate the polymer overlayer and
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react suksurface, a flux that is important during the ion bombardment phase of ALE where it is
the dominant flux. During contirous etching in g=g/Ar plasmas, though, the dominant ions are
CsFs" and GF4". Even at the relatively low ion energies used in this study, the total kinetic
energy of the arriving ion exceeds the bond energy of the molecule, implying that fragmentation
of these larger ions is to be expected. Fragmentation of such ions for energies of tens to
hundreds of eV has been investigated using first princjp8]s.To account for fragmentation,

large ions are allowed to dissociate into two fragments in the mddehd=CF. The F particle

carries the majority of the ioanergy through the film to deliver the energy to the etch front.
Fluorine was chosen to be the ion energy carrier because once it has cooled it will act as a source
of radical fluorine, as has been previously proposed as a result of large fluorocarbon
fragmentatior{77] The CF particle is a model cotrsict which allows the Clg)-like remains of

the larger molecule to imbed in the polymer matrix forming a new polymer site. This process

couples the polymer deposition rate to thg,Cflux, as has been seen experimenttl§0]
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3.4.Figures

Silicon:

F SiF,

Nitride:

Oxide:
M* CO(F,) M™* CO(F,) F SiF
4

- - -

L s, s,
b ) b ]

Fig. 3.1 Schematic of the Si, $i, and SiQ etching mechanisms. The term’Menotes
activation from any ion or hot neutrals. Straight lines through the polymer overlayer imply ion

implantation, while wavy lines represent diffusion through the overlayer.
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3.5.Reaction Mechanism Tables

Table 3.1: Chlorine Surface Reaction Mechanism

Reaction Probability® | e, (eV)® | p2 | Angle®™ | Notes
Cl Radical Reactions B
(1) Si(s) + Cl - SiCl(s) 0.99
(2) | SiClg+ Cl- SiClyg 0.40
(3) | SiClyg)+ Cl-  SiCl 0.30
(4) | SiClys+ Cl- SiClg+ Cl, 0.02
(5) | SiClyg+ Cl- SiCl, 0.0001
(6) | SiClye)+ Cl- SiClyg+ Ch, 0.08
(7) R(s) + ClI - R(s) + Cl 1.00 Cc
Redeposition
(8) | M+ SiCk- M+ SiCly, 0.02 d
lon Reactions
(9) | Sig+ClI'- Si+Cl 25 0.05 P e f
(10) | SiClg+ CI' - SiCl, 35 0.10 P e
(11) | SiClg+ CI' - SiCl, 10 0.20 C e
(12) | SiCly+ CI'- SiCl,+ CI' 10 0.50 C ef,g
(13) | SiClyg+ CI'- SiClz + CI' 10 0.50 C ef.g
(14) | Ry+CI'- R+CI 15 0.01 P cef
(15 | Si+ CL" - Si+Ch 25 0.02 P e f
(16) | SiClg + Cl," - SiCl,+ CI' 10 0.20 C e.f,g
(17) | SiClyg+ Cl" - SiCl + Cl, 10 0.25 C ef,g
(18) | SiClyg+ CL"- SiClk+ CI 10 0.25 C ef.g
(19) | SiCly+ Cl" - SiClz+ Cl, 10 0.25 C e.f,g
(20) | SiCly)+ ClL," - SiCl,+ CI 10 0.25 C ef,g
(21) | Rg+ClL'- R+Cl 15 0.01 P c.ef
(22) | Si+ Ar' - Si+Ar 25 0.05 P e,f
(23) | SiClgy+ Ar* - SiCl +Ar 10 0.20 C e.f,g
(24) | SiClys)+ Ar* - SiCl + Ar 10 0.50 C e,fg
(25) | SiCly)+ Ar' - SiClz+ Ar 10 0.50 C ef,g
(26) | R+ Ar - R+Ar 15 0.01 P c.e,g
Notes:

(a) If e andpg are blank the reaction has no energy dependemcythe reactioprobability is
constant.

(b) Angular dependence of the reaction. Physical sputtering, C = chemical sputtering, blank
for reactions with no angular dependency.

(c) R is the solid photoresist. The gas phase etch product, R, is assumed to be volatile and
does not raleposit on feature surfaces.
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(d) Re-deposition red@n. Mg)denotes any solid surface. SiGk = 1,2,3).

(e) Energy dependent reaction with probability defined by Eq23j2 Probability is
renormalized as necessary, as described in the \¥élen probability of reaction is less than
unity, remaimng probability is allocated to nereactive reflection (other than neutralization
of ions).

(f) Asterisk superscript (i.e. Glindicates a hot neutral. Hot neutrals have identical reactions
and probabilities as the corresponding ion.

(9) A reactionwith the same reactants and prodig&soincluded butwith physical sputtering
angular dependencey = 35 eV andd = po) / 2, Wherepq) is thepg of the(listed) chemical
sputtering reactionReactiong10) and (1) show this relationship explicitly
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Table 3.2 Fluorocarbon Surface Reaction Mechanism

Reaction Prob.® [ ,® | p® | ref® | Ang® | Notes
Polymer Deposition Reactions
(1) | Sigy+ CRag - Sis+ Chs) 0.20 c
(2) | SiOys)*+ CRyyg - SIOCiFys 0.20 c
(3) | SiaNye)*+ CRzyg - SINCFys) 0.20 c
(4) | SIOCFys)+ CRoyg - SIOCuFys) + Chys) 0.20 c
(5) | SIOGFys) + CRyyq- SiOCFys) + Chyg 0.20 c
(6) | SINGFys)*+ CRzyg - SINCFys) + Chy 0.20 c
(7) | CRys)+ CRayg - CFxes)+ Chyg 0.01 c
(8) | CR 9+ CRy- CFys+ CFys 0.03 c,d
(9) | CFys)+ CF mplany~ CFys)+ CFys 1.00 e
Polymer Loss Reactions
(10) | CFRys+ Fg - CFu 0.008
(11) | CR/ g+ Fg- CFyy 0.004 d
(12) | CRg+ Ar'g- CFyg + Ar 30 | 0.030| 100 P
(13) | CR+ GF,'(q)- CFxg *+ CR2)q) 30 | 0.003| 500 P c
(14) | SiOy)+ CRs)+ M" - SIOCiFy 1.00 f
(15) | SizNye)+ CRys)+ M* - SINCFys) + CFys 1.00 f
Polymer Activation
(16) | CFy+ Ar'g - CFc g+ Arg 1509 | 0.037 C d
(17) | CR+ CFy' - CFi(s)+ F impiany + CiFyg) 609 | 0.309 C d
(18) CI:x(s) + CxFy+(g) - CFx*(s) + CI:*(implant)"' I:*(implant) 30(9) 0-1dg) C d
(19) | Che+ GR9 - CFRyg* Fmpam + CFyg 0.95
(20) | CRg+ GF'(g - CFys)*+ Fimpiany + CR2)g) 0.05 c
Silicon Reactions
(21) | Sig+ Fg - SiFg 0.90
(22) | SiFg + Fg - SiFy 0.50
(23) | SiFy)+ Fg - SiFs 0.50
(24) | SiFyq)+ Fg) - SiFxgt P 0.01
(25) | SiFse+ Fg - SiFy 0.10
(26) XSiF(s)+ F(g) - SiF4(g) 0.90
(27) | Sigy+ Mg - Sig + Mg 50 | 0.010| 200 P
(28) | SiFys+ Mg - SiF g + Mg 10 | 0.010| 200 C
(29) | SiF)+ Mg - SiFg + M 150 | 0.010 | 200 P
Oxide Reactions
(30) | SiOy5+ Mg - SiOyg + Mg 70 | 0.010| 140 P
(31) | SiOyy+ GFy'1g - SiOz s+ Chayg) 0.05 c
(32) | SiOy5+ CF, ") - SIOCiFys) 0.80
(33) | SIOLCFys) + Fg - SIOLCiFys) + o) 0.01
(34) | SIOCFy)+ CF, g -  SIOCiFys)+ CRayq) 0.05 c
(35) | SIOCFye)+ CFy g - SIOCiFys) + CFys) 0.80
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(36) | SIO.CFye)+ M- SIOGFys) + CO(R) g + 10 [ 0.800] 75 C
Mg
(37) | SIOCFys)+ M- SiFyq+ CO(R) g + M) 50 [ 0800 100 [ C
(38) | SIOCiFy)+ M¥g - SiFyq+ CO(R)g + Mg 100 | 0.800 | 125 | P
(39) | SIOGFys+ CF, - SIOGFys+ CRag 0.05 c
(40) | SIOGFys) + CF," - SIOGFys + CFy) 0.80
(41) | SIOCFys)+ Mg - Xsirg+ CO(R)@ + Mg 10 | 0.800| 75 C
(42) | SIOGF,5)+ Mg - SiFug+ CO(R)g + Mg 50 | 0.800| 100 | C
(43) | SIOGF,5)+ Mg - SiFug+ CO(R)g + Mg 100 | 0.800 | 125 | P
Nitride Reactions
(44) | SisNygy+ Mg - SiaNug + M) 70 | 0.010| 140 | P
(45) | SisNyy+ CF, ") - SisNas)+ CRayg) 0.05 c
(46) | SNy + CF," - SINGFy 0.80
(47) | SINGFy)+ Fg - SINGFye + Fag) 0.01
(48) | SINCFy )+ CF,' (- SINCFys + CFayq 0.05 c
(49) | SINGF5)+ CF,’ - SINGF,s+ CFyg) 0.80
(50) | SINCFys)+ M- Xsir)*+ CNFy) 30 | 020 | 75 C
(51) | SINGFys)+ M - SiFyq + CNFy 50 | 020 | 100 | C
(52) | SINGFyg+ Mg - SiFyq + CNFRy 100 | 020 | 125 [ P
Notes:
€)) If e, andpp are blank the reaction has no energy dependency, and the reaction probability
is constant.
(b)  Angular dependence of the reaction. P = physical sputtering, C = chespittdring,
blank for reactions with no angular dependency.
()  Chpgysrepresents the sum of CF and,@Ex.
(d) CFK (s represents the ion activated polymer, discussé€hapter3.3.
(e) Reaction at end of implant path. Describe€hapter2.5.7.
() Solid-solid reaction. Occurs due to ion activation energy supplied by M
(g)  Activation reaction. Probability drops linearly frqugat 5 eV to zero ay,.
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Chapter 4 ASPECT RATIO DEPENDENCE OF PLASMA ETCHING

4.1. Introduction

As feature sizes continue tlecrease with each technology ndbe problem ofaspect
ratio dependent etching (ARDE)N plasma processingontinues to challenge process
developmentas discussed in Chapted. Of particular interest is the role neutral transport plays
in the aspectatio dependence of etch rgtand how3-d feature geometrieaffect this process
The sources of, and remedies for, ARDE are significant to several plasma etching processes, and
remain a field of active researf37,101]

Any etching process that relies on fluxes of reactive neutral species that arrive at the
waferwith isotropic angular distributions will be subject to the effects of neutral conductance in
the transport through the feature of these species from the bulk plasma to the etd®2jont.
lon fluxes are less sensitive to conductance during their transport through the feature since their
angular distributions are usually anisotropic. Due to the pressures and feature length scales
typically involved in plasma semiconductor processing, transport within the feature is in the
molecular flow regime, meaning that the mean free path between gas phase collisions greatly
exceeds the feature sig3] In the molecular flow regime, low energy neutral spetiagel
ballistically from surface to surface inside the feature, while typically reflecting (or being re
emitted after adsorption) from the surface witH.@mbertian cosine angular distributipfb]

This process has been studied in the context of wacgas transport since early in the
development of fluid mechani¢86] and has also come to be understood as a major contributing

factor to ARDE[102]
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Analytical models incorporating neutral transpf#02,104] and computer simulations
[54,59,91,105,106have been used to investigate ARDE during plasma etching with different
assumptions and levels of detail. While all robnatmerical models oplasma etchingf
featuregncorporate the effects of neutral transport, the consequences of neutral conductance are
sometimes difficult to discern due to the complexity of the modeialytical models, on the
other hand, can focus more directly on the topic of conductance and neutral transport, but then
require simpler representations of the actual etch process. Coburn and Winters, for example,
determined that if the etdinont consimes incident radicals with a reactive sticking coefficient,

S, well known vacuum conductance concepts can be used to provide insights to ARDE. They

proposed that the ratio of neutral flux arriving at the etch fiGnt,compared to the incoming

flux from the bulk plasmdg,, could be approximated fH02]

G__ K
G, K+S,-Ks,'

4.7

where K is the aspect ratio dependent probability that a randomly directed neutral particle
incident on the feature opening will reach the etch front. The paraieteranalogous to
Clausingdés transmission probabi lenettpanfopeningvac uu
to a second chamber with zero pres$88. The value ofK can be calculated analytically for

simple shapes (e.g., circular via oediZnensional trench), or numeally for more complicated

shapes. AKX decreases with increasing aspect ratio (AR), this model predicts a reduction of
neutral flux to the etch front, which results in an aspect ratio dependent etch rate. The
assumptions required for this expressionbe valid are that theide wals do not consume

neutrals, and that the reactive sticking coefficient on the etch fggnis constant in time and

aspect ratio.

Gottschoet al. expanded on the model proposed by Coburn and Winters by introducing
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the cacept of neutralon synergy104] The basic premise of this model is tttis not
constant, but rather simultaneously degee on the neutral and ion fluxes at the etch front. In
this model, each surface site can only be passivated once, and will then require an ion impact
event before the underlying site can accept a new passivating radical. Therefore, high neutral
fluxes will progressively produce smaller values &fsince the available sites may already be
occupied by reaction with earlier fluxes. Neutral starved regimes (that is, a low neutral radical
flux relative to the ion flux) will have larger values®fsince tlere is higher likelihood that sites
will be empty. Since the neutral flux reaching the etch front depends on ARSthaso
depends on AR. Gottscho et al. developed analytical expressions for two extremé cases
perfectly diffusive walls (molecular fl@), and perfectly absorbing walls (neutral shadowing).
Most actual etching processes fall between these two extremes. The model has provided
valuable insights for understanding the implications of the neiginadynergy and has been used
to fit to expeimental studie$107]

There are at least two complicating factors when applying analytical models of neutral
transport to predicting etch properties for even basic featunesitral consumption by thede
walls and varying conductance with profile evolution. Ndwgpecies can be consumed on the
side wallthrough several processes, including recombination of radicals on the surface to form
nonreactive molecule§d6] and passivation of exposed silicon sites whereawi$ ions have
eroded the passivation layer. In addittonchanging with aspect ratio, neutral conductance can
also significantly change with the shape of the profile. For instance, a tapered feature vall have
different conductance tham featurewith parallel sides. This issue is further complicated by a
profile transitioning from dlat-bottomedcylinder or a trench with parallel sides, to a tapered

profile as a function of aspect ratio. These changes in profile also have significant effects on the
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area of the feature that receives high energy partiates and hot neutrals following ion
neutralization on side walls) which then defines the etch front. These dependencies can lead to
significant changes in the effective valuesfagainimpactingthe transport of neutral radicals.

When etching simple geometries, such as infinite trenches or circular vias, it is straight
forward to establish an aspect ratiasually height divided by width. This AR can then function
as a scaling parameter to describe neutral transport. The &bibysimply specify an AR does
not necessary translate tal&tructures.Since the molecular flow of neutral spediesugh a 3
d featuretakes place through many adsorption angmassion eventsvhich sample different
portions of the 31 feature it is difficult to a priori estimate the conductance between the bulk
plasma and any given point on the profil@hese issues complicate the extrapolation of our
understanding of conductance effects on etching frai{elg., circular vias) or-a8 (e.g., iffinite
trenches) structures todfeatures. The use of numerical models is necessary to accurately
evaluate the scaling of neutral transport in features with difficult to define aspect ratios.

To investigate the role of neutral transport on ARDE, andicodarly in 3-d etching
processeshe MCFPM was used to simulate the etching proceas/ariety of ARDE producing
conditions A feature which resembles the shallow trench isolation (STI) etch that defines the
silicon fins in aFinFET fabrication procss has been used for this study. The model system is an
inductively coupled plasma sustained in an Agi@ixture etching silicon. Several experimental
parameters such as the incoming neutral to ion flux ratio and recombination probability of radical
Cl atoms on theide wals were varied to determine their effect on ARDE when simultaneously
etching several featurdsaving different critical dimensions (CD)In order to gain additional
insights to the causes of ARDE for these conditions, the etch depé&mdent fluxes of neutrals

and ions to the etch front in ad2trench were also investigated. We found that for the conditions
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investigated in thichapter the dominant cause of ARDE is the depletion of neutral species
reaching the etch front relative tons as the AR increases duentutraltransport issues. We
also found that increasing the neutral flux reaching the etch front relative to the ion flux can
alleviate ARDE for small to moderate AR ( < 8 ), but at the expense of producing more tapered
features and sometimes increasing ARDE at larger AR.

The scaling of ARDEChapter 4.2)s discusse@s a function of the ratio of neutiak
ion fluxes (Chapter 4.3) recombination of chlorine radicallChapter 4.4) neutral angular
distributions (Chapter 45), ion angular distributiongChapter 4.6)and width of the feature
(Chapter 4.7) The dominant factors affecting ARDE are discussed in ChapterMsgimmary
of the results, and conding remarksre given inChapter4.9.
4.2.Scaling of ARDE

The reactorused in this study isn inductively coupled plasmatch chamber The
reactor geometris 22.5 cm in diameter and shown inFig. 4.1(a). For all simulations 150 W
of power was delivered to the plasma throughtar8 antennapoweredat 10 MHz) located
abovea quartz window 10 cm from the wafer surface. The w@f&rcm diametenvas mounted
on a metallic chuck with an applied radio frequency (rf) bias haviragrglitude of 150 V at 10
MHz. The gas mixture was Ar/€F 80/20 with an incoming flowrate of 200 sccm. The
chamber was maintained at 20 mTorr pressure by adjusting the outflow pumping rate, as in a
feedback controlled gate valve. The resulting maxinposiive ion density, shown irfFig.
4.1(a), is 3.4x 10" cm® andthe electrondensityis 1 x 10" cm®, indicating an electronegativity
of about 2.5. The resultindc bias on the substrateii413 V, which generates IEADs to the
substrate that are bimodal with peaks around 125 eV and 325 e\awamdgeangular

distributions of°2.22 (half-width-half-max), as shown irFig. 4.1(b). These IEADs were used
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for all cases discussed here, unless specified otherwise. The fluxes to the substrate used in the
simulations (unless specified otherwise) are Cl 2 0¥ cm?s?, CI" = 1.8 10'® cm?s™®, CL* =

8.3 10" cm?stand Af = 6.1 10" cm?s?, which were adjusted from the HPEM resullts to give

a smaller neutral to ion ratio reaching the wafer.

With the goal of understanding the consequences of neutral transport on ARDE when
etching 3-d features having different effective aspect ratios, a model geometry similar to the
shallow trench isolation etch used to define the fins FIN&ET process was used. The feature
consists of 30 nm wide fins with a pitch of 80 nm and a finite lreng®00 nm as shown irFig.

4.2. The fins are arranged in a safvay of 3 fins separated from other sarbays by a 200 nm

gap in the transverse&X] direction, andlO0 nm in the longitudinalY() direction. The actual
simulation domain consisted of one sabay of 3 fins, with periodic boundary conditions,
having the effect of simulating a larger array of identical structures. The region having a lower
aspect rab in the area between the salvays is referred to as tbeen field

The resulting &l etch profileis shown inFig. 4.3. In the 50 nnwide trenches between
thefins, the total etch depth is significanttynallerthan in the open field between the sarpays,
as shown irFig. 4.3(b). These trends indicate that there is an ERf#ect inthe base etching
mechanism. In addition to lower etch rates in the high AR trenches, etch depth is also a function
of position along the finite trench, visible Fig. 4.3(a) and discussed below, resulting in a
significantly deeper trench at the ends of the finite length fins than in the middle of the feature.

The originsof the differences in total etch depth between the 50 nm wide trenches and
the operfield in the transversX-section and along the longitudinal length of the trencfiés
direction) lie with the relative values of power density and neutral ftuxhese surfaces, as

shown inFig. 44. The power density delivered to the horizontal surfaces by energetic ions,
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shown inFig. 4.4(a), is nearly uniformalongthe lergth of the trenches, as well as in the open
field. This lack of sensitivity to AR results from the ion angular distribution being sufficiently
anisotropic (that is, a narrow angular distribution about the wafer surface normal), amethe
wall scatterig being sufficiently specular, that the viamgle to the plasma of sites on all
horizontal surfaces subtends the majority of the ioneux

On the other hand, the flux of chlorine radicals incident onto surfaces, shokig.in
4.4(b), decreases from the top of the feature to the bottom, as well as decreasing longitudinally
from the open field at the ends of the trench to the center of the trench. This strong niepende
of neutral radical fluxeoon the vertical position within the trench implies an aspect ratio
dependenceThis dependence on ARsults from the flux of chlorine radicals incident onto the
etch feature being essentially isotropic in the direction tdsvahe wafer, and relying on
diffusive neutral transport to reach the etch front. The relative insensitivity of power density to
the etch front as a function of AR, compared to the strong dependence of neutral flux, indicates
that neutral transport likelgominates the ARDE process for this mechanism. The longitudinal
dependence of the chlorine flux and etch rate along the trench indicates a signdtcant 3
component to neutral transport. There iseffective aspect ratiahich depends on etch depth
and proximity to the open fieldt the ends of the trench. Th#ective aspect raties largerin
the center of the trench asthallernear the ends.

The lower effective aspect ratio near the ends of the trenches is partly due to an increase
in the viewande to the plasma at the ends of the trench relative to theangle to the plasma
in the center of the trench. This larger viangle intercepts more of the isotropic flux of ClI
atoms than at the center of the trench. There is also a contributiofiusivelly scattered Cl

atoms from the surface of the open field adjacent to the trench. These diffusively reflected CI
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atoms enter the trench from the end, often near the bottom of the feature. This proximity to the
etch front, combined with the stochashature of the molecular flow of neutral species in the
feature, results in these Cl| atoms having a much larger probability of reaching the etch front
compared to Cl atoms entering the feature from the top. These conditions can be interpreted as a
redudion in the effective aspect ratio at the longitudinal ends of the finite length fins due to the
proximity to the open field.

Etching of the samEInFET layout having different fin lengthis 200, 400 and 600 niin
was simulated to estimate the range of feature dimensions susceptible to-thésesport
issues. The results are shownFig. 4.5. At the center of the 600 nm fin there is a region of
nearly uniform etch depth with an aspect rati@ d®, based on the width of the trench and etch
depth of the feature at that point. At the ends of the fin, the trerthke nearly the same depth as
the open fieldignoring microtrenching), which has an aspect rati® 8f5. There is a 200 nm
long region, starting at the ends of the 600 nm fin and progressing toward the center, where the
etch front transitions from thetch depth of thepen field to the shallower etch depth at the
center of the fin. This region of varying etch deptlsessitive to the-d transport of neutral
radicalsentering from the ends of the fim addition to thoseadicalsentering from the fo of the
feature. At shallower total etch depths (not showmgre aresmaller differences in etch depth
between theenter of thérenchand the open field However, the length along the trench that is
sensitive td3-d transporis approximately the sae.

The etch deptHor the 200 nm finis a function of position along itentire legth,
indicating that 3d transport of Cl radicals is important throughout the featuree efch depth
for the600 nm finis constant for the center half of the trenchggion that is not overly sensitive

to 3-d transport The 400 nm firlies somewhere between these two extrerh@sjnga short



lengthin the centeiof the trenchwhich is notsensitive to3-d transporiof Cl radicals These
trends indicate that it may be useful to consider an effebbweontal aspect ratio This metric
is theratio of horizontal distanciEom a siteto the open fieldlivided by the width of théeature
(50 nm in this case). This feature and teecmechanisnhas a locaktch rate which depends
on horizontal aspect ratio up o4, abovewhich 3d transport issuaso longer dominate.

To investigate the effects of ARDE without the complications-dftBansportresulting
from end effectssimulatons were performed of etching effectivelg 2renches having different
widthsT 33 nm, 50 nm and 67 nm. These profiles were modeleddirwBile using periodic
boundary conditions at the open ends of the features, which has the result of making lthe trenc
appear to be infinitely long. The three features were etched during the same simulation to
minimize the stochastic effects that might result from separate simulations. The resulting etch
profiles, shown irFFig. 4.6(a), have a dependence of final etch depth on feature size, with smaller
features etching slower than larger ones. (The lines in each of the features show intermediate
profiles at the same times.) Irettime required to etch the 67 nm (lafost) trench to a depth of
600 nm, the 50 nm (center) trench has only et¢dbeal depth 0640 nm and the 33 nm (right
most) trench has only reached a depth of 450 nm. The differences in etch depth increase with
increasing etch time.

The vyield for chemically enhanced sputtering in our mechanism increases for
increasingly chlorinated silicon sites. The chlorination state of the site is therefore an important
metric when evaluating etch results. The normalized sidaacentrations of Sik) at four
points along the profile of the 67 nm trench are showrign4.6(b). The upper portion of the
trench under the resist is hegvidhlorinated, with an average of 2.8 chlorine atoms per silicon

surface site. The concentrations at the middle osithe wall(labeled 2 inFig. 4.6) are similar
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to that higher in the trencflabeled 1) The concentrations 10 nm above the bottom of the
features(labeled 3)have significantly more SiCl and bare silicon sites, with a proportional
decrease in the Sigtoverage, having an average of 2.2 Cl atomspeace site. This lowering

of the chlorination is dominantly due to primary ions impacting the mildly slspgkxdwals and
etching these sites. Primary ion impacts withgitkee wal, even at thiside wallslope, are at
grazing anglesand mostlyreflect off the surface becoming hot neutrals. Nonetheless, a
significant number of SiGlsites are being etched at this location in the profile. These heavily
chlorinated Si sites are consistent with XPS measurements cERetihe et al. who observed
that nearly half of the Si¢kites in similar Glplasmas are composed of Si{94]

The chlorination density of the horizontal etch frahthe bottom of the &ureprovides
insights to the origins of ARDE. lon starved processes (etch rate limited by the flux of ions)
have a high chlorination density at the etch front. Neutral starved processes (etch rate limited by
the flux of Cl atoms) have lower chlorinati@nd bare Si sites. At the bottom of the 67 nm wide
trench with an etch depth corresponding to an aspect ratio of 3.25 , the surface sites are 14% bare
Si, 29% SiCl, 26% SiGland 30% SiG| resulting in an average 68fL.7 chlorine atoms per
surface site After etching to an aspect ratio of 10.4 the surface sites are 34% bare Si, 43% SiCl,
16% SiC} and 7% SiQ, with ©0.95 chlorine atoms per surface site, as showRign4.6(b).

The changing composition of chlorination as a function of depth and aspect ratio contributes to
ARDE.

The surface chlorination as a function of etch depth is showagir.7 for each of the
three feature widths. Each feature has two distinct regimes to the surface chlorination. The
surface chlorination decreases as etch depth increases with a slope inpeypelyional to

feature width for small etch depths. At larger etch depths the surface chlorination is nearly



independent of etch deptthough lower for narrower featuresThe etch depth at which the
chlorination becomes constant depends on the width of the featgnallower depths for
narrower features however the depth corresponds tofdh of 7 for each feature. The fluxes of
the initially isotropic Cl atoms that reach the bottom of the feature decrease with etch depth. The
fact that the chlorination eventualhbecomes independent of etch depth for all feature widths
implies the chlorination is not solely a function of the transport of radicals from the bulk plasma
through the trench. At these etch depths a significant fraction of the Cl atoms producing surface
passivation is delivered by ions having anisotropic trajectories. These CI| atoms are delivered
either directly to the surface or following neutralizing, grazing collisions ositieewalk. This
decrease in chlorine passivation on the surface of the fetat with increasing aspect ratio
significantly effects the etch rate, and directly contributes to ARDE.

The consequences of transport of energetic particles (ions and hot nals@lplay a
role in the profile evolution and ARDETwo such consequeas aremicro-trenching and ion
funneling Micro-trenches are the small features of localized deeper etching at the foot of
vertical, or nearly verticakide wals. These micrdrenchesoccur atthe base of theide walk
adjacent to the open field otin3-d test structureas shown irFig. 4.3. Micro-trenchesare the
result of the specular reflection of grazing incidence i@nshot neutralsjrom theside wals,
effectively increasing the power density delivered to the corners dfaheh[108,109] In the
67 nm trench shown ifrig. 4.6(a), and to a lesser extehe 50 nm trenchmicro-trenchesappear
at aspect ratios of abo63 As the etch progresses, the slight taper of the profile begins to draw
the micretrenches togler until they merge. After the micteenches have merged, ions
reflected by grazing collisions with the taperde walk impinge on the entire etdtont as

opposed to the isolated corners. When combined with the primary anisotropic ions from the
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plasma, the additional contributions of the reflected ions can inctieas&ch rate in the feature

as awhole. This effect will be referred to hereias funneling After theonset of ion funneling

the etch continues with a relatively flat etch front. The width of the etch front after the micro
trenches have mergeemainsfairly constant and is proportional to the CD of the respective

feature, which is the width of the photoresist opening in tbases.

4.3.Neutral to lon Flux Ratios

If neutral starvation in the areas of &l 3eaturehaving high ARis a dominant cause of
ARDE, then increasing the ratio of neutral fluxes to ion fluxes is potentially a means to reduce
ARDE. While these two fluxes arasually linked through the properties of the plasma
producing the fluxes, artificially adjusting the fluxes provides insights to the causes of ARDE.
In this regard, the magnitude of the incident ion fl& (vas varied while keeping the shape of
the IEAD and the incident neutral fluxg{) constant. Simulated profiles for etching tHaFET
structure withG/G = 5, 10 and 20 (the base case Ggl&§ = 11.6, for reference) are shown in
Fig. 4.8(a). Theetch rate in theopen field is highly dependent on ti&/G ratio, which
complicates making comparisons at equal etch times. For example, the initial etdontite
first 6 s in the 50 nm trench are 1.66, 1.048and 0.41 times that of the base cas&ft = 5,
10, 20 and 30This trend indicates that the etch rate in the open field is dominantly ion starved
there is sufficient Cl radical flux to nearly fully passivate sites and so the etch rate increases
nearly linearly with increasing ion flux. As discussed previously, for a given ion flux ARDE
depends on the arrival of neutral flux at the etch site. As a result, ARDE behaves as though the
process is neutral starved, higher ratio&g6 reduce the ependence of etch rate on etigpth.

Lower or higher absolute etch rates do not necessarily correspond to more or less sensitivity to

ARDE.
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To minimize the consequences of absolute etch rates and so emphasize ARDE, t
profiles marked BPand B in Fig. 4.8(a) are shown at equal etch depths in the open field instead
of equal etch times. Larg&/G results in more tapered features in the trenches, while lower
G/G (higher ion flux) produces a more ideal, flat bottomed profile. No ntremching is
evident inside the trenches because the widths of the expectedtrarmbes are commensurate
with the width of the feature. However, the tapesigl® walk indicate that ion funneling may be
important. On the other hand, there is mitenching at the base of tise&de wallfacing the
open field, and the degree of midrenching is sensitive t&/G. Larger values ofG/G
produce more micrrenching.

The ratio G/G also affects ARDE. As a reference, the etch depth in the open field
suffers from little, if any ARDE. At the intermediate level, Bhe etch depth in the trenches for
G/G = 20 is nearly the same as that in the open field, whereas thelegitis for the lower
values ofG/G lag behind the open field. At the deeper level, the etch depth fo&/G = 20
begins to lag behind that of the open field, indicating the onset of ARDE, an effect that is more
pronounced with decreasitgy/G.

The dependence of ARDE @G also changes with aspect ratio. Normalized etch rates
as a function of5/G are shown inFig. 4.8(b) for two values of AR. Note th&achG/G is
normalized to its own initial etch rate. If the results were normalized to a sitnfjleate in the
open fieldi say, that ofthe basecasé he | i ne | abel ed A QOplheetch-i el do
rates for each AR are obtained at diéferr times for different values @&/G which isdue to the
difference in absolute etch rates. For AR=10, the normalized etch rate monotonically increases
by 46%, from0.50 to 0.73for G/G increasingfrom 5 to 30 At AR = 6 (which corresponds

approximately to when ion funneling begins) the dependefagormalized etch rate d&/G is
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stronger The normalized etch ratecreags by 66%from 0.70 to 1.16 times the etch rate in the
open field for G/G increasing from 5 to 30. Fd@/G > 20, the taper of the feature is severe
enough that ion funneling increases the etch rate above tha @ben field. Etch rates in the
trenchthat arehigher than the open field occur, in this model, only over a small range of AR, as

discussedbelow.

To more quantitatively investigate the consequences/& on ARDE, etching of 2
trenches with a width of 50 nm were simulated &G = 5 to 30. The resulting profiles are
shown inFig. 4.9 for G/G = 5, 10 and 20. Lowevalues ofG/G etch faster for the entire
duration of the etch while larger values@fG produce more tapered profiles, similar trends as
in the 3d structures. The large differencedtch rate when varyinG/G makes it difficult to
directly assss ARDE from the raw profiles, requiring us to employ the computational metrics
described previously, along with normalization.

The instantaneous etch rates of thétPenches aa function of aspect ratio are shown in
Fig. 4.10(a). The etch rates for each value GfG are individually normalized tatheir own
initial etch rate In generalthe etch rates decrease with increasing AR for all valu€3/Gf.

The etch rates fo&/G 2 20, though, are peaked at AR5, which produces a range of AR that
is relatively free of ARDE. ARDEhenbeginsat AR © 6 and by AR = 1612 the etch rate as
function of AR forG/G 2 20 is similar to the smaller values Gf/G. Lower values ofG/G
havenormalized etch rasghat decrease witimcreasing AR over the entire range studied.

Power densities, normalized to their initial values, and CI fluxes to the etch front are
shown inFig. 4.10(b) as a function of AR for different values Gf/G. Sine the shape of the
IEAD is kept constant, the average ion energies incident into the feature are also constant.

Doubling the relative number of incoming ions (by halvi@gG) therefore also doubles the
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power density at the etch front, resulting in alifpower densities of 0.80, 0.39, 0.19 and 0.12
W/cn? for G/G = 5, 10, 20 and 30. FoB&/G = 20 and 30, cases which exhibit peaked
normalizedetch rates at AR 6, the power density has a peak beginning at AR = 6. This peak in
power density is due ton funneling.

The incoming flux of chlorine atomwas held constant The differences between
chlorine fluxego the etch fronat high aspect ratios for different valuesGfG arelikely due to
the contributions from CI atoms that were generated by ion impact with the etch front or from the
side walk. These contributions result from neutralization and subsequent thermalization of Cl
or the disassociation of £lupon impact. Sice any ion incidenbnto the etch front will
eventually thermalizéf the ion does not reagthhemajority of theflux of CI* and a fraction of
the Cb" flux will produce a source of chlorine radicals deep within the feature. These radicals
can then dfuse up the feature and into the bulk gatowever,they will do so with a fairly low
probability due to the low conductance of the feature at these large aspect ratios. It is more
likely that the neutralized and thermalized ions will first strike tich &ont before diffusing out
the feature and so be included in the measurement of Cl flux. The Cl atoms originating from
ions thereby appear as an additional source of Cl flux to passivate the suifiden flux for
G/G = 5is larger and so theiis alarger flux of Cl atoms at high AR. The same argument can
be applied to the peak in the chlorine flux occurring at?’ARfor theG/G 2 20 cases. In this
case, the small increase in the flux of Cl atoms is due to ions that reflect from the tagksed
and are directed into the etch front window.

The range of5/G studied here, from 5 to 30, is not inclusive of al} €ch processes.
Due to the high disassociation fraction of, @ high powerG/G can be as large as several

hundred.110] To verify that the trends observed at lov@&fG persist to a higher flux ratios,
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simulations were also performed G¥G = 100. The radts indicate that the observed trends
continue into this regime. The etch rate, Cl flux and power density all appear qualitatively
similar to the case d&/G = 30, but with more exaggerated peaking around an AR of 6. The
trend of increased taperingsalcontinues with increasir®/G, which complicates the use of our
computational diagnostics. These measurement techniques are most reliable for features having
relatively float bottoms, and so do not provide consistent results as features begiifitasityn

taper. For the remainder of the parameters investigated here, etch conditions were limited to
those which produce a relatively flat etch front up to an AR of at least 10 where neutral transport

issues are expected to be most influential.

4.4.Chlorin e Recombination

The recombination of atomic Cl on surfaces to becomereactive C} can also
significantly contribute to ARDE. The initial flux of Cl atoms entering the feature is essentially
isotropic, and so the vieangle to the plasma from pointsegeinside the feature only subtends a
small fraction of the incoming neutral flux. Therefore, the vast majority of Cl atoms that reach
the etch front at high aspect ratio have reflected from the Biderwals or have been emitted
by the walls due to @mical reactions. There may be many such reflections prior to a Cl atom
reaching the etch front. The availability of Cl atoms at the etch front is therefore a function of
the rate of surface recombinatimn side walls and so ARDE will be sensitive tde
recombination coefficienty, of Cl atoms on theide walk. Etching of the -8 FInNFET feature
was simulated using values & from 0.00 to 0.16; representing the range from the low
recombination rate on pristine crystalline silicon to values ctoséhat of polySi at room
temperaturg86] The resulting profileareshown show irfFig. 4.11 for S = 0.00, 0.04 and 0.16,

and suggest that radical recombinationsiale walk does indeed have a significant effect on
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ARDE for these conditions. Profiles are shown at two etch timeapproximately halfvay
through the etchand 4, at the end of the etch. The profile havig- 0 has little difference in
etch depth betweemsidethe trenches and the open field, indicatthgre beindittle ARDE.
However, profiles having as snall as 0.04already show some evidence of ARDE jat By
time t, significant differences in etch depth between the open field and the trearehegident
for bothS = 0.04 and 0.16 The etch rat®f an unpatterned wafer is not expectedhiave a
dependence 08. Without patterning, none of the impinging Cl atoms will have interacted with
surfacesprior to striking the etch front Therefore, the differensan etch depth at;tas a
function of § in the quasbpen field (200 nm ggpbetween thearrays of fins indicatethat
ARDE occus even for the modest ARC (3.5) in this region. Other than the aspect ratio
dependence of the etch rates, the resulting profiles are siarildifferent values o0§.

To better quantify the consequencesradicd recombination on neutral transport and
separate these effects frorad3ransport issues, profiles were simulated for infinite trenches
having a width of 50 nm for the same range of recombination probabilities. The resulting
profiles are shown irFFig. 4.12. The profiles show that smaller recombination probabilities
produce more tapered features at the same aspect ratio while having a higher etch rate. These
trendsresult, in part, from the etching in high AR features being neutral starved, and so any
process that increases the flux of Cl atoms to the etch front will increase the rate of etching.

The instantaneousormalizedetch rates for these features are shanershown irFig.
4.13(a) as a function of aspect rati&tch rates fodifferent values o§ are all normalized to the
openfield etch rate of the base cas® £ 0.08). These etch ragehave significantly different
responses to varying at low and high aspect ratios. At low aspect ratios (AR there is a

direct correlation between recombination rate and ARDIRrger recombination probabilities
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produce an etch rate which is more strongly dependent on aspect ratio than lower recombination
probabilities. For the limiting case &f = 0.0, which is likely unphysical on any real material,
there is an increase in the etch rate above the open fieldeaveen AR =&. This increase in
etch rates correlates to the onset of ion funneling, and so is probably more related to geometry,
the particular slopes of tteede walland our method of measuring etch rasher than an actual
inverse ARDE. Howeer, there is a cleatrend that low probabilities of recombination are less
sensitive to ARDE. At high aspect ratios (ARL0) all etch rates show a similar dependence on
aspect ratio, despite having different absolute values.

The Cl atom fluesand powe densitesonto the etch front as a function of AR are shown
in Fig. 4.13(b) for different values o&. There is a strong correlation between the chlorine flux
and ARDE 1 higher values of ClI fluxes (lower values 8} at lower AR correspond to higher
etch rates. The power flux remains nearly constant throughout the etch, with the exception of a
small peak between AR=® This peak is related ton funneling aghe features begin to taper
Similar to the etch rate, for small aspect ratios (AR < 7) larger recombination probabilities have
lower chlorine fluxes to the etch front. Perhaps more important, the change in chlorine flux with
aspect ratio is also greatr larger recombination probabilities, leading directly to ARDA.
higher aspect ratios, larger recombination probabilities still reduce the chlorine flux to the etch
front, but the dependence on aspect ratio is similar between the different recamhiatss,
indicating that some other physical process is influencing neutral transport at these ARs.

(The CI flux and power density f& = 0 and AR > 12are omitted fromFig. 4.13(b).
This omission is due to our measurement technique becoming susceptible to statistical variation
when features become highly tapered. This issue only affects the measurement of fluxes but

does not significantly affect measuremerftthe etch rate.)



4.5.Neutral Angular Distribution

One possible method to decouple neutral transport i$sa@saspect ratio is to produce
neutral reactant fluxes having an anisotropic angular distribution. As Coburn and Winters
suggested, if the incoming uieal flux was perfectly anisotropic then the neutral flux on the etch
front would actually increase with increasing aspect fa@] This scaling results from all
incoming neutrals striking the bottom of the feature while the etch front only consumes a fraction
of those based on there being a small reactive sticking coeffi§ent,he Cl atoms that do not
react with the etch fromhust diffuse back up the feature to return to the bulk gas. As the aspect
ratio increases the conductance of the tube decreases, resulting in an increased probability that
the Cl atoms reflecting from the etch front valsobe reflected off theside wals back down to
the etch front. While a perfectly anisotropic neutral flux would be difficult to produce, some
degree of anisotropy in the neutral flux can be produced by techniques such as neutral beam
etching where neutrals are produced by grazing amajfision of anisotropic iongl11i 113].

To assess the consequences of anisotropic neutral fluxes on,AfRDiitial angle with
respect to the verticaf each neutral pseudoparticle was linearly scaled by the fgctorhe
naturally occurring isotropic angular distribution hgs= 1, while values smaller than one
represent a narrowed neutral angulatrgigtion. The resulting profiles fahe 2d trenches for
¢, =1, 0.5 and 0.25 are shownhig. 4.14. Smaller values af, produce higher etch rates due to
the ingeased neutral fluto the etch frontbut theprofiles alsohavesignificantly more tapering.
Theside wallchlorination just above the etdtont for g, = 0.25 is 2.1 Cl atoms/site. This value
is only slightly lower than for the base case (2.2 Cl atsite3. One might expect a significantly
lower CIl passivation on theide walk for the anisotropic Cl flux as there would be fewer

collisions on theside wall The higher than expected chlorination results from Cl isotropically
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reflecting from other stiaces, tempered by the larger number of primaryg ginking on the
more taperedide walk.

The normalized etch rate, chlorine flux and power density at the etch front as a function
of AR for different values ofg, are shown inFig. 4.15. While there is significantly more
chlorine reaching the etch front with narrower neutral angular distributions, the neutral flux
retains a significant dependence on aspect.rdilee resultingnormalizedetch rate foig, = 0.25
has a peak at an aspect rati@ & The etch rate fag, = 0.50 appears to have a mild peak in the
same range of AR, producing a process window having quasi ARieEbehavior. Power
density is esseiatlly constant compared to the Cl flux over the range of aspect ratios
investigated. (Note that, power density and chlorine fluxes are omittegl $00.25 with AR>

10 due to the highly tapered profile, as discussed previously.)

4.6.lon Angular Distribution

While previous cases more directly address details of the neutral transport, it is also
possible that ion shadowing can contribute to ARDE, and even have a second order effect on
neutral transport through, for example, removing Cl atoms from thengitie By artificially
varying the angular distribution of ions in the simulation, the contribution of ion shadowing to
ARDE can be assessed. Changing process conditions, such as bias voltage, to narrow (or
broaden) the IEAD unfortunately also producésrges in the magnitudes of fluxet both
neutral and ions. Instead, a linear scaling fagpmvas used simildy to the neutral fluxes, to
narrow or broaden the angular distribution of ions obtained from the base case of the reactor
scale model.

Etch profiles forg = 0.25 to 1.5, witlg = 1 representing the base case, are showv#gin

4.16. Values ofg < 1 are narrower distributions than the base casevaheesof g > 1 are
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wider. The average ion angular distribution of the base ca%2.is, thereforeg = 0.25results
in an average ion angle distribution°df.55 andg = 1.5 yieldsan angular spread 68.3. The
resulting etch profiles have differencesside wallslope, extending to bowing, but fairly similar
integrated etch rates. Narrower angular distributions produce more tapaéeedall profiles
than the base case (18% reduction in width at half le¢eght forg = 0.25 compared to the base
case). At the other extreme, the profile resulting figgm 1.5 has increaseslde wallbowing
(30% increase in width at half etch height compared to the base case). The broader ion angular
distributions enalel sites having off normal vieangles to the plasma to intercept a larger
fraction of the incoming ion flux, the first consequence being bowing under the mask. Once this
initial bowing occurs, ions specularly reflecting from the bowed surface are meletbkstrike
the sidewall deeper in the trenchTherefore, maximal bowingccursat deeper locations in the
trench, inareaghat donot have large vievangles to the plasma.

In spite of the differences iside wallslope and bowing, there is little thifence in etch
rate until an aspect ratio ofg at which time larger values gfhave smaller etch rate These
trends are shown more guantitativelyRig. 4.17 where normalized etch rates, Cl fluxes and
power densities are shown as a function of aspect ratio for different valgesrog ion angular
distributions for allg have similar sensitivity to ARDE, a predominantly (negative) linear
dependence of etch rate on aspect ratio over the entire range studied, but slightly steeper slopes
(more sensitive to ARDE) for the widangulardistributions. While the overall trends etch
rate are similar for different values @f the small differenceis etch rate, when integrated over a
large range of aspect ratio, produces significant differences in etch depth. These trends indicate
that ion shadowing does affect ARDE, but itmtibutions are relatively small compared to the

consequences of neutral transport.
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The chlorine flux incident onto the etch front is essentially insensitive to the angular
distribution of the ions. Power density, however, monotonically decreases fadebro
distributions (larger values af) and particularly so for larger values of AR. These trends
indicate that the average sticking coefficient of neutrals on the etch $pig,not significantly
changed by modulation in the power density for tha®eeess conditions, as is implied by the

synergy mode]104]

4.7.Dependence on Feature Width

One of the defining characteristicEARDE is that the etch rate depends only on aspect
ratio and not necessary time absolute critical dimension (CD) of the etched feature, generally
the width of the feature. Other profile parameters, such as the loss of CD due to tapering, have
been show to be dependent on view angle to the plakiid] While the twadimensional view
angle to the plasma is related to AR, the correlation of loss of CD to view angle suggests a
sensitivity to reactive fluxes that directly arrive at a surface site. To determine if the etch rate of
simple structuressing this reaction mechanism is related to AR, CD or view aatglk,profiles
were simulated for three trench widths of 33 nm, 50 nm and 67 nm. The reswltmglized
etch rates for two values of chlorine recombination probabilitdsafe shown inFig. 4.18.
With S = 0.08, the base case, the etch rate dependsamnbspect ratio with only small
differences betweethe differenttrench widths that are likelytatistical in nature. The etch rate
in the absence of recombination of chlorine on the walls,0, is nearly the same for all trench
widths for small AR € 4) and large ARX9). At intermediate values of AR-@) the etch rate is
sensitive to the width of the feature.

These results imply that the local peaking in etch rates observed in mahgsef

parameterizationare likely related to fine details of the evolution loé feature that may depend
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on critical dimension. The technique used here to measure the etch rate, described in Sec. II.D,
is based on the change in height of the profile within a small area at the center of the feature.
This technique may somewhat egagate the severity of the peaks in etch rate which are driven
by geometry dependent ion funnelinhe total number of silicon atoms removed per second,
for instance, shows a similar decrease with aspect ratio, but does not exhibit the peaking as
observd in thecalculatecdetch rate.
4.8.Parameters affecting ARDE

The results of this computational investigation suggest that a dominant cause of ARDE is
the decrease in neutral radical flux reaching the etch front with increasing AR, provided the
process is notleeady in a neutral saturated regime. By increasing the neutral radical flux
relative to the ions, the surface at etch front becomes more passivated, and so the etch rate is less
sensitive to modest changes to the neutral flux that may occur with aspect These trends
have been experimentally obsery2d,91] The available experimental data indingtthat large
values of neutralo-ion flux ratio produces a saturationetch rate were predominantly obtained
from measurements in the open field (rpatterned wafers). Although these data have provided
extremely important insights, the data do not address the possible coupling of neutral and ion
fluxes that may occur withifeatures. In this study, changes in system parameters that increased
the neutral flux to the etch front relative to the ion flux (ergducing the recombination of
radicals on the feature walls, increasing the neutral to ion ratio in the incoming, floxe
employing an anisotropic flux of neutral radicals) all reduced ARDE but also produced more
tapered features.

The onset of tapering of the feature at an AR & B correlated with a decrease in

chlorine radical flux to the etch front as well aghwihe etch rate. This correlation between

122



tapered features and reduced neutral transport could be due to several different mechanisms. The
first is the reduction in conductance of neutral particles due to the angle of the surface normal in
the taperedagion. Since the sokldngle normalized probability of emission or reflection for a
Lambertian angular distribution is maximum along the surface normal, neutral species which
diffuse down to the tapered region of the feature are preferentially direcledpghe feature as

the angle of the taper increases.

Another factor which contributes to the decrease in neutral flux at the etch front in
tapered features is the erosionsafe wallpassivation and the subsequenpassivation of the
exposed silicosite. Due to the flux of ions being anisotropic, the tapsidel walk are exposed
to higherfluxes ofions than strictly verticakide wals. While our reaction mechanism includes
an angular dependence to the sputter reactions, which goes to zexzirag gngles, there is still
a finite probability on the tapered walls. The effect of Hide wallscattering is shown in the
results ofFig. 4.6, where the numbesf chlorine atoms per Si site decreases from 2.8 to 2.2 as
the tapeing becomes more severe. This erosion ofside wallexposes bare silicon sites which
will consume incoming CI flux through passivation, which in turn reducesehbgal flux inthe
etch frontof a tapered feature.

The synergy modedf Gottscho et alpredicts that there is a coupling between the ion and
neutral fluxes such that changing the incoming ion flux can change the neutral flux to surfaces
deep in the feature with no changetle neutral flux entering the featf®4] This process
occurs due to the ion flux changing the steady state surfacenehtmverage on the etch front,
which changess,. The change irs, then impacts the neutral flux through Egl. Since the
tapeing of the sidewalls affects the ion flux at the etch front through ion funneling, it is possible

that the synergy couplingay also modulate neutral flux to the etch front as a functicgidef
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wall taper. Our results do not indicate that this effect is strongly influencing the neutral flux or
etch rate for this reaction mechanism. The power densities and chlorine fluxes, isHeg.
4.17(b) for a range of, display a doubling of power density frogn= 1.5 tog = 0.25, but no
discernable decrease in measured Cl flux at the etch front

While increasing the neutral radical flux to the etch front does not eliminate ARDE over
all ARs investigated here, it is possible to postpone the onset of ARDE. For example, when
varying the recombination probability of Cl atoms on sfte walk [seeFig. 4.13(a)], there were
ranges of AR where ARDE was not significant. For these ranges of AR, the feature has not yet
formed any significant taper, and so is ableaaefit from the higher neutral flux as predicted by
analytical models. A similar trend occurs when narrowing the angular distribution of the
neutrals. For example, etch rates WitfiG = 20 [Fig. 4.10(a)] andg, = 0.5 [Fig. 4.15(a)] are not
sensitive to ARDE for AR as large as 8.

The results of ournvestigation indicate that issues related to the transport of radicals
from the bulk gas into the feature dominate ARDE for the conditions studied here. That is, there
are surface reactions that are rate limited by the availability of neutral radicab flxd
reactions that are rate limited by ion fluxes. Differences in substrate temperature, operating
pressure or ion energies may affect ARDE behavior by their influence on reactions initiated by
neutral or radical fluxes. However, in general, for tteh @ate to depend on AR, either the
neutral or ion flux reaching the etch front must also depend on AR. For the reaction mechanism
used here, the strongest AR dependence originates from the change of the neutral conduction
with AR. For other reaction nohanisms or operating conditions, the transport of neutral etch
products out of the feature may dominate ARDE due tdepmsition. However, in both

scenarios, it is the dependence of neutral transport on AR which result in ARDE.
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4.9.Concluding Remarks

Aspectratio dependent etching remains a challenge to optimizing feature profiles during
plasma etching, a situation that has become more critical with the introductiech stfiictures
such asFinFETs. In this investigation of etching of Si in AriGlas mixures, the majority of
ARDE arises from issues related to neutral transport. Several factors were varied that affect
neutral transport, including surface recombination of radicals, neatiah flux ratios, critical
dimension, 3d geometry and neutral gmlar distribution. A general conclusion of tkisapteis
that any reaction that relies on a flux of neutral species from the bulk gas will, to some degree,
suffer from ARDE. However, some tradéf's can be made to change the dependence on aspect
ratio. Increasing neutral flux to the etch front may produce a easp®ct ratio independent
regime of etching for low and moderate aspect ratios. Doing so may involve -aoffradth a
greater propensity for tapered features, and increased ARDE outsittes ohspect ratio
independent window.

The details othe resultgpresented in this chaptdepend on the details of the reaction
mechanismwhich is described in Chapt8r3. Etching of dielectrics, such as Si@nd SiNg,
etch according to the more coraplreaction mechanism, discussed in detail in Chapter
based on the use of fluorocarbon containing gas mixf28$15,116] In dielectric etching, the
etch rate is sensitive to the thickness of the fluorocarbon polymer layer on the etch front and the
etch process requires multiple steps. (That is,sM4Sinit is not necessarily removed with a
single strike of an ion.) The end result is that the dependence of etch rate on the ratio of
passivating neutral and ion fluxes, and their angular distributions, is more complex. For
example, in the Si etch mecham described here, increasing Cl fluxes to the etch front typically

reduces ARDE. In the dielectric etch mechanism, increasing fluorocarbon fluxes to the etch
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front can increase etch rates over a limited randgg/& beyond which etch rates may decrease
(or terminatei an etch stop) due to thickening of the passivation layer. With those caveats,
based omesults from preliminary numerical investigations of ARDE in fluorocarbon containing

plasmas, the same general trends discussed here appear to.be valid
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4.10.Figures
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Fig. 4.1 Reactor and plasma properties. (a) Reactor geometry with (left) total positive ion
density and (right) electron densitghown on a log scale with a range of two decad@s
Probability density of ions reaching the wafer surface as a function of ion energy and incident
angle (IEAD) shown on a linear scale
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Fig. 4.2 Mask pattern used for etchifgnFET geometries. The simulation domain includes one
subarray of three fins with periodic boundary conditions.

128



Width: Gap: Pitch:
30n _200nm 80 nm

o ]

ATNA

(b) <200 nm—

Fig. 4.3 Etched profiles for thé=inFET geometry. (a) Color represents height of feature,
showng the variation of etch depth in the longitudiatlirection between fins. The difference
between the total etch depth between the fins and the open field is also visible. (b) Slice through
the fins in theX-direction, taken at the center of the fimdg¢h. Each line is separated by a

constant time interval.
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Fig. 4.4 Spatially resolved fluxes to the surface of the etch profile. (a) Power density delivered
by ions and (b) chlorine radical flux.
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Fig. 4.5 Longitudinal slice(Y-direction)through the center of the trenah the 3d FinFET,
showing the etch front (solid lines) for three fin lengths: 200, 400 and 600 nm. (a) Perspective
view with eachcolor representing a different material. (b) Height at the bottom of the trench in
the longitudinal Y-direction) for different fin lengths. (The nominal fin lengths are shown as
dotted lines for reference.)
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Fig. 4.6 Etch properties for trenches. (a) Simultaneously etched profiles showing ARDE for
three trenchebavingdifferent widths. Colors represent different solid materials. Black lines
represent slices through the center of the trench at diffénmes, taken at constant time
intervals. (b) Normalized density of surface species at different locations along th& 67
profile. The etch front measurement is taken on the horizontal surface being bombarded by ions.
Side high, mid and low measurenteare taken from theide walljust below the resist, halfway

down the profile and just above the efabnt. All chlorination measurements were taken at the
final time step.

132



N
o

-
(&)

Surface Chlorination
o

33 nm

o
o

00—
0 100 200 300 400 500 600
Etch Depth (nm)

Fig. 4.7 Average suiice chlorination (Cl atoms per silicon site) of the etch front as a function of
etch depth for trenchémvingwidths of 33, 50 and 67 nm.
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Fig. 4.8 Etch properties for different values GffG. (a) Two dimensional slice througinFET

profile for several incoming neutral to ion flux ratios. The lines labeleard D represent

equal etch depths, and are taken at different etch times due to the different etch rates between
cases. The slics itaken through the center of the length of the fin. (b) Normalized etch rates as

a function ofG,/G for two different AR. Etch rates are normalized to the initial etch rate of each

respectives,/G to enable comparison.
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~——200 nm

Fig. 4.9 Time evolution of silicon trench profile during Ar/CGitching for different neutral to ion
ratios. The neutral to ion ratios are (a) 20, (b) 10 and (c) 5. Line spacing represents a constant
time interval for all profiles. Nmbered lines represent similar etch times in each profile.
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Fig. 4.10 Dependence of etch rate, chlorine flux and power density on aspect ratio &dzhe
ratio. Lines are labeled with neutral to ion rat@gG=5, 10, 20 and 30. (a) Etch rates
normalized to the initial etch rate of eaGHG. (b) Power densities (solid) and Cl flux (dotted)
are measured in a small window centered in the etch fromivePdensity is normalized to the
initial power density of each respecti@&gG ratio.
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Fig. 411 Two dimensional slice through fin profile for several surface recombination
probabilities §. Thelines labeleditand t represent equal etch times. The slice is taken through
the center of the length of the fin.
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Fig. 412 Time evolution of silicon trench profile during Ar/iCétching for different chlorine
recombination probabilitiesS. The recombination probabilities of atomic Cl on SiShown
are (a) 0.00, (b) 0.04 and (c) 0.16. Line spacing represents a constant time Ditéovall
profiles. Numbered lines represent danietch times in each profile.
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Fig. 4.13 Dependence of (a) etch rate, and (b) chlorine flux and power density on aspect ratio
and the probability of recombination of radical chlorine on the w&lls (8 Etch rats are
normalized to thestch rate in thepen fieldfor the base case&s(= 0.08). Power density and
chlorine flux are measured at the etch front as it evolves.
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Fig. 4.14 Time evolution of silicon trench profiler different neutral angular distributiong..

The normalized angular distribution scaling factors are (a) 0.25, (b) 0.50 and (c) 1.00. Line
spacing represents a constant time intebedbr all profiles. Numbred lines represent similar
etch times in each profile.
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Fig. 4.15 Dependence of (a) etch rate, and (b) chlorine flux and power density on aspect ratio
and the angular distribution of neutradg. Etch mte is normalized to thetch rate in th@pen

field for thebase casey = 1.00). Power density and chlorine flux are measured at the etch front
as it evolves. Chlorine flux and power density are omitted above an AR of §0=f@.25 due

to the highy tapered profile interfering with the measurement technique.
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Fig. 4.16 Time evolution of silicon trench profile for different ion angular distributiagns The
normalized angular distribution scaling factors shown are (a) 0.25, (b) 0.50, (c) 1.00, and (d)
1.50. Line spacing represents a constant time intddvdbr all profiles. Numbered lines
represent similar etch times in each profile.
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