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ABSTRACT

The effects of low energy reactive ion bombardment of semiconducung silicon
material have been investigated by X-ray photoelectron spectroscopy. The residual
surface damage induced by a conventional fluorocarbon plasma reactive ion etching
of silicon consisted of a uniform fluorocarbon deposited film approximately 4nm in
thickness which covered a silicon compound reaction layer This reaction layer was
comprised of silicon oxides, carbide and fluorosily! species distributed in depth to
approximately 2nm. The removal of the residual surface damage was accomphished
by an ozone oxidation plus a wet oxide chemical etching step processing and
monitored by surface charge spectroscopy. This residual surface damage to silicon
was simulated by mass-filtered reactive F', and CF’ ion beam bombardment of silicon
at normal incidence and room temperature. In addition, the effects of Cl" 10n beam
bombardment of silicon were studied in order to provide fundamental information on
the chlorine plasma dry etching. The ion kinetic energy range of interest was 1eV to
100eV for ion doses between 3x10'* and 1x10'*/cm®. The residual surface damage to
+he silicon was seen as surface incorporation of the reactive ion species in the form
of a fluorosilyl species layer for F° bombardment, a fluorocarbon deposited layer and
a silicon carbide/fluorosilyl layer for CF* bombardment, and finally, surface oxidation
and subsequent sputtering of the oxygenated species by ClI' bombardment The
surface species of SiX_ with X=F or Cl, and for n ranging from | to 4 were different
for the two halogen ions investigated. For CI” bombardment, n was less than 2 for the

ion energy range of 1 to 100eV, while for F ions, n included ] to 4 Diastirct surface

reaction products were consistent with the reactivity of the specific 1on/silicon systems
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CHAPTER 1.

INTRODUCTION

1.1 Objectives of the thesis

The purpnse of this thesis was to investigate the surface reactions induced by
reactve ion bombardment of p-type Si(100) as it applies to dry etching in
microelectronics fabrication. The residual surface damage was investigated by surface
analysis using X-ray photoelectron spectroscopy. The development of ancilliary

techniques centred about XPS was also ipvestigated.

1.2 Scope of the invesfigation

The residual surface damage of p-type Si(100) induced by a conventional plasma
reactive ion etching (RIE) system is investigated as a model system. The residual surface
damage induced by mass-purified reactive ion beams is used to simulate the effects of
different energetic reactive 1ons impinging onto the silicon surface. The reactive positive
10ns of interest are F*. CF", and C1" because these ions are employed in present generation
dry etching schemes. The ion energy range stud:-d is 1 to 100eV because these ion
energies have not been investigated for these reactive ions of interest, and also because

this energy range 1s prevalent in present dry etching systems.



CHAPTER 2.

GENERAL REVIEW

2.1 Semiconductor silicon

2.1.1 Matenal properties

Semiconductor silicon (S1) matenal 1s the dominant industnal matenal used in the
fabrication of integrated-ciruit (IC) devices today. The emergence of this matenal 1s due
to a number of advantages {2.1] in microelectronics fabrication. Silicon can be readily
oxidized to form silicon dioxade (Si0,). This latter dielectric matenal possesses high-
quality electrical insulation as well as desirable interfacial electncal properties with S
[2.2], and is an effective diffusion barrier for the selective diffusion steps mmvolved in IC
fabrication. Si is a natural, abundant element and thus provides a low-cost starting
matenial. This semiconductor matenal can be produced on a commercial scale as single
crystals with very high purity (up to one electrically active impunty for every 10’ silicon
atoms [2.3]). This high-purity starting matenial can be processed by the controlled
introduction of impurity atoms or dopants to affect desirable semiconducting properties
The prevalence of computers and information processing is a direct consequence of the
widespread availability of silicon IC chip technology [2.3]

Table 2.1 lists some of the properties of semiconducting silicon Silicon 1s a
Group IV element in the Periodic Table. In terms of bonding, the Si1 atoms in the solid
may be thought of as having 10 inner, closed-shell electrons which are transparent to

bonding, and 4 outer electrons (valence electrons) which do participate in covalent




Table 2 1 Properties ox silicon and silicon dioxide formed under dry oxidation

conditions at 300K.

Properties Silicon Silicon dioxide
bandgap 1.12¢V ~ 9eV
structure diamond amorphous
lattice constant 0.543nm -

density 2.33g/cm’ 2.27g/cm’
atoms/cm’®, molecules/cm? 5.0x10% 2.27x10*
relatve dielectnic constant 119 39

thermal conductivity 1.48W/cm K 0.014W/em K
dnft mobility of electrons 1500cm?/V s o

drift mobility of holes 450cm?/V s

from J W. Mayer, S.S. Lau, Electronic Materials Science: For Integrated Circuits in

S1 and GaAs, Macmillan Publishing, New York, 1990.




bonding. These covalent bonds are directional which results in a symmetnc, tetrahedral
configuration giving nse to the diamond crystal lattice structure These covalent bonds
between atoms mean that there are very few free electrons available for charge transport
as in the case of metals such as copper or aluminum. The semiconductor Si has an
indirect bandgap of appoximately 1.1eV, and if energy greater than this bandgap energy
is supplied to a sample, then these covalent bonds are broken and the hiberated electrons
move within the crystal. Additionally, the absent site onginally occupied by the electron
can be thought of as an effective positively charged particle called a hole Both the
electrons and holes can transport charge leading to a curtent. The conductivity (due to
electron-hole current) of pure Si lies between that of metallic conductors and insulators,

hence the name "semiconductor”.

The Si semiconductor material is used to fabricate microelectronic devices The
device physics is described in the literature (for example reference [2 4]) The fabncation
processes include [2.1,3,5]: the oxidation and doping of Si, the deposition of mnsulating
films and the development of mterconnects and contacts. These processes are dependent
on lithography [2.1]- the transfer of patterns of windows to the Si wafer surface in the
form of masks. The vanous steps involved in a simple photolithographic process are
shown in Figure 2.1. The removal of matenal (selectively or non-selectively) 1s achieved
by wet and dry etching processes. The wet etching process uses a liqud cheinical

solution/agent and is applied to the non-selective removal of a film matenal [2 13,5}

The dry etching process is used to achieve selective and directional (anisotropic) erosion




Figure 2 1

Simple schematic drawings through the varnious steps of a
photolithographic process wusing a positive resist.
Monochromatic light illuminates the mask and specific areas are
shadowed. The light-exposed resist is altered and is removed.
The remaining patterns of unexposed resist protect regions of
silicon dioxide from subsequent dry etching (section 2.2). The
dry etching process removes the oxide only in desired areas to

expose the underlying silicon.
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of a matenal and 1s discussed further 1in the next section.

2.2 Dry etching processes

The term "dry etching" refers to the removal of matenal such as silicon via gas
phase etch species. Gaseous reactant particles (in the form of either ions, atoms or
molecules) impinge onto the surface of the matenal being etched and yield these species.
The etch species can also be in the form of atoms, molecular fragments or reaction
products In some cnitical cases, the dry etching is requred to be selective and
amisotropic  Selectivity means that the etching 1s capable of removing different matenal
at different etch rates and is conventionally quantified as a ratio of etch rates between two
matenals For example, the selectivity of $10,:S1 > 4 corresponds to the selective removal
of S10, over S1 wherein the dry etchir ; rate ratio of the Si0, to Si1 is greater than four.
In this example, the selectivity 1s important for removing the oxide to expose the
underlymug Si for subsequent electrical contact with a metal layer. Anisotropic etching
1s required to produce vertical profiles (see Figure 2.1) in order to maintain the fidelity
of the pattern transfer from the lithographic process. If the dry etching process was
1sotropic, then undercutting below the photoresist would cause the degradation of pattem
transfer Also, neighbouning regions which are isolated by the vertical etch profiles could
possibly come 1nto electncal contact causing shortcircmting. The degree of selectivity
and anisotropy 1s attamned by the type of dry etching employed The classification of the

particular drv etching methods due to Fonash [2.6] is adopted m this thesis, and 1s

descnibed below




{ &)

2.1 Physical etching

This dry etching technique mnvolves energetic ion bombardment (at energies of a
few keV) of the matenial. The physical sputtering process 1s denved from the momentum
transfer from the incident 1on bombardment to the target surface atoms resulting in
disruption of the crystal surface, bond breaking, and dissipation of kinetic energies in the
collisional cascades [2.7] by the ejection of surface atoms and molecular fragements In
the fabrication process, physical sputtering is accomplied by using a chemically ment pas
to form a plasma, and the etching chamirer is configured to direct energetic inert 10ns onto
the surface of the material being etched. This process is anisotropic because the 10ns can
be accelerated to the target surface by biasing the sample electrode and consequently
etching 1s by a line-of-sight direction. Although the etching rate 1s dependent on the

material, the selectivity is poor compared to the other sputtenng techniques

222 Chemical etching

This mechanism occurs via a surface chemical reaction to produce volatile etch
products which are pumped away by the vacuum system. Chemical etching as discussed
with respect to dry etching 1s a very selective process Chemical etching occurs via a
sequence of steps, any number of which may be rate-controlling

(a) gaseous etchant species arnve at and diffuse about the surface of matenal

to be etched,

(b) reactions with the surface takes place to form products incorporating the

matenal being etched,

(c) these reaction products are volatile and desorh from the surface,




(d) the desorbed species are pumped away by the vacuum system.
By choosing the appropnate etching gas to be very reactive with one matenal while
relatively mert to another matenal, high selecivity i1s produced However, this
mechanism 1s non-directional (i.e. isotropic) and undercutting of resist masks occurs. In
some very special cases, chemical etching may give nse to crystallographic etching, but
this 1s not considered prevalent in IC fabncation. This chemical etching process is
therefore generally 1sotropic, but very selective, and is achieved without energetic 1on

bombardment as in the situation of physical etching.

223 Physico-chemical etching

The synergistic effects of physical and chemical etching are described by this
etching process with consequences of selective and anisotropic etching at etch rates
greater than the combined 1solated physical and chemical etching rates [2.8]. Physico-
chemical etching encompasses the cases of energetic mnert ion borabardment of the
matenial 1n the presence of an etching gas flux, energetic reactive 1on bombardment of
matenals. and of energetic reactive ion bombardment plus reactive neutral etching gas flux
to etch a matenal surface. Figure 2.2 shows simple schematic drawings depicting the
different dry etching classifications. In general, this third dry etching technique has been
proposed to be caused by.

(1) chemically-enhanced physical sputtering (i.e. chemically weakened surface

bonds facilitate physical sputtering [2.9]),

(1)  damage-enhanced chemical reactions leading to volatile products {2.10,11];
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Figure 2.2 Schematic drawings of the different dry etching processes
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(ii1) chemical sputtering (i.e. ion bombardment provides the energy to dnve the
chemcial reactions leading to desorption of volatile species [2.12]),

A significant number of fundamental and apphed studies have been camed out to
determine the actual mechanmism(s) which gives the enhanced etch rates from physico-
chemical etching, but much controversy still exists in the scientific commumty For an
excellent recent review, the reader is directed to the work of Winters and Cobum |2 8]

In commercial environments the physico-chemical etching 1s accomphshed by
generating reactive ions, free radicals and neutrals in a reactive plasma. and directing the
etching species at normal incidence onto target sample wafers. The vanous types of dry
etching chamber configurations have been reported in the hterature [2.6] The term
*reactive ion etching" (RIE) has been applied to one particular dry etching configuration
[2.6] where it implies that the reactive positive ions are mainly responsible for etching
However, the presence of a significant neutral reactive flux has been associated {2 6] with
the enhanced etch rates. This IE process is a dominant dry etch technique in the

fabrication process because it provides high etch rates, selectivity and anisotropy

2.3 Reactive Jon Etching of Silicon

2.3.1 Plasma chemistry
In present generation RIE, fluorocarbon feedgases such as CF,, C,F,, and CHF,
are used to generate the reactive species needed to achieve etching of Si as well as Si0,

A CF, plasma produces fluorine (F) atoms, and these atoms react with Si to form

12



pnmarily SiF, at room temperature. The etching of Si by fluorine has been extensively
studied [2.8). The addition of oxygen (O,) and hydrogen (H,) to these fluorocarbon gases
allows the selectivity to be vanied. CF, + H, RIE gives S10,:S1 selectivity of 35:1 [2.13],
and an increase in H, additions produces an increase in selectivity [2.14]. This increased
selectivity is attributed to the decrease in the Si etch rate as a result of the development
of a fluorcarbon film residue on the silicon surface. This example serves to illustrate the
importance of the plasma chemistry in RIE. For an in-depth presentation of various

plasma chemistries related to silicon RIE, the reader 1s referred to the literature [2.15,16].

2.3.2 Residual surface damage

The reactive ion etching process induces surface residual damage because energetic
ions are involved. These reactive positive ions deliver energies of a few hundreds of
electronvolts (as determined by the self-bias voltage in the RIE configuration) to the
surface of the matenal being dry etched. Such ion bombardment results to varying
degrees in physical damage to the Si crystalline surface, surface region contamination
from the implantation of atoms from the RIE plasma, and the formation of Si-containing
surface compounds. These vanious effects from reactive ion bombardment are manifested
as modified structural, chemical and electrical pro: .tties {2.17]. All these different
surface modifications will be collectively referred to as residual surface damage in this
thesis

The surface physical damage up to 30nm i1s seen by transmission electron
microscopy as extended defects, {111} planar defects, gas bubbles and an amorphized

surface region|2.18.19]). X-ray double-crystal diffraction also confirms the presence of




this amorphous and/or polycrystalline silicon surface region [2.20] to depths of 20nm
Thermal wave measurements also indicate the presence of disorder and defects to a
sampling depth of 3um [2.21]. The amorphized very surface region 1s a direct
consequence of the energetic ion bombardment and the defects present below the surface
are due to permeation of atoms [2.17] which are implanted from the plasma as well as
from enhanced diffusion drniven by non-equilibrium point-defect densities {2 22}

The consequences of the residual surface damage are usually detnmental to
devices fabricated on such surfaces. CF, RIE of horon-doped silicon results in boron
acceptor neutralization to depths of the order of microns below the Si surface [2.23] The
presence of hydrogen from CF,/H, feedgas mixtures also results in hydrogen incorporation
or permeation [2.24]. This hydrogen 1s known to form hydrogen-boron-silicon complexes
which deactivate the dopant [2.25]. Anomalous high contact resistance to the p+ silicon
surface after RIE has been observed [2.21]. A correlation is reported [2.19] between the
Si surface lattice damage and leakage current properties of thermal oxides grown on the
damaged silicon. Capacitance-voltage (C-V) measurements indicate infenior high- and
low-frequency curves compared to a surface not subjected to CF, RIE [2 26] In addstion,
interface trap states are umiformly distnbuted throughout the bandgap with net trap
densities fivefold greater thau for an unetched Si surface [2.26] RIE of silicon in a NF,
plasma results in a net positive surface charge which leads to an mcrease in Schottky
barrier height on p-type Si1 and a decrease on n-type Si [2.27]

The fluorocarbon RIE process is known [2.22,28,29] to leave a residual passivation
layer containing mainly carbon (C) and fluonine (F). Several analytical techniques

[2.22,30-32] have been employed to study the residue film composition and crystalline
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damage including Rutherford backscattering spectrometry/ion channelling
(RBS/channclling), nuclear reaction analysis (NRA), X-ray photoelectron spectroscopy
(XPS), and spectroscopic ellipsometry (SE). The conclusions from these studies are that
the fluorocarbon residue film layer caps a modified Si-containing compound layer of
oxides, carbides and oxyfluoride species extending to depths of 3nm with a deeper (30nm)
region of hydrogen penetration and crystalline damage. Hence the residual surface
damage induced by fluorocarbon RIE of silicon is manifested as a complex, Si-modified
surface region comprised of carbon, fluorine, oxygen, and hydrogen contaminants in the
forms of a residue layer, a compound layer which is also heavily damaged, and a
permeated or diffused region which also possesses crystailine disorder.

As a result of exposing Si to the reactive plasma environment in RIE, reactive ions
and neutrals all simultaneously irradiate the silicon surface to be dry etched. It is
therefore difficult to assign the contributions of the various reactive species to the
development of the residual damaged surface region. A valuable parameter to control is
the reactive species kinetic energy [2.33]. The effects of ion bombardment energy from
RIE of silicon using CF, and SF, feedgases have been shown [2.34] to affect the extent
of residual damage in the form of fluorosilyl (SiF,, n=1,2.34) species formation.
However. the precise kinetic energy of the reactive ions was not determined. The
presence of reactive neutrals in the plasma at vacuum pressures of milli-Torr means that
the energetic ions collide with these neutral species and thus lose emergy [2.30,35].
Hence the energies of reactive species (both reactive ions and neutrals) range from a few
hundreds of electronvolts down to almost zero energy. In order to gain a fundamental

understanding of the development of residual surface damage, the independent control of

13



the different reactive 1ons as well as the kinetic energy is required.

233 Future trgo:'ls

A recent review [2.36] has stated that dry processing in microelectronics will be
moving towards low pressure plasma technology. With linewidths being reduced to below
0.35um, the maintenance of vertical trench profiles becomes more difficult if the energetic
10ns lose their directionality from collisions with neutral species from the plasma. Hence,
by reducing the plasma pressure, less neutrals are present with a concomitant increase
in ion current density arnving at the sample surface. This situation has been called [2 37]
high density plasma (HDP) etching. In thas low pressure situation, the reactive 1ons will
actually be dominant in the etching process, and true reactive ion etching takes place

The reactive ion energies in the HDP are lower than for conventional RIE, 1 e 25
to 70eV [2.36,37] compared to a few hundreds of electronvolts. This produces less severe
residual surface damage after the dry etching, and the etching chemistry 1s different |2 36]
at the lower ion energies. At these energies the chemistries of the 1on-sol:id interactions
mvolved in the dry etching process are likely dominated by the 1on energy This reactive

1on kinetic energy regime of 100 to 20eV 1s of fundamental as well as technological

importance to the study of residual surface damage on silicon
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CHAPTER 3.

INSTRUMENTAL METHODS

3.1 Intvoduction

In this chapter, the instrumental aspects of the methods used in this thesis are
reviewed. The level of detail in each section reflects the background information needed
to understand the expenmental results. Detalled theoretical development of the
mstruments is considered beyond the scope of this work Such developments are aited

in the vanous sections for further reading.

3.2 Sample preparation

The sihicon (S1) samples used in this thesis were prepared from device quality p-
type Si(100) wafers implanted with boron (B) at 16keV and dose of 1 6x10""/cm’ followed
by rapid thermal annealling at 1050°C for 30s. The samples are wet etched in a dilute
hydrofluonic acid (HF) and deionized water soiution (approximately Svol % HF) for 39
followed by ninsing in deionized water for 30 to 45s, and blown dry with a nitrogen gas
(N,) for 60s before loading into the UHV-LEIB system (see section 3 4 for a descnption
of the system) This wet HF etch treatment produces a hydrogen-termmnated S1 surface
which 1s resistant to ur oxidation(3 1.2] over the ime penod (approximately Imin)

needed to load the sample into the LEIB system No further surface cleaning procedure

1s applied prior to or after the 1on beam bombardment expenments




3.5 Ultra-high vacuum considerations

The surface reactions induced by reactive ion bombardment of silicon are
conducted as expenments under vacuum conditions. This vacuum requirement is needed
to ensure that surface contamination does not drastically affect the studies, that the
reactive 10n species can be delivered to the target surface and electrons can be detected
by an analyzer without being significantly scattered by gas phase molecules. In many
cases, surface contamination can seriously alter the interpretation of analytical results.
The pnnciple source of contamination is from the residual gas present in the vacuum
system {3.3]

Gas phase kinetic theory predicts that for a sticking probability of unity, 1.e. every
gas molecule that impinges onto a surface will stay on that surface, a background pressure
of I1x10"mbar (Imbar=iTorr) causes an accumulation of 1 monolayer of contaminant
Is at room temperature [3 4] If an arbitrary acceptable limit on rate of contamination is
chosen to be less than 1monolayer in 30min, then gas kinetic theory says that the pressure
must be no greater than 5x10'°Torr. At room temperature the sticking protabilities are
usually less than unity, and most expenments can be conducted with base pressures of the
order of 10 to 10"'*Torr This pressure regime is typically called ultra-high vacuum
(UHV)

For the expenments conducted 1n this thesis, the low energy 10n beam system 1s
tvpically at pressures below Sx10°Torr. and the XPS surface analysis system 1s at

pressures below 6x10*Torr




3.4 Generation of low energy, mass-filtered ion beams

341 The custom-built, low energy ion beam system

The design of the low energy ion beam (LEIB) system was such that ions were
extracted, accelerated and transported at emergies of a few keV from the ion source,
through a mass-filter system, and finally decelerated through an electrostatic lens system
before bombardment onto the samp’e surface. Increase (f the ton beam diameter due to
space charge repulsion during ion beam transportation has been identified as a senous
problem in low energy ion beam systems [3.5]. Tlus on beam spreading can
significantly reduce both the available ion cwitent due to current losses in the 10n beam
column and the current density at the specimen surface. The design philosophy of high
ion energy transportation through the column and then final 10n deceleration mimimizes
these beam spreading effects.

The custom-designed and constructed LEIB system incorporates a shght
modification of the Colutron G-2 Ion Gun model {3.6] Figure 3 1 shows a peneral
schematic of the low energy ion beam system and vacuum transfer chambers The LEIB
system consists of the ion source which generates the reactive, positive 10ns and neutrals
in a small volume plasma. These species are extracted through a small, approximately
Imm diameter hole in the anode (see Figure 3 1b) After being focussed by Einzel lenses
in the extraction-focussing chamber, the 10on beam 1s mass-separated using a Wien filter
An "elbow" in the ion beam column 1s used to separate neutral species from the positive

ions 1n the beam. Electrostatic deflection plates (1st Honzontal Deflector in Figure 3 ib)

2



23

Figure 3.1 Schematic of the (a) UHV system incorporating the low energy
1on beam (LEIB) system and vacuum transfer chambers, and (b)

the 10n optics used in the mass-resolved LEIB unit from (a).
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are used to direct the ion beam through to a 2nd Einzel lens. The neutrals species are not
influenced by the electrostatic field, so are separated from the ions at the "elbow"
Finally, the mass-filtered ion beam is focussed and decelerated by a senes of electrostatc
lenses (Deceleration and Focussing Ion Optics from Figure 3.1b). The final filtered and
focussed 1on beam impinges onto either a Faraday cup or the sample.

For the LEIB system in Figure 3.1a, vacuum conditions are maintamned by a
turbomolecular pump backed by a rotary pump for the ion source chamber. the extraction-
focussing chamber, and the chamber housing the Wien filter. The typical operating
pressures are near 1x10”°Torr with the ion source chamber at 3-5x10?Torr The second
1on beam focussing chamber and the target/specimen chamber are each separately pumped
by cryopumps with routine base pressures of 1x10” Torr. The ion beam 1s blocked from
impinging onto the sample cr Faraday cup by a gate valve separating the Wien filter
chamber and the second focussing chamber. During 1on beam bombardment of the

sample, the pressure in the target chamber rises to a limit of 5x10”Torr

3.4.2 lon source

The type of ion source for any ion beam system 1s very important For research
environments, the 1on source should be capable of generating the 1on species of interest,
the kinetic energy spread of the ions should be 10eV or less, and 10n current densities of
at least a few mucroamperes per square centimetre should be achievable Other
considerations include cost of maintenance and operation of this component

The most widely used type of 10n source 1s the hot-cathode source [3 7] The

basic principle of operation involves heating a tungsten cathode within an i10mzation
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chamber When a potential is applied between the cathode and anode, a region of space-
charge-limit potential is developed. Thermionic emission of electrons [3.3,4] occurs at
the hot cathode. These energetic electrons are accelerated towards the anode and collide
with the feedgas present in the space-charge-limit potential region. As a consequence of
gas phase collisions between the electrons and feedgas atoms, ions and secondary
electrons are generated. As more gas particles collide and are ionized, a cloud of ions
and electrons is produced (i.e. a plasma is formed). The ions will tend to move towards
the cathode and electrons will tend to move from the cathode to the plasma [3.8). If this
condition 1s self-sustaining, the plasma is maintained.

The positive ions are extracted axially from the plasma through a circular aperture
at the centre of the anode plate (see Figure 3.1b). The hollow cathode housing the
tungsten filament is placed axially in the ion source. The high electron density from the
thermionic emission process optimizes the ionization of the feedgas. The Colutron hot-
filament dc 10n source operates at a power of approximately S00W. Current densities of
near 150pA/cm® for Ar® have been obtained for this ion source. For the reactive ion

species used in this thesis, the current density ranged from 1 to 100pA/cm’.

343 Beam focussing

The ions extracted from the plasma are accelerated to a potential of 3keV by an
extraction plate electrode (see Figure 3.1b). This extracted ion beam is of very high
current density and is also defocussed. Focussing and collimation of the beam is camed
out by an Finzel lens located at the exit point of the extraction plate. The kinetic energy

of 10on species in the beam entering and leaving the lens are the same. The
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focussed/collimated 10n beam which enters the Wien filter is usually defocussed by the
mass-filtering effect. As a result, a second Einzel lens is placed after the Wien filter in
order to re-collimate and re-focus the mass-filtered 10n beam before final deceleration to
the desired 1on energy. Hence, beam focussing is nceded to minimize 1on current losses

due to defocussing.

344 lon mass-separation

The ion beam entering the Wien filter (or velocity filter) contans species of
different masses with the same energy. Mass-separation or discnmination 1s necessary
to ensure that only the positive ion species of interest will bombard the target specimen
Mass-filtering 1s accomplished in this system by a Wien (or velocity ) filter [3 3.8] This
velocity or (E x B) filter nvolves the balancing of electnc and magnetic fields to filter
or discniminate between the ions of different masses. In the Wien filter, the magnetic and
electric iteld directions are required to be perpendicular to each other, and the resultant

force due to the influence of both fields upon a charged particle such as positive 1ons in

this case is given by:

qE-qwvxB) =0

where E 1s the electnic field strength, v 1s the velocity of the charged ion particle and B

is the magnetic field strength The 10n of mass M passing through the perpendicular

electric and magnetic fields 1s given by




M =2gqv (B/E)?

Hence, by altering the magnetic or electnc field strengths, ions of mass M may be
selected or filtered from the mixed species ion beam. The Colutron velocaity filter model
000B 1s able to separate ion species +lamu from each other (see section 3.4.6). The
reactive 10n species of interest for this work were “F°, *'CF’, and **CI*. The *CI

1sotopic mass is separable from the *’ClI" ions in this LEIB system.

345 Beam deceleration

The five-electrode deceleration lens system used in this work performs under two
dynamic modes of operation: (a) single step deceleration by using just two active
electrodes; and (b) multiple focussing-deceleration by activating all five eiectrodes. The
second operation mode was used in this thesis. The design and construction of this
deceleration lens system is considered beyond the scope of this discussion and has been
reported elsewhere [3.9-12]. The ion beam can be decelerated from 500eV down to

10eV. For example, Ar” has been decelerated to 10eV with an energy spread of +0.5eV

[3.9.12]

346 lon mass and kinetic energy characterization
For reactive 1on beam exposures of specimens, it is important to characterize the
1on beam 1n terms of its kinetic energy spread and mass purity before ion bombardment

The mass charactenzation 1s accomplished with a quadrupole mass spectrometer (QMS).
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The QMS n its basic form i1s comprised of four metallic rods to which direct current (dc)
and radio frequency (rf) signals are applied. The resulting electric field allows ion species
of a given charge to mass ratio to follow a stable path through the rods to reach a
detector. All other ions do not possess this stable trajectory and collide wath the rods o1
housing chamber before reaching the detector. In this way. masses of the vanous i1ons
from the low energy 1on beam can be determined The detailed performance of QMS
instruments may be found in the literature [3.13.14].

A VG model SPX300 QMS used for measuring the ion beam species mass s
attached to the LEIB target chamber either along the 1on beam axis (Figure 3 1) or
perpendicular to the beam axis. This QMS 1s equipped with a VG model CMX500
cylindrical mirror energy analyzer (CMA) which measures the kinetic energy of the 10n
beam species. A set of ion electrodes is mounted in front of the QMS for direcing the
ion beam into the analyzer For the QMS located along the beam axis, the
sample/Faraday cup manipulator is translated vertically until the assembly 1s above the
ion beam (see Figure 3.1b). This allows the ion beam to enter the QMS for mass and
energy characterization. For the QMS positioned at a nght angle to the beam axis, a
positive potential is applied with respect to ground potential to repel the posiuve 10n
beam. By tuming the Faraday cup assembly to 45° with respect to the beam axis towards
the QMS, the ion beam is effectively “reflected” 1nto the QMS In this fashion the
sample/Faraday cup assembly acts as an ion beam “mirror”

Figure 3.2 shows an example of ion beam mass charactenzation In Figure 3 2a,

all the various positive 1on species extracted from the CF, plasma are detected by the

QMS. It should be noted that such a mass spectrum is not the same as for a CF, plasma
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Figure 3.2

Mass spectra of the ion beam generated from the Colutron ion
source using a CF, feedgas, (a) all species present before mass

separation by the Wien filter, and (b) mass 31 corresponding to

CF" ions after mass discrimination.
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present in commercial RIE systems [3.15). In the Colutron ion source, the plasma is
confined within a very s:nall volume by a graphite jacket and exposed to relatively high
temperatures, hence there is appreciable interaction between the plasma and the graphite
walls [3 !6]. Figure 3.2b shows the mass separation of CF" ions.

The ion beam energy spread is measured by the CMA. An Ar’ ion beam at 100eV
has a full-width-at-half-izaximum of 1.3eV (or +0.7eV), while at 10eV the energy spread
1s £0.5eV [3.9,12). This high energy resolution allows the low i10n energy range of leV

to 100eV to be studied.

347 lon det

The Faraday cup assembly is placed along the beam axis in order to measure the
ion current. The screening hole is approximately 1.3mm in diameter and is used for beam
profiling. The maximum current densities are achieved by directing and focussing the ion
beam nto this small hole into the Faraday cup. The ion current density inside the 1 3mm

hole was calculated, and the time to achieve a required dose was estimated as

time(s) = [ion dose(cm™?) x 1.602x10"°(C)] / [current density (C s* cm?))

For doses of 3x10" to 1x10'*ions/cm’ used in this work, the time to achieve suc’: doses
ranged from a few minutes to several hours.

Once the time for the required dose is calculated, the ion beam is blocked off with
the gate valve between the 2nd focussing chamber and the target chamber (see Figure

3 1a). and the sample holder mounted directly above the Faraday cup is lowered into
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position along the ion beam axis. The gate valve 1s opened and the required dose

delivered to the sample surface. The dose is stopped by closing the gate valve

348 Vacuum transfer

Once a sample 1s exposed to the reactive 10n beam. it 1s transferred under vacuum
(<5x10*Torr) to the long transfer cormdor rod (see Figure 3 1a) From there u 1s
transported into the vacuum sample transfer vessel located at the end of the corndor rod
Gate valves isolate this transfer vessel, and the vessel 1s removed from the system The

vacuum in this vessel is maintained below 1x10’Torr The sample 1s then transferred to

the XPS system for surface analysis.
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3.5 Surface Analysis: X-ray photoelectron spectroscopy

351 Concepts and pnnciples

The surface of a matenal 15 defined 1n 1ts simplest sense as the outermost atomic
layer of a solid |3 17], or more generally as the boundary layer of one phase at its
interface with another [3 18], e.g. the outermost layer of a matenal in contact with a
vacuum environment as in conventional surface analysis. The surface properties of a
matenal have practical importance For ins:ance the surface properties of a semiconductor
will influence the subsequent passivation and fabrication of a microelectronic device
{3 19] The surface properties of pnimary interest in this work were the concentrations
of surface constituents, the chemical composition of surface species, the depth distribution
of such species, and the surface band-bending characteristics.

X-ray photoelectron spectroscopy (XPS ) or electron spectroscopy for chemical
analysis (ESCA) 1s a surface sensitive technique which provides information on both the
atomic concentration and chemical staics of surface constituents. The fundamental
pnnciple underlying XPS 1s the photoelectric effect as first proposed by Albert Einstein
[320] Verv bnefly, a beam of X-rays with energy hv imradiates a solid surface under
ultra high vacuum conditions (see section 3.3) and the kinetic emergy. K.E., of
photoelectrons which are ejected from the surface atoms are detected and analyzed.
Figure 3 3 shows a simple energy level diagram of the process. The bindi~g energy. B.E.

of the photoelectrons can be determined by
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Figure 3.3 Simple schematic energy level diagram illustrating the

photelectric effect.
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BE. =hv-KE. - ¢,

where ¢, is a correction term due to the analyzer work function [3 21,22

From this equation, if the energy of the incident X-ray beam. htv), and analvzer
work function, ¢,, are predetermined, then the binding energies of the photoelectrons.
B.E., are known from the detection and analysis of the photoelectron Kinetic energies,
K.E.. The charactenistic XPS spectrum is conventionally presented as the number of
electrons detected, N(E) or intensity, versus electron binding energy Figure 3 4 shows
examples of XPS spectra acquired with a wide electron binding energy window (low

resolution survey or broad scan) and acquired with a narrow binding energy window for

an isolated core-level electron (high resolution narrow scan) XPS 1s capable of

1dentifying all the elements present i the peniodic table except for hydrogen and helium

The kinetic energies are such that only those photoelectrons generated from the
near surface region are detected since photoelectrons generated deeper within the sample
undergo inelastic collisions and thus lose significant kinetic energy and are either unable
to escape from the surface or escape with an energy loss. The latter photoelections
contribute to the inelastic background signal detected in the spectrum but not to the well-
defined photoelectron peaks. A further discussion of the surface sampling depth by XPS

1s presented in section 3.5 4.

3.5.2 Elemental identification

Surface elemental identification is possible since the binding energies of the core

electrons are specific to each element In the majonty of cases, XPS studies focus on the
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Figure 3 4

Examples of XPS spectra as (a) survey scan of Si surface after
wet HF etch, and (b) high-resolution scan of the Si2p core-level

of an Si surface with a thin S10, native oxide overlayer.
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analysis of core-level electrons. Auger electrons are also detected by XPS because these
electrons possess kinetic energies in the same range as the core-level photoelectrons.
However, surface analysis by Auger electron spectroscopy (AES) was not considered in
this thesis  For treatments of AES, the reader is referred to texts found in the literature
[3.17,23]. Figure 3.4a shows an example of the elements identified from core-level and
plasmon loss peaks {3.17] from a semiconductor silicon wafer after a wet HF solution

etch to remove surface native oxide and contaminants.

3.53 Chemical state information

The binding energy of the core electron is defined as the energy difference
between the Fermi level and the ground state of the core-level electron [3.24] (see Figure
3.3) Binding energies of core electrons are very seasitive to the chemical environment
of the elemental atoms under consideration, and the chemical state (oxidation state) for
the surface elements may be determined from the “chemical shift* of the photoelectron
binding energies [3.25]. The chemical shift arises because a rearrangement of the valence
electrons changes the potential felt by the core electrons, and the difference in chemical
states is manifested by a change in binding energy for the core-level electron of an atom.
Hence, an increase in oxidation state corresponding to electron charge transfer is
mamifested as a shift of the core-level peak towards higher binding energy than the atom
n 1ts elemental or 0 oxidation state.

Since the XPS core-level spectral profile is dependent on the photoelectron binding
energy and chemical state of the surface element, the final spectrum represents a

convolution of all the separate photoelectron peaks. Peak-fitting programs are routinely

41



used to deconvolute the peak profile in order to obtain information about surface chemical
states. Figure 3.4b shows an example of a thin surface silicon dioxide (SiO,) layer
present on silicon. The +4 oxidation state of silicon as $10, 1s "chemically shifted” n
binding energy from the elemental silicon in the 0 oxidation state. Judicious assignment
of peaks charactenstic of different chemical environments requires compansons with

tabulated literature values as well as msight into the particular matenal surface under investgation

3.54 Non-destructive shallow depth-profiling

The surface analysis depth in XPS varnies with the photoelectron kinetic energies
under consideration. The intensity of electrons, /, emitted from a depth, d. 1s given by

the Beer-Lambert relationship (3.26]:

I1=1Iexp {-d/ (Acosb) }

where 7, 1s the electron intensity from an infinitely thick and clean substrate, @ 1s the
polar angle of photoelectron emission with respect to the sample normal The decay
constant A represents a charactenistic length such that the intensity ratio ///, 1s attenuated
by l/e. This A is called the inelastic mean free path (IMFP) of the photoelectrons The
IMFP of the electrons vanes with the kinetic energy. Figure 3.5 shows the "universal
curve" of the electron kinetic energy dependence on 4 [3.27] The IMFP in monolayers
represents approximately 1 to 3nm depths from the solhid surface, hence the high surface

sensitivity of this technique.

The Beer-Lambert equation can be used to provide non-destructive shallow depth-




—~

Figure 3.5

The “universal curve” dependence of IMFP on electron kinetic

energy (due to Seah and Dench [3.27]).
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profile information about the surface under investigation. It can be shown [3.26] that by
analyzing the intensity of photoelectrons emergzing at 6=0° (i.e. emission normal to the
sample plane), 63% of the XPS signal will emerge from a depth of A, and the majonty
of the signal at 86% will emanate from a depth of 2A. Therefore, an estimation of the

sampling depth 1s given by

d =2 A cos@

Values for A have been calculated [3.27-30] to be approximately 0.5 to 4nm, and as
values of A are near 3nm for a material such as silicon [3.29], the effective maximum
sampling depth 1s only 5 to 6nm.

Under typical XPS analysis conditions in this thesis, the data collection is carried
out at only one photoelectron polar angle of 55° and the surface composition is assumed
to be uniform throughout the sampling depth (see section 3.5.8). However, in angle-
dependent or angle-resolved XPS (ARXPS), spectra are acquired as the polar angle is
vaned. Figure 3.6 shows the geometry in ARXPS. By changing the polar angle, the
effective sampling depth increases or decreases and information is gained from both the
clemental concentration and chemical species depth-profile. This non-destructive depth
analysis [3.17,27] can he used to characterize thin films, to enhance surface sensitivity of
analyses for very thin layers, and to distinguish between thin surface overlayer
homogeneity or 1sland distribution of surface films.

Attempts have been made to deconvolve the ARXPS data into elemental and

chemical species depth distributions with several mathematical algorithms [3.27,31,32].
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Figure 3.6

Vanation in XPS surfacc analysis depth with changes in the

polar angle of photoelectron detection.
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The deconvolution approach due to Bussing and Holloway [3 33] was used in this work
to simulate the depth distnbution of Si-contamning surface species (see Chapter 6. section
6.3.2.). High resolution XPS spectra were collected for the S12p. Cls, Ols and Fls core-
levels at pass energies of 150eV for quantitation and at SOcV for high spectral
discnmination of the different chemical species present The data were collected at
various photoelectron takeoff ansles with respect to the sample normal (1 ¢ polai angle,
0). The IMFP for all core lines under consideration are needed for the simulation and can
be obtained from the literature [3.27-30]. The deconvolution model was available on a
personal computer and required the mnput of the data collected at specified polar angles
along with the IMFP values. For the determination of Si-contamning species a constant
IMFP of 3.0nm was used [3.29] because the kinetic energies of the photoclectrons were
all denved from the Si2p core-level.

An altemative method of obtaining non-destructive shallcw depth information 1
by studying the photoelectrons emitted from different core-levels of the same atom Since
the IMFP vanes with electron kinetic energy (Figure 3.5), by selecting a pair of electron
transitions accessible to XPS but «iso widely separated in kinetic energy, 1t 1s possible 1o
obtain a degree of depth selectivity [3.26]. In the case of the fluonne atom which 1s
present after low energy F* ion bombardment, the Fis core-level (from the “universal
curve' [3.27], electron K E =800eV, A=2 Tnm) ar:d F2s ievel (electron K k =1450¢V
A=3 7nm) can be used to evaluate the depth of fluonne penetration uto the surface of

stlicon.

355 Destructive ultra-shallow depth-profiling
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The erosion of surface layers to perform depth-profiling analysis has been
traditionally accomphished by energetic (1 to 10keV) argon ion (Ar’) bombardment
[3 17,34] In this approach, the surface 1s physically sputtered for a controlled duration
and. after the sputtering 1s terminated, surface zaalysis by XPS or AES is performed.
After the analysis of this surface, the sputtering followed by surface analysis is repeated
in order to obtain the depth-profile High resolution mass analysis of ions sputtered at
subsequent depths cor.stitutes the technique of secondary ion mass spectrometry (SIMS)
{3 34] These forms ot depth-profiling analyses require the physical sputtenng of surface
atoms with energetic positive 1ons  Such 1on bombardment produces artefacts such as
preferent.al sputtenng of different surface elements at different rates This effect results
in a distorion of the concentration depth-profile at greater depths. Another artefact
induced by the bombardrient process is the physical damage to the surface in form of the
crvstal disorder and both direct and recoil implantation of surface species. This then sets
a lower limit to the depth resolution achievable 1n the profiling {3.35]. The ion mixing
depth 15 larger than 0 5Snm at an 10n sputtening energy of lkeV [3.35]

A new approachk 1. depth-profiling silicon has been recently developed [3.36] m
which controlled thicknesses of silicon are removed with a depth resolution of 0 Snm
followed by surface analysis by XPS The erosion process was accomplished vy ozone
oxidation of the silicon to consume known amounts of silicon followed by removal of the
oxide by a wet hvdrofluonc acid (HF) etch treatment This erosion process avoids some
of the major artefacts induced by traditional 10n sputter depth-profiling. The ox:dation

kinetics of S1 are well-studied [3 37.38] and the S10,-S1 interface 1s atomically abrupt

[339] Therefore. the S10, /' Si system 1s an ideal system for this depth-profiling
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procedure. In addition, the wet HF treatment results 1in a hvdrogen-terminated Si surface
with a flatband condition [3 1,2.40,41] which 1s passive or resistant to oxidation within
the time 1t takes to load the sample into the XPS (typically 2min)

The Si1 sample is loaded into a small ultraviolet ozone reactor |3 30] which 1s
purged with oxygen gas ((),) bubbled through deionized water A low pressure mercury
(Hg) lamp was used to generate the ozone from the O, present in the reactor The sample
1s exposed to ozone for a fixed duration, and this exposure results in a thin, reproducible
oxide layer. The thickness of the oxide was determined by XPS from measunng the Si2p
mntensities due to the oxide and substrate Si components using the following equation

[3.36)-

t,=A,ccs@In [, /1) (p,/ p) (A /A) +1]

where A, and A, are the respective IMFP of the S12p photoelectrons mn silicon and sihcon
dioxide, p, and p, are the respective atom density of silicon 1n sihicon (5x10*/cm’) and
silicon dioxide (2.2x10%/cm’). and @ is the polar angle (55°) used for the analysis By
assuming that the IMFP of the Si2p photoelectrons in Si and Si10), are both 3 Onm
[3 29.30], the average oxide thickness of 0 8 + 0 2nm 1s obtained The thickness of S
consumed 1n the oxide 1s approximately 045 times the oxide thickness  Henco. the
anount or thickness of S1 removed by oxidation step 1s approxamately 04 + 0 lnm In
this depth profiling procedure, the oxide layer was removed by a wet 5% HF 1in deiomized

water etch for 60s and ninsed with deionized water for Imin
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After the removal of each thin 0.5Snm layer of Si, the sample surface was analyzed
by XPS (o determine the presence of different chemical species. This removal of ultra-
shallow Si layers plus XPS analysis constitutes the destructive, depth-profiling technique.
In addition, the samples can be analyzed with the oxide layer intact. For this surface
condition, low energy flooding elect:ons are used to charge ti,> sample negatively within
the XPS analytical chamber. Spectra are acquired before and after the sample is charged

negatively This surface charging technique is discussed in the next section.

356 Surface charging spectroscopy

A new techniqu¢ has been recently developed to study the quality of thin
dielectnc-semiconductor structures [3.42-44]. Thas technique requires an XPS
spectrometer with high energy resolution and a controlled low energy electron floodgun
to charge the specimen surface negatively. The information available from w.e surface
charging spectroscopy (SCS) include Fermi level (FL) "pinning" of the semiconductor at
the dielectnic-semiconductor interface and the insulating properties of the dielectric
[3 42.43] A further application of SCS 1s the quantification of the degree of Fermi level
pirning, 1.e the measurement of interface state demsities within the semiconductor
bandgap [346] The sample structure is typically a thin dielectnc overlayer on a
semconductor The overlayer must be thin enough in order to allow detection of core-
level photoelectrons from the underlying semiconductor substrate. This sets an upper
limut of approximately 10nm for the overlayer thickness based upon the effective sampling
depth achievable from XPS (see section 3.5.4) This technique is used in this thesis only

to evaluate quahtatively the surface Fermu level pinning phenomenon using a constant
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electron floodgun energy of 2eV (see Chapter 4. section 4 3 3)

The negative charging of the dielectric surface produces an upward surface band-
bending condition for an ideal dielectric-semiconductor interface Ims 1s mamfested as
a shift (of less than 1eV) in the core-level peaks towards lower binding energy compared
to the case of no surface charging. If there 1s an appreciable density of electncally active
defect states at the interface, this then contnbutes to a number of states present within the
bandgap and are sometimes termed gap states [3.45]. The extemal charge from an
applied voltage (in this case the low energy flooding electrons) may be consumed by
filling or emptying these gap states instead of being used to influence the occupancy of
the valence and conduction bands of the semiconductor As a result, the semiconductor
surface no longer responds to the negative charging and the core-level peaks do not shift
after negative charging, 1.e. the Fermi level is "pinned"

The St specimens with a back ohmic contact were mounted onto stainless steel
holders which are in contact with the spectrometer This ensured that proper electrical
contact was maintained. High resolution spectra are acquired of the Si12p core-level
before and after charging the sample surface The specimen consists of the thin
approxamately 1nm thick $10, overlayer grown by ozone oxidation on the semiconductor
S1 substrate (see section 3.5.5) The S12p core-line 1s peak-fitted in order to determime
the shifts of peak positions induced by SCS The difference in binding energy values
before and after negative surface charging 1s used to evaluate surface FL pinning The
XPS analysis chamber has a small hight to illumnate and locate the sample region for
analysis. However, for all samples analyzed 1n this thesis, the illummation to the sample

1s turned off in order to avoid photocurrent effects
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358 Instrumentation

Surface analysis was carried out in a Surface Science Laboratones (SSL) Model
SSX-100 X-ray photoelectron spectrometer [3.46] which was incorporated into a custom-
designed/built ultra high vacuum system [3.47). Figure 3.7 shows a general schematic
of the system Features of this system include a separate sample introduction chamber
and an 1solated sample preparation chamber for vacuum heating and ion-sputter cleaning
of specimens, in addition to the main spectrometer analys's chamber. Both the sample
preparation and analysis chambers are separately connected to the introduction chamber.

The spectrometer features a monochromatic Aluminum (Al) Ka X-ray source,
(hu=1486 6eV) with vanable source power operated between 10 and 200W at 10keV,
selectable small spot sizes and vaniable resolution settings. The spectrometer functions
are controlled by a Hewlett-Packard Model 9836 microcomputer. This microcomputer is
also equipped with SSL software used for data analysis and manipulation, e.g.
determmation of surface atomic compositions and an iterative chi-squared peak-fitting
program for analysis of high resolution spectra. The vacuum conditions in the analysis
chamber were maintained by turbomolecular and jon pumps in a suitable configuration.
The ntroduction chamber uses a turbomolecular pump which initially pumps down the
chamber from ambient to pressures below 10°Torr, and at this point a gate valve
separating the introduction and analysis chambers 1s opened. The specimen holder 1s
transferred mto the analysis chamber with a long feed through rod. The majonty of
samples were analyzed within a vacuum pressure range of 2 to 6x10”°Torr.

The AlKa X-rays are generated by an electron beam bombarding an Al anode at

15kV  The Ka,, doublet has a linew:dth of approximately 0.85eV [3.3,17] and after
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Figure 3.7

Schematic drawing of the custom-built

incorporating the SSX-100 XPS spectrometer

UHV

system
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monochromatization and final X-ray spot focussing with a Johansson bent quanz crvstal

[3.46], the diffracted Ka, line at 1486.6eV has a linewidth of 0.35eV [33.17] The Al
anode, quartz crystal and the specimen surface lie on a Rowland circle [3.17.46] to fulfill
the proper X-ray diffraction conditions (see Figure 3.7). The final X-ray spot size at the
sample surface is determined by changing the size of the electron beam at the anode The
present XPS instrument 1s capable of focussing AlKa, X-rays as a circular spot between
1000 and 150um in diameter onto the sample surface. For all samples analyzed in this
thesis, a spot size of 300um in diameter was employed.

The specimen holder sits on a rotatable carousel sample holder stage which holds
up to 5 holders in the analysis chamber. The carousel is capable of transition n the x,y.z
directions. For specimen holders in the carousel centre position, rotational freedom 1n 360°
1s possible wath a vertical axis of rotation. This rotational freedom 1s necessary for angle-
dependent XPS analysis (see section 3.54). The sample surface 1s brought to the
coincidence point of the spectrometer by vertical translation of the carousel stage under
an optical microscope (Figure 3.7). The focal pont of the microscope is matched with
the focal point of the diffracted, monochromatized AlKa X-rays along the Rowland aircle
and the focal point of the electron transfer lens of the detector

In the conventional horizontal sample position, the ejected photoelectrons from the
sample surface are collected at a polar angle of 55° (or 35° with respect to the sample
plane) by the electron transfer lens system The collected photoelectrons are focussed and
retarded to a constant kinetic energy before entenng the analyzer (Figure 37) 'The

analyzer 1s an energy-dispersive mnstrument using electrostatic field {3 17,23] clled 4

concentric hemispherical analyzer (CHA). Two henusphencal sectors are placed




concentncally with a suitably applied potential between sectors. The energy of the
photoelectron through the analyzer (pass energy) and the applied voltage produce a
constant absolute analyzer resolution. The photoelectron kinetic energy is measured by
varying the retarding potential of the electron lens system. Electrons of different energies
follow different orbits within the CHA, and the range of energies are dispersed over the
length of a position sensitive detector. An electron reaching the position sensitive
detector stnikes a channel plate electron multiplier and the position of the event is resolved
by a resistive anode encoder. The distnbution of stored events is converted into a

conventional XPS binding energy spectrum.

358 Quantitative analysis

Quantitative XPS provides information on the surface atomic compositions over
the area illuminated by the soft X-ray spot. It is generally possible to achieve accuracies
within 10 to 20% for most elements of the penodic table [3.48]. The basic assumptions
made in the quantification are that the surface is homogeneous over the sampling region,
surface roughness 1s minimal, and that contamiration layers of carbon (C) and oxygen (O)
do not significantly contnbute to the analysis. Discussions of quantitative analysis by
XPS may be found in the lhiterature [3.16,23,48].

The surface composition of an element i from a chosen core-level, C, is
proportional to the core-level peak area, 4,. and to the probability for ejecting a
photoclectron from a given atomic orbital (electron photoionization cross-section [3.17]),

o, such that
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A =C, (SF)

SF,=o { KE,/KE, }'

where SF, 1s the instrumental sensitivity factor which 1s dependent on the specific element
and the spectrometer instrument. KE, is the kinetic energy of the carbon (C) Is
photoelectron reference element, and f is a spectrometer factor equal to 0 7 for the SSX-
100 system. By determining relative compositions and normahzing the concentrations of

elements to 100%, a surface atomic composition table i1s generated with

C,/C,=[A /SF]x[SF,/A,]

and

2C =100%

Quantification was performed from measured peak areas for all elements present
in this work. All quantitative data collection was carned out with an X-ray spot size of
300um 1n diameter at a constant analyzer pass energy of 150eV as specified by the SSX-
100 spectrometer. For this pass energy, the spectrometer transmission function was
assumed to be proportional to KE°" Peak areas were determmed using a hinears
background correction, and photoionization cross-sections were taken from the theoretical

calculations by Scofield [3.49]. Table 3.1 lists the sensitivity factors for those elements

considered n the quantitative analysis, along with an example case of surface atomic
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Table 3.1 Surface compositions of elements present after wet HF etching of

sihcon and list of sensiivity factors used in the quantification of

surface elements

Element B.E. SF, Atom %
Si2p 099 7eV 0903 679
Cls 285.0eV 1.000 244
Ols 532 2eV 2.494 07.3
Fls 686.7eV 3333 004




. . 60
concentrations from a wet HF etched Si surface to remove the silicon dioxide overlaver

The supplied SSX-100 comyuter software automatically calculated the surface atomic

compositions and normalized the values to 100%
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CHAPTER 4.
RIE OF SILICON:

SURFACE CHARACTERIZATION

4.1 Introduction

Reactive 10n etching of silicon dioxade (S10,) and silicon (Si) with fluorocarbon-
based plasmas suchi as C*,, CHF, and CCL,F, results in selective etching. The selective
etching of Si(*, on Si substrates 1s believed to occur from reactive fluorocarbon species
(such as 10ns, racicals and neutrals) forming gas phase volatile reaction products with the
$10, such as ~O and CO, for the consumption of carbon in the dry etching system [4.1]
Once the xide has been etched away, the reactive fluorocarbons are exposed to the
underlving Si, bui the reaction probability of volatile Si1 products is low because the
depletion of oxygen slows down the carbor. consumption pathway. Subsequently, the
plasma fluorocarbon species possess a greater reaction probability for fluorocarbon film
deposition The selectivity 1s charactenstic of the gas etch system, and the etching rate
of St 1s much less than that of $10, for the CF,/H, [4.2] and CHF, [4 3] systems. In
companson, the anisotropy (directional etching) in RIE is achieved via the energetic
reactive 10n bombardment of the sample at normal incidence with kinetic energies near
500e\' [4 4]

lon bombardment in the RIE process 1s known to play an important role in both
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the formation and release of the etch products [4 5-9]. A common concem n RIE 1s the
residual surface damage which develops 1n the surface region This damage 1s induced by
collisional cascades associated with the energetic, reactive 1on bombardment |4 10] It
1s known [4.4,4 11-14] that the residual damage on silicon (St) induced by fluorocarbon-

based RIE of silicon dioxide (S10,) through to the Si1 consists of a fluorocarbon overlaver

which suppresses the etch rate once the S10, layer 1s consumed. a few nanometres of

defective silicon which is also contaminated with carbon (C). fluorine (F). and oxvgen
(0), and a few hundred nanometres of silicon which 1s doped with hydro-en trom the RIF
plasma. The composition and structure of the film has been charactenized by a vanety
of anzlytical techniques including, XPS, AES, SIMS, TEM, RBS/Channelling, and Raman
spectroscopy. The prevalent model for the RIE-induced modified structure or S1 1eaction
layer at the film-substrate interface includes a silicon carbide (Si1C)-containing region and
arelatively deep (30nm) damage region [4.15] Other workers [4 16] huve also reported
graphitization of the polymer film as a result of ion bombardment duning RIE

The fluorocarbon overlayer as well as the contaminated and damaged Si1 layer must
still be removed prior to subsequent device fabncation. Ideally. the removal of the RIE

residual damage should minimize the levels of contammation and defects In addition,

as device dimensions are shrinking continuously. uncontrolled and excessive etching of

the substrate material for removing the residual damage becomes less acceptable  Hence,
the development of new techniques for accurate measurement of the damage depth and
piecise control of residual damage removal are timely

XPS was chosen as an appropriate surface analysis technique because 1t provides

surface elemental identification and quant:fication as well as valuable information on the
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chemical states of the surface species (see Chapter 3, section 3.5). This technique also
allows nondestructive depth profiling to be carmed out by changing the included angle
between the direction of photoemission detection and the surface normal, 1.e. the polar
photoemission angle (see Chapter 3 section 3.5.4). In addition:, the exposure of sample
surfaces to such X-ray fluxes as used 1in this work has been shown [4 17] to negligibly
affect the surface conditions Recently, it has been shown [4.18,19] that the surface
potential at a thin dielectric-semiconductor interface can be studied by XPS in conjunction
with chareging the sampling by a low energy electron floodgun. This surface charge
spectroscopy (SCS) allows the evaluation of the degree of Fermi level pinning caused by
defect states in the bandgap of the semiconductor (see Chapter 3 section 3.5.6 on SCS).

Ultrashallow depth-profiling by ozone oxidation + hydrofluornic acid (HF) wet etch
cychng (Chapter 3, sectior 3.5.5) allows the determination of compositional profiling, and
surface potential profiling. Briefly, the controlled removal of 0.5nm thin layers of S1 was
accornplished by ultraviolet ozone (UV/0,) oxidation of the Si followed by a wet etch in
an aqueous HF solution to remove the oxide formed [4.20). The etch depth per
oxidation/oxide etch cycle of 0.5nm for S1 was calibrated by a Si(4nm)/Ge(0.5nm)/S1
superlattice structure grown by molecular beam epitaxy. Sequential r easurements ~f
surface composition by a nondestructive surface analytical technique such as XPS will
thus provide depth distnibutions of chemical phases. In addition, the wet HF etch also
passivates the St surface with hydrogen and removes any surface states in the S1 bandgap
which are associated with the Si surface dangling bonds [4.21,22]. As such, the profiling

technique. when used in conjunction with SCS 1s also applicable for measunng depth

distnbutions of defect states within the bandgap in *»e near surface region
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The advantages of this depth profiling techmque over conventional sputter depth
profiling include no atomc mixing effects. uniform and controlled erosion of the sample
surface, and no introduction of lattice damage to the sample Atom mixing effects result
from the energetic interaction of a pnmary 1on with the sample latuce atoms ‘The
prnincipal type of atom mixing effect is cascade mixing [4.23] This effect occurs when
large impact parameter collisions result between the pnmary 10n and sample atoms, atoms
are displaced from equilibrium positions and in turn strike neighbounng atoms which are
also displace . The depth resolution of any technique using 10n sputtering by energenc
particles is limited by the depth with which the primary ion collision cascade produces
atomic displacements within the sample surface. Under 1deal conditions|4 23.24] this
resolution 1s no less than Inm. Nonuniform sputter erosion of a sample surface also
affects the depth resolution by exposing vanous depths to the analyzing i1on beam
Finally, surface lattice damage as a ccnsequence of i10n sputtering produces clectncally
active defects [4.20] in the semiconductor bandgap and causes surface Fermu level
pinning. The removal of surface Si layers via ozone oxidation plus wct oxide etihing
eliminates these artefacts induced by the sputtering process

The purpose of this work was to charactenize the extent of residual surface damage
on p-type Si(100) induced by a commercial RIE process The precise processing
parameters were such that the damage produced was indicative of RIE surface damage
These processing parameters were not the emphasis of investigation The charactenzation
involved: (1) 1dentification of surface contaminants, (11) the depth distnbution of such

contaminants, (111) the effect of defects on surface Fermi level pinning, and (1v) the depth

distnnbution of such defects A second purpose was to remove the residual damage 1n a
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controlled manner by a suitable processing technique.

The residual surface damage region of p-type Si(100) after RIE processing in a
CHF,/O, plasma consisted of a deposited fluorocarbon, polymeric film layer which was
uniform 1in composition over i1ts thickness, a thin (0.5nm) silicon carbide region with a
fluorosilyl species layer of approximately Inm mn depth from the surface below the
fluorocarbon film, and a high density of electrical defects producing surface Fermu level
pmnning This residual damage was removed by controlled ozone oxidation foilowed by
oxide stripping with an aqueous HF solution. The ultrashallow depth-profiling in
conjunction with XPS and SCS contnbuted informaton which refined the model physical
structure [4 11] of residual surface damage of silicon induced by fluorocarbon plasma
RIE. a5 well as provided new information on the distribution of defects causing surface

Fermu level pinning.

4.2 Experimental

‘The S1 samples used in this work were supplied from Northern Telecom
Electronmics Ltd (Ottawa, Ontario, Canada). The samples were from a device quality
15 24cm diameter Si(100) wafer A Z0nm oxide was initially grown on the wafer which
was then 10n implanted with boron at 16keV to a dose of 1.6X10" /em®. This p-type
specimen was subsequently rapid thermally annealed (RTA) at 1323K (1050°C) for 30s

to acuvate the dopant The oxide was completely removed by reactive 1on etching (RIE)
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in a commercial instrument and the exposed silicon was subjected to reactive 1or etching
The wafer was subsequently removed from the RIE chamber and exposed to air ambient
Surface analysis by XPS was performed on a custom-bumlt UHV system
incorporating a Surface Science Laboratories SSX-100 concentnc hemisphencal (CHA)
spectrometer (Chapter 3, section 3.5.7). Monochromatized Al Ka X-rays were used to
eject photoelectrons from the surface of sample matenal. Survey spectra (0 w0 100eV
binding energy range) were acquired with an analysis spot size of 300um diameter and
a pass energy of 150eV. Spectra with a 20eV b'nding energy window were also acquired
at a pass energy of 150eV for the different elements present. Such core-level spectra were
used for quantifying the surface elements. Surface compositions were calculated using
the theoretical photoelectron 1onization cross sections due to Scofield [4 25] Fmally_high
resolution core-level spectra (10eV and 20eV binding energy ranges) were accumulated
at a pass energy of 50eV for increased spectral resolution to ascertain the vanous
chemical states present. An iterative chi-squared peak-fitting program was used for curve-
fitting the high resolution spectra All peak-fitted spectra used a Shirley background form
[4.26]. The total time of accumulation for each sample surface analyzed was usually 2h
All binding energies were referenced to a Ar’ sputter-cleaned gold foil which was always
present in the analysis chamber. The reference binding energy for the Au 4f,, core-level
was 83.93eV. Surface charge spectroscopy (Chapter 3, section 3 5 6) was conducted on
Si samples covered with an approximately 1nm thick $10, msu'ating layer A low encrgy
(2eV) electron floodgun was used to charge the sample negatively, and high 1esolution
Si12p and Cls core-level spectra were acquired before and after charging the sample

Dunng analysis, the pressure in the XPS analysis chamber was typically i the range of
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27 to 8x107 Pa (or 2 to 6x10” Torr).

The ultraviolet ozone oxidation was performed in a small tube reactor purged with
oxygen gas bubbled through deionmized water. An ultraviolet lamp was positioned
approximately 2cm above the sample. The sample was then exposed to ozone generated
from the interaction of the UV light and oxygen for approximately 20min. After ozone
oxidation, the sample was removed and exposed to ambient before either loading nto the
XPS instrument for SCS analysis, or subjected to a wet aqueous hydrofluoric acid (HF)
solution etch to remove the oxide grown, then XPS analysis was performed. For the
ultrashallow depth profiling by XPS-SCS, the oxidation + wet oxide etch steps were

repeated or cycled in order to consume controlled decrements (0.5nm) of Si.

4.3 Results and discussion

431 Fluorocarbon film charactenzation

Iniial XPS analysis of the thin fluorocarbon film on the Si substrate is shown in
Figure 4.1 This survey scan indicated the presence of carbon (C), oxygen (O), fluorine
(F). and silicon (S1) from the core-level photoemission peaks and fluorine Auger peak
structures. The surface atomic concentrations of C and F were the most abundant at
approximately 50% and 34% atomic percent, respectively (see Table 4.1) for

photoelectrons collected at a polar angle of 56° which cortesponds to a sampling depth

of approximatelv 3nm (see Chapter 3, section 3.5.4). The Si photoelectron peak
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Figure 4.1

XPS survey scan of the RIE-processed Si surface
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Table 4.1 Surface compositions of Si after reactive 1on etching in a CHF /O, plasma
at vanous XPS polar angles corresponding to different samphng depths

Polar Sampling Surface atomic concentration

angle depth Silicon Carbon Oxygen Fluonne

0° 6 Onm 18.2% 40.5% 12.3% 29 0%

16° 5.8nm 17.0% 4]1.0% 12 4% 29 5%,

32° 5.1nm 13.9% 43 .8% 11.7% 30 7%

48° 4.0nm 10.0% 46 7% 10 1% 33 3%

56° 3.4nm 07.0% 50.1% 09 0% 33 99,

63° 2.7nm 05.0% 50.6% 07 6% 30 8%




intensities due to the 2p and 2s core-levels were relatively weak compared to the C, O,
and F spectral intensities (Figure 4 1) This indicates that there was sufficient residual
contammation in *he form of a deposited film overlayer to attenuate the Si substrate
photoemission From this imtial surface analysis, it has been shown that the RIE process
resulted in significant surface contaminants with very little Si detected at least in the top
3nm of the surface

X-ray stimulated desorption of fluorine is known to occur [4.27] if the entire
sample 1s exposed to intense X-rays. Hence, the effect of X-ray irradiation from the XPS
instrument was ¢xammed. The change in surface composition of the fluorocarbon film
on S1 as a function of X-ray beam exposure time 1s shown in Figure 4 2. There were no
stgnificant reductions 1n the surface eiements as a result of continuous X-ray beam
irradiation up to a total of 7h at a polar photoemission angle of 0=55° (Figure 4.2). The
system used for this work [4.17] incorporates a crystal monochromator producing a
300um diameter X-ray spot at the sample surface. Such a system yields a low X-ray flux
and mmmmal electron 1rradiation of the sample. This system was free from any excess
radiation that might produce sumulated desorption, and the surface contaminants were
stable over the XPS analysis tume (typically 2h). Therefore, there was no instrumental
influence on the analysis of the RIE-processed Si surface.

The hagh resolution Cls spectrum of Figure 4.3a shows the presence of at least
S distinct peaks  This indicated that the surface carbon was 1n the form of hydrocarbons
(CH). C-O groups on the C-C chain (COR) and fluorocarbon (CF,, CF,. and C¥,) species
These components were 1dentified from signature spectra taken from the literature [4.12-

14] and constitute a polymenc matenal Because the Si peak intensities were attenuated
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Figure 4.2

Effect of 300um diameter X-ray beam exposure of the surface

contaminants on S1 as a function of time (polar angle 0 55%)
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Figure 4.3

XPS high resolution spectra corresponding to Figure 4.1; (a) Cls
spectrum, and (b) Si2p spectrum (see Table 4.2 for actual binding

energy positions for the S1-C,O,F species).
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appreciably (see Figure 4.1), the surface contaminants constituted a fluorocarbon layer
deposited on the silicon.

The chemistry of the polymeric overlayer was more complex than common
fluorocarbon polymers [4.29] such as polytetrafluoroethylene, which contains CF, groups,
or polyvinylidene, which is comprised of CF, and CH, groups. This suggests a mixed
fluorocarbon polymer composition for the deposited film. However, by varying the polar
photoemission angle for angle-resoived XPS (see Chapter 3 section 3.5.4 on ARXPS), 1t
was possible to describe qualitatively the overlayer chemical structure as a function of
depth. The Cls and Fls spectra taken at a polar angle of 90° (greatest sampling depth
of about 6 Onm) were almost identical to spectra acquired at 63° (shallower sampling
depth of 2 7nm). Hence, the fluorocarbon film composition was quite wiiform across 1ts
entire thickness, even though the film was chemically heterogenous

The high resolution Si2p core-level spectrum (Figure 4.3b) shows the presence of
the elemental Si peak near 99.3eV from the 2p,, and 2p,, spin-orbit pair, and a broad
chemically shifted peak towards higher binding energy. The identity of this broad feature
was assigned to a number of different silicon species. Table 4.2 lists the reported
literature binding energies associated with the individual species. A fluorosilyl (SiF,,
n=1.23.4 species) reaction layer is present after RIE with fluorine-based feedgases [4.14-
16.4.27.4 30] and the present results support this finding.

The presence of oxygen at the film-substrate interface was identified from the
ARXPS analysis with the surface concentrations listed in Table 4.1. This interfacial
oxygen pointed to SiO, and Si-O, (m<2) species (silicon suboxides) as probable

components contributing to the broad peak seen in the Si2p spectrum. Because the
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Table 4.2 Assignment of core-level binding energies for Cls. Si2p, Ols. and Fls
Core- Peak Binding energy position
level assignment expenmental literature
Cis CF, 293.1eV 293 4eV*

CF, 290 9eV 291 2eV*
CF 288.6eV 288 8eV*
COR 286.3eV 280 SeV*
C-C,C-H 284 6eV 284 6eV*
C-S&1 283.5eV 283 SeV*
Si2p Si-Si 99 3eV"
Si-C 101 3eV*
Si-F, 100 4eV*
Si-F, 101 SeV*
Si-F, 102 6eV*
Si-F, 103 7eV*
S1-0, (1<x<2) 102 8eV"®
Fls F-C 688.0eV 688 2eV*
F-Si 686.4eV 686 6eV*
Ols O-H 5+22eV
O-C 532.5eV
C-S1 534 5eV 532 7eV*

C. Cardinaud, A. Rhounna, G Turban, B Grolleau, J. Electrochem. Soc., 135(6). 1472, 1988

G.J. Coyle, G.S. Oechrlein, Appl. Phys. Lett, 47(6), 604, 1985

¢ F.R. McFeely, JF. Morar, N.D. Shinn, G. Landgren, F J. Humpsel. Phys Rev B, 30, 764, 1984

-5

G.S. Oechrlein, J. Vac. Sci. Technol., A11(1), 34, 1993,
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sample wafers were exposed to air after removal from the RIE instrument chamber, the
mnevitable oxidation of the substrate silicon occurred. This Si oxidation has been reported
[4.11] to develop after only 20min of air exposure. Such substrate oxidation was believed
to be caused by [4.11] oxygen permeation through the fluorocarbon film.

Silicon carbide (S1C) species are known to form in a silicon-contaming compound
layer below thc riuorocarbon film [4.15] when a fluorocarbon feedgas is used for RIE.
The binding energy peak position corresponding to assignment of SiC species is shown
in Table 4.2. However, based solely on the Si2p spectrum, it was difficult to assign peaks
unambiguously to fluorosilyl, oxide and carbide species because of the over-lapping
binding energies of these peaks. The presence of these surface Si-C,OF species 1s
plausible because a CHF,/O, plasma was used for RIE, and air oxidation was unavoidable.
In addition, the XPS survey scan of Figure 4.1 shows the identification of these surface
elements.

The Fls spectrum showed a single symmetric peak at about 688eV binding energy
with a full-width-at-half-maximum (FWHM) of 1.9eV. The binding energy position was
similar to that for fluorocarbons [4.29]. Hence, this single peak was assigned as fluorine
bonded to carbon in agreement with the Cls spectrum. The Fls core-level spectrum
appeared to be insensitive to chemical shifts associated with carbon etther singly- or
multiply-bonded to fluorine. This could be due to the mixture of C-F species (Figure
4.3a).

The Ols spectrum showed two component peaks. The lower binding energy peak
at 532 3eV was due to hydrocarbon (CH) and COR species in agreement with the Cls

spectrum, while the higher binding energy peak was assigned to Si-O chemical groups.
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This latter assignment was also consistent with the Si2p spectrum The Fls and Ols
spectra are discussed further in the section 4.3.2.

The thickness of this fluorocarbon deposited film layer 1s an important property
of the overlayer in addition to its chemical composiion. By varying the RIE process
parameters, the measurement of film thickness may be a useful guide to minimang the
extent of residual surface damage In order to esumate the thickness of the film. a
uniform overlayer model [4.31] was assumed, 1.e., a continuous and discrete overlaver
exists with a constant composition throughout the overlayer By assuming that the
photoelectron intensity i1s exponentially attenuated below the surface by inelastic
scattering, and using a constant value of 3.0nm for the melastic mean free path (IMFP)
of the pnotoelectrons [4.32,4.33], the thickness of the fluorocarbon overlayer was

calculated from the following expression [4.31]:

d (nm) = A cos@ ( In{[C+O+F]}/Si + 1} )

where d is the film thickness, & 1s the polar angle of photoemission, A 1s the melastic
mean free path of the photoelectrons, and [C+O+F]/Si 1s the composition rat:o of carbon,
oxygen and fluorine in the overlayer to silicon in the substrate, as determined by XPS (see
Table 4.1). A plot of In(/C+O+F]}/Si+1) versus 1/( Acos8) provided a slope corresponding
to an approximate film thickness of 4 = 4 3nm (see Figure 4 4a)

Figure 4.5b shows a companson between the uniform overlayer model and the
experimental data points for a film thickness of 43nm There was reasonable agreement

between the model and the data. The error associated with the polar angle was largely
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Figure 4 4

The uniform overlayer model; (a) plot of In(/C+O+FJ/[Si]+1)
versus 1/(Acos@), the slope corresponding to film thickness was
determined by linear regression to be d=4.3nm, and (b) plot of
[C+O+F]/[Si] versus polar angle 6, comparison between

expenmental data and the uniform overlayer model.

84



— 3.5 A Al L) ‘ LB L) T l T T T T ]71

N - (a) *
+ 3.0} .
- :

L 25t -
N

L

+ _ _
o 2.0 o

+ o

C st ]
E

0.8

[C+0+F]/[Si] ratio

O 1 | 1 1 A 1 | |

—20-10 O 10 20 30 40 50 60 70

polar angle /degree



due to the solid acceptance angle of the detector of 27°, while the total uncertainty from
the composition rauo was approximately 10% [4.34]. The value for the film thickness
was dependent on the assumptions made in the model. The IMFP of the various
photoelectrons are actually not all equal to 3.0nm. As well, the overlayer composition
may also vary at the film-substrate interface as well as near the film surface. As
discussed previously, angle-dependent analysis of the surface compositions indicated that
the oxygen present was at the film-substrate interface due to the larger concentrations

detected near 0° polar angle (Table 4.1).

4 3.2 Ulrashallow chemical species depth-profiling

The fluorocarbon overlayer was completely removed after the first treatment of
UV/0, exposure (20min) and wet oxide etch (cycle 1 in Figure 4.5). This was shown by
a drastic reduction in the amounts of surface C, F, and O relative to Si. In addition, the
C1s spectrum of Figure 4.5 indicated the absence cf fluorocarbon-type species associated
with the overlayer. The dominant peak at 284.6eV binding energy was attributed to
adventitious carbon present after air exposure of the samples following each wet HF etch
treatment The spectrum also revealed the presence of a second major component at
approximately 283 5eV binding energy corresponding to silicon carbide [4.15]. Hence,
below the fluorocarbon overlayer was a SiC-containing reaction layer induced by the RIE
process. The Cls spectra also indicated two minor components after cycle I and 2 of
ozone oxidaton plus oxide stripping. These two C-O peaks towards higher binding
energy were 1dentified [4.29] as COR and carboxyl (COOH) species formed after the wet

etch and deionized water nnse. It 1s also possible that the COR peak seen after cycle |
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Figure 4.5

Cls spectra of the fluorocarbon film on S:i after ultra-shallow

depth-profiling.
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was due to some CF, species because of its binding energy position and also from the
detection of a relatively small amount of fluonne on this surface

After the second treatment of oxidaticn and wet etching. the S1C species was not
detected by XPS. This suggests that the carbide layer was confined to a depth of 0 Snm
since this amount of Si was removed after each oxidation/wet etch evele Conventional
depth-profiling with energetic (a few keV) 10n sputtenng causes {4 35] "1on nuxing” and
surface damage on a scale greater than 0.5nm because of the collisional cascades fiom
the physical sputtering process. Such 10n beam-induced artefacts alter the chenucal
structure during sputter depth-profiing with erther XPS. Auger electron spectroscopv
(AES) or secondary ion mass spectrometry (SIMS) and render the identification of the SiC
species impossible. However, with this ultrashallow depth-profiling techmque. the
controlled erosion of 0.5nm Si was routinely accomphshed

The S12p spectrum taken pnor to any depth-profiling was overlayed with spectra
after the first two oxidation/wet etch cycles (Figure 4 6). The peak profile was partitioned
into a major component due to elemental S1 near 99 SeV and a broad, minor component
towards higher binding energy from the various S1 compounds 1n the reaction layer The
binding energy range for SiC, S10, Si0,, StF, SiF,, and SiF, are marked in the figure and
listed 1n Table 4.2.

After the first two oxidation/HF etch cycles, the amounts of Si compounds were
reduced. A comparson of the Si2p spectra allow 1 the esumation of the thickness of the
Si reaction layer removed by the first oxadation/HF etch cycle This thickness was about
Inm (or equivalent to 0.6nm of Si). This estimation assumed that the S atom density n

this contaminated Si layer was 3x10%/cm’ (cf 5x10%/cm’ $1, and 2 2x10%/cm’ 1 $10),
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Figure 4 6

S12p spectra of the fluiorocarbon film on Si after ultra-shallow

depth-profiling.
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). Also, the Si2p photoelectron IMFP in the contaminated layer and bulk Si were
assumed to be 3.7 and 3.2nm, respectively (data calculated for S$10, and Si with the Bethe
equation parameterized by Tanuma et al [4.32,33]). Since the amounts of oxides/fluorides
before the first oxidation/HF etch cycle were even greater than the amount of oxide
formed by treating a clean Si surface with just one oxidation cycle, the contaminated Si
removed n this first oxidation/HF etch cycle was likely due to the wet HF etching of the
RIE formed oxides/fluondes instead of ozone oxidation.

The atomic concentration of F dropped from 41% to 6% with the application of
the first oxidation/etching cycle. This clearly shows that the contaminations induced by
RIE became minor components embedded in silicon within the remaining damaged region.
Accordingly, the oxidation/etching rate of this remaining damaged region should be
approaching that of pure Si, and the ultrashallow depth-profiling technique of removing
6 Snm of Si per cycle will apply well in the analysis of this modified Si region.

Figure 4 7 represents the F1s photoelectron spectra of the fluorocarbon-covered
sitlicon induced by RIE (cycle 0) and after one cycle of ozone oxidation plus oxide
stnpping. The single peak profile at 688eV due to fluorine bonded to carbon from the
deposited film (see Table 4.1) was shifted to lower binding energy after removal of the
film This lower binding energy peak at 686.4eV was assigned to a fluorine bonded to
sihcon environment {4.27). Such peak assignments are listed in Table 4.1 and were in
agreement with published data [4 13,27]. Subsequent cycles to remove successive layers
{0 5nm) of silicon produced a significant reduction in spectral intemsity which
corresponded to the removal of the Si-F species. After 3 cycles, the Si-F species were

not present within the detection limits of the XPS mnstrument. The corresponding Si2p
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Figure 4.7

F1s spectra of the fluorocarbon film on Si after ultra-shallow depth-

profiling.
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spectra (Figure 4.6) was consistent with this observation of Si-F species removal This
indicates that the extent of Si-F species depth distnibution was approximately 1 Snm
The Ols spectra corresponding to Figure 4. 7 is shown in Figure 4 8 Before ozone
oxidation and oxide stripping, two peak components may be identified The peak at
532.2eV was tentatively assigned to oxygen bonded to carbon and oxygen bonded to
hydrogen in agreement with the COR and CH species identified from the Cls spectrum
of Figure 4.5. The minor peak component at approximately 534.5eV binding energy was
assigned to oxygen bonded to silicon based on reference spectra of silicon dioxide This
O-Si1 species idendfication was consistent with the interfacial oxygen found from angle-
dependent XPS (Table 4.1) and from the oxidation of the Si substrate after air exposure
For the case after one cycle of ozone oxidation plus oxide stripping, a single peak at
532.5eV was observed. This peak was assigned to oxygen bonded to hydrogen as well
as oxygen bonded to carboa but not from the fluorocarbon film because this film was
removed after one cvcle. This Ols peak was from the deionized water rinse after wet HF
chemical etching to remove the silicon dioxide leaving residual COR and hydroxyl species

which was also seen from the Cls spectra of Figure 4.5.

43.3 Surface Fermi level pinning and damage removal

One main concem in the study of RIE-induced residual damage was how much
Si had to be removed before the substrate can be used for subsequent fabrication Fors
many fabrication requirements, the density of the residual defect states in the substrate has
to be low enough so that a surface band bending condition can be induced by a small

applied voltage [4.36]. It is in this context that the SCS analysis became useful In this
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Figure 4 8

Ols spectra of the fluorocarbon film on Si after ultra-shallow

depth-profiling.
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SCS analysis [4.37}, XPS was used to measure the surface potentials [4.38] of the S10,
on Si samples after each ozone oxadation treatment in the depth profile. This surface
potential estimation involved the charging of the sample surface with a low energy
electron flood gun unit within the XPS system (see Chapter 3). Since the oxide thickness
and quality were reproduced at each oxidation cycle, a consistent change of the dielectric
surface potential at .eV could be applied to every S10,/S1 sample. As such, the
measurement of the corresponding change in the semiconductor surface potential after
each oxidation/wet etch cycle gave some qualitative information on the density of residual
defect states in the remaining Si near the S10,/S1 interface.

The SCS results collected from the RIE processed sample in this manner are
summarized in Figure 4.9. The sample after the first oxidation cycle showed a firmly
pinned Fermt level, i.e. there was no detected change in surface potential, 1.e. no changes
in binding energy position (see Chapter 3, section 3.5.6) &s a result of charging the
sample negatively with low energy electrons. This suggests that the density of impunty
states or defect states was still very high in the remaining Si surface. After each
successive cycle, the change in semiconductor surface potential increased almost
asymptotically to a value near 0.4eV. This points to the fact that the density of residual
defect states near the oxide/semiconductor interface was being reduced with successive
cvcles. There 1s a correlation between the RIE-induced surface damage and electrical
properties such as lcakage current [4.39,40]. How-~ver, the removal of this surface
damage by ultra-shallow depth-profiling and the monitoring of the electrical properties by
SCS 1n this work 1s perhaps the most direct analysis.

Although the Fermi level was unpinned after 2nm of Si was removed, the surface
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Figure 4.9

Change in semiconductor surface potential corresponding to
changes in core-level binding energy as measured by surface charge

spectroscopy at successive depths of 0.5nm.
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Fermi level position was found to be about 0.7eV above the valence band maximum
which was greater than the expected value of less than 0.1 eV for heavily doped p-tvpe
Si(100). Previous data [4.41] on hydrogen incorporation into p-type Si suggests that
hydrogen could have been driven into the near surface region of the RIE-processed Si1 and
passivated the boron dopant. In fact, a previous SIMS depth-profiling study [+ 42] shows
the presence of hydrogen in the top S0nm of the Si after RIE. In additton. the wet HF
etch treatment is known {4.43] to form a hydrogen-boron-silicon (H-B-S1) complex which
deactivates the dopant. :-ortunately, this boron passivated by hydrogen can be reactivated
with a mild annealing at 200°C, a treatment which dissociates the H-B-Si complex and
drives the hydrogen released either to the surface or to the bulk.

It is known that the RIE damage cannot be removed by thermal oxidation {4 40]
because this oxidation process drives a significant degree of the damage nto the bulk Si,
i.e. thermal diffusion/migration of defects at the Si surface into the bulk Becausc the
present oxidation/etching procedure was performed at room temperature. process mduced
defect migration would be minimal. This means that the RIE-induced damage at the
surface is removed during ozone oxidation. Hence, the UV/O, oxidation process 1s
attractive as a damage removal technique because it does not enhance surface defect
mobility into the bulk.

In summary, the results from this chapter can be used to provide mmproved and
new knowledge of the model proposed by Oehrlein and coworkers {4 11] for the physical
structure of the surface residual damage region induced by fluorocarbon plasma RIE
processing of silicon. Figure 4.10 :lustrates the model in the top half of the diagram, and

the bottom diagram shows effectively the contribution of the work conducted in this
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Figure 4.10

Schematic diagram of the model physical structure of silicon
surface residual damage induced by fluorocarbon plasma RIE (from
Ochrlemm and Lee {4.11]), and the mformation provided from this

thesis 1s shown in the lower diagram.
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thesis The actual depths labelled in the model structure are similar to this work, however
it was not expected to be the same because of different fluorocarbon feedgas (CF,/H,
versus CHF,/O, for this thesis) and processing parameters. Nevertheless, the model's
different surface regions of damage resulting from RIE are consistent with the work
discussed 1n this thesis. The fluorocarbon film covers a silicon bonded to oxygen layer
with a heavily damaged region. SiC is present in the heavily damaged region, however,
the depth (istnbution was not determined. The work in this thesis shows that the SiC
species were confined to a shallow depth of 0.5nm with a Si-F reaction layer also present
to a depth of | Snm. The i1dentification of this Si-F layer (heavily damaged 1egion in the
model) from the ultrashallow depth-profiling was not seen in the model. In addition, the
effect of defect states in the heavily damaged region on surface Fermi level pinning was

not reported in the proposed model.

4.4 Conclusions

The fluorocarbon plasma reactive ion etching of p-type Si(100) induced residual
surface damage in the form of a fluorocarbon deposited film layer approximately 4.3nm
mn thickness. This film was found to be uniform and discrete with little changes in
chemical composition. Beneath this deposited film was a reaction layer containing silicon
suboxides. silicon carbide and Si bonded to F (fluorosilyl) species. The SiC was found

to be conT ned to a depth of 0.5nm while the fluorosilyl layer extended to approximately
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1.5nm below the fluorocarbon film. The physically damaged Si substrate below the film
was found to have a significant density of defect states which resulted in surface Ferni
level pinning (when the sample was charged negatively by 2eV flooding electrons) The
removal of approximately 2nm of this damaged silicon resulted in the release of the
pinning. Hence, the density of defect states was reduced with the removal of the
disordered surface. The ozone oxidation process provides a room temperature oxidation
process which gives the removal of the fluorocarbon film and controlled erosion of sihcon
layers with a depth resolution of 0.5nm. Such a process 1s suitable as a post-RIE treatment

to remove the residual surface damage because of its depth control and because there 1s

no redistribution or introduction of defects.
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CHAPTER §

SURFACE REACTIONS INDUCED BY F' ION BOMBARDMENT

5.1 Introduction

Dry etching of silicon (Si) by a fluonne-based plasma is one of the most important
materials tailoring techniques in the fabrication of microelectronic devices [5.1-2] The
fluorine (F) plasma produces a variety of energetic, reactive ions, neutrals and radicals
which all simultaneously impinge on the Si1 material being etched. As a result, the
etching mechanisms are extremely complicated with numerous models hypothesized [5.3-
7]. A tremendous expenimental and theoretical effort has been expended [5 3-33] n
gaining an insight into the reactive F etching process, but a comprehensive understanding
has been elusive. It is generally believed that atomic F 1s the primary reactive species in
F-based plasma etching of Si [5.3-5,7], and the energies of the F' ions, radicals and
neutrals are typically found from a few hundreds of electronvolts of kinetic energy down
to almost zero energy [5.33]. The energetic reactive particles impinge upon the surface
of the material to be etched and form chemical reaction species which are subsequently
desorbed into the gas phase. The incorporation of the etched matenal elements as part
of the jsas phase volatile reaction products constituents the erosion process (dry reactive
etching).

Over recent years, the reactions of XeF,, F,, and atomic F with the Si(100),

Si(111), and amorphous Si have been studied as simulated model systems for the F-S;
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mnteractions found in the actual plasma etching process [5.8-23]. The XeF, and F,
dissociatively chemisorb on the Si surface, however the reaction kinetics for fluorine
interactions with Si are different [5.9,10,13,15,21] for these two molecules as well as for
atomic F. Surface analysis studies by X-ray photoelectron spectroscopy (XPS) of F and
F, adsorption on Si(111) [5.14] suggest that F, acts like low-pressure XeF, exposure,
while F atoms are similar to high-pressure XeF,. The kinetic differences between these
F-containing molecules has been due to the initial adsorption step as opposed to the F-Si
reaction or desorption steps [5.12-14.21].

The surface reactions of F with Si produce [5.34] a room temperature stable
fluorosilyl (SiF,, n=1,2,3 4) reaction layer on the Si under vacuum conditions. The initial
chemical adsorption (chemisorption) of F (by XeF,) on Si(100)-2x1 has been studied by
XPS {5.17] and low energy electron diffraction (LEED) [5.16}. The XPS spectra taken
of the Si surface covered by approximately 2 monolayers (ML) of fluorine showed the
major species to be SiF, (1.16ML) along with 0.39ML of SiF, and a small amount of
SiF;. The p(2x1) LEED pattem corresponding to the initial Si(100) surface became more
diffuse upon F adsorption, which suggests that the SiF reaction layer was amorphous
[5.16]. Under steady-state etching conditions of Si(111), this amorphous fluorosilyl layer
1s estimated to be 1 to 2nm thick [5.12,18,19] with SiF, -: the dominant adspecies. This
observation indicates that the formation of SiF, as the primary etch product [5.8,11,12,15]
from SiF, may be the rate-limiting step [5.12,18,19]. However, the exposure of Si(100)
to F, and atomic F beams showed [5.19,20] that only SiF, was adsorbed at low coverages,
while at higher coverages a mixture of SiF, and SiF, was found. Such discrepancies

illustrate the Si structure and fluorine reagent sensitivity to the initial reaction mechanism.
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The effects of energetic particle bombardment present from reactive plasma etching
of Si has been simulated by inert argon ion (Ar’) in the presence of a fluorine-containing
flux [5.34]. The etching charactenstics have been descnbed in terms of etch yield,
specific etch products and surface fluorination as a function of the fluorne gas flux, but
with respect to energetic reactive ion bombardment of the Si surface. A control of the
reactive atom kinetic energy impinging on the Si surface has produced detailed
charactenization of the residual surface damage in the form of kinetic energy dependences
on the degree of crystalline disorder [5.35-37] and reactive species surface incorporation
[5.38]. In addition , the etch yield dependence on ion energy and reactive species has
been reported [5.39]. This control of reactive F' particle energy is essential to the
understanding of plasma-based reactive ion etching of Si because the energy range of
technological interest (500 down to 0eV) has not been extensively studied [5 40]

The objective of this chapter was to study the residual surface damage of Si(100)
induced by F* ion bombardment in the energy range of 20-100eV and for a range of doses
indicative of mitial development of surface reactions, i.e. less than one equvalent
monolayer of F atom coverage (3x10"/cm®) to a few hundred monolayers (1x10'"/cm?)
delivered to the surface. The development of a surface Si-containing reaction layer and
degree of fluorine surface incorporation was characterized. The effects of ion fluence on
the surface band-bending was also investigated, and the thermal stability of the surface
fluorine was evaluated by in-situ vacuum heating to temperatures up to 800°C

Surface modifications from conventional plasma etching of St with reactive F* 1ons
was simulated with a mass-separated low energy '"F" ion beam system The use of post-

ion-beam-etch surface analysis has become highly relevant to the understanding of
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plasma-surface interactions [5.41], and for this work the resulting surface exposed to the
reactive ion beam was analyzed in-situ by X-ray photoelectron spectroscopy (XPS).
The (F/Si) surface composition ratio was monitored as a function of ion fluence
in the range of 3x10'“/cm? to 1x10""/cm? for a constant ion kinetic energy of 100eV. The
Si2p core-level spectra indicated the deveiopment of a thin (<3nm) fluorosilyl (SiF,,
n=1,2,3) surface reaction layer with increasing ion dose. The results showed that the
fluorine incorporation reached a saturation level when the ion dose was above 1x10'*/cm’.
This suggested that F* ion bombardment beyond an ion dose of 1x10'*/cm’ at 100eV
produces steady-state etching under the present configuration. The effects of ion kinetic
energy were studied over the range of 20 to 100eV for a fixed dose of 3x10'“/cm®. The
thickness of the thin fluorosilyl layer formed at the different bombardment energies was
approximately the same. The relative amount of surface fluorine was found to be
increased by 25% from 100eV to 20eV. Therefore, the higher ion kimetic energy
produced a lower sticking probability to the Si surface by increased sputtering. The effect
of vacuum heating to ulimately 800°C for 30min resulted in a greater amount of fluorine
thermal desorption at the lower ion bombardment energy (up to 54% for the 20eV case).
This study showed that the amount of surface fluorine and the thermal stability of the

fluonine was dependent on the ion kinetic energy.

5.2 Experimental procedure

The S1(100) samples used in studying the effects of 10on fluence were boron
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implanted at 16keV with a dose of 1.6x10" atoms/em® followed by rapid thermal
annealling at 1050°C for 30s to electrically activate the dopant. For investigating the
effects of ion bombardment energy, n-type Si(100) samples were used. All samples were
wet etched in a dilute aqueous hydrofluonc acid (HF) solution for 30-45s and blown dry
with nitrogen gas to remove the passivating oxide. The samples were then immediately
loaded into the LEIB system for reactive F* ion bombardment.

F* ions were extracted from a CF, plasma confined within a hot dc filament
Colutron ion source. The LEIB system 1s described in Chapter 3. In this study. the 10n
beam delivered mass-separated F* ions at normal incident to the Si(100) surface for a
range of ion kinetic energies between 20-100eV and a range of ion doses from 3x10" to
1x10'"/cm®. All ion bombardment experiments were conducted at room temperature
Once samples were exposed to the ions, the specimens were transferred under vacuum
(P<1x10*Torr) to an XPS system for surface analysis.

The XPS spectrometer was an SSX-100 small X-ray spot system (see Chapter 3)
Spectra were collected at pass energies of 100eV for quantification and 20eV for high
resolution. The X-ray spot size at the sample surface was approximately 300um in
diameter. All spectra were acquired at a constant photoemission polar angle of 55° with
respect to the sample normal. Surface atomic concentrations were calculated (see Chapter
3) and binding energy positions were determmned using an iterahve chi-squared
minimization peak-fitting program with a Gaussian-Lorentzian profile All peak positions
were referenced to the Audf,, core-level peak position at 85.93eV from an Ar’ sputter-
cleaned gold foil always present under UHV conditions

Vacuum heating of the ion bombarded specimens was carmed out 1n a separate
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UHV (1x10*Torr) preparation chamber coupled to the XPS instrument (see Chapter 3).
Sample holders were heated with a resistive heating coil positioned at the base of the
holder. A K-type thermocouple was attached to the sample holder rod. Samples were
heated gradually to the desired temperature with special attention to minimize
overshooting the target temperature. Once the required temperature was achieved, the
sample was held at that value for 30min. The temperature fluctuations at a constant
temperature were less than 5°C. The heating temperature studied was 800°C. After
vacuum heating was completed, the sample was allowed to cool under UHV to just above
room temperature (30°C) and then transferred under vacuum (<1x10*Torr) back into the

XPS system for surface analysis.

5.3 Results and discussion

53.1 Effect of ion dose at 100eV

The effects of F* ion dose at a constant kinetic energy of 100eV on the surface
residual damage of p-type Si(100) were identified from the surface analysis. Figure 5.1
shows the surface atom concentration ratio of F/Si as a function of ion fluence. The F/Si
composition ratio values increased monotonically to a dose of 1x10'/cm®. Above this
dose of 1x10'/cm®, a saturation level of surface fluorine was observed. This dose
dependence 1s similar to the amorphization-ion fluence behaviour seen for CI’

bombardment of Si(100) at 300eV [5.35]. This latter halide ion induces greater Si surface
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Figure 5.1 XPS surface compostion ratio of F/Si (at a photoemission polar
angle of 55° v.4th respect to the sample surface normal) as a

function of F* ion dose at a constant kinetic energy of 100eV
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disorder with increasing ion dose in the range of 1x10" to 1x10"/ecm® Such disorder was
ascribed to physical damage effects by the energetic i1on bombardment because of the
similar behaviour caused by Ar* bombardment [S.35] Also. the depth of residual damage
induced by CI" and Ar* bombardment of Si was found to be simular at 110eV for a dose
of 3x10'%/cm® [5.37]). If surface amorphization was taking place with increased 10n dose.
and it has been shown that F tends to getter in the region of residual damage [5 42 43,
then it is proposed that the Si(100) surface was becoming more disordered as the level
of F * ion surface incorporation increased with dose.

This surface disorder may be due to chemical as well as physical effects because
the F-Si chemical affinity produces spontaneous etching of Si [S 44] At 100eV. the F°
ions possessed sufficient energy to disrupt the Si surface and cause physical sputtenng as
well as shallow ion implantation. It is known [5.34] that a stable fluorosilyl (SiF,,
n=1,2,3) surface species layer is associated with Si etching SiF, 1s believed to be a
principal volatile etch product from room temperature etching studies {5 34}

Figure 5.2 shows the effect of F* 10n fluence at 100eV on Si surface compound
production. The Si2p core-level spectra corresponding to surfaces receiving doses of
3x10%, 3x10' and 1x10""/cm*® were overlayed. The major peak near 99 SeV binding
energy was due to the semiconducting S1 mn the 0 oxidation state For the dose of
3x10'/cm?, the core-level spectrum was similar to an unbombarded S 100) surface
Figure 5.1 shows that for this dose the surface F/S1 ratio was at 0 10 It 1s hkely that this
very small ion dose produced some fluorosilyl surface species on the silicon. but the XPS§
mstrument was insensitive to the detection of this small amount

At doses of 3x10' and 1x10'/cm?, a broad, low mntensity spectral component
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Figure 5.2

XPS high resolution Si2p spectra for p-type Si(100) after
100eV F* ion bombardment at doses of 3x10", 3x10' and
1x10""ions/cm®; (a) spectra scaled and overlayed to the same
peak height, and (b) spectra overlayed with each spectrum

normalized to total area under each peak profile.
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extending to higher binding energy than the Si-Si peak indicated Si species with oxidation
states ranging from +1 to +4. This broad component was assigned to the development
of a fluorosilyl species reaction layer [5.34]. The binding energy positions representing
these SiF species were tabulated in Chapter 4 (Table 4.2) with mono-, di, and tn-
fluorosilyl species appeanng in order of increasing binding energy from the
semiconducting Si peak near 99.5eV. The change in binding energy for each Si-F species
is approximately 1.1eV [5.34] for each increase in oxidation state corresponding to greater
fluonnation of Si. Howcver, due to the overlapping of peak-fitted components from the
2p,, and 2p,, doublets for each SiF, (n=1,2,3,4) component, these peaks were omitted
from Figure 5.2 to avoid confusion. The increased intensity from this broad component
m Figure 5.2 comresporded to the development of this Si-F compound layer as a
consequence of greater ion exposures.

For the Si surface receiving 1x10""/cm?® dose, Figure 5.2 indicates the detection of
a low intensity component above the background level near 104eV’ binding energy which
can be attnbuted to SiF, species (e.g +4.4eV from the Si-Si peak at 99.5¢V). This
volatile fluorosilyl component is believed to be trapped within the reaction layer [5.34].
From studies utihizzing molecular beams of F, exposed to Si(100) [5.21], F saturation
surface coverages were achieved with F exposures greater than 200 monolayers. Since
one monolaver of F surface coverage on the Si(100)-2x1 surface is approximately equal
to 6 86x10"'atoms/cm’® [5.17], a dose of 1x10'/cm? approximately corresponded to 146
monolayers delivered to the surface. Thus, it was reasonable to presume that etching was
developing at such an ion fluence. As well, the influence of energetic ion bombardment

at this dose more than likely induced chemically-enhanced physical sputtering and/or
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chemical sputtering [5.8]. The existence of SiF, trapped species (which is a pnnciple etch
product [5.34]) supports this claim of Si etching with 100eV F* ions

Under conditions of steady-state etching for Si(111) exposed to XeF, and 500eV
Ar* ion bombardment, it has been shown [5.18] that the SiF, species were the major
components of the fluorosilyl layer. It has been proposed [5.45] that as the exposure
increases, the SiF; concentration at the surface increases and subsequently burnes a
relatively constant concentration of SiF, and SiF, species which are found nearer to the
Si substrate. In contrast, Figure 5.2 shows that the formation of this layer was greatest
for SiF, followed by SiF, then SiF, as the ion fluence increased. This difference may
be due to the presence of a large neutral flux in the previous studies [5.18.45] enhancing
the Si-F reaction. Also, the 500eV Ar* bombardment [5.18] will induce a larger degree
of physical damage than the 100eV F* ions because of its heavier projectile mass and
greater kinetic energy. Also, this would give rise to greater implantahon of fluonne
atoms leading to Si-F species and perhaps greater SiF, formation.

Figure 5.2 also shows the broadening of the elemental Si peak at 99 5eV binding
energy with increasing ion dose. This broadening (fect was caused by greater
disordering of the Si crystalline surface {5.46]. At the lowest dose of 3x10'*/cm’, there
was minimal widening in the full-width-half-maximum (FWHM) of the Si-Si1 peak and
no surface Si-F reaction products. As the dose increased, the Si1-S1 peak FWHM
increased and there was an accompanying increase in fluorosilyl surface products
Therefore, the accommodation of F into the Si(100) surface with increasing 10n fluence

at 100eV was via F penetration and concomitant growth of a disordered lattice along with

the fluorosilyl reaction layer.




The Fls core-level spectra for all the samples analyzed by XPS showed a single
symmetric photoemission peak centred at approximately 686.4eV binding energy with a
FWHM of 1.9eV. This peak was assigned to a F-Si environment. These values for peak
position and FWHM were in agreement with XPS studies on the surfaces of Si(100) after
RIE in CF, and SF, glow discharges [5.41] in which it was reported that the Fls core-
level peak from the fluorinated Si surface was at approximately 686.6eV binding energy
with a FWHM of 2.0eV. There appeared to be no detectable chemical shifts for the
fluonne atom either singly-, doubly-, or triply-bonded to the silicon atom. This group VII
element is so electronegative that it does not tend to share electrons in various chemical
combinations and usually is found in the -1 oxidation state [5.46]. The chemical shifts
for F bonded to other elements such as carbon are distinguishable [5.46], but in this F-S1
system, the chemical shifts from the Fls core-level were small.

Therefore, the extent of residual surface damage as a result of 100eV F ion
bombardment was seen as an increase in F incorporation in the form of both implanted
ions and fluorosilyl reaction species with greater ion dose. The results from Figure 5.2
show that the effects of surface damage and fluorosilyl development were interrelated.
A recent study [5.41] has established that the surface damage due to emergetic ion
bombardment precedes the fluorosilyl species formation (speciation). Model calculations
have been reported [5.28] in which the reaction mechanism for F etching of Si involves
Si-Si bond breaking and F-atom attachment. The reaction for F-atoms to attach to Si
dangling bonds is calculated to be exothermic by approximately 6eV {5.28,47], and the
generation of ruptured Si bonds from the ion bombardment process is predicted [5.28] to

enhance the production of SiF, etch species via an attack of SiF, species bonded to Si.
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Such predictions may suggest that the surface crystalline damage enhances fluorosilyl
speciation, and these results support this idea.

The effect of the increased ion fluence on the p-type Si(100) surface Fermi level
position was studied by XPS surface analysis. The surface Fermi level positions were
determined from the Si2p,, core-level peak from the semiconductor Si. The references
for the Fermi level measurements were obtained from a large set of binding energy values
for p-type Si(100) samples which showed [5.48] that the Si2p,, peak should be at 98 7eV
binding energy when the Si possessed a Fermi level at the valence band maximum
(VBM). The accuracy of the surface Fermi level measurement was estimated to be
+0.05eV [5.49,50]. Hence, the surface Fernu level position was determined by subtracting
98.7eV from the Si2p,, binding energy positions for the samples receiving vanous F* 10n
fluences and the VBM level was set to 0.0eV.

Figure 5. shows the dependence of surface Fermi level position with ion dose at
100eV At the low dose of 3x10™/cn.?, the Si surface was no longer p-type because the
Fermi level position was just above the midgap. As the ion dose was increased at 100eV,
the Fermi level position gradually shifted toward the conduction band minimum (CBM).
This indicates that as a consequence of low energy F' ion irradiation, the p-type Si
surface was type-inverted.

Fluorinated amorphous Si has received considerable interest because of 1ts light
illumination properties [5.51,52]. F' implantation into amorphous Si films was found to
have desirable semiconducting properties such as a reduced density of bandgap states
[5.53]. Because of the energetic ion bombardment process, the surface amorphization of

Si by F* implantation at high dose can be controlled [5.54] It has been shown [5 54}
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Figure 53  Effect of ion dose on surface Fermi level position as a result

of F' ion bombardment at 100eV.



Fermi level / eV

1.1

1.0 F
0.9 F
0.8 |
0.7 F
0.6 |
0.5 F
0.4 |
0.3 F
0.2 |

0.0l

LARRAY | v LB B RAY I T Ty

K.E.=100eV

M

llljll "l lJllLll L A llllll

Al A Al

106 107

dose / cm

10'°

1018



that the photovoltage 1s negative for room temperature F* implanted at 90keV and dose
of 3x10'*/cm? into p-type Si. This shows that electrons accumulate on the surface and it
was concluded that this amorphous layer was n-type. The results for low energy F'
bombardment at 100eV support this conclusion. The accommodation of F into the p-
type Si surface may have resulted in an increase of conduction electrons provided by the

F atoms causing type-inversion of the surface.

532 Effect of ion kinetic energy at 3x10'/cm?

Figure 5.4 represents the F incorporation dependence on incident ion kir<tic
energy for the range of 20-100eV and a constant dose of 3x10'/cm? The surface F/Si
ratio was approximately 0.27 after 100eV F' bombardment. This ratio increased
asymptotically towards a value of 0.35 as the F* bombardment energy was reduced. This
observed energy dependence on the F surface concentration is simular to a generalized plot
of incidant particle sticking probability versus 1on kinetic energy [5.55] at kinetic energies
below 1000eV.

The spontaneous reaction between F and Si has been well estabhished
expenmentally [5.34,44), and the sticking probability for near thermal atomic fluorine on
the Si1(100) surface has been calculated to be near unity [5.56]. Hence a decrease of the
bombardment energy towards the thermal energy limit is expected to bring the surface
incorporation probability, at least for the first monolayer arnval, to unity.

As the kinetic energy increased above 40 to 100eV, the amount of surface F was
being reduced and so the surface incorporation probability was less. This reduction could

have been due to the dissipation of excess energy which prevents the F* ions from being



Figure 5.4

XPS surface composition ratio of F/Si (at a polar
photoemission angle of 55° with respect to the sample surface
normal) as a function of F* ion kinetic energy with a constant
dose of 3x10'ions/cm? for room temperature bombardment

conditions.
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trapped into a surface product potential well [5.55], and thereby enhances the re-emission
of F from the surface. Another process in which the surface concentration of fluonne
may have been minimized was by physical sputtening. The physical sputtenng threshold
energy has been calculated to be as low as 20eV [5.57.58], and this sputtenng process
may have contributed to the ejection of surface F atoms (fluonne self-sputtenng) as well
as Si atoms via collisional cascades and/or local energy spikes within the sohd surface

In addition, weakly adsorbed Si-F reaction products can be desorbed from the
surface as a result of momentum transfer from incoming F* ions and recoiling atoms
(chemically-enhanced physical sputtering [5.59]) or simply from the fact that these
reaction species have low enough surface binding energies to desorb into the gas phase
(chemical sputtering [5.8]). The chemically-enhanced physical sputtering and chemical
sputtering effects are believed to occur generally in the ion kmnetic range from 100's of
electronvolt energies down to 10eV [5.59]). The expenmentally measured chemucal
sputtering yield for the F*/Si system has been reported [5.39] in the ion energy range of
100 to 1000eV. This yield decreases linearly with a positive slope from 500 down to
100eV, and is linearly extrapolated down to 10eV [5.39]. If this assumption were vahid,
then the extent of chemical sputtering would increase from ! to 100eV Hence, the
reduction in surface F incorporation from 20 to 100eV ion energy was perhaps caused
by an increase in chemical sputtering as well as chemucally-enhanced physical sputtenng
effects, in addition to the effects of backscattering and physical sputtening

Figure 5.4 shows that the amount of surface F incorporation was increased by
approximately 25% from 100eV down to 20eV (F/S1=0.28 at 100eV, and F/S1=0 35 at

20eV). The barrier for F penetration from the Si1 top layer to the second layer 1s
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calculated to be relatively iow at 1eV [5.24], and this is why even thermal F atoms can
break the back-bone Si-Si bonds and etch silicon. However, fluorine bombardment at a
high energy results in a larger penetration depth, and the 20eV F* ions were not believed
to have physically penetrated to depths greater than the 100eV case. Since XPS is a
surface sensitive technique, it will give a lower fluorine surface concentration if the same
amount of fluorine is distributed more deeply. Hence the decrease in surface fluorine
from 20 to 100eV may also be due to a lack of XPS detection sensitivity for the more
deeply distributed fluorine at the higher bombardment energies.

In Figure 5.5, the effect of ion kinetic energy on surface Si reaction was
represented by overlays of the Si2p spectra for samples bombarded by 20 and 100eV F*.
The development of a relatively thin SiF,, n=1.23.4 layer was seen as a low intensity
broad component towards higher binding energy from the Si-Si peak. Figure 5.5a shows
the overlayed spectra scaled to the maximum peak height. The spectra for the 100eV ion
bombardment case was slightly greater in intensity than for the 20eV case at the binding
energies between 101 and 102¢V. However, Figure 5.5b shows that when the spectral
overlays were normalized to total peak area, the fluorosilyl species component intensities
were very similar. Therefore, the vanation i incident ion energy (in the range of 20 to
106eV) did not appear to promote selective reactions of one SiF stable surface prouuct
over any of the others at room temperature.

At the dose of 3x10'*/cm*, approximately 44 equivalent monolayers of F atoms had
impinged onto the surface. Such a dose was hkely sufficient to initiate the fluorosilyl
species formation. and produce steady-state etching of the Si. Therefore, this work

indicates that the initial fluorosilyl layer thickness was not dependent to a large extent on
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Figure 5.5

High resolution XPS spectra of the Si2p core-level for Si1(100)
surfaces receiving 20 and 100eV F* at 3x10**ions/cm’ for room
temperature conditions;, and the control spectrum represeited
an unbombarded surface region of the Si(100) sample. (a)
spectra svaled and overlayed te the same peak height, and (b)
spectra overlayed with each spectrum normalized to total area

under each peak profile.
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133
the F* kinetic energy in the range between 20 and 100eV, and at a constant dose of

3x10%/cm?.

A close examination of the Si-Si1 peak FWHM from Figure 5 5a indicated a
detectable broadening as a result of bombardment at different ion energies This
broadening was apparent when compared to the overlayed control spectrum for an
unbombarded region of the Si(100) suiface. A recent first-prninciples-denved dynamical
calculation of fluorine etching of Si(100) has been reported [5 60] in which 1t was
concluded that disorder of the fluorinated surface was necessary for the buildup of the
fluorosilyl layer. This work shows that both surface crvstalline disorder and fluorosilyl
species formation occur as a consequence of F* ion bombardment between 20 and 100eV

A very recent investigation by Ochrlein [5.41] on the effects of 10n kinetic energy
on the steady-state reactive 1on etching of Si in glow discharges of CF, and SF, concluded
that the SiF, layer thickness was less at lower i1on bombardment energy The ion
bombardment energy was not directly measured in that reported work [5 41] but inferred
from the pressures used to generate the reactive plasma (250 to 25mTorr) The number
of 10n-neutral collisions within the plasma environment increases with greater pressure,
and the energy of bombarding 10ons impinging on the Si surface 1s lowered [5 61,62] In
addition, a large spread of ion energies exists ranging from a maximum estimated value
related to the plasma self-bias potential down to alun.ost no energy due to the collisional
processes in the plasma sheath region [5.32] Since the intensity due to the fluorosilyl
layer in that reported work [5.41] was very ssmilar to that seen 1n this work for F* 10ns
between 20 and 100eV at a dose of 3x10'*/cm?, 1t was believed that this 1on energy range

represented the same low energy 10ns seen by Oehrlemn using CF, at 250mTorr However



1t should be noted that the dose used in this work was much less than for the above study.

Oehrlein also reported [5.41] that the SiF layer thickness was much greater at the
higher 10n bombardment energies with SiF, having the highest intensity. In the present
work, the stable surface fluorosilyl species formed between 20 and 100eV F* and dose
of 3x10'/cm® had a reduced intensity compared to the work by Oehrlein [5.41]. This
difference 1s believed to be attnbuted to the different depth of surface analysis (polar
angle of 55° in this case versus 75° for Oehrlein's work) and to the higher doses used in
Oehrlein's reported investigation.

The extent of F penetration depth can be studied from an analysis of the intensity
ratio between the Fls and F2s core-level signals. The photoemission of electrons from
the Fls core-level has an inelastic mean free path (IMFP) of 2. 7nm through the Si surface
region which is less than that of the F2s photoelectrons which has a IMFP value of 3.7am
(see chapter 3). This essentially means that the effective sampling depth is shallower for
Fis level electrons than for the F2s case. Hence, from monitoring the (F1s/F2s) signal
ratio 1t is possible to qualitatively evaluate the extent of the F distribution in depth from
the surface [5.63]

Figure 5.6 represents the dependence of the surface (F1s/F2s) intensity ratio on
F' kinetic energy. The decrease in this ratio from 20 to 80eV clearly demonstrates that
the incident F* 10ns were being implanted below the surface at greater depths as a result
of increased 1on energy. This occurred because the higher energy ion bombardment
resulted 1n increased penetration below the Si surface. This hypothesis was consistent
with the lowest energy F' impingement resulting in the shallowest depth distribution of

fluorine atoms into the silicon.
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Figure 5.6

Variation of (F1ls/F2s) peak area rauo with F' 1on kinetic
energy at a constant dose 3x10"%ions/cm’ for room temperature

conditions.
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However, the F* bombardment at 100eV produced a F1s/F2s ratio that was higher
than the 80eV case by almost 13%. This meant that there was a shallower depth
distribution of F atoms at the surface for the 100eV bombarded S: compared to 80eV 10ns
even though there was a smaller surface concentration of F at 100eV (see Figure S 4)
This anomalous increase in the (Fls/F2s) ratio between 80 and 100eV was behieved to be
caused by a higher sputtening (both physical and physico-chemical ) probability of F (1 ¢
greater F self-sputtering) and its fluorosilyl species from the surface over the probability
for 1on 1mplantation or penetration compared to the lower fluonne 10n energies Such a
sputtering process may have given the lower F surface concentration at the hig-er
energies (Figure 5.4) as well as a shallower depth distnbution (Figure 5 6)

The valence band photoemission spectra are shown in Figure S 7 for the Si(100)
surface receiving 20 and 100eV ion bombardment at a constant dose of 3x10'*/cm® The
spectrum corresponding to the control surface represented a region of the Si(100) surface
not exposed to the energetic F' ion bombardment. This spectrum shows three
distingwishable wide peaks near 3, 8 and 10eV binding cvnergies. Such bands represent
the molecular orbitals of the Si3s and Si3p valence electrons [5.64] and are due to
crystalline Si(100) terminated at the surface by hydrogen bonds [5.65] After 20eV F',
these bands were broadened to an appreciable extent with the first two bands at 3 and
8eV also reduced 1n intensity. Following 100eV 10n bombardment, the second band near
8¢V binding energy was altogether indistingutshable from the broad diffuse band at 10¢V
Since the degree of Si1 fluonnation was seen to be approximately the same at all 1on
energies between 20 and 100eV (see Figure 5.5), the changes in the valence band spectra

at the different energies attributed to surface fluorosilyl speciation were considered 10 be
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Figure 57 Valence band photoemission spectra corresponding to Figure

55
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constant Therefore, the changes in the valence band characterize the major effects of

surface crystalline damage.

533 Effect of vacuum heating to 800°C

Figure 5 8 shows the effects of heating the samples from Figure 5.4 bombarded
with F' at 20 to 100eV and constant dose of 3x10'/cm®. The surface F/Si ratio was
reduced after vacuum heating at 800°C for 30min with a 54% decrease at 20eV and 33%
decrease at 100eV relative to the room temperature values. Although there was a
detectable reduction of surface fluonne after the samples were heated, there did not appear
to be a clear dependence in surface F/Si ratio with ion bombardment energy because of
the relatively large scatter in the data. The results suggest that the surface F was not
stable thermally at these low energies investigated.

The diffusion of F implanted into Si(100) at 30keV at low doses of 1x10" and
1x10"*/cm” has been reported [5.66] to display an anomalous out-diffusion behaviour with
F depletion 1n Si at temperatures above 500°C. This suggests that preferential thermally-
activated diffusion to the Si surface occurs at a greater rate than diffusion into the bulk
at higher temperatures. While the dnving force for such a behaviour has not been
identified |5 66]. electric field effects due to the presence of the electronegative F atoms
were not considered to be a dominant mechanism. It is however plausible that the defect
mugration towards the surface promotes the surface segregation of fluorine [5.67]. This

surface segregation 1s then manifested as a reduction n fluorine after heating to 800°C.
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Figure 5.8 Effect of vacuum heating to 800°C on surface F/Si composion
ratio for the ion kinetic energy range of 20 to 100eV at a

constant dose of 3x10'"ons/cm?.
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8.4 Conclusions 1

The development of a fluorosilyl (SiF,, n=1* 1) species surface layer and sihicon
surface crystalline disorder were observed for increasing 1on doses at a constant F' 1on
kinetic energy of 100eV. The fluorine ion bombardment was also seen to induce type-
inversion of the p-type silicon likely from an increase in conduction electrons provided
from the fluorine atoms. These results also showed that the effects of F' ion
bombardment energy between 20 and 100eV (dose of 3x10'*/cm®) on the surface residual
damage induced on Si(100) were manifested as greater F incorporation and $i surface
disorder, the development of a thin fluorosilyl layer, and the thermal nstability of the
incorporated fluorine was observed in this energy range These distinct surface properties
serve to illustrate the surface residual damage induced by reactive F' 10n bombardment

of Si(100).
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CHAPTER 6.

SURFACE REACTIONS INDUCED BY CF' ION BOMBARDMENT

6.1 Introduction

In fluorocarbon reactive ion etching of silicon, the residual damage 1s dominated
by the 10on bombardment because reactions with the radicals of the plasma are normally
confined to the surface, but ion bombardment leads to sub-surface reactions Such sub-
surface physical damage and impunty incorporation have been clearly shown,k eg m
previous work by Oehrlein and coworkers [6.1-3]. In these previous studies. the effects
of all reactive species contnbuting to the plasma etching of silicon were examined
However, the individual contributions of fluorocarbon ions were not 1dentified because
the plasma RIE process is not conducive to ion mass-separation It 1s of both fundamental
as well as technological interest to understand the role of 10n bombardment 1n RIE [6 4
With this interest in mind, there have been a number of recent studies using 10on beam
methods to understand the etching mechanisms present from fluorocarbon reactive 1on
etching of silico1. Tu and coworkers [6 5] have studied the effects of Ar’ and a CF," 1on
beam (which was not mass separated) bombardment at 5G60eV on S1 and $10, in the
presence of a flux of XeF,. From the AES results, 1t was concluded that CF." 1on
bombardment at 500eV produced significant amounts of surface carbon and fluonne
However, the chemical nature of the surface species was not identified Chuang and

coworkers [6.6] have studied the surface modifications of Si1 induced by CF,' ion beam
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bombardment at 500eV and 2000eV by XPS and AES. The results show the development
of silicon carbide, fluonnated graphite and Si-F species as a function of relative ion
fluence at 500eV However, the 1on doses were not stated. As the ion dose increases,
a fluorocarbon layer begins to form. In their study, the XPS instrument resolution was
not sufficiently sensitive to resolve the different surface carbon chemical species. Tachi
and coworkers {6 7.8] have studied the surface deposition and etching of sputter-deposited
St by mass-separated CF" 10n beam bombardment between 100eV and 3000eV. They
reported that carbon and carbonaceous polymer deposition occurs in the range of 100eV
to 700eV  Above 700eV, etching takes place pnncipally wia physical sputtenng
processes The chemical reaction probability was found to be of the order of 107
However. the 10n kinetic energy range below 100eV was not investigated. Gray and
coworkers [6 9] have studied the synergistic effects of energetic Ar* ion bombardment
along with CF, radical and atomic F fluxes on the etching/deposition properties of
fluorocarbon species with polysilicon The effects of F and CF, radical-to-ion flux ratio
on fluorocarbon film formation and etching yields were ascertained. Their results show
that the CF, radical possesses a high sticking probability on polycrystalline Si, and this
results 1n the formation of a deposited film. This direct sticking of CF, results in a
reduction of Ar’ sputter rates by almost 70% below the physical sputtering rate. Such
work focussed on the etching vields, and the surface residual damage was not
characteniced The effects of CF radical exposure are expected to behave simularly,
however no published studies have been found during the course of this thesis

In this chapter, the effects of reactive CF” ion interaction with single crystal sitlicon

at low 10n kinetic energies were studied 1n terms of the surface modifications induced by
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the bombardment The 10n energy range of interest was 2e\' to 100eV In current
generation RIE processing with fluorocarbon glow discharges. collisional processes in the
plasma sheath region can lower the maximum kmetic energy (a few hundred
electronvolts) of the reactive species [6.1]. Therefore, reactive 1ons and neutrals
possessing a spread of energies ranging from the maximum energy down to almost no
kinetic energy (1.e. 500eV down to 0OeV) bombard the sample surface In addition. 1t has
been reported [6.10] that ion energies near and below 100eV may be adopted n future
dry etching schemes because of inherently less damage to the S1 induced by energetic
reactive 10n exposure. Hence, it is of both fundamental and technological interest to study
the surface reactions induced by low energy molecular fluorocarbon ion bombardment of
Si and to charactenize the residual damage layer (this include. any deposited films, Si
compound formation and depth distnbution of compounds).

Due to the complexity of the composition of the etching plasina, the contributions
of the different reactive 10ons to the residual damage, as well as to the etchmg
mechanisms, are not known. In order to generate more fundamental understanding of the
RIE process, various research groups have recently resorted to the use of mass-separated
low energy reactive ion beams [6.8,11-15] to isolate the vanous reactive 1on species, and
to the monitoring of the associated surface reactions with a vanety of analytical
techniques including in situ analyses [6 13-15] This work incorporated the use of a
mass-separated low energy ion beam UHV system to generate pure CF' 1ons  The Si
surfaces were analyzed in-vacuo by XPS before and after 1on beam bombardment at
known kinetic energies and doses

The effects of ion kinetic energy were characterized in terms of the varnious surface
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chemical states induced by the bombardment. The results showed that with an 1on kinetic
energy of 2eV, which was much lower than the C-F bond energy of about S5eV,
molecular adsorption took place At a bombardment energy of 10eV, dissociative
chemisorption was observed but the reachon was confined to the top surface with
disproportionation of CF as the main route and little fluonination of silicon. With an ion
energy of 100eV, the atomic fragments generated by the CF dissociation possessed
enough energy to penetrate below the silicon surface. It was found that silicon carbide
and fluorosilyl species comprised the modified surface region and that the fluorosiiyl layer
was situated closer to the surface than the carbide layer. This work shows that distinct
surface reactions may be chemucally switched between the CF” ion and the silicon surface

as a function of the 10n kinetic energy.

6.2 Experimental procedure

Samples were prepared from device quality p-type Si(100) wafers implanted with
boron at 16keV and a dose of 1.6x10'*/cm’ followed by rapid thermal annealing at 1050°C
for 30s The samples were wet-etched 1n a dilute hydrofluoric acid (HF) and deionized
water solution for 30s to 45s and blown dry with N, gas for 60s before loading into the
LEIB system No further surface cleaning procedure was applied prior to or after 1c..
beam bombardment

A mass-separated low energy ion beam of CF’ ions was produced using a CF,

p'asma in the LEIB 10n source A detailed description of the LEIB system has been
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reported in Chapter 3, section 3.4, The pure CF' ion beam was directed at normal
incidence onto the Si sample surface at an i1on kinetic energy of 100eV A positive bas
was applied to the sample holder in order to offset the energy of the impingng postive,
molecular ions down to between 100eV and 2eV The i1on dose was 1x10'"cm’® for the
2eV and 10eV cases, while the 10n energies between 20eV and 100V were delivered
onto the sample with a constant dose of 3x10'/cm’ Since the areal atom density in
silicon is approximately 2x10"“/cm®, these doses were considered to be sufficient to
produce near steady-state surface modifications or residual damage production All 1on
bombardment expeniments were conducted at room temperature Once the sample was
exposed to the 1on beam, 1t was transferred under vacuum (pressure less than I1x10 " tonn)
to a separate UHV system copiauiing the XPS spectrometer for surface analysis

XPS analysis (see Chapter 3, section 3.5) was initially performed with the detector
placed at a polar photoemission angle of 55° after vacuum transfer Subsequent angle -
dependent XPS (see Chapter 3, section 3.5.4) was cammed out by first transfemng the
sample to a specially constructed holder sumitable for ARXPS This procedure resulted in

the samples being exposed to air for less than 1min.

6.3 Results and discussion

6.3.1 Effect of CF 10n kinetic_energy

The effects of CF* 10n kinetic energy can be seen from the surface [{'F] to [Si]




ratio, m Figure 6 1a Below 40eV ion energy, there was a fluorocarbon to Si ratio near
5 As the 1on energy increased between 40eV and 60eV, there was appreciable
fluorocarbon deposition At 80eV and 100eV, the surface [CF}/[Si] ratio was lower than
mually seen at 20eV  Assuming a uniform overlayer model (see Chapter 4), the
fluorocarbon film thickness was determined and displayed as a function of ion kinetic
energy in Figure 6.1b. Thus there appeared to be three distinct regimes of surface
modification associated with changes in ion kinetic energy over the range of 20eV to
100eV

The effects of CF' 10n exposure at the very low kinetic energies of 2eV and 10eV
can be seen from the Cls and Si2p core-level spectra in Figure 6.2 and 6.3. At 2eV, the
Cls results indicated the presence of a CF,-type surface species at about 286.8eV binding
energy in addition to the adventitious hydrocarbon surface contamination at a binding
energy of 284 6eV The C-F bond energy has been reported to be approximately SeV
[6 16] In this case, the kinetic energy of the molecular ion is insufficient to cause
dissociation upon impact with the Si surface. There were no other stable fluorocarbon
species detected as a rusult of this molecule adsorbn:3 onto the Si1 surface. The surface
chemistry of this system is not known, however it is plausible that the ion kinetic energy
of 2eV 1s msufficient in promoting the formation of any reaction intermediates leading
to the dissociation of CF on the surface.

For CF* 10ns at 2eV and dose of 1x10' /cm?, approximately 10 monolayers were
delivered onto the surface Under the expenmental conditions of this study, an HF-etched
sihcon surface always has surface adventitious carbon amounting to about 30%, or about

2 monolavers equvalent Most of this surface carbon desorbs with heating between 200
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Figure 6.1 Effect of ion kinetic energy on (a) [CF}/[S1] surface composition

ratio, (b) estimated fluorocarbon film thickness
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Figure 6.2 High resolution Cls core-level spectra of the Si1 surfaces

bombarded by 2eV and 10eV CF’ 1ons at a dose of IxJ0"/em®
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Figure 6.3 High resolution Si12p core-level spectra corresponding to Figure

6.2.
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and 300°C. Hence, tius adventitious contamination 1s only weakly bound to the sihcon
surface. It was thus assumed that the onginal surface contamination desorbed dunng the
early stages of CF” ion bombardment. Subsequently. the adsorption of CF took place
onto the silicon surface, and after the 1on bombardment was terminated. some surtface
adventitious carbon was accumulated back on top of the adsorbed CF laver With such
an assumption, chemical composition calculations showed that a CF laver approximately
1 4nm in thickness (or 3-4 equivalent monolayers) developed from the 10n bombardment
These results suggest that after surface neutralization, some of the inconing CF speaies
were adsorbed as molecules (i.e. molecular adsorption) on the silicon surface, and some
CF species were scaitered from the sihcon A fluorosilyl layer on the Si surface has been
associated with reactive etching by fluorine atoms [6 17] In this study there were no
appreciable fluorosilyl species i1dentified from the Si12p spectral results (Figure 6 3)
Hence, the CF™ exposure at 2eV does noi etch silicon but leads o fluorocarbon fiim
deposition

For the case of CF' ions with a kinetic energy of 10eV. the Cls core-level
spectrum shows peaks identified with CF;-. CF,- and CF,-type species on the sutface
[6.18] It 1s postulated that the 10n kinetic energy of 10eV was high enough 1o promote
the fragmentation of the incoming molecular species into carbon and fluorine atoms  This
phenomena 1s consistent with previously reported work [6 19-21] of energetic ( 16G¢V)
molecular ions stnking a solid surface and dissociating upon 1mmpact  The fluonne atoms
generated by the CF dissociation can then react wath the adsorbed CF or carbon atoms for
the production of CF, and CF,

Although fluorination of silicon 15 also a conceivable reaction pathway the
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corresponding S12p core-level spectrum (Figure 6.3) indicates that there was Iittle, if any,
chemical mteraction with the S1 surface. The negligible reaction with silicon is attributed
to the fact that the surface Si atoms are terminated with hydrogen after the HF-etch (see
Chapter 3, section 3 2) and that the atomic fragments carried insufficient energy to
penetrate below the silicon surface. The confinement of the reaction to the top surface
thus leads to more fluonne-flucrocarbon than fluorne-silicon interactions. In addition,
the 10eV energy from the 10n bombardment may not be enough to cause displacement of
Si1 atoms from equilibnium lattice positions since this energy 1s about 15eV [6.22] for bulk
silicon  With Si atom displacement, bond breaking is likely to occur and these Si
dangling bonds n:uay then react with the carbon and fluonine The results indicate that CF*
bombturdment at 10eV, not unlike the radical-surface reactions in a CF,/H, plasma where
CF radicals are abundant [6 17], contnbutes t¢ fluorocarbon polymer formation This
formation 1s part of the residual damage developed.

From Figure 6 3. the S12p core-level corresponding to 2eV and 10eV CF' ion
beam exposure were practically identical with that of an unbombarded silicon surface
Any chemical reactions with S1 would cause a change in the oxidation state and this
change would be manifested as peak components towards higher binding energy from the
elemental S1 peak The absence of any such features towards higher binding energy mn
Figure o 3 supports the 1dea that no surface chemical reactions occur between the CF*
molecular 10n and the S1 substrate Therefore, the iateraction between this molecular ion
and the hydrogen-terminated S1 surface at such low energies was confined to the top

surface laver with little subsurface penetration and reaction with the Si

At an 1on kinetic energy of 20eV and dose of 3x10'*/cm’. the Cls spectrum was
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similar to the 10eV case (Figure 6.2) with the relauve abundances of C-F, (n-1.2.3)
species decreasing with increasing F bonds to C  The Si2p spactrum was also identcal
to the 10eV case. As the 10n kinetic energy was increased from 20 to 40 to 00cV with
the same constant dose of 3x10'*/cm?, the relative amounts of surface C and ¥ increased
significantly (Figure 6.1). However, the Cls spectra remammed the same This dicates
that the type and relative abundances of surface fluorocarbon species were insens:tive to
the incoming ion energy in the range of 20eV to 60eV. Hence, fluorocarbon deposition
was the dominant form of residual damage at these energies

In this same energy range, the S12p spectra for the 40eV and 60eV cases showed
the development of a weak, broad component towards higher binding energy than the
elemental Si peak. This suggests that there was a imited interaction with the Si surface
If 1t 1s assumed that the C and F fragments carry energy equal to their respective mass
fractions, then the C and F atoms would possess 40% and 60% of the total energy,
respectively. In the 40eV molecular 10n case, the F atom would s principle deliver 24¢V
energy to the surface. This energy is possibly sufficient for some of the F atoms to
penetrate the fluorocarbon layer and the silicon surface, thereby enhancing the F-Si
reaction probability Such an i1deal fluorosilyl reaction would result in an observed broad
component in the Si2p spectrum However, the formation of a fluorocarbon film layer
was greatesi at these 1on kinetic energies with limited sihcon-fluornne species development
because of very little intensity detected from the Si2p spectrum corresponding 0 Sk
components

The dramatic increase 1n surface fluorocarbon species between 20¢V and 40¢V 10n

energy (Figure 6.1) was likely due to different surface phenomena At 40¢V (and also
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60eV ), there was optimal fluorocarbon film deposition on the Si surface. This indicates
that at these energies, the reaction probability for film deposition was increased. For the
20eV case, deposition does occur, but to a lesser extent. A large contribution of the CF"
molecules impmnging on the surface may have scattered off the surface. This surface
scattering phenomena has been reported [6.23] for BF' ion scattering below 100eV
Therefore, at these low energies (20eV to 40eV) there was a competition between the two
different reaction pathways of molecular 1on surface scattering and fluorocarbon film
deposition

For CF" 10ns with kinetic energies of 80eV and 100eV, Figure 6.4 shows the Cls
spectra lon dissociation has taken place. However, the surface carbon species were in
general different than those present at 10n kinetic energies between 10eV and 60eV. The
S1 surface after 80eV CF' ion bor-bardment had less fluorocarbons in comparison to the
402V and 60eV cases (Figure 6.1), as well as less fluoninated carbons (for example Figure
6 2 the 10eV case) The detection of peaks assigned to species of CF, and (C,F,) with
x< | does suggest that some fluorocarbon deposition was still tak'ng place, however, this
deposition was not as great as previously discussed. The presence of silicon carbide (C-
St) species at a binding energy of 283 5eV was identified from the Cls ¢ re-level
spectrum  This peak assignment 1s consistent with previously reported signature spectra
for sihcon carbide [€ 24] Therefore, reaction with the underlying Si was beginning to
occur at this 1on energy

At an 10n kinetic energy of 100eV. the Cls spectrum shows the presence of only
C-S1 at 283 5S¢V binding energy  The peak at a binding energy of 284 6eV is likely from

amorphous carbon present on the surface due to the dissociatn of the mcommg CF” 10ns
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Figure ¢ 4 High resolution C1s core-level spectra of Si surface after 80eV and

100eV CF' 1on bombardment at a dose of 3x10'"/cm”
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and to the accumulation adventitious hydrocarbon contamination after ion bombardment
At 100eV . complete CF' 10n dissociation has occurred. The absence of any fluorocarbon
species suggests that the reaction pathway towards film deposition has been suppressed
while that of Si reaction has been enhanced. At 80eV ion energy. the CF' molecular 1on
dissociates on impact with the surface, and there 1s still some C-F interaction. but most
of the C and F atomic fragments possess sufficient kiaetic energy to penetrate below the
Si surface and break Si-Si bonds in the process. Such subsurface penetration ailows some
of the C to react with the Si. For the case of 100eV ion energy, the C-Si reaction
probability was even greater than the 80eV case with the result that there were no stable
fluorocarbon species. Thus the principle form of residual damage was Si-contaming
compound formation with minor stable surface fluorocarbon species

Figure 6.5 illustrates the Si12p peak profiles for surfaces bombarded by 80e¢V and
100eV CF" ions. The elemental Si peak was at 99eV binding energy and a broad, less
intense peak was present towards higher binding energy. The unresolved components due
to SiF, (n=1,2,3) aud Si-C snecies are labelled in Figure 65 If the density of the
reaction layer was assumed to be the same as for $10,, then the layer thickness may be

calculated from [6 25]:

d(mm) = Acos@In ([Inij/flnl]+)
1ae Si reaction layer thickness was estimated to be 22nm for the 100eV io0n
bombardment and 1 5Snm for the 80eV 10n energy The higher energy 1on exposure

produced a thicker reaction layer This may be the resuit of a greater penetraton depth
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ligure 6 5 High resolution Si2p core-level spectra corresponding t~ Figure

64
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of C and F atoms below the Si1 surface to produce fluorosilyl and silicon carbide species.
In the 80eV case, there was some evidence that the CF" ion was not dissociated or that
the dissociated C and F were reacting together to form the stable fluorocarbon species
(Figure 6 4), and this was not the situation at 100eV. Therefore, less C and F were
available to react with the Si at 80eV CF’ ion energy. The interaction of the molecular
ion with the Si surface at these energ’-'s promotes the formation of stable, surface
fluorosiiyl and silicon carbide reaction products, whereas between 40eV and 60eV there
was the promotion of fluorocarbon film deposition. Sputtering (both physical and
physico-chemical) are also expected to become more important as the bombardment
energy increases, and may thus contribute to the decrease of fluorocarbon film
accumulation when the bombardment energy 1s above 60eV.

High resolution spectra were taken of the Fls core-level for all the samples.
Figure 6 6 shows typical Fls spectra for the Si surfaces bombarded by 10eV and 100eV
CF’ 1ons The 100eV ion energy is an order of magnitude greater than the previous case
of 10eV, and the surface modifications resulting from such energetic molecular ion-
surface interactions suggests that a simple dissociative chemisorption process is not
viable/acceptable The 10eV 10n energy case produced two resolved components at
086 9¢V and 688 9eV (with an area ratio of 4.5:1). The lower binding energy peak was
assigned to a single fluorme-carbon bonded species while the higher binding energy
component may be identified with multiple fluonines bonded to carbon, and this was
consistent with the Cls spectra from Figure 6.2. For 100eV CF’ ion bombardment, a
single Fls peak was detected at 686.8eV binding energy with FWHM of 19¢V. From

the corresponding S12p spectrum of Figure 6.5, this peak was identified as fluonne
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Figure 6 6 High resolution F1s core-level spectra of S1 surface after 10eV and

100eV CF' 1on bombardment
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bonded to stlicon. The absence of any fluorocarbon species from the corresponding Cls
spectrum at 100eV 1s also consistent with this peak assignment  The Flis core-level
spectra provided complimentary informution as to the identity of the vanous: fluonne
species. However. unambiguous peak assigninent from the Fls signal alone was not
possible due to the similar binding energies for F-C and F-S1 surface species

Figure 6.7 shows a companson of valence band photocmission spectia for the S
surfaces exposed to different 1on kinetic energies The control surface shows three broad
bands near 3eV, 7eV and 10eV binding energies. These valence bands between 0 and
15eV are compnised of the molecular orbitals of the S13s and S13p electrons {0 6] Such
a spectrum 1s indicative of crystalline Si(100) terminated by hvdrogen o 2o}  Afte
100eV ion bombardment, the two peaks at 3eV and 7eV were completely bioadened with
the 3eV peak intensity reduced. This indicates the effects (! both surface crvstalline
damage, removal of surface hydrogen, and the presence of fluorosilvl ard carbide species
The. valence spectra after 80eV 10n exposure shows the 3eV peak having a shghtly Larger
intensity than for the 100eV case. This could be due to a lesser degrec of surface
amorphization as well as less fluorosilyl and carbide concentrations The 60eV case
shows an absence of the peak at eV binding energy This valence band spectrum s
representative of the surface of fluorocarbon polymers {6 27 28] At 60c¢V 10n hinetic
energy. the S1 surface was covered by almost 5Snm of a fluorocarbon filmi Hence, the
valence band spectrum w s predominantly due to the film character

At 100eV 10n energy, if the individual atoms deliver kinetic encrgics equal to then
respective mass fraction: the carbon atoms will carry about 39¢V whilc the fluonne

atoms carry 6leV of energy Related to this. Al-Bayati er al |G 13] recentlv showed that
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Figure 6 7 Valence band photoemission spectra for S1 surfaces bombarded by
60eV, 80eV and 100eV CF" 1ons. The valence band spectrum of
the wet HF/H,O etched Si control surface represents the surface

before ion beam bombardment
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argan bombardment at 60eV can cause an amorphization of silican to a depth of about
20A as a result of ion penetration and collision cascades. Therefore, the energies of the
carbon and fluonne atoms were sufficient to cause sub-surface penetration and silicon
defect farmation. This wark indicates that at this CF* bombardment energy. the mitial
surface reactions favour the farmation of silicon carbide and a fluorosilvl laver over the
development of a fluarocarbaon deposttion layer. Because the 1on bombardment process
is a non-equilibrium condition, effects such as thermal enhancement of atomic mobility
and modification of reaction species growth kinetics [6.22] may have contnbuted to a
silicon-containing reaction layer developing at the higher ion kinetic energy These
distinct reactions show that the role of the reactive ion kinetic energy 1s to perhaps allow

different surface chemical reactions ta proceed.

6.3.2 Structure of residual damage layer at 100eV

Figure 6.8 shaows averlays of the Cls and Si2p spectra at two different sampling
depths from angle-dependent XPS analysis for the sample exposed to 100eV CF' 1ons
At 0° polar angle (greatest sampling depth), there was a larger amount of silicon carbide
seen in the Cls spectra in Figure 6.8a. From Figure 6.8b at this same angle, there was
a substantial reduction in the peak intensity attributable 10 either fluorosilyl species or
silicon carbide at this same sampling depth from the Si12p spectra This latter figure also
shaws a broadening of the elemental Si peak at the shallower sampling depth
correspanding to a polar angle of 63°. This broadening was hkely due to the surface
being amorphized from energetic 10n beam bombardment Since there was a decrease in

the silican carbide peak at 63° from the Cls spectrum, one would expect to see a
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Figure 6.8  High resolution XPS spectra of Si surface after 100eV CF" 10n
bombardment with 3x10'*/cm? showing the effects of two different
photoemission polar angles of 6=0° and 6=63° on (a) Cls core-

level spectra, and (b) Si2p core-level spectra.
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corresponding decrease in the Si2p spectrum. The observed Si2p intensity increase at
100-104 eV shows clearly that the photoemission onginated from a fluorosilyl species
layer, and that these species were located at the top-most surface regton.

The depth distributions of the fluorosilyl species and silicon carbide are further
summanzed in Figure 6.9 which shows the various component areas of Si-F species from
the Si2p core-level and C-S1 species from the Cls core-level spectrum as a function of
poiar angle. In Figure 6.9, an approximat= depth scale was calculated (see Chapter 3,

section 3.5.4) using:

d = 2Acos@

where d is the sampling depth in nanometres, A 1s the inelastic mean free path of the
photoelectrons with an estimated value of 3nm [6.29], and @ is the polar angle between
the surface normal and the detector axis. The silicon carbide species showed a graded
depletion towards the surface where most of the fluorosilyl species resided.

Analysis of the data in Figure 6.9 by the depth compositional profiling algorithm
by Bussing and Holloway [6.30,31] is shown in Figure 6.10. The component areas due
to fluorosilyl and carbide species were quantified from the elemental compositions. The
IMFP was assumed to be constant at 3nm. This assumption was valid because the data
mampulated by the algonthm was due only to the Si2p core-level which has its IMFP
near 3nm [6.29]). The depth profiles show that there was no elemental Si in the top few
nanometres of the surface. The simulated fluorosilyl and silicon carbide composition

profiles suggest that the carbide layer is buried below the fluorosilyl layer. This result
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Figure 6.9 Changes in percent area of Cls and Si2p core-level intensities
attributed to Si-F and C-S1 species as a function of photoemission

polar angle, 6 corresponding to Figure 6.8. Included in the Figure

is the approximate sampling depth axis
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Figure 6.10 Normalized concentration depth-profile for Si-containing species
calculated with the B-H algonthm using the data from Figure 6 9

IMFP was constant at 3nm.
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is supported by the photoemission intensity vanation as a function of polar angle n
Figure 6.9. Therefore, the fluorosilyl and carbide species exist as separate Si compound
layers with Si-F species closer to the surface.

The valence band photoemission spectra taken at various photoelectron polar
takeoff angle is shown in Figure 6.11. The control surface represents the Si(100) surface
before ion beam bombardment at 100eV. As the polar angle was increased, corresponding
to increased surface sensitive analysis, the three molecular orbital peaks at 3eV, 7eV and
10eV were seen to decrease in intensity as well as broaden into one wide band between
OeV and 14eV. Closest to the top surface, the Si lattice structure was disrupted and Si-F
and Si-C compounds were formed. This accounts for the observed disappearance of the
mitial valence band peak components.

Assuming that when CF dissociates, the carbon atom camed 40% of the kinetic
energy, TRIM (transport of ions in matenals) simulations were used to estmate the
penetration depths of the carbon and fluorine fragments. The calculations showed that
the respective penetration depths (FWHM of the projectile distribution) for 100eV C* and
150eV F* were approximately 20 and 25A, respectively. Hence 6eV F* 10ns should also
penetrate to the same, if not larger depth in comparison t0 40eV C' The discrepancy
between the experimental distributions and the simulated distributions could be attnbuted
to the higher diffusivity of fluorine relative to that of carbon 1n silicon, and to the higher
volatility of fluorosilyl species relative to that of silicon carbide In support of this,
previous data [6.32] on BF,’ implantation and annealing in silicon also showed surface

segregation of fluorine. As well, the ion kinetic energies of 100 and 150eV used from

the simulation were lower 1on energy limits and the effects of 1on channeling were not
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Figure 6.11  Valence photoemission spectra of Si surface after 100eV CF" ion
bombardment with dose of 3x10'/cm? at various photoemission
polar angles. The control surface was the same as that descnibed

for Figure 6.7.
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187
considered in the TRIM code. These limitations also were hkely to affect the estimated

penetration depths for fluonne and carbon

6.4 Conclusions

Expenmental evidence has been presented for the surface modifications of Si as
a result of reactive CF" 10n beam bombardment. Distinct surface chemical reactions were
produced at 10n kinetic energies of 2eV and 100eV. Below the C-F bond dissociation
energy . molecular adsorption on the S1 surface occurred, while just above the dissociation
threshold dissociative chemisorption was observed. In the ion energy range of 10eV to
100eV, there were three regimes of surface residual damage caused by 1on bombardment.
In the first regaime with 10on energy range of 20eV to 40eV, there was a competition
between molecular ion scattenng and fluorocarbon film deposition on the Si surface.
Between 60eV and 80eV, film deposition was suppressed whi.e subsurface penetration
by the reactive CF* occurred alouy, with the developmeat of a Si-F and Si-C reaction
layer It was considered that sputtenng (both physical and physico-chemical) of the
deposited fluorocarbon film became more important as the ion energy increased. At
100eV 10n kinetic energy. the depth distribution of the reaction layer showed a graded
ennichment of fluorosilyl species and a depletion of silicon carbide towards the very
surface Such a behaviour cannot be accounted for by TRIM simulations and indicates
that the difference of atoms and chemical reactivity of the ion-surface interaction is

important for the CF*-Si system at and below 100eV.
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CHAPTER 7.

SURFACE REACTIONS INDUCED BY CI' ION BOMBARDMENT

7.1 Introduction

Low energy reactive ton bombardment has been an important technique n the drv
etching of microelectronic matenals [7.1]. The implementation of reactive energetic 1ons
from glow discharges (plasma) to etch solids is critical to the development of very large
scale integrated circuit (VLSI) fabrication {7.2]. The neutrals, radicals and 10ns from the
react ve plasma impinge on the surface of the matenal to be etched This interaction
results in the formation of gas phase volatile species containing elements of the matenal
being dry etched In this way, the erosion of matenal i1s accomphished The energetic 1on
bombardment provides the preferential etching of matenal in a specific direction, 1 ¢
anisotropic etching. This ion bombardment effect enhances the etch yield of matenal over
the case of no ion bombardment [7.3,4]. However, the 1on bombardment process usually
produces some degree of residual surface damage in the form of surface crystalline
disorder and incorporation of contaminant species

Pogge et al [7.5] studied the dry etching of silicon (S1) and sihcon dioxide (810),)
using molecular chlornne (Cl,) and argon (Ar) gas muixtures in a commercial reactive ion

etching (RIE) system as an altemative to fluorocarbon plasma RIE  The etching

charactenstics of Si as function of processing parameters were found and an etch rate




ratio of 20.1 for S1'S10, was achieved. This work shows the feasibility of Cl RIE as an
altemative to fluorocarbon RIE of Si. Cl-based plasma etching of Si yields anisotropic
etching because of a low spontaneous Cl-Si reaction rate and sidewall passivation [7.6-7].
A CCLF, plasma 1s used to conventionally etch Si with the etchant assumed to be atomic
Cl [7 8] RIE of Si wath this plasma results in a modified Si surface reaction layer [7.9].
X-ray photoelectron spectroscopy (XPS) analysis of the Si surface after etching indicates
a chlorosilyl compound (S1Cl,, n=1,2,3,4) layer {7.9]. The presence of fluorine (F) in the
plasma makes interpretation of this chlorosilyl reaction layer ambiguous since fluorosilyl
species will also form [7.10]. Fundamental studies of Cl etching of Si have utilized Ar*
1on bombardment in the presence of a Cl, gas flux [7.11-14]. Such studies have been
pnmanly nterested in the elucidation of etching mechanisms and identification of gas
phase etch products with limited surface analysis studies. Hence, the need to study the
residual damage and modifications induced by the C1* ion bombardment of Si is of both
fundamental scientific and technological importance in the development of Cl-based RIE.

Cl" 1on bombardment between 20 and 65¢V kinetic energies has also been adopted
as a surface cleaming technique for Si prior to epitaxial growth of Si and germanium (Ge)
under vacuum conditions [7 15.16]. It was propcsed that CI' ion impingement at these
low energies neither physically sputter the target nor introduce any significant crystalline
damage. but instead removed surface impurities and contaminants by forming gas phase
volatile complexes. Such a hypothesis has not been investigated in detail. It was shown
[7 15.16] that homoepitaxy of Si for substrates cleaned by 20 and 40eV CI* ions with a
dose near 10'"1ons/cm’ at 600°C resulted in the formation of dislocation loops below the

mterface This implies that radiation damage cannot be completely ruled out at this low
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ion energy regime. Related to the above work. Armour and coworkers have studied the
detailed surface residual damage on Si caused by Ar' and C1° 1ons at 110eV [7 17] and
at 300eV [7.18]. Because of the chemical effects associated with C1" bombardment, tt 1s
conceivable that 1on etching with this halogen species can provide some advantages over
Ar' ion sputter-cleaning. However, any Si surface previously exposed to air ambient or
subjected to a wet HF treatment will attract some oxygen ((} surface contamination
Hence, the initial stages of any subsequent surface cleaming procedure must also remove
these contaminants. It is thus relevant to study the role of CI° bombardment on such
oxygen removal. Accordingly, the surface residual contamination and damage i CI’
bombardment of Si needs to be understood before acceptance of such an 10n cleaning
procedure.

The aim of this chapter was to characterize the residual surface damage and
contamination of the p-type Si(100) surface induced by CI' ion bombardment in the
energy range of 1-100eV. The ion kinetic energy range of nterest was chosen based
upon a comparison with Cl-based plasma RIE and surface cleaning of S1  The effects of
Cl surface incorporation and surface band-bending on 10n fluence was also investigated
within the above energy range. The ion dose range investigated was 10'*/cm’ to 10"/cm?

The effects of C1* ion bombardment of Si(109) was studied using a mass-separated
ion beam of **CI' ions. This ensured that a pure Cl" beam of species was impinging on
the Si surface The 10n beam was directed at normal incidence to the Si surface because
this is the conventional direction found in dry etching/cleaning XPS was the surface
analysis technique of choice because 1i provides information on surface concentrations

(quantitation) and the different chemical states of surface constituents
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7.2 Experimental procedure

The S1(100) samples were boron implanted at 16keV with a dose of 1.6x10" /cm?
followed by rapid thermal annealling at 1050°C for 30s to electrically activate the dopant.
The samples were wet etched 1n a dilute aqueous hydrofluornic acid (HF) solution for 30-
45s and blown dry with nitrogen gas to remove the passivating oxide. The samples were
then immediately loaded into the LEIB system for reactive C1* ion bombardment.

YCI' 1ons were extracted from a CCLF, plasma confined within a hot dc filament
Colutron 1on source The LEIB system is described in Chapter 3. The ion beam
impinged at normal incidence to the Si(100) surface for a range of ion kinetic energies
between 1-100eV and a range of ion dose. from 1x10"™ to 1.5x10'*/cm>. All ion
bombardment expenments were conducted at room temperature. Once samples were
exposed to the 10ns, the specimens were transferred under vacuum (P<1x10*Torr) to an
XPS system for surface analysis.

The XPS spectrometer was a SSX-100 small X-ray spot system (see Chapter 3).
Spectra were collected at pass energies of 100eV for quantitation and 20eV for high
1tesolution The X-ray spot size at the sample surface was approximately 300um
diameter All spectra were acquired at a constant polar photoemission angle of 55° with
respect to the sample normal. Surface atomic concentrations were calculated (see Chapter
3) and binding emnergy positions were determined using an iterative chi-squared

munimuzation peak-fitting program with a Gaussian-Lorentzian profile All peak positions
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were referenced to the Audf,, core-level peak position at 83 93eV from an Ar" sputter-

cleaned gold foil always present under UHV conditions.

7.3 Results and discussion

7.3.1 Surface oxidation induced by leV bombardment

Figure 7.1a shows the CI2p spectrum of the S1(100) surface bombarded with leV
Cl' to 3x10"/cm®>. Two chemical components were clearly resolved with the binding
energies of the Cl2p,, component at 199.4 and 200.8eV These two components were
attributed to Cl-Si and Cl-O-Si species, respectively. The justification for such
assignments will be discussed below.

After each ion bombardment expenment, XPS was cammed out both in the
bombarded area and outside that area for companson purposes Figure 7 1b shows the
Si2p spectra of the non-bombarded area overlaad with that taken in the area receiving
3x10'/cm? at a bombardment energy of 1eV. At this low bombardment energy, atom
displacement induced by the collisional cascade was neghgible The reactive CI'
exposure of the surface however, clearly induced some photoemission intensity at about
104 eV which was absent 1n the spectrum of the non-bombarded area When this peak
was curve-fitted with one chemical component, the S12n,, level binding energy was 103 5
eV. This value 1s charactenstic of Si0, [7 19]

The main peaks of the two spectra in the binding energy range 99-100 eV showed

L
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Figure 7 1 High resclution XPS spectra of (a) Ci2p and, (b) Si2p core-levels
for Si surface receiving 1eV Cl’ ion bombardment with a dose of
3x10"10ns/cm’. The control surface was for the same sample wet

etched 1n aqueous HF solution before ion beam exposure.
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no differences caused by the exposure to 1eV CI” ions. The curve-fitting of the peak
shape required a mmimum set of three pairs of spin-orbit split components. The Si2p,,
binding energies were 99.0, 99.4, and 100.2eV. This first component was attributed to
the bulk-like sithcon. Qur database of Si2p,, spectra shows the bulk-like silicon with its
Fermu level at the valence band maximum (VBM) has a binding energy of 98.7eV [7.20].
Hence, the surface Fermi level of the sample was at 0.3 £ 0.1 eV from VBM. Although
the samples were heavily doped with boron and the Fermi level position was expected to
be close to the VBM, some of the dopant was deactivated by hydrogen during the wet
HF-etch surface treatment [7.21] procedure before ion bombardment. Therefore, the
present XPS investigation confirms this hydrogen passivation effect and also shows that
low energy CI' ion bombardment at 1eV did not significantly induce a surface band
bending condition of the Si1.

The Si2p,, chemical component towards a higher binding energy of 0.4eV from
the bulk-like peak has previously been assigned to silicon bonded with hydrogen [7.22].
Since the sthicon of $10, 1s 1n its +4 oxidation state and shows a chemical shift of 4.5 eV,
every unit increment of oxidation number thus roughly contributes a chemical shift of
about 1.1eV. On the surface receiving no ion bombardment, it is plausible that some of
the intensity of the component shifted by 1.2eV is contributed from Si-OH bonds or Si
atoms associated with adsorbed water. Such an assignment was also consistent with the
observation of photoemission in the Ols region, photoemission which amounted to less
than one monolayer equivalent of oxygen atoms. The absence of any additional
photoemission 1n the binding energy range of 101 to 105eV from this unbombarded

surface suggests that silicon atoms having an oxidation number higher than one were rare.
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On the 10n bombarded surface, the chemistry 1s more comphicated because Si1-Cl
on a silicon surface 1s known to give a chemical shift of 0.9eV [7 23] Hence. s
presence is also plausible. which i1s confirmed by the analysis of the Cl2p core-level
However, the absence of any addition photoemission in the binding energy range 101-103
eV indicates [7.23] that the amounts of SiCl, (chemical shift 1 7eV) and SiCl, (chemcal
shift 2.7¢V) were below the XPS instrumental detecion hhmit. Since the observed $12p,,,
chemical shift of 4.5 eV was far greater than that of any silicon chlondes and since the
surface contaminants were mamly chlonine and oxygen, the photoemission with this
chemical shift was attnbuted within reason to Si1 atoms with Si-O bonds and an oxidation
state number of +4.

The results above suggest that before bombaidment, the residual surface oxygen
was present in the form of Si(-OH), with n=1 or adsorbed water, and that the
bombardment aggregated these residual O atoms into oxygenated species of Si(-0-X),
with X = Cl or Si. The proposed Si-O-Si network is required to hold the highly oxidized
species on the surface. The reaction mechanism for the formation of this highly oxidized
species can be partitioned as follows: (a) neutralization of the chlorine 10n by the silicon
valence electrons; (b) formation of Si-C! bonds, {c) replacement of the Si-Cl bond with
an Si-O-Cl bond. The bond replacement is thermodynamically favorable and has been
previously discussed and shown expennmentally {7.13]. With the assumption that the Si(-
0-X), species formed a uniform overlayer, the thickness of this layer was estimated 10 be
about 0.3nm (assuming the oxide intensity 1s 10% and the main peak 1s 90%. and the
melastic mean free path in the oxide 1s 3.0nm [7.24)) Further CI" bombardment at leV

did not induce any significant changes of the spectral data, probably because the
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transformation of surface oxygen to Si-(O-X), was completed and because the etch yield

of the surface "oxide” by atomic chlorine is very small [7.25] and the sputtering yield at

leV was neghgible.

732 Effect of 10n kinctic energy

Although the surface oxide (referring to the Si-(O-X), species) induced by CI*
bombardment was not effectively removed by further CI" bombardment at 1eV, the oxide
removal was observed at higher bombardment energies and for greater doses (see section
73 3) Figure 7 2a shows the C12p and Si2p spectra after bombardment by 20eV CI" ion
at the same dose of 3x10'/cm* In comparison to the bombardment at 1eV, this higher
10on energy resulted in a lesser amount of Cl-O-Si species, surface oxide and suboxides
(refernng to Si-(0-X), with n<4). These surface composition changes can be attributed
to the increase in 1on kinetic energy .

Analyses of the CI2p spectra showed that the samples bombarded at 1eV and at
20eV both had CI-Si and C1-O-Si species on their surfaces. The Cl-O-Si component was
reduced n intensity on the sample receiving 20eV CI' ions. This indicates a greater
probability of removing such species at the higher 1on kinetic energy. At a bombardment
energy of 20eV. the Si-O physical sputter yield due to CI" is expected to be larger than
at leV simply because of the increased kinetic energy. This system of CI" physical
bombardment of S1 can be compared to the Ar’/Si case because of similar masses, e.g.
Ar has an atomic weight of 39.9 and Cl has an atomic weight of 35.4. At a bombardment
energy of 20eV. the CI'/SiO, sputter yield is expected to be much smaller than for Ar’

bombardment at 50eV which 1s approx:mately 0.02 [7.26]. The lesser amount of C1-O-Si



Figure 7.2

High resolution XPS spectra of (a) Ci2p and, (b) S12p core-levels
for Si surface receiving 20eV Cl° ion bombardment with a dose of
3x10'%ions/cm’ The control surface was for the same sample wet

etched in aqueous HF solution before 1on beam exposure
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surface species at 20eV CI" bombardment may therefore be the result of more efficient
physical sputtering.

Figure 7.2b shows the presence of a low intensity component towards higher
binding energy from the dominant peak nzar 99eV binding energy The importance of
cascade collisions for Ar’ bombardment of Si at this low energy has also been shown
recently [7.27]. The presence of very low level suboxides in Figure 7 2b also indicates
that even at this low energy, atom mixing due to the collisional cascade already becomes
an important factor in determining the surface reaction products.

The Si?)» core-level spectra of Figure 7.2b also show the main peak position for
the 20eV ion bombarded surface at a slightly higher binding energy compared to the
surface not receiving energetic ClI* ion exposure. The Cl2p spectrum in Figure 7 2a
behaved in a similar manner with the Cl-S1 species idenufied from the Cl2p,, binding
energy position at 199.5eV. This binding energy was approximately 0 2eV higher than
the corresponding spectrum for CI' bombardment at 1eV. The differences in these core-
level spectra were due to the downward band-bending of the S1 surface bombarded by CI’
at 20eV. This surface band-bending phenomena will be discussed in section 7 3 3

For Si(100) surfaces receiving 100eV CI' reactive ions with the same dose of
3x10'%/cm? as for the 1 and 20eV cases, there was even less Cl-O-Si species present from
the C12p spectrum At this incident 10n energy, the surface sputterng of the oxygenated
species was greatest for the range of 2-100eV The physical sputter yield of $10, by Ar’
at 100eV 1s about 0.03 [7.13]. Hence, it is not too surpnsing that CI' bombardment at
100eV was sufficient to remove the submonolayer of surface oxygenated species layer

formed at the mitial stages of bombardment.



The Si12p spectrum for the sample bombarded at 100eV was similar to that from
Figure 72b The relauve shift in binding energy between regions exposed to ion
bombardment and an unexposed region was approximately 0.4eV which was greater than
at 20eV 10n beam exposure Physi:al bombardment effects can be explained by comparing
the C1' bombardment to Ar ion bombardment. The Si lattice is known to be damaged
by Ar' 10on bombardment in this energv range [7.28]. The surface damage produces
electnically active defect states within the semiconductor bandgap. If electrically active
surface defects are present as donor states within the semiconductor bandgap of the p-type
S1 [729], then the effective doping concentration may be reduced causing the
semiconductor Fermi level to shift away from the valence band maximum. This 1s
manifested as surface band bending [7.30,31]. Such band-bending 1s seen as a shift in
the core-level spectrum [7.30,31] which 1s distinct from the conventional chemical shift
effect {7 19] Such damage was expected from CI* ion bombardment, and the spectral
shifts in binding energy support this prenuse (see also the discussion of Figure 7.8 in the
next section)

Although the surface roughness of samples bombarded by 100eV CI' for the
removal of residual surface oxygen will be negligible because the dose required is low,
a drawback was observed for bombardment at this high energy. As mentioned earlier, the
relative shifting of the Si2p peaks in Figure 7.2b indicates that CI" bombardment at 20-
100 eV induced a surface band-bending on the p-type Si. The increase of the band
bending with an increasing energy suggests that the observed band bending was due to
the incorporation of chlonne into the silicon subsurface. For the samples bombarded with

C1l' at 100 eV, a type-inversion was evident (i.e. the p-type Si surface was converted to
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n-type). It has been shown recently that Ar" bombardment merges the surface Fermu
levels of n-type and p-type Si to the midgap [7.2]1]. Hence. the type-inversion induced
by CI' bombardment is definitely not due to simple radiation induced defects in sihcon,
but instead, was likely caused by chlonne incorporation

Figure 7.3 shows a plot of [C1/Si] surface composition ratio as a function of CI’
ion kinetic energy for a constant ion dose of 3x10"/cm’ The amount of surface Cl
relative to the silicon was found to increase from 20 to 40eV and then decrease from 40
to 100eVas a result of C!" bombardment. This halogen 1on kinetic energy effect on
surface chlorination uf silicon was slightly different than for the case of F' 1on
bombardment over the same energy and fixed dose (see Figure 5 4 1in Chapter 5)

The reduction of surface chlorine with increasing 10n energy between 40 to 100eV
was considered to be caused by greater i1on penetration and sputtering The physical
penetration depth is predicted to be greater for the higher incident 10n kinetic energies
Because XPS is a surface sensitive technique, the quantification of the amount of surface
Cl distributed at greater depths at 100eV compared with the lower energy of 40eV would
underestimate the actual amount. This would then give a lower amount of surface

chlorine at the higher energies. Also, the physical sputtenng of S1 by CI' will be greater

towards the higher energies, and this would contribute to a reduction 1n the amount of

implanted chlorine (1.e. chlonne self-sputtering).

As well, since the CI-O-Si species concentration was greater at lower energy, this
indicates that the surface contamination of O was less easily removed at lower energy,
and this behaviour was supported by the detection of Cl-O-S1 species from Figure 7 la

and 7.2a. The abundance of these species at lower energies may be due to less energetic
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Figure 7 3

XPS surface composition ratio of C!/Si (at a polar photoemission
angle of 55° with respect to the sample surface normal) as a

function CI' ion kinetic energy.
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collisional cascade-induced desorption of such species. The lower energy CI' ions may
also react with the O to give stable surface oxygen species such as Si1-(O-X), (see section
7.3 1), whereas at 100eV, these species were removed by physical sputtering. In addition,
the chemical reactivity of Cl with the surface oxides is low [7.11,25], hence there was not
likely to be any significant chemical enhancement of the sputtering yield in the low
energy ion bombardment.

The observed decrease in [Cl/Si] surface composition ratio from 40eV to 20eV
(Figure 7 3) was not seen for the F* ion bombarded Si(100) system (see Chapter 5). The
difference in these two systems 1s due to the fact that the spontaneous reaction probability
of F with 51 is much greater than Cl with S1 [7.11]. When F atoms arrive on the Si
surface, it reacts readily with the silicon. Hence, pnior to the formation of the final
etching products which will be desorbed, the F sticking probability is near unity. In
companson, the Cl sticking probability 1s very small. In other words, when chlonne
atoms possessing near thermal energies arrive on the Si surface, they will more than likely
leave the surface. Therefore, for CI° bombardment, the chlorine surface incoxporation
probability 1s expected to drop when the incident ion energy approaches zero. These
results emphasize the 1:. .vortance of the chemical reactivity aud kinetic energy of the

incident reactive 1on species in producing residual surface Si1 damage.

7.3 3 Effect of ion fluence at 100eV and 40eV

Figure 7.4 illustrates the effects of 1on dose or fluence at two different 10on kinetic

energies The 1on kinetic energies of 100eV and 40eV were chosen based upon the Cl
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Figure 7.4

XPS surface composition ratio of Cl/S1 (at a photoemission polar
angle of 55° with respect to the sample surface normal) as a

function Cl* ion dose at (a) K.E.=100eV, and (b) K E =40eV
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incorporation trend from Figure 7.3. The behaviour of Cl surface incorporation at 100eV
(Figure 7.4a) was markedly different than at 40eV At 100eV CI* ion bombardment. the
amount of surface chlorine gradually approached a saturation level towards higher doses.
while the 40eV bombardment case showed larger amounts of surface Cl at lower doses
These results imply that the surface reactions induced at these two different 1on kimetic
energies over the same dose range may be different.

The gradual increase of surface Cl with 1on dose at 100eV (Figure 7 4a)1s similar
to the Ar’/Si system at the same 1on kinetic energy [7.27] in which the Ar incorporation
probability initially was small at low fluences and increased at higher doses and finally
achieved a steady-state surface concentration. In companson to Ar, Cl has a higher
chemical reactivity with Si which would then result in a greater degree of Cl
incorporation over Ar incorporation into the silicon

The amorphization of the Si(100) surface by Ar’ in the ion kinetic range of 60-
510eV has been shown to increase with increasing ion dose up to 1x10'/cm?® [7 28] The
mechanism of increasing surface damage with greater dose 1s attnbuted to the migration
and accumulation of defects generated from the ion bombardment These defects
accumulate at the amorphous/crystalline interface, 1.e. layer-by-layer amorphizaticn
mechanism. In addition, the effects of residual physical damage to S1(100) has been
studied for Ar" and C1' ion bombardment at 110eV [7 17] and shows that the depth of
damage was similar. Hence it is reasonable to assume that a ssmilar disordenng of the
crystalline silicon surface with increasing CI” 1on dose at 100eV was occurring  This
observed increase in surface chlorine with dose at 100eV bombardment 1s then considered

to be attributed to processes such as greater physical damage and implantation into the

210



silicon

Figure 7 4b shows the effect of ion dose on surface Cl incorporation into Si for
40eV ion bombardment. The surface [Cl/Si] ratic was higher than for the 100eV case at
a fluence of 3x10'*/cm® and showed less variation towards higher doses compared to
Figure 7 4a. The [Cl/Si] ratio between 3x10" and 3x10'*/cm® were higher at 40eV than
at 100eV and produced a slight decrease at higher doses of 3x10'"and 1x10'*/cm*®. This
decrease at the greatest doses was in contrast to the gradual increase in [Cl/Si] ratio for
100eV 10n bombardment.

For this case of 40eV chlorine ion bombardment over the ion dose range of 3x10"*
to 1x10'*cm?, 1t is believed that the interaction between the incident ion and the surface
was primarily due to CI"' bombardment of the surface oxygen, e.g. Si-(0-X), with X=Cl
or S1 The CI" ion was less efficient in removing the Si-(O-X), compared to 100eV
bombardment and a greater amount of surface Cl was present to react with the oxygen
contamnation present after HF-etching of the Si surface. As the ion dose increased, the
shight reduction in surface chlorine at 40eV bombardment was due to an increased
physical sputter-removal of the Si-(0-X), species.

Figures 7.5 and 7.6 show the high resolution Cl2p core-level spectra at two
different doses for 100eV and 40eV ion bombardment, respectively. Figure 7.5 indicates
the complete removal of Cl-O-Si species for 100eV CI" ions at the highest dose of
1 5x10"/cm® These species were removed as a result of physical sputtering and perhaps
1on radiation-enhanced desorption. Figure 7.6 shows that only partial removal of the Cl-
O-S1 species for 40eV CI' ions at the highest dose of 1x10'"/cm® The degree of

desorption for the oxygenated chlorosilyl species was less at 40eV due to reduced
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Figure 7.5

212

XPS high resolution spectra of the C!2p core-level for CI' 10n

bombardment at 100eV showing the effects of ion dose at 3x10"*

and 1.5x10'%ons/cm?.
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Figure 7.6 XPS high resolution spectra of the Cl2p core-level for €1 1on
bombardment at 40eV showing the effects of :0n dosc at Ix10"

and 1x10""10ns/cm?®
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energies of the collisional cascades (physical sputtenng) compared to the 100eV case
Ion-enhanced radiation may have contributed to the desorption of the Cl-O-81 species at
40eV, but such radiation effects were less than at 100eV

The differences between Figures 7.5 and 7 6 are then ascnbed to physical
sputtering of the surface Si-(O-X), species. For the 100eV case. these species were
completely removed at the highest dose, and Figure 7.5 illusirates this clearly, while at
40eV C1' bombardment, the Cl-O-Si component was still present after the highest dose
of 1x10"/cm? (Figure 7.6). The presence of surface Si-(O-X), species resulted i the
larger amounts of surface chlornne for the 40eV case in companson to the 100eV case

Figure 7.7 shows the Si2p spectra corresponding to Figure 7 6 for 40eV 10n
bombardment. It was instructive to compare the control spectra representing a region of
the same Si sample not exposed to Cl* ion beam. At a dose of 3x10'/cm®, the dominant
peak at 99.3eV produced a detectable broad component towards higher binding energy
which was absent from the overlayed control surface spectrum This component was
assigned earlier in section 7.3.1 to Si-(0-X), with X=Cl or S1 species resulting from the
initial reaction of CI' ions with the O surface contamination As the dose increased to
1x10'*/cm?, this Si-O-Cl component was completely removed (Figure 7 7) The behaviour
suggests that initial C1* 10ns reacted with surface O, and once all the O was consumed,
the subsequent CI” ions impinging at the greater doses sputtered away these S1-O-Cl
species

A comparison of the Si2p spectra in Figure 7 7 shows that the semiconductor Si
component near 99¢V binding energy was shifted slightly towards higher binding energy

with increased dose with respect to the control spectra This binding energy shift was
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Figure 77 XPS high resolution spectra of the Si2p core-level for CI' ion
bombardment at 40eV showing the effects of ion dose at 3x10"

and 1x10'*10ns/cna’.
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observed in Figure 7.2 at 20eV and indicates that the ClI* bombardment induced surface
band-bending of the Si(100) Thus, the surface Fermi level was being shifted away from
the valence band maximum for this case of p-type Si as a result of increasing ion dose.
Because Cl is a highly electronegative species, its presence in the disordered Si surface
region could have been identified as an effective n-type dopant and altered the surface
semiconducting properties.

The case for 100eV CI' bombardment of the Si surface was similar to 40eV
bombardment with complete removal of the broad component towards higher binding
energy from the S12p spectrum as was seen in Figure 7.7 for the high doses. At 100eV
Cl' impingement on the Si surface, the physical sputtering effect was considered to be
significant as has been described in the previous section. Hence, the surface
contamination species were eventually sputtered away at higher doses.

The shift in binding energy for the semiconducting S1 peak was more pronounced
at 100eV than at the 40eV case described above. This suggests that surface band-bending
induced by energetic C1' ion exposure was greater at the higher ion energies. Figure 7.8
shows plots of the surface Fermi level as a function of ion fluence at 100eV and 40eV
for the p-type Si(100) material. At doses near 1x10"/cm? in both cases, the Fermi level
was already near the middle of the Si bandgap. While at the highest doses for 100eV
bombardment. the surface was n-type. Since argon bombardment merges the surface
Fermu levels of n-type and p-type Si to the midgap [7.21], the type-inversion induced by
CI" 1on bombardment i1s not considered to be due to simple radiation-induced defects mn
the silicon Instead. 1t 1s likely caused by chlonne incorporation.

Analyses of the Si2p data for samples receiving a dose of over 1x10"*/cm? at
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Figure 7.8 Effect of 1on dose on surface Ferm: level position as a result of

CI" 10n bombardment at (a) 100eV, and (b) 40eV
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bombardment energies higher than 40eV showed that SiCl, species with n=1 could be
found as a minor component chemically shifted approximately leV towards higher
binding energy compared to the semiconducting Si peak near 99¢V binding energy It
is believed that a chlorosilyl layer formation occurs analogous to the fluorosilvl layer
(S1F,, n=1,234) of the F/S1 system [7 10]. The development of stable chlorosilv! species
with n>1 was not observed within detection limits by XPS It 1s known that SiCl, 1s
emitted from a silicon surface stmultaneously receiving chlonne and an argon 1on beam
[7.12-14]. This gas phase species 1s considered to be the dominant etch product for the
Cl etching of Si at room temperature [7.11]. The presence of only the mono-chlorosilyl
(S1Cl,) species suggests that surface reaction pathways toward the formation of stable di-
and tn-chlorosilyl surface species were not observed from this work of Cl' ion
bombardment of S1(100) in the energy range studied.

Effective silicon etching by a chlornne 10n beam was also confirmed in this study
by the observation of etch-craters for samples receiving high doses at 20-100eV
Whitman et al [7.33] studied molecular chlorine exposed to S1(111) Such results reported

the presence of SiCl;, SiCl, and Si1Cl surface species. However, there has not been any

reported characterization of a chlorosilyl layer formed as a result of Cl' 10n etching of

Si(100) (7 11}. The results from this work showed no room temperature stable 1€l
surface species for n>1.

CI" bombardment results in more efficient etching of the radiation damaged region
than Ar" bombardment, and the radiation damage 1s very shallow in this low energy
regime [717.28] In this sense, CI° bombardment 1s better than Ar’ sputtenng n

removing surface contamination on S1  Any residual Si1-Cl surface species can be




removed by a subsequent ozone oxidation plus HF-etch to remove the oxide [7.34]. This
process 1s feasible because the presence of chlorine on the silicon surface has been shown

to enhance the silicon oxidation rate [7.33].

7.4 Conclusions

CI' bombardment was effective in transformir g any residual surface oxygen on Si1
to surface oxygenated species such as Ci-O-S1 . These species can then be removed by
further C1' bombardment at higher energy and doses, mainly via physical sputtering.
Once the oxygenated species were removed, subsequent C1I° bombardment etched the Si
surface appreciably. The energetic CI” ion interaction with the Si(100) surface produced
residual surface damage in the form of Cl incorporation and surface lattice disorder. The
amount of surface Cl increased with lower ion kinetic energy in the range of 109eV to
40eV This behaviour was believed to be attributed to less efficient physical sputtering
of the sur.ace oxide. The Cl incorpoiation also produced surface band-bending as a
function of both 10n kinetic energy and fluence with the p-type Si(100) being converted

to n-type for 100eV bombardment at 1x10"*/cm?
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CHAPTER 8.

GENERAL SUMMARY

8.1 Conclusions

The conclusions from the work discussed 1n this thesis may be summanzed

generally in the following points:

() for surface charactenzation of p-type Si(100) after RIE:

(a) ultrashallow depth-profiling by ozone oxidation and HF oxade wet
etching followed by XPS and SCS surface analysis has been used
successfully for analyzing the residual surface damage induced in a
commercial RIE system:

(b) these processing and analytical techniques have been shown to
provide a means for 1dentifying species confinel to shallow depths
of 0.5nm within the surface region, and the identification and

removal of surface Fermi level pinning;

(1)  for surface reactions induced by ’F' ion bombardment:
(a) the surface fluonination of p-type Si(100) by low energy F' ions
results in "0 increase n F incoporation with dose producing increases
in surface crystallime damage. an increase i surface fluorosilyl

species formation which was stable at room temperature under UHV
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()

(1v)

(c)

(d)

conditions. and an increase in surface band-bending with the surface
no longer p-tvpe.

F' ion bombardment resulted 1n a thin fluorosilvl species lay er which
was not significantly dependent on i0n energy between 20 and
100eV;

the effect of vacuum heating the Si surface bombarded by F* 1esulted

in greater fluorine desorption at the lowest energes.

for surface reactions mduced by CF' 1on bombardment

(a)

(b)

the interactions of p-type S1(100) with low energy CF' on
bombardment showed that different surface reaction pathwavs were
“switched" at different ion kinetic energy regimes with molecular
adsorption and surface scattening occurning at 2eV, flu rocarbon film
deposition between 10 and 60eV. and sigmficant subsurface
penetration resulting in silicon carbide and fluorosilyl specration at
80 and 100eV,

non-destructive depth-profiling by angle-resolved XPS analysis of the
carbide-fluorosilyl layer formed on sthicon after 100e¢V on
bombardment showed that the fluorosilyl layer was above the silico.:

carbide layer 1n the surface region,

for surface reactions induced by **C1" 10n bombardment

(a)

the effect of CI" 1on bombardment of p-type Si(100) showed that

there was not an appreciable formation of Si1-X_ (where X F or (],



(b)

(c)

n-1) compared to the F*/Si(100) over the same 10n energy range of
20 to 100eV,

the interaction of the C1* 10ns with residual contamination of oxygen
was detected, and this surface oxygen contaminant was only removed
by physical sputtering,

the CI' bombardment also was seen to induce surface band-bending
with type mnversion occurring at the highest dnses investigated in this

thesis

8.2 Future recommendations

The work presented 1n this thesis may be continued in a number of different

directions

The interactions of very low energy reactive ions both atomic and

molecular with the S1(100) surface may be investigated in future work with the

following suggestions

(a)

(h)

the measurement of total etch yield of single crystal silicon as a
function of different reactive atomic 1ons such as F* and CI" and 10n
k.neuc energv 1in the range of 20 to 100eV 1s important to the
understanding of reactive 1on etching using high density plasma
(HDP) svstems.

the effect of sslicon substrate temperature on the surface reactions
induced by the reactive i1ons studied in this thesis 1s important n

determining a suitable temperature for mmimizing dry etch-induced
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(c)

residual surface damage.

the studies presented in this thesis using Si(100) as the substrate
material can be repeated using a thin $10, overlaver because
mvanably the selectivity betweeen S1 and $10, will be different using

4DP etching compared to conventional RIE
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