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ABSTRACT

CONTRIBUTIONS OF GAS-PHASE PLASMA CHEMISTRY TO SURFACE
MODIFICATIONS AND GAS-SURFACE INTERACTIONS: INVESTIGATIONS OF

FLUOROCARBON RF PLASMAS

The fundamental aspects of inductively coupled fluorocarbon (FC) plasma chem-
istry were examined, with special emphasis on the contributions of gas-phase species to
surface modifications. Characterization of the gas-phase constituents of single-source
CF4-, CoF¢-, C5Fg-, and C;F¢-based plasmas was performed using spectroscopic and mass
spectrometric techniques. The effects of varying plasma parameters, including applied rf
power (P) and system pressure (p) were examined. Optical emission spectroscopy (OES)
and laser-induced fluorescence (LIF) spectroscopy were employed to monitor the behav-
ior of excited and ground CF (x = 1,2) radicals, respectively. Mass spectrometric tech-
niques, including ion energy analyses, elucidated behaviors of nascent ions in the FC
plasmas. These gas-phase data were correlated with the net effect of substrate processing
for Si and ZrO, surfaces. Surface-specific analyses were performed for post-processed
substrates via x-ray photoelectron spectroscopy (XPS) and contact angle goniometry.
Generally, precursors with lower F/C ratios tended to deposit robust FC films of high sur-
face energy. Precursors of higher F/C ratio, such as CF4, were associated with etching or
removal of material from surfaces. Nonetheless, a net balance between deposition of FC

moieties and etching of material exists for each plasma system.
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The imaging of radicals interacting with surfaces (IRIS) technique provided in-
sight into the phenomena occurring at the interface of the plasma gas-phase and substrate
of interest. IRIS results demonstrate that CFy radicals scatter copiously, with surface
scatter coefficients, S, generally greater than unity under most experimental conditions.
Such considerable S values imply surface-mediated production of the CFy radicals at FC-
passivated sites. It is inferred that the primary route to surface production of CFy arises
from energetic ion bombardment and ablation of surface FC films. Other factors which
may influence the observed CF; scatter coefficient include the surface with which the
radical interacts, the vibrational temperature (®y) of the radical in its gas-phase, and radi-
cal interactions in the gas phase. The analyses of @y in particular were extended to dia-
tomic radicals from other plasma sources, including nitric oxide and fluorosilane systems,
to gauge the contributions of vibrational energy to surface reactivity. In general, a mono-
tonic increase in S is observed for CF, NO, and SiF radicals with increasing Oy.

Preliminary results for mixed plasma precursor systems (i.e. FC/H,, FC/O,) indi-
cate that the choice of feed gas additives has a profound effect on surface modification.
Hydrogen additions tend to promote FC film deposition through scavenging of fluorine
atoms, whereas oxygen consumes polymerizing species, thus favoring etching regimes.
Time-resolved optical emission spectroscopy (TR-OES) studies of gas-phase species elu-
cidate the mechanisms by which these processes occur. Ultimately, the work presented
herein expands the fundamental chemical and physical understanding of fluorocarbon

plasma systems.
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CHAPTER 1

INTRODUCTION

Herein is an introductory chapter detailing pertinent and fundamental aspects of
plasma discharges, with special emphasis on inductively-coupled fluorocarbon plasmas.
It addresses the inherent complexity of plasmas and introduces the techniques discussed
in subsequent sections to facilitate a thorough investigation of such systems. This chapter

concludes with an overview of the research described in forthcoming chapters.



1.1.  Plasma Chemistry and Physics

The near ubiquitous plasma, a collective term for a partially ionized discharge
comprising energetic radicals, reactive neutral and excited state species, ions, and elec-
trons, is speculated to account for more than 99% of the composition of the known uni-
verse. For example, naturally-occurring plasmas exist in the coronae of stars and in arcs
of lightning. In addition, plasma discharges may also be reproduced under controlled la-
boratory conditions. Plasmas can generally be classed under two main categories: ther-
mal and non-thermal systems. The former is characterized by the thermal equilibration of
ion and electron temperatures (7; and 7T, respectively) within the plasma discharge,
whereas non-thermal plasmas typically consist of fast-moving electrons with 7, far ex-
ceeding T;, often by up to two orders of magnitude.

The non-thermal radio frequency (rf) discharge is of particular interest to techno-
logical applications because it is relatively simple to control the parameters associated
with the system and hence controllably promote desirable chemical reactions. An exam-
ple of a fundamental variable parameter is the power, P, supplied to the plasma. The av-
erage power, P,, transferred to a unit volume of plasma gas through rf coupling at fre-
quency o is given by equation 1.1' where n, represents the electron density, v the elastic
collision frequency between electrons and other species, and E, the amplitude of the ap-

plied electric field.

_ neezE(z)

2me

(5—) (1.1)

v V2+o?
The movement of electrons to mitigate the effects of an external electric field
stimulates Brownian motion in the system,” ultimately yielding even more electron-based

collisions with other gas species. In such a way, a cascade of electron-mediated interac-
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tions produces the characteristic plasma discharge. Electrons can eventually achieve
enough energy through inelastic collisions to ionize essentially any molecule present in
the gas-phase, even at relatively low applied field strengths (< 10 V/cm). In addition,
electrons can also generate excited species or cause dissociation of a parent molecule.
The ramifications of such processes are summarized in the reactions outlined in 1.2-1.4

for elastic electron collisions with partner AB.

AB+e — AB" +2¢ (1.2)
AB+e — AB* + ¢ (1.3)
AB+e¢ > A+B+e (1.4)

It should be noted that radical 4 or B formed via 1.4 can also be electronically excited.
This electron-induced dissociative excitation is arbitrarily illustrated for 4 in reaction 1.5.
AB+e > A*+B+e (1.5)

An equilibration of electrons and positive ions (generated via reaction 1.2) render
the bulk of the plasma gas quasi-neutral, confined by a sheath of positive space-charge.
In this quasi-neutral environment, several characteristic and distinct temperatures may be
observed, including T, T;, and translational and internal temperatures for molecules, such
as vibrational (®v) and rotational (®r) temperatures. Knowledge of characteristic tem-
perature values can be used to elucidate the chemical processes leading to plasma behav-
ior and assist in unraveling the complex properties of the plasma system.

Even as T; values approach T, the thermal velocity of electrons [(T, e/m)l/2

]is at
least 100 times the velocity of ions [(7//M;)"*]. Thus, very shortly after plasma ignition,

electrons rapidly move toward surfaces (i.e. reactor walls), in response to the effect of the

externally applied electric field. Thin layers of positive ions subsequently amass around



the walls forming the plasma sheath. Equilibrium is quickly established to maintain ion
flux into and out of the sheath. The potential within the sheath (®) falls off precipitously
nearer to the walls, Fig. 1.1, as compared to the plasma potential, /,. The boundary at
the sheath edge separating it from the plasma bulk (dotted lines in Fig. 1.1) is the
presheath. Positive ions that traverse the presheath are accelerated due to their proximity
to the sheath, presumably achieving the Bohm velocity, vs, equation (1.6),” where M; is

the mass of ion 1.

kae
M;

vi= |(=) (1.6)

Ions penetrating the sheath can attain energy through acceleration to the Bohm ve-
locity, as well as through collisions within the sheath. Thus, a broad range of ion ener-
gies can be observed for species exiting the confined plasma. It should be noted that
sheaths form over all/ surfaces exposed to the plasma, and not exclusively reactor walls.
Thus, sheath effects and, as follows, ion effects, are crucial phenomena to consider in un-
derstanding the processes contributing to surface modification of a material.

We have incorporated several spectroscopy-based diagnostic techniques to dis-
cern gas-phase behavior of plasma species, including identification of the major species
produced via reactions 1.2-1.5. In addition, we have examined the energy distributions of
nascent ions formed in the plasma through mass spectrometric techniques. In all, a sig-
nificant body of knowledge regarding the characterization of gas-phase plasma species as
a function of various associated parameters has been realized. Nevertheless, a compre-
hensive understanding of the plasma system as used for materials-based applications nec-
essarily must include processes that occur at surfaces, specifically, the plasma-surface

interface.
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Figure 1.1. a) Cross-section of an arbitrary position along a plasma reactor illustrating
the bulk plasma confined by a sheath which is a region of positive space-charge. b) Gen-
eralized depiction of the sheath potential, @, as a function of the distance x along the
cross-section shown in a). The plasma potential is unchanging in the bulk and denoted
Vp.



One central application of plasma processing is the modification of surfaces for
industrially or scientifically relevant purposes. Here, the term “modification” can apply
to processes including substrate etch, film deposition, or creation of reactive sites at an
existing surface and/or implantation of functional groups. Although plasmas are widely

employed to such ends,*"'?

the fundamental plasma-surface interactions that lead to etch-
ing and/or deposition are often poorly understood. Additionally, to more efficiently tailor
surface processing techniques, a thorough knowledge of these processes is crucial. In
particular, our efforts have been aimed toward explicating fluorocarbon (FC) plasma spe-
cies behavior for surface analyses, as FC systems are widely employed in the fabrication
of such market-driven technology as integrated circuits and semiconductor devices.

To that end, this dissertation focuses primarily on understanding the contributions
of gas-phase plasma species produced from inductively coupled rf plasmas to surface
modification processes, especially as related to the deposition of fluorocarbon films from

FC plasma systems. A more detailed description of the fluorocarbon systems follows in

section 1.2.

1.2.  Motivations for Fluorocarbon Investigations
Inductively coupled FC plasmas are widely employed in industrial processes for
their unique utility. For example, in a depositing regime, FC systems can be desirable

because of the low dielectric constant of the deposited material, making the deposited

13,14

films ideal for interlayers in semiconductor devices. The same FC systems can also

be used in an etching scheme, depending upon the parameters associated with the plasma,

such as feed gas type, ion flux, and applied rf power.">™"’



FC film growth is thought to be controlled by C,F,,) species and becomes more

efficient as the y/x ratio is decreased.'®"

The manipulation of substrate temperature and
bias, and position within the plasma reactor also influence the physical and chemical
modification of a surface exposed to the FC plasma.”*** Additives to FC plasmas can be
employed as well, that may increase the deposition or etching efficiency of the particular
plasma system. For example, H, additions to the plasma feed have been shown to pro-
mote deposition,”® whereas O, additives generally favor etching regimes.**

A wide range of decomposition products, including neutrals, ions, and excited
species may be produced from a single FC precursor, according to reactions (1.2)-(1.5).
The threshold energy required for production of plasma breakdown products is shown for
selected processes in Table 1.1. Generally, CF; neutrals and ions are more facilely pro-
duced than corresponding CF, species from the CF4 source gas. The ostensible implica-
tions for the CF, plasma system are that the total concentrations (including excited state,
ground state, neutral, and charged species) rank as CF;>CF,>CF. However, this is not
always the case, due to the inherent complexity of the plasma as a whole. Gas-phase re-
combination reactions, surface interactions, charge-transfer reactions, and other
source/sink processes influence the overall concentrations of plasma species and modu-
late the ranking.> Consequently, the roles and fates of CF, species are of paramount in-

terest in understanding the overall FC plasma system.

In both etching and depositing regimes, the role of CFy molecules in the gas-phase



Table 1.1. Threshold energies for selected plasma processes.

Reaction Threshold Reference
Energy (eV)
(1.7) CF4+ e - CFs+F+ ¢ 12.5 26
(1.8) CF4+ ¢ — CF, +2F + ¢ 15.0 26
(19)CF4+e¢ — CF+3F +¢ 20.0 26
(1.10) CF4 + ¢ — CF3" +F + 2¢ 15.9 26
(1.11) CF4 + ¢ — CF," + 2F + 2¢ 22.0 26
(1.12) CF4+ ¢ — CF" + 3F + 2¢ 27.0 26
(1.13)CF3+e¢ — CF, +F+ ¢ 3.7 26
(1.14)CF,+e¢ - CF+F +¢ 5.4 26
(1.15) CF,+ ¢ — CF, +¢ 4.5 27
(1.16)CF+¢ — CF +¢ 6.1 27
(117 F+e >F +e 14.8 27
(1.18) Ar+e — Ar +¢ 13.5 27




and at the gas-surface interface is a significant contributing factor in the net effect of sub-
strate exposure to the FC plasma.'® For example, under conditions of low ion bombard-
ment and VUV/UV radiation, films rich in CF, content may be deposited.'”*' Indeed,
CF, s considered vital for FC film deposition; Millard and Kay first reported strong cor-
relations between gas-phase (CF,), concentration and the rate of FC film formation.*®
CF; has also been observed as an etch product as ion energies in the plasma increase.”
Surface production of CF, radicals during FC plasma processing of Si has been studied
previously in the Fisher group and is found to be strongly correlated with mean ion ener-
gies."® These studies focused solely on large monomer precursors, namely CsFg and
C4Fs. Interestingly, a direct relationship exists between CF; scattering as the ion energy
increases in these systems. The results of these experiments agree, in principle, with the
findings of Booth, ef al., that suggest CF, might be produced predominantly by reactions
of CF," ions rather than via direct dissociation from a precursor.30

Despite the seemingly extensive quantity of literature devoted to understanding
the roles of CFy species in FC plasma processing, there remains a lack of fundamental
understanding of the reactions and mechanisms that occur to drive FC film deposition.
For example, several hypotheses of the role of CF, suggest that the radical simply sticks

2528 -
“® Di-

to the surface, thereby generating a PTFE-like film comprising (CF,), moieties.
rect evidence to the contrary has been provided by the Fisher group in the form of high-
resolution XPS analyses of deposited FC films, that demonstrate a veritable wealth of

cross-linking and CFy) (x=1-3) moieties.'>*'

Thus, a significant body of work in this
dissertation is devoted to explicating the roles and behaviors of CFy radicals in FC plas-

mas.



The approach to investigating FC systems in this dissertation is threefold: (1) gas-
phase diagnostics of the FC plasma, (2) surface analyses of deposited FC films, and (3)
examination of the gas-surface interface. Optical emission spectroscopy (OES) and laser-
induced fluorescence spectroscopy (LIF) were employed to monitor relative excited and
ground state concentrations, respectively, for gas-phase species as a function of changing
plasma parameters, such as P, pressure (p), feed gas choice, substrate inclusion, etc. The
OES technique was extended to accommodate investigations of ®y and time-resolved
kinetics analyses to probe species production and destruction events within the plasma.
FC deposits on Si and ZrO, substrates were analyzed using surface-sensitive techniques
including x-ray photoelectron spectroscopy (XPS) and contact angle (CA) goniometry.
An empirical method based upon the Zisman analysis to estimate relative surface ener-
gies of deposited films was developed using results from CA measurements. Finally, the
gas-surface interface was probed using the imaging of radicals interacting with surfaces
(IRIS) experiment, a unique LIF-based approach. Some of these techniques were also
extended to the investigation of NO in nitric oxide plasmas, and to SiF in SiF4 plasmas to

provide complementary data.

1.3.  Overview of Research

As aforementioned, the research efforts recounted in this dissertation revolve
heavily around expounding the fundamental processes that drive FC plasma processing of
substrates. An enriched understanding of these systems may elucidate the mechanisms
contributing to film growth and might pave the way for improved plasma applications.

The experimental methods used to prepare and analyze FC systems, including gas-phase
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diagnostics, surface analyses of deposited material, and gas-surface interface analyses,
are discussed in detail in Chapter 2.

Chapter 3 reports on the molecular-level chemistry involved in the processing of
silicon and zirconia substrates by inductively coupled fluorocarbon plasmas produced
from CF4 and C,F, precursors. The roles of gas-phase excited, neutral, and ionic species,
especially CF; and F, were examined as they contribute to FC film formation and sub-
strate etching. The surface reactivity of CF; radicals in C,F¢ plasmas has a dependence
on substrate material and plasma system, as measured by the IRIS technique. Relative
concentrations of excited state species also depend upon substrate type. Moreover, differ-
ences in the nature and concentrations of gas-phase species in CF4 and C,F¢ plasmas con-
tribute to markedly different surface compositions for FC films deposited on substrates as
revealed from XPS analysis. These data have led to the development of a scheme that
illustrates the mechanisms of film formation and destruction in these FC/substrate sys-
tems with respect to CF, and F gas-phase species and also Si and ZrO, substrates.

Chapter 4 extends the topics posed in the preceding chapter to encompass the
analysis of four separate C,F, systems. Surface reactivities are reported for CF and CF,
radicals, and the behaviors of these species are related to both the choice of precursor gas
and the net effect of plasma deposition. Inductively-coupled C,F, (y/x = 2.0-4.0) plasma
systems were investigated to determine relationships between precursor chemistry, CF,
radical-surface reactivities, and surface properties of deposited films. The contributions
of CF, (n =1, 2) radicals to film properties were probed via gas-phase diagnostics and the
IRIS technique. Time-resolved radical emission data elucidate CF ) and CF,,) produc-

tion kinetics from the C,F, source gases and demonstrate that CF4 plasmas inherently lag

11



in efficacy of film formation when compared to C,F¢, CsFs, and C;F¢ systems. IRIS data
show that as the precursor y/x ratio decreases, the propensity for CF, scatter concomitant-
ly declines. Analyses of the composition and characteristics of FC films deposited on Si
wafers demonstrate that surface energies of the films decrease markedly with increasing
film fluorine content. In turn, increased surface energies correspond with significant de-
creases in the observed scatter coefficients for both CF and CF,. These data improve our
molecular-level understanding of CF, contributions to fluorocarbon film deposition
which promises advancements in the ability to tailor FC films to specific applications.

The effect of the internal energies, including @y and ®g, along with translational
temperatures, ®r, on plasma species behavior at a gas-surface interface is examined in
Chapter 5. This chapter broadens the scope of the dissertation as it focuses not only on
fluorocarbon species, but also on nitric oxide radicals formed in NO plasmas and SiF rad-
icals in tetrafluorosilane systems. ®y values were significantly greater than either ® or
Or, indicating that vibrational modes are preferentially excited over other degrees of
freedom. In all cases, rotational temperatures for the radicals equilibrate to the plasma
gas temperature and remain independent of changing plasma parameters. Translational
temperatures for SiF increase concomitantly with increasing vibrational temperatures,
suggesting that the V-T energy exchange mechanism is the preferred pathway for vibra-
tional relaxation in these molecules. In general, it is determined that the distribution of
vibrational energies for a given radical at a given set of conditions significantly influ-
ences its propensity for surface scatter during plasma processing.

Chapter 6 focuses on the role of ions in fluorocarbon plasma systems. Increases

in mean ion energies for nascent gas-phase FC plasma species correspond with increases

12



in observed scatter coefficients for both CF and CF; radicals. In ion-limited IRIS exper-
iments, scatter coefficients for CF species decrease considerably with respect to the ion-
rich case under all conditions, suggesting that ion-mediated processes are crucial for de-
termining CFy behavior at the gas-surface interface. Mass spectrometric techniques were
also used to determine the relative gas-phase proportions of oligomeric film precursors.
The amount of oligomeric species relative to CF; in all systems influences film deposi-
tion significantly, substantiating the concept that oligomers are directly responsible for
FC film growth. Speculations on the role of low-energy ions in the plasma systems are
presented for their expected contributions to FC film propagation.

The comparatively simple single-source plasma is replaced by mixed precursor
systems under the scope of Chapter 7. Here, gas-phase diagnostic and preliminary gas-
surface interaction data are presented for species in CH,F,/CsFs, C,F¢/Ha, and C,F¢/O,
plasmas. Overall contributions to FC film deposition and relevant gas-phase recombina-
tion reactions and mechanisms are discussed. The effect of H, addition to the plasma
feed results in increased efficacy of FC film deposition with a corresponding decrease in
the observed scatter coefficients for CF, species. On the other hand, O, additives to the
FC feed promote removal of passivating film layers at surfaces, effectively inhibiting
film formation. Time-resolved OES data elucidate the fates of gas-phase CFy species
amidst the introduction of discrete plasma additives. Ultimately, the aim of this chapter
aspires to extend the understanding of one-source FC plasmas to a more industrially rele-
vant sector.

Finally, a brief summary of the research contained in this dissertation and sugges-

tions for future avenues of investigations are presented in Chapter 8. Collectively, the
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work presented herein represents a comprehensive examination of inductively coupled
FC plasmas as a whole, with special emphasis on elucidating the phenomena occurring at
the plasma-surface interface. Aspects of this work are globally pertinent for plasma ap-
plications, and thus aim to further the fundamental understanding of the plasma system

required for improved or novel uses.
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CHAPTER 2

EXPERIMENTAL METHODS

This chapter contains a detailed description of the materials, methods, experi-
mental apparatus, instruments and techniques used to perform the research discussed in
the bulk of this dissertation. Section 2.1 provides an overview of the plasma systems
used herein. Sections 2.2-2.4 discuss gas-phase diagnostic techniques, the IRIS experi-

ment, and surface analyses, respectively.
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2.1.  General Information

Reactor Design. Each of the plasmas discussed in this dissertation were ignited
in a glass tubular reactor, described at length previously,'™ by supplying 13.56 MHz rf
power (P) through an eight-turn Ni-plated copper coil from a RFPP 5S power supply.
The reactor itself consists of two 50 mm i.d. Pyrex glass tubes mated with an o-ring to
allow for access to the reactor interior. Feed gases were supplied to an evacuated reactor
through an inlet stem on one side, situated upstream from the coil region, and were re-
moved after traveling the length (~35-40 cm) of the reactor through use of mechanical
rotary pumps operating at pumping speeds of 2-4 I/s. The pressure in the reactor was
monitored by an MKS Baratron capacitance manometer, and gas flow was metered using
MKS mass flow controllers. Ceramic sleeves (45 mm i.d.) inserted into the reactor pre-
vented etching and subsequent redeposition of undesirable Na byproducts from the walls
of the glass reactors by particularly harsh plasma systems.

For most FC studies, individual plasmas consisting of CF4, C,F¢, CsFs, C3F¢ (all
Airgas, >95%) or hexafluoropropylene oxide, HFPO, (Aldrich, 98%) were employed.
For some studies discussed herein, mixtures of a particular fluorocarbon gas with addi-
tives such as H, (Airgas, 99%) or O, (Airgas, 99.5%) were investigated. For actinometric
optical emission spectroscopy, small amounts (5-10% of the total gas flow) of Ar, (Air-
gas, 99.9%) were added to the plasma feed. In the cases of mixed feed gas systems, all
gases were mixed prior to entering the plasma reactor. Total pressures were varied from
50-200 mTorr above base pressure at constant P for some studies; in others, P was varied
from 25-200 W at constant feed pressure. Studies of nitric oxide (Matheson, 99% and

Airgas, 99%) were carried out at 50 mTorr and P = 25-300 W.

19



Substrates. The substrates used for investigations of plasma-surface interactions
included Si (100) with native oxide layer, ZrO,, and Pt. Substrates were placed in the
standard plasma reactors described above in one of the following positions: (1) in the coil
region, (2) 9 cm downstream (d.s.) from the terminus of the coil, or (3) 14 cm d.s. Depo-
sition duration for FC precursors on individual substrates varied from 5-30 min. Sub-
strates were also employed in the IRIS experiment, in which case, they are approximately
14 cm from the exit orifice of the plasma molecular beam. Though plasma reactors were
generally cleaned using a high-powered O, plasma prior to introduction of a substrate to
remove contaminants from reactor walls, the substrates were employed without pretreat-

ment.

2.2. Gas-phase Plasma Diagnostics

Optical Emission Spectroscopy (OES). OE spectra were collected by fitting the
reactor with a replaceable fused quartz window at the downstream end, allowing for co-
axial collection of plasma emission for maximum signal intensities. Spectra were imaged
onto the 10 um entrance slit of an Avantes multichannel spectrometer comprising four
fiber optic gratings and four 3648 pixel charge-coupled array detectors with a combined
wavelength range 187 to 1016 nm with ~0.1 nm resolution. Spectra were generally col-
lected by averaging ten accumulations at integration times of 10-100 ms.

In certain time-resolved OES (TR-OES) studies, wherein rapid data collection
was desirable, an Avantes AvaSpec-2048-USB2 spectrometer, blazed in the UV with a
200-450 nm wavelength range and 0.1 nm FWHM resolution was employed. A 600 um

diameter fiber optic cable imaged spectra onto a 10 pm entrance slit. A nominal temporal
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resolution of 5 pus was realized using this instrument with rapid integration times of ~3 s
under all plasma operating conditions.

Excited electronic state densities for emitting species of interest in the FC plasmas
were estimated by employing an Ar actinometer. Some principle species analyzed in-
cluded F* (703.7 nm),” CF" (202.4 nm),® CF," (251.9 nm),’and Ar" (750.3 nm).” A con-
cise list of the species analyzed via actinometry and discussed in this dissertation is pro-
vided in Table 2.1. This table also lists associated actinometric wavelengths and corre-
sponding transitions. Internal temperatures of vibration (®y) for CF, (x =1 or 2) were
calculated by fitting emission spectra over an appropriate wavelength range (see Table
2.2) with simulated data obtained from either of the fitting routines LIFbase® or pGopher’
(see Appendix A). Argon emission lines in OE spectra were used to determine the elec-
tron temperature (Te) of select plasma systems (see Appendix for more information on
characteristic temperature calculations).

Laser-Induced Fluorescence (LIF) Spectroscopy. LIF spectra were acquired
using a system depicted in Figure 2.1. Plasmas are generated in a reactor mated to the
LIF chamber that is similar in design to that described above. The plasma expands
through a series of collimating slits into a differentially pumped interaction region. This
effusive molecular beam consists of virtually all species present in the plasma. Pressure
in this region is maintained at ~10~ Torr during all LIF experiments.

Tunable laser light generated from an excimer-pumped (Lambda Physik

LPX2101, XeCl, 180 mJ/pulse, 25 Hz) dye laser is directed through the centers of two
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Table 2.1. Transitions and corresponding wavelengths used for actinometric analyses of

selected species.

Emltt.lng Transition Wavelength Reference
Species (nm)

Ar 4p' —4s' 750.4 7
Cs Am—X's", 405.1 5
CH A’ A—XTT 4314 5
CHF Alasx'a 578.5 8
CF B*AXTI 202.4 6
CF, A'B,—X'A, 251.9 5
CcO B's' A 483.4 5
. ’P’>°D 656.3 5
F 2p3p' —2p'3s' 703.7 5
0 380°p 777.2 5
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Figure 2.1. Top-down schematic view of the LIF system.
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quartz windows, such that it is focused at the position of the plasma molecular beam, in-
tersecting it at a 45° angle. For LIF studies requiring UV radiation, the output of the laser
was frequency doubled using BBO I crystals. Transitions and related parameters associ-
ated with radicals of interest are presented in Table 2.2. All LIF data were collected in
optically saturated regimes, so minute fluctuations in laser power were ignored. Total
fluorescence was imaged through two focusing lenses (300 mm and 75 mm focal lengths,
respectively) onto a 512 x 512 pixel array of an intensified charge-coupled device
(ICCD) located directly above the region of intersection and perpendicular to the laser
and plasma molecular beam. Pixels were binned 4 x 4 to generate a spatially resolved
LIF spot in a ~2500 mm? area. Ground state species densities were determined by accu-
mulating 15 images at the on-resonance wavelength of a species of interest and image-
subtracting the same number of accumulations collected at an off-resonance wavelength
(see Table 2.2). The resulting image was pixel averaged over a 20 x 128 region around
the center of highest fluorescence intensity, corresponding to the relative density of the
species of interest at a given set of plasma parameters. In a similar method, excitation
spectra were collected by iteratively stepping the laser frequency by no more than 0.01
nm and collecting successive LIF images. Individual images were pixel averaged for a
20 x 128 region and the intensities were plotted as a function of the corresponding laser
wavelength to generate the excitation spectrum. Rotationally resolved LIF excitation
spectra for CF were fit with the simulation software LIFbase® to calculate rotational tem-

peratures (®r) for the radical.
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Table 2.2. Parameters associated with CF, and NO OES, LIF, and IRIS measurements. Fluorescence lifetimes obtained from refer-
ences 10-12.

A (nm ICCD parameters
) OES Transition, LIF Transition, Fluorescent Slit sizes
Radical A On- Off- Laser dye Gate Gate
Range (nm) Range (nm) lifetime (ns) (mm) )
resonance resonance width (ns) delay (ps)
2 2 2t o2
BA—-XTL, AL XL 26 223838  hseroff Coumarin450  0.9-1.2 60 1.55
CF 200.0-210.0 223.5-224.5
AB XA, | |
250.0-340.0 ABIeXA,
CF, N [(0,11,0)(0,0,0)], 61 234.278  235.000 Coumarin 460 1.0-1.4 100 1.55
aBI—-X A, 233.0-235.0
>340
2t 2 2t 2
No  AXXIL AL XTI 54 226199 226500 Coumarin460  0.9-1.1 100 1.60
210.0-275.0 226.1-227.0
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Mass Spectrometry (MS). Mass spectra were acquired for plasmas produced in
an independent though similar glass tubular reactor using a Hiden PSM003 quadrupole
mass spectrometer.”> The instrument comprises an ion extractor, electron impact ioniza-
tion source, Bessel box energy filter, a triple filter quadrupole, and a secondary electron
multiplier detector. Nascent ions produced in the plasma were sampled by keeping the
ionizing source off for the duration of the experiment. lons entered the sampling probe
through a 600 um orifice located 5 cm from the exit orifice on the plasma reactor. A 60
I/s turbomolecular pump backed by a 400 I/min mechanical pump was used to maintain a
base pressure of approximately 9 x 107 Torr in the probe region and <10~ Torr in the
main chamber. At these pressures, the distance that plasma species travel from the exit
orifice of the plasma reactor to the sample orifice of the probe is significantly less than
the mean free path of the species, ensuring that no undesirable collisions occur during
transit.

Both residual gas analysis, RGA (ionization source active), and positive ion, +ion
(ionization source deactivated), modes were used to sample species in FC plasmas. Mass
spectra were obtained over a 0.40-300.00 amu range with 0.1 amu mass resolution. Ion
energy distributions were scanned in +ion mode for selected nascent ions over a range of
0 to 200 eV with 0.05 eV resolution. Average ion energies, <E;>, were calculated ac-

cording to equation 2.1,"* where f(E;) represents the distribution function at energy E;.

200
f(E;)E;dE;
<E>= Jg e — 2.1)

27 (B dE;

26



Collimating slits
Tunable laser

Plasma molecular
beam

Rotatable substrate
arm

R

Figure 2.2. Top-down schematic view of the LIF chamber, modified for the IRIS exper-
iment.
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2.3.  Gas-Surface Interactions

The IRIS experiment, described in detail previously,'> was used to investigate the
phenomena that occur at the interface of plasma vapor and surface. Briefly, this approach
employs LIF techniques similar to those described above to investigate steady-state sur-
face reactivities of plasma radical species. Here, a substrate can be rotated into the path
of the molecular beam, Figure 2.2, and LIF images are obtained for a species of interest
with and without the substrate present. The laser is tuned to an appropriate “on-
resonance” wavelength to induce fluorescence from a particular species (Table 2.2) and
the corresponding “off-resonance” frequency is used as a background. Both on- and off-
resonance images are acquired for the cases of substrate in and substrate out. The differ-
ence in LIF intensities between these two cases is directly proportional to the density of
scattered species from the surface. Resultant “beam-only” and “scatter” images are
cross-sectioned along the laser propagation axis using a 20 pixel average around the cen-
ter of most intense fluorescence. These cross-sections are compared to a geometrical
model'® and used to calculate scatter coefficients (S) for the radicals of interest. The scat-
ter coefficient is essentially a measure of the propensity for a particular type of species to
react at the surface, where surface reactivity, R, is defined as 1 — S. It should be noted
that S values may surpass unity, in which case R is negative (a physically unrealistic situ-
ation). Ion effects in the IRIS experiment were, in certain cases, mitigated by biasing the
substrate with +200 V dc bias to repel positively charged species or by placing a ground-

ed mesh at the collimating slits to neutralize ions in the plasma molecular beam.
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2.4.  Surface Analyses

X-ray Photoelectron Spectroscopy (XPS). XPS data for post-processed sub-
strates were collected using a Physical Electronics PHI-5800 ESCA/AES instrument. In
general, FC films were examined. Survey spectra were collected to identify the signifi-
cant species present at the surface. High resolution spectra, mainly for C;s and Fy,, were
collected using a monochromatic Al Ka source with a pass energy of 23.5 eV. Fluoro-
carbon peaks were generally shifted to the F-C binding environment at 689.0 eV. Spec-
tral signals were deconstructed in the open-source fitting routine, XPSpeak v4.1. All fits
were made by constraining the FWHM to <2.0 eV and using a 100% Gaussian function.
For XPS analyses of IRIS-subjected wafers, spectra were acquired within a day of per-
forming depositions in the IRIS experiment. Typical plasma exposure times for sub-
strates in the IRIS chamber were 60 to 90 min.

Variable Angle Spectroscopic Ellipsometry (VASE). The thicknesses (dgc) of
deposited FC films were measured using a Woollam M-2000 Model DI ellipsometer.
Depositions were performed from FC plasma sources for durations (tgep) of 5-30 min.
VASE spectra were acquired over a 200-1100 nm range at incident angles of 55°, 65°,
and 75°. Spectra were deconvoluted using manufacturer-supplied WVASE modeling
software to extract information regarding film thickness. A Cauchy dispersion model
was used to determine drc. Thickness values were plotted as a function of corresponding
teep and fitted with a linear regression to calculate deposition rates.

Surface Energy Calculations. The surface energy of deposited FC films was de-
termined using an empirical method based upon analyses of static contact angles (CA).

The CA of sessile water/methanol droplets of discrete compositions, Table 2.3, were ac-
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quired by capturing an image within 2 s of dispensing a 2 uL. droplet on the FC film. CA
values were measured in triplicate for each film investigated and analyzed using the cir-
cle-fitting profile. The Zisman method'’ was used to relate the CA values to the critical
surface tensions of FC films to estimate surface energies. For comparisons to bare wa-
fers, complementary experiments were performed prior to FC film deposition on the
(100) face of Si containing a native oxide layer.

Morphology Analyses. SEM micrographs were collected using a JEOL JSM-
6500F field emission microscope, operating with an accelerating voltage of 15 kV and a
working distance of 10 nm. Individual samples were sputter coated with 5 nm Au prior
to SEM analysis. Atomic force microscopy was employed to characterize surface topog-
raphy. A Nanosurf Easyscan 2 AFM was operated in contact mode and utilized Si-tipped
probes. Surface root-mean-square (rms) roughness values were derived directly from

AFM images.
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Table 2.3. Literature liquid-vapor surface tensions in atmosphere at 25 °C.*

Constituents Yiv (dyn/cm)
100% H,O 72.01
10/90 CH30H/H,0 (w/w) 56.18
20/80 CH30H/H,0 (w/w) 47.21
50/50 CH30H/H,0 (w/w) 32.86
100% CH3;0H 22.51

“Maximum errors < 0.4%. Values taken from Reference 17.

31



2.5.

10.

1.

12.

13.

14.

15.

16.

References

Bogart, K. H. A.; Dalleska, N. F.; Bogart, G. R.; Ellen, R. F., Plasma enhanced
chemical vapor deposition of SiO, using novel alkoxysilane precursors. J. Vac.
Sci. Technol. A 1995, 13, (2), 476-480.

Mackie, N. M.; Dalleska, N. F.; Castner, D. G.; Fisher, E. R., Comparison of
Pulsed and Continuous-Wave Deposition of Thin Films from Saturated Fluoro-
carbon/H; Inductively Coupled rf Plasmas. Chem. Mater. 1997, 9, (1), 349-362.
Martin, I. T.; Malkov, G. S.; Butoi, C. L.; Fisher, E. R., Comparison of pulsed and
downstream deposition of fluorocarbon materials from Cs;Fg and ¢-C4Fg plasmas.
J. Vac. Sci. Technol. A 2004, 22, (2), 227-235.

Ashfold, M. N. R.; Castano, F.; Hancock, G.; Ketley, G. W., Laser-induced fluo-
rescence of the CHF radical. Chem. Phys. Lett. 1980, 73, (3), 421-424.

Stillahn, J.; Trevino, K.; Fisher, E. R., Plasma diagnostics for unraveling process
chemistry. Annu. Rev. Anal. Chem. 2008, 1, 261-91. .

Booth, J. P.; Cunge, G.; Chabert, P.; Sadeghi, N., CFx radical production and loss
in a CF4 reactive ion etching plasma: Fluorine rich conditions. J. Appl. Phys.
1999, 85, (6), 3097-3107.

Francis, A.; Czarnetzki, U.; Dobele, H. F.; Sadeghi, N., Quenching of the 750.4
nm argon actinometry line by H, and several hydrocarbon molecules. Appl. Phys.
Lett. 1997, 71, (26), 3796-3798.

Luque, J.; Crosley, D. R. LIFBASE: Database and Spectral Simulation Program,
1.5; SRI International Report MP 99-009: 1999.

Western, C. M. PGOPHER, a Program for Simulating Rotational Structure, Uni-
versity of Bristol, http://pgopher.chm.bris.ac.uk.

Nizamov, B.; Dagdigian, P. J., Collisional Quenching and Vibrational Energy
Transfer in the A" Electronic State of the CF Radical. J. Phys. Chem. A 2000,
105, (1), 29-33.

King, D. S.; Schenck, P. K.; Stephenson, J. C., Spectroscopy and photophysics of
the CF, A'B;-X'A; system. J. Mol. Spectrosc. 1979, 78, (1), 1-15.

Zhang, D.; Kushner, M. J., Mechanisms for CF; radical generation and loss on
surfaces in fluorocarbon plasmas. J. Vac. Sci. Technol. A 2000, 18, (6), 2661-
2668.

Zhou, J.; Martin, L. T.; Ayers, R.; Adams, E.; Liu, D.; Fisher, E. R., Investigation
of inductively coupled Ar and CH,4 /Ar plasmas and the effect of ion energy on
DLC film properties. Plasma Sources Sci. Technol. 2006, 15, (4), 714.

Edelberg, E. A.; Perry, A.; Benjamin, N.; Aydil, E. S., Energy distribution of ions
bombarding biased electrodes in high density plasma reactors. J. Vac. Sci. Tech-
nol. A 1999, 17, (2), 506-516.

McCurdy, P. R.; Bogart, K. H. A.; Dalleska, N. F.; Fisher, E. R., A Modified Mo-
lecular Beam Instrument for the Imaging of Radicals Interacting with Surfaces
During Plasma Processing. Rev. Sci. Instrum. 1997, 68, 1684-1693.

Bogart, K. H. A.; Cushing, J. P.; Fisher, E. R., Effects of Plasma Processing Pa-
rameters on the Surface Reactivity of OH in Tetraethoxysilane/O, Plasmas during
Deposition of SiO,. J. Phys. Chem. B 1997, 101, (48), 10016-10023.

32



17. Vazquez, G.; Alvarez, E.; Navaza, J. M., Surface Tension of Alcohol Water +
Water from 20 to 50 .degree.C. J. Chem. Eng. Data 1995, 40, (3), 611-614.

33



CHAPTER 3

INVESTIGATION OF THE ROLES OF GAS-PHASE CF, MOLECULES AND F
ATOMS DURING FLUOROCARBON PLASMA PROCESSING OF Si AND ZrO,

SUBSTRATES

This chapter contains data and discussion from a full paper published in the Jour-
nal of Applied Physics, written by Michael F. Cuddy and Ellen R. Fisher. The work pre-
sented here examines plasma gas-phase phenomena and gas-surface interactions in CF4

and C,F¢ plasmas, with a focus on the roles of CF; and F neutrals and the CF," ion.
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3.1.  Introduction

The study of small monomer FC (e.g.: CF4, C,F¢) plasmas has generated a verita-
ble wealth of data for and understanding of plasma-based processing of materials.'* We
revisit them here to ascertain the relevance of FC plasma processing to novel material
applications and to further explore the detailed chemical reactions associated with plasma
species such as CF, and F. One aspect of FC plasmas that has garnered interest in the
processing of materials for implementation in the microelectronics industry, particularly
with respect to ultralarge-scale integrated circuits (ULSIs), is the competition between
etching and film deposition. Previous work focused on Si and SiO; substrate processing,
as these materials are ubiquitous in semiconductor manufacturing.>® Recent trends have,
however, turned toward downscaling and the use of higher dielectric constant (K) materi-
als such as Zr0O,.”” Although selective etching of ZrO, for dielectric applications has
been accomplished using chlorine-based plasmas, '’ little is known about FC plasma etch-
ing of, or film deposition on ZrO, substrates. Notably, FC plasma chemistry is very
complex and substrate-dependent processes have not been elucidated in great detail in the
literature. As the implementation of new materials in semiconductor devices continues to
advance, it is critical to develop a deeper understanding of the fundamental mechanisms
that drive the processing in such systems.

Plasmas produced from FC feed gases are well known to exhibit dichotomy as

11-13

both an etching tool and as precursors to film deposition. Traditionally, CF, is recog-

nized as an etchant,! whereas C,Fs is more likely to behave as a slowly depositing sys-
tem. Notably, the propensity for deposition increases with decreasing F/C ratio of the

3,12

feed gas or with the addition of a reducing gas to the feed such as H,. Hydrogen ef-
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fectively consumes etchant radicals in the plasma such as atomic fluorine through gas
phase reactions. CFy units produced by electron impact dissociation of the precursor con-
tribute to FC film formation."* Interestingly, the CF, molecule in particular has shown a
propensity for both substrate etching and incorporation into films."> Moreover, we have
previously shown that CF, appears to be produced not only by direct dissociation of the
parent gas, but also at surfaces passivated with fluorocarbon films.> ' !

An overarching goal of our research is to understand the entirety of the plasma
chemistry, requiring knowledge of the gas-phase, surface, and gas-surface interactions
that occur within our systems. To this end, we have utilized gas-phase diagnostics, sur-
face analyses, and our unique imaging of radicals interacting with surfaces (IRIS) tech-
nique to fully describe the plasma chemistry. In short, the IRIS technique allows for spa-
tially resolved two-dimensional (2D) laser induced fluorescence (LIF) imaging of a spe-
cies of interest. Images collected for the species after surface impingement of a plasma
molecular beam contain information regarding species scattered from a substrate.
Through IRIS we have previously demonstrated substrate dependence of species scatter
for silicon and silica using C,Fe plasmas,3 but have not explored the effect of a CF,4 feed
gas, or the dependence upon substrates such as ZrO,. Such studies should help to eluci-
date the mechanisms of plasma-surface interactions. In this Chapter, we focus on the role
of CF, during plasma processing of Si and ZrO, substrates and correlate our findings with
the relative concentrations of fluorine present in our plasma systems.

We also turn attention to the roles of ions in FC plasmas, as many studies have
shown that energetic ions may play a crucial role in substrate processing. For example,

in their seminal work, Coburn and Winters postulated that ions must factor into Si etch-
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ing, demonstrating that the presence of CF;" ions in a CF4 plasma enhanced the overall
etch rate of the system.'® In addition, Oehrlein and Williams showed that ion bombard-
ment in reactive ion etching FC plasmas curtails the growth of FC films." Previous work
in our group has also demonstrated that ions contribute to both film formation and surface
production of a range of species, including CFa, SiF,, and SiCl,.>'® Thus, a more robust
understanding of the mechanisms of plasma processing of both Si and ZrO, substrates
necessarily includes a discussion on the role of ions as well as an examination of the sur-

face properties of the processed materials.

3.2. Results

OES spectra were acquired for CF4 and C,F¢ plasmas, Figures 3.1(a) and 3.1(b),
that show that CFZ* emission from the A'B,—X'A, transition dominates the region from
230 to 340 nm in both systems. CF," emission from a forbidden *B;—'A transition at
wavelengths >340 nm also contributes substantially to the observed spectra.'?° The
emission line at 251.9 nm was used for actinometric analysis.”' Although multiple transi-
tions are observed for F at wavelengths >600 nm, we focus on the 3s 2P2—3p 2P2 line at
703.7 nm.*"** Argon was added to these systems as an actinometer, and emission from
Ar at 750.3 nm was used to scale the signal intensity of emission from emitting species
of interest. Figures 3.1(c) and 3.1(d) show actinometric CF, and F~ data as a function of
P. In the CF, plasma, Fig. 3.1(c), relative CF, concentrations decrease dramatically with
increasing P, whereas [F'] increases monotonically over the same applied rf power range.

In contrast, CF," production in C,Fs plasmas, Fig. 3.1(d), markedly dominates production
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Figure 3.1. Raw OES spectra of (a) CF4 and (b) C,F¢ plasmas (P = 100 W). Actinometry
data for CF, and F species as a function of P for (c) CF4 and (d) C,F¢ systems without
substrates.
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of CF," in CF, plasmas, whereas F~ concentrations appear to remain essentially un-
changed as P increases. It should be noted that this method of actinometry is a more pre-
cise indicator of [F'] than [CF; ], due to the proximity of respective threshold energies
for excitation to Ar’ (see Table 1.1). Regardless, the method is appropriate for examining
trends with respect to these species.

Additional actinometry data are provided in Figure 3.2, where the relative emis-
sion intensities of both CF, and F" have been plotted as a function of P for all combina-
tions of CF4and C,F¢ plasmas with Si and ZrO, substrates. Interestingly, the introduction
of a substrate to CF, plasmas, Figs. 3.2(a) and 3.2(c), has a significant impact on excited
species concentrations. Excited atomic fluorine concentrations for the CF4/Si system, Fig.
3.1(a), increase significantly at P > 75 W, and both [F'] and [CF,'] exhibit plateaus at P >
100 W. In the CF4/ZrO; system, Fig. 3.2(c), F’ concentrations are essentially constant.
This trend is reflected in the C,F¢/substrate systems, Figs. 3.2(b) and 3.2(d). Nonethe-
less, CF 2* concentrations in C,F¢/substrate systems exceed those of the corresponding
CF, plasmas for all values of P, with a noticeably steep climb in [CF, ] concentrations
with respect to P in the C,F¢/ZrO; system, Fig. 3.2(d).

OES data provide insight on relative concentrations of excited species in plasmas;
to garner a more robust understanding of the plasma, however, the types of ions and ion
energy distributions (IEDs) are also of interest. Mass spectra were acquired for nascent
ions produced in CF4 and C,Fs plasmas at applied rf powers ranging from 50 to 150 W.
By focusing on the signal at 50 amu (CF,"), we obtained IEDs as a function of P. Mean

ion energies, <E;>, were then calculated by averaging these distributions, Table 3.1.22*
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Table 3.1. Mean ion energies (in ¢V) for CF," in FC plasmas. Values in parentheses
represent one standard deviation from the mean of three trials.

Applied rf power (W) CF;Plasma C,Fg Plasma

50 83.1(0.1) 41.1(5.1)
75 80.0 (0.2) 49.0 (5.8)
100 80.0 (0.5) 55.8 (7.6)
125 80.2 (2.2) 75.2 (19)
150 59.7 (1.3) 65.1 9.1)
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In general, <E;> values were larger for CF," ions produced from CF, plasmas than from
C,F¢ systems. There was, however, little variation in <E> values for CF ,"in CFy4 plas-
mas, whereas <E;> in the C,Fs systems gradually increased with increasing P.

LIF spectroscopy was also employed to characterize gas-phase species, specifical-
ly the CF; radical. A typical portion of an excitation spectrum, Figure 3.3(a), clearly dis-
plays a broad, intense peak at 234.28 nm. This band corresponds to the (0,11,0)—(0,0,0)
vibronic band of the A'Bj—X'A transition for CF,, with peak identity confirmed upon
comparison to the literature.”> CF, species densities were obtained by accumulating fif-
teen LIF images at 234.280 nm (on-resonance) and subtracting the same number of ac-
cumulations at 235.000 nm (off-resonance). This was repeated for each set of plasma
parameters for both CF4 and C,Fs systems, with the results plotted in Figure 3.3(b). The
CF, ground state species density, Fig. 3.3(b), is significantly higher in C,F¢ plasmas than
in CF4 systems, especially with higher P.

IRIS data were generated by acquiring LIF images for CF, during plasma pro-
cessing of a substrate by rotating a Si or ZrO, wafer into the path of the molecular beam.
For each IRIS experiment, an LIF image taken of CF; in the molecular beam (no sub-
strate), Figure 3.4(a) (center image), was averaged over a 20 pixel range across the center
of highest intensity and cross-sectioned to generate a one dimensional (1D) trace for CF,
in the incident beam only, Fig. 3.4(b). With a substrate rotated into the path of the plas-
ma, this process was repeated to produce an image that contained both scatter and inci-
dent beam data, Fig. 3.4(a) (leftmost image). The pixelated intensities from these images

were subtracted to produce an image of the scattered CF; signal, Figure 3.4(a)
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Figure 3.3. (a) Fluorescence excitation spectrum showing the (0,11,0)—(0,0,0) vibronic
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P =100 W. (b) LIF intensities as a function of P for CF, formed in CF4 (closed circles)
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Figure 3.4. (a) LIF images collected during IRIS experiments for CF, formed in a CF4
plasma molecular beam (incident beam) and with a ZrO, substrate rotated into the same
molecular beam, showing both CF; in the incident beam and CF, scattered from the sub-
strate (beam and scatter). The image on the right (scatter) arises from image subtraction
yielding a spot representing CF; scattering from the ZrO; system (P = 100 W). (b) The
images in (a) are converted to cross sections along the laser beam for CF, LIF signals in
the incident beam (blue) and scattered from the surface (red) along with simulated data
(black lines) for this system. The best fit to this data set yields S(CF,) = 1.41.
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(right image). This signal was cross-sectioned to produce a 1D depiction of the scatter
from the surface, Fig. 3.4(b). Figure 3.4(b) also shows simulated cross sectional data
generated based upon the geometry of the experiment.”® By fitting the simulated lines to
the experimental data, a value was obtained for the scatter coefficient of CF,, S(CF>).
Similar images and cross sectional data were collected under different experimental con-
ditions and the resulting S(CF,) values are listed in Table 3.2. In general, S(CF,) values
were greater than unity, Table 3.2, with the exception of the C,F¢/ZrO, systems. These
values are similar to previous IRIS results for S(CF,) measured using other FC precur-
sors.” Also of note, scatter coefficients tended to be higher for CF, systems than for C,F
systems. An additional observation from the Table 3.2 data is that the type of substrate
processed influenced the value of S(CF,), with Si tending to yield higher scatter coeffi-
cients than ZrO,. Measurements of scatter coefficients were repeated at P = 100 W for
plasmas with feeds composed of 1:1 mixtures of CF4 or C,F¢ with H, gas. The addition
of H; significantly decreased the values for S(CF,) in each system, Table 3.2.

Surface analysis of the substrates used in IRIS experiments was performed using
XPS. Representative high-resolution C;s and F;; XPS spectra are shown in Figures 3.5
and 3.6 for the CF4/Si and C,F¢/Si systems, respectively. In addition, a high-resolution
Fis spectrum is shown for a ZrO, wafer processed with CF4, Fig. 3.5(c). As evidenced by
the obvious differences between the two figures, the deposited FC films are inherently
distinct especially with respect to the carbon and fluorine binding environments on Si in
each system. Most notably, the C;s XPS spectrum for an Si wafer processed in a CF4

plasma, Fig. 3.5(a), shows little FC character, whereas a similar wafer processed in a
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Table 3.2. Surface scatter coefficients [S(CF,)] for different plasma/surface combina-
tions. Values in parentheses are error estimates based on the error in the simulated fits
to the data and includes several replicates of the data. Error estimates for data collected
at 75 and 125 W are based solely on the error in the simulated fits to one data set.

P CF4/S| CF4/ZFOZ CzFe/SI Cst/ZfOz CF4/H2/SI CzFe/Hz/SI
(W)

50 1.52(0.10) 1.38(0.10) 1.28 (0.02) 0.83 (0.03) - -
75 1.42(0.14) - 1.30 (0.08) - - -

100 1.45(0.15) 1.40(0.10) 1.33(0.02) 0.99(0.02)  1.21 1.11 (0.05)

(0.06)
125 1.75 (0.01) - 1.41 (0.09) - - -
150  1.87(0.19) 1.37(0.14) 1.65(0.08) 0.95 (0.05) - -
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Figure 3.5. (a) High-resolution C;5 XPS spectrum of a Si wafer processed in an IRIS ex-
periment with a 50 W CF4 plasma molecular beam. (b) High-resolution F;; XPS spectrum
of the same wafer. (¢) High-resolution F;s spectrum of a ZrO, wafer processed in an IRIS
experiment under similar conditions.
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Figure 3.6. High-resolution XPS Ci; (a) and Fi5 (b) spectra of a Si substrate processed in
the IRIS system using a C,F¢ plasma molecular beam with P = 150 W. A high-resolution
Cis spectrum is shown in (c) for a Si substrate processed under similar conditions using a
C,F¢/H; plasma.
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C,F¢ plasma, Fig. 3.6(a), consists of multiple FC polymer moieties, including CF; and
CF; linkages that are completely absent in the CF4/Si system. Fluorine binding environ-
ments on Si were also affected by the type of plasma used for processing, Figs. 3.5(b) and
3.6(b), such that fluorine incorporation occurred in the underlying substrate in the case of
CF4 processing (68% of F is present as Si-Fy), whereas all surface fluorine in the case of
C,F¢ processing was present in a C-Fx type environment. Notably, the F;5 spectrum for
the CF4/ZrO; system also shows significant incorporation of F into the ZrO, substrate,
with nearly 65% of the signal arising from Zr-Fy species, Fig. 3.5(c). For comparison, we
also analyzed films deposited from FC/H, plasmas. The C;s spectrum for a film deposit-
ed on a Si substrate using a 50:50 C,F¢/H, plasma is shown in Fig. 3.6(c). As expected,
the contribution from the C-C/C-H binding environment is greater than that seen in Fig.
3.6(a), but there are still significant contributions from CFx moieties. Similar C; spectra

were collected for films deposited in CF4/H,/Si systems.

3.3.  Discussion

As noted in the Introduction, little work exists that focuses specifically on
FC/ZrO, processing; as such, it remains unclear what the true potential may yield for op-
tical or microelectronic applications in FC plasma processing of zirconia substrates. To
understand the mechanisms of FC plasma-surface processing for any plasma/substrate
system, it is necessary to recognize the role of gas-phase species and to identify the
mechanisms behind gas-surface interactions. Actinometry provides a useful gauge of the
excited gaseous species present within a plasma system. In a CF4 plasma, relative CF,

concentrations decrease with increasing P, Fig. 3.1(c). In turn, atomic fluorine increases,
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suggesting subsequent electron impact decomposition of plasma species after precursor
fragmentation, process (3.1),

CFygt+e — CFg +Fgt+e (3.1).
Although such results have been demonstrated previously,” it is important to note that a
wide variety of species can exist in these systems, contributing to the overall complexity
of plasma-surface interactions. In contrast, both CF," and F" concentrations remain rela-
tively stable with respect to changes in applied rf power in C,F¢ plasmas, Fig. 3.1(d).
Because of the chemical structure of the precursor, the effect of the type seen in reaction
(3.1) does not figure prominently until P > 175 W, as there are likely to be fragmenta-
tions of the form C,F, — 2CF in C,F¢ systems. In other words, CF, depletion via path-
way (3.1) is not significant because much more CF; is formed directly from the C,Fs pre-
cursor than is formed from CF,under similar conditions.

Interestingly, the relative concentrations of these species are affected by the intro-
duction of a substrate, Si or ZrO,, and appear to be substrate-dependent, Fig. 3.2. The
trends seen in Fig. 3.2(a) may be a result of the formation of strong Si-F bonds in a com-
paratively small concentration of F at low rf powers. Volatile SiF, and SiF4 species,
along with volatile FC moieties, can readily desorb from the surface,”” exposing new re-
active sites for further fluorine incorporation. As fluorine concentrations reach sufficient
levels at high P, fluorine saturates exposed reactive sites at the Si surface and generates a
significant excess of F', leading to the trends observed with increased P. With ZrO, pro-
cessing, such a marked increase in [F'] is not observed with increased P, Fig. 3.2(c).
Although the enthalpy of formation of ZrF, (-1.9 x 10° kJ-mol™) is not drastically differ-

ent from that of SiF4 (-1.6 x 10° kJ-mol™),?*?* the formation of nonvolatile surface prod-
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ucts in a FC passivation layer hinders desorption of ZrF,. Indeed, Kim and co-workers™
suggested that formation of such products served as the limiting step to etching of ZrO,
in high density CF, plasmas. The ramifications of these processes are discussed below.

The introduction of a substrate to a C,Fs plasma system does not have as profound
an effect on relative species concentrations as is seen in the CF,4 systems. Figures 3.2(b)
and 3.2(d) are similar in appearance to the actinometry data for the C,F¢ plasma alone,
Fig. 3.1(d). This suggests that other fundamental differences in the gas-phase of the two
plasmas may contribute to plasma surface interactions. Consequently, we further studied
gas-phase FC systems through use of LIF spectroscopy to provide insight into the behav-
ior of ground state CF, molecules. Figure 3.3 illustrates more gas-phase CF; is produced
in C,F¢ plasmas than in CF4plasmas. This is consistent with actinometric data for excited
state CF, , and may help to explain the differences in substrate processing between the
two systems. Evidence in the literature suggests the incorporation of CF, and CFy spe-
cies produced in the gas phase from CF, contribute to film formation and growth.’! To
elucidate mechanisms of plasma-surface interactions, an understanding of what occurs at
the surface is critical. Thus, the results of IRIS experiments can be scrutinized for trends
in plasma processing of Si and ZrO,, Table 3.2.

Figure 3.7 illustrates a generalized view of the roles of different FC plasma spe-
cies in the CF4/Si, C,F¢/S1, and FC/ZrO, systems, showing schematically how film for-
mation and etching processes are reflected in the measured S(CF,) values. In CF4/Si
plasma systems, a thin (~5 nm) FC passivation layer is deposited, but is simultaneously

etched through the interaction of plasma species with the film. In CF,4 systems, the
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Figure 3.7. Depiction of the processes by which major gas phase species in CF4 and
C,F¢ fluorocarbon plasmas contribute to FC film deposition and etching of Si and ZrO,.
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abundant F atoms can react with the deposited layer to form CFy (x = 1, 2, 3), which sub-
sequently desorb from the surface. When CF; units are formed the LIF signal from scat-
tered CF, increases, reaction (3.2), where A(s) represents an activated site on the surface.

XF(g) + CFaxs) = CFag) + Ag) (3.2)
Given that S(CF,) values are the ratio of incident to scattered CF, molecules, the meas-
ured S(CF,) value increases under these circumstances. This mechanism, Figure 3.7(a),
is supported by the lack of FC character on the substrate and fluorine incorporation into
the underlying Si, Fig. 3.5.

In contrast to the CF4/Si system, the C,F¢/Si plasma system contains much lower
fluorine concentrations with respect to CF,, Figs. 3.2(b) and 3.2(d). A lack of fluorine
flux to the surface may decrease surface production of CF,, as the reaction (3.2) contribu-
tions to the scatter signal lose significance, Fig. 3.7(b). The contributions of F atoms to
the measured S(CF,) values can be further probed by examining the effects of adding H,
to the plasmas. Hydrogen atoms are known scavengers of gas-phase fluorine atoms,
serving to deplete the amount of F g available in the system.'” S(CF,) values measured in
both CF4/H,/Si and C,F¢/H,/Si systems are significantly lower than those measured with-
out H, addition, Table 3.2. This effect implies that depletion in relative fluorine concen-
tration has a profound influence on the observed surface scatter coefficient of CF,. Thus,
we deduce that the presence or scarcity of atomic fluorine plays a significant role in CF,
scatter from FC films at a Si surface. Consequently, the smaller S(CF») values in C,F¢/Si
systems relative to CF4/Si likely result from a lower relative fluorine concentration in the
C,F¢ plasma. An additional consequence of decreased F atom production in C,Fg plas-

mas also allows for thicker films to be deposited (~10-20 nm). Moreover, the films de-
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posited from C,F plasmas all had the amorphous FC character exemplified in Figure
3.6(a), with C-C/C-H, C-CFy, CF, CF,, and CF; features. Films deposited from C,F¢/H,
systems were also relatively thick and amorphous with a high degree of cross-linking,
Fig. 3.6(c). Chapter 7 further examines the effect of plasma additives, including H», with
special emphasis on gas-phase reactions and their contributions to substrate processing.
In addition to F atom contributions to CF, surface production, highly energetic
ions can also ablate the surface FC film to generate CF,, as depicted in Figure 3.7. Both
theoretical and experimental work supports this hypothesis. For example, Zhang and
Kushner® calculated that increasing ion energies yielded increased surface production of
CF, in FC plasmas. Oehrlein and co-workers™ have also shown that high energy ions
serve to fragment and defluorinate the deposited FC film in high density, high power
C4Fg plasmas. Interestingly, simulated ion penetration depths for FC ions suggest a limit
of ~2 nm for 50 eV ions and that for FC film thicknesses >2 nm, F atom diffusion to the

33,34 previous IRIS studies in our lab have demon-

interface controls substrate etching.
strated that removing ions from the incident molecular beam lowers S(CF,) in a range of
FC plasmas. Furthermore, we have shown that the scatter coefficient and mean ion ener-
gy, <Ep> for the CF," ion are directly correlated in plasmas formed from large FC precur-
sors.”* These calculations and observations suggest that ions, rather than atomic F, may
contribute most significantly to the surface production of CF; at FC films deposited from
C,Fs plasmas. Ion-induced production of CFy) can proceed either via surface dissocia-
tion and neutralization of large ions with subsequent desorption of CF», or by sputtering

of FC films to produce CF, reactions (3.3) and (3.4),**

CiFy'(g) + Aig) = CFag) + CxaFyaae) + Ags) (3.3)
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CxFy'() + A — CFag + CiFye (3.4)
where the energetic ion leaves a surface vacancy in the case of reaction (3.4). We have
extended the connection between <Ei> and S(CF;) to CF, and C,F systems, Fig. 3.8, that
shows a clear trend between these two values. Figure 3.8 also contains data from the
CsFg and C4F; systems for comparison, and includes a linear correlation drawn across all
four plasma systems. As can be seen from Fig. 3.8 and the data in Table 3.1, <E;> values
in CF4 plasmas have little variation, implying that the role of ion bombardment is con-
stant for all processing conditions. This also suggests that reactions (3.3) and (3.4) are
not strong contributors to surface production of CF; in CF4/Si systems, further corrobo-
rating the hypothesis that high fluorine concentrations cause the increase in S(CF,) with
increasing P in these systems. The lack of variation in <E;> values for CF," in CF, plas-
mas may result from collisionless ion movement through the plasma sheath. In contrast,
ion energies for CF," increase steadily with increasing P in C,F¢ plasmas, Table 3.1,
whereas the F atom concentrations are reasonably constant with P, Fig. 3.2(b). Thus, en-
ergetic ions, rather than fluorine, are likely the primary source of increased CF; scatter in
the C,F¢/Si systems. A more detailed discussion of ion contributions to FC plasma pro-
cessing is presented in Chapter 6.

Given that we have observed some dependence of S(CF;) values on the underly-
ing substrate,’ it is useful to consider the FC/ZrO, systems with respect to mechanisms
for surface production of CF,. With the CF, plasma, the S(CF,) values for the ZrO, sub-
strates are slightly lower than with Si substrates, but are within the combined experi-

mental error, Table 3.2. In contrast, with C,Fg plasmas, the S(CF;) values are uniformly
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Figure 3.8. Comparison of S(CF5) and corresponding CF," mean ion energies in CF4 and
C,F¢ along with corresponding data from CsFg and C4Fg plasmas published previously
(Ref. 24). The line is a linear regression fit to all of the data (R* = 0.45).
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lower than those measured on Si substrates. The decrease in surface production of CF;
with ZrO; likely arises from a shift in the equilibrium of the deposition-etch competition.
Specifically, CF, is considered an etching system, whereas C,F¢ appears to be a slowly
depositing system with some competitive etching occurring. Thus, the overall process
mechanisms for CF4 plasmas are governed by fluorine flux to the surface, regardless of
the substrate. As such, the competition lies in favor of etching over film deposition.
Consequently, S(CF,) values for the CF4/ZrO, system are not appreciably different from
results obtained for the CF4/Si system, Table 3.2.

In C,Fs plasmas, the process mechanisms appear to be much more complex.
Films deposited on ZrO, substrates in C,F¢ plasmas are approximately the same thickness
as those deposited on Si substrates. Although this might suggest that the etch-deposition
equilibrium has not shifted, we postulate that the substrate dependence observed in our
S(CF,) values likely arise from the ability to form volatile products which can then de-
sorb from the surface. As noted above, the dominant etching species in C,F¢ plasmas are
ions rather than fluorine atoms. Through zero dimensional kinetic models and compari-
son to experimental results, Kim et al. have suggested that ZrO, etching is controlled via

- . 30,35
neutral species rather than ions.”™

They conclude that species such as fluorine atoms
are more effective at forming volatile products than high energy ions. Similarly, Oehr-
lein and co-workers®® have demonstrated that an overall fluorine deficiency in a plasma
etching system will limit the ability of etch products to desorb. We have shown that there
is a deficiency of fluorine in C,F¢ plasmas relative to other species, suggesting a limit on

desorbing etch products. Another factor influencing the ability of a particular surface to

produce CF; is the metal-C bond strength. The heat of formation of Zr-C bonds in a ZrC

57



lattice is 2.1 eV/pair, whereas that for Si-C bonds in a SiC lattice is only 0.6 eV/pair.*®
Thus, the lower S(CF,) values measured in the C,F¢/ZrO, system may also be the result
of much stronger ZrC bonds being formed between the ZrO, substrate and the FC pas-
sivation layer.

As an additional note, molecular dynamics simulations of FC etching of SiO, sub-
strates demonstrated that a loss of oxygen preferential to Si occurred during removal of
the first few surface layers.”” Analogously, oxygen is likely depleted by removal of the
ZrO; surface layer as well. In these systems, it is possible that CF, and O combine prior
to desorbing from the surface as CF,0, thereby reducing the amount of scattered CF».
This is supported by the observation that our actinometry data reveal there is ~50% more
atomic oxygen present during plasma processing of ZrO, substrates relative to processing
Si substrates. Although ions and fluorine likely contribute to CF; surface production
from ZrO, surfaces in both plasma systems, Figure 3.7(c), as noted above, the formation
of volatile products is hindered with ZrO, substrates.

Regardless of substrate type, S(CF,) values for CF4 systems are generally greater
than those for counterpart C,F¢ systems. In considering the mechanism for CF; surface
production, we must therefore also understand the reactions that affect the observed scat-

3,15,24 . -
* > " several possible reactions

ter in our IRIS experiments. As discussed previously,
can contribute to surface production of CF,. Three of these that are likely to be important

in the CF4 and C,F¢ systems are shown in reactions (3.5)-(3.7):

CFag) + A) = CFa (3.5)
F(g) + CF(ags) = CFaq) (3.6)
CF3(g) + 2A) = CFa(g) + Frads) (3.7)
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Reaction (3.5) represents a simple adsorption-desorption reaction for CF,, which ac-
counts for the majority of the observed CF; scatter in all FC systems. Given the high
concentrations of CF; and F atoms in CF4 plasmas, reactions (3.6) and (3.7) likely give
rise to the large (i.e. >1) S(CF,) values. In comparison, for the C,F¢ plasmas, reaction
(3.6) is not likely to be as influential. Because reactions (3.5)-(3.7) all affect the ob-
served S(CF,) value for a given system, an examination of those processes that can alter
their contributions is prudent. At high F(g) concentrations, some recombination of CFy
species and F likely occurs outside the coil region of the plasma, at the reactor wall:*

CFx(g + (4-X)F(g) = CFa(aas) = CFy(g) (3.8)
Incorporation of F atoms into a substrate/film depletes both CFy(,) and F ) relative to
what would be available if only gas-phase reactions were considered. Reaction (3.8) also
diminishes the relative importance of reaction (3.6) to the surface production of CF,.
Likewise, formation of oligomeric units,”' reaction (3.9),

CFx(g) t+ CFy(g) = CoFyiy(e) — FC film (3.9)
where x and y are not necessarily equal, can have a profound impact on the significance
of reactions (3.5) and (3.7). Reaction (3.9) is more likely to occur in C,F¢ plasmas.

Thus, the observed differences in S(CF;) values between the CF4 and C,F¢ plasmas can
be largely attributed to two primary factors: the excess of F atoms with respect to CFy
species in CF4 plasmas and the formation of oligomeric units along with increased film
formation in C,F¢ plasmas. Additional IRIS studies discussed in later chapters of this
dissertation seek to explore the surface interactions of CF as well as the energetics of the
gas-phase species in CF4 and C,Fg plasmas. Clearly, these studies will further illuminate

the relative importance of processes (3.5)-(3.9).
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3.4. Summary

Despite the enormous utility of FC plasmas, much work remains to be done to
fully understand the complex chemistry occurring in these systems. This is especially
true for new plasma/substrate systems. Here, we have demonstrated that the roles of CF,
and F species as well as those of energetic ions are of significant importance to substrate
processing during FC plasma treatment of Si and ZrO, substrates. By combining analysis
of gas-phase species, surface analysis and gas-surface interface data from the IRIS tech-
nique, an overarching scheme that summarizes the individual contributions to a particular
surface was formulated. For CF,4 plasma/substrate systems, fluorine atoms strongly influ-
ence the observed trends in S(CF,), whereas highly energetic ions are the determining
factor in C,Fg plasmas. Overall, the combination of gas-phase, surface and gas-surface
interface data presented here provides significant insight into the seemingly subtle differ-

ences in FC plasma processing using different plasma/substrate combinations.
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3.5.  Supplemental Information

FC film deposition is dependent not only on the parameters associated with the
plasma (i.e. feed gas choice, P, pressure, etc.) but also upon the position of the substrate
within the plasma reactor and its proximity to the coil region. Within the coil region of
the reactor exists a harsh environment, rife with highly energetic species, including ions
and electrons. Here, film deposition is limited to creation of thin FC passivation layers.
As gas-phase species traverse the length of the reactor (due to mechanical pumping), col-
lisional effects and gas-phase interactions lead to the formation of oligomeric deposition
precursors (see discussion, Chapter 6) that enhance the efficacy of film deposition. Thus,
substrates exposed to the plasma at a location far downstream from the coil region of the
reactor tend to exhibit more highly-ordered (less crosslinked) films, that demonstrate a
propensity toward PTFE-like (—(CF;),—) moieties. This effect is shown for films deposit-
ed simultaneously from a C,F¢ plasma on substrates located (a) in the coil region, (b) 14
cm d.s. from the coil, and (c) 25 cm d.s. from the coil in high-resolution C;s XPS spectra,
Fig. 3.9. The films exhibit strikingly different trends with respect to binding environ-
ments. Ultimately, for the FC film deposited in the coil region, Fig. 3.9(a), the F/C ratio
15 0.7 £ 0.1 with 87% = 2% crosslinking. At 14 cm d.s., the F/C ratio is 1.0 = 0.1, with
69% + 3% crosslinking. Finally, for a film deposited 25 cm d.s., the F/C ratio=1.7 + 0.1

and the film is 41% =+ 1% crosslinked.
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Figure 3.9. High-resolution C;s XPS spectra for FC films deposited from C,F¢ with P =
150 W on Si substrates positioned a) in the coil region of the plasma reactor, b) 14 cm
d.s., and ¢) 25 cm d.s. All depositions were performed simultaneously, such that all three
Si wafers were exposed to the plasma.

62



3.6.

10.

11.

12.

13.

14.

15.

References

Oehrlein, G. S.; Zhang, Y.; Vender, D.; Haverlag, M., Fluorocarbon high-density
plasmas. I. Fluorocarbon film deposition and etching using CF4 and CHF3. J. Vac.
Sci. Technol. A 1994, 12, (2), 323.

Booth, J. P.; Cunge, G.; Chabert, P.; Sadeghi, N., CFx radical production and loss
in a CF4 reactive ion etching plasma: Fluorine rich conditions. J. Appl. Phys.
1999, 85, 3097.

Butoi, C. I.; Mackie, N. M.; Williams, K. L.; Capps, N. E.; Fisher, E. R., Ion and
substrate effects on surface reations of CF; using C,F¢, C,F¢/H,, and hexafluoro-
propylene oxide plasmas. J. Vac. Sci. Technol. A 2000, 18, (6), 2685-2698.
d'Agostino, R.; Capezzuto, P.; Bruno, G.; Cramarossa, F., Mechanism of etching,
polymerization and deposition in rf discharges. Pure & Appl. Chem. 1985, 57, (9),
1287-1298.

Rueger, N. R.; Beulens, J. J.; Schaepkens, M.; Doemling, M. F.; Mirza, J. M.;
Standaert, T. E. F. M.; Oehrlein, G. S., Role of steady state fluorocarbon films in
the etching of silicon dioxide using CHF; in an inductively coupled plasma reac-
tor. J. Vac. Sci. Technol. A 1997, 15, (4), 1881.

Samukawa, S., Highly selective and highly anisotropic SiO; etching in pulse-time
modulated electron cyclotron resonance plasma. Jpn. J. Appl. Phys. 1994, 33,
2133-2138.

Woo, J.; Kim, S.; Koo, J.; Kim, G.; Kim, D.; Yu, C.; Kang, J.; Kim, C., A study
on dry etching for profile and selectivity of ZrO, thin films over Si by using high
density plasma. Thin Solid Films 2009, 517, 4246-4250.

Chang, J. P.; Lin, Y.; Chu, K., Rapid thermal chemical vapor deposition of zirco-
nium oxide for metal-oxide-semiconductor field effect transistor application. J.
Vac. Sci. Technol. B 2001, 19, (5), 1782-1787.

Copel, M.; Gribelyuk, M.; Gusev, E., Structure and stability of ultrathin ZrO, lay-
ers on Si(001). Appl. Phys. Lett. 2000, 76, (4), 436.

Sha, L.; Cho, B.; Chang, J. P., Ion-enhanced chemical etching of ZrO; in a chlo-
rine discharge. J. Vac. Sci. Technol. A 2002, 20, (5), 1525-1531.

Visser, S. A.; Hewitt, C. E.; Fornalik, J.; Braunstein, G.; Srividya, C.; Babu, S. V.,
Surface and bulk compositional characterization of plasma-polymerized fluoro-
carbons prepared from hexafluoroethane and acetylene or butadiene reactant gas-
es. J. Appl. Polym. Sci. 1997, 66, 409-421.

d'Agostino, R.; Cramarossa, F.; Fracassi, F.; Illuzzi, F., Plasma Polymerization of
Fluorocarbons. Academic Press, Inc. : San Diego, CA, 1990.

Cicala, G.; Milella, A.; Palumbo, F.; Rossini, P.; Favia, P.; d'Agostino, R.,
Nanostructure and composition control of fluorocarbon films from modulated tet-
rafluoroethylene plasmas. Macromolecules 2002, 35, 8920-8922.

Haverlag, M.; Stoffels, E.; Stoffels, W. W.; Kroesen, G. M. W.; de Hoog, F. J.,
Measurements of radical densities in rf fc plasmas using infrared absorption spec-
troscopy. J. Vac. Sci. Technol. A 1994, 12, 3102.

Martin, I. T.; Fisher, E. R., Ion effects on CF; surface interactions during CsFg
and C4Fg plasma processing of Si. J. Vac. Sci. Technol. A 2004, 22, (5), 2168-
2176.

63



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Liu, D.; Martin, I. T.; Fisher, E. R., CF; surface reactivity during hot filament and
PECVD of FC films. Chem. Phys. Lett. 2006, 430, (1-3), 113-116.

Liu, D.; Cuddy, M. F.; Fisher, E. R., Comparison of CH, C, CHF, and CF surface
reactivities during plasma-enhanced chemical vapor deposition of fluorocarbon
films. ACS Appl. Mater. Interfaces 2009, 1, (4), 934-943.

Coburn, J. W.; Winters, H. F., The Role of Energetic lon-Bombardment in Sili-
con-Fluorine Chemistry. Nuclear Instrum. Meth. Phys. Res. B 1987, 27, (1), 243-
248.

Oehrlein, G. S.; Williams, H. L., Silicon Etching Mechanisms in a CF/H, Glow-
Discharge. J. Appl. Phys. 1987, 62, (2), 662-672.

Trung, Q.; Durocher, G.; Sauvageau, P.; Sandorfy, C., The emission of the CF,
radical in a microwave discharge. Chem. Phys. Lett. 1977, 47, (3), 404-407.
Stillahn, J.; Trevino, K.; Fisher, E. R., Plasma diagnostics for unraveling process
chemistry. Annu. Rev. Anal. Chem. 2008, 1, 261-91. .

Harshbarger, W. R.; Porter, R. A.; Miller, T. A.; Norton, P., A study of the optical
emission from an rf plasma during semiconductor etching. Appl. Spectrosc. 1977,
31, (3),201-207.

Edelberg, E. A.; Perry, A.; Benjamin, N.; Aydil, E. S., Energy distribution of ions
bombarding biased electrodes in high density plasma reactors. J. Vac. Sci. Tech-
nol. A 1999, 17, (2), 506-516.

Martin, L. T.; Zhou, J.; Fisher, E. R., Correlating ion energies and CF2 surface
production during fluorocarbon plasma processing of Si. J. Appl. Phys. 2006, 100,
013301.

King, D. S.; Schenck, P. K.; Stephenson, J. C., Spectroscopy and photophysics of
the CF, A'B;--X'A, system. J. Mol. Spectrosc. 1979, 78, 1-15.

McCurdy, P. R.; Bogart, K. H. A.; Dalleska, N. F.; Fisher, E. R., A modified mo-
lecular beam instrument for the imaging of radicals interacting with surfaces dur-
ing plasma processing. Rev. Sci. Instrum. 1997, 68, (4), 1684-1693.

Belen, R. J.; Gomez, S.; Kiehlbauch, M.; Aydil, E. S., Feature scale model of Si
etching in SF¢/O,/HBr plasma and comparison with experiments. J. Vac. Sci.
Technol. A 2006, 24, (2), 350.

Allulli, S.; Massucci, M. A.; Tomassini, N., The standard enthalpy of formation of
Zr(HPO). J. Chem. Thermodynamics 1979, 11, 613-618.

Johnson, G. K., The standard molar enthalpy of formation of SiF4 at 298.15 K by
fluorine bomb calorimetry. J. Chem. Thermodynamics 1986, 18, 801-802.

Woo, J.; Kim, G.; Kim, D.; Um, D.; Kim, C., Etch characteristics of ZrO, thin
films in high density plasma. Jpn. J. Appl. Phys. 2009, 48, (8), 08HDO03.

Cunge, G.; Booth, J. P., CF, production and loss mechanisms in fluorocarbon dis-
charges: fluorine-poor conditions and polymerization. J. Appl. Phys. 1999, 85,
(8), 3952.

Zhang, D.; Kushner, M. J., Mechanisms for CF; radical generation and loss on
surfaces in FC plasmas. J. Vac. Sci. Technol. A 2000, 18, 2661.

Standaert, T. E. F. M.; Hedlund, C.; Joseph, E. A.; Oehrlein, G. S.; Dalton, T. J.,
Role of fluorocarbon film formation in the etching of Si, SiO,, Si3Ny, and a-
SiC:H. J. Vac. Sci. Technol. A 2004, 22, (1), 53-60.

64



34.

35.

36.

37.

Standaert, T. E. F. M.; Matsuo, P. J.; Allen, S. D.; Oechrlein, G. S.; Dalton, T. J.,
Patterning of fluorine-, hydrogen-, and carbon-containing SiO,-like low dielectric
constant materials in high-density fluorocarbon plasmas: Comparison with SiO,.
J. Vac. Sci. Technol. A 1999, 17, (3), 741-748.

Woo, J.-C.; Kim, G.-H.; Kim, D.-P.; Um, D.-S.; Kim, C.-I., Improving the Etch
Selectivity of ZrO, Thin Fllms over Si by Using High Density Plasma. Ferroelec-
trics 2009, 384, 47-55.

Ju, L.; Dongyi, L.; Sidney, Y.; Reza, N.; Lynne, E., Force-based many-body in-
teratomic potential for ZrC. J. Appl. Phys. 2003, 93, (11), 9072-9085.

Rauf, S.; Sparks, T.; Ventzek, P. L. G.; Smirnov, V. V.; Stengach, A. V.; Gaynul-
lin, K. G.; Pavlovsky, V. A., A molecular dynamics investigation of fluorocarbon
based layer-by-layer etching of silicon and SiO,. J. Appl. Phys. 2007, 101,
033308.

65



CHAPTER 4

CONTRIBUTIONS OF CF AND CF; SPECIES TO FLUOROCARBON FILM
COMPOSITION AND PROPERTIES FOR CxFy PLASMA-ENHANCED CHEM-

ICAL VAPOR DEPOSITION

This chapter relates the contents of a full paper published in the journal ACS Ap-
plied Materials and Interfaces by Michael F. Cuddy and Ellen R. Fisher. It explores FC
film deposition from a range of plasma precursors and details surface analyses of depos-
ited films. The contributions of CF, (n = 1, 2) radicals to film properties were probed via
gas-phase diagnostics and the IRIS technique. Surface energies of deposited films were
calculated and assessed with respect to film fluorine content, and in turn to the plasma

gas-surface interactions.
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4.1. Introduction

FC plasmas are widely used to deposit high quality fluorocarbon films for a range
of applications including superhydrophobicity, protective coatings, and biocompatible
materials. Specific applications include preparation of ultralow-k materials," * develop-
ment of superhydrophobic surfaces® and implementation in medical devices such as
stents to improve biocompatibility without initiating coagulation.*® Moreover, FC poly-
mers are increasingly utilized in micromachining to alleviate detrimental adhesion in mi-
crostructures.” ' The utility of fluorocarbons employed in plasma-enhanced chemical
vapor deposition (PECVD) is influenced by associated parameters, including applied
power (P) and system pressure (p)."! Another driving force that dictates the efficacy and
nature of FC film deposition is the choice of plasma precursor. Generally, for C4Fy sys-
tems with low y/X ratios film deposition is most efficacious.'> Although much evidence
exists that lower y/X ratio precursors deposit FC films more readily than do high ratio
feeds, the precise route toward film deposition (i.e. the phenomena that occur at the gas-
surface interface) is poorly understood. The approach we employ attempts to correlate
plasma gas-phase diagnostics with plasma-surface interface data to elucidate those pro-
cesses responsible for FC film characteristics in CF4, C,F¢, C3F5, and C;F¢ systems (Yy/X
ranging from 2.0 to 4.0).

Gas-phase neutral species, especially of the form CF,, have long been identified

13, 14

with critical functions contributing to FC film deposition. Previous work in our

group has implicated CF; radicals in particular for their role in film formation, as these

15-17

species are readily produced at the surface of depositing FC films. Here, we em-

ployed time-resolved optical emission spectroscopy (TR-OES) to investigate the initial
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production of CF,species through direct decomposition of the C4Fy precursor. An under-
standing of the production of film-initiating and film-propagating species in the gas-
phase is of critical importance to determining the efficacy of FC film deposition. In addi-
tion, through IRIS experiments, we have garnered new insight into the behavior of these
radical species near Si surfaces during substrate processing. The IRIS technique provides
a spatially-resolved, two-dimensional, in-situ representation of radical-substrate interac-
tions during plasma processing. Via IRIS, we have studied the near-surface phenomena
associated with CF, radicals produced from a range of C4Fy precursors. Coupled with
gas-phase diagnostics and surface analyses, we have generated a correlation between
choice of precursor, the role of gas-phase species and the net effect of FC film deposition.
A principal application of this understanding lies in tailoring the surface proper-
ties of plasma-deposited films. Important materials properties issues with respect to the
specific applications include (1) surface composition; (2) surface energy; and (3) me-
chanical properties (e.g. crosslinking, brittleness, adhesion). Here, we employed XPS
analyses of deposited FC films to provide compositional data. Although CyFysystems
commonly deposit highly crosslinked films, we have achieved high —CF,— content films
with low crosslinking and brittleness from hexafluoropropylene oxide (HFPO) and CsFg
by careful adjustment of plasma parameters."” In addition to chemical composition, the
surface energy of a deposited film is an important metric for determining the wettability

and adhesive properties of the material.'® '’

To this extent, we used a somewhat indirect
route to estimate surface energies, the Zisman method,” that involves a straightforward

empirical analysis of liquid contact angles to calculate the critical surface tension of a

material. This value is in turn analogous to the surface energy of the material. The rela-
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tionships determined here between film composition and physical properties with IRIS
data and gas-phase diagnostics provide the basis for film deposition mechanisms in C,Fy

plasmas.

4.2. Results

Representative raw OES spectra are depicted in Fig. 4.1(a) for emission collected
from a CsFg plasma with P =150 W, at t =0, 0.01, and 0.20 s after plasma ignition. The
plots show a conspicuous increase in emission intensity from CF, A'B;—X'A| in the
range of 250-400 nm, corresponding to the time dependence of the species production.
Less prominently, CF emission lines from the B:A—X’II transition around 200 nm also
increase in intensity as t increases to 0.20 s. The absolute intensities of the emission
peaks were plotted as a function of t for both CF and CF,, with Fig. 4.1(b) showing a typ-
ical plot for CF,. Clearly, the relative concentrations of both CF and CF, follow a first-
order rate dependence, and as such, these plots were fit with a regression in the form of a
three-parameter exponential decay proportional to ™, where k represents the production
rate constant for a given species. Calculated values of k for CF and CF; production are
illustrated in Figs. 4.1(c) and 4.1(d), respectively, as a function of P in all the C,F sys-
tems studied. One important observation in both plots is that k(CF,) (where n=1 or 2)
values are very similar for CF, production from a broad range of precursors, specifically
for C,F¢, CsFs, and C;3F¢ plasmas. However, CF,, production from CF,4 plasmas deviates
from this trend. In particular, k(CF) values for CF, plasmas are similar to those for all
other plasma systems at P = 50 W, but increase over these systems by a factor of four as

P approaches 200 W. In contrast, k(CF,) values are consistently an order of magnitude
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Figure 4.1. a) Raw OES spectra collected at t =0, 0.01, and 0.20 s after CsFg (P = 150
W) plasma ignition. b) CF, emission intensity (A =251.9 nm) as a function of time from
plasma ignition in a P = 150 W C;F;g plasma. The exponential fit to these data yields a
formation rate constant, K(CF,) = 26.3 s, with R* > 0.99. Rate constants for formation
of CF and CF; in C,Fy plasmas obtained from time-resolved analyses of the A =202.4 and
251.9 nm OES lines are plotted as functions of P in c¢) and d), respectively.
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less for CF, plasmas as compared to those values for all other CyFy systems at all P. An-
other notable trend in these data is that there is no strong dependence of k on P, with the
sole exception of CF production from CF,4 plasmas, where, again, k(CF) essentially di-
rectly correlates with increasing applied rf power.

LIF images taken during IRIS experiments are shown in Figs. 4.2(a) and 4.2(b)
for CF and CF, respectively. In each of these schemes, the middle panels depict CF,
fluorescence from the molecular beam-only trial, whereas the left-most panels show sig-
nal from CF, species both in the plasma beam and scattered from a Si substrate. Image
subtraction yields the right image panels that thus depict only scatter of CF,. Cross-
sections for the beam-only and scatter images are plotted as a function of distance along
the laser axis in the graphs at the far right, and are used to calculate scatter coefficients.
For these specific data sets, S(CF) = 0.72 and S(CF,) = 0.63 for radicals in a C;F¢ plasma
at P =150 W. Mean S values from several different sets of images are plotted as func-
tions of the feed gas y/X ratio for CF and CF; in Figs. 4.3(a) and 4.3(b), respectively.
These figures clearly demonstrate that P does not have as dramatic an effect on scatter
values as does the choice of precursor used for the plasma. For example, S(CF,) values at
a given Y/X ratio generally differ by only 0.2-0.4 as a function of P. As the y/X ratio in-
creases, a more marked disparity in scatter values appears, accentuated most dramatically
by the difference in S(CF,) at P = 150 W for y/x = 4.0, where AS(CF,) = 1.2, Fig. 4.3(b).
Interestingly, both S(CF) and S(CF,) increase with increasing y/X ratio of the CFy precur-
sor feed. As the scatter coefficient is essentially a metric of the probability for species

scatter, an increase in S(CF,) denotes a decreased propensity for reactivity at a surface.
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Figure 4.2. IRIS images for Si substrate interactions of a) CF, and b) CF,, in CsF¢ plas-
ma molecular beams at P = 150 W. The left-most images in each set of images were ac-
quired with a substrate rotated into the path of the plasma molecular beam (solid arrow),
and thus contain signal from molecules both in the incident beam and scattered
(dashed/dotted arrow). The middle panels depict signal arising solely from the plasma
molecular beam. The right-most panels are obtained through image subtraction of the
previous two images, resulting in signal that corresponds to scattered molecules alone.
Cross-sections along the axis of laser propagation are compared to geometric simulations
to obtain a scatter coefficient, S, where S(CF) = 0.72 and S(CF;) = 0.63 for a) and b), re-

spectively.
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Of particular note is that the S values ultimately surpass unity, indicating a surface-
mediated production mechanism for CF, species whereby radicals are generated at a FC-
passivated surface. Thus, radical-surface reactions appear to be an important and integral
aspect of fluorocarbon plasma processing.

High-resolution C;s XPS spectra are shown in Fig. 4.4 for films deposited from
CyFy precursors during IRIS experiments. Generally, with the exception of films deposit-
ed from CF4 plasmas, the FC films appear to be amorphous, CF,-rich, and robust, with
several -C-Fy binding environments present. Generally, with decreasing y/X ratio, the FC
plasmas appear to tend toward polymerizing systems that favor deposition. This agrees
well with the deposition rates calculated for each of these systems, Table 4.1, as the dura-
tion of substrate exposure to a plasma source in a typical IRIS experiment is ~60 min.
Table 4.1 also lists the film F/C ratio, calculated from XPS data, and the percent cross-
linking (defined here as the %C-C/C-H + %C-CFy + %CF in the high resolution XPS
spectra),”' that demonstrate that FC film crosslinking decreases significantly as the y/x
ratio of the precursor decreases. Specifically, with decreasing y/X ratios, the F/C values
for the film approach 2.0, the value expected for a film composed exclusively of CF,, and
the crosslinking decreases, indicating a depletion of amorphous moieties in the film.

Contact angle values (0) were used to construct Zisman plots for both deposited
fluorocarbon films and bare Si substrates. Here, cos(0) values were plotted as a function
of the surface tension of the liquid droplet used to make the CA measurement, Table 2.3.
Figure 4.5 demonstrates Zisman plots for both a Si wafer analyzed prior to plasma pro-

cessing, and after exposure to CF4 plasma. These plots are fitted with a linear regression
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Table 4.1. Properties of plasma-deposited fluorocarbon films.*

i 0 e 0
PECVD | FilmFic | Fim% |, |Deposition
Source | ratio Cross- (dyn/cm) Rate

linking y (nm/min)

CF, [0.1000.02)] N/A° |6.1(0.9) | 0.12(0.02)
CFs | 1.00.1) | 693) [23.5(0.5)| 1.82(0.02)
CsFs | 1.3(0.1) | 492) [32.7(0.5)| 3.4(0.4)

CsFs [1.59(0.08)| 43(4) [35.2(0.7)| 4.20.5)

*Values in parentheses represent one standard deviation for the measurement. ®Percent
cross-linking values were not determined for CF4-deposited films due to the lack of CFy
binding environments in the high-resolution C;3 XPS spectra.
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that is extrapolated to cos(0) = 1, where a hypothetical liquid droplet of the corresponding
surface tension would be instantaneously and completely wetting. This value, denoted v,
is the critical surface tension,” and is analogous to the surface energy (ys,) of the sub-
strate or film via the Young equation (4.1), where y represents the interfacial tension at
the liquid-surface boundary.
Ysv = Y1ve0s(0) + s (4.1)

To account for underlying substrate effects in the comparisons of surface ener-
gies, we report the value Ay, which is the difference between the measured vy, for a de-
posited FC film and the substrate (e.g. Si wafer) upon which it was deposited. Thus, the
Ay value measured for the CF4-deposited film illustrated in Fig. 4.5 is 6.4 dyn/cm. Rep-
resentative Ay, values are compiled in Table 4.1 for all the CyFy-deposited films. Nota-
bly, these values generally increase with decreasing y/X ratios of the feed gas, and, more

importantly, with increased fluorine content in the deposited films.

4.3. Discussion

Although plasmas are widely employed for substrate processing, including etch-
ing and film deposition, the fundamental interfacial interactions that lead to surface modi-
fication are often poorly understood. Efforts to more efficiently tailor surface processing
techniques require a thorough knowledge of these processes. To this end, FC systems
have received much attention, with aims devoted to explicating FC plasma gas-phase
species behavior and correlating this behavior with surface phenomena. The scope of
investigations into these systems has expanded as FC plasmas have become more widely

employed in the fabrication of such market-driven technology as integrated circuits and
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semiconductor devices. Here, the roles of CF, radical species have been investigated to
determine a correlation between gas-phase phenomena and film deposition from CyFy
plasma systems.

Optical emission spectroscopy provides an expedient and practical method of
gauging the behavior of gas-phase plasma species. We have examined the formation of
CF and CF, in the gas-phase through TR-OES. Production of these species from a giv-
en precursor follows first-order processes, whereby rate constants for production are cal-
culated using exponential fits to the TR-OES data. These rate constants reflect the pro-
duction of CF," species in the plasma gas-phase but do not distinguish specific mecha-
nisms of formation. Indeed, the complex processes that lead to generation of CF,, in-
cluding direct decomposition of the precursor and gas-phase recombination reactions, are
inherently incorporated in these k values. In addition, over a longer duration (t >> 0.3 s),
the apparent steady-state concentration of CF, species tends to decrease as consumption
of the gas-phase species commences via intricate gas-phase reactions or increased disso-
ciation of the fragment in a reactant-starved scenario. Thus, due to the complexity of the
system as a whole, we focus here on the initial production of CF, upon plasma ignition.

The values of these rate constants are largely independent of changing P, and as
such the effect of P on the efficacy of plasma production of CF, can be ignored. The on-
ly exception to this is for k(CF) measured in CF4plasmas. In the CF4 system, the linear
correlation between the production rate constants and P indicates that the power applied
to the system is the main driving force for CF production from the precursor. Converse-
ly, k(CF>) in CF4 systems is completely independent of P, so that the production rate of

CF; is effectively constant. The value of k(CF) increases by nearly an order of magnitude
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over k(CF,), Figs. 4.1(c-d), demonstrating that the CF4 system favors production of CF
species over CF; as P increases. This appears to be unique to CF4 plasmas in comparison
to the other CyFy systems studied here.

CF, gas-phase production also appears to be dependent upon feed gas choice.
The k(CF;) values measured in CF, plasmas are essentially an order of magnitude lower
than those measured in any of the other CyFy systems, Fig. 4.1(d). This indicates that up-
on ignition of the plasma, a dearth of CF, units exist in CF4 as compared to the other
plasma systems. Moreover, as K(CF,) values are effectively constant for plasmas with
precursor Y/X ratios < 4.0, we assume there is little variation in initial CF, concentration
(i.e., t =0-0.5 s after plasma ignition) in these plasma systems. These observations are
important in that they suggest a “trickle-down” effect of a lack of CF; in the case of the
CF,4 system. Specifically, gas-phase reactions, such as that depicted in (4.2),

CFag + CaFag) = Ca2Fniag (4.2)
and suggested by Zhang and Kushner,** generate oligomeric gas-phase species that are
not necessarily formed from direct decomposition of the plasma precursor. The rate con-
stants for such generic reactions at 50 mTorr are generally ~10"° molec'cm’s™ and are

22,23 Indeed, Gabriel and coworkers

expected to proceed with a third body interaction.
speculated that C,F4 formation was the major loss mechanism of CF; in CF4-based pulsed
discharges.** These oligomeric units, in conjunction with CFy() species, are thought to
contribute to surface passivation and ultimately film growth at reactor walls and on sub-
strates, reactions (4.3)-(4.6).

CoFag+ Ay — 2P (4.3)

CoFsg)+ Ay — 2P (4.4)
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CFyg)*+ As) = Py (4.5)

CFyg)*+ Py — 2Py (4.6)
Interaction with an activated surface site (A)) can proceed to passivate the site (P) and
film growth can progress through continued interactions of gas-phase species with P,
especially propagating FC films through reactions at reactive sites of passivating oligo-
meric units.”> Ultimately, the languid production of CF, in CF4 plasma systems may
conceivably result in a significant discrepancy in FC film deposition efficacy compared
to C,F¢, CsFs, and C;F¢ systems. Indeed, we observe a steep decline in deposition rate as
the precursor Yy/X ratio approaches 4.0, Table 4.1. FC deposition schemes arising from
film growth based upon oligomeric units [i.e. reactions (4.3) and (4.4)] could be of para-
mount importance in C3F¢ systems. Here, the n-bond can be easily broken under relative-
ly mild plasma conditions to produce a highly reactive and moderately large deposition
precursor (i.e. CsFg radical).26 Thus, CsF¢ plasmas ought to facilitate efficient FC film
initiation and propagation. Accordingly, this system demonstrates the highest deposition
rate of any of the feed gases discussed here, as illustrated in Table 4.1.

In addition to film formation, gas-surface interactions can also promote genera-

tion of CF,, species at a fluorocarbon-passivated surface site, reactions (4.7) and (4.8).
These processes illustrate the gas-phase production of CF or CF, via reactions involving a
gas-phase oligomer. CF, species can also interact with a surface without reacting, as in

(4.9), effectively adsorbing and then desorbing intact from the surface.

CiFin) + Ps) = Cin-1Fnis) T CFg) 4.7)
CimFing) + Ps) = Cin-1Fnae) + CFag) (4.8)
CFu) + Ai) = CFug) T Ags) 4.9)
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We have monitored the gas-surface interactions that occur in our CyFy systems using the
IRIS technique. It is apparent from these data that the choice of precursor strongly influ-
ences the propensity for CF, surface scatter, as both S(CF) and S(CF,) increase with in-
creased feed gas y/X ratio, Fig. 4.3. In particular, S values far surpass unity as the precur-
sor y/X ratio approaches 4.0, indicating a significant increase in the amount of CFy,) pro-
duced at surfaces during deposition of FC films.

The dependence of S on precursor choice can be rationalized in a number of ways.
Specifically, in the highly depositing systems (those with low y/X ratios; C;F¢ and CsFs), a
wealth of reactive species, including oligomers with unpaired electrons, exist in the gas-
phase. These include a plethora of species such as C,F4, C,Fs, CsFs, and CsF3, as verified
in our systems by mass spectrometric analyses. Under conditions in which such gas-
phase species proliferate, as in the case of low Yy/X ratio precursors, recombination with
surface-produced CF, and subsequent redeposition of the product is plausible. Such a
scenario effectively reduces the observed scatter coefficient for CF, species by consum-
ing CF,, produced via reactions (4.7)-(4.9). Refer to Chapter 6 for a more detailed discus-
sion of the contributions of oligomeric species to FC film deposition.

In these scenarios, one must consider the effect of ions as well. Average ion en-
ergy <Ei> values in our systems increase significantly with increasing y/X ratio of the pre-
cursor, so that the total average ion energies in the CF4 plasma system are approximately
twice those of the C3F¢ system. We have previously demonstrated that ion bombardment
can be a major contributing factor in surface production of CF,, and that <E> and S val-

17,27

ues correlate linearly. Thus, ions may be partially responsible for the rise seen in S as

the plasma precursor Yy/X ratio increases. A third contributing factor to consider is the rel-
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ative distribution of electronically excited CF, states in the plasma gas-phase. Because
our IRIS experiments probe only ground state CF or CF; radicals, excited species are dis-
regarded. Especially with CF surface interactions, however, the electronic excited states
appear to have a strong influence on the observed S(CF) value. Using OES, we generally
observe increasing relative concentrations of excited CF(°A) with increasing precursor y/x
ratios, concomitant with significantly increased vibrational temperatures (see Chapter 5).
We speculate that the CF(*A) quenches upon interaction with the surface. Unfortunately,
this excited state is inaccessible using our current IRIS apparatus due to wavelength limi-
tations. The relatively high vibrational energy associated with the molecule assists it in
overcoming a barrier of desorption to re-enter the gas-phase as a ground state CF(*II) rad-
ical, detectable in our LIF scheme. This particular scenario is exacerbated as the plasma
precursor Y/X ratio increases, making it a potential contribution to the increase in observed
S(CF).

The net effect of gas-surface interactions can be gauged by analyzing the deposit-
ed FC film. It is clear from high-resolution C;; XPS analyses of substrates processed in
IRIS experiments that CF, plasmas generally do not deposit a robust FC film as com-
pared to the other C,Fy systems. Note that the difference in substrate processing times
among different C,Fy precursors in IRIS experiments was negligible, such that the dura-
tion of plasma exposure corresponding to each spectrum in Fig. 4.4 was essentially iden-
tical. Thus, the disparity in CF, film deposition is thought to result from a combination
of the comparative lack of formation of film-forming or film-propagating units in the gas-
phase of the CF, system and the effect of ion bombardment on passivating FC films.

These data complement the idea that CF4 plasmas are generally considered highly profi-
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cient etching systems. As the y/X ratio of the plasma system decreases from 4.0, the FC
films tend to become less crosslinked and the films’ fluorine content increases, indicating
a higher degree of incorporation of CF; species (Table 4.1). These increases in film fluo-
rine content are concomitant with increases in film surface energy, Ay.. Notably, this
correlation is linear, Fig. 4.6(a), where Ay, values are plotted as a function of the corre-
sponding film F/C ratio. These data were collected for films deposited in independent
plasma reactors, not in the IRIS apparatus, at a range of plasma conditions, and include
data for each of the C,Fy precursors. Although this relationship would seem to imply that
the surface energy is dependent upon the potential of interaction and that increasing fluo-
rine content increases the film potential, this is not the case. Indeed, Zisman was among
the first to report there is effectively no difference in potential of interaction of C-Fy and
C-Hy species in contact angle experiments.28 Thus, the relationship between fluorine
content and surface energy is related to the packing efficiency of propagating units in the
FC film.**** Specifically, the contact angle of a liquid droplet is dependent upon the mo-
lar volume of C-X (where X = C, H, or F) with which it comes in contact. Zisman sug-
gests that surfaces rich in —CF,— linkages are likely to give rise to high surface energies.*®
As such, the move toward higher Ay, and increased fluorine content in the film could in-
dicate a greater extent of surface coverage of CF, moieties.

Though the Ay, values reported here tend to be higher than those values reported

in the literature for FC ﬁlms,30’ 31

we expect the general trends observed here to be valid.
One possible contributing factor to the apparently high surface energy values may lie in

the method used for investigation. The variability in contact angles with decreasing
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surface tension of the contact droplet (i.e. higher relative concentration of metha-
nol:water) becomes much more significant as the droplet more completely wets the FC
film and results are generally skewed toward higher CA values. As such, the extrapolat-
ed fit to CA data yield results of a higher surface energy. Despite these discrepancies, the
shift toward higher surface energy with increased CF; content in the FC film is reasona-
ble.

Generally, FC films deposited on Si wafers tend to be smooth and relatively de-
fect-free, as confirmed by SEM and AFM analyses, Fig. 4.7(a-b). It is of interest, how-
ever, to gauge whether the phenomena associated with Ay, are dependent upon surface
roughness. To this end, Cs;Fg films were deposited on supported Fe,O3 nanoparticle sur-
faces.”” Values for rms roughness were calculated for 2500 um? areas on both FC-coated
and uncoated Fe,Os substrates. The deposition of a FC film on Fe,Os nanoparticles (rms
roughness = 0.84 + 0.05 pm, Fig. 4(c)) resulted in a slight decrease in surface roughness
over uncoated particles (rms roughness = 1.05 £ 0.09 um). These roughness factors are
nevertheless significantly higher than the rms roughness of a FC film on a flat Si sub-
strate, ~0.01 um, Fig. 4.7(b). Despite these differences in roughness, the morphology of
the surface appears to have limited influence over the calculated value of Ay, Specifical-
ly, the surface energy of a Cs3F¢-deposited film on Fe,O3 nanoparticles was calculated as
31.9 £ 0.6 dyn/cm, compared to 35.9 + 0.5 dyn/cm for the same type of FC film on a Si
substrate.

The surface energies of deposited FC films have also been related to observed

scatter coefficients for CF and CF,, as shown in Fig. 4.6(b). Here, the indirect
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Fig. 4.7. a) SEM micrograph of FC film on Si deposited from C,Fg in the IRIS experi-
ment. The image is shown at 13000x magnification and is representative of FC films de-
posited from other precursors. b) AFM micrograph for Cs;F¢-deposited film on Si with
rms surface roughness = 11.4 nm. ¢) AFM micrograph for CsF¢-deposited film on Fe,O3
nanoparticles, with rms surface roughness = 989 nm.
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relationship between S and Ay, suggests that there exists a net balance between the pro-
cesses that drive these two measures. On one hand, a low Ay, and high scatter coefficient
could indicate a loss of surface —CF,— via those processes that induce large surface scat-
ter, as discussed above. Alternatively, a dearth of scatter-inducing processes where S is
low may render the film relatively unaffected, resulting in a larger Ay, due to a larger sur-
face concentration of -CF,—. The dichotomous nature of this relationship, whether Ay,
increases because S decreases, or vice versa, is a point of ongoing consideration in our
laboratory. Ultimately, the ability to tailor surface properties of deposited films via
choice of plasma precursor promises to impact a wide range of applications. Some ex-
amples include the reduction of membrane fouling by membrane modification to low sur-
face energy’ or modification to high surface energy materials for use in biologically

compatible implants.**

4.4. Summary

Appropriate precursor selection is a critical element for further advancement of
applications employing plasma-deposited fluorocarbon films. As demonstrated here, ef-
ficacy of film deposition is strongly dependent on the CFy source, stemming largely from
gas-phase phenomena that drive the formation of depositing units. Specifically, recom-
bination reactions that generate oligomeric deposition precursors are significantly limited
in CxFy with y/x > 3. The behavior of species at the depositing interface appears to dictate
the resulting surface characteristics of deposited FC films, especially the surface energy.
Moreover, the y/X ratio of the precursor directly affects the amount of fluorine incorpora-

tion in a deposited film, and film fluorine content, in turn, influences the arrangement of

88



—CF,— moieties at the surface. The combination of gas-phase diagnostics such as TR-
OES, gas-surface interface data obtained via our IRIS technique, and surface analyses
including XPS and contact angle measurements provide significant insight into the mo-
lecular-level mechanisms at the core of film deposition in fluorocarbon plasmas. The
ability to appropriately select the appropriate plasma precursor, in addition to other plas-
ma parameters, makes it possible to tailor the surface properties of a deposited film,

thereby creating specific high performance materials for a range of applications.
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4.5. Supplemental Information
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Figure 4.8. LIF excitation spectrum for CF in a C5F¢ plasma with P =150 W. The Py,
bandhead for the A*X"(1)«—XT1(0) transition is labeled and represents the on-resonance
wavelength used for CF IRIS experiments.
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CHAPTER 5

ENERGY PARTITIONING IN DIATOMIC RADICALS AND ITS INFLUENCE
ON SURFACE SCATTER COEFFICIENTS FOR NO, SiF, AND CF IN INDUC-

TIVELY COUPLED PLASMAS

This chapter concerns energy partitioning for molecules formed from several
plasma systems, from a manuscript prepared for the Journal of Physical Chemistry by
Michael F. Cuddy and Ellen R. Fisher. Specifically, it addresses NO in nitric oxide
plasmas, SiF in tetrafluorosilane plasmas, and CF in tetrafluoromethane and hexafluoro-
ethane plasmas. The data reported for ®y(CF) and Oy (SiF), ®r(CF), and surface scatter-
ing coefficients, S, for NO and CF were collected and analyzed by Michael F. Cuddy.
These data have been combined with previously reported data for S(SiF), ®(SiF) and
Ogr(SiF), in order to broaden the scope of the chapter. Dr. C. 1. Butoi, Ms. M. M. Mor-
gan, Dr. K. L. Williams, and Dr. J. Zhang have contributed to this work. The following
seeks to connect and generalize surface interaction phenomena discussed in previous
chapters with the distribution and magnitude of internal energies of vibration and rotation
for radical diatoms. Supplementary information for characteristic CF, temperatures is

provided in Appendix B.
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5.1. Introduction

An understanding of how energy is dispersed into rotational, vibrational, and
translational modes of a particular gas-phase molecule by means of plasma-stimulated
decomposition of a precursor lends critical insight into molecule formation mechanisms,
decomposition pathways, and overall plasma chemistry. Knowledge of internal energies,
including vibrational (®y) and rotational (®r) temperatures, is applicable to estimates of
neutral gas temperatures and plasma modeling.! Moreover, information gleaned from
internal temperatures can elucidate the processes that dictate the overall character of the
plasma, as the values are dependent upon such attributes as species densities, electron
temperatures, formation reactions, and gas-phase and surface collisions of plasma spe-
cies, among others.’

Non-thermal inductively coupled plasmas (ICPs) generally comprise molecules
that follow a classical relationship wherein @y is nominally greater than O and transla-
tional (®r) temperature, yet each temperature remains significantly less than the charac-
teristic electron temperature (Te) of the plasma.”* Notably, O values have long been
employed as a measure of the neutral gas temperature of the plasma,”™ with the assump-
tion that rotational and collective translational temperatures of the gas equilibrate within
the plasma.” Although this estimate may be appropriate for analyses of the internal tem-
peratures of actinometers, the Fisher group has previously demonstrated that significant
differences exist between Or and O for species such as the silylidyne (SiH) radical in
silane plasmas.''? Furthermore, different radicals in the same plasma system often ex-
hibit distinct internal temperatures, as has been shown for SiF and SiF, molecules in tet-
rafluorosilane systems." In addition, the same type of plasma species may be formed via

different mechanisms, including direct gas-phase decomposition of a monomer gas or
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recombination reactions in the plasma reactor. Thus, it is useful to explicitly examine the
effect of formation pathway on internal temperatures and surface reactivity of plasma
species.

Of burgeoning interest is the correlation between internal energies and species
behavior at surfaces. Our unique imaging of radicals interacting with surfaces (IRIS)
technique affords us the capability of monitoring in situ both the internal energies of se-
lected plasma species and the propensity of such molecules to react at the surface of a
specific substrate. In particular, the surface scattering coefficient, S, for a given molecule
can be calculated, that provides a measure of the likelihood of scattering to occur. Given
that the full range of plasma species is incident on the substrate during these measure-
ments, efforts have also sought to separate the effects arising from different types of spe-
cies. For example, highly energetic plasma species, such as ions, can play an important
role in determining S values for molecules such as CF; in fluorocarbon (FC) plasmas,14

1316 and SiCl, in SiCly plasmas.'” In addition, the Fisher group has

SF, in SiF4 systems,
previously illustrated the relationship between S and @ for systems including the SiF
molecule.'® Nonetheless, we have not as yet offered a complete investigation into the
interplay of the internal energies, ®r and Ov, and translational energies, ®r, of molecules
and their impact on observed S values. Thus, this Chapter aims to understand the effect
of energy dissipation among various degrees of freedom in a particular molecule and
whether different types of energy impact how the molecule behaves when interacting

with a surface. Ultimately, the goal would be to predict surface behavior of a molecule

given the distribution of internal energies or the reverse.
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Several spectroscopic techniques have been used to measure internal temperatures
of plasma species, including broadband absorption spectroscopy (BAS),"® Doppler
broadening analysis of spectral lines,'” optical emission spectroscopy (OES),” and laser-
induced fluorescence (LIF) spectroscopy.”’ Of these, the latter two are exploited for their
simplicity of use and the complementary information that can be obtained through excit-
ed and ground state species spectral analyses. Here is offered an approach toward under-
standing the energetic and surface interactions of plasma species that behave similarly
with respect to the relationships between internal temperatures and surface reactivity us-
ing OES and LIF. Specifically, this Chapter examines NO radicals produced from 100%
nitric oxide plasmas, CF from CF4, C,F¢, CsFs, and C;F¢ plasmas, and SiF from tetra-
fluorosilane ICPs. Each radical has the same ground- and first-excited state symmetry,

and each demonstrates a comparable relationship between @y and S. These radicals have

1,18,20,22-25 12,13,15,16,26

been extensively studied in the literature and in our laboratories, yeta
concise illustration of the effect of internal temperatures on surface scattering coefficients
has been conspicuously absent. Thus, our current line of inquiry represents a comprehen-
sive investigation of the internal energies of diatomic molecules exhibiting a strong rela-

tionship between surface scattering coefficients measured during plasma processing

events and vibrational energy.

5.2. Results

Vibrational temperature data were acquired from OES data as described previous-

26,27

ly™*" and modeled using LIFbase or pGopher. A section of a typical experimental OES

spectrum for an NO plasma is shown in Figure 5.1 along with simulated data assuming
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Oy = 1405 K. The simulation shown represents the maximized peak correlation between
the experimental data and the simulated fit.** Peaks that appear in the experimental data
but not the simulated spectrum arise from the NO C’II-X°II and D*L"—X™11 transitions,
that are fit separately using the same temperature as for the A”X"—X’I1 transition. Note
that these values may not be representative of the actual @y for the C and D excited states
as their branches extend well beyond the spectral region in Figure 5.1. The quantum effi-
ciency of the detector varies by only ~5% over the simulated wavelength range, and as
such, variations were not accounted for in the simulation. Similar procedures were used
to determine @y for excited states of all three molecules, with the resulting values listed
in Tables 5.1-5.3.

Oy values were also calculated for NO in its ground electronic state, Table 5.3,
from LIF excitation spectra. These vibrational temperatures tend to increase with P in
the same manner as @y(°II), although the absolute temperatures are generally significant-
ly lower, Fig. 5.2. The correlation coefficient of the two data sets depicted in Figure 5.2
is 0.89, indicating a strong relationship between ground and excited electronic state vibra-
tional temperatures.

As noted in the Introduction, there is significant interest in the fundamental ef-
fects, if any, of internal energy on surface interactions of plasma radicals during plasma
surface modification. Thus, IRIS experiments have been performed for all three radicals
studied here, with some of the scatter coefficients having been reported previously.'>*

LIF images and IRIS cross-sections are shown in Figure 5.3 for NO radicals in a 100%

98



3000 - —— Emission Spectrum
——= NO AZstX211

2500 - ——— NO Ci-x2n

3 -—— NO D2z t-X?11

= 2000 -

Z

‘@ 1500 A

[=]

&

= 1000 -

500 -

2200 2400 2600 2800
Wavelength (A)

Figure 5.1. Raw OES data (solid line) corresponding to the A?Y"—X?II emission for
NO in a 100% NO plasma (P = 25 W). The red dashed line represents a simulated fit to
the data, with @y = 1405 K. Notable overlap from NO C*IT—X"II and D*X"—XII tran-
sitions is also included in the simulation (simulated at 1405 K).
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Table 5.1. Scatter coefficients and O, ®y, and O for SiF in SiF, plasmas.Jr

PMW) | S(SiF o1 (K) Ov (K) Or (K)

20 | 0.21(0.14)

40 | 0.43(0.14)

80 | 0.79(0.13) | 571(180) | 1813(63)

100 598(85) | 1842(18) | ~450
130 802(88) | 1962(13)

170 | 1.2000.13) | 831(120) | 1947(10)

200 869(54) | 2073(25)

"Values for ®y(SiF) are reported here for the first time. S(SiF), @1(SiF), and Og(SiF)
values were previously reported in references 13, 15, and 16.
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Table 5.2. Scatter coefficients and ®y and O for NO in 100% NO plasmas (p = 100

mTorr).
P W) | svo),si | sqvoy,pe | VI | VI g 4
X1 AX
50 0.27(.04) [ 0.21(0.08) | 412(40) | 1455(23) | 337(29)
100 | 0.66(.06) | 0.67(0.07) | 510(60) | 1533(25) | 330(26)
150 | 1.10(0.05) | 1.05(0.08) | 477(65) | 167433) | 317(17)
200 | 1.57(0.07) | 1.75(0.12) | 528(37) | 1740(42)

'S(NO) and ©y(X’II) values are published here for the first time. All other data were
previously reported in reference 26.
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Table 5.3. Scatter coefficients and ®y and O for CF in several fluorocarbon plasmas.

Source P (W) S(CF) Ov (K) Or (K)
50 0.90(0.10) | 3259(40) 313(14)
CF4 100 1.52(0.09) 3373(51) 309(14)
150 1.34(0.09) | 3304(31) 317(7)
50 0.98(0.09) | 2935(23) 298(2)
C2Fs 100 1.04(0.06) | 2948(17) 298(2)
150 1.17(0.10) | 3029(16) 317(10)
50 0.90(0.10) | 2950(38)
CsFs 100 1.02(0.06) | 2940(23) ~300
150 1.18(0.04) 3183(29)
50 0.74(0.06) | 2842(19)
CsFs 100 0.75(0.09) | 2700(8) ~300
150 0.64(0.09) | 2732(10)

fS(CF) data were previously reported in reference 28. All other data are shown here for

the first time.
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Figure 5.2. Comparison of ground state (left ordinate axis) and excited state (right ordi-
nate axis) NO vibrational temperatures for 100% NO plasmas as a function of P. The
correlation coefficient of the two data sets is 0.89.
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Figure 5.3. a-c) IRIS images for NO species in a 100% NO plasma with P =50 W. The
solid white arrow indicates propagation of the plasma molecular beam, whereas the
dashed arrow represents NO molecules scattering specularly from the Si substrate. Image
a) corresponds to fluorescence signal collected from both NO in the plasma beam and NO
scattered from the substrate (i.e. Si wafer) rotated into the path of the molecular beam.
Image b) represents NO signal arising only from the plasma molecular beam (i.e. no sub-
strate), where laser propagation is denoted by the thin dotted arrow. Image subtraction
yields c) that contains only signal for scattered NO molecules. Cross-sections for NO
LIF signals in the plasma molecular beam and NO scattered from a Si substrate are
shown for d) P =50 W and e) P = 150 W. The simulated fits to the data correspond to

S(NO) =0.27 and S(NO) = 1.10, respectively.
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NO plasma molecular beam. An image containing only fluorescence from NO in the mo-
lecular beam, Fig. 5.3(b), is subtracted from an image showing LIF for NO in the beam
and scattered from a substrate, Fig. 5.3(a), to produce a spot corresponding to NO scatter
alone, Fig. 5.3(c). Cross-sections along the laser propagation axis are compared to simu-
lated data to extract S values, where S(NO) = 0.27 and 1.10 for P =50 and 150 W, Fig.
5.3(d) and 5.3(e), respectively. Similar data were collected and calculations performed to
measure both S(CF) and S(SiF).

A comparison of SiF characteristic temperatures, @1 and ®y, is provided in Fig.
5.4(a), where the temperature values are plotted as a function of P. Vibrational tempera-
tures are consistently about three times greater than the translational temperatures at all P,
illustrated by nearly parallel linear fits to each data set where the slope m=2.6 + 0.6 and
2.0 £ 0.4 for Ot and Oy respectively. Scatter coefficients for SiF are provided in Fig.
5.4(b). Note that both the characteristic temperatures and S values for SiF species in-
crease with increasing P.

Figure 5.5(a) illustrates the dependence of ®@r(NO) and ®v(NO) on P. Rotational
temperatures (right ordinate axis) are essentially unchanging over the P range 50-150 W
(see also Table 5.2), whereas vibrational temperatures increase to an apparent plateau at
P> 150 W. Because ©y(’II) is strongly correlated with Ov(*x") for NO, Fig. 5.2, the
trends depicted in Fig. 5.5(a) for excited state vibrational temperatures should be repre-
sentative of ground state species behavior, as well. S(NO) values increase essentially lin-
early with increased P, Fig. 5.5(b).

The relationship between scatter coefficients and vibrational temperatures for CF
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Figure 5.4. a) Ot and Oy plotted as a function of P for SiF species in a SiF4 plasma. b)
Scatter coefficients for SiF interacting with Si substrates plotted as a function of P. The
linear regression fit to this data yields a slope m = 0.0064 + 0.0009 with R* = 0.96.
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R*=10.99.
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Figure 5.6. S(CF) plotted as a function of ®y for CF species in CF4, C,F¢, CsFs, and
C;F¢ plasmas. The linear regression fit to this data yields a slope m = 0.0013 + 0.0002
with R*>0.8.
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are shown directly in Fig. 5.6, where S(CF) is plotted as a function of ®y(*A CF) for radi-
cals formed in four different FC plasmas. Each data point represents a discrete set of
plasma conditions. A linear fit is provided for the collective data, indicating that CF(*IT )

scatter is directly related to the vibrational temperature of excited state species.

5.3.  Discussion

As observed in the Introduction, the compilation of data on energy partitioning
and surface interactions for plasma species is important to a molecular-level understand-
ing of plasma chemistry. The goal with this work was to compare energy partitioning
and surface scattering coefficients for three diatomic molecules, SiF, NO, and CF in
ICPs. Here, new data are reported for Ov(SiF), ®v(NO, ’I1), ©v(CF), Or(CF), and sur-
face scattering coefficients, S, for NO and CF. These new data have been combined with
data previously reported for S(SiF), ®r(SiF) and Og(SiF)," >3 along with @y(*z") and
®r values for NO.% All of these data are provided in Tables 5.1-5.3.

As the IRIS experiment measures scatter coefficients for ground state radicals,
this work has attempted to compare the vibrational temperatures for different electronic
states of NO, Fig. 5.2, by employing both LIF and OES spectroscopic techniques as an
avenue to determine ®vy. Although the NO @V(ZH) values are consistently less than
Ov(*z"), the two NO electronic states follow essentially the same trend with respect to P.
Thus, we use the trends in the excited electronic state of NO as representations of the
ground state species behavior. This renders comparison of OES and LIF data feasible.
Results for similar experiments examining CF in Cs;Fs systems complement these data,

demonstrating that a similar P dependence is followed both by ground CF radicals and

109



electronically excited ?A CF. Specifically, ®y(*IT) for CF radicals in C3F4 plasmas
ranged from 5030-5206 K over the P range 50-150 W. Inevitable overlap in the CF exci-
tation spectrum with CF, signal contributes to these high ®@y(*IT) values; nonetheless, the
data adhere to the same trends observed for ®y(*A), with a correlation coefficient of 0.93.

Focusing first on the energy partitioning between O, @y, and Or for each gas-
phase molecule, Tables 5.1-5.3, some interesting trends emerge. Notably, ®y for all three
molecules is significantly higher than ®r or Or, regardless of the experimental parame-
ters. In general, ®r for each molecule is independent of P, and is approximately room
temperature for both NO*® and CF, indicating that the plasma temperatures of these two
systems are not appreciably greater than the ambient temperature. Rotational relaxation
is a relatively fast process, typically requiring <10 collisions to reach equilibrium;* it is
estimated that a given diatomic molecule in our plasma reactor experiences >100 colli-
sions per second. The Or(SiF) values were slightly higher, at around 450 K, yet were
still independent of P,"* indicating the plasma gas temperature is significantly higher for
SiF4 systems than in fluorocarbon or NO plasmas.

Translational temperatures for plasma species in our laboratory are determined
from velocity measurements obtained from incrementally increasing the gate delay on the

IRIS ICCD camera as described previously.'*"?

These measurements necessarily require
a sufficiently long radiative lifetime (t;) to allow accurate determination of ®@1. Of the
three molecules studied here, SiF (1, = ~230 ns)30 is the only one for which ®r can be de-
termined accurately. Translational and vibrational temperatures for SiF molecules as a

function of applied rf power (P) are shown in Figure 5.4(a). Best-fit regression lines for

each set of data are essentially parallel to each other, indicating each characteristic tem-
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perature has a similar dependence on P. Although these related rates of temperature rise
with increasing P are notable, another clear observation is that the translational tempera-
tures are in all cases less than half the measured ®v(SiF) values. This likely indicates
that the vibrational-translational (V-T) energy transfer mechanism is the predominant
pathway for vibrational relaxation of SiF . Specifically, the translational energies of SiF
may be increased through collisions with SiF" that transfer vibrational energy from the
electronically excited molecule to the ground state radical. Alternatively, interactions of
SiF" with other gaseous species (M) may lead to loss of vibrational energy to M and elec-
tronic quenching of SiF" as in reaction (5.1). A similar relaxation pathway is expected to
SiF"+M — SiF + M’ (5.1)

exist for the diatomic oscillators NO and CF, although non-adiabatic energy transfer pro-
cesses are speculated to participate in relaxation of NO through NO-NO collisions.*'*

The relationship between applied rf power and ®y can be explored further for
each of the three radicals. ®y(SiF) increases from 1813 K to 2073 K as P is increased
from 80-200 W, Table 5.1. Both ground and electronically excited ®v(NO) increase with
increasing P, following a near linear trend, especially over the range P = 25-175 W, with
Oy rising from ~1400 K to ~1750 K for the X" state of NO, Fig. 5.5(a). In the FC plas-
ma systems, ®y(CF) also generally increases with P, Table 5.3, although the increase is
not as pronounced as for NO plasmas. Thus, partitioning of energy in SiF, NO, and CF
appears to favor vibrational channels, as @y values are much greater than @t or ®r and
they tend to increase with increased P.

One additional piece of data that helps characterize energy partitioning among

vibrational modes in plasmas is the role of electrons. Electron temperatures, T,, were es-
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timated for selected plasma systems from analyses of OES spectral lines (see Appendix
A). This calculation necessarily involves the assumptions that (1) all ionization and exci-
tation events proceed via electron impact and (2) that there exists a Maxwellian distribu-
tion of electron energies. Assumption (1) is valid for dilute Ar in a low pressure plasma,
however, assumption (2) is jeopardized due to the Druyvestyn distribution of electron
energies common in plasma systems. Nonetheless, for sufficiently low electron tempera-
tures, the deviation of Druyvestyn distributions from Maxwell distributions is small and
there is little discrepancy in the measured T.. Indeed, comparison to the literature sug-
gests that the values measured for the fluorocarbon plasmas discussed herein are compa-
rable to those measured using an in situ Langmuir probe in similar systems.33

The mean T, values and standard deviations are listed in Table 5.4 for CF4, C,Fs,
NO, and SiF,4 plasmas at P = 50-175 W. The values in Table 5.4 indicate that T does not
differ appreciably among the four plasma systems, nor does the electron temperature ap-
pear to depend strongly on P over the range studied here. These observations suggest
that Te does not have a strong influence on ®y. One reason for this is that @y values
measured from OES data depend upon excited vibrational state densities, Ny, and the vi-
brational excitation rate constant Ky, via equation (5.2),*

Ny = NeNgKy (5.2)

where N, denotes the electron density in the plasma and n, the ground vibrational state
density. The rate constant K, is, in turn, highly dependent upon Te.”> Because T, does not

change appreciably among systems or with changing P (ATe <~10% for P = 50-150 W),
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Table 5.4. T, (in eV) calculated from Ar emission lines for selected plasma systems. Values in parentheses represent standard error

calculated from the mean of three trials.

Applied rf Power (W) | CF plasma T | C,F plasma T | NO plasma T_ | SiF, plasma T,
50 1.82(0.02) 1.92(0.02) 1.90(0.05)
75 1.86(0.02) 1.82(0.02) 1.91(0.05) 1.91(0.02)
100 1.85(0.02) 1.87(0.02) 1.88(0.04) 1.82(0.02)
125 1.92(0.03) 1.92(0.02) 1.89(0.04) 1.93(0.02)
150 2.03(0.03) 1.96(0.02) 1.87(0.04) 1.89(0.02)
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the increases in @y for a given molecule with increasing P are predominantly a conse-
quence of increased electron density and not electron temperature. This notion is bol-
stered by the results of Kim et al., who demonstrated that although n. correlates directly
with P in CF, inductively coupled plasmas, T, remains independent of rf power.® Fur-
thermore, Ono and Teii showed that N, vibrational temperatures increase with increasing
ne in CO,/Ny/He discharges.37 It can thus inferred that increases in @y are proportional to
increases in N, in each case discussed here, thereby providing a metric for monitoring N
ex situ, independent of a Langmuir probe.

The second aspect of this work measures surface scattering coefficients during
plasma processing using the IRIS technique. This technique is used to probe steady-state
processes occurring at the plasma-surface interface. As such, it measures the interface
behavior of species interacting with a substrate or film deposited on a substrate. The
plasmas chosen for this study each have different effects on surfaces. Specifically, SiF4
plasmas tend to fluorinate surfaces (especially Si), whereas nitric oxide plasmas induce
oxidation in Si surfaces; fluorocarbon plasmas are the only system of the three to deposit
robust films. The net effect of plasma processing on surfaces has been verified through
high-resolution XPS analyses.'>2**¢-3

SiF scatter coefficients measured in SiF4/Si systems vary directly with increased
P, with a linear fit of slope 0.0064 + 0.0009, Fig. 5.4(b), and these changes in S(SiF) are
commensurate with similar trends in both @1(SiF) and ®@v(SiF) values, Fig. 5.4(a). It
should be noted, however, that other plasma species, such as ions, can contribute to in-
creasing S values. The Fisher group has demonstrated in other ICP systems that energetic

ions contribute significantly to surface production of radicals. For example, surface pro-
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duction of both SiF; in SiF4 and CF; in FC systems is enhanced by high ion densities in

141539 The effect of ion contributions to the observed scatter coefficient

these plasmas.
was examined for SiF in SiF, plasmas at P = 175 W by employing a grounded mesh.'*>'®
In an essentially ion-free environment, the S(SiF) value decreased only slightly. This
small change upon removal of ions relative to the strong correlation between ®y(SiF) and
S(SiF) indicates that ions do not play as significant a role in the surface production of SiF
as does the vibrational temperature. Ion contributions to scatter of SiF may be limited
because of the tendency for the moiety to remain “buried” in the fluorinated silicon sub-
strate. Oechrlein and coworkers showed through reactive ion etching experiments that SiF
species dominate the deepest regions of a fluorosilane film, whereas the topmost layers of
the film are SiFs-rich.*” Thus, if reactive ion penetration depth is smaller than the thick-
ness of a given steady-state fluorosilane film at a substrate, SiFy species (x = 2, 3) are
more likely than SiF to desorb. Ultimately, then, the increasing scatter values observed
here may have a strong dependence on the increasing translational energies of ground
state SiF and/or the vibrational energy of electronically excited SiF". This relationship is
addressed below.

S values are reported here for NO radicals for the first time, Table 5.2. These val-
ues are largely independent of substrate type (Si vs. Pt) and increase with increasing P.
Scatter values greater than unity indicate surface production of a molecule, and as such, a
trend toward NO surface production with increasing P, Fig. 5.5(b), is observed. Indeed,
the linear regression model to all of the data in Fig. 5.5(b) yields a slope of 0.0087 +
0.0003 with R* = 0.98. Interestingly, both ®y(NO) and S(NO) values increase linearly

with P in the range of 50-150 W, Fig. 5.5(a) and 5.5(b). AtP > 150 W, scatter coeffi-
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cients greater than unity coincide with vibrational temperatures for NO in the plasma ex-
ceeding 1700 K, Table 5.2. The increasing scatter coefficients ostensibly result from sur-
face interactions of vibrationally hot molecules by preliminary inspection of Fig. 5.5.
Removal of ions from the NO system via incorporation of a grounded mesh in the path of
the molecular beam yielded S(NO) values that were generally 10-20% lower than the
values shown in Fig. 5.5(b), especially at P > 150 W. Likewise there is a strong depend-
ence of S(NO) on plasma pressure as pressure significantly alters the mean ion energy.™®
Although these changes are significant, they are not substantial enough to account for all
of the observed NO scatter, however, and as such, vibrationally hot excited state species
are expected to contribute significantly to S values.

Interestingly, scatter coefficients for CF radicals interacting with Si substrates
have similar source gas and P dependences as ®v(CF), Table 5.3. Specifically, S(CF)
values decrease concomitantly with decreasing F/C ratio for the precursor gas. The rela-
tionship between choice of feed gas and the CF scatter coefficient has been previously
reported”® and discussed here (Chapter 4); note that these scatter measurements are heavi-

ly influenced by ion bombardment of the surface.'**!

Nonetheless, vibrational tempera-
tures for excited state CF radicals appear to correlate strongly with observed S(CF) values
as well. The most profound example of the apparent relationship between vibrational
temperature on scatter coefficients for the three radicals studied here is provided in Fig.
5.6, where S(CF) values are plotted as a function of ®y(CF) for a range of FC precursors.
As the vibrational temperature of excited state (*A) CF radicals increases, the observed

scatter coefficient of the ground state species (*IT) concomitantly grows, Fig. 5.6. Be-

cause S(CF) values essentially measure a change in CF(*IT) density between scattered
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species and the gas-phase of the plasma molecular beam, this relationship implies that
vibrationally hot CF in excited electronic states contribute significantly to the observed
scatter of ground state species. This phenomenon can be rationalized in several ways.
For example, the ?A CF radicals in the molecular beam (undetectable in the LIF scheme)
may quench at the surface of the substrate and desorb as a ground state CF, yielding a
high scatter value. Energy from this process may be dissipated into the surrounding FC
film or passivation layer being deposited on the substrate. It is possible that enough ex-
cess energy may cause dislodging of additional CF) units by effectively heating the sur-
face film, further enhancing the S(CF) value. Small increases in temperature also in-
crease the diffusivity of F atoms through FC polymers,** rendering a significant portion
of the exposed FC surface CF-rich. Thus, CF) experiences the full brunt of plasma spe-
cies and as such is facilely removed, resulting in high observed scatter coefficients. In
this way, highly vibrationally excited CF may act indirectly as an etchant to ablate FC
material. Indeed, Tsai and coworkers* speculated on this phenomenon to explain reso-
nant energy transfer of vibrationally hot molecules with growing surface Si-H bonds dur-
ing silane depositions. This rationalization of the relationship between @v(CF) and
S(CF) may be extended to the other radicals as well.

In general, scatter coefficients for the radicals investigated here track with chang-
es in their vibrational temperatures. There is observed essentially no dependence of S(X)
(X =NO, CF, or SiF) on B, leading us to infer that scatter coefficients are at least par-
tially reliant upon the internal vibrational energy associated with the radical. In IRIS ex-
periments, for a molecule formed in the plasma source to scatter from the substrate, it

must have energy sufficient to overcome the potential barrier for desorption. For exam-
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ple, the activation energy for desorption of NO from a Pt(111) surface has been calculat-
ed as ~20 kcal/mol.** The data presented here suggest that energy in vibrational modes
preferentially provides a radical with the means to desorb over molecules with energy
contributions from translational and rotational modes. For each molecule, it is observed
that the greater the vibrational energy associated with the molecule, the higher the pro-
pensity for scatter from a surface. This might suggest that vibrationally excited mole-
cules interact with the substrate and rebound with some energy loss, as in Reaction (5.3)
(V) = Xeads(V) = X(@(v") (53)
where X denotes NO, CF, or SiF. Reaction (5.3) also implies that contributions from
quenching of higher excited states not probed in the IRIS experiment could affect in-
creases in scatter coefficients. Kim et al. showed that increases in n. (and, as such, in-
creased Oy as discussed above) result in greater number densities of excited electronic
populations.* Thus, molecule X in a given IRIS experiment, existing in an excited elec-
tronic state with correspondingly high Oy in the plasma molecular beam, could quench
upon contact with the substrate and subsequently desorb in a ground electronic state.
This particular scenario would result in molecule X being LIF-transparent in the molecu-
lar beam of the plasma, but producing LIF signal as a scattered molecule, resulting in an
apparently higher S(X) value, as discussed in the case of CF radicals above. The obser-
vation that S(NO) is independent of substrate type suggests that Reaction (5.3) may also
be independent of substrate material. Notably, preliminary results for CF interactions
with ZrO, substrate are similar to the S(CF) values reported here for interactions with Si
substrates. Ultimately, then, the relationship between internal temperatures and scatter

coefficients for these molecules could provide the capability to predict surface reactivity
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of plasma species. It should be noted, however, that although the contribution of vibra-
tionally hot molecules to surface reactivity is significant, it certainly does not represent a
complete embodiment of surface reactions. Other processes, including ion bombardment
and/or neutralization, vibrational relaxation, particle flux, recombination reactions, and
photodetachment all occur simultaneously at surfaces in these systems. Nonetheless, a
clear relationship emerges linking vibrational energies to surface scatter coefficients for
three distinct systems. Thus, even if internal energy contributions to surface reactivity
are not exclusively causative, they are most certainly correlated to plasma-surface inter-
actions.
One additional observation can be made regarding the vibrational temperatures of

NO. As demonstrated previously, plasmas generating NO through recombination reac-
tions, such as in N»/O, plasmas, yield essentially the same values of ®@y(NO) as do 100%
NO plasmas.*® This indicates that production of NO from such formation mechanisms as
the Zeldovich chain,* reactions (5.4) and (5.5), that generates ground state NO, does

O + Nag — NO(X'ID) + Ny (5.4)

Nig + Oz = NO(X'I]) + Oy (5.5)
not preferentially transfer vibrational energy to the NO molecule. Vibrationally hot N, is
requisite for propagation of the Zeldovich chain in non-thermal plasmas. Corresponding-
ly, a lack of vibrationally excited N, (normally observed in 100% N, plasmas) is ob-
served in the afterglow of N»/O, systems, suggesting that molecules with significantly
high ®y(N,) are consumed in the reactions forming NO.** Thus, NO vibrational tempera-
tures appear to be independent of the source of the NO molecule. The difference in route

of formation of NO likewise does not significantly impact propensity for surface interac-
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tions at p = 100 mTorr. The scatter coefficients for NO produced from a 100% NO plas-
ma and for NO produced from a 90/10 N»/O, plasma (both with P =100 W and p = 100
mTorr) agree within experimental error, 0.55 + 0.10 and 0.52 + 0.10, respectively.

A remaining question focuses on the generality of the relationship between Gy
and S observed here for CF, SiF, and NO. Previously, it has been speculated that the spin
multiplicity (2S + 1 for angular spin momentum S) of a molecule influences its surface
interactions, citing data that imply that molecules with singlet electronic configurations
tend to have the greatest propensity for surface scatter (i.e. are least reactive).””*’ Scatter
coefficients for singlet molecules, including Cs;, CHF, and CF,, tend to be high under all
plasma conditions. The three molecules studied here all have a doublet multiplicity, and
their scatter coefficients also tend to be relatively high and change with changing P.
Conversely, not all doublet species adhere to this overall trend in surface reactivity. For
example, CH molecules exhibit low scatter coefficients (i.e. are primarily reactive at sur-
faces), regardless of plasma and substrate conditions and gas-phase formation mecha-
nism. Note that the transition monitored for the CH molecule is AZA—X2H, whereas the
transition used to calculate scatter coefficients in our LIF-based IRIS experiments is
AT —XII for NO, CF, and SiF. This difference in symmetry in the electronic configu-
ration of the excited state molecule may contribute to the differences in observed scatter
coefficients. Future work will further explore this with additional plasma species, includ-
ing main group hydrides OH, NH, CH and SiH, along with species of differing electronic

ground states.
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5.4. Summary

The relationship between vibrational temperature and surface scatter coefficients
for three diatomic radical species in inductively coupled plasmas was explored. Electron-
ically excited SiF radicals in tetrafluorosilane plasmas attain high vibrational tempera-
tures that are significantly higher than both translational and rotational temperatures for
ground state SiF. Similarly, excited state NO and CF radicals in nitric oxide and fluoro-
carbon based systems, respectively, have large @y values. Changes in ®y with P for the-
se excited state species are mirrored in the trends observed for ground state molecules.
The preferential partitioning of energy into vibrational modes correlates with an in-
creased propensity for scatter when a molecule interacts with a substrate. Thus, these da-
ta suggest that radical surface scatter coefficients are at least partially reliant upon the vi-
brational energy of the radical. It is proposed here that electronically excited, vibrational-
ly hot radicals are significant contributors to observed S values. Ultimately, the intimate
relationship between internal energies of gas-phase constituents, electronic configuration,
and the overall reactivity of plasma species must be considered when developing new

plasma applications as well as comprehensive models of plasma chemistry.
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CHAPTER 6

ION CONTRIBUTIONS TO GAS-SURFACE INTERACTIONS IN INDUCTIVE-

LY-COUPLED FLUOROCARBON PLASMAS

This chapter recounts the contents of a full paper submitted by Michael F. Cuddy,
Joshua M. Blechle, and Ellen R. Fisher to the International Journal of Mass Spectrometry
for a special issue honoring Peter B. Armentrout. Herein is discussed the role of plasma-
generated ions for plasma processing of substrates to develop a more profound under-
standing of the phenomena that occur at plasma-surface interfaces. Specifically, ion-
limited IRIS experiments are examined, and the results are correlated with observed
trends in the total mean ion energies for nascent plasma species. Speculations on the role
of low-energy ions in the plasma systems are also presented for their expected contribu-

tions to FC film propagation.
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6.1. Introduction

Plasma ions are significant driving forces for plasma chemistry, often controlling
both surface and gas-phase reactions. Indeed, ion-surface interactions are a central aspect
of many plasma-based modification techniques as ions can assume dual roles as contribu-
tors to film growth for plasma deposition of films or as etchants for removal of material.
To this end, the mechanisms of ion-surface interactions in plasma systems are of signifi-
cant interest and have been studied extensively in both experiment and simulation.'” En-
ergetic ions may be employed to create active sites (broken chemical bonds) at a surface
through ion bombardment, thereby promoting “ion-induced” film growth.* Concurrently,
these ions may also remove material from a surface via chemical and/or physical sputter-
ing.” The propensity for ions to experience highly exothermic gas-phase recombination
reactions is also significant; neutral radicals formed by such processes can produce ag-
gregates through a cascade of additional gas-phase reactions.® As such, it is imperative to
consider the contributions of ions to plasma processing of materials for any materials ap-
plication.

In the late 1980s, Armentrout and coworkers began studying gas-phase ion-
molecule reactions related to Si-based plasma processing.”"> Over a period of ~15 years,
they investigated the kinetic energy dependence of a number of fundamental ion-
molecule reactions relevant to plasma chemistry using guided ion beam mass spectrome-
try (GIBMS).” The primary goals of this work were to provide energy-dependent cross
sectional data for ion-molecule reactions occurring in a range of plasma systems along
with accurate thermochemical data for both ionic and neutral plasma species. Interesting-

ly, one of the notable findings from this work was a distinct coupling between transla-
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tional and electronic energy during ion-molecule reactions involving rare gas ions and

. 9,11, 16
molecules such as SiH4 and CF4.”

Thus, this pioneering GIBMS on ion-molecule
reactions of interest to the semiconductor industry revealed not only fundamental ther-
mochemical and kinetic data, it also afforded significant insight into the underlying
chemical mechanisms in a range of plasma systems.

One specific category of plasma systems that continues to realize significant in-
terest from the plasma community is fluorocarbon (FC) plasmas. In particular, FC sys-
tems are widely employed in both deposition and etching regimes for applications rang-
ing from fabrication of microelectronic devices to the development of novel materials

. . . 1724
with specific surface properties.'’

Plasma-enhanced chemical vapor deposition
(PECVD) of FC films is a complex process, often involving the interaction of a multitude

. . . . 252 .
of gas-phase neutrals, radicals, excited species, and ions at a surface.”>’ Ions are inte-

gral to FC plasma processes, including selective etching in the case of high-energy

28,29 30, 31

ions, and film deposition in the case of low-energy ions. FC plasma-related
GIBMS work in the Armentrout group focused on the reactions of rare gas ions O" and
0," with CF, and C,F 6.16’ 32.33 This work elucidated the kinetic energy-dependent rate
constants for dissociative reactions of C«Fy species and rare gas ions so vital for accurate
modeling of plasma systems. In the O, and O systems, they found that the reactions of
O" with C4F, precursors led to reactive etchants such as F atoms. In all of these systems,
CF;" was a dominant product ion, with C,Fs" also a strong constituent in the C,F¢ sys-
tems. Su and coworkers conducted similar studies for CF;" reactions with hexafluoro-

propylene oxide (HFPO) using selected ion flow tube (SIFT) mass spectrometry and de-

termined that the only product of this reaction is C;F;".>* Notably, in both the GIBMS
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and SIFT studies, data were collected under single collision conditions, whereas in plas-
mas, multiple gas-phase and gas-wall collisions can occur, potentially significantly alter-
ing both the energetics and composition of the plasma.

Our laboratory has previously demonstrated that ions have a significant influence
over the behavior of CF; species at the plasma-surface interface.”>>® Specifically, mean
ion energies for CF," correlate linearly with scatter coefficients observed for CF, in FC
systems. Despite this body of work, a comprehensive analysis of ions in FC plasmas and
their behaviors at the gas-surface interface does not exist. Thus, the aim here is to expli-
cate the mechanisms by which ions influence CF scatter from surfaces during plasma
processing and the contributions of gas-phase FC species to film deposition by PECVD.

Characterization of the types of ions present in a FC plasma and the energies of
those ions is important both for plasma modeling and for understanding the key reactions
that ultimately lead to surface modification. For instance, in other polymerizing plasma
systems, such as allylamine, the interactions of gas-phase ions and molecules lead to the
formation of oligomeric species.”’ Indeed, oligomeric gas-phase fluorocarbon species are
thought to be chief contributors to polymerization and film initiation.”® Models devel-
oped by Zhang and Kushner demonstrated the profound effect of increasing ion energies
on CF; loss mechanisms at surfaces. They showed that the net loss of CFy) increased
dramatically over CF,, sticking when the plasma sheath voltage potential exceeded 78
V.* CF, (x = 1-3) species are of particular interest in these systems because of their di-
chotomous and dynamic roles as etch products or deposition precursors.*’

In this Chapter, mass spectrometric measurements were employed via a high-

energy mass spectrometer to not only identify nascent gas-phase ions and oligomers di-
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rectly from the plasma source, but also to analyze the energies of those species. The en-
ergy analysis capability of our instrument allows for measurement of ion energy distribu-
tions (IEDs) over a broad energy range (1000 eV) with the ionizer off to sample only ions
produced by the plasma itself. The mean ion energy, <E>, can be calculated from an
IED via equation (6.1), where E represents the ion energy in eV for a particular nascent

ion in the plasma.*' The instrument can also be operated in
p p

- [f(BEAE
- [f(B)E

residual gas analysis (RGA) mode with its ionization source on to observe all the gas-

<Ep> (6.1)

phase plasma species present, including oligomers formed through recombination reac-
tions. The fundamental understanding of the behavior of gas-phase ions, coupled with
the knowledge concerning the constituents of the plasma bulk, allow us to develop plas-
ma processing mechanisms based upon complementary gas-surface interface data.
Previous chapters in this dissertation as well as additional studies from the Fisher
group have examined the surface reactivity of CFy species using our imaging of radicals
interacting with surfaces (IRIS) technique.”>® 40, 4245 Generally, a significant decrease
in the observed surface scatter coefficient of CF,, S(CF,), is commensurate with the re-
moval of ions from the system, either through implementation of a grounded mesh or via
application of a substrate bias. We have not, however, expressly developed a complete
body of work regarding the effect of ions on CF and CF, surface reactivity over a broad
range of plasma parameters, such as applied rf power (P) and choice of plasma precursor.
The effect of ions on the observed scatter coefficient for CFy radicals can be gauged by
determining AS(CFy), defined as the difference between the ion-rich case and the ion-

limited case, equation (6.2).
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AS(CFx) = S(CFy)ions — S(CFx)ion-timited (6.2)
In the present studies, the ion-limited case was achieved by biasing the substrate exposed
to the plasma molecular beam with a +200 V direct current to repel positively charged
spec:ies.46 Mitigating ion flux to the surface allows for examination of the processes that
occur exclusive of ion influence. Thus, AS(CFy) values provide an avenue for inferring
the role of ions as they dictate CFy behavior at the gas-surface interface. Ultimately, the
correlation between plasma properties and the phenomena occurring at the plasma-
surface interface can be used to more fully understand the effect of ion contributions in

FC systems.

6.2. Results

Mass spectra collected with the MS ionizer off provide information about the nas-
cent ions present in the plasma systems. Fig. 6.1 provides such spectra for CF4, C,Fg,
CsFg, CsFg, and HFPO. Generally, the ions observed are of the general formula CXFy+,
are dissociation products of the precursor gas, and are indicative of a loss of C and/or F
through plasma initiation processes. In some cases the ions that are observed must be
produced through gas-phase recombination reactions, such as CsF5;", CoFs', and C3F; " in
the CF4 spectrum, Fig. 6.1(a) (inset). As should be anticipated, oxygen-containing ions
are also observed in the mass spectrum of HFPO, Fig. 6.1(e).

Ion energy distributions can be obtained by selectively scanning the energies of a
particular mass-to-charge ratio. IEDs for CF;" ions (m/z = 69) in each of the plasma sys-

tems studied are shown in Fig. 6.2. Here, the stark differences in ion energy distributions
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among the different plasma sources are readily evident. CF4 and C,F¢ plasmas tend to
give rise to ions with broad, multimodal distributions of energies, Fig. 6.2(a-b), whereas
C;Fg and C;F¢ sources produce ions with narrower energy distributions and apparent
lower average energy (~40 eV), Fig. 6.2(c-d). In contrast, HFPO plasmas, Fig. 6.2(e),
tend to fall somewhere in between these two extremes, producing ions that have a slightly
broader energy distribution than the CsFs and CsFg precursors, but with a slightly lower
average energy than those obtained from CF, plasmas.

Ion energy information has been obtained for each of the ions observed in each of
the precursor systems listed above. This is illustrated in Fig. 6.3, where IEDs are plotted
for the six major ions [identified in Fig. 6.1(b)] observed in a C,F¢ plasma with P =200
W. The more abundant ions in the plasma based upon the mass spectra, CF ", CF,", and
CF;", Fig. 6.3(a-c), yield slightly broader energy distributions with less distinction be-
tween individual peaks than do those ions that are less abundant, C,F4", CoFs', and C3F5",
Fig. 6.3(d-f). Nonetheless, the average ion energy for each of these ions tends to be es-
sentially the same at a given set of plasma conditions, Fig. 6.3(g). In this figure, <E> is
plotted as a function of P, and demonstrates that each nascent ion effectively thermalizes
to the same average energy. As such, a simpler designation for the average ion energy
for a given plasma system is <E>1, defined as the average <E> of n total observed ions
in a particular plasma.

Values of <E>, are plotted in Fig. 6.4 as a function of P for CF4, C,Fs, C;Fg,
C;Fg, and HFPO plasma sources. Generally, ion energies tend to increase with increasing

P for each of the plasma sources depicted. The most significant change in <E; >, 0ccurs
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for the C,F¢ plasma between 150 and 200 W. At P =150 W, <E > for the C,F¢ system
is approximately 27 eV, whereas at P =200 W the value increases to ~72 eV and over-
laps with the data point for the HFPO plasma at the same conditions. Another notable
feature of this figure is that ion energies appear to be dependent upon the choice of pre-
cursor used in the plasma. CF, systems in particular tend to give rise to the most energet-
ic ions at a given P. Changes in <E>, are least pronounced over the range of 50-200
W for CsFg and C;Fg systems.

IRIS data were collected to provide complementary data to the <E >, values
discussed above. Representative LIF images from IRIS experiments for HFPO are
shown in Fig. 6.5. Here, “beam + scatter” images for the CF; radical are shown for both
an unbiased Si substrate, Fig. 6.5(a), and a substrate with +200 V dc bias, Fig. 6.5(b).
The CF; “beam only” image, Fig. 6.5(c), is subtracted from each of the “beam + scatter”
images to obtain images representative only of scatter, Fig. 6.5(d-e). Cross-sections tak-
en along the laser propagation axis are shown for the “beam only” and “scatter” cases in
Fig. 6.5(f-g), and are fit with simulated data to calculate scatter coefficients. In the case
of no substrate biasing, S(CF,) = 1.03, whereas S(CF,) = 0.30 for the biased Si. Accord-
ingly, AS(CF,) = 0.73. Table 6.1 provides AS(CFy) values for CF4, C,Fs, CsFg, CsFs, and
HFPO systems as a function of P.

RGA mode mass spectrometric analyses of FC plasma systems were used to in-
vestigate the behavior of oligomeric species thought to be related to film growth mecha-
nisms during PECVD of FC films. Recombination products in the gas phase of a CF,4

plasma were identified and monitored as a function of P, Fig. 6.6(a). The relative
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Figure 6.5. LIF images corresponding to CF; species generated in a HFPO plasma with
P =200 W and p = 50 mTorr. a) CF; radicals incident upon and scattered from an unbi-
ased Si substrate, b) CF; incident upon and scattered from a +200 V dc biased Si sub-
strate, ¢) CF; radicals in the incident beam only. Image subtraction of a) and c) yields a
CF; scatter image, d); image subtraction of b) and ¢) yields a CF; scatter image for the
case of the biased substrate, e). IRIS cross-sections taken along the laser propagation ax-
is of the beam and scatter images along with fits to the data yield S(CF;) = 1.03 in the
case of no substrate biasing, f), and S(CF;) = 0.30 in the case of +200 V biased Si, g).
Thus, AS(CF;) = 0.73 at these experimental conditions.
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Table 6.1. AS(CFy) for different plasma feed gases.

AS(CF) AS(CF,)
P(W)

Source 50 100 150 200 50 100 150 200
CF, 0.30(0.13)  0.15(0.06) 0.28(0.10) 0.61(0.07) | 0.26(0.07) 0.28(0.10) 0.57(0.10) 0.77(0.06)
C,F, 0.05(0.01) 0.03(0.01) 0.23(0.05) 0.84(0.05) | 0.22(0.02) 0.15(0.04) 0.75(0.05) 1.08(0.05)
C,F, 0.34(0.06) 0.45(0.04) 0.85(0.02) 0.89(0.05) | 0.46(0.04) 0.67(0.03) 0.64(0.03) 0.71(0.03)
C,F, 0.28(0.05) 0.31(0.06) 0.28(0.05) 0.34(0.05) | 0.47(0.01) 0.49(0.02) 0.39(0.06) 0.60(0.02)
HFPO | 0.22(0.06) 0.47(0.06) 0.29(0.02) 0.48(0.04) | 0.13(0.03) 0.45(0.05) 0.54(0.07) 0.73(0.05)
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intensity of each species was determined by comparison to the most abundant observed
species, CF3". C,Fs", CsF;", CoF,", C3Fs', C3F3", and C¢Fs" species were identified in this
RGA analysis. Notably, the maximum relative concentration of many of these species
occurs at P =150 W in the CF,4 plasma. These same oligomers were observed and moni-
tored in plasmas produced from C,Fs, C3Fg, and CsFg precursors, Fig. 6.6(b-d), despite
the potential for the production of some of the oligomers to proceed through direct gas-
phase decomposition of the precursor rather than through recombination reactions. Gen-
erally, oligomeric species peak in relative intensities at P = 150 W, similar to the CF, sys-
tem. Moreover, the relative percentages of a given oligomeric unit increase with decreas-
ing F/C ratios of the precursor. For example, C,Fs" fragments that are 1% abundant with
respect to CF3" in a CF, plasma with P = 50 W, are roughly 10% abundant with respect
to CF;" in a C3F4 plasma operating under the same conditions.

Deposition rates of FC plasmas reflect the efficacy of film deposition and are in-
tricately tied to the amount of gas-phase C,,F, available for film initiation and propaga-
tion. Deposition rates for CF4, C,F¢, CsFs, and C;F¢ plasmas are provided in Fig. 6.7 as a
function of P. In many cases, deposition rates increase with increasing P, maximizing at
150 W. The exception to this trend occurs with the C,F¢ feed, Fig. 6.7(b), where film
deposition rates decrease as a function of P. Notably, as the precursor changes from CF4
to CsFs, Fig. 6.7(a-d), the values of the deposition rates increase at a given P, indicating

that precursors with a lower F/C ratio yield more efficacious FC film deposition.
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Figure 6.6. Relative intensities for oligomers observed in RGA mode analyses of a) CF4,
b) C,Fs, c) CsFs, and d) C;F¢ plotted as a function of P. Connecting lines are included as
a guide for the eye and do not represent fits to the data.
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6.3.  Discussion

The role of ions in plasma modification of materials is intricately related to both
deposition and etching processes. We seek here to develop a more robust understanding
of ion behavior in inductively-coupled fluorocarbon plasmas by examining ion contribu-
tions to gas-surface interactions. Mass spectrometry has been utilized to identify FC
plasma species and to determine the average energies of ions produced in the plasma gas
phase. Film deposition from different plasma systems can be related to the profusion of
oligomeric species present in the plasma, whereas the surface reactivities of CFy species
are intimately related to the mean energies of ions.

CF;" ions appear to dominate the mass spectra for the FC precursors studied here,
Fig. 6.1. This species is a direct decomposition product of each of the feed gases. In-
deed, CF;" has been shown to dominate the mass spectra of FC species as large as C7F 4
in electron impact ionization studies.”’ Furthermore, GIBMS experiments in the Armen-
trout laboratory have demonstrated complementary results. Specifically, in GIBMS ex-
periments involving the reaction of energetic Ar’ with CF4, CF;" products predominate at
all kinetic energies.'® Interestingly, the onset of CF," and CF" only occurs at kinetic en-
ergies coinciding with the C >T5 and D *4, electronic states of CF4”, respectively, imply-
ing that these products are most efficiently formed via a transition state of the tetrafluo-
romethane ion induced by collisions with Ar™.'® More recently, similar experiments for
Ar' + C5Fg have shown that CF5" can also be produced from other product ions, such as
C3F;" and possibly CoFs".** As the molecules undergo a large number of collisions prior
to exiting the plasma source in our MS, our mass spectra undoubtedly reflect significant

contributions from ion-molecule decomposition products. These types of data directly
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connect the multi-collision conditions found in our plasmas with the single-molecule col-
lision conditions found in the GIBMS and demonstrates the importance of both types of
data.

The appearance of nascent ions with m/z ratios larger than the mass of the precur-
sor feed in the spectra of various FC systems, notably for CF4, Fig. 6.1a (inset), confirms
that ions are formed through gas-phase recombination processes. Ions of relatively low
energy may react in the gas phase, as in reaction (6.3), to form oligomeric ions or neu-
trals. Gas-phase

CiFy" + C,F, — CoFyy + CpiiFurt (6.3)
oligomerization tends to increase in both efficiency and profusion with a decrease in the
precursor F/C ratio. Indeed, Stoffels and coworkers have reported plasma polymer spe-
cies containing up to ten carbons.*’ This is also corroborated by the work of Shamamian,
et al. who observed similar phenomena in isopropyl alcohol plasmas, in particular the
protonation and ionization of the precursor molecule.® These species can participate in
surface interactions and act directly as initiators or propagators of film growth, and can
also activate surface sites on existing films. This latter process represents the well-
established activated growth model (AGM), originally proposed by d’Agostino and
coworkers, wherein charged particle bombardment provides an avenue for continued film
growth at a passivated site.”” Although surface bombardment with relatively low energy
species may lead to film propagation, high energy ion bombardment is responsible for
removal of material at surfaces. Hence, it is the energy distribution that controls which

process dominates in a given FC system.

143



The IEDs for CF;" ions shown in Fig. 6.2 are markedly dependent upon the cho-
sen feed gas. Notably, the multimodal distribution observed in CF4 and C,F¢ plasmas,
Fig. 6.2(a,b), is essentially absent in the C;Fg, CsFs, and HFPO systems, Fig. 6.2(c-¢).
Indeed, IEDs for CF, and C,F¢ sources are comparable to those reported for CF;" species
in capacitively-coupled CF4/Ar plasmas by Li and coworkers.”’ Moreover, the narrower
distributions arising from C;Fg, CsFs, and HFPO are similar to those reported by Edel-
berg et al.*' The peaks in these distributions arise due to sheath effects in the plasma,
specifically, the transit time of ions across the sheath (zi,ns) and the collisional processes
leading to formation of ions within the boundaries of the sheath. The difference in IEDs
between different plasma precursors thus implies that the choice of precursor influences
the sheath potential at a given set of conditions. The acceleration of positively charged
ions across the sheath and the resulting IEDs thus can be considered a function of precur-
sor choice.

It is of interest to gauge whether IEDs are comparable for all nascent ions that
exist in a particular plasma system at a given set of conditions. This is depicted for the
ions present in a C,F¢ plasma operating with P =200 W and p = 50 mTorr in Fig. 6.3(a-
f). Here, the IEDs for all observed ions are relatively similar, especially those for CF",
CF,", and CF5", which are the most abundant nascent ions. The average ion energy for
each of the IEDs can be calculated according to (6.1), with the results plotted as a func-
tion of P in Fig. 6.3(g). There are two important aspects of this plot. First, <E> values
tend to increase with increasing P. A broadening of the IED occurs with increased P, and
higher energy features become more pronounced. This phenomenon can be rationalized

in terms of sheath effects; sheath thickness (dsg) tends to decrease with increasing plasma
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power even though the ion density of the plasma increases. 7jons decreases concomitantly
with the decrease in dsy, and as a result, fewer ion-ion or ion-molecule collisions result-
ing in energy loss occur within the sheath, and a broader distribution of ion energies re-
sult. Simulations of Ar" in glow discharge systems as a function of sheath length have
yielded complementary conclusions, where the IED is broadest at the smallest dsy.”> The
second key aspect of Fig. 6.3(g) is the apparent equilibration of mean ion energies at a
given set of plasma conditions for a range of masses (CF'-C3F;"). This result is not com-
pletely unexpected given previous reports from our laboratory™ and the literature.>
Kushner has modeled the IEDs for generalized capacitively-coupled plasmas and has
shown that a wide range of masses attain very similar IEDs when operating with a given
rf frequency.53 Thus, the distribution of ion energies is relatively independent of changes
in mass, but is dependent upon the chosen rf frequency.

Total average ion energies, Fig. 6.4, generally increase with increasing P for all
precursors examined here, as discussed above for C,Fs. Absolute <E >, values at a
given set of plasma conditions appear to be strongly dependent upon the source gas. The
disparity between the systems with the highest <E; > (CF4) and the lowest <E >t
(CoFg P <200 W, CsF¢ P =200 W) is consistently around 40 eV. The differences in
<E> w1 among the different plasma systems result from different plasma potentials, V..
As such, energy analysis of positive ions has been used as an indirect method to gauge
Vp.54 Thus, exposure of a substrate to different plasma sources, regardless of applied rf
plasma power, may result in drastically different ion effects, and ultimately different
overall plasma processes. Moreover, modulation of ion energies impinging on a surface

may proceed as a function of substrate surface potential, V5; this effect can be exacerbated
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via application of an external dc bias. Thus, close examination of plasma-surface inter-
face reactions occurring during processing of a substrate as a function of ion bombard-
ment is imperative.

Plasma-surface interface reactions involving unsaturated species such as radicals
can be strongly affected by ion bombardment.” Figure 6.5 demonstrates the influence of
substrate biasing on the observed scatter coefficient for CF, radicals in the HFPO plasma.
The application of +200 V dc bias results in a significant decrease in S(CF,), with
AS(CF,) = 0.30. This decrease is a direct result of repulsion of the vast majority of the
incident ions, as the IEDs in Fig. 6.4 indicate our ions are ~50 eV in average energy and
the highest energy ions possess £; < 120 eV, Fig. 6.2(e). Potential ramifications of these
ion-restricted IRIS measurements include: (1) limited ablation of a FC passivation layer,
P(s), to produce CF,() radicals and expose an active surface site, 4 [reaction (6.4)], and
(2) limited neutralization and dissociative neutralization reactions at the surface [reac-

tions (6.5) and (6.6), respectively] because of the extremely low

CuFn' () + Py = CuFug + CFx + g (6.4)
CFx"(g) = CFxas) = CFyg) (6.5)
CFx"(g) = CFyaas) = CFx1() + Fraas) (6.6)

concentration of impinging ions expected to penetrate the surface potential at the plasma-
substrate interface. Note that reaction (6.4) can occur in systems that deposit thick FC
films, in addition to those that only passivate the surface with a very thin FC layer. These
processes result in an overall decrease in observed scatter coefficient for CFy species as
compared to when there is no manipulation of the charged species in the molecular beam.

Thus, it is anticipated that all AS(CFx) > 0, which is indeed the case, Table 6.1. These
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positive values indicate that ions contribute significantly to CFy surface production
through reactions such as those depicted in reactions (6.4)-(6.6). The relationship be-
tween ion energies and AS(CFy) values is illustrated in Fig. 6.8, which demonstrates that
increases in ion energy generally give rise to increased AS(CFy). Interestingly, similar
phenomena are observed [i.e. an overall decrease in S(CFy)] by using a grounded mesh
placed in the path of the molecular beam to limit ion flux to the surface. This implies that
ion-surface interactions, and not V5 effects, are major contributors to the surface-mediated
production of CFy. The energies associated with the ions in these plasma systems, how-
ever, are unlikely to etch an underlying substrate such as Si. Abrams and Graves demon-
strated through molecular dynamics simulations of CF," bombardment of Si that slow net
etching is only achieved by the CF," ion at energies approaching 200 ¢V.>® Moreover,
they showed that CF3" ions have a propensity to undergo reactions such as in (6.6) to
form CFy).”" Thus, the phenomena investigated here are representative of ion effects of
FC gas-phase species on FC surfaces as opposed to the underlying substrate.

In addition to ion-assisted ablation processes wherein material is removed from
the FC film, ions can also indirectly contribute to film deposition. For example, surface
activation by ion bombardment in C4Fg plasmas has been shown to facilitate FC film
growth.”® Gas-phase oligomerization reactions, such as that depicted in reaction (6.3),
can generate precursor species requisite for FC film initiation and propagation. The pro-
fusion of oligomeric species in the plasma gas phase was correlated with the propensity
for FC film deposition, Figs. 6.6 and 6.7. Figure 6.6 contains I(X)/I(CF3") ratios for oli-

gomeric gas-phase plasma species (X) acquired with the MS ionizing source on. In this
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corresponding precursor gas.
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configuration, the resulting data do not expressly distinguish neutral and ionic oligomers.
Maximum relative concentrations of species are generally achieved at P = 150 W, sug-
gesting that the power dissipated to the plasma is a strong indicator of gas-phase recom-
bination proclivity. Specifically, the decomposition products (neutrals, ions, etc.) of a
given precursor gas increase with P. These species may recombine as in reaction (6.3) or
related reactions to produce the species depicted in Fig. 6.6. However, above a certain P,
in this case 150 W, these recombination reactions become inefficient as a result of either
complete fragmentation of the precursor gas or inhibition of oligomer formation via im-
mediate destruction of the recombination product.

There are several exceptions to the trend of maximum gas-phase concentrations at
P =150 W. For example, it is evident that the relative proportion of C,Fs" in the C,F
system, Fig. 6.6(b), reaches a minimum at 150 W. Because C,Fs is a direct decomposi-
tion product of the plasma feed gas in this system, it is reasonable to assume that this spe-
cies actively participates in subsequent oligomerization reactions such as depicted in re-
action (6.3). As such, it is largely consumed at P = 150 W for production of larger gas-
phase species. Nonetheless, the relative amount of C;Fs" in this plasma dominates all
others by nearly an order of magnitude; thus this species is expected to have the greatest
influence over the observed deposition rates for the C,F¢ plasma as a function of P. For
CsFg plasmas, Fig. 6.6(d), a similar, although less dramatic, effect is observed for CoF,"
and C3Fs" as a function of P. These decomposition products are produced via the loss of
CF; or a F atom, respectively.

A second significant feature of Fig. 6.6 is that the relative counts for many of the

observed oligomers increase significantly with decreasing F/C ratio of the chosen precur-
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sor. This is ostensibly a result of an increasing quantity of potential CyF, breakdown
products that in turn yield an increasing amount of gas-phase oligomers, in the larger pre-
cursor plasmas. Overall, the anticipated effect on FC film deposition should hence be
twofold: (1) the deposition rates for FC films should display a vertex at P =150 W and
(2) the efficiency of the deposition (i.e. absolute value of the deposition rate) should in-
crease with decreasing F/C content of the plasma precursors. Indeed, the film deposition
rates, Fig. 6.7, mirror the trends observed in Fig. 6.6 for each of the chosen precursors.
The deposition rate decreases with increasing P only for the C,F¢ plasma, Fig. 6.7(b), im-
plying that the C,Fs species does indeed contribute most significantly to film growth
from this system.

The deposition rates for all of the FC plasmas should also be considered in terms
of the corresponding <E >, and AS(CF) values. The values of mean ion energies for
CF4, C,F¢, CsFs, and CsF¢ plasmas, Fig. 6.4, do not appear to have a direct influence over
FC deposition rates at a given P. Rather, a steady-state balance between film deposition
and ion-assisted ablation likely develops very rapidly upon substrate exposure to the
plasma. The net result of this balance gives rise to the observed scatter coefficients,
S(CFy). It should be noted that the FC films deposited from these systems are generally
amorphous, as confirmed by high-resolution x-ray photoelectron spectroscopy analyses,
Chapter 4,45 and thus contain a broad range of C—Fy() moieties. Results from the IRIS
experiments where S > 1 thus imply removal of such C—F units from films deposited
from gas-phase C,F, (m > 1) oligomers. As discussed above, energetic ions are largely
responsible for ablation of FC-deposited materials. Ultimately, the effect of <E>(a on

AS(CFy) can be evaluated by examination of Fig. 6.8. A distinct “pocket” of AS(CFy)
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values emerges at P = 50 W, Fig. 6.8(a), where small changes in S are commensurate

with relatively low mean ion energies. This pocket shifts up and to the right and broad-
ens as P increases, Fig. 6.8(b-d), reflecting the propensity for higher energy ions to give
rise to a larger AS(CFy) value. Outliers in these plots suggest competing processes that

dictate AS(CFy), but do not necessarily involve ion-surface interactions.

6.4. Summary

The work discussed here has sought to correlate ion behavior with plasma-surface
interface phenomena. In particular, this chapter has focused on the intimate relationship
between ion energies for nascent plasma species and surface reactivities of CFy species
observed in IRIS experiments. Energetic ions clearly influence the plasma-surface inter-
face behavior of these radicals; limiting ion flux to the surface significantly decreases ob-
served S(CFy) values. Interestingly, the effect of ions during plasma processing relies
upon the choice of FC plasma precursor, and so too does the efficacy of FC film deposi-
tion. As the precursor F/C ratio decreases, total mean ion energies decrease concomitant-
ly, and film deposition rates increase substantially. Preliminary data regarding the effect
of precursor pressure indicates that ion energies decrease significantly with increasing p.
Changes in p also have profound effects on the deposition efficiency of FC plasmas; for
CF4 systems, increasing p results in a significant decrease in deposition rates of FC films,
whereas the opposite trend is observed for Cs;F¢ feeds. Though these latter studies neces-
sitate further inquiry with regards to parameter space investigations in FC systems, it is
nonetheless apparent that the results presented here complement the understanding

gleaned from power studies. Experimental results help to validate models of complex
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systems and advance a more comprehensive view of the fundamental aspects of plasma-
surface interactions. Ultimately, these insights may pave an avenue for improved plasma

processes in a wide range of applications.
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6.5. Supplemental Information

The studies presented in the previous sections of this chapter focused largely on
the effect of changing P to explicate ion behavior. However, it is also of particular inter-
est to examine plasma systems as a function of changing feed gas pressure, p. Increases
in p generally result in a decrease in concentration of fluorine atoms and an increase in
electron density in FC plasmas.”® The higher density of species ultimately results in a
decrease in electron temperature, 7, that, in turn, leads to a decrease in Vp.60 Conse-
quently, ions do not experience as sharp a gradient between V/, and the sheath potential, ®
(Fig. 1.1), and thus ion energies tend to decrease. Concurrent with the increase in species
densities, the mean free paths of plasma species decrease, resulting in an increased pro-
pensity for loss of energy via collisional effects with increasing p. This results in a nar-
rowing or thermalization of ion energies. The net effect of these phenomena is depicted
in Fig. 6.9, where CF;" IEDs are shown for CF, plasmas as a function of changing feed
gas pressure. Increasing p from 50 to 200 mTorr results in a shift from a broad, multi-
modal IED, Fig. 6.9(a), to a narrow, single peak of relatively low energy, Fig. 6.9(c).
Each of these IEDs were collected with P =200 W. Similar effects with respect to p
have been observed for Ar discharges, where decreases in Ar’ mean ion energies of up to
50% over a range of 50 mTorr were reported.®’

Increasing p(CF,) results in a decrease in <E;> for each of the nascent ions CF "
CF,", and CF;", Fig. 6.10 (left ordinate axis), where <E >, decreases by ~50% over the

range p = 50-200 mTorr. This decrease in ion energy directly impacts the amount of
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Figure 6.9. Ion energy distributions for the CF;" ion (m/z = 69) in a CF4 plasma operat-
ing at P =200 W at feed gas pressures of a) 50, b) 100, and c¢) 200 mTorr.
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scatter observed for CF,, Fig. 6.10 (right ordinate). Indeed, AS(CF;) decreases by ~50%
as well over the same pressure range. This correlation further validates the notion that
ions play a substantial role in dictating S(CF5). These contributions could include surface
neutralization processes such as outlined in reactions (6.5)-(6.6) or ablation of FC films,
such as in (6.4). It should be noted that any ablation processes [i.e. reaction (6.4)] rely
upon the efficacious deposition of FC films or passivation layers.

Ostensibly, increasing p ought to yield higher concentrations of polymerizing
species, due to the decrease in electron energy that, in turn, inhibits complete dissociation
of the plasma precursor. However, a decrease is observed in all oligomeric species in a
CF4 plasma with increasing p, Fig. 6.11(a). These data, similar to those reported above,
were collected in RGA mode, meaning that the MS ionization filament was turned on;
thus the results do not distinguish between nascent plasma ions and those species ionized
at the detector. The trend of decreasing oligomeric species concentrations with p is not a
result of changes in CF;" concentration, as the CF3" signal does not change appreciably
over the pressure range. Thus, the propensity for forming polymerizing gas-phase film
precursors is inhibited in CF4 as p increases. This manifests in a significant decrease in
film deposition rate, Fig. 6.11(b). The decline in oligomeric species concentrations is
starkly contrasted by the trends observed for other FC systems, in particular CsF, Fig.
6.11(c). Increasing p for this plasma feed results in an overall increase in polymerizing
gas-phase species, and therefore, an increase in film deposition rates, Fig. 6.11(d).

The reason for the decrease in polymerizing species with p in the case of the CF4

plasma is an issue that warrants further examination; nonetheless, we present here some
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current speculations on the nature of this system. CF4 plasmas in particular comprise a
significant concentration of ions with respect to neutral species.®® Increasing p results in
an overall decrease in C,,F,," concentration due to the effects aforementioned. Assuming
that a significant contribution to the profusion of oligomeric neutral species in the CF4
system is given by reactions such as that outlined in (6.3), increasing p thereby limits the
production of C,,+F,+ oligomers by rendering C,,F," the limiting reagent in the reaction.
Indeed, a significant decrease in the amount of nascent C,,F," ions is observed with in-
creased p for the CF, system, indicating that the gas-phase behavior of C,,F," species are
ultimately of significant import to film deposition in this system.

An additional point for consideration entails understanding the effect of ion bom-
bardment on the characteristics of a deposited FC film. As noted above, ions can con-
tribute to FC film formation by exposing active sites on a surface where film initiation
may occur. Limiting ion flux to the surface should thus render film deposition less effi-
cacious. Preliminary results indicate that for FC films deposited on Si wafers experienc-
ing +200 V dc biasing, the deposition rate is approximately an order of magnitude lower
than for deposition on a wafer with no applied bias. The chemical composition of the
films is also an important feature to consider. FC films deposited from HFPO are ex-
pected to contain CF,-rich moieties,” which has indeed been observed in this study, Fig.
6.12(a). However, as depicted in Fig. 6.12(b), a film deposited on biased Si is markedly
different. This film is much more crosslinked (~85%) than the film deposited on a non-
biased wafer (~53%), and has a film F/C ratio nearly an order of magnitude less (0.36 and
1.72, respectively). Such striking differences may be attributed to a dearth of active sites

produced via ion bombardment in the case of substrate biasing, but may also suggest that
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ions themselves are incorporated into FC films and contribute to film growth in this fash-
ion. Ling and coworkers® have examined similar phenomena in C4Fs plasmas and con-

firm that this latter effect is the determining factor for robust FC film deposition.
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CHAPTER 7
EFFECT OF MIXED FLUOROCARBON PRECURSOR PLASMAS ON CAR-

BON- AND FLUORINE-CONTAINING SPECIES

This chapter contains gas-phase diagnostic data for mixed precursor systems in-
cluding FC/H,, FC/O, and FC/FC plasmas. Some of the work presented here was pub-
lished as a full paper in the journal ACS Applied Materials and Interfaces by Dongping
Liu, Michael F. Cuddy, and Ellen R. Fisher. The published work relates the effect of
FC/FC mixtures on the gas-phase behavior of CH, Cs;, CHF, and CF,. Preliminary data
are presented for FC/H, and FC/O, feeds, focusing especially on the kinetic behavior of
CF, species in mixed precursor plasmas and the net effect of substrate processing in the-

se systems.
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7.1.  Introduction

The development of fluorocarbon (FC) systems for industrially relevant applica-
tions is a burgeoning area of research that has extensive ties to the microelectronics in-
dustry. In particular, the development of alternative low dielectric materials for interlay-
ers in ultralarge-scale integrated circuits (ULSIs) has become an area of intense interest.'
FC films with low dielectric constants have been successfully deposited using various FC
or FC-containing gases such as CF4,2 C2F6,2’ 3 C3Fg,4 C4F8,4’ > C3F60,6'8 CHze,9 C2H2F4,9’
' and CHF3."" In addition to deposition of FC films, FC plasmas are also of interest for
selective etching of hard masks such as Si3N4 over new photoresists used in 193 nm ArF
photolithography processes.'” In these systems, mixtures of two FC gases (e.g.
CHF3/CF4) and/or mixtures of fluorocarbon gases and H, (e.g. CH,F,/H,) are used to en-
hance desirable processes, such as etch selectivity or minimization of unwanted FC de-
posits. Alternatively, O, addition to the FC feed may be used to promote etch selectivity.
Indeed, Harshbarger, et al. demonstrated that the addition of O, to a CF, plasma as much
as doubled the etch rate of a Si substrate over the FC plasma alone."
Plasma parameters such as P, p, and feed gas type and ratio strongly influence the

film chemistry of FC deposits.'> '*"°

Not surprisingly, neutral plasma species are
thought to play essential roles in achieving the desired material properties and etch
rates.'® To optimize the performance of FC processing, a basic understanding of funda-
mental processes in FC plasmas is of great importance. Thus considerable effort has fo-
cused on investigating the role of CFy (x = 1-3) molecules in both deposition and etching

FC plasmas, and the roles of other gas-phase species such as fluorine, and atomic and

molecular hydrogen and oxygen. Ultimately, gas-phase diagnostics can be used in con-
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junction with radical-surface reactivity data to render a more complete illustration of the
complex plasma system and yield improved applications. Mixed feed gas systems are
particularly interesting because recombination reactions play a much more crucial role
than in a single-feed plasma. Here we focus on optical emission analyses for a range of
mixed precursor plasma systems.

Initially, we address CH, C;, CHF, and CF, molecules in CH,F,/CsFg plasmas,
and relate gas-phase densities and trends with changing plasma parameters of these spe-
cies with surface reactivity. We have previously used our imaging of radicals interacting
with surfaces (IRIS) technique that employs LIF for detection of plasma species, to

48, 1L17.18 R esults indicate

measure CF; surface reactivity using depositing FC plasmas.
CF, may contribute to the FC film growth only when adsorbing at radical sites created at
the film surface. More importantly, results from a range of FC precursors demonstrate
that energetic ion bombardment of the deposited FC film results in surface production of
CF; under a range of conditions. Investigation of CF radicals is not, however, sufficient
to understand the overall reaction kinetics in FC plasmas and FC film deposition process-
es. Several other radicals likely participate in gas-phase and surface reactions during film
deposition, especially in systems that involve multiple gases as precursors. Moreover,
the presence of hydrogen in the source gas can have mitigating effects on the efficacy of
film deposition through significant gas-phase reactions.

The effect of hydrogen in the feed can be more thoroughly investigated by exam-
ining FC/H; plasmas. Previous results from our group have demonstrated an overall in-

crease in efficacy of film deposition from C,Fs systems with H, additives with a decrease

in observed scatter coefficients for CF2.2 These results are thought to be associated with
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fluorine scavenging events initiated by atomic and molecular hydrogen, as in reactions

(7.1)-(7.3). In these schemes, the reaction rate constant Ky, is given in cm’mlc™'s™.!% %
H+F — HF, Keen = 3.5x 107" (7.1)
H,+F >HF+H, Kyn=2.0x10" (7.2)
F,+H>HF+F, kxn=3.0x10" (7.3)

The abstraction of F from the gas-phase of the plasma is tantamount with efforts to limit
fluorine-stimulated etch processes. Indeed, we have previously shown that H, additions
of up to 50% to FC plasmas significantly enhance the efficacy of C:F,H film deposition.>
In this chapter, we have assessed the effect of H, addition to C,F¢ systems directly, by
monitoring fluctuations in relative concentrations of plasma species, including CF,", CF’,
H',and F’, using time-resolved OES (TR-OES). The ultimate effect of surface modifica-
tion was gauged through XPS analyses of deposited C:F,H films.

In scenarios in which enhancement of FC deposition is undesirable or even detri-
mental, additives such as O, can be used to deplete FC passivation layers and sequester
film-propagating units in the gas phase. Oxygen additions are expected to promote a
wealth of fluorine with respect to CFy fragments; this effect is exacerbated when the FC
constituent of the feed contains a high F/C ratio.”’ Notably, O, is an effective plasma
feed gas choice for removal of materials and as such is often used as a cleaning agent.*
Thus, FC/O; gas mixtures, such as C4Fs/O,, are also used to etch semiconductor and in-
terlayer materials.”> We have extended our OES and TR-OES techniques to the C,F¢/O;
plasma system to monitor the relative concentrations of CFz*, CO*, F*, and O as a func-
tion of changing plasma parameters and to determine production kinetics for CF," spe-

cies, respectively. Overall, this work seeks to garner a more complete understanding of
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complex mixed-precursor plasma systems and provide an avenue for future investiga-

tions.

7.2.  Results and Discussion

One key to understanding the FC deposition processes is determining formation
mechanisms for potential deposition precursors. Here, we determined the relative
amounts of CH, Cs, CF,, and CHF radicals as a function of deposition parameters, most
notably gas ratios, using optical emission spectroscopy. In mixtures consisting primarily
of CsFg feed gas, Fig. 7.1(a), a prominent CF, band exists at 250-350 nm. As the C;F;
concentration in the feed is decreased, Fig. 7.1(b), the CF, band effectively disappears,
indicating significant changes in excited species production within the plasma. Actino-
metric OES data provide a quantitative illustration of molecule production as the feed gas
ratio is varied, Figs. 7.1(c) and 7.1(d). In its simplest form, the ratio of the emission in-
tensity from the excited state species of interest (lx) to that of an actinometer (l,¢) is taken
as the relative number density for the ground state species of interest.'” Here, we used
signals at the following wavelengths for the respective molecules, 251.89 nm (CF,),
405.08 nm (Cs), 431.34 nm (CH), 578.5 nm (CHF).'* '?*%> Formation of two species,
Cs and CH', is not dependent upon %CH,F, in the feed, Fig. 7.1(c), suggesting these
species do not arise preferentially from either precursor gas. Although CHF has a slight
dependence on the feed gas ratio, Fig. 7.1(c), increasing slightly at higher CH,F, concen-
trations, the overall intensity is much smaller than that of either C; or CH'. Figure

7.1(d) shows the actinometric OES data for CF; in the FC plasmas, demonstrating a gas

170



ratio dependence nearly identical to that observed in LIF data, suggesting that C;Fy is the
precursor responsible for CF, production.

The dependence of CHF emission on %CH,F; in the plasma feed, Fig. 7.1(c),
suggests a formation mechanism for this species that follows direct decomposition of the
CH;,F, component, rather than secondary gas-phase recombination reactions, such as that
shown in reaction (7.4).

CH,F, + e— CHF + HF + ¢ (7.4)

R (surface reactivity) values are related to S by the relationship R = 1 — S, and thus
represent a clearer method to distinguish the propensity for a molecule to react at a sur-
face rather than scatter. The surface reactivity of the CHF molecule is low (i.e. R <0) in
the mixed precursor systems, which is in contrast to the moderately high reactivity (R
~0.2) of the CF; molecule in the same system (40% CH,F,, 60% CsFs). Moreover, the
scatter coefficients for CF, increase (i.e. reactivity decreases) as the gas feed approaches
100% C;Fg. These results, coupled with similar previously reported data for C,F¢/H,
plasmas, suggest that C:F,H-type films are generally more conducive to surface-
mediated production of hydrogen-containing radicals than CFy species.

In these same systems, one species that can be readily produced through gas-
phase recombination reactions is C; that may be formed through a series of three-body
interactions as depicted in (7.5) and (7.6).

C+C+M—-C+M (7.5)
G+C+M—->C+M (7.6)

The actinometric analyses of C3 species, Fig. 7.1(c), indicate that for small additions of
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Figure 7.1. OES spectra of mixtures of fluorocarbon plasmas (P = 100 W, total pressure
of 100 mTorr) with mixtures of (a) 30/70 CH,F,/CsFs and (b) 85/15 CH,F,/CsFs. Acti-
nometric OES data as a function of the CH,F, fraction in the feed gas are shown for (c)
CH, CHF, Cs and (d) CF,. Error bars represent one standard deviation from the mean of
three trials.
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CH,F; to the CH,F,/C;Fg plasma, C3* production is enhanced. In a 50/50 mixture, the
concentration reverts to a local minimum and rises again upon introduction of additional
C;Fs. Interestingly, this trend is not observed for ground state C3 molecules, suggesting a
discrepancy factor regarding the generation of excited species preferential to ground state
species in mixed systems. A similar occurrence was observed for a simplified mixed
precursor system, Fig. 7.2, that shows CF,’ relative concentrations as a function of feed
composition in CF4/C,F¢ mixed plasmas at P = 150 W. Here, an obvious minimum exists
at approximately 80% CF4/20% C,Fs. The quenching rates of CF, by CF4 and C,F are

2728 meaning that the presence of these minima are the signatures

essentially negligible,
of more intricate gas-phase phenomena. We speculate that imbalances in electron energy
distributions and electron and gas temperatures are partially responsible for the observed
trends unique to these gas mixtures. In particular, we have preliminary data showing that
T.(total) for CF4/C,F¢ mixtures is not necessarily a linear combination of T¢(CF4) and
T(CyFs). Ultimately, this could result in incidences of diminished excitation efficiencies
in the plasma, wherein processes such as that depicted in reaction (1.3) are inhibited.
Nonetheless, this issue remains a candidate for continued investigation in the Fisher la-
boratory.

A final note on Fig. 7.1 regards the precipitous drop-off in relative CF, concen-
trations as the CH,F, composition is increased. It appears that although small additions
of CH,F, (< 40 %) promote species production, the generation of CF," is not facilitated

facilely by CH,F; itself. Even in 50/50 mixtures of CH,F,/CsFs, the relative excited state

density of CF; is at least four times lower than the concentration in a 40/60 precursor
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Figure 7.2. Actinometric analysis of CF, emission in a CF4/C,F¢ plasma (P =150 W, p
=100 mTorr) as a function of feed gas content, with a minimum in relative CF, concen-
tration at 80% CF4.
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mixture. We believe that this drastic discrepancy may be due to increased hydrogen con-
centration in the gas-phase. Thus, we have examined the effect of hydrogen on CF,"
more thoroughly by investigating the simpler C,F¢/H; system.

Figure 7.3(a) depicts time-dependent relative species concentrations for CF,", Hy
CF*, and F in a 50/50 C,Fe/H, plasma with P = 150 W collected via actinometric TR-
OES. Although small fluctuations exist as a function of time from plasma ignition for
H, , CF", and F", the most noteworthy observation is the exponential decay of CF," signal
after t ~ 0.5 s. The decay persists for approximately 1 s before a steady state is reached,
after which essentially no further fluctuations in relative CF," concentrations are ob-
served in a continuous plasma. This decay was fit with an exponential function of the
form ™ to determine the rate constant for initial CF, decay, Kgecay- Such results in a
small monomer FC plasma are not unprecedented. Indeed, Hikosaka and co-workers™
reported on similar decay profiles for CF; species in CF4/H; plasmas, and attributed rapid
CF; loss to reactions at C:F,H surfaces to produce CHF3(ags). In our systems, the effect of
reactions of CFz* with FC-passivated surfaces is insufficient to account for the observed
loss depicted in Fig. 7.3(a), as passivating FC layers do not form rapidly enough to make
this mechanism feasible. Moreover, Kqecay Values are independent for dilutions of FC/H»
plasma feeds with H, > 50%, indicating some limiting step that suggests that the loss of
CF, is purely a gas-phase phenomenon. Interestingly, P appears to play an important
role in determining Kgecay for CF;, Fig. 7.3(b). For a 50/50 C,F¢/H; plasma, decay rate
constants for CF, follow a direct relationship with respect to P. This mirrors the trend of

linearly increasing atomic H concentrations observed in actinometric OES analyses as a
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Figure 7.3. a) Time-resolved actinometric OES trends for CF,, H,, CF, and F emission
ina 1:1 C,F¢/H; plasma at P = 150 W and p = 100 mTorr. An exponential decay func-
tion is fit to the CF, data from which a Kgecay value of 2.70 s is calculated. b) Kdecay val-
ues for CF; in 1:1 C,F4:H; plasmas as a function of applied rf power. The best fit linear
trendline (R*= 0.99) yields a slope of 0.015 s W™,
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function of P. As established above, atomic hydrogen is an effective scavenger of fluo-
rine. Based upon rough calculations, relative F~ concentrations ought to come to steady-
state within 1 s of plasma ignition. Indeed, there is essentially no discernible change in
F att>0s, Fig. 7.3(a), despite a small concomitant decrease in H' that endures for ~1 s.
Thus, we propose a loss mechanism for CF,  that incorporates gas-phase interaction with
H', reaction (7.7). This reaction has been reported in the literature for ground electronic
state species produced from CF4/H, plasmas, with an experimentally determined rate con-
stant of 1.7 x 107 cm® mlc™ s™'.%° Interestingly, this phenomenon associated with CF,"

CF, +H" — CF + HF (7.7)
in C,F¢/H; plasmas is only observed for H; dilutions > 50% of the total pressure. This
strongly supports the notion that a profusion of hydrogen is responsible for the loss of
CF,  shortly after plasma ignition. Consequently, we infer that excess H, which does not
participate in fluorine abstraction in the gas phase, contributes to CF; loss via the path-
way outlined in (7.7).

The ramifications of the complex role that hydrogen plays in the FC system,
whether H is incorporated via H, or through CH,F, precursors, include an intensified
propensity for film deposition. For instance, the deposition rate of a typical C,Fs plasma
with P =150 Wis 3.8 £0.1 A min". Upon 50% H, addition to the C,F¢ plasma, the dep-
osition rate increases to 62.0 = 2.0 A min™'. This trend, along with an overall decrease in
observed CF; scatter coefficients in FC/H, plasmas, is a point of ongoing investigation in
our laboratory and has been addressed previously.>* ' 2

The contribution of hydrogen to deposited FC films is depicted in Figs. 7.4(a) and

7.4(b). These high-resolution C;s XPS spectra display the stark differences in C:F and
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C:F,H films, respectively. In particular, the relative contribution of the C-C/C-H binding
environment at 285 eV increases dramatically for a substrate processed in a 50/50
C,F¢/H; plasma, Fig. 7.4(b), as compared to a similar substrate processed using a 100%
C,F¢ plasma, Fig. 7.4(a). Moreover, the deposited film becomes significantly more
cross-linked and less ordered (80% cross-linking; F/C ratio ~0.60) for the 50/50 C,F¢/H,
plasma than the 100% C,F¢ plasma (55% cross-linking; F/C ratio ~1.2). Additionally,
IRIS surface scatter coefficients for CF and CF, decrease by up to a factor of two.
Interestingly, an effect that is nearly opposite to that of H, additions can be
achieved by incorporating O, in the plasma feed. Fig. 7.4(c) depicts a typical high-
resolution C;3 XPS spectrum for a wafer processed in a 50/50 C,F4/O; plasma with P =
150 W. Here, essentially all of the critical C-F binding environments are lost. The dep-
osition rate of this plasma system is a mere 1.4 + 0.2 A min™, a factor of three less than
that for a 100% C,Fs plasma operating under similar conditions. Indeed, O,, rather than
gas-phase FC species, appears to interact most prominently with the surface of the Si wa-
fer. As evidenced by the Siy, high-resolution spectrum depicted in Fig. 7.4(d), the char-

acteristic Si0, binding environment, Si(-O)4, dominates the
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Figure 7.4. a) Representative high-resolution C;; XPS spectrum of a Si wafer processed
in a CoF plasma at p = 100 mTorr. High-resolution Cs spectra are also provided for Si
wafers processed in b) 1:1 C,F¢:H; plasma and ¢) 1:1 C,F¢:0, plasma. d) A high-
resolution Siy, spectrum is also provided for the same wafer processed in the 1:1 C,Fs:0,
system.
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substrate composition. This is a significant increase of SiO, over an unprocessed wafer,”'
and indicates that excess oxygen is freely available to be incorporated into the Si wafer.
It is likely that both atomic and molecular oxygen abate most FC passivating layers,’”
exposing sufficient Si area to promote extensive substrate oxidation. In the plasma gas-
phase, O, effectively sequesters film-initiating and propagating species, including CF,
radicals. We have employed OES here to examine the behavior of gas-phase species in
C,F¢/O, systems. In a 50/50 C,F¢/O, plasma, the relative concentration of O" is more
than an order of magnitude greater than CF, ", Fig. 7.5(a). Note that the excitation cross
sections for O (8.6 x 10™"* cm?)* and CF, (2.6 x 10" cm?)* are similar, so it is appropri-
ate to compare their relative concentrations from actinometry. Indeed, oxygen likely re-

acts with gas-phase CF, in particular to form volatile products and atomic F [relative F’

concentrations are also significantly greater than CF," concentrations, Fig. 7.5(a)].>>°
Dominant CF, loss pathways are outlined in reactions (7.8)-(7.9).”
CFy'+0 — CFO + F = CO, + F (7.8)
0, + CF," — CO, + 2F (7.9)

The effect of O, additions to the FC feed is noticed even at very small dilutions,
Fig. 7.5(b). Here, the on-time production rate constant of CF», Kcp,, from TR-OES anal-
yses are plotted as a function of P for various dilutions of C,F¢ with O,. A marked drop
in Kcpp occurs at P = 150 W with an addition of only 10% O,, a decrease of nearly 65%.
Upon addition of more O, to the plasma feed, the k¢, values decrease, and are essentially

constant within error for O, feed concentrations > 25%. Thus, oxygen is a potent
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inhibitor of FC film growth and as such is often employed in applications wherein depo-
sition of undesirable FC byproducts is severely detrimental, such as in microfabrication

of semiconductor devices.

7.3. Summary

We have performed gas-phase diagnostics for FC/FC, FC/H,, and FC/O, mixed
precursor plasmas specifically addressing the roles of excited species such as CH, Cs,
CHF,F,H",and O". Significant attention was paid to CF,", for which we determined
relative gas-phase concentrations and production and/or decay kinetics from actinometric
and time-resolved OES. These data demonstrate that both the ground and excited states
of CF, and CHF have a strong dependence on the feed gas composition whereas CH" and
Cs do not. The addition of hydrogen to a FC plasma induces a decay in relative amounts
of CF,’ shortly after plasma ignition. Additionally, H, additives to C,F¢ systems lead to
increased efficacy of C:F,H film deposition, yielding films that comprise significantly
increased cross-linking and lower fluorine content than those deposited from 100% C,Fs
plasmas. This is attributed to fluorine scavenging by hydrogen in the plasma gas phase
that ultimately results in a higher concentration of film propagating units than film etch-
ing units. In contrast, O, additions to C,Fs feeds generate a dearth of CFZ* with respect to
atomic fluorine, and deposition rates are concomitantly lowered dramatically with respect
to a 100% C,F¢ plasma. In this case, we believe that oxygen in the gas phase sequesters
CF; and other film-initiating species to inhibit expeditious formation of FC passivation
layers at surfaces. There exists a considerable opportunity for further advancement of our

knowledge of these systems. This includes investigations of gas-surface interface phe-
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nomena and concise correlation of gas-phase behavior and the net effects of substrate

processing with a particular precursor mixture.
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CHAPTER 8

RESEARCH SUMMARY AND PERSPECTIVES

The results and general considerations addressed in this dissertation are summa-
rized here. Particular emphasis in this chapter focuses on the utility of this work in a

broader setting and those aspects that warrant further inquiry.
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8.1. Research Summary

Fluorocarbon plasma processing is a widely employed technique with far-
reaching applications, especially within the semiconductor industry. Moore’s Law stipu-
lates that the number of transistors that can be placed on a computer chip doubles roughly
every two years.' Such rapid advances in technology necessitate adequate fundamental
knowledge of the tools used to design and process these products. The research present-
ed in this dissertation may offer contributions to improved plasma processing efficiency.
Specific attention has focused on the gas-phase contributions to surface modification by
FC plasmas.

One global theme of this dissertation has concentrated on deciphering the olio of
gas-phase species present in FC plasma systems. The approach to this problem utilized
spectroscopic techniques, including LIF, OES, and MS, to identify ground state, electron-
ically excited, and charged species, respectively. These analyses were extended to inves-
tigate the inherent properties of the identified species. In particular, internal temperatures
of vibration and rotation were calculated for diatomic radicals including CF, NO, and
SiF. Vibrational temperature values appear to rely upon complex plasma processes, such
as the V-T energy exchange mechanism, whereas rotational temperatures provide a suita-
ble gauge of overall plasma temperature. lon energy distributions for a range of nascent
plasma ions were also determined. Generally, ions increase in energy with changing
plasma parameters such as P. Mean energy values tend to be greater for CF,-generated
ions than for other FC plasma systems. The effect of additives to FC plasmas was also
examined, and preliminary data espouse the notion that hydrogen abstracts F atoms in the

gas-phase and oxygen affects the profusion of CFy species.
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A second chief aspect of this work was dedicated to understanding the net effect
of surface modification by FC plasmas. High-resolution XPS spectra and other surface-
sensitive techniques were employed to this end. Commonly, the films deposited from FC
plasmas are robust and amorphous and demonstrate a relatively high degree of crosslink-
ing. The deposition rates of FC systems increase significantly with a decrease in F/C ra-
tio of the precursor gas. Concomitantly, the surface energies of deposited films increase
substantially. These general trends suggest that a high degree of control over surface
properties is possible by careful manipulation of plasma parameters.

The ultimate aim of this work sought to interconnect the gas-phase behaviors of
plasma species with the net effect of surface modification by examining the plasma-
substrate interface through IRIS experiments. Scatter coefficients for CF and CF, radi-
cals typically exceed unity, indicating that surface-mediated production of these species
is a primary process occurring in the FC plasma system. Ion bombardment of FC films is
considered one avenue toward surface production of these CFy species. Additionally, CF
(*A) species are speculated to quench at surfaces and readily desorb as ground electronic
radicals. The totality of this work offers additional insight into the fundamental plasma
processes so critical for fabrication of semiconductor and microelectronics devices.
Moreover, facets of these studies may be employed in other areas, including advanced
material design for hydrophobic biocompatible components. Despite the extensive cov-
erage of various aspects of FC plasma chemistry presented in this work, future investiga-
tions of the FC plasma system should continue to yield important and valuable infor-

mation about the nature of plasma-surface interactions.
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8.2.  Future Directions

The work discussed in the bulk of this dissertation could be used to advance tech-
nological frontiers in materials processing, but there yet remain a substantial number of
studies that could expand the understanding of these plasma systems even further. For
example, comprehensive pressure-dependent studies should be carried out. Although
some work presented here focused on the effect of changing p, the vast majority of data
were provided for p = 50 mTorr. Changes in the feed gas pressure are expected to signif-
icantly influence the characteristics of the FC plasma (see section 6.5), and possibly CFy
surface interactions. In particular, careful modulation of FC feed pressure has been
shown to be a crucial parameter for determining substrate etch selectivity and/or film
deposition efficacy.” Gas-phase diagnostics of FC plasmas as a function of p and com-
plementary surface analyses and IRIS data should round out our understanding of these
systems and provide for a thorough compilation of inductively-coupled FC plasma phe-
nomena.

The dynamics of FC film initiation and propagation is another area for which a
dearth of information exists. One method to probe film formation at the plasma-surface
interface in situ is through use of sum frequency generation vibrational spectroscopy
(SFGVS).> SFGVS has been employed to study PTFE films,* protein adsorption to FC
films,” and investigate plasma-wall interactions.” The selectivity associated with this
technique (SFG is generated at regions of asymmetry) makes this approach ideal for ex-
amining the interfacial properties of a FC film on a substrate such as Si. We have de-
signed an experimental apparatus for performing in situ SFGVS experiments on plasma-

modified surfaces (Fig. 8.1). Plasma feed gases enter a traditional glass barrel reactor in
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region @, and the generated plasma beam participates in surface modification in a vacu-
um chamber, region @. The substrate can be repositioned through a gate valve using a z-
translator to region ® where spectroscopic analysis ensues. Implementation of this sys-
tem is expected to commence imminently. Results gleaned from SFGVS studies should
further elucidate the phenomena occurring at the gas-surface interface and shed new light
upon film formation dynamics. Although we have examined in detail the effect of vibra-
tionally excited radicals and ions in a wide range of plasma systems (Chapter 5), a similar
fundamental understanding of ground state species is lacking. Instrumental limitations
preclude data collection for relevant absorption experiments. A relatively straight-
forward equipment upgrade to the optical emission spectrometer (i.e. incorporation of a
D, or Xe lamp) would afford the capability to probe ground state species behavior.
Comparable broadband absorption spectroscopy (BAS) experiments have already found
utility to not only determine vibrational temperatures of ground state molecules, but also
to determine absolute concentrations of CF (X *IT) plasma species.® These crucial meas-
urements will fill in gaps in our understanding of the plasma system, and complement the
wealth of data already amassed for excited state plasma species.

A second upgrade to the emission spectrometer, to increase temporal resolution,
would allow for experiments that expound the kinetic behavior of plasma species besides
CF,. At present, the maximum resolution achievable is approximately 0.15 sec/scan.
This limits the ability to monitor processes that occur on the millisecond time-scale, such
as CFy radical formation from a FC precursor, Fig. 8.2. Although rate constant data were

presented in this dissertation for CF,, those experiments were
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performed using a loaned spectrometer. Using an upgraded instrument, kinetic meas-
urements can be made for a wide range of plasma systems, and investigations of various
formation mechanisms may commence for other plasma sources (i.e. gas-phase plasma
formation of OH via direct decomposition of H,O vs. recombination process in NH3/O5).
These future directions should serve to further build on the central knowledge of
plasma characteristics and provide additional insights into the phenomena associated with
the plasma-surface interface. Moreover, they should offer enhanced insight into the pa-
rameter space affecting plasma processing. Ultimately, by controlling the parameters as-
sociated with our plasma systems, we can create tailored films with specific compositions
and surface energies. These custom properties so crucial for advancement of plasma
technology have far-reaching implications in both fundamental research and industrial
applications. The perpetual and continued expansion of frontiers of science and explora-
tion depend upon the pursuit of such fundamental processes. This dissertation has sought

to offer some modicum of contribution to such progress.
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Appendix A. Calculations of Characteristic Plasma Temperatures

As noted in the Introduction to this dissertation, the inherent nature of the plasma
system gives rise to a number of characteristic gas temperatures and influences the rota-
tional, vibrational, and translational energy of molecules. Attempts to calculate repre-
sentative gas temperatures such as the electron temperature in situ have long relied upon
the introduction of one or more electrodes to the plasma (e.g. a Langmuir probe). One
disadvantage of using the Langmuir probe is that the probe itself may lose a significant
fraction of its current to the plasma and, in so doing, perturb those values it seeks to
measure.' Accurate measurements of internal temperatures for molecules rely upon rig-
orous calculations best approached via computational methods. Herein are discussed
simulations developed in conjunction with experimental optical emission data to deter-

mine plasma electron temperatures and molecular vibrational temperatures eX Situ.

A.1. Electron Temperatures

Plasma mean electron temperatures (T.) were determined ex Situ via analyses of
Ar emission lines in OE spectra. The routine was condensed in an Excel macro to enable
calculation of T, after querying the user through a series of input boxes. Input data were
iteratively compared for four Ar transitions, as summarized in Table A.1, such that the
intensity for Transition 1 was compared to each of the three others in turn. This yielded
three T, values for statistical comparison. For each calculation, the linest() function in

Excel was used in a 5x2 array to determine the ordinate intercept, T., of the following
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Table A.1. Emission parameters for Ar used in T, determination.”?

. vx10" 1 Excitation
Transition ™ A(sT) Energy (eV)
(1) 3d—4p 4.86 2.00E7 21.127
(2) 4p—o6s 4.68 1.16E6 14.839
(3) 4p—>6s 4.70 4.21E5 14.848
(4) 4p—4d 4.44 1.93E6 14.743
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equation:

(En—Ep) _ [IIVnAn(En +2KTe) (AD)

kTe InVlAl(E1+ 2kTe)

where E, represents the excitation energy of arbitrarily defined transition n, I, is the
emission intensity obtained from the OE spectrum, vj is the frequency of the transition,
and A, is the transition probability. As might be expected, T, values depend not only up-
on plasma parameters, but also on the physical location being probed along the reactor.
We have employed the preceding technique to determine T, as a function of distance

along the reactor for C;F¢ plasmas, Fig. A.1, using radially resolved OES data.
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Figure A.1. Electron temperatures in C,F¢ plasmas plotted as a function of both applied
rf power and distance measured from the start of the reactor coil region.
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A.2. Vibrational Temperatures

CF and NO vibrational temperatures can be calculated using the software package
LIFbase,’ which includes preset simulation parameters for a range of diatomic molecules.
Vibrational temperatures of polyatomic (N > 2, where N is the number of atoms) oscilla-
tors cannot be evaluated using this program. Instead, we have employed the simulation
tool pGopher,” a multipurpose spectrum fitting routine. This software generates diago-
nalized Hamiltonian matrices consisting of all states of the same total angular momentum
and rovibronic symmetry. Thus, it requires user input of molecular symmetry, vibration-
al modes, and the origin for a transition of interest. For example, the parameters neces-
sary to simulate the A—X transition for calculation of CF," (C,, point group) vibrational
temperatures from OES spectra are summarized in Table A.2. CF;has 3N-6 or three de-
grees of freedom, including the symmetric stretching (sym. str.), bending, and asymmet-
ric stretching (asym. str.) vibrational modes. The A electronic state lies 37216 cm™ above
the ground X state.® Peak height matching was accomplished by varying the Einstein A
coefficient according to equation (A.2) which assumes spontaneous emission for an arbi-
trary A—B transition. Peaks were matched using 80% Gaussian/20% Lorentzian line-
shapes.

823

= o [(AIRIB)I (A2)

A

Vibrational temperatures were determined by evaluating the simulation temperature at the
maximized overlap of simulated and experimental spectra. An example of the simulated

fit to experimental data is provided in Fig. A.2 for CF," in a CF, plasma.
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Table A.2. pGopher parameters used for determination of CF, vibrational temperature.
Energy values obtained from reference 4.

Electronic Vibrational Energy
State modes (cm'l)
(symmetry)
sym. str. (a) 1225.1
XA, bend (a;) 666.3

asym. str. (by) | 1114.4

sym. str. (a;) 1012.1
A'B, bend (a;) 496.7
asym. str. (by) [ 1180.2
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Figure A.2. Enlarged region of the emission spectrum for a CF4 plasma (P = 100 W)
depicting the A'B,—X!'A; for CF,. Overlap from CF AXZ" X and CF, a3B1—>X1A1
is also observed. The red line is a spectral simulation performed in pGopher, which,
when matched to the experimental data, yields ®y(CF,) =918 K.
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Appendix B. Preliminary Results for Characteristic CF, Temperatures

B.1. Vibrational Temperatures

Although the discussions in Chapter 5 focused on characteristic temperatures for
diatomic molecules, significant attention was also given to the CF; radical in FC plasmas.
Vibrational temperatures for CF," were calculated from emission spectra using the simu-
lation tool pGopher' (see Appendix A). A representative simulated spectrum is provided
in Fig. A.2. ®y(CF,) are plotted in Fig. B.1 as a function of P for CF4 and C,F¢ plasma
sources. Generally, the values increase with increasing P, and ®v(CF;) values are larger
for C,F¢ systems than for CF4. We have calculated 7. values for both plasma systems;
values for C,Fg plasmas are generally slightly larger than 7. for CF,4 systems (see Chapter
5), suggesting the vibrational energy associated with CF,’ originates from excess vibra-
tional excitation during electron impact formation processes. Reactions such as that
shown in (1.15) have relatively low threshold energy, 4.5 eV. However, there must be a
significant portion of electrons with energies exceeding this threshold present in the
plasma; the disparities in @y(CF,) offer indirect evidence thereof.

The absolute values for CF, vibrational temperatures can provide additional in-
sight into the formation mechanism of the radical. For example, Cruden and coworkers’
used CF, vibrational temperatures to calculate the CF; total number density from the vi-
brational partition function. They showed that increases in filament temperature associ-

ated with CF; production from HFPO during pyrolytic chemical vapor
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Figure B.1. Vibrational temperatures of the CF, molecule plotted as a function of plas-
ma power for CF4 and C,F¢ systems.
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deposition resulted in increases in vibrational temperature. This complements the results
shown here in that increases in energy supplied to the plasma system dictate @v(CF). In
the work of Cruden et al., vibrational temperatures were calculated based on the ratio of

CF; densities in both its ground and excited states, equation (B.1).

Moy wy'w3)

n " " "
(vi vz v3)

]ICVZ
ky

Ov= In( ) (B.1)

For their work, Cruden et al. examined the n(,1,0—"(0,0,0) densities for CF,. Equation
(B.1) could easily be reconfigured to determine proportions of CF, total densities for spe-
cies in our plasma systems given @vy(CF).

A second important insight regarding ®v(CF;) values stems from the work of Ru-
bio et al.’ Their work implicates vibrational temperatures as being indicative of for-
mation mechanisms for direct decomposition of C3F¢ through infrared multiphoton disso-
ciation. Specifically, CF, produced directly from the precursor gas exhibited vibrational
temperatures of ~2500 K. The ®y(CF;) values shown in Fig. B.1 are significantly lower,
suggesting that not all CF, species are produced from direct decomposition of the plasma
precursor (a theme expounded upon throughout this dissertation). It is thought that the
ejection of a species such as CF; from a FC film as a result of some energetic process
(e.g. ion bombardment) dissipates a significant amount of excess energy into surrounding
film moieties rather than solely into the desorbing molecule. Hence, lower than antici-
pated ®y(CF,) are observed. Certainly, this is a point of ongoing consideration in the

Fisher laboratory.
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B.2. Translational Temperatures

Translational temperatures, ®r, were estimated for CF; species through LIF tech-
niques.” Briefly, the experiment incorporates spatially and temporally resolved LIF data
with a straight-forward data fitting routine to determine the line-of-sight kinetic energy of
the radical. Nominally, this approach is best suited to radicals with long fluorescent life-
times, 7. Efforts to mitigate the fluorescent lifetime limitation for CF, (= 61 ns, Table
2.2) included increasing the ICCD resolution by eliminating pixel binning and increasing
laser power to ensure saturation of the transition. An optimal geometry was employed,
whereby the laser was reconfigured from its traditional configuration (Fig. 2.1) to inter-
sect the plasma molecular beam at a 90° angle, such that the laser, molecular beam, and
ICCD are mutually orthogonal. Figure B.2(a-e) depicts the raw data associated with de-
termination of ®r. In these images, the laser propagation axis spans from bottom to top
across the center of the image. Gate delay times for the ICCD camera were stepped ap-
propriately to monitor CF; “movement” along the plasma axis (abscissa). Cross-sections
along the x-axis of the images were averaged for an 80 pixel swath and plotted as a func-
tion of distance along the plasma axis, Fig. B.2(f). These cross-sections were fit with
Gaussian functions to determine the x( position of the apex. Such “spot positions” were
plotted as a function of corresponding delay times, Fig. B.2(g), and fit with a linear re-
gression to determine the slope, or velocity (v), of the molecule. Translational tempera-

tures are then calculated according to equation (B.2), where m is the mass of the radical.

™ Vz
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Figure B.2. a)-e) CF, LIF spots at varying ICCD gate delay times. Laser light propa-
gates from bottom to top in each image, through the center of the frame. The line-of-
sight direction of the plasma molecular beam propagates from left to right. f) Cross-
sections taken along the plasma axis as a function of delay times, fit with 3-parameter
Gaussian functions. g) LIF spot position (x-position of Gaussian maxima) plotted as a
function of delay time. The fit is a linear regression to the data yielding a slope, m =

1199 m/s, with R* = 0.96.
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Preliminary ®1(CF,) values are shown for C,F¢ and CsFg systems in Table B.1.
Although the total translational temperature of the collective plasma vapor in the systems
discussed here is typically near room temperature (~300 K, see Chapter 5), the tempera-
ture values observed for CF; radicals are much higher. The reason for this discrepancy is
that the total gas temperature is a measure of the average translational energy of all gas-
phase species. Within the plasma, a broad distribution of translational energies may exist
for individual species. Generally, translational temperatures of small molecules and no-
ble gases equilibrate with the total gas temperature,” but other species such as OH radi-
cals do not appear to thermalize.® High translational temperatures imply that complex
multicollisional and/or surface-mediated mechanisms are involved in the formation of a
species. Thus, the high ®1(CF;) might be attributed to the scattering proclivity of the
molecule. Interestingly, observed surface scatter coefficients for CF; are typically higher
for C,Fs-based plasmas than for C;F¢ systems, mirroring the preliminary results for
O1(CF,) in the same two systems. It should also be noted that the @1(CF,) measurements
discussed here relate only line-of-sight energies along the laser axis and ignore the angu-
lar distribution of energies. Hence, the values listed in Table B.1 are likely upper limits

of the true Or(CF>).

209



Table B.1. ©(CF;,) values.

Source Gas P(W) 061(CF)/K
50 3064 + 564

C,Fs 100 3323 £ 560
150 3396 +239

CsFs 150 1099 + 345
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APPENDIX C

INDEPENDENT RESEARCH PROPOSAL

The following relates the entirety of an independent research proposal, entitled A
Novel Approach to Determine the Fates of Munitions Constituents and Emerging Con-
taminants in Aquatic and Terrestrial Systems, prepared by Michael F. Cuddy in accord-
ance with the doctoral requirements of the Department of Chemistry at Colorado State
University. It details fundamental investigations of surface interactions of explosives ma-
terials and emerging contaminants with particular emphasis on routes toward improved

remediation efforts.
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C.1. Abstract

The United States Department of Defense (DOD) Directive 4715.11 articulates
the sustainable use of military training ranges and the protection of off-range areas from
munitions materials, by-products, and related constituents, including, but not limited to:
nitro amines, nitro aromatics, nitrate esters, and perchlorate salts. These munitions con-
stituents (MCs) nevertheless accumulate and aggregate in soils and groundwater near
live-fire training sites and munitions production facilities. The ultimate fates and modes
of transport through terrestrial and aquatic ecosystems are not well understood; thus, ef-
forts to combat the spread of such emerging contaminants (ECs) suffer from a lack of ef-
ficient removal. Herein, we propose a method to investigate the interactions of munitions
constituents and emerging contaminants with soil and groundwater on the laboratory
scale. We will address this problem in two ways:

1) Determine the binding energies of emerging contaminants with soil compo-
nents to complement a sophisticated computational model of munitions con-
stituent/surface interactions.

2) Design and implement a two-dimensional spectrofluorometric approach to
monitor MC and EC migration through aqueous and soil environments.

The first phase of the proposed experiments will incorporate a straight-forward
thermodynamic analysis of MC/EC-substrate complexes. Thermal desorption analyses
coupled with mass spectrometry will help elucidate the propensity for a particular con-
taminant to adhere to a model soil substrate. In the second phase of experimentation, the
unique optical properties of single-walled carbon nanotubes (SWNT) will be exploited

through a simple two-dimensional spectroscopic technique to determine SWNT chirality
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changes upon exposure to particular contaminants. Upon completion of in-laboratory
validation, the above techniques will be extended to applications using real-world sam-
ples. Ultimately, this work promises to identify the mechanisms by which the aforemen-
tioned contaminants migrate through ecosystems and may contribute to improved efforts

to remediate polluted sites.

C.2. Background and Significance

The fates of munitions constituents (MCs) and emerging contaminants (ECs) in
soil are of significant concern in terms of their environmental repercussions. Secondary
explosives introduced from munitions testing and waste disposal, such as hexahydro-
1,3,5-trinitro-1,3,5-triazine (RDX), trinitrotoluene (TNT), and derivatives, including ni-
trotoluenes and nitrobenzenes, pose substantial threats to the environment. For example,
Best et al. have demonstrated that the effects of exposure to TNT- and RDX-spiked soil
samples include decreased biomass in both plant and worm populations, with toxicity at-
tributed chiefly to TNT."? Moreover, both dinitrotoluene and nitrotoluene, impurities
often present in residues of TNT munitions, are known carcinogens in rats.”* The com-
pounds TNT and RDX are considered by the EPA to be group C, or possible human car-
cinogens and DNT is classed as a group B, or probable human carcinogen. Triazine-
based compounds, specifically atrazine, are widely used and controversial herbicides with
possible carcinogenic properties.” Pyridine is toxic and relatively robust in soil® while
pyrazine has been shown to be a potent inhibitor of embryo growth.’

MCs and ECs (collectively referred to as “contaminants’) are generally intro-

duced to the environment at munitions testing sites and through waste dumping at muni-

214



tions production facilities. A 2005 analysis of soil contamination via high explosive det-
onation yielded concentrations of TNT and RDX surpassing 2000 ng m™=.* In 1988, an
investigation of RDX in groundwater near the Cornhusker Army Ammunition Plant in
Grand Island, Nebraska, determined that the concentration of RDX was nearly ten times
the federally recommended maximum contaminant level.” More recently, perchlorates,
salts of which are often used as propellants and additives for explosives, have come under
increased scrutiny for their detrimental health effects in conjunction with the proliferation
of this EC in aquatic ecosystems.

Efforts aimed at remediating sites contaminated by munitions residues and other
emerging contaminants have included composting and the use of slurry reactors and acti-
vated sludge systems.'' The effectiveness of contaminant removal depends upon the

method(s) of remediation along with contaminant concentration and the identities of the

contaminants themselves. Composting, for ex- e [AdH
- . : PEOGSGBAS
ample, may eliminate explosive materials at the [ N :
Y (11,0) zigzag
cost of formation of degradation products which 0ORST T L| 0 I s 8 0 |

may in turn have negative, if less severe, envi- v

11,12

ronmental effects. Mechanisms of pathways

toward removal are not fully understood. An ef- | P

ficient method for contaminant removal, then, Figure C.1. Representation of the chi-
rality of a carbon nanotube. The chi-

necessarily includes elucidation of the fundamen- rality is determined by “rolling™ the
graphene sheet depicted here from its

tal behavior of MC and EC adsorbates in soil origin at (0,0) to some point, (n, m).
Adapted from reference 10.
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media and aqueous systems. To this end, we shall examine in this proposed work model
and real-world contaminated media for the express purposes of determining contaminant
binding energies and analyzing modes of species desorption from surfaces.

This proposed work includes the development of a detection system based upon

the unique optical properties of carbon nanotubes (CNTs) and other nanomaterials. The

>
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C, where C= na, + ma,. One important op-  Figure C.2. Fluorescence intensities of
SWNTSs suspended in SDS/D,0 as a function

tical property of CNTs is that different chi- of both excitation and emission wavelengths.
The transitions corresponding to clusters of

intense fluorescence are attributed to specific

ralities exhibit significant differences in flu- and distinct chiralities. From reference 14.

orescence emission and excitation.'* Discrete signals arise from strong dipole-allowed
transitions between van Hove singularities associated with a particular (n, m) orientation.
Thus, it is possible to “map” spectral signals arising from a sample of CNTs of mixed
chirality to identify the chiralities present through use of two-dimensional fluorescence
spectroscopy, as in Fig. C.2. Peaks in the fluorescence spectra correspond not only to the
(n, m) identifier, but also to nanotube diameter,'* making this technique particularly ef-
fective for rapid identification of CNT distribution.

SWNTs have been employed as gas sensors to detect ammonia and nitrogen diox-

ide," '® and in myriad applications from biosensors to pressure sensors.'” Detection typ-
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ically relies upon charge transfer events in semiconducting SWNTs (defined as nanotubes
with mod(2n + m, 3) = 1,2).'® Thus, the utility of the carbon nanotube as a sensor neces-
sarily requires that a detectable species offer an electron donating or accepting capability.
This is particularly relevant in the case of high explosives, many of which contain multi-
ple electron-withdrawing nitro groups. Indeed, this feature of TNT has already been ex-
ploited for development of CNT-based sensors to determine aqueous concentrations

down to 2 ppb.'**

TNT, along with other nitro-containing species, is thought to interact
with semiconducting and metallic (mod(2n + m, 3) = 0) CNTs alike primarily through
n—r interactions.”’ Certain charge transfer reactions with organic molecules have been
shown to effectively bleach the fluorescence signal of low-energy SWNTs, indicating
that the interactions of organic material with the SWNTs influences the spectral phenom-
ena. To this end, we will seek to take advantage of the interactions of MC/SWNT interac-

tions to probe the fates of the contaminants in both model and real-world soil and aquat-

ic systems.

C.3. Research Design and Methods
C.3.1. Experimental Approaches
C.3.1.a. Analysis of Binding Strengths of ECs
As an initial indicator of the propensity for detection and ultimate remediation of
ECs from soils, the binding strength of a variety of test materials to model soil compo-
nents, Table C.1, will be gauged. A simple apparatus will be designed utilizing a high-
vacuum temperature-programmed desorption system interfaced with a mass spectrometer

operating at base pressure <10” Torr. Model soil samples will be dosed with a solution
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of a particular EC in an appropriate solvent (e.g. dichloromethane, ethanol, or water).
The resulting slurry will be loaded onto the thermal desorption system to analyze for the
EC of interest as a function of temperature using a linear temperature ramp. It is ex-
pected that, due to the low pressure of the system, any non-adsorbed solvent/EC constitu-
ent will immediately evaporate at ambient temperature. Hence, any particulate experi-
encing binding interactions with the substrate ought to desorb at some T greater than am-
bient conditions. Chemical identification of the species of interest will be accomplished
by simultaneously collecting mass spectra during the temperature ramp. Ultimately, the
desorption temperature, Ty, can be determined for the EC of interest and the binding
energy to the model substrate may be calculated via the Redhead analysis.** Briefly, this
method assumes an Arrhenius relationship to determine binding energies, E, through the

following expression,

max [

ln(%) ~3.64] (C.1)

where k;, is the Boltzmann constant, 3 is the heating rate, and v is a preexponential fre-
quency factor. The value of v depends upon several features of the adsorbate compound,
including the sticking coefficient, S, surface coverage, o, its mass, m, and the vapor pres-
sure extrapolated to an infinitely high temperature regime, po. The frequency factor is

expressed in equation (C.2).

S

v= p
o4 2n mK, T, 0

(C.2)
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Table C.1. Potential test materials for EC/substrate binding experiments.

Compound (EC) Chemical Formula
Toluene C-Hjg
4-nitrotoluene (4-NT) C7H,NO,
Nitrobenzene (NB) CsHsNO,
2,4-dinitrotoluene (2,4-DNT) C7HgN,O4
2,6-dinitrotoluene (2,6-DNT) C7HgN,O4
1,3-dinitrobenzene (1,3-DNB) CsH4N,O4
2,4,6-trinitrotoluene (TNT) C7HsN3O¢
1,3,5-trinitrobenzene (TNB) CeH3N306
Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) C3HgNgOg
Pyridine (Pyr) CsHsN
Pyrazine (Pyz) C4HsN,
1,3,5-triazine (Trz) C3H3N;

Model Soil Materials

Graphitic carbon Silica gel

Sand Alumina
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We will assume here that s is unity, which is an appropriate approximation for

weakly interacting molecules at surfaces.”> Surface coverages can be estimated as ~10'®

molecules cm™ based upon the work of Zacharia, et al., who reported similar values for

polyaromatic hydrocarbons as large as ovalene.”> Vapor pressures can be extrapolated

using the Antoine expression (equation (C.3), where A, B, and C are Antoine parameters)

derived from the Clausius-Clapeyron equation. The values required to calculate p, are

available either from the NIST database®* or from various sources in the literature.

B
In(p)=A-———
®) T+C

The results of these studies will be used to
validate computational models already in develop-
ment.”’ These DFT models will form the founda-
tion for an extensive library of substrate/EC binding
energies and could ultimately predict the binding
energies with a surface or substrate of some un-
known or given EC. We will also investigate how
munitions constituents and emerging contaminants

interact with SWNTs in a similar method. The bind-
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proaching a SWNT. Reproduced

from reference 30.

ing energy of an aromatic molecule increases as the molecule approaches the nanotube

itself, based upon first principles calculations performed by Zhao and coworkers, Fig.

C.3.*° Thus, we anticipate being able to calculate binding energies to SWNTs in much

the same manner as we would any of the other substrates mentioned above. The results

of these experiments will be used to gauge the propensity for EC/MC interaction with
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SWNTs and will represent a preliminary validation for subsequently employing a fluo-

rescence monitoring technique.

C.3.1.b. Two-dimensional Fluorescence Imaging of SWNT/EC Solutions, Com-
plexes

The second phase of the proposed work will seek to establish the relationship be-
tween particular ECs and the effect of these materials on the two-dimensional fluores-
cence spectra of SWNTs. It will comprise two avenues of investigation: 1) transport of
MC/EC materials in water and 2) transport of materials in model soil systems. Initially,
SWNTs in solution, solubilized in D,0 and stabilized using a sodium dodecyl sulfate,
SDS, surfactant,”’ will be exposed to varying concentrations of a particular EC. A two-
dimensional spectrofluorometric technique will be applied to undosed and, subsequently,
dosed SWNT solutions to evaluate changes in nanotube chirality. Ultimately, optimal
concentration limits for this indirect detection of the MCs/ECs will be determined.

A relatively small concentration of SWNTs will be required for each of these ex-
periments. Although SWNT fluorescence has been observed for single nanotubes,” ** the
concentrations we anticipate using will generally be 1-10 wt% in solution (SWNTs are
commercially available in a powder form). Fluorescence spectra will be acquired as a
function of both excitation and emission wavelengths using a commercially available in-
strument, such as the Jobin Yvon NanoLog spectrofluorometer available from Horiba.
We anticipate that fluorescence through a sufficiently porous medium, such as a soil
sample, can be detected. Indeed, researchers have recently begun using fluorescent car-

bon nanotubes to image internal organs of mice.”> This instrument utilizes a liquid-
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nitrogen cooled InGaAs array detector for rapid data collection corresponding to SWNT
fluorescence. Conceivably, we could realize real-time analyses of EC/MC migration
through a soil sample.

Fluorescence spectra of SWNTs in solid materials, including the model soil com-
ponents listed in Table C.1 will also be collected. SWNTs have limited mobility in natu-
ral soil,** whereas ECs such as TNT and RDX are comparatively quite mobile,”> making
a SWNT-spiked soil sample ideal for monitoring the transport of ECs across a particular
area in a soil matrix. To monitor the transport of ECs across a model soil sample, we will
first scan an undosed sample containing SWNTs, then dose the same sample with a spe-
cific contaminant and monitor in real time the fluorescence signal arising from SWNTs at
a particular stationary point along the soil sample. Changes in chirality at that physical
location can then be attributed to the migration of some MC/EC to that point. A major
advantage of this technique over chromatographic methods is that there is no need to rely
upon a mobile phase or solvent to achieve the goals of the experiment, and as such, we
can eliminate solvent effects, specifically, undesirable interactions of solvent materials
with MCs/ECs. Moreover, essentially any location within the soil sample may be probed
individually, which represents a significant advantage over relying upon a column. By
understanding how the MC and EC materials move through soil and incorporating
knowledge of the affinity of these materials for particular soil constituents, achieved
through the experiments outlined in the previous section, we anticipate being able to ef-
fectively arrive at improved methods for complete remediation of detrimental contami-

nants in soils and water.
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We also aim to examine the behavior of MCs and ECs in real-world contaminated
systems. Thus, these studies will be extended to water and soil samples collected from
contaminated sites, once the experiments and methodologies have been validated for
model systems. Potential sites for study include the Holston River watershed near King-
sport, Tennessee, where the CDC has uncovered evidence of RDX biodegradation near
the Holston Army Ammunition Plant, and the Aberdeen Proving Ground in Aberdeen,
Maryland, still in use for live-fire exercises. We will introduce SWNTs to these samples
and analyze using methods similar to those aforementioned. Because the composition of
these materials and the identities of would-be contaminants are a relative unknown, addi-
tional characterizations will need to be performed on such samples. For instance, chro-
matographic techniques such as GC/MS or HPLC can be used to ascertain the identities
and concentrations of contaminant species. Ultimately, we anticipate being able to map
out and identify pathways for MC/EC migration and transport through real environmental

media and suggest alternative methods for remediation of these materials.

C.3.2. Potential Limitations

Although we anticipate performing the above experiments to the full extent of the
preceding details, we have considered alternatives to several potential complicating
events. The most pressing issue involves identification of a change in fluorescence signal
from SWNTs exposed to MCs/ECs as compared to undosed nanotubes. It is expected
that the majority of the MCs/ECs will interact in such a way that we will observe local-
ized photobleaching of the fluorescence spectra or a change in signal intensities for par-

ticular SWNT chiralities due to the presence of nitro groups. However, not all of the ma-
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terials listed in Table C.1 contain functionalities associated with typical charge-transfer
reactions. To compensate for this in the case of such a material, we propose the use of
functionalized carbon nanotubes. SWNTs can be modified with essentially any number
of functional groups to improve the sensitivity and selectivity to a particular species. For
example, Zhang and coworkers developed triphenylene-functionalized carbon nanotubes
for ultra-trace detection (<50 nM) of TNT.* In addition, CNTs have also been treated
with metals to improve selectivity.”” A potential drawback to using such a system, how-
ever, lies in the spontaneous formation of environmentally detrimental and spectroscopi-
cally spurious metal nanoparticles which can form under conditions such as those present
in natural groundwater.*®

Another potential limitation in this work is the intensity of the signal observed in
the fluorescence spectra. If the signal intensity is simply too low, we may not be able to
discern changes in SWNT chirality. One contingency plan for rectifying this problem,
beyond simply increasing the concentration of SWNTs in our samples, is the utilization
of Raman spectroscopy to observe the radial breathing modes (RBM) of the nanotubes to
complement our fluorescence data. Similar to the fluorescence technique described
above, this Raman application can be used to map chirality changes in SWNTs through
visualization of changes in RBM phonon frequencies. Anderson and coworkers have
demonstrated the applicability of this technique using a combination of Raman microsco-
py and spectroscopy to image semiconducting-to-metal chirality changes in SWNTs.*
The drawback to using this method at the outset, however, is that the Raman method is a
much more expensive, cumbersome and time-intensive experiment than the fluorescence

method.
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C.4. Summary and Outlook

The experiments and methodologies described herein will be developed to deter-
mine the fates of hazardous munitions waste materials in the environment. Upon comple-
tion of this work, we will have calculated binding energies for a wide range of munitions
constituents and emerging contaminants with soil components and used this information
to refine predictive computational models. In addition, we will have developed a method
to indirectly monitor transport and migration of MCs and ECs through aquatic and soil
systems through use of fluorescent carbon nanotubes. Eventually, we anticipate being
able to deploy analysis tools, such as a compact fluorometer, to the field in order to as-
sess, on-site, the impact of munitions contamination. Ultimately, we will, through this
work, establish improved methods for determining courses of remediation for contami-
nated sites and expand upon the current knowledge of MC/EC behavior in natural ecosys-

tems through communication of this work in the open literature.
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activated surface site

atomic force microscopy

actinometric optical emission spectroscopy
contact angle goniometry

downstream

mean ion energy

fluorocarbon

hexafluoropropylene oxide

intensified charge-coupled device
inductively coupled plasma

ion energy distribution

imaging of radicals interacting with surfaces
dielectric constant; rate constant
Boltzmann constant

laser-induced fluorescence

mass spectrometry

optical emission spectroscopy

applied rf power

total system pressure

passivated surface site

plasma-enhanced chemical vapor deposition

poly(tetrafluoroethylene), Teflon®™
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SCCm
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XPS
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Vsl

Ysv

Or
Or

Ov

surface reactivity coefficient

radio frequency

residual gas analysis

surface scatter coefficient

standard cubic centimeters per minute
scanning electron microscopy

electron temperature

ion temperature

time-resolved optical emission spectroscopy
plasma potential

surface potential

variable angle spectroscopic ellipsometry
x-ray photoelectron spectroscopy
liquid-vapor surface tension
surface-liquid surface tension
surface-vapor surface tension; surface energy
critical surface energy

contact angle value

rotational temperature

translational temperature

vibrational temperature

sheath potential
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