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ABSTRACT

Organosilicon thin films deposited by pulsed plasma-enhanced chemical vapor
deposition (PPECVD) and hot-filament chemical vapor deposition (HFCVD) were
investigated as potential biopassivation coatings for neural probes. It was found that
organosilicon films from identical precursors differ in structure according to the method
of deposition. For films produced from the cyclic siloxane precursor,
hexamethylcyclotrisiloxane, pulsed plasma excitation reduced crosslink density over
continuous excitation and produced flexible films resistant to prolonged saline soak
testing. Deposition via a thermal process, HFCVD, allowed films of novel organosilicon
structure to be formed from both hexamethylcyclotrisiloxane and its eight-membered
analog, octamethylcyclotetrasiloxane. Characterization of these films was accomplished,
and the effect of filament temperature on the chemical structure was elucidated. Silicon-
silicon bonding and the retention of ring structures from the precursor was observed in
HFCVD organosilicon films using Micro-Raman spectroscopy.

A direct dielectric patterning process was proposed for semiconductor manufacturing.
In this process, a dielectric material is patterned directly and developed without the
need for a sacrificial photoresist layer. HFCVD fluorocarbon films are under
consideration as low-dielectric constant interlayer dielectrics, and direct patterning of
these materials was demonstrated using e-beam irradiation and supercritical CO;
development. The use of a gas-phase initiator species for HFCVD of fluorocarbon thin
films was also demonstrated. Initiation enhanced deposition rates significantly and
provided a means of selectively end-capping polymer chains present in the film
structure.

Thesis Supervisor: Karen K. Gleason
Title: Professor of Chemical Engineering
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1.1  Chemical Vapor Deposition (CVD)

CVD is a vacuum technology capable of producing thin, pinhole-free films on
substrates of complex geometry.'> In conventional, or thermal, CVD deposition takes
place on a heated susceptor and substrate and the technique is most often used to produce
inorganic materials such as S:O,. Only in a few cases is it possible to produce organic
thin films, due to their poor thermal stability and adsorption-dominated kinetics.’ For
organic materials, a CVD process is required in which reactive species are generated in
the gas phase and film growth proceeds via recombination on a cooled substrate. The
method of activation to produce film growth precursors is thus a key differentiator in
CVD of these types of materials. In this work, we have used both electrical (PECVD and
PPECVD) and thermal activation (HFCVD).

Plasma-Enhanced Chemical Vapor Deposition (PECVD)

PECVD involves the formation of thin films on surfaces from a vapor phase
precursor under the influence of a plasma (or glow discharge:).‘Hl The plasma is a
partially ionized gas usually formed by exposing a gaseous precursor to an electrical field
at low pressure (<10 Torr). It consists of electrons, ions, free radicals, molecules in
excited states, and photons of various energies. Plasmas used for etching and deposition,
generally called "cold plasmas”, are in a non-equilibrium state wherein the temperature of
the electrons is much higher than that of the gas molecules. As a result, the temperature
of the gas molecules is close to ambient and plasma chemistry can occur without thermal
degradation of reactants and products. Plasma polymerization is a specific type of plasma
chemistry wiiich involves reactions between plasma species, between plasma and surface
species, and between surface species. Reactive species are generated in the plasma by
electron impact collisions, and thus overcome kinetic limitations that may exist in
thermally activated processes. This allows monomers to be used that would not
polymerize under conditions of conventional molecular addition polymerization, such as
saturated alkanes or benzene. Plasma films are deposited on surfaces contacting the
plasma of a precursor gas in the form of a thin film and/or powder. The discharge also
supplies energetic radiation (e.g. positive ions and photons) that bombards surfaces

exposed to the plasma. This alters the surface chemistry during deposition, and can result
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in competitive ablation or etching of the growing film. Using PECVD, ultrathin, pinhole-
free films that are highly coherent and adherent to a variety of substrates may be prepared
from monomers not polymerizable by conventional means. Films are generally
chemically inert, insoluble, mechanically tough, thermally stable and have been used or

12-16 11,17-22 . . 16.9.23-
1 1 and biomedical 37
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Figure 1-1. Schematic of a typical parallel-plate PECVD system.

A typical parallel plate plasma reactor system is shown in Figure 1-1. It consists
of a deposition chamber with two electrodes located parallel to each other, a power
generator, an impedance matching network and a vacuum pumping system. Radio-
frequency (RF) power of 13.56 MHz is supplied to the iop, or powered, electrode from an
RF generator via the impedance matching network. The purpose of the matching network
is to balance the impedance of the generator with that of the discharge, thereby
maximizing power transfer to the discharge. In PECVD, substrates are usually placed on
the bottom electrode, which is grounded and cooled. Discharge is normally confined to
the space between the two electrodes. The primary process variables of consideration are
the flow rate of the precursor gas, system pressure, RF discharge power and substrate
temperature. The flow rate of feed gas and the system pressure determine the residence

time of the monomer in the reactor. System pressure also determines the mean free path
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length of species in the plasma, while the discharge power affects the degree of ionization
in the plasma and the extent of monomer fragmentation. Substrate temperature affects
adsorption and desorption kinetics and surface mobility of precursor species on the
substrate surface.

Unlike conventional polymers, plasma films often have only limited polymeric
character, and tend to form irregular three-dimensional crosslinked networks. UV
irradiation and ion bombardment of the growing film, as well as the mechanism of
plasma film growth itself, can result in the formation of trapped free radicals, or dangling
bonds, in the film***%, Upon exposure to atmosphere, these dangling bonds are oxidized,
leading to concomitant changes in film structure and properties. This aging characteristic
of plasma films makes them undesirable for use in some applications, particulariy where
electrical insulation is a requirement. The effect of ion bombardment is also to increase

the crosslink density in plasma films, which often results in brittle, inflexible films.

Pulsed Plasma-Enhanced Chemical Vapor Deposition (PPECVD)

A promising method that has been applied in an effort to reduce dangling bond
concentrations and crosslinking in plasma films is pulsed-PECVD, or PPECVD.?*¥7464%
%2 In this technique, RF excitation is modulated on and off. When the RF power is on,
both ions and reactive neutrals are produced in the gas phase. However, ions often have
much shorter lifetimes than neutrals and the ratio of neutrals to ions increases during the
period when RF power is off. 132346365 gy deposition from reactive neutrals will thus
be favored and the decrease in ion bombardment during the off period is anticipated to
lead to a reduction in the number of dangling bonds and crosslinks.

Investigation of PPECVD using fluorocarbon precursors has been shown to
produce flexible, conformal fluorocarbon films with reduced dangling bond concentration
and lower crosslink density as compared to films obtained using continuous-
PECVD*#%08! Ope of the goals of this project was to extend the PPECVD technique to
organosilicon precursors, specifically the cyclic siloxane hexamethylcyclotrisiloxane
(D3). Coatings produced in this way were to be evaluated as potential encapsulant

materials for biopassivation of neural probe devices.
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Hot-Filament CVD (HFCVD)

In contrast to PECVD and PPECVD, HFCVD (also called pyrolytic CVD)
generates reactive species through thermal activation at a hot surface — typically a heated
wire. HFCVD has been used extensively in the deposition of diamond thin films®®°7, but
has only recently been extended to polymer systems by our group.ﬁo‘m’ﬁ&69 The substrate
is cooled as in PECVD, but the lack of ion bombardment, UV, and electron irradiation in
the non-plasma environment alters the chemistry of the growth process and limits the
number of reaction pathways available for film growth. This makes it possibie, for
instance, to produce films that are spectroscopically indistinguishable from PTFE
(commonly known as Teflon™),6061.68 Using the same precursor, hexafluoropropylene
oxide (HFPO), in a PECVD process results in films in which carbon is present in a
variety of bonding environments ranging from CF3; to completely defluorinated

48,53.58,60.
quaternary carbon. 53.58.60.70

Much work has been done in characterizing fluorocarbon films produced using
this method and understanding the chemistry of the HFCVD process with HFPQ.5061.68.71-
3 At the start of this project, however, only preliminary work had been done in extending
the HFCVD technique to organosilicon precursors.”’ One of the primary goals of this
work was thus to elucidate the chemistry of the process and rigorously characterize these
organosilicon materials. In particular, we wanted to compare and contrast organosilicon

materials deposited from similar precursors using PPECVD and HFCVD

1.2  Biopassivation Coatings

Challenges for the Encapsulation of Implantable Devices

When a foreign object contacts blood or tissue fluids in the environment of the
body, it is the surface of the object that the fluids first encounter. The immediate
physiological response after exposure is usually the adsorption of biomolecules,
particularly proteins. The chemical composition, topology, and morphology of this
surface is thus extremely important in mediating the biologic response of the body to
implantable devices of any kind. A coating of a biocompatible material on a biomedical
device is a powerful method for altering the surface properties of the device without

changing the bulk properties. Such a material can also serve to insulate and protect the
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device from the demands of prolonged immersion in the environment of the body.

Coatings which satisfy these criteria are termed biopassivation coatings and have been

the subject of extensive review in the literature.®°~°
bocng-m :; Lead insulation failure
Corrosion of
chip coatings Leakage between sites
Electrochemistry at chip surface
at contacts Leakage between

interlevel dielectrics
\ - —\\

Diffusion along
Sodium contamination unprotected surfaces
of PN junctions

Corrosion of _/

substrate

Figure 1-2. Potential problem areas in the protection of implantable

integrated circuits by thin layers of insulating biomaterials.

Figure 1-2 illustrates some of the challenges for the protection of implantable
integrated circuits (IC’s) by insulating biomaterials. Coatings on such IC’s need to be
adherent, biocompatible and sterile and flexible enough to minimize static forces on the
tissue. To fulfill the criteria of flexibility and conformity, the ability to prepare films
}anging in composition from oily to highly crosslinked and brittle is required. The
insulator should also have good dielectric properties and low permeability, and should be
thermally stable at the temperature of assembly of the IC.

For devices in neural prosthetic applications, it is critical that biopassivation
coatings be not only biocompatible, insulating, but also extremely thin. Neurological
electrodes, for instance, have complex topologies with dimensions on the order of
micrors (10 m). Minimizing the thickness of these coatings is imperative to avoid any
traumatic destruction of tissue in the nervous system.’> Neurological electrodes also
require conformal coatings on fine geometries on the micron scale. Conventional gel or
liquid coating methods cannot be used for this purpose because high surface tension and
capillary action tends to collapse these features. A gas-phase coating method, such as

CVD, is necessary to obtain uniform, thin coatings with minimal damage to the substrate.

19



Organosilicon Thin Films as Biopassivation Coatings

Both PPECVD and HFCVD show promise as methods to tailor the composition
of films to meet the foregoing criteria. In particular, organosilicon thin films deposited
using these techniques are exciting candidates for biopassivation coatings. Previous work
has confirmed their suitability as biocompatible materials.

Chawla investigated plasma-deposited films of D3 and D4 on Celgard®-2400 and
Silastic® membranes and evaluated the adhesion of platelets and leucocytes using an in
vitro loop® and an ex vivo shunt system with a canine model™?. It was determined that
the number of platelets and leukocytes adhering to the silicone coated samples were less
than on the untreated controls. Ishikawa et al. examined a number of organosilicon
monomers, including Ds, and found that the number of platelets adhering to coated glass
slides and the ATP released from these platelets in a human blood in vitro system was 10-
30% less than the uncoated slides®'. Hasirci investigated the deposition of HMDSO on
activated charcoal, used in hemoperfusion, by PECVD. It was found that the silicone
coating significantly reduced damage from the charcoal granules to platelets, erthrocytes
and leucocytes in sheep’s blood, without substantially reducing the absorptive capacity of
the charcoal®’. Cannon er al. detail the synthesis of a fine neurological electrode
consisting of W-26 at.% Re wire coated with plasma-polymerized HMDSN. No in vivo
biocompatibility and stability studies were reported, and some problems were
experienced obtaining smooth pinhole-free coverage of the substrate”’. No subsequent
work on this topic has been published by this group. More recently, Nichols reported the
synthesis of a novel polymeric material, Plasmalene®, as an hermetic coating on wire
substrates. The polymer coatings were deposited by vacuum processes which included
PECVD and thermal vapor deposition of methane and xylylene". Finally, Lin et al. have
coated the inner surface of low-density polyethylene (LDPE) tubing with plasma-

polymerized HMDSO and ammonia for possible use as an artificial blood vessel**,
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Table 1-1. Previous investigations of CW PECVD with organosilicon monomers.

Precursor Structural Formula Ref.
CH,
Tetramethylsilane ] 75-78
H,C —Si—CH,
(TMS) 1
CH,
ClH,
Vinyltrimethylsilane 17,46.77.79
H,C —Si—=CH=CH M
(VTMS) ' :
CH,
. CH, CH,
Hexamethyldisiloxane | | 39.46.79-90
(HMDSO) H,C ~ Si~— O —8§i——CH,
CH, CH,
. . CHLCI CHC
Tetramethyl-1,3-bis(chloromethyl)-disiloxane Ho—8—0—s— cn, 82
CH, CH,
] . (cl"H,).OH (fH,).OH
Tetramethyl-1,3-bis(hydroxylbutyl)-disiloxane HC—8— O— sli_ cH, 82
CH, CH,
. . .. (CHINH,  (CH)NH,
Tetramethyl- 1,3-bis(amino propyl)disiioxane H’C_s“i_ 0§ CH, 82
CH, CH,
. B CiH-CH, (iH-CH,
Divinyltetramethyldisiloxane HC—S— O— ,_?___ cn, 87,91
CH, CH,
Cﬁz\sa /CH:
Hexamethylcyclotrisiloxane o~ o 24.25,29,92-94
(Dy) ned  doon
CH / No” \cu
Hac'\si__\ fH;,
Octamethylcyclotetrasiloxane T"Oﬂz 12,24.78.87.89,93.94
(Dy) HaC~ N
CH, © f‘ ~~CH
CH;
CH:\ /CHzCHICFa
2,4,6-Tris (3,3,3-trifluoropropyl) methyl P 2595
cyclotrisilo 9 ? e
yclotrisiloxane HCw ;i éi o,
A
CF,CH.CH, CHCH,CF,
. CIH, CH,
Hexamethyldisilazane e — ?‘_ NH— s'._ ch, 27,75,76,91.94,96
CH, CH,

Wrébel and Wertheimer give an excellent overview of the literature on plasma
deposition of organosilicon materials"’. CW PECVD has been investigated using a wide
variety of monomers. Table 1-1 lists some of this work. In contrast, PPECVD has been

124,25,29.46.97

investigated by only a few workers and in limited detai , and no previous work

using a technique like HFCVD has been reported for any organosilicon precursors. Using
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PPECVD, Yasuda et al. tested the monomers hexamethyldisilane (HMDS),
tetramethyldisiloxane (TMDSO), hexamethyldisiloxane (HMDSO) and
divinyltetramethyldisiloxane (DVTMDSO) with a 0.1ms on/ 0.9ms off pulse program in
an electrodeless inductively-coupled plasma reactor. Results from electron spin resonance
(ESR) spectroscopy indicated that the concentration of trapped free radicals in pulsed
plasma polymers was significantly lower than that in continuous plasma polymers for all
of the organosilicon monomers.”® In other work using PPECVD, Chawla used
hexamethylcyclotrisiloxane (D3) and octamethylcyclotetrasiloxane (D4) to prepare
silicone coated membranes for possible use as blood oxygenators. Though it is not clearly
described in his publications, Chawla used 30W pulsed RF power of 66ms on/66 ms off
in a capacitively-coupled tubular reactor. According to Sipehia, this duty cycle was
chosen to prevent excessive crosslinking in the film*®. None of these publications,
however, analyzed the effect of the duty cycle on the structure and properties of the films.
Only Panchalingam et al. used vinyltrimethylsilane (VTMS) to investigate the effect of
systematic variations in the duty cycle on the chemistry and deposition rates of pulsed
plasma films. Hence, there was considerable scope for further investigation in using
PPECYVD to produce organosilicon films with desirable and tunable properties.

The goal of this portion of the project was thus to investigate deposition of
organosilicon thin films by PPECVD and HFCVD, with particular application to the
coating of neurological electrodes and other implantable devices. It was desired to obtain
films that had properties superior to their CW-PECVD counterparts, such as high
deposition rates (>1000 A/min), polymeric structure, low defect density, resistance to
prolonged immersion in solution, and flexibility sufficient to resist cracking under stress.
Examples of defects included non-uniformities in the film such as columnar structures,
included contaminant particles, high dangling bond concentrations and excessive
crosslinking. Thermal stability, good adhesion, and uniformity over non-planar substrates
were also desirable properties. It was also important to understand the structure-property-
processing relationship in the CVD process, and to determine the importance and effect

of process variables on film chemistry.
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1.3  Directly Patternable Dielectrics

Thin films produced by HFCVD and PPECVD also show promise as materials
capable of undergoing patterning by lithographic means.’®*"*%1% In this portion of the
project, we consider the use of fluorocarbon and organosilicon films deposited by
HFCVD for producing nanometer-scale features in microelectronics manufacture. Both
fluorine- and silicon- containing polymeric materials are under consideration as
candidates in next-generation patterning technologies, such as 157 nm photolithography
and e-beam projection lithography (EPL, e.g. SCALPEL, PREVAIL).""'%® Their

107

transparency makes them ideal resist candidates for 157-nm lithography "', and their low

dielectric constant makes them strong contenders as interconnect materials'®.

Direct Dielectric Patterning Process

" Conventional . All-Dry, Resistless

Lithograpty . [l Lithography- . _

dielectric
deposition et

cvd of patternable
dielectric layer

spin-on

imaging layer wet chemistry eliminated

selective

irradiation selective

irradiation

development in
aqueous base

dielectric

patterning
imaging (il ; > cevelopmientin
layer strip T T supercritical CO,

(SCF CO,)

Figure 1-3. Direct dielectric patterning scheme.

The objective of this work — a collaboration between MIT and Cornell University
— is thus to merge the role of resist and low-k dielectric. Specifically, we propose a direct
dielectric patterning process in which a material is deposited by CVD, exposed, and

developed using no wet chemistry, as illustrated in Figure 1-3.
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In this process, an irradiation-sensitive CVD film is exposed using e-beam or a
157-nm source, and developed using supercritical CO, as a dry developing medium. The
patterned film then serves as a low-k interconnect material. This technology would
greatly simplify future device manufacture by reducing the number of steps involved in
patterning. Supercritical CO, also offers many processing advantages over wet
deve]opmént, including improved resolution and the prevention of pattern collapse.''”
This is due to its good selectivity, high diffusivity, and low surface tension. Furthermore,
in conventional photolithographic patterning, the photoresist is applied using liquid spin-
on techniques. This results in significant quantities of waste materials and exposes
workers to hazardous volatile organic compounds (VOCs). Development is accomp'ished

in aqueous base and presents similar potential hazards. The process outlined in Figure [-3

thus also offers many environment, safety, and health (ESH) benefits over conventional

processing.

HFCVD Fluorocarbon Thin Films as Directly Patternable Dielectrics

After an initial screening of organosilicon and fluorocarbon candidate materials
produced by both PPECVD and HFCVD, efforts were concentrated on patterning of
PTFE-like films deposited by HFCVD from the precursor HFPO.®*¢'® PTFE has the
lowest dielectric constant of any bulk material (k~2.0), and is under consideration as a
interlayer dielectric (ILD) to replace SiO; in semiconductor manufacture. It is highly
transparent at 157-nm'®, but insoluble in the aqueous developers currently used. In
collaboration with Cornell University, e-beam exposure was used to induce molecular
contrast in films produced by HFCVD, and development was tested using supercritical
CO;. The goal was not only to show successful proof-of-concept of the process scheme
illustrated in Figure 1-3, but also to deepen our understanding of the HFCVD process
through the use of secondary precursors supplementary to the primary precursor, HFPO.
One particular additive, perfluorooctane sulfonyl fluoride (PFOSF), allowed us to
demonstrate initiation in the HFCVD process in an manner analogous to that observed in
classical polymer chemistry. The successful use of an initiator species is a novel result,
and suggests that many conventional polymer techniques may have application in the

HFCVD method.
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1.5

N oo v s W

Scope of Thesis

Chapter 2 describes the PPECVD of organosilicon films from D3 for use as
biopassivation coatings.

Chapter 3 describes the HFCVD of organosilicon films from D; and Ds,
including extensive characterization of the structure and chemistry of these films.
Chapter 4 describes the successful use of e-beam exposure and supercritical CO»
development to pattern fluorocarbon films from the HFCVD of HFPO.

Chapter 5 describes the use of an initiator molecule, PFOSF, to alter the
deposition chemistry of HFCVD from HFPO.

Chapter 6 gives an overview of the progress made in using HFCVD to produce

fluorocarbon and organosilicon thin films.
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Pulsed-PECVD Films from D, For
Use as Insulating Biomaterials
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2.1 Abstract

Thin films produced by plasma-enhanced chemical vapor deposition (PECVD)
have potential application as conformal coatings on implantable devices with complex
topologies and small dimensions. Coatings on such devices need to be biocompatible,
insulating, and flexible enough to minimize static forces on the surrounding tissue. In this
study, we describe the wuse of pulsed-PECVD to deposit thin films from
hexamethylcyclotrisiloxane (D3). Pulsed-PECVD is a method in which plasma excitation
is modulated to favor deposition from neutral and radical species. Thin, conformal
coatings were demonstrated on nonplanar substrates suitable for implantation, such a.s
copper wires and neural probes. Coatings were resistant to prolonged immersion in warm
saline solution, and wire coatings produced by pulsed-PECVD showed more flexibility
than analogous coatings deposited by continuous-wave (CW) excitation. Using Fourier
Transform Infra-Red (FTIR) spectroscopy, it was demonstrated that the mode of plasma
excitation is important in determining film structure. Both CW and pulsed-PECVD
showed evidence of crosslinking via ternary (T) and quaternary (Q) silicon atoms bonded
to more than two oxygen atoms. Methylene groups were observed only in CW films, and
may constitute part of a carbon crosslinking unit of the form Si-(CH»),-Si, where n 2 1.
Methylene was not detectable in the pulsed-PECVD films, suggesting that formation of
carbon crosslinks requires a longer plasma decomposition period. The presence of two
distinct crosslinking structures in CW films leads to a highly networked structure and
results in brittle coatings on thin wires. A higher proportion of terminal methyl groups
was also observed in CW films, suggesting that pulsed-PECVD films may retain more

precursor ring structure than CW films.
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2.2 Introduction

Polymeric thin films produced by plasma-enhanced chemical vapor deposition
(PECVD) offer several advantages over films produced by conventional polymerization.
Thin, pinhole-free films that are highly coherent and adherent to a variety of substrates
may be prepared from monomers not polymerizable by conventional means. Films are
generally chemically inert, insoluble, mechanically tough, thermally stable and have been
used in a wide variety of electrical, optical and biomedical applications, and as
permselective membranes and protective coatings.''' In particular, plasma deposited
films have potential application as conformal coatings on implantable devices with
complex topologies and small dimensions, such as neurological electrodes.'? Coatings on
such devices need to be biocompatible, adherent, and flexible enough to minimize static
forces on the surrounding tissue. The insulator should also have good dielectric properties
and low permeability. In this work, we describe progress made towards a material that
satisfies the foregoing properties.

Previous work has confirmed the suitability of PECVD organosilicon films for
usc as biomaterials. Chawla has investigated plasma-deposited films of
hexamethylcyclotrisiloxane and octamethylcyclotetrasiloxane on Celgard®-2400 and
Silastic® membranes and determined that the coatings reduced the adhesion of platelets
both in vitro® and ex vivo with a canine model.” Ishikawa et al. examined coatings from a
number of organosilicon precursors and found that the coatings reduced the adhesion of
platelets on glzss slides by 10-30%.* Hasirci investigated the deposition of
hexamethyldisiloxane on activated charcoal by PECVD and found that the organosilicon
coating significantly reduced damage to platelets, erythrocytes and leucocytes in sheep’s
blood.” Cannon et al detailed the synthesis of a fine neurological electrode consisting of
W-26 at.% Re wire 125-um in diameter coated with plasma-polymerized
hexamethyldisilazane. No in vivo biocompatibility and stability studies were reported,
and some problems were experienced obtaining smooth pinhole-free coverage of the
substrate.'® More recently, Nichols reported the synthesis of a novel polymeric material,
Plasmalene®, as an hermetic coating on wire substrates. The polymer coatings were

deposited by vacuum processes which included PECVD and thermal vapor deposition of
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methane and xylylene. Encapsulant coatings were deposited on 75-iim wire substrates
and demonstrated good mechanical durability and low leakage currents."

Unlike conventional polymers, plasma polymers do not consist of chains with a
regular repeat unit, but tend to form an irregular three-dimensional crosslinked network.
UV irradiation and ion bombardment of the growing film can result in the formation of
trapped free radicals, or dangling bonds, in the film."* Upon exposure to atmosphere,
these dangling bonds can be oxidized, leading to concomitant changes in film structure
and properties. The effect of ion bombardment is also to increase the crosslink density in
plasma films, which often results in brittle, inflexible films. In an effort to reduce
dangling bond concentrations and crosslinking, we have used pulsed-PECVD to deposit
coatings from an organosilicon precursor. In this technique, electrical power is repeatedly
pulsed on and off. During the on-time, both ions and reactive neutrals are produced in the
gas phase. During the off-time, the ratio of neutrals to ions increases due to the shorter
lifetimes of ions: film deposition from reactive neutrals will thus be favored and a
decrease in ion bombardment is anticipated.'>'” Fragmentation of the precursor gas is
also expected to be less since it is exposed to a lower average electron energy, and the
dynamics of competing reactions can be altered by varying on- and off-times. Indeed,
investigation of pulsed-PECVD using fluorocarbon precursors has been shown to
produce flexible, conformal PTFE-like films with reduced dangling bond concentration
and lower crosslink density as compared to films obtained using continuous-wave (CW)
excitation.'"®® By contrast, only a few authors have documented the use of pulsed-
PECVD with organosilicon precursors.®'**

In the present study, PECVD was used to deposit coatings from the precursor
hexamethylcyclotrisiloxane to assess their potential as insulating biomaterials. Films of
different structure were obtained by varying the mode and timing of plasma excitation.
By using pulsed-PECVD it was possible to optimize the flexibility of coatings produced

on thin copper wires and produce films robust enough to withstand prolonged exposure to

warm saline solution.
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2.3  Experimental

A custom-built parallel-plate PECVD system was employed, with a powered
upper electrode and a grounded lower electrode. For continuous-wave (CW) runs, 100 W
of power was applied continuously for the duration of the run. Lower values of CW
power were explored, but the resulting films suffered from incorporation of particulates
most likely generated by the cracking and flaking of film deposited on the upper
electrode during long deposition periods. This problem was not as severe for the shorter
deposition periods used for the 100 W CW runs. For pulsed-PECVD runs, a peak RF
power of 300 W was applied during on-time excitation. Power modulation was achieved
using a pulse generator. On-times were varied from 10 to 100 ms and off-times from O to
600 ms to achieve duty cycles — defined as the fraction of total time during which power
is applied — from 2.4% to 100%. Notation such as 10/100 wili be used to denote the
on/off timing for a pulsed plasma film.

During an initial screening period, films were deposited on planar substrates at
duty cycles of 100%, 33%, 20%, 14%, 9%, and 3% and investigated by soak testing. For
lower duty cycles, on/off timing was limited by the frequency range of the pulse
generator, and low duty cycles are thus characterized by shorter on-times than higher
duty cycles. For instance, an on-time of 10 ms was used for a duty cycle of 3%, while
100 ms was used for a duty cycle of 33% . As a bridging condition, and to allow
comparison of the effect of on-time and off-time, three different pulse cycles of 100/600,
50/300, and 10/60 were used for a duty cycle of 14%. Based on these preliminary results,
films were deposited on wire substrates at selected duty cycles of 100%, 33%, 14%, and
8%. Analyses were then performed on both planar and wire substrates. Deposition times
ranged from 50 minutes (for CW and high duty cycles) to 75 minutes (for low duty
cycles).

Silicon wafer substrates were placed on the lower electrode, and the lower
electrode temperature was maintained near ambient by cooling water. Coatings were
produced on 3-mil copper wires (0.003” diameter), which were strung across an
alumirum ring placed on the lower electrode. After deposition, film thickness was
estimated from optical micrographs of wire cross-sections. Pressure in the reactor was

maintained at 500 mTorr by a butterfly valve. The precursor used was
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hexamethylcyclotrisiloxane (Ds3), a cyclic organosilicon compound consisting of three
dimethyisiloxane (D) units of the form —-Si(CH3),O-. The precursor was vaporized in a
heated vessel and delivered through a needle valve. The needle valve was calibrated by
isolating the chamber from the vacuum pump and observing the pressure rise over time as
the precursor flowed into the chamber. A precursor flow rate of 8 sccm was used for all
runs. Argon was used as a diluent and the flow rate was maintained at approximately 40
sccm by a mass-flow controller.

To assess the insulation performance of coatings under conditions approximating
that of the human body, films on silicon wafer substrates were subjected to soak testing.
For each chosen condition, five identical samples were produced: four for bulk resistivity
measurements and one for thickness measurements and film characterization. All five
samples were deposited at the same time in the reactor. Once coated with the PECVD
film, silicone o-rings were glued to the surface of the silicon pieces to delineate an area of
0.28cm” to be exposed to saline soiution. Wires were attached to the backside of the
silicon pieces using silver epoxy on a freshly scratched surface. All areas other than the
test area were then coated with silicone to provide electrical isolation. The four samples
for soak testing were then immersed in saline at the bottom of a test tube, heated to 80°C
and plugged into the electrometer system. Current-voltage sweeps were run continuously
from -5 V to +5 V, relative to a platinum ball electrode. For film characterization,
infrared spectroscopy was performed using a Nicolet Magna 860 FTIR spectrometer in

transmission mode. All spectra were normalized to a standard thickness of 1,500 A.

24 Results and Discussion

Wire Coatings. Wire coatings were produced under CW excitation and at
various duty cycles, and thickness was measured for each wire sample. Table 2-1
indicates that deposition rate depends strongly on duty cycle. Previously reported
deposition rates for organosilicon films produced by RF PECVD are typically in the
range 100 - 1100 A-min™ 471228 T test the flexibility of each coating, coated wires
were twisted around a mandrel 750 um in diameter and observed under an optical
microscope. Wire coatings deposited at the duty cycles indicated in Table 2-1 (i.e. 100%,

33%, 14%, and 8%) were all examined for flexibility.
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Table 2-1. Results of wire coatings on 3-mil copper wire deposited from D3 using pulsed-PECVD.

duty cycle plasma equivalent  thickness  deposition
(%) excitation® power (um) rate
W) (A-min™)
100 CwW 100 19 3,800
33 100/200 100 25 4,200
14 10/60 43 9 1,800
50/300 43 12 2,400
100/600 43 13 2,600
8 50/600 23 6 790

* CW denotes continuous-wave excitation. 100/600 denotes 100-ms on time, 600-ms off time.

Figure 2-1 shows the results of this testing for a CW coating and three coatings
deposited at the same duty cycle cf 14% but with different on- and off-times. Coatings
deposited under continuous-wave excitation (Figure 2-1a) showed considerable cracking
and flaking under tension, while coatings deposited at a lower ‘Juty cycle of 14% showed
improved flexibility (Figure 2-1b through 2-1d). In particular, cracking and flaking was
reduced as the on-time and off-time were increased, as illustrated by the good flexibility
of the 100/600 film. Indeed, of all the coatings tested, only the coating deposited at
100/600 did not crack, despite being more than 50% thicker than the 50/600 film (a duty
cycle of 8%). This suggested that, though thickness may be important in determining
flexibility, the effect of pulsing plasma excitation is more significant. Coatings on wires
were conformal, as illustrated by a cross-sectional ESEM of film deposited on a

University of Michigan (UM) probe (Figure 2-2).
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Figure 2-1. Optical micrographs showing 750 um loops of 3-mil copper wire coated with
Dj pulsed-PECVD film at (a) CW, (b) 10/60, (c) 50/300, and (d) 100/600. Film thickness
is (a) 19 pm, (b) 9 um, (c) 12 um, and (d) 13 pm. Film deposited at 100/600 shows the

most flexibility.
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Figure 2-2. Coating on a University of Michigan probe deposited at 50/300,

showing conformity of coating. Film is 20 pm at the thickest point.

Soak Testing. Multiple samples of pulsed-PECVD films were placed under
saline soak at 80°C and the leakage current was monitored over time. Results to date
(Table 2-2) indicate that many of the films still survive after nearly a year under soak.
Films are robust and appear to adhere well to silicon surfaces. In particular, the 100/600
film that showed good flexibility has proved resistant to prolonged exposure to warm
saline solution. Bulk resistivities for these films are lower than observed for high-quality
silicones (typically 10'® Q-cm), but are acceptable for our applications. Failure mode was
determined by examination of failed films under an optical microscope. The failure mode
observed for the pulsed-PECVD samples appeared to be defect inclusion, where a
pinhole or particulate caused a loss in insulating characteristics, while the CW films

failed primarily through cracking.
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Table 2-2. Results of saline soak testing of pulsed-PECVD films

deposited under a variety of pulse conditions.

duty cycle plasma no. of years under  survival rate average
(%) excitation samples soak (%) resistivity®

tested (Q-cm)

100 Ccw 8 1.23 88 4.5-10"

cw 4 0.90 100 3.3-10°

33 100/200 4 0.90 75 2.3-10"

20 100/400 8 1.23 75 1.6-10"

100/400 8 0.90 100 4.7-10"

14 10/60 8 0.90 75 5.8-10"

50/300 4 0.73 75 2.9-10"

100/600 4 0.90 100 4.7-10%

9 10/100 8 1.23 88 4.6-10"

10/100 4 0.90 10 2.0-10"

3 107250° 4 0.90 50 9.1-10%

average 84 4.6-10°

? Error in resistivity for each sample over time was sinall, typically less than 5%.

® The 107250 film was considerably thinner than other samples tested, which may account for its poor soak performance.

Film Structure. The FTIR spectrum of a 100/600 film is compared to that of the

bulk polymer polydimethylsiloxane (PDMS) in Figure 2-3. Major assignments have been
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™ T T BEEE T =T T A T
(a)
.‘é‘
3
s J
£ A
8
] (b)
g
2
[=]
2 .
<
PURET W ST Y (S S 1 P O RS S S | PR T SN S S T PRI N S WA E A |
4000 3500 3000 2500 2000 1500 1000 500

wavenumber (cm™')

Figure 2-3. FTIR spectra of (a) pulsed-PECVD film deposited at 100/600, and (b) PDMS secondary
standard. Absorption spectra of pulsed-PECVD film has been normalized to standard thickness of 1,500 A.
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Table 2-3. FTIR assignments from the literature.

wavenumber (cm™) mode® comment references

2964 — 2967 N in sp® CH, 26,2830
2933 VA in sp’ CH, 26,30
2907 - 2909 vieu in sp’ CH; 262830
2878 vieu in sp’ CH, 26.30
1463 o 2630
1413 8 cus in SiMe, 26,28.30.31
1263 8Scus in SiMe, 26.28.29.31
1028 - 1120 VAsiosi 26,',28.30.31
895 Vsi.c. Pcus in SiMCz 26,28.29.31
803 Vsi.cr Pcs in SiMe, 26.28,29.31
845 - 850 Vsi.co P in SiMe; 26282931
760 Vsi.c» PcH3 in SiMe; 26,28.29.31
780 Vsic in SiMe, 26.29

v, 8 and p denote stretching, bending and rocking modes respectively, a and s denote asymmetric and symmetric vibrations.

The spectrum for the pulsed-PECVD film bears some resemblance to that
obtained previously for PECVD films from organosilicon precursors.”® Of particular note
is the strong doublet centered around 1090 cm’', identified as the asymmetric stretching
mode (ASM) of a polymeric siloxane backbone. The ratio of the two peaks of this
doublet has been correlated with the length of chains or size of rings in the
polymethylsiloxane network.”*?? In particular, for a series of linear and cyclic
polymethylsiloxanes of increasing chain length or ring size, a doublet was observed in
FTIR spectra only when chain lengths exceeded two siloxane units and ring size
exceeded eight siloxane units. Hence, the films produced by pulsed-PECVD show some
polymeric character.”® Strong absorptions are observed near 800 cm™ and 850 cm™ and
have been assigned to di- and tri-methyl substituted silicon atoms. The strong band at
1,263 cm' represents the bending mode for a silicon-bonded methyl group. Absorptions
correlated to CH, groups are observed at higher wavenumbers. For this sample, only sp'-
hybridized carbon bonding is observed. Comparison of the FTIR spectra reveals that
plasma excitation timing can strongly influence film structure. Films deposited at duty
cycles of 100% (CW), 14% (100/600) and 2.4% (10/400) show the most variation both in

the silicon-correlated and carbon-correlated regions (Figures 2-4 and 2-5).
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Figure 2-4. FTIR spectral region from 600 cm™ to 1,500 cm™ for CW, 100/600 and 10/400 films.
Respective duty cycles are 100%, 14% and 2.4%.

—_—w
T TIESts)

P 10/400

absorbance (arbitrary units)

MR EE T SRR N U SR U AN S SN S N S

3050 3000 2950 2900 2850 2800
wavenumber (cm™')

Figure 2-5. FTIR spectral region from 3,050 cem’ to 2,800 cm for CW , 100/600 and 10/400 films,

showing CH, correlated absorptions.

The spectra of films deposited at duty cycles ranging from 33% to 8% bore a
close resemblance to that of the 100/600 film. Of particular note is the 100/200 film,
which was deposited at the same equivalent power as the CW film (100 W), where
equivalent power is obtained by multiplying duty cycle by peak power. The FTIR
spectrum of the 100/200 film (not shown) resembles that of the 100/600 film rather than
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that of the CW film. Thus, the difference in structure between CW and pulsed-PECVD
films is attributed to the effect of pulsing rather than that of equivalent power.

In the region from 600 cm™ to 1500 cm™ (Figure 2-4), the spectrum of the CW
film shows a shift to higher wavenumbers for the ASM and an increase in the intensity of
the peak at 900 cm’. The peak at 900 cm™ is in the region usually assigned to the
stretching and bending modes for SiMe,. Typically, this peak has been reported at lower
wavenumbers than observed here, as for instance in the work of Rau er al*®, who
observed the peak at 885 cm™. It is odd that an increase in intensity for this peak is
coupled with a reduction in intensity for the peak also associated with SiMe, at 803 cm’’
for the CW film, although this may be due to steric effects. Since no literature was found
to suggest any other assignment, the SiMe, assignment is thus made tentatively. A band
of low intensity at 780 cm™ is more pronounced for the CW film and corresponds to
SiMe, stretching. This suggests the presence of silicon atoms which may be involved in
crosslinking and/or branching. We have identified two categories of crosslinks and/or
branches: Type I, which consists of siloxane sidechains originating from nodes where
silicon is attached to more than two oxygen atoms; and Type II, which consists of carbon
sidechains originating from methylene-substituted multi-oxygen nodes. These categories
are illustrated structurally in Figure 2-6. Here, M, D, T and Q represent silicon atoms
with increasing numbers of oxygen substituents, and DCH,, D(CH;)» and TCH, represent
D and T groups with methylene substituents. Note that Figure 2-6 is not intended to be a
rigorous summary of the silicon bonding environments present in our PECVD films.
Indeed, hydrogen substituted versions of M through Q (typically referred to as MH, DH,
etc.) have been observed in »Si solid-state NMR analysis of these films, and other

structural variations are possible.
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Figure 2-6. Possible crosslinking and/or branching nodes present in PECVD films. Non-

branching M and D groups are shown for reference. Nodes of Type I involve only

oxygen, while nodes of Type II involve both oxygen atoms and methylene groups.

Both CW and pulsed-PECVD films show a lower methyl content than PDMS
(compare Figures 2-3a and 2-3b). This confirms, as does the hardness of the films, that
crosslinking groups are present in the films. Indeed, T and Q groups have been clearly
observed in PECVD organosilicon films by other workers® and in our own laboratory
using solid-state 2°Si NMR spectroscopy. Crosslinks of Type I are thus present in both
CW and pulsed-PECVD films. In the CW film, absorptions associated with methylene
groups are observed at 2,933 cm™ and 2,878 cm™ (Figure 2-5). This is consistent with an
absorption of low intensity at 1,463 cm", also attributed to the presence of the methylene
group, as well as the lower relative intensity of the methyl band at 1,263 cm™' for the CW
film. Additional analyses on several of these films, including XPS and solid-state *°Si
NMR, have indicated that pulsed-PECVD films are more oxidized than their CW
counterparts and contain more T and Q groups. For instance, a 10/60 film analyzed using

Si SSNMR showed 0.6% more T groups and 3.2% more Q groups than a CW film.
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Considering the enhanced flexibility observed in pulsed-PECVD films, this suggests that
methylene is present in CW films primarily in the form of carbon crosslinks rather than
as carbon sidechains. These carbon crosslinks are of Type II and originate from DCHo,
D(CH;); and TCH; nodes. Whether methylene is bonded as Si-CH,-Si or Si-(CH3)»-Si is
uncertain. Previous workers have argued that even a small absorption at 1,360 cm’ is
evidence of the former, but no assignment has been made in this work.?® The lack of
methylene crosslinking groups in pulsed-PECVD films suggests that there may be more
pathways available for incorporation of oxygen during pulsed excitation than during CW
excitation. With just a single type of crosslinking group, reasonable mechanical
flexibility can still be retained.

The intensities of both the SiMes; absorptions (at 845 cm'l) and the SiMe,
absorptions (at 803 cm™) are lower in the CW film than in the pulsed-PECVD films.
However, the ratio of the intensities of SiMe; to SiMe; is higher for the CW film than for
the pulsed-PECVD films. This suggests that there are more terminal groups per
polymeric siloxane (or D) unit in the CW film. Two main differences in structure are
postulated to account for this. First, polymeric segments in the CW film may be shorter
on average than those in the pulsed-PECVD film. These segments could be main chains
or sidechain branches attached to a main chain. Second, since ring structures preclude the
possibility of SiMes groups, the CW film may have less ring structure overall than the
pulsed-PECVD films. A more highly branched structure in CW films would also be
consistent with an increase in the ratio of endgroups to backbone groups. The poor
flexibility of CW coatings, however, suggests that these films are highly networked,
rather than highly branched.

Mechanisms of plasma polymerization have been considered by various authors,
notably Wrébel et al', who provide a good overview of plasma-polymerized
organosilicon materials. They argue that the dominant mode of precursor fragmentation is
methyl abstraction, and that the active species in polymerization are primarily ionic in
nature. In particular, an ionic mechanism for the ring expansion of D3 during
oligomerization is proposed.‘m‘3 3

The thermal decomposition of cyclic polydimethylsiloxanes has also been

investigated.""s‘38 Davidson and Thompson, in particular, considered the pyrolysis of Ds4



and estimated kinetic parameters for some proposed decomposition pathways. Based on
their work, we have identified possible reaction pathways for the production of

polymerization precursors from the decomposition of D3, as shown in Scheme 1.

1. D; & D, + D decomposition
2. D; — Mee + Me;sOsSise methyl abstraction
3. D; — I-D; ring opening

Scheme 2-1. Reaction pathways for the production of polymerization precursors from Ds.

D; in reaction 3 is the iﬁtermediate dimethylsilanone, Me,Si=O0. It is a potential
film growth species that could lead to structures analogous to linear PDMS chains. The
abstraction of a methyl group from Ds, as represented by reaction 2, may take place via
electron impact, and may result in a ionic silicon species rather than the radical species
proposed for thermal decomposition. The presence of ionic silicon species in plasmas has
been predicted and confirmed by other workers.***> Mass spectrometry has been used to
directly sample the reaction species from an RF plasma consisting of a mixture of
vinyltrimethylsilane (VTMS) and argon. The distribution of ionic and neutral products
indicated that successive dissociation and ionization of VTMS by low energy electron
impact was the dominant mode of energy transfer at high pressures (> 0.5 Torr).***
These results suggest that ion and radical chemistries may both be important in

organosilicon plasmas.'™*

In their pyrolysis experiments, Davidson and Thompson observed reaction 2 to be
much faster than reaction 1. The Si-O bond in cyclosiloxanes has been found to be
exclusively stable to homolytic cleavage, and the ring-opening of D3 to form the biradical
*Me,Si(0OSiMe;),0e by reaction 3 unlikely.44 The radical or ion produced by reaction 2
may thus be of some importance in plasma polymerization. Its existence suggests that
film growth may involve the incorporation of oligomeric cyclic groups in addition to
linear chains. It is interesting to speculate that the right-hand peak of the ASM near 1,020
cm’' may be due to the presence of bound six-membered D;-like rings within the film. In

a series of IR spectra of cyclic polymethylsiloxanes from D3 up to Dg, Wright et al.

45



observed that the ASM consisted of a single peak for ring structures smaller than Ds. This
peak was offset at 1,020 cm’ for Ds due to higher ring strain. By this reasoning, the FTIR
data indicate that films of lower duty cycle incorporate a higher proportion of six-
membered Ds-like rings into their structure. Specifically, the FTIR spectrum for the
10/400 film in Figure 2-1 bears a closer resemblance to that of the precursor than the
100/600 film. The FTIR spectrum for high molecular-weight PDMS (Figure 2-3b),
however, does show an ASM doublet with a peak close to 1,020 cm™', making it difficult
to differentiate between the presence of long chains and bound D; rings.3 2 To form a
network of rings, at least two methyl abstraction events are required per precursor
molecule. In previous work, we have investigated films deposited from D4 using
pyrolytic CVD. From elemental analysis, we observed that 1.9 methyl groups were lost
per Dy molecule, offering strong evidence for the incorporation of precursor-like rings
into the film structure.*> For PECVD films, the destructive nature of the plasma means
that both linear and ring structures are likely to coexist even for films deposited at low
duty-cycle films. It is not yet clear whether the characterization techniques available to us

are capable of separating these different structural forms.

2.5 Conclusions

Pulsed-PECVD of D; offers a means of producing thin conformal, and insulating
coatings at reasonable rates with adequate resistance to prolonged immersion in warm
saline solution. Deposition was demonstrated on nonplanar substrates suitable for
implantation, such as copper wires and neural probes. Wire coatings produced by pulsed-
PECVD show more flexibility than CW coatings.

Both CW and pulsed-PECVD show evidence of crosslinking via T and Q groups.
The carbon in pulsed-PECVD films is predominately bonded as CHj, indicating retention
of methyl groups from the D; precursor. By contrast, both CH; and CH, groups are
observed in CW films. These methylene units, when bonded to D, T, or Q groups,
constitute a crosslinking node we have designated as Type II. Type II crosslinks are
characterized by carbon bridges of the form Si-(CHj),-Si (n = 1). The presence of
crosslinking groups of both Type I and Type II in CW films leads to a highly networked

structure, and results in brittle coatings on thin wires. Methylene was not detectable in the
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pulsed-PECVD films, suggesting that formation of Type II crosslinks requires a longer
plasma decomposition period.

Endgroups and sidechain terminations of the form SiMes are prevalent in the CW
film, indicating short chains and/or highly branched structures. In the pulsed-PECVD
film, SiMe; is the predominate mode of methyl incorporation, consistent with enhanced
retention of the precursor structure under conditions where plasma fragmentation
processes are limited. Films with primarily SiMe, bonding must be either long linear
siloxane chains and/or networks of interconnected ring structures. Polymerization of
dimethylsilanone is one mechanism which could result in the growth of long linear
chains. Six-membered Ds rings and larger may be present in films produced by pulsed-
PECVD, where neutral chemistry is more likely to compete with ionic chemistry and
precursor fragmentation is expected to be less. This could explain the higher proportion
of terminal methyl groups observed in FTIR of CW films, since these groups do not

appear in siloxane ring structures.

Acknowledgements. We gratefully acknowledge the support of the NIH under
contract NOI1-NS-9-2323 and the NSF/SRC Engineering Research Center for
Environmentally Benign Semiconductor Manufacturing in funding this work. In addition,
this work made use of MRSEC Shared Facilities supported by the NSF under award
DMR-9400334.

2.6 References

I A. M. Wrébel and M. R. Wertheimer, in Plasma Deposition, Treatment, and Etching of Polymers,
R. d'Agostino, Editor, p. 163, Academic Press, San Diego, CA (1990).

F. F. Shi, Surf. Coat. Tech., 82, 1 (1996).

Z. Ogumi, Y. Uchimoto, and Z. Takehara, J. Electrochem. Soc., 136, 625 (1989).

M. Kusabiraki, J. Appl. Polym. Sci., Appl. Polym. Symp., 46, 473 (1990).

P. K. Tien, G. Smolinsky, and R. J. Martin, Appl. Opt., 11, 637 (1972).

A. S. Chawla, A::if. Organs, 3, 92 (1979).

A. S. Chawla, Biomaterials, 2, 83 (1981).

A B

47



10.

11.
12.
13.
14.
1S.
16.
17.
18.
19.

20.
2L

22.

23.
24.

25.

26.

27.

28.

29.

30.

32.

33.
34.

Y. Ishikawa, S. Sasakawa, M. Takase, Y. Iriyama, and Y. Osada, Makromol. Chem., Rapid
Commun., 6, 495 (1985).

N. Hasirci, J. Appl. Polym. Sci., 34, 2457 (1987).

J. G. Cannon, R. O. Dillon, R. F. Bunshah, P. H. Crandall, and A. M. Dymond, J. Biomed. Mater.
Res., 14, 279 (1980).

H. Matsuyama, A. Kariya, and M. Teramoto, J. Appl. Polym. Sci., 51, 689 (1994).

M. F. Nichols, Crit. Rev. Biomed. Eng., 22, 39 (1994).

M. F. Nichols, Biomed. Sci. Instrum., 29, 77 (1993).

H. Yasuda and T. Hsu, J. Polym. Sci., Polym. Chem. Ed., 15, 81 (1977).

A. Bouchoule and P. Ranson, J. Vac. Sci. Technol. A, 9, 317 (1991).

S. G. Hansen, G. Luckman, and S. D. Colson, Appl. Phys. Lett., 53, 1588 (1988).

A. Kono, M. Haverlag, G. M. W. Kroesen, and F. J. de Hoog, J. Appl. Phys., 70, 2939 (1991).
C. B. Labelle, S. J. Limb, and K. K. Gleason, J. Appl. Phys., 82, 1784 (1997).

S.J.Limb, K. K. S. Lau, D. J. Edell, E. F. Gleason, and K. K. Gleason, Plasmas Polym., 4, 21
(1999).

K. K. S. Lau and K. K. Gleason, J. Fluorine Chem., 104, 119 (2000).

C. R. Savage, R. B. Timmons, and J. W. Lin, in Adv. Chem. Ser., 236, p. 745, American Chemical
Society, Washington, DC (1993).

V. Panchalingam, B. Poon, H.-H. Huo, C. R. Savage, R. B. Timmons, and R. C. Eberhart, J.
Biomater. Sci. Polym. Edn., 5, 131 (1993).

N. M. Mackie, N. F. Dalleska, D. G. Castner, and E. R. Fisher, Chem. Mater., 9, 349 (1997).

V. Panchalingam, X. Chen, C. R. Savage, R. B. Timmons, and R. C. Eberhart, J. Appl. Polym.
Sci., Appl. Polym. Symp., 54, 123 (1994).

M. J. Vasile and G. Smolinsky, J. Electrochem. Soc., 119, 451 (1972).

C. Rau and W. Kulisch, Thin Solid Films, 249, 28 (1994).

D. R. Anderson, in Analysis of Silicones, A. L. Smith, Editor, 41, p. 407, Wiley, New York
(1974).

H. Kriegsmann, in Advances in Molecular Spectroscopy; Proceedings, A. Mangini, Editor, 3, p.
1000, Pergamon Press, New York (1962).

L. J. Bellamy, The Infra-red Spectra of Complex Molecules, 2nd ed., p. 334, John Wiley & Sons,
Inc., New York, (1958).

K. M. McNamara, B. E. Williams, K. K. Gleason, and B. E. Scruggs, J. Appl. Phys., 76, 2466
(1994).

R. E. Richards and H. W. Thompson, J. Chem. Soc., 124 (1949).

N. Wright and M. J. Hunter, J. Am. Chem. Soc., 69, 803 (1947).

1. Tajima and M. Yamamoto, J. Polym. Sci., A, Polym. Chem., 285, 1737 (1987).

A. M. Wrébel, M. Kryszewski, and M. Gazicki, J. Macromol. Sci. - Chem., A20, 583 (1983).

48



35.

36.
37.
38.

39.

40.
41.
42.
43.
44.
45.

M. Kryszewski, A. M. Wrébel, and J. Tyczkowski, Am. Chem. Soc., Plasma Polym. , 108, 220
(1979).

I. M. T. Davidson and J. F. Thompson, Chem. Comm., 251 (1971).

I. M. T. Davidson and J. F. Thompscn, J. Chem. Soc., Faraday Trans. 1,71, 2260 (1975).

L. E. Gusel'nikov, N. S. Nametkin, T. K. Islamov, A. A. Sobtsov, and V. M. Vdovin, Izvest. Akad.
Nauk SSSR, Ser. Khimi., 20, 84 (1971).

A. K. Hays, in Plasma Processing, J. Dieleman, R. G. Frieser, and G. S. Mathad, Editors, 82-6, p.
75, The Electrochemical Society (1981).

A. K. Hays, Thin Solid Films, 84, 401 (1981).

G. Smolinsky and M. J. Vasile, Int. J. Mass Spectrom. lon Phys., 12, 147 (1973).

M. J. Vasile and G. Smolinsky, Int. J. Mass Spectrom. lon Phys., 13, 381 (1974).

M. J. Vasile and G. Smolinsky, Int. J. Mass Spectrom. lon Phys., 12, 133 (1973).

M. G. Voronkov, J. Organomet. Chem., 557, 143 (1998).

M. C. Kwan and K. K. Gleason, CVD, 3, 299 (1997).

49



CHAPTER 3

HFCVD of Organosilicon
Thin Films from D; and D,
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3.1 Abstract

A non-plasma technique, hot-filament chemical vapor deposition (HFCVD), is an
alternative method to produce organosilicon films of novel structure. Films are deposited
onto room temperature substrates from the precursors hexamethylcyclotrisiloxane (D,)
and octamethylcyclotetrasiloxane (D,) at high rates (>1 micron/min). Filament
temperature can be used to control film structure, and the limited reaction pathways
available via thermal decomposition make it possible to elucidate the chemistry of the
growth process. During film growth, there appears to be competition between reaction
pathways for the incorporation of cyclic and linear siloxane structures. For both D, and
D, HFCVD films, Infrared, Raman, and Nuclear Magnetic Resonance spectroscopies
indicate the incorporation of ring structures consisting of three siloxane units (0R3). The
concentration of these structures increases as filament temperature is raised, and is
especially pronounced for films from D,. In comparison, films from D, show a greater
degree of incorporation of linear, unstrained structures over the range of filament
temperatures studied. In contrast to PECVD organosilicon films, crosslinking in HFCVD
films occurs predominantly via silicon-silicon bonding and not from ternary or

quaternary siloxane bonds.
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3.2 Introduction

Organosilicon thin films produced by chemical vapor deposition have attracted
considerable interest in a wide variety of applications, ranging from biocompatible
coatings for medical implants to permselective membranes.'”. In particular,
organosilicon films are presently under consideration as low-k interlayer dielectric (ILD)
candidates for future semiconductor processing. These materials, termed organosilicate
glasses (OSGs), are typically carbon-doped oxides or siloxanes deposited by CVD or
plasma-enhanced CVD.'"'? Research in this field has primarily focused on the use of
plasma-enhanced chemical vapor deposition (PECVD) for producing organosilicon films
with desirable properties (see Wrébel and Wertheimer' for an extensive review).

A plasma-based deposition technique, however, has inherent deficiencies. Plasma
polymers tend to show high dielectric loss as compared to conventional polymers, as well
as an aging effect upon exposure to the atmosphere. It has been proposed that exposure of
the growing film to UV irradiation and ion bombardment during the deposition process
can result in the formation of trapped free radicals, or dangling bonds, in the film.'’ These
defect sites are then subject to oxidation upon exposure to the atmosphere. The effect of
ion bombardment is also to increase the crosslink density in plasma films, which often
results in brittle, inflexible films. Pulsed-PECVD is a technique that can be used to
minimize plasma exposure during film growth. In this method, plasma excitation is
modulated to alter the dynamics of competing deposition pathways, allowing for greater
compositional control and lower crosslink density in the resulting films.">! Using
pulsed-PECVD with the precursor hexamethyicyclotrisiloxane (D;), we have
demonstrated flexible, conformal coatings on nonplanar substrates suitable for
implantation.’

Hot-filament chemical vapor deposition (HFCVD, also known as pyrolytic CVD)
does not suffer from the UV irradiation and ion bombardment associated with piasma
exposure. In addition, HFCVD allows for more control over precursor fragmentation
pathways than PECVD. Thermal activation is limited to the gas phase and independent
control of the substrate temperature can be exercised. Indeed, HFCVD using

hexafluoropropylene oxide as the precursor gas has been shown to produce fleorocarbon
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films with low dangling bond density and having a chemical structure which is
spectroscopically similar to polytetrafluoroethylene (PTEE).!™!8

In this study, we consider the structure of films produced by HFCVD using the
precursors hexamethylcvclotrisiloxane, [(CH3),SiO]s, and octamethylcyclotetrasiloxane,
[(CH3)2Si0O]4, commonly known as D3 and D4 Previously, we demonstrated that
polymeric thin films could be deposited from Ds by HFCVD at rates of up to 25,000
A-min” depending on filament temperature.'” In this work, we show that filament
temperature (Ty) has a strong influence on composition for both D3 and D4 HFCVD films,

and postulate a structure for these novel films.

33 Experimental

Films were deposited on silicon wafer substrates in a custom built vacuum
chamber. Thermal excitation was accomplished by resistively heating tantalum wire
(diameter 0.5 mm) strung on a filament holder. Springs on the holder maintained wire
tension to compensate for thermal expansion and prevent drooping. The filament wire
was mounted in a parallel array designed to minimize thermal gradients between
individual wires and offer uniform heating over an area the size of a wafer. The filament
holder straddled a cooled stage on which a silicon wafer substrate was placed. A filament
to substrate standoff of 1.3 cm was used. Pure precursor was vaporized in a heated vessel
and delivered through a needle valve to maintain flow rates of approximately 14 sccm for
D3 and 11 sccm for D4. Pressure in the reactor was maintained at 300 mTorr by a
butterfly valve. No diluent gas was used.

Filament temperature was measured using an 2.2 pm infrared pyrometer. For
oxidized tantalum, a spectral emissivity of 0.20 was estimated from direct contact
thermocouple measurements. Given the difficulties of dilect measurement at high
temperatures, reported temperatures are probably accurate to +50°C. However,
temperatures were consistent from run to run and there was little variation in power
requirements for heating the wire. Substrate temperature was maintained below 60°C by
backside water cooling. Films were deposited on 4-inch silicon wafers at filament

temperatures ranging from 800°C to 1200°C. Deposition rates were monitored in situ
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using interferometry and checked using profilometry at the center of each wafer after
deposition.

For film characterization, infrared spectroscopy was performed using a Nicolet
Magna 860 FTIR spectrometer operating in transmission mode. All spectra were
normalized to a standard thickness of 1500 A and baseline corrected for purposes of
comparison. Resonant Raman spectra were obtained using a Kaiser Optical Systems
Hololab 5000R Modular Research Micro-Raman Spectrograph, with 785 nm laser line
excitation and 15 mW power at the sampling stage under 50x magnification. High
resolution solid-state NMR spectra were acquired on a homebuilt NMR spectrome:ter20
equipped with a 6.338 T Oxford superconducting magnet and a 3.2 mm Chemagnetics
probe with spinning capabilities up to 25 kHz. Magic angle spinning (MAS) and cross-
polarization (CP) from the proton spin bath were used to resolve isotropic chemical shifts
and reduce acquisition time. Approximately 10 mg of film was scraped off the wafer and
packed into a zirconia rotor, which was spun at 7 kHz. 14,512 acquisitions were
performed for signal averaging. A 'H-’Si CP time of 5 ms was chosen to maximize the
overall signal intensity. Experiments confirmed that the contact time between the silicon
and proton spin baths was sufficient to provide uniform »si polarization. Indeed, a
direct comparison of NMR spectra acquired with direct- and cross-polarization confirmed
that CP spectra were quantitative. All NMR spectra were referenced to tetramethylsilane
(TMS) and are plotted in ppm. X-Ray Photoelectron Spectroscopy (XPS) was
performed on a Kratos AXIS ULTRA spectrometer using a monochromatized aluminum
K-a source. Atomic force microscopy (AFM) was performed on a Digital Instruments

Dimension 3000. Images were taken under tapping mode with a standard etched silicon

tip.

34 Results and Discussion

Deposition Rate. As shown in Figure 3-1, the deposition rate appears to follow
an Arrhenius-type relationship as a function of filament temperature. The highest
deposition rate observed was 15,740 A/min, for Dy at a filament temperature of 1050°C.
No film deposition was detected at filament temperatures below 800°C with either

precursor. At the higher filament temperatures, run times were limited to 1.5 minutes to
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produce thin films appropriate for subsequent characterization. These temperatures are
consistent with other studies of the vacuum pyrolysis of D,.2' Regression of the data in
Figure 3-1 yielded apparent activation energies of 218+35 kJ/mol for D, and 301102
kJ/mol for Dy (at a 90% confidence level).
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Figure 3-1. Arrhenius plot of D; and D, films produced by HFCVD.

Straight lines were fitted by regression.

Fourier-Transform Infra-Red (FTIR) Spectroscopy. A comparison of the
FTIR spectra of D; films deposited using HFCVD and continuous-wave excitation
PECVD is shown in Figures 3-2a and 3-2b. The spectra for the CW PECVD film (Figure
3-2a) was taken from previous work by our group.’ Assignments have been made from
the literature and are shown in Table 3-1. Comparison of these spectra indicates that the
HFCVD film differs structurally from the PECVD film. Only sp3-carbon bonding is
observed in the HFCVD film, and no crosslinking of Type II, i.e. via carbon-crosslinks, is
evident.” Carbon is thus preserved primarily as methyl, giving rise to the distinct pair of
symmetric and asymmetric CH stretches at 2907 and 2964 cm’'. The asymmetric
stretching mode (ASM) of the siloxane group (SiOSi) shows two distinct peaks for the
HFCVD film, a characteristic observed in the IR signatures of polydimethylsiloxanes
with chain lengths of more than two siloxane units or ring sizes of larger than eight
units.”>* Below 1000 cm’, absorption bands associated with SiMe, rocking and

stretching are observed at 878 and 805 cm’, and those associated with SiMe; rocking
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near 840 cm™. Qualitatively, the PEVD films appears to have a higher SiMes/SiMe; ratio,
suggesting that the HFCVD films is less branched than its PECVD analog.’
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Figure 3-2. FTIR spectra of a. D; PECVD film deposited under continuous-wave excitation,
and b. D; HFCVD film deposited at 1000°C.

Table 3-1. FTIR assignments from the literature.

wavenumber (cm™") mode® comment ref.
2963 - 2965 vin in sp3 CH, 24.27
2935 vieu in sp’ CH, 26.27
2907 vien in sp’ CH; 24.27
2878 vien in sp’ CH, 26.27
1463 8 cm 26,27
1412 8ACH3 in SiMe, 2327
1262 e in SiMe, 23-25.27.28
1020 - 1075 visiosi 23.27
8 78 pScus in SiMe, 23.24.27.28
804 — 806 Vi pham in SiMe, 23-25.27.28
839 - 845 p e in SiMe; 23242728

*v, 8 and p denote stretching, bending and rocking modes respectively, a and s denote asymmetric and symmetnic vibrations.

FTIR spectra of films deposited at filament temperatures of 860°C, 1000°C, and
1200°C using D3, and 800°C, 900°C, and 1000°C using Dy, are also shown (Figures 3-3
and 3-4, respectively). The region around the ASM has been expanded for detail. Strong
absorptions associated with SiMe; (805 cm"), methyl in SiMe, (1412 cm™), and the
ASM (1020-1075 cm’") are apparent. The peak at about 880 cm™ observed in the low
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filament temperature D, film is usually associated with the symmetric CHj rocking mode
in SiMe,. The disappearance of this band at higher filament temperatures may be due to
the conformational constraints present in a more highly networked structure. Similar
effects in this infrared region have been observed in temperature-dependent spectroscopy

studies of other organosilicon compounds.**°

absorbance (arbitrary units)
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Figure 3-3. FTIR spectra of D; HFCVD films deposited at filament
temperatures of a. 860°C, b. 1000°C, and c.1100°C.
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Figure 3-4. FTIR spectra of D HFCVD films deposited at filament
terperatures of a. 800°C, b. 900°C , and c. 1000°C.

Conventionallym’”‘zs, the peak around 845 cm’ is assigned to an asymmetric
CHj-rocking mode in SiMe3, with an accompanying symmetric CHz-rocking mode at 760
cm’]l. The SiMes group is a chain or branch termination group that is associated with an
M group in siloxanes.’. The relative intensities of thc SiMe; and SiMe; bands depends on
the length of chains in open-chain regions of the film structure, and the strength of the
SiMe; peak is an indication that chains are either short or highly branched.”*® The
SiMes/SiMe; ratio also increased only slightly as filament temperature was increased,
suggesting that the chain length and branching was similar for both sets of films. Other
data obtained for these films, particularly from NMR analysis, show only small quantities
of M groups in the films, with the highest concentrations appearing in low filament-
temperature D3 and high filament-temperature D, films. This implies that short chain
segments or branches of similar length are present in low concentrations in almost all the
films produced.

Significant changes in the relative intensities of the peaks of the ASM band are
observed for both D; and D; films. The Ds film shows a doublet for all three filament

58



temperatures, with the shoulder on the doublet switching from the low- to high-
wavenumber side at higher filament temperatures (compare Figures 3-3a and 3-3c). By
contrast, the D4 film deposited at a filament temperature of 800°C showed only a singlet,
and the IR spectra resembled that of the precursor Ds.”** Unlike Ds, however, which is a
liquid at room temperature, the film was solid and contiguous and came off the wafer in
flakes when scraped with a razor. Little SiMe; was detected in this film. The Dy film
deposited at higher filament temperature showed behavior similar to that of the D3 film.
As filament temperature was increased, the low-wavenumber peak of the ASM doublet
increased in intensity, exceeding that of the high-wavenumber peak above 1050°C
(spectra not shown), as in the case of the D5 film.

The ASM doublet of the film deposited from D; at a filament temperature of
1100°C (Figure 3-3c) resembles that observed in FTIR analyses of other organosilicon
PECVD films.*?"?! Typically for these films, the low-wavenumber peak was more
intense than the high-wavenumber peak. This ASM signature is also observed in spin-on
methyl silsesquioxane (MSQ) films.”> For bulk polydimethylsiloxane (PDMS), the
intensities of these peaks are approximately equal at room tempﬁrature.33 To our
knowledge, no IR spectra with an ASM doublet similar to that observed in Figures 3-3a,
3-3b and 3-4c have been reported for organosilicon films deposited by CVD from
comparable precursors. The configuration of the ASM doublet is likely to be
conformational in origin. For PDMS, the splitting of the doublet has been attributed to
coupling between adjacent chain segments.” In other work using Raman spectroscopy,
the splitting of the symmetric SiOSi stretching nmiode has been correlated to the crystalline
state of PDMS.**

The intensity ratio of the two peaks of the ASM doublet has been correlated with
the length of chains or size of rings in the polymethylsiloxane network.”**?” In
particular, for a series of linear and cyclic polymethylsiloxanes of increasing chain length
or ring size, a doublet was observed in FTIR spectra only when chain lengths exceeded
two siloxane units and ring size exceeded five siloxane units. The ASM singlet for D;
was offset at 1,020 cm™ compared to larger ring structure. The peak at 1,020 cm™' may
thus be associated with an increasing proportion of six-membered Ds-like rings in the

film structure. This is in the same region as the low-wavenumber peak of the ASM

59



doublet in PDMS, however, making it difficult to differentiate between the presence of

. . . . 2
chains and bound D; rings using IR analysis.*’

Raman Spectroscopy. Though some work has been done in characterizing pure
organosilicon compounds using Raman spectroscopy, little has been reported on the use
of Raman for characterizing more complex organosilicon materials, such as those
produced by CVD. Figure 3-5 compares the Raman spectra of the pure compounds D3,
Dy, and PDMS with that of HFCVD films grown from D; and D, using high filament
temperatures. Assignments in Table 3-2 have been made based on the literature.”**>*-*
The symmetric siloxane stretching mode (SSM), which is weak in FTIR spectra, is strong
in the Raman spectra. The position of the symmetric siloxane Raman band is shifted to
higher wavenumbers for D; due to ring strain, and bands associated with ring
deformation can be observed for both D3 and D,;.?> Raman spectroscopy is thus a
sensitive probe for observing ring structure. Indeed, Raman spectroscopy is capable of
identifying siloxane ring “defects” in SiO, films produced by sol-gel**** and CVD
processes.** Raman spectra for these materials exhibit specific bands corresponding to
ring structures comprised of different numbers of silicon atoms. In particular, Raman
bands at 605 cm™ and 495 cm™' in silica have been attributed to rings with three and four

siloxane units, termed Rz and Ry rﬁspectively.‘“”'”"’g'40
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Figure 3-5. Micro-Raman spectra of a. I;, b. Dy, c. PDMS, d. D, HFCVD film deposited at a filament

temperature of 1000°C, and e. D; HFCVD film deposited at a filament temperature of 1100°C.

Table 3-2. Raman assignments from the literature.

Raman shift (cm™)  mode? comment ref.
1410 8 cus 24,2941
1260 - 1265 s 24,2941
795 vie In SiC, 24.20.35.41
707 -712 VSS.C In SiCz 24.29.35.41
690 p s 29.35.41
581 Visiosi In D, 25,35.42
489 Visiosi In PDMS n4l
476 Visiosi and/or ring deformation In D, w4l
450 Ring deformation In D; and D4 34
424 - 426 Possible Si-Si stretch 43
190 - 194 8% in SiC, 2535
160 8%5ic and twist In PDMS 5
145 &sic In Dy 25

* v, 8 and p denote stretching, bending and rocking modes respectively, a and s denote asymmetric and symmetric vibrations.
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As observed in Figure 3-5, the HFCVD films differ from the pure compounds the
Raman shift region from 400 cm™ to 600 cm™. Both HFCVD films show a peak in the
range 586 - 590 cm’ which is not observed in PDMS or other linear siloxane
compounds.” This is close to the band assigned to the siloxane symmetric stretching
mode (SSM) at 581 cm™ in pure Ds. During an experiment in which polarization of the
Raman beam was changed from the parallel to the perpendicular mode, the band in the
HFCVD film was also found to be polarized, which is consistent with results observed
for the SSM in Dj. 2335 This band may thus be evidence of a bound Ds-like ring structure
in the film. The 5 — 10 cm™ shift from the position of this band in D; may be
conformational in origin and a result of the strain of being locked into a semi-networked
structure. Such shifts are possible, and Table 3-3 shows Raman assignments for the SSM

mode in different chemical environments.

Table 3-3. Raman siloxane symmetric stretching mode (SSM) assignments

for various chemical environments.

structure Raman shift (cm") comment ref.

R; 600-608 In vitreous and/or CVD silica. 3640
oR; 586-590 In D; and Dy HFCVD films.

D, 581-587 InDs. 283542
D 489-497 In PDMS. 24

R, 490-495 In vitreous and/or CVD silica. 3640
oRy and/or ID 485 In D; and Dy HFCVD films.

D, 475-480 In D,. 24293541

In the highly networked environment of vitreous and chemical vapor-deposited
silica, the characteristic vibrational mode of the three-membered planar ring of siloxane
units, Rj, has been observed at shifts as high as 608 cm’! 63844 By contrast, the SSM
mode is typically observed from 581-587 cm™' for unconstrained D;. The band around
590 cm™' for the HFCVD falls between these extremes, and is thus assigned to an oR;
group. The nomenclature is intended to represent an organically substituted ring
consisting of three siloxane units, which is bound into the film structure. By analogy.

there may also be rings consisting of four siloxane units bound into the film structure
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(0Ry). Table 3-3 shows that the peak at 485 cm™ observed primarily in D, HFCVD films
falls between the SSM bands for D in PDMS, Ry in silica, and unperturbed D4. This
suggests that the band is associated with oR4 groups and/or unstrained siloxane units in
the film. The unstrained siloxane units may be present in linear structures or in ring
structures larger than four units, and are designated as /D. The predominance of these
groups in the D4 films, particularly at low filament temperature, suggest that they are
unique to the pyrolysis chemistry of D4 and may be the four siloxane-unit ring analog,
oR4.

The HFCVD films also show a peak at 425 cm™ not observed in any of the pure
compounds. No assignment could be found for this peak in the literature, but it is in the
regton associated with a silicon-silicon stretching mode.** The Si-Si stretch gives a strong
Raman band at 400 — 405 cm™ for hexamethyldisilane, and is highly sensitive to silicon
substituents. For polar substituents, shifts can be large. For example, the Si-Si stretching
mode for FMe,SiSiMe,F has been reported at 433 cm’', a shift of 30 cm™ from the
unsubstituted disilane.” Hence, this peak is tentatively assigned to an Si-Si bond in the
film structure.

Figure 3-6 and 3-7 show the effect of filament temperature as probed by Raman
spectroscopy. In Figure 3-6, films deposited from D3 show an increasing concentration
of oRj3 units and Si-Si bonds as filament temperature is increased, and the D; film
deposited at 1100°C shows significant ring incorporation. FTIR spectra for these films
show a similar increase in intensity in the low-wavenumber peak of the ASM doublet
(see Figure 3-3), suggesting that this peak at 1020 cm™ is indeed associated with three
siloxane-unit ring structures. By contrast, films deposited from D, show a strong peak at
485 cm™', assigned to the presence of oR4 and/or unstrained D units. A slight increase in
oR; incorporation is observed as T¢ increases, but this band does not dominate as it does
in D3 films. Hence, the D3 and Dy films differ structurally at high filament temperatures.

despite the similarities in structures suggested by FTIR.
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Figure 3-6. Micro-Raman spectra of D; HFCVD films deposited
at filament temperatures of 860°C, 1000°C, and 1100°C.
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Figure 3-7. Micro-Raman spectra of D4 HFCVD films deposited
at filament temperatures of 800°C, 900°C, and 1000°C.



Nuclear Magnetic Resonance (NMR) Spectroscopy. Si CP-MAS NMR
spectra were obtained for the D; and D4 HFCVD films and are shown in Figures 3-8 and
3-9. Typical chemical shifts reported in the literature for organosilicon CVD films are

included in Table 3-4.%0°1464
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Figure 3-8. *Si Solid-State CP-MAS NMR spectra of D; HFCVD film deposited
at filament temperatures of 860°C, 1000°C, and 1100°C.
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Figure 3-9. °Si Solid-State CP-MAS NMR spectra of Dy HFCVD filim deposited
at filament temperatures of 800°C, 900°C, and 1000°C.
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Table 3-4. ’Si NMR structures and chemical shifts commonly observed

in organosilicon CVD films.

symbol structure chemical shift (ppm) ref.
M (Si0)Si (CHa)s +6 AT
m" (Si0)Si"(H)(CHs), 6 74951

-10in D,
D (Si0),Si"(CHs), -20in D4 3146484951
-22 in PDMS

D" (Si0),Si'(H)(CH;) -3410-37 4647495152
T (Si0)5Si (CH3) 67 31464951
T (Si0);Si"(H) g4 047
Q (Si0)sSi” -105t0-110 3146484951

As suggested by Table 3-4, films deposited by other CVD methods commonly
show a wide variety of bonding environments, including the presence of M, D, T, and Q
groups as well as their hydrogenated analogs.’'***>* By contrast, only two primary peaks
were observed in these HFCVD films. The major peak at —19 ppm is assigned to the D
unit, (SiO)ZSi'(CHg)z. 31464849 The chemical shift for this moiety depends on the
conformation of the siloxane chain, typically varying from —22 ppm for PDMS to -10
ppm for D (due to ring strain). The lack of a doublet for this resonance analogous to that
observed in FTIR is probably due to the longer time scales used for signal averaging in
NMR. The closest assignment for the peak at -9 ppm suggested by the literature was for
M" [(Si0)Si"(H)(CH:),], which is typically reported at <6 ppm.“’*> However, there is
little evidence of Si-H bondiizg (usually observed near 2140 cm™) in FTIR spectra of the
HFCVD films. Since the Si-H stretching vibration has a high oscillator strength®, even
low concentrations of this moiety should yield a visible peak in FTIR spectra.
Furthermore, CP contact time experiments produced no change in the relative intensities
of the major peaks at -9 ppm and —19 ppm. It is anticipated that silicon directly bonded to
hydrogen would increase cross-polarization rate. Thus, the peak at -9 ppm is not
indicative of an M" structure. Rather, as suggested by Raman spectroscopy, this peak is
assigned to the presence of oRj; ring structures in the film. This assignment is close to the
reported shift of —10 ppm for the D unit in the strained molecule D3.*¢**5' The major

peak at —19 ppm is then associated with oR4 and/or unstrained siloxane units. The shift
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of +3 ppm from an unstrained D group suggests that this unit may be primarily present in
the form of a ring structure rather than a linear chain.*®

For both D; and D, films, the peak at -9 ppm increases in intensity as filament
temperature increases (see Figures 3-8 and 3-9). While this peak is present in the D; films
over the whole range of filament temperatures, it is of very low intensity in the D4 film
deposited at a filament temperature of 800°C. This is consistent with Raman data, which
shows very little oR4 in this film. The M peak at 5-6 ppm is also more intense in the Ds;
film deposited at filament temperature of 860°C than in its 1100°C counterpart. Since M
is more likely to be associated with linear structures in the film, a lower M content at high
filament temperatures is consistent with the higher content of ring structures suggested by
Raman spectroscopy. Both D3 and D, films show a low and constant concentration of T
groups, and almost no Q group. T and Q groups are conventional crosslinking and/or
branching groups in organosilicon materials, and are observed in significant
concentrations in films produced using PECVD.>*"**33 The absence of these groups
suggests that crosslinking in the film must be associated with some other bonding
structure. Based on the evidence of Si-Si bonding observed in Raman spectroscopy, it is

postulated that crosslinking in these films occurs preferentially in the form of Si-Si

bonding.

X-Ray Photoelectron Spectroscopy (XPS). Elemental ratios obtained using
XPS analysis are reported in Table 3-5. The O:Si ratio is fairly constant for all films
except the Dy film deposited at a filament temperature of 800°C, which shows a high
O:S:i ratio of 1.23. The higher O:Si ratio for the this film is consistent with *°Si NMR data

indicating a greater concentration of T groups.

Table 3-5. XPS elemental ratios for HFCVD films from D; and D;.

Precursor T °C) O/Si C/Si
860 1.19 1.63

D; 1000 114 1.42
1100 112 1.38

800 1.23 1.86

D 900 1.10 1.44
1000 1.12 1.34
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A C:Si ratio of less than 2.0 indicates that all films are deficient in carbon as
compared to the precursor molecules. Cls high-resolution scans confirm that carbon is
present exclusively as methyl. The methyl content appears to depend on filament
temperature, with a significant loss of methyl at high filament temperatures for both Ds
and D, films. In all but one film, Si2p high-resolution scans showed no evidence of
silicon oxidation states other than 2+, confirming that very little T and Q is present in the
films. For the Dj; film deposited at a filament temperature of 1100°C, the Si2p and Cls
high-resolution scans show slight shouldering on the main peaks. One source for this
shouldering may be the slight increase in T group concentration observed in »Si NMR
(Figure 3-8). However, this is inconsistent with the low O/Si ratio reported for this film,
and similar shouldering is not observed in the D, film deposited at filament temperature
of 800°C which shows a greater O/Si ratio. More likely, the shouldering is a shift
associated with Si-Si bonding that becomes visible when the concentration of this moiety
is high. The origin of the shouldering in the Cls scan is uncertain but is unlikely to
originate from carbonyl or methylene moieties in the films, as these would be visible

using other spectroscopic techniques (e.g. FTIR).

Atomic Force Microscopy (AFM). AFM indicated that the films were very
smooth. A typical micrograph is shown in Figure 3-10, in this case for a D, film
deposited at a filament temperature of 900°C. RMS roughnesses for all films were of the
order of 1.0 nm. The RMS roughness of the silicon substrate was 0.53 nm.> This in
contrast to fluorocarbon films deposited using HFVCD, which often show significant
morphology.”® This morphology is possible due to the lack of ion and electron
bombardment which tends to cause densification and film damage in films grown via
PECVD. The smoothness of our films deposited using a similar HFCVD process suggests

that there is efficient packing on the molecular level in the organosilicon films.
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Figure 3-10. Atomic force micrograph of Dy HFCVD film deposited at a filament temperature of 900°C.

RMS roughness over image area is 1.1 nm. RMS roughness of bare silicon is 0.53 nm.

Reaction Chemistry. Possible pathways for the production of film growth
species under thermal excitation are shown in Figure 3-11. Reactions [ through 3
describe respectively the molecular rearrangement of D; to produce D; and the
intermediate species dimethylsilanone (D;, Me,Si=0), methyl abstraction from the ring
to produce a radical ring species, and ring-opening to produce a linear diradical group.

Reactions 4 through 6 are analogous pathways for Dj.
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Reaction Description

. Intramolecular
(l) D4 And D3 + MeZS|"O Rearrangement
N Me
~Me -
Me~.-°SK Me . ° S\
2 D, = Me-+ 1 DM - 2Me- + T (')./MG — Methyl
) 4 € o,Si-O SRue es O:Si—O Sive Abstraction
o e
. . . . . Ring
)] D, + -O(Me,SiO);Me,Si* or -O(Me,SiO);Me,Si* Opening
. Intramolecular
(4) D3 b D2 + Me‘ZSFO Reurrangement
M M M M
e\,o\/e E'.\,0\/‘3
.Sll S'l\ ’SI’ Sli- Methyl
®) D; = Mes+ O\S i,0 Me = 2Me- + O\Si’o - Abstraction
Mé }\de Me, \Ae
. . . " Ring
(6) D; < <O(Me,SiO),Me,Sic or -O(Me,SiO),Me,Si Opening

Figure 3-11. Reaction pathways for the production of
polymerization precursor species in D; and Dy HFCVD.

Previcus studies have investigated the gas-phase pyrolysis of D3 and D4 over a
temperature range from 400 to 1100°C and a pressure range from 10 to 1.0 Torr.?' 760
For the pyrolysis of D4, the only products observed were D; and Ds, with the rate of
formaticn of Ds decreasing rapidly above 2% decomposition until D3 was the only
product at high conversions. **% The formation of the intermediate D; was postulated to

explain the observed results, and the presence of Ds explained by recombination of D,

58.61.62

with Dy4. Other authors have postulated the existence of D, , and evidence for its

existence has been collected in matrix IR studies of the vacuum pyrolysis of D4*'. In the
latter study, temperatures of 900°C to 1,050°C were used, closer to those used in our
work, and significant conversion of D4 to D3 was also noted at these higher temperatures.
D, may result from the intramolecular rearrangement of D4 at high temperatures, and
similar thermal rearrangements have been observed in other dimethylsiloxanes. It has
been suggested that these involve the formation of a bicyclic transition state, accounting

for the predominant cleavage of the Si-O bond over the weaker Si-C bond.*!-*8%¢
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D; may be a growth precursor for the organosilicon films, with a polymerization
mechanism analogous to that postulated for the diradical difluorocarbene (CF,) during
HECVD of fluorocarbon films.®’ Indeed, heterogeneous loss of D, has been postulated to
account for discrepancies in the mass balance in previous pyrolysis studies of D,.%° For
the early stages of this pyrolysis (<4% decomposition), an activation energy of 301+6.3
kJ/mol was reported for Reaction 1.%° This is close to the apparent activation energy of
301+102 kJ/mol estimated for D, in the present work, and suggests that Reaction 1 may
be the predominant pathway for the pyrolysis of Dy at low filament temperatures. It is
illuminating to apply the reported rate law to our CVD system. At low filament
temperatures (e.g. 800°C), where the conversion of Dy is likely to be less than 4% and
569°C may be representative of temperatures in the gas phase some distance from the
filament, the conversion of Dy using this rate law is calculated to be 0.3%. Assuming a
film density”’ of 1.3 g/cm’, the production of D, could yield film growth at a rate of 108
A/min on a 4-inch wafer. By comparison, the measured deposition rate at 800°C was 22
A/min. At higher filament temperatures (above 1,000°C), the conversion of D, exceeds
4% and the rate law no longer applies. Hence, film growth by D; generated via Reaction
1 is possible, and could lead to a linear siloxane backbone structure. This may explain the
higher C/Si ratio in XPS and the lack of ASM doublet structure in FTIR for the Dy film
deposited at a filament temperature of 800°C.

In contrast to Dy, the pyrolysis of D5 is not expected to yield significant quantities
of Dy. The D, ring is highly unstable®*®® and the elimination of D; from Dj; as shown in
Reaction 4 is known to be highly endothermic.®*®* The lack of this pathway for
producing growth species may explain the lower deposition rates observed for Ds, despite
the molecule’s planar strained conformation and typically high reactivity in heterolytic
reactions. Instead, the rupture of the silicon-methyl bond via Reaction 5 is likely to
predominate. In preliminary studies, Davidson et al. reported on the kinetics of this
reaction for the loss of one methyl group between 578°C and 662°C.%° Calculations at
662°C analogous to those performed for Reaction | showed that a loss of one methyl
group from Dj; via Reaction 5 could account for a conversion of 0.6% of the precursor,
and could yield film growth at a rate of 762 A/min. If only one methyl group were lost

per D3 molecule, the oR3 ring structure could be incorporated into the film as a terminal
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group. Additional methyl abstraction processes may also occur after the initial loss,
resulting in incorporation of the oR; structure as a polymeric (loss of two methyl groups)
or networked unit (loss of three methyl groups). Incorporation requires bonding of the
oR;3 group to another oR3 group and/or a D; unit, and, in the absence of free oxygen,
involves a silicon-silicon bond. This may be the origin of the assigned silicon-silicon
group observed in Raman spectroscopy. By similar reasoning, methyl abstraction from
Ds, as shown in Reaction 2, and subsequent incorporation of the oR4 group is possible.
However, no kinetic data has been found for Reaction 2.

Ring-opening is also possible for both D3 and Dy, as illustrated in Reactions 3 and
6. However, direct homolytic cleavage of the Si-O bond in cyclosiloxanes to produce
diradicals of the form -SiMe;(OSiMe;),0- is unlikely.m‘64 Free radical polymerization of
diradical species produced by Reactions 3 and 6 is thus improbable. Ionic polymerization
also seems unlikely in an HFCVD environment, where ions are expected to be short-
lived. Such pathways are more likely in a plasma environment, where ionic species
formed from the ring-opening of cyclic dimethylsiloxanes have been postulated to
explain growth mechanisms in organosilicon PECVD from similar 1Jrﬁcur.%0rs"69'7l
Furthermore, if the ring-opening reaction were the primary contributor to the production
of film growth species, it is anticipated that greater ring strain .in D; would be reflected in
higher growth rates for that precursor. Instead, Figure 3-1 shows that deposition rates for
D, are consistently higher than for D;. For comparison, ring strains of 10.5 kJ/mol for D3
and 1.00 kJ/mol for D, have been re:portc:d.68 Hence, polymerization of linear species
produced via Reactions 3 and 6 does not appear to be a dominant mode of film growth.

Film growth in D3 and Dy HFCVD films is thus believed to occur mainly through
the combination of growth precursors generated via Reactions 1, 2, and 5. For Dy, there is
competition between the generation of D; via Reaction | and the generation of oR4
groups from methyl abstraction in Reaction 2. Since Reaction 1 produces Dj, there is an
additional pathway for the incorporation of oR3 groups generated via Reaction 5. At low
filament temperatures, Reaction 1 may dominate, resulting in film growth primarily from
D, species. At higher filament temperatures, however, evidence of oR3 incorporation
suggests that Reaction 5 starts to compete. For D3, Reaction 5 is the predominant source

of potential growth precursors in the form of oR; structures. However, it does not appear



to be the only source, as all films from D3 show some evidence of incorporation of oR4
and/or /D units in the film structure. Pyrolysis studies of D3 have shown evidence of
appreciable concentrations of D, in the pyrolyzate, and it was found that the
concentration of D, in the pyrolyzate decreased as pyrolysis temperature increased.>’*®
At low filament temperatures, where D4 concentrations are higher, there is probably a
significant contribution of Reaction 1 to the chemistry. At higher temperatures, where D3
concentrations are high, Reaction 1 is probably less favorable and D4 reacts preferentially
via the methyl abstraction process in Reaction 2. This may explain the shift observed in
the Raman peak assigned to oR4 and/or /D as filament temperature increases (Figure 3-6).
For the 860°C film, this peak is centered close to 495 cm’’, but shifts to about 505 cm’'
for filament temperatures above [000°C. There also appears to be a new peak that
appears near 465 cm™' above this temperature. Most likely, the peak centered around 495
cm’' is indicative of a linear siloxane unit derived from the polymerization of D;. The two
peaks that appear at higher temperature are indicative of an oR4 unit (at 505 cm')and a
larger structure such as oRs (at 465 cm"). The five-membered siloxane ring, oRs. could
originate from Ds via methyl abstraction processes analogous to those in Reactions 2 and
5.

It is thus postulated that growth of the D3 HFCVD occurs in two distinct regimes:
at low filament temperatures, there is growth primarily from linear polymeric units (/D)
and by the incorporation of rings consisting of three siloxane units (0R3); at high filament
temperatures, there is growth primarily from three- and higher-membered siloxane rings
(oR3, 0R4, 0RS, and higher). This growth model is consistent with previous studies of D3
pyrolysis, in which it was observed that as temperature increased, the composition of the
pyrolyzate changed from a linear polymeric mixture of molecular weight 1810 to a

mixture of cyclic components consisting mainly of D3, Dy, and Ds.”

Film Structure. The physical properties of D3 and D; HFCVD films show
evidence of crosslinking. In particular, as-deposited films are found to be insoluble in
common solvents, and form visible flakes when scraped off the wafer. In contrast, a
polymethylsiloxane polymer with a composition of 30% T and 70% D groups -

corresponding to a C:Si ratio of 1.70 — is a liquid at ambient conditions, and more



crosslinked polymethylsiloxanes remain resinous up to a composition of about 90% T
and 10% D groups — a C:Si ratio of 1.10.®® The HFCVD films show higher C:Si ratios of
between 1.90 and 1.30, but are coherent, hard, and show no evidence of tackiness.
Qualitatively, films deposited at higher temperatures are observed to be harder than those
deposited at lower temperatures, suggesting higher crosslink densities. However, the
concentration of T and Q groups observed in NMR even at high filament temperatures is
not sufficient to explain the lack of resinous character in the films. Some other type of
crosslinking group must be present.

Spectroscopic evidence suggests that this networking oc. urs via silicon-silicon
bonding. This bonding could originate during film growth from ring structures that have
lost methyl groups, as illustrated in Reactions 2 and 5 in Figure 3-11. These reactions
produce cyclic structural units capable of silicon-silicon bonding. Ring structures are then
“tiled” into the film structure and observed as the moieties oR3 and oRi. Analogous
silicon-silicon bonding of cyclic structures has been observed in radiation-induced
crosslinking of Dj,’* and other occurrences of Si-Si bonding have also been reported for
similar organosilicon materials.”” Raman data confirm that, for both D3 and D; films,
there is a simultaneous increase in intensity for bands assigned to oR3 and silicon-silicon
bonding as filament temperature is raised. Reactions 2 and 5 thus appear to be the
dominant pathway for silicon-silicon bonding.

Increased crosslink density by silicon-silicon bonding is expected to occur at the
expense of methy! groups. This is confirmed by XPS data from Table 3-5, which show a
decrease in methyl content as filament temperature is increased, with no corresponding
change in oxygen content. From the data, it is possible to speculate on the average
number of silicon-silicon bonds per structural unit. To form part of a polymeric chain, at
least two methyl abstraction events are required per structural unit. For the case where
only three-membered siloxane rings are incorporated, data from Table 3-5 correspond to
an average loss of 2.0 methyl groups per ring. For the case where only four-membered
rings are incorporated, these data correspond to an average loss of 2.6 methyl groups per
ring. A loss of at least three methyl groups per ring is necessary to produce a networked
structure. The data are thus consistent with incorporation of both oR3; and oR4 units in

HFCVD films .
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3.5 Conclusions

Hot-filament CVD is a technique that is capable of producing smooth
organosilicon thin films of unique structure at high deposition rates. Filament temperature
can be used as a control variable for varying film structure. During the growth process,
there appears to be competition between pathways for the incorporation of three-
membered and higher-order siloxane ring structures, and pathways for the incorporation
of linear structures in the films. For both D3 and Ds, there is greater incorporation of ring
structures consisting of three siloxane units (0R;) as filament temperature is increased.
The incorporation of these structures is more pronounced for films grown from Ds. D3
films also shows evidence of higher-order ring structures such as oR4 and oRs at high
filament temperatures. By contrast, D, films show a greater degree of incorporation of
linear, unstrained structures (/D) over the range of filament temperatures studied. Ring
structures are generated from methyl abstraction processes, and are incorporated into the
structure via silicon-silicon bonds. In contrast to organosilicon films produced by plasma
processing, crosslinking via silicon-silicon bonding appears to predominate over that

from ternary or quaternary siloxane bonds.
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Fluorocarbon Films Using
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4.1 Abstract

As microelectronic feature sizes decrease to 100-nm and below, major advances
in both interconnect and lithography technologies are necessary. Novel low-k candidates
being assessed include fluorine- and silicon-containing materials produced by chemical
vapor deposition (CVD). Fluorine- and silicon-containing polymeric materials, highly
transparent to 157-nm radiation and developable in supercritical CO,, are also ideal for
advanced 157-nm lithography since, at this wavelength, conventional photoresists are
opaque. We are investigating a direct dielectric patterning process in which a low-k
fluorocarbon or organosilicon material is deposited by pyrolytic CVD, exposed, and
developed using no wet chemistry. In our scheme, a film is deposited using CVD and
then masked and exposed using e-beam or a 157-nm source. Development is
accomplished using supercritical CO; as a dry developing medium. The patterned film
then serves as a low-k material compatible with metallization schemes such as the
damascene process. This technology would greatly simplify future device manufacture by
reducing the number of steps involved in patterning. The dry CVD process and the use
«? non-flammable, non-toxic, recyclable supercritical CO, for development offers
enwironmental, safety and health advantages over solvent-based spin-on coating and
aqueous development. Supercritical CO, has high diffusivity, no surface tension, and
solvating capabilities tunable through pressure and temperature control. It is thus an ideal
solvent for development of small, high-aspect ratio features. Positive-tone contrast has
been demonstrated in fluorocarbon CVD films and fully-developed images of 0.5-micron
have been demonstrated from e-beam exposure. We are presently working to enhance

sensitivity and optimize image resolution.

80



4.2 Introduction

Microelectronics processes are increasingly designed with environmental impact
in mind. As technologies change, new process insertion points occur. While polymers
have traditionally been employed as photoresist materials, their potential applications in
microelectronics have expanded to include low dielectric constant (low-k) materials.'
Non-plasma chemical vapor deposition (CVD) techniques, such as hot-filament CVD
(HFCVD, also known as pyrolytic CVD), have been shown to offer the ability to tailor
the chemistry of films with polymer-like structure.”” In particular, HFCVD allows for
more control over precursor fragmentation pathways than conventional plasma-enhanced
CVD (PECVD). Thermal activation is limited to the gas phase and independent control of
the substrate temperature can be exercised. HFCVD using hexafluoropropylene oxide
(HFPO; CF;CF(O)CF,) as the precursor gas has been shown to produce fluorocarbon
films spectroscopically similar to polytetrafluoroethylene (PTFE).® Bulk PTFE has the
lowest dielectric constant of any non-porous material (k ~2.0), making films produced by
this method attractive candidates for interlayer dielectrics. Similar to other fluorine-
containing materials, they are highly transparent at 157-nm" but are insoluble in aqueous
developers currently used.

Supercritical CO, (SCF CQO,) is a promising development medium ror fluorinated
polymer resists.” Performance enhancement is possible due to the unique properties of the
supercritical phase. including low viscosity, negligible surface tension, high diffusivity
relative to the gas phase, and density similar to that of the liquid phase. Solvating
capability can be fine-tuned by temperature and pressure control.® Pattern collapse caused
by surface tension in liquid developers can also be avoided. Indeed, superior performance
in producing high aspect ratio features has already been demonstrated using SCF CO, as
a drying agent following resist development.” In this communication we present the
results of a collaboration intended to merge the role of resist and dielectric material,
resulting in directly-patterned low-k films. These patterned films serve as insulating
material compatible with metallization schiemes including the damascene process. In this
way, it may be possible to eliminate multiple steps presently required in producing
patterned insulators. Environmental, health and safety benefits are also earned by the

elimination of wet chemistry in photoresist application and development steps. Using
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such a scheme, we have demonstrated positive-tone contrast in fluorocarbon HFCVD

films using e-beam exposure and SCF CO, development.

43  Experimental

HFCVD films for patterning were deposited on silicon wafers in a custom-built
vacuum chamber. Undiluted HFPO, donated by DuPont, was used as the precursor gas.
For the hot filament, Nichrome wire (28 AWG, 80% Ni, 20%Cr) was resistively heated
using a constant voltage of 60 V. Filament temperature was 500+50°C. The filament to
substrate distance was maintained at 2.5 cm. Using backside water cooling, substrate
temperature was maintained below 48°C during deposition. Details of the reaction
chamber and filament have been described elsewhere.® An investigation of the effect of
three major process variables (filament preconditioning time, precursor flow rate, and
pressure) was undertaken.’ Preconditioning was accomplished by burning a virgin
filament at deposition conditions for a predetermined period prior to deposition. Some
effect of post-deposition annealing was also considered. Several samples were chosen for
e-beam exposure and SCF CO; development. Those that showed contrast are summarized

in Table 4-1.

Table 4-1. Deposition conditions for CVD films that showed sensitivity to e-beam exposure.

preconditioning deposition anneal HFPO chamber film
sample no. time time time / temp flow rate pressure thickness

(min) (min) (min / °C) (sccm) (Torr) (nm)

1 5 30 60/ ~400 i7 0.5 753

2 5 5 no anncal 17 0.5 435

3 5 5 60/ ~200 17 0.5 300

4 15 30 no anneal 30 4.5 722

5 15 60 no anneal 30 1.0 450

Films were characterized while on th;, substrate by Fourier Transform Infrared
Spectroscopy (FTIR), using a Nicolet Magna 860 spectrometer in normal transmission
mode. Film thickness was determined by profilometry. Exposure was performed using a
Leica/Cambridge EBMF 10.5/CS with 40 KeV beam energy and a current of 1-10 nA.

Supercritical CO, development was carried out using a commercial supercritical fluid
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extraction (SFE) system from Applied Separations, as described previously’. SCF grade
4.0 liquid CO; (99.99% pure) with less than 100 ppm compressible contaminants and a
1500 psi He headspace from Mattheson was used at a temperature of 80°C and a pressure

of 6000 psi at a flow rate of 2-4 L (vapor CO;)/minute.

4.4 Results and Discussion

Fourier Transform Infrared (FTIR) Spectroscopy. In Figure 4-1, FTIR
spectra of four of the samples tested show strong absorption bands at 1,155 cm™ and
1,215 cm’™, assigned to CF, symmetric and asymmetric stretching.'™'' Other bands
typically associated with CF, moieties are also present below 700 cm™. The spectra differ
from one another and from bulk PTFE primarily in the presence of a broad absorption
band centered around 3,400 cm™, and in the presence of bands at ~1,680 cm™ (in samples
1, 2, and 3), 1,780 cm™ and 1,880 cm™. The broad band above 3,000 cm™ is usually
assigned to bound OH and indicates the presence of hydroxyl groups within the film.'?
The ratio of OH/CF, for each sample was estimated by integrating the areas of the
corresponding absorption bands in Figure 4-1. The absorptions between 1,700 cm™ and

1,900 cm™ are associated with C=0 moieties, particularly those in COOH and COF.'*"*
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Figure 4-1. FTIR spectra of hot-filament CVD fluorocarbon films from HFPO, showing
the change in ~OH and -COOH content as a result of varying process conditions.
OH/CF,; ratios were estimated by integrating the area of each absorption stretch in the

FTIR spectra.

The presence of groups such as COOH and COF is rationalized by considering
the decomposition pathway of HFPO. During thermal activation, HFPO gas can
decompose to form CF. radicals and the stable gaseous byproduct trifluoroacetyl fluoride
(CF:CFO; TFACF)."™'® The CF; radicals can then polymerize to form linear chains and
produce fluorocarbon films similar to PTFE. This decomposition pathway, however, does
not provide a means of terminating the polymerization process. Unterminated radicals at
the end of chains can readily react with oxygen to produce peroxy radicals, which can
further decompose to form COF, or react with water to produce COOH’. This is
analogous to the reactions that occur upon exposing irradiated bulk PTFE to air.'*'"
From Figure 4-1, it is observed that the concentration of these groups can be minimized

by careful design of the HFCVD process. OH and C=0O moicties were undetectable in the

FTIR spectra of sample 5 (not shown).
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Exposure and Development. The films examined in Figure 4-1 were exposed to
e-beam and developed using supercritical CO,. Positive tone patterning was achieved as
shown in the contrast curves, Figure 4-2. Complete development was observed in sample
4 with a dosage of 6,000 pC/cm>. Sample 5 also showed complete development at 6,000
puC/ecm®. Contrast for each sample in the series correlates qualitatively with the
concentration of OH and C=0O species. It is observed that the lower the OH/CF: ratio, the

higher the contrast under e-beam exposure.
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Figure 4-2. Contrast curves of samples 3, 4. 6, and 7. showing c-beam

sensitivity following SCF CO, development. Sample 4 developed

completely in positive-tone.

The high doses required for development suggest that the order-of magnitude
increase in sensitivity desired for appropriate lithographic processing will require an
explicit understanding of the contrast mechanism coupled with specific molecular design
of future films. Addition of moieties for chemical amplification at e-beam (and
cventually 157 nm) may also be necessary. An atomic force microscope image of 1.0 um
lines and spaces is shown in Figure 4-3. These 1.0 pm lines showed complete positive-
tone development with high contrast. Sub-micron lines/spaces of 0.25 um have also been
obtained. AFM of the films after e-beam exposure and prior to development indicated
that ablation was not responsiblc for the high contrasts observed. Rather. supercritical

CO; acts as a developing medium to remove the irradiated material.
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shown at left.

Conclusion

We have demonstrated succcssful patterning of 1.0 pum lines/spaces in

fluorocarbon CVD films using a novel patterning process. Ongoing work inciudes the

incorporation of moieties during the CVD process to improve sensitivity and resolution.
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5.1 Abstract

We have demonstrated the successful use of an initiator species in hot-filament
chemical vapor deposition (HFCVD) of PTFE thin films. The introduction of PFOSF in
small concentrations allows the enhancement of deposition rates, increased control over
film composition, and control over film morphology. Endcapping by CF; groups is
possible, which may provide benefits such as enhanced thermal stability and higher
hydrophobicity for HFCVD fiims. Conversion of the PFOSF is high, and HFPO
utilization efficiency can be increased significantly. The generation of an initiator radical
via the pyrolysis of PFOSF may contribute to erhanced nucleation rates during film
growth. Initiation and/or nucleation is rate-limiting at low filament temperatures, and

mass transport limitations dominate at higher filament temperatures.
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5.2 Introduction

Hot-filament chemical vapor deposition (HFCVD, also known as pyrolytic CVD),
offers the ability to tailor the chemistry of films with polymeric structure.'™ In particular,
HFCVD allows for more control over precursor fragmentation pathways than
conventional plasma-enhanced CVD (PECVD).> HFCVD uses thermal activation in the
gas phase to generate reactive specicss, and allows independent control of the substrate
temperature to be exercised. The latier characteristic differentiates HFCVD from
conventional thermal CVD, in which precursor breakdown temperature and substrate
temperature are identical. The control over reaction pathways available via HFCVD make
it possible to produce polymeric fluorocarbon films spectroscopically similar to
poly(tetrafluoroethylene) (PTFE) with the precursor hexafluoropropylene oxide (HFPO;
CF;CF(O)CF»).* PTEE has many desirable properties, including a low refractive index
and dielectric constant, low coefficient of friction, excellent chemical resistance, and high
thermal stability.®® Thin films of PTFE offer advantages for applications as diverse as

1011 and interlayer

optical coatings’, biopassivation coatings for implantable devices
dielectrics (ILDs) in integrated circuits'*"? However, bulk PTFE's high melt viscosity
and poor solubility make it difficult to process into thin, conformal, and uniform films.?
By contrast, HFCVD is capable of providing good control over film structure and
morphology on wide range of substrates, including those that are thermally sensitive or of
complex geometry.

Previously, we have reported on the characterization of films produced using this
proccssz‘}, and on progress made in understanding the deposition chemistry of HFPO
during HFCVD.’ In this paper, we report on the effects of adding an initiator species,
perfluorooctanc sulfonyl fluoride (PFOSF, CF;(CF:);SO:F), to the HFCVD process. As
in conventional polymer chemistry, the use of an initiator allows control over both
growth rates and chemical composition of the resulting polymeric film. The use of

PFOSF also allows further elucidation of the chemistry of this novel deposition process.
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53  Experimental

Films were deposited on silicon wafer substrates in a custom built vacuum
chamber, as described previously.'* Thermal excitation was accomplished by resistively
heating 28 AWG Nichrome wire (80% Ni/20% Cr) strung or a filament holder. The
filament holder straddled a cooled stage on which the silicon wafer was placed. The
filament to substrate standoff was 1.0 cm. Pressure in the reactor was maintained at 1.0
Torr by a butterfly valve. Undiluted HFPO of 98% purity, donated by DuPont, was
metered and controlled by a mass-flow controller. PFOSF was vaporized in a heated
vessel and delivered through a needle valve to maintain flow rates of approximately 3
sccm, 6 sccm, and 11 sccm at three different valve settings. Experiments were performed
at these valve settings and HFPO flow rates of 78 sccm and 158 sccm to evaluate the
effect of the PFOSF/HFPO flow ratio on deposition rate. Filament temperature was
measured using an 2.2 pum infrared pyromcter. For oxidized Nichrome, a spectral
emissivity of 0.85 was estimated from direct contact thermocouple measurements.
Temperatures were consistent from run to run and there was little variation in power
requirements for heating the wire. Films were deposited at filament temperatures ranging
from 435 °C to 580 °C. A single filament array was preconditioned for 15 minutes at 510
°C and used for all runs. Substrate temperaturec was maintained below 40 °C by backside
water cooling. Deposition rates were monitored in situ using interferometry. A cycle
thickness of 2,500 A/min was calculated and confirmed by profilometry measurements.
Nuclear Magnetic Resonance (NMR) experiments were performed on a home-built
spectrometer tuned to 254.0 MHz for '’F detection. A Chemagnetics 3.2 mm double-
resonance solids probe was spun at 23 to 25 kHz to perform high-resolution Magic-Angle
Spinning (MAS). All spectral chemical shifts were referenced to CFCls. Other
experimental details have been described elsewhere.'® Atomic force microscopy (AFM)
was performed on a Digital Instruments Dimension 3000. Images were taken under

tapping mode with a standard ctched silicon tip.
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5.4 Results and Discussion

Deposition Rate. The addition of small quantities of PFOSF to the HFCVD
process increases deposition rates significantly, as indicated in Figure 5-la. This
enhancement in deposition rate is sensitive to the ratio of PFOSF/HFPO for filament
temperatures between 465 °C and 531 °C. With PFOSF present, the deposition rate is also
found to be sensitive to filament temperature. In Figure 5-1b, deposition rates are plotted
in Arrhenius form for films deposited at PFOSF/HFPO ratios greater than 0.07. Two
kinetic regimes are observed, with the transition point occurring at a filament temperature
of about 470 °C. Below this temperature, the deposition rate depends strongly on filament
temperature, and an apparent activation energy of 256 kJ/mole is estimated. Above this
temperature, the deposition rate is significantly less sensitive to temperature, and the

apparent activation energy is close to zero.
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Figure 5-1. Deposition raies of HFCVD fluorocarbon films from PFOSF and HFPO,
showing the effect of a. adding PFOSF, and b. changing filament temperature. Trend
lines in Figure 5-1a are included for visual clarification. Figure 5-1b shows data for
PFOSF/HFPO ratios greater than 0.07, and is plotied in Arrhenius form. Regression fits

illustrate kinetic regimes above and below ~470°C.

Nuclear Magnetic Resonance (NMR) Spectroscopy. To elucidate differences
in composition between films produced with and without PFOSF, solid-state "F NMR
spectroscopy was performed on the films (Figures 5-2a and 5-2b). Assignments are made

from the literature.'”
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Figure 5-2. Nuclear Magnetic Resonance (NMR) spectra of a. HFCVD film from the
precursors HFPO and PFOSF, b. HFCVD film from the precursor HFPO with no
PFOSF, and ¢. bulk PTFE. Concentrations of CF;, CF,. and CF are shown in mol %.

As in bulk PTFE (Figure 5-2c), both films show a primary peak at —123 ppm
assigned to CF>CF>'CF>. The HFCVD films (Figures 5-2a and 5-2b), however, show a
shift at —84 ppm which is associated with the endgroup CF; CF,CF-, and a corresponding
shift at —~128 ppm from CF;CF>"CF,. The HFCVD films also show evidence of CF near
~156 ppm. No spectroscopic evidence was found indicating retention of the SO, group
from PFOSF. The concentrations of each of the moieties CF, CF,, and CF; have been
tabulated in Figures 5-2a through S5-2c. The concentration of CFi in bulk PTFE is
typically on the order of 0.01 mol %. below NMR sensitivity.” Films deposited from
HFPO with the addition of PFOSF have a higher CF; concentration than both bulk PTFE
and films deposited from HFPO alone.
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Atomic Force Microscopy (AFM). The morphology of films produced with the
addition of PFOSF was investigated using Atomic Force Microscopy (AFM). Figure 5-3
shows the effect of filament temperature on films produced using a PFOSF/HFPO ratio
of 0.145. Anisotropic, rodlike grain morphologies are observed in the film deposited at a
filament temperature of 435 °C (Figure 5-3a) and an RMS roughness of 47 nm is
calculated. The film deposited at a filament temperature of 580 °C (Figure 5-3c) shows
nodular morphology and is much smoother with an RMS roughness of 6 nm. A
roughness of 15 nm was measured for the film deposited at 510 °C (Figure 5-3b). By
comparison, the underlying silicon wafer substrate has an RMS roughness of 0.5 nm.'®
Previous work'” has shown that films grown from HFPO at low deposition rates possess
high-aspect ratio grain structures similar to those observed in Figure 5-3c. Nodular
structures comparable to those observed in Figure 5-3a were observed at higher
deposition rates. Changes in morphology were attributed to competition between the rates
of nucleation and propagation during the HFCVD process.'” By this reasoning, growth of

films from PFOSF and HFPO at filament temperatures below 510 °C must be dominated

by nucleation and/or initiation pathways rather than propagation events.
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Figure 5-3. Atomic Force micrographs showing the cffect of filament temperature on the
morphology of HFCVD films from HFPO and PFOSF. Films were deposited at a
PFOSF/HFPO ratio of 0.145 and filament temperatures of a. 435°C. b. 510°C, and c.

580°C. RMS roughnesses are also si “wn
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Reaction Chemistry. The pyrolysis of PFOSF has been investigated by other
workers over a temperature range of 460 °C to 550 °C, comparable to the range of
filament temperatures used in our work.'®!® No activation energy was reported.
Conversion of the PFOSF was found to increase with temperature, and conversions of
greater than 90% were reported above 490 °C at all PFOSF flow rates considered.'®
Observed products were perfluorinated straight chain molecules from Cs to Cis. A free
radical mechanism was postulated to account for the formation of these products, with
CF;3(CF2)6CF;- as the primary reactive species. Similar pyrolysis chemistry is expected to
occur in our HFCVD system, and the formation of this radical species may constitute an
initiation event analogous to that described in classical polymer chemistry. The diradical
species, CF, (difluorocarbene), generated from the pyrolysis of HFPO would then
constitute the propagating species. The proposed polymerization scheme is illustrated in
Figure 5-4. Reaction (1) describes initiation via the pyrolysis of PFOSF. Reaction (2)
describes the generation of polymerizable species from the pyrolysis of HFPO>***, and

reaction (3) is the propagation step. Termination can occur via reaction with an

oligomeric fragment or the initiator species, as illustrated in Reactions (4) and (5).

Initiation: CF;(CF;);SO;F — CF3(CF,)¢CF;- + SO, + F- )]
Monomer Generation: CF;CF(O)CF, — CF;: + CF;,C(O)F )
Propagation: CF;(CF,)¢CF;+ + nCF,: — CF;3(CF,)6(CF3), - (3)
CFi(CF)s(CF,y), - + CFy(CFy)6(CFy)m+  — CF3(CF2)nims12CF3 (C))]
Termination:
CF3(CFp)(CFy),+ + CF3(CFy)4CF; - — CF3(CF2),13CF3 5

Figure 5-4. Proposed polymerization mechanism for HFCVD using HFPO and PFOSF-.

The postulated mechanism provides an explanation for the results observed in our
work. The enhanced deposition rate of the films from HFPO and PFOSF is consistent
with a mechanism in which PFOSF contributes to initiation. The sensitivity to PFOSF
flow rate shown in Figure 5-1a suggests that initiation may be rate-limiting. However, the
sensitivity of deposition rate to filament temperature shown in Figure 5-1b indicates that
there exists two kinetic regimes over the range of temperatures studied. Below about 470

°C, initiation via the pyrolysis of PFOSF is the rate-controlling step. Indeed, the apparent
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activation energy of 256 kJ/mole for this region is close to the reported C-S bond energy
of 272 kJ/mole.> Above 470 °C, the kinetics are dominated by mass transfer limitations,
and deposition rate is relatively insensitive to filament temperarure.>* In previous work,
the conversion of PFOSF at 470 °C has been reported as greater than 90% for low flow
rates.'®'” The conversion was observed to reach a maximum of about 97 % at 530 °C, and
was almost independent of flow rate above 550 °C.'® This suggests that above 470 °C,
initiation via reaction (1) is no longer limiting.

Initiation by pyrolysis of PFOSF is also evidenced by the higher CF;
concentrations observed in films deposited from both PFOSF and HFPO. These CF;
moieties originate from the initiator radical produced by reaction (1) and are incorporated
into PTFE chains as end groups during propagation and termination. When HFPO is used
without PFOSF, initiation and termination by CF; groups is less likely, and films reveal
the presence of OH and CO/COO moieties due to the reaction of unterminated CF, chain
radicals with oxygen and moisture." Carboxyl end groups are observed in
fluoropolymers produced using bulk processing methods, and are generally considered
deleterious and unstable.”*’ CF; end groups can impart properties desirable for many
applications, including thermal stability and hydrophobicity.”*?® The presence of the
PFOSF initiator radical thus provides a ricans for selectively endcapping the PTFE
chains.

The morphological effect induced by filament temperature suggests that initiation
and nucleation may be related in our system. In previous work with only HFPO, it was
proposed that nucleation was rate-limiting at low deposition rates, and propagation rate-
limiting at higher deposition rates.'* In our system, the initiation step is found to be rate-
limiting at low temperatures, and a rod-like morphology consistent with nucleation-
limited film growth is observed. Conversely, at high temperatures when initiation is no
longer limiting, nodular morphology is observed analogous to that observed for
propagation-limited film growth. The pyrolysis of PFOSF may thus constitute both an
initiation and a nucleation event. This may be due to a higher sticking coefficient for the
PFOSF initiator radical than for CF,. Indeed, the sticking coefficient for higher
molecular-weight fluorocarbon radicals is expected to be higher than that for CF.”,

which is typically on the order of 10* to 107 in the absence of low-energy ion
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bombardment.***' The PFOSF initiator species may thus adsorb preferentially to the
substrate surface and enable filim growth. It is significant that morphological control that
was previously available primarily by variation of filament condition and residence time

can now be implemented by adding a secondary nucleating species.

5.5 Conclusions

In conclusion, we have demonstrated the successful use of an initiator species in
HFCVD of fluorocarbon thin films. The introduction of PFOSF in small concentrations
allows the enhancement of deposition rates, increased control over film composition, and
control over film morphology. Endcapping by CF; groups is possible, whichk may provide
benefits such as enhanced thermal stability and higher hydrophobicity for HFCVD films.
Conversion of the PFOSF is high, and HFPO utilization efficiency can be increased
significantly. The generation of an initiator radical via the pyrolysis of PFOSF may
contribute to enhanced nucleation rates during film growth. Initiation and/or nucleation is
rate-limiting at low filament temperatures, and mass transport limitations dominate at
higher filament temperatures. The demonstration of PFOSF as an initiator species
validates the argument that many techniques relevant to classical polvmer chemistry may

be applied to HFCVD.
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Hot-Wire Deposition (HWCVD) of
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6.1 Abstract

Hot-wire or Hot-Filament Chemical Vapor Leposition (HWCVD or HFCVD)
affords the capability to synthesize fluorocarbon and organosilicon thin films. These two
classes of materials are of interest for a wide range of applications, including low
dielectric constant coatings for microelectronic interconnection, “dry” photoresists,
directly patternable dielectrics for lithographic production of integrated circuits,
insulating biomaterials for implantable devices with complex topologies and small
dimensions, low friction coatings, and semipermeable membranes. HWCVD from
hexafluoropropylene oxide (C3F¢O) dramatically reduces crosslink and defect
concentrations in fluorocarbon coatings, producing films which are spectroscopically
indistinguishable from bulk polytetrafluoroethylene (PTFE, Teflon™). Organosilicon
films can be deposited from cyclic precursors such as octamethylcyclotetrasiloxane (Ds)
at extremely high rates (>2 microns/min) by HWCVD. The bonding structure of
HWCVD organosilicon films is substantially different from both their plasma enhanced
chemical vapor deposition {PECVD) counterparts and bulk siloxane polymers, such as

poly(dimethysiloxane) (PDMS).
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6.2 Introduction

Both fluorocarbon and organosilicon films find extremely diverse applications
because of their unique electrical, chemical and surface properties. Fluorocarbon films
are currently being evaluated as dielectric interconnects in microelectronic circuits and as
passivation coatings in clinical devices."? Potential applications of organosilicon CVD
thin films include biocompatible coatings for medical implants3 , semipermeable
membranes®, integrated optical devices®, dielectric films®, and abrasion and corrosion
resistant coatin gs7. .

HWCVD represents an alternative to plasma-enhanced chemical vapor deposition
(PECVD) for depositing both fluorocarbon® and organosilicon’ thin films. Plasma
exposure is entirely eliminated by HWCVD, a process in which a fluorocarbon or
organosilicon gas is thermally decomposed over a hot surface while the substrate remains
cool. In HWCVD, substrate temperature and gas precursor breakdown temperature are
independently controlled. This is a distinct difference from conventional thermal CVD
which involves heating the susceptor on which the substrate is placed.

HWCVD overcomes some of the processing constraints of having a directly
heated substrate. The advantage of being able to achieve high temperature gas
decomposition, yet film deposition on a substrate at room temperature, is three-fold.
First, absorption limited deposition processes can be employed, since lower substrate
temperatures enhance such mechanisms. Second, temperature sensitive substrates can be
coated without difficulty, and film stresses due to temperature mismatch during and after
deposition can be eliminated. Finally, significantly higher tilament temperatures can be
attained with low power consumption, permitting a more extensive range of CVD

chemistries to be explored.

In this paper, HWCVD of fluorocarbon and organosilicon thin films in our

8-15 . .
laboratory 3 is reviewed.

6.3  Experimental

For the fluorocarbon films, undiluted hexafluoropropylene oxide (HFPO;

CF;CF(O)CF;) was used as the precursor gas. Organosilicon thin films were grown from
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octamethylcyclotetrasiloxarne, [(CHj3),SiOls, also known as D, from the commonly used
nomenclature of D for (CHj3),SiO~. D, is a monomer which is commonly used in the
base catalyzed, liquid phase ring-opening polymerization to PDMS.

Films were deposited onto silicon wafers by HWCVD in a custom built vacuum
chamber (Figure 6-1) having backside water cooling on the substrate. The filament to
substrate distance was maintained at 2.5 cm for the fluorocarbon films, and 1.0 to 1.5 cm

for the organosilicon films. Table 6-1 summarizes the other HWCVD process

parameters.

<

Figure 6-1. Schematic of the HWCVD Chamber. Showing gas inlet through upper

showerhead, pyrolysis on square filament array, and deposition onto a wafer substrate

resting on the bottom electrode. Gas pump out is toward the back side of the chamber.

Table 6-1. Typical process conditions for HWCVD.

CVD Parameter Fluorocarbon Organosilicon
Filament temperature (°C) 400 to 500 800 to 1000
Filament composition NiCr (80%/20%) Ta
Substrate temperature (°C) 25 25
Pressure (torr) 041t01.2 0.2t0 1.0
Flow rate (sccm) 10 to 400 ltol5
Feed gas HFPO D,
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X-ray photoemission (XPS) survey and Cls scans were obtained at a takeoff
angle of 45° using a Mg Ka; » source on a Perkin Elmer 5100 instrument. Two spectra
were run, a high resolution Cls and a low resolution (e survey) over a broader energy
range. A Nicolet 860 was used to obtain the Fourier transform infrared (FTIR) spectra.
High-resolution solid-state nuclear magnetic resonance (NMR) experiments were
performed with a Chemagnetics 3.2 mm magic angle spinning probe at a field of 6.3

Tesla.

6.4 Results and Discussion

Figures 6-2 and 6-3 compare the '’F NMR and FTIR spectra, respectively, for a
film grown by HWCVD of HFPO to bulk PTFE, showing the similarity in chemical

structure of the two types of materials.

bulk PTFE
A - JL A
- A 1 Jk A
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Figure 6-2. Solid state 'F NMR of HWCVD fluorocarbon film (bottom) and PTFE (top).
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Figure 6-3. FTIR of HWCVD fluorocarbon film (bottom) and PTFE (top).

The precursor gas HFPO has a well-known thermal decomposition pathway

(Figure 6-4), which commences at a fairly low temperature of 150°C."¢

CF,CFCF, — 2 . CcF, + CF,CF
)

:CF; ———— —(CF,CF;)—

Figure 6-4. Reactions for the pyrolysis of HFPO and

polymerization of difluorocarbene.

The product, difluorocarbene, can then polymerize to form linear CF; chains."”

Thus, HWCVD fluorocarbon films differ from their counterparts grown by PECVD. The
PECVD films generally have a F/C ratio of ~1.5 as compared to 2 for PTFE [-(CF;)-]. In
addition, the PECVD films contain dangling bonds (free radicals), double bonds and
crosslinks. These defects degrade the film electrical and mechanical properties, and also
contribute to the aging of these materials.'’ Exposure of the growth surface to the plasma
plays a key role in defect formation. Plasma exposure is entirely eliminated by HWCVD.

Using HWCVD from D, high deposition rates (up to 2.5 pm/min) for
organosilicon thin films could be achieved.” FTIR (Figure 6-5) verified that the deposited
films had the same functional groups as a poly(dimethylsiloxane) (PDMS) standard,
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though with a measurably lower methyl concentration. Marked differences in the IR

intensity can be seen at 2964 cm™ (asymmetric methyl stretch), 2906 cm ™!

(symmetric
C-H methyl stretch), and at 1410 cm’' (C-H methyl bending modes). No C-C crosslinking
is detected, since such a rearrangement would result in the appearance of new peaks in
the C-H stretch region at lower wavenumbers corresponding to sp3—CH2. Such sp3-CHg
peaks are often observed in PECVD films."® Thus, the HWCVD materials differ from

both PDMS and PECVD films.
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Figure 6-5. FTIR of HWCVD organosilicon film (top) and PDMS (bottom).

XPS showed that a typical film had an elemental composition of C:Si:O/ 1.5:1:1,
confirming the loss of methyl groups. **Si NMR suggested the existence of Si-Si
crosslinking in the film, also consistent with the loss of methyl groups. '’

The ability of HWCVD to extend the compositional range beyond that of PECVD
films can ultimately improve the resulting properties. The molecular architectures
uniquely achieved by HWCVD enable all-dry, resistless patterning of fluorocarbon low
dielectric constant films, using supercritical CO; as the development medium.'® Lines
and spaces defined by electron beam lithography at 0.25 micron resolution are shown in

Figure 6-6.

107



ERTATI
W heth

L

Figure 6-6. HWCVD fluorocarbon low dielectric
constant film directly patterned at 1.0 (left) and 0.25

(right) micron resolution.

In addition, the absence of plasma driven densification processes can lead to the
incorporation of porosity in the HWCVD films, further reducing their effective dielectric
constant.'* Under HECVD conditions which limit nucleation, a unique morphology can
arise in HWCVD fluorocarbon films, as shown in Figure 6-7. This morphology clearly is

the source of the porosity.

Figure 6-7. Scanning electron micrograph of HWCVD porous
fluorocarbon film at the edge of the silicon wafer substrate (bottom
right). The tilt angle makes it possible to obscrve both the surface
morphology (top left) and porosity through the thickness of the layer.
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6.5 Conclusions

Fluorocarbon films have been deposited by HWCVD and possess a chemical
structure simiiar to poly(tetrafluoroethylene). Organosilicon films can be deposited from
cyclic precursors such as octamethylcyclotetrasiloxane (Ds) at extremely high rates (>2
microns/min) by HWCVD. The bonding structure of HWCVD organosilicon films is
substantially different from both their PECVD counterparts and bulk siloxane polymers,
such as poly(dimethylsiloxane).

In contrast to PECVD, the HWCVD process does not involve any ion
bombardment or UV irradiation, thus eliminating the possibility of related atomic
rearrangements and defects. The ability to grow fluorocarbon and silicone thin films by
hot wire CVD reveals that ion bombardment, which is often cited in discussions of
PECVD mechanisms as being essential to the creation of active sites for film growthzo, is

in fact not necessary for the deposition of these materials.
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7.1 Conclusions

The major accomplishment of this research is summarized in Figure 7-1. It is now

possible to draw out an array of CVD material compositions accessible through the

selection of an organosilicon or fluorocarbon molecule as a precursor and either

PPECVD or HFCVD as the method of deposition. 2Si and '°F NMR spectra illustrate the

range of chemical structures possible with any combination of choices. The top row of

the array, representing the chemistry of organosilicon films deposited by PPECVD and

HFCVD, was incomplete before the research described in this thesis was urndertaken.

m:ﬁ:orocarbon

-CF -CF-

0

-100

-200
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Figure 7-1. Compositional space available from CVD of organosilicon and fluorocarbon
materials, as derived from *’Si and 'F NMR. This work filled in the top row of the

matrix, and furthered our understanding of fiuorocarbon HFCVD chemistry.

A number of unique bonding environments were identified in organosilicon films

deposited by CVD, and these are enumerated in Table 7-1. Non-branched structures are

shown in the first column, and environments in which silicon is branched are shown in

the next three columns. These have been divided into three types. Type I branches are
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typical of organosilicon materials prepared by conventional methods such as anionic
polymerization.' They were observed in PECVD films from Ds, but were present only in
low concentrations in HFCVD films. Type II branches involve methylene bonds between
siloxane units, and were unique to PECVD films deposited from D3 under continuous
excitation. Type III branches consist of silicon-silicon bonds between siloxane units, and
were observed in HFCVD films grown from D3 and D,4. The proximity of these silicon-
silicon bonds to siloxane bonds is remarkable, and probably the result of the
incorporation of siloxane ring species in the film structure. HFCVD is thus capable of

retaining much of the organic structure present in the precursor molecule.

Table 7-1. Silicon bonding environments in PPECVD and HFCVD organosilicon films.

Non- TYPE TYPE TYPE
Branched | Il i
] ]
CH, o, CH, 0, CH,
]
-0,-Si-CH, —o,,;—s'i—o.,,- -0,~Si-0; CH,=Si~Si~0
CH, CH, (CH,), 0, CH,
M T DCH. DM
1 i ] 1
CH, Oy (CH,), 0. 0O,
-0,-Si-0; -o%-sli-o.,,- -o.,,—s'i-o.,,- CHz,-sli—s.i-CH,
CH, 0y (CHy), 0, 0y
D Q D(CH2)2 Do
]
0,
-0,-Si-0;
(C.HZ)x
TCHz

note: x = % or |

A better understanding of the HFCVD chemistry of fluorocarbon thin films was
also obtained, and we have dJemonstrated the use of an initiator species to control

polymerization rates and influence film composition. We believe the latter result is
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particularly novel and unique, and constitutes a significant contribution to our

understanding of the possibilities of gas-phase chemistry processes such as HFCVD.

7.2 Future Work

I believe this research should proceed primarily in the direction of:

Development of new HFCVD materials. HFCVD has already proved itself as a
powerful technique capable of producing fluorocarbon and organosilicon materials of
unique composition and structure. This technique should be extended to new polymeric
systems. The ability to produce polymeric materials on substrates of small and complex
geometry will be a key enabler for many emerging technologies in optics, micro-electro
mechanical systems (MEMS), and biomedical applications. This also has application for
Direct Dielectric Patterning, where new materials of greater sensitivity to e-beam and
157-nm irradiation are required to prove viability and expedite integration of the process

in the microelectronics industry.
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Al Description

A new CVD reactor system was built, and is shown in Figure A-1. The system
was designed to operate in both PPECVD and HFCVD modes, and has a water-cooled
stage on which substrates are placed during deposition. A single mechanical pump was
used to sustain vacuum pressures down to about 30 mTorr. Flow into the chamber is
controlled in two ways: volatiie feeds are metered through a flow distribution manifold
located in the hood and enter the chamber through the top o-ring sealed port; low vapor-
pressure feeds are metered through an MKS 1153 heated mass-flow controller located at
the rear of the reactor and enter through a Con-Flat (CF, or Del-Seal®) flange at the rear
of the chamber. An access door is located at the front of the chamber, which allowed
visual inspection of the deposition process for the first time. Film deposition rates can be
measured in situ using an interferometry system, and filament temperature can be
monitored during HFCVD by a pyrometer operating at a wavelength of 2.2-micron. Up to
500W RF power (at 13.56 MHz) is available for PPECVD applications, and a pulse

generator can be used to modulate on- and off-times. DC power is available for filament

heating.
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Figure A-1. Photographs of the dual-mode CVD reactor system known as Pumpkin.
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Front, rear, top and side views of the main chamber are shown in Figures A-2
through A-4. These views show the positions of various ports and the features of the
reactor lid. All dimensions are in inches.
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Figure A-2. Front and rear view of chamber, showing feed port and pumping port.
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Figure A-3. Top view of chamber, showing lid design, and filament orientation for HFCVD.
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Figure A-4. Side view of chamber, showing water-cooled stage, pumping port and access door.

A.2 Main Chamber CAD Drawings

AutoCAD drawings of the main chamber are shown in Figures A-5 through A-10.

For these, and all other CAD drawings, all dimensions are in inches.
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Figure A-5. Front view of chamber design.
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Figure A-6. Front view of chamber design, rotated 30° clockwise as observed from above.
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Figure A-7. Front view of chamber design, rotated 60° clockwise as observed from above.
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Figure A-8. Front view of chamber design, rotated 90° clockwise as observed from above.

119



1SO NwW40 / K150
Kwk-fiange Port

1SO Nw40 / K150
Kwik-Flange Port

8° Nom 0.D. Nonrotatable
Tapped Del-Sesl Flange

@13.19
T 1SO NwW250 7 L1000

®\ Large-Flange Bolted

Nonrotatable Flange

1SO NWS0 7/ K200
Kwik-Flange Port

(Angled)

@ ® IS0 NW3D / K200
\ Kwik-Flange Port
120° (Anglec
S0°
e ®
ISD NW40 / KIS0
Kwik-Fiange Port
® ¥ 1SO NW40 / KIS0
—— Kwik-Flange Port
23.76
10° Nom DD ® ®
Stamntess Steel 2043

Tubing for Main
Body of Chanmber

|

8° Nom 0D. Nonrotatable
Tappcd Del-Senl flange

Figure A-9. Top view of chamber design, showing position of ports.

Figure A-10. Assembly view of main chamber design.
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A.3 Bottom Plate CAD Drawing

The original design for the bottom plate is shown in Figure A-11. Upon the
recommendation of MDC Vacuum, Inc., the copper tubing was replaced with a stainless
steel plate 1-in. below the top of the stage to create a cooling water reservoir beneath the

stage. Inlet and outlet tubing was welded into the reservoir.
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Figure A-11. Side cutaway view of original design of bottom plate. Note that copper tubing was replaced

with a stainless steel reservoir 1-in. deep with inlet and outlet tubing in final construction.

A4 Reactor Lid CAD Drawings

The reactor lid was designed to facilitate the use of a feedthrough Teflon tube to
hold the showerhead during PPECVD applications. A central o-ring seal was designed
for this purpose. Y-in. VCR fittings and NW16 ports were also provided for gas feeds
and electrical/thermocouple feedthroughs. AutoCAD drawings are shown in Figures A-

12 through A-14.
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Figure A-12. Side view of reactor lid, showing %-in. VCR and NW16 ports.
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Figure A-13. Side cutaway view of reactor lid, showing 2-in. o-ring port and NW16 ports.
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Figure A-14. Top view of reactor lid, showing all ports.
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A5

Rear Flange CAD Drawings

A rear flange

was designed to accommodate extra feedthrough and feed ports.

The 2-3%-in. CF port was used as the feed port for low vapor-pressure precursors

delivered through the MKS 1153 mass flow controller.
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Figure A-15. Top and side views of rear flange.
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APPENDIX B

Additive Precursors Used in
Cornbination with HFPO HFCVD
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B.1 List of Additive Precursors

Table B-1 lists the precursors that were used in combination with HFPO in a
screening program designed to test the effects of adding a secondary species during
HFCVD. The incorporation of sulfone moieties was desired to increase the e-beam and

157-nm irradiation sensitivity of the basic fluorocarbon materials.

Table B-1. Precursors uscd in combination with HFPO HFCVD.

Desired Moiety Secondary precursor Structure
tetramethylene sulfone L
sulfolane o

perfluoroctane sulfonyl fluoride O
CFy(CF,),CF,~S—F

PFOSF
SULFONE 05 °
dimethyl suifone o
DMSO, o, -5 -cH,
[o]
trifluoromethane sulfonic anhydride ° o
TFMSA F’°“§'°'§“°F‘

B.2  Deposition Rates with Additive Precursors

The addition of secondary species during HFPO HFCVD was found to increase
deposition rates significantly, as illustrated in Figure B-1. This was attributed to the effect

of initiation as described in Chapter 5 of this work.
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Figure B-1. Typical deposition rates obtained using HFPO with secondary precursor species.

B.3 New Chemistries Possible Using HFCVD with Dual Precursors

Selective endcapping of PTFE chains using HFCVD was demonstrated using
HFPO and dimethyl sulfone together, as shown in the Cls XPS spectra in Figure B-2.

| -CF,CF,CF,

- ots.
XPS'

Figure B-2. Cls XPS spectra showing high surface concentrations of

terminal CHj; groups in PTFE films
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These results suggest that HFCVD is a powerful technique for producing CVD
films of novel composition. A more extensive investigation into the potential for

development of materials that can be customized for specific applications is warranted.
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