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ABSTRACT

Chemical vapor deposition (CVD) produced films for a wide array of
applications from a variety of organosilicon and organic precursors. The
structure and properties of thin films were controlled by varying
processing conditions such as the method and power of precursor
activation, pressure, flow rates, and substrate temperature. Systematic
variance of deposition conditions allows for the design of materials for a
specific application, highlighting the versatility of CVD processes.
Spectroscopic tools including Fourier transform infrared spectroscopy,
variable angle spectroscopic ellipsometry, X-ray photoelectron
spectroscopy, Raman spectroscopy, and nuclear magnetic resonance
(NMR) spectroscopy were utilized to characterize film structure and
understand the relationship between the structure and properties of
materials. Computational quantum mechanics is a power tool applied to
explain observed phenomena such as unreferenced chemical shifts in the
29Si NMR of organosilicon thin films, and to examine the
thermochemistry of a family of methyl- and methoxymethylsilanes
enabling the prediction of initial reactions occurring in the CVD process.

Thesis Supervisor: Karen K. Gleason
Title: Professor of Chemical Engineering
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CHAPTER ONE

INTRODUCTION



1.1 MOTIVATION

As the semiconductor industry continues to decrease device feature size,

processor clock speeds are increasingly limited by the resistance-capacitance (RC)

delay of interconnect structures.' Advances in lithography have enabled

semiconductor manufacturers to decrease device size allowing for shorter, thinner,

and more densely packed metal interconnects. For instances in which each level of a

dielectric, metal, dielectric stack are of equal thickness, the RC delay can be

expressed as:'

RC =2pKo(4L2 + L2

where

p is the metal resistivity

K is the dielectric constant of the material between the metal lines

co is the permittivity of space

L is the line length

P is the metal pitch

T is the thickness of the metal line

As is evident in Equation 1-1, as the wire density increases, indicated by a

decrease in pitch (P), RC delay increases. There are two approaches to this problem

from a materials standpoint. Semiconductor companies have implemented the use

of copper in place of aluminum at the 0.13 micron process node to take advantage its

lower resistivity.l The other is to lower the dielectric constant of the insulating film.

The introduction of copper is a logical first step to reduce the RC delay; however, the
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RC delay will continue to increase for future process nodes if the dielectric constant

remains unchanged. Reducing the dielectric constant not only reduces the RC delay,

but has the added benefit of reducing power consumption and line-to-line crosstalk

noise as well. Therefore, there is a need for and a large field of research dedicated to

developing low-k materials for future process nodes.

4.0

3.5

3.0 I

2.5 1 

2.0

,e pa

10i
- ? I * SIA Roadmap 99

[ SIA Roadmap 01

0.05 0.07 0.10 0.13 0.18 0.25Upm
2011 2008 2005 2002 1999 1997

Figure 1-1. Progression of the SIA Technology Roadmap for Dielectrics.

The Semiconductor Industry Association (SIA) technology roadmap for

dielectrics outlines the dielectric constant requirements for the next ten years and is

updated regularly. From Figure 1-1 it can be seen that the implementation of low-k

materials has been repeatedly pushed back. The most recent roadmap pushed

integration of low-k films back even further, calling for a dielectric constant below

3.0 for the first time in 2007. This is due to the inability of the industry to develop

and integrate a single choice for the next generation low-k material. Silicon dioxide

(SiO2) is an excellent dielectric material due to its excellent mechanical and thermal

properties and has been the industry standard from the beginning. However, SiO2

18
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has a dielectric constant of approximately 4.0, which is too high for future devices.

The current industry standard for low-k dielectrics is a fluorine-doped oxide (SiOF,

3.3 < K <3.7). Companies and researchers have developed a variety of CVD

organosilicate glasses (OSG, 2.7 < K <3.3) for use as the next low-k material such as

Black Diamond TM from AMD, FlowfillT M from Trikon, and CORALTM from Novellus.2

Companies have also developed spin-on OSGs, such as Dow's SILKTM and

AlliedSignal's Accuspin 418TM. Each of these products still face many challenges

before wide spread implementation. Further down the dielectric roadmap

fluorocarbons (2.0 < K < 2.7) and other polymers have been proposed. While these

materials all have dielectric constants lower than that of SiO2, they also create many

challenges for integration due to issues concerning thermal and dimensional

stability, chemical and mechanical polishing (CMP) stability, as well as the

complexity of integrating an entirely new material into the fabrication process.3

1.2 Low-K MATERIAL OPTIONS AND APPROACHES

Dielectric requirements for the sub-o.1 micron process node indicate a

dielectric constant less than 2.0 (see Figure 1-1). Air has the lowest dielectric

constant of -. o. Incorporating void space in the form of pores into current low-k

films will enable a reduction of the dielectric constant below 2.0. Creating a porous

low-k material typically utilizes a porogen, which is removed following deposition by

a thermal annealing or UV radiation step. Kohl et al.4 demonstrated this idea by

spin coating a 80/20 mixture of a commercially available spin-on dielectric

composed of methyl silsesquioxane (MSQ, k = 2.7) and a sacrificial polymer,
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substituted polynorbornene (PNB) containing cross-linking groups. After spin

coating and soft bake below the decomposition temperature of PNB, the MSQ/PNB

film was heated to 425°C thermally decomposing the PNB leaving a porous MSQ film

with a measured dielectric constant of 2.3. While porous films have the desired

effect of reducing the dielectric constant of the remaining material, the mechanical

and heat transfer properties of the film are adversely affected. The mechanical

strength of porous films scales with porosity, p, by (1-p)3 while the thermal

conductivity scales by (1-p)1.5.5

Most porous films lack the mechanical strength required for integration into

current semiconductor manufacturing. Due to poor mechanical strength porous

films may collapse or otherwise fail during various fabrication steps and affect the

surrounding structures decreasing yield and increasing cost. Due to the uncertainty

involved in using porous films, some researchers have investigated the possibility of

using air as a dielectric.3 6, 7 While air does not have the thermal conductivity or

mechanical strength of other dielectrics, it does have the lowest possible dielectric

constant, 1.0, and is the only choice for the ultimate low-k material. By using air as a

dielectric, concerns about inhomogeneous pore structure causing device failure are

eliminated. While the mechanical and thermal conductivity of air leaves much to be

desired, the sacrificial material chosen can be a robust material providing

mechanical strength and dimensional stability during critical fabrication steps

eliminating risks and uncertainties associated with porous low-k materials.

The first logical step of integration of air as a dielectric is in the form of air

gaps. Air gaps can be created in one of two ways. The first is to deposit a non-

conformal dielectric layer on top of a patterned surface.8, 9 This technique has many
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challenges. This process can only be used with metals that can be etched (which

excludes copper interconnects) or requires removal of the inter-metal dielectric

(IMD) via a challenging etch step. Another challenge is reproducibility of air gaps

across structures of varying dimensions and non-ideal air gap geometries which

often require multiple steps to ensure the dielectric overcoat does not fail. An

alternative process is to deposit and pattern sacrificial layer, followed by metal

deposition and etch back. The stack is then capped with a dielectric overcoat.

Finally, the sacrificial layer is removed by a thermal annealing step. In a process

using a sacrificial layer it is important to remove all of the sacrificial material. Any

remaining residue will raise the dielectric constant and may have negative

interactions with the final device. It is therefore very important to understand the

decomposition mechanism, diffusion of the sacrificial material through the overlying

inter-layer dielectric (ILD), and the completeness of removal.

Sacrificial Material DepositionI 

Photolithography

Pattern transfer via RIE

Photoresist Strip
SiO2 Deposition

Sacrificial Material Decomposition

_--

Figure 1-2. Process flow for simple air gap fabrication.

Fabrication techniques for closed cavity void space using sacrificial materials

have been proposed by Anand et al.6 and Kohl et al.3, 7 The methods effectively differ

only in choice of sacrificial material. A process flow cartoon follows in Figure 1-2.
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The process of Anand et al. utilized magnetron sputtered amorphous carbon as a

sacrificial material. The carbon was patterned to create trenches for metal

deposition. Tungsten was deposited via blanket-CVD over a barrier layer of titanium

nitride followed by an etchback. Silicon dioxide was then sputter-deposited capping

the carbon and tungsten. The stack was then placed in an oxygen ambient furnace at

450o°C for 2 hr which ashed the amorphous carbon leaving behind air gap structures.

The effective dielectric constant of the air gaps was measured to be 1.01. While

successful in creating air gap structures, the high-temperature annealing step in an

oxygen environment would cause copper oxidation increasing the interconnect

resistivity.

Kohl et al.3, 7 propose a similar process using spin-on deposited functionalized

polynorbornene (PNB) as the sacrificial material. The PNB polymer used was heated

at a rate of 3C/min under constant nitrogen purge. TGA shows decomposition

occurring between 370°C and 425C. This process included etching holes in the

overcoat material to prevent overcoat damage during SL removal, and approximately

3% of the polymer remained as residue negatively impacting the dielectric properties

of the air gap structure. For both process, the elevated temperatures for extended

annealing times may cause undesired changes in dopant profiles. The use of a CVD

sacrificial material is preferred over a spin-coated material because the latter

produces more waste, increases worker solvent exposure, and may dissolve previous

layers when attempting to build multilevel structures. While these approaches pose

integration issues, they do demonstrate the feasibility of fabricating air gap

structures via the use of a sacrificial material and the ability to lower the dielectric

constant by incorporating air gaps.
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The key to successful air gap fabrication is the sacrificial material. The ideal

sacrificial material should be safe and easy to deposit, be thermally and

dimensionally stable below its decomposition temperature able to withstand

patterning, metal deposition and etchback, and decompose efficiently and

completely in the absence of oxygen without affecting the overlying dielectric or

metal lines. Facile and repeatable synthesis is a requirement of any material

introduced into semiconductor manufacturing. It is necessary for device fabrication

that a sacrificial material be dimensionally stable during patterning and the

subsequent deposition of metal and overlying dielectric materials which may include

wet and/or plasma chemistries. Industry experts expect level-1 dielectric materials

(and thus a sacrificial material) will face eight or more thermal cycles during

production.2 Any instability during these steps will cause device failure. During

decomposition of the sacrificial material gas molecules formed must diffuse through

the overlying dielectric without altering its chemical or mechanical properties. Any

interactions of the decomposition species with the metal or overlying dielectric will

alter their material properties and affect device performance. For this same reason,

it is necessary for the sacrificial material to decompose in the absence of oxygen.

1.3 CHEMICAL VAPOR DEPOSITION

There are two techniques for the deposition of low dielectric constant films,

chemical vapor deposition (CVD) and spin-on. In a spin-on process, the low-k

material dissolved in a solvent is poured onto a wafer which is spun at a high rate to

remove excess material and create a thin coating. The solvent is removed during a
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soft bake or curing step which is followed by a hard bake during which the low-k

material is cross-linked and solidified. This process increases risk to workers due to

solvent exposure and generates large quantities of waste. On a per wafer basis for a

base case comparing spin-on and CVD organosilicon low-k dielectric films, chemical

consumption was 350% higher for the spin-on deposition method.1o In a CVD

process, the precursor gas is activated by thermal or plasma excitation and reacts to

grow film on the surface of the wafer. While development of porous films by CVD

has proved to be difficult, CVD is an entirely solventless process with minimal

worker exposure to any potentially harmful materials. Also, CVD is used for current

dielectric deposition meaning the changes in manufacturing process flow would be

evolutionary.

Organosilicon (OSG) films have been proposed for use as a low-k

material (2.7 < k < 3.3) to replace current inter-layer dielectrics (ILDs). Hot filament

chemical vapor deposition (HFCVD) is one method to deposit organosilicon films."

HFCVD utilizes a resistively heated wire to thermally activate gases fed into the CVD

reactor. Thin films are deposited on a silicon wafer placed on a cooled substrate

beneath the filament array. Another CVD method more familiar to the

semiconductor industry is plasma enhanced CVD (PECVD) which utilizes a low-

density plasma generated by radio frequency excitation of the precursor gas. The

plasmas are composed of ions, radicals, and excited neutrals from the gas that react

on a temperature-controlled substrate to deposit a thin film.12 A typical PECVD

reactor is depicted in Figure 1-3.
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Figure 1-3. Schematic of a typical PECVD vacuum reactor.

There are many candidates for the next generation low-k inter-layer dielectric

(ILD). Many of these materials, whether deposited by spin-on or CVD, contain the

same atoms; silicon, carbon, oxygen, and hydrogen (Si:O:C:H). These materials,

commonly referred to as organosilicate glasses (OSGs), are typically carbon-doped

oxides or siloxanes deposited by CVD or plasma-enhanced CVD.13-15 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 Wr6bel

and WertheimerI6 for an extensive review).

1.4 COMPUTATIONAL QUANTUM MECHANICS

Recent advances in computing

computation quantum mechanics. Ab

calculate molecular geometries and

densities, examine reaction pathways,

power have increased the application for

initio molecular simulations can be used to

energies, vibrational frequencies, electron

and calculate properties such as shielding
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tensors. Utilizing commercially available packages such as GAUSSIAN,17 the

thermochemistry and kinetics of many systems has been examined.

1.5 THESIS FRAMEWORK

This thesis examines the chemistry involved in the deposition of thin OSG and

sacrificial polymer thin films by hot filament and plasma enhanced CVD as well as

the structure property relationship of the resulting films. This thesis utilizes

computational quantum mechanics to explain observed phenomena in some cases

and predict CVD chemistry in others. Always, the focus is the development and

analysis of new materials created using CVD.

CHAPTER TWO reports the HFCVD deposition and structure determination of

OSG thin films from hexamethylcyclotrisiloxane and octamethylcyclotetrasiloxane.

The impact of filament temperature was evaluated on the structure and properties of

the films.

CHAPTER THREE reports the use of density functional theory to predict 29Si

nuclear magnetic resonance chemical shifts of Organosilicon material. Quantum

mechanics was utilized to identify previously unreported chemical shifts in the OSG

literature and provide detailed insight into the deposition chemistry of OSG thin

films from cyclic siloxane precursors.

CHAPTER FOUR reports the heats of formation and reaction for a family of

methyl- and methoxymethylsilanes. Density functional theory was utilized to

calculate the thermochemistry of OSG precursor fragmentation patterns, bond
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dissociation energies, and elementary reactions with oxygen and hydrogen. The

finding resulted in the design of an experimental CVD study.

CHAPTER FIVE reports the PECVD deposition and characterization of OSG thin

films from methoxytrimethylsilane, dimethoxydimethylsilane, and

trimethoxymethylsilane. The relationship between the optical and electric properties

of the films with the deposition chemistry and resulting film structure are examined.

Low-k OSG thin films are deposited using selective reducing chemistry.

CHAPTER SIX reports the PECVD deposition of polymethylmethacrylate and

examines the impact of plasma power and substrate temperature on the structure

and thermal properties of the polymer film. Polymethylmethacrylate has a wide

range of applications including use as a porogen for creating porous OSGs or as

sacrificial material for air gap fabrication. The thermal properties of the PECVD

polymethylmethacrylate can be systematically varied to fit the needs of the desired

application.

CHAPTER SEVEN presents concluding thoughts concerning the five technical

chapters and comments on the extendibility of this work for future applications.
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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 (D3) and

octamethylcyclotetrasiloxane (D4) 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 D3 and D4 HFCVD films, Infrared, Raman,

and Nuclear Magnetic Resonance spectroscopies indicate the incorporation of ring

structures consisting of three siloxane units. The concentration of these structures increases

as filament temperature is raised, and is especially pronounced for films deposited from D3.

In comparison, films grown from D4 show a greater degree of incorporation of linear,

unstrained structures over the range of filament temperatures studied. In contrast to

plasma-deposited organosilicon films, crosslinking in HFCVD films occurs predominantly

via silicon-silicon bonding and not from siloxane bonds with tertiary or quaternary silicon

atoms.

Acknowledgments: We gratefully acknowledge the support of the NIH under contract NO1-NS-9-
2323, and the NSF/SRC Engineering Research Center for Environmentally Benign Semiconductor
Manufacturing in funding this work. This work also made use of the MRSEC Shared Facilities
supported by the National Science Foundation under Award Number DMR-9400334 and NSF Laser
Facility grant #9708265-CHE.
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2.1 INTRODUCTION

Organosilicon thin films produced by chemical vapor deposition (CVD) have

attracted considerable interest in a wide variety of applications, ranging from

biocompatible coatings for medical implants to permselective membranes.1-9 In

particular, organosilicon films are presently under consideration as low dielectric

constant, or 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.l-12

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 Wr6bel and Wertheimerl 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.13 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.13-17 Using pulsed-PECVD with the
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precursor hexamethylcyclotrisiloxane (D3), we have demonstrated flexible,

conformal coatings on nonplanar substrates suitable for implantation.3

Hot-filament chemical vapor deposition (HFCVD, also known as pyrolytic

CVD) does not suffer from the UV irradiation and ion bombardment associated with

plasma 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 fluorocarbon films with low dangling bond density and having a chemical

structure which is spectroscopically similar to polytetrafluoroethylene (PTFE).17 18

In this study, we consider the structure of films produced by HFCVD using the

precursors hexamethylcyclotrisiloxane, [(CH3)2SiO]3, and

octamethylcyclotetrasiloxane, [(CH3)2SiO]4, commonly known as D3 and D4.

Previously, we demonstrated that polymeric thin films could be deposited from D4

by HFCVD at rates of up to 2500 nm/min depending on filament temperature.'9 In

this work, we show that filament temperature (Tf) has a strong influence on

composition for both D3 and D4 HFCVD films, and postulate a structure for these

novel films.

2.2 EXPERIMENTAL

Films were deposited on silicon wafer substrates in a custom built vacuum

chamber, which has been described previously.ls Thermal excitation was

accomplished by resistively heating tantalum wire (diameter o.5 mm) strung on a
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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 a 2.2 ptm infrared pyrometer. For

oxidized tantalum, a spectral emissivity of 0.20 was estimated from direct contact

thermocouple measurements. Due to the difficulties of direct measurement at high

temperatures, reported temperatures are probably accurate to 500C. 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 1oo mm diameter p-type

(loo) silicon wafers at filament temperatures ranging from 8oo0 °C to 12000 C.

Deposition rates were monitored in situ 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 150 nm and baseline corrected for

purposes of comparison. Resonant Raman spectra were obtained using a Kaiser

Optical Systems Hololab 5oooR Modular Research Micro-Raman Spectrograph,
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with 785 nm laser line excitation and 15 mW power at the sampling stage under 5ox

magnification. High resolution solid-state NMR spectra were acquired on a

homebuilt NMR spectrometer20 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-29Si 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 29Si 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.

2.3 RESULTS AND DISCUSSION

2.3.1 DEPOSITION RATE

The measured deposition rate, r, and the thickness-based deposition yield,

r/FM (where F is the volumetric flow rate, and M is the molecular weight of the
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precursor), are plotted in Arrhenius form in Figure 2-1. The deposition yield

expresses the deposition rate per unit mass of the precursor compound, and allows

the relative reactivities of D3 and D4 to be compared directly.21 As shown in Figure

2-1, the deposition yield appears to follow an Arrhenius-type relationship as a

function of filament temperature. The highest deposition rate observed was 1574

nm/min, for D4 at a filament temperature of lo5o° C. No film deposition was

detected at filament temperatures below 8oo0 °C with either precursor. At the higher

filament temperatures, run times were limited to 1.5 minutes to produce thin films

appropriate for subsequent characterization. These temperatures are consistent with

other studies of the vacuum pyrolysis of D4.22 Regression of the data in Figure 2-1

yielded apparent activation energies of 218±35 kJ/mol for D3, and 301±102 kJ/mol

for D4 (at a 90% confidence level).

T, (C)

E

0E

0.
a,*0

0
5

to

0

,I

Z I

In-
10'

0.65 0.70 0.75 0.80 0.85 0.90 0.95

l/T, (10-3 K')

Figure 2-1. Arrhenius plot of D3 and D4 films produced by HFCVD. Measured
deposition rates, r (left axis), are denoted by solid markers, and thickness-
based deposition yields, r/FM (right axis), are denoted by empty markers.

Straight lines were fitted to the deposition yield data by regression.
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2.3.2 FOURIER TRANSFORM INFRA-RED (FTIR) SPECTROSCOPY

A comparison of the FTIR spectra of D3 films deposited using HFCVD and

continuous-wave excitation PECVD is shown in Figures 2-2a and 2-2b. The spectrum

for the CW PECVD film (Figure 2-2a) was taken from previous work by our group.3

Assignments have been made from the literature and are shown in Table 2-1.

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.3 Carbon is thus

preserved primarily as methyl, giving rise to the distinct pair of symmetric and

asymmetric CH stretches23-25 at 2907 and 2964 cm-1. The asymmetric stretching

mode (ASM) of the siloxane group (SiOSi) shows two distinct bands 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.26, 27 Below 1000 cm-l, absorption bands associated with SiMe2 rocking and

stretching are observed at 878 and 805 cm-l, and those associated with SiMe3

rocking near 840 cm-'. Qualitatively, the PEVD film appears to have a higher

SiMe3/SiMe2 ratio, suggesting that the HFCVD film may be less branched than its

PECVD analog.3
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Figure 2-2. FTIR spectra of a. D3 PECVD film deposited under continuous-wave
excitation and b. D3 HFCVD film deposited at ioooC.

Table 2-1. FTIR assignments from the literature.
Wavenumber (cm-) Modea Comment Reference

2963 - 2965 VAcH in sp 3 CH 3 24, 25, 31,36

2935 VAcH in sp 3 CH 2 24, 25

2907 VScH in sp 3 CH 3 24, 25, 31,36

2878 VSCH in sp 3 CH 2 24, 25

1463 8AcH2 24, 25

1412 BACH3 in SiMex 24, 25, 27,31,36

1262 8SCH3 in SiMex 25, 27, 30, 31, 36

1020 - 1075 VAsiosi 24, 25, 27, 31, 36

878 YSCH3 in SiMe 2 25, 27, 30, 36

804 - 806 VAsi-c, yAcH3 in SiMe2 25, 27, 30, 31, 36

839 - 845 yAcH3 in SiMe3 25, 27, 30, 36

a, 8, and y denote stretching, bending and rocking modes respectively, A and S denote asymmetric and symmetric vibrations.

FTIR spectra of films deposited at filament temperatures of 86o0 C, 1ooo0 C,

and 12000 C using D3, and 8oo0 C, 9oo0C, and loooC using D4, are also shown

(Figures 2-3 and 2-4, respectively). The region around the ASM has been expanded

for detail. Strong absorptions associated with SiMe2 (805 cm-'), methyl in SiMex
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(1412 cm-'), and the ASM (1020-1075 cm-') are apparent. The band at about 880 cm-'

observed in the low filament temperature D4 film is usually associated with the

symmetric CH3 rocking mode in SiMe2. 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.2 29
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0

wavenumber (cm - ')

Figure 2-3. FTIR spectra of D3 HFCVD films deposited at filament temperatures
of a. 86o0 C, b. ooo°C, and c. iloo°C
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Figure 2-4. FTIR spectra of D4 HFCVD films deposited at filament
temperatures of a. 8000 C, b. 9ooC, and c. iooo°C.

Conventionally25, 27, 30, the band around 845 cm-1 is assigned to an asymmetric

CH3-rocking mode in SiMe3, with an accompanying symmetric CH3-rocking mode at

760 cm-1. The SiMe3 group is a chain or branch termination group that is associated

with an M group in siloxanes3, where M is the trimethylsiloxane unit (CH3)3SiO-. The

relative intensities of the SiMe2 and SiMe3 bands depends on the length of chains in

open-chain regions of the film structure, and the strength of the SiMe3 band is an

indication that chains are either short or highly branched.26, 31 The SiMe3/SiMe2 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-
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temperature D3 and high filament-temperature D4 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 bands of the ASM band

are observed for both D3 and D4 films. The spectra of the D3 film shows a doublet

for all three filament temperatures, with the shoulder on the doublet switching from

the low- to high-wavenumber side at higher filament temperatures (compare Figures

2-3a and 2-3c). By contrast, the spectra of the D4 film deposited at a filament

temperature of 800°C (Figure 2-4a) showed only a singlet, and the IR spectra

resembled that of the precursor D4.26, 27 Unlike D4, 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. The D4 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 lo5o0 C (spectra not shown), as

in the case of the D3 film.

The ASM doublet of the film deposited from D3 at a filament temperature of

looC (Figure 2-3c) resembles that observed in FTIR analyses of other

organosilicon PECVD films.3, 25, 32 Typically for these films, the low-wavenumber

band was more intense than the high-wavenumber band. This ASM signature is also

observed in spin-on methyl silsesquioxane (MSQ) films.33 For bulk

polydimethylsiloxane (PDMS), the intensities of these bands are approximately

equal at room temperature.34 To our knowledge, no IR spectra with an ASM doublet

similar to that observed in Figures 2-3a, 2-3b and 2-4c have been reported for
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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.31 In other work using Raman spectroscopy, the splitting of the symmetric

SiOSi stretching mode has been correlated to the crystalline state of PDMS.35

The intensity ratio of the two bands of the ASM doublet has been correlated

with the length of chains or size of rings in the polymethylsiloxane network.25-27 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 D3 was offset at 1,020 cm- 1 compared to larger ring structure. The band at

1,020 cm-1 may thus be associated with an increasing proportion of six-membered

D3-like rings in the film structure. This is in the same region as the low-wavenumber

band of the ASM doublet in PDMS, however, making it difficult to differentiate

between the presence of chains and bound D3 rings using IR analysis.3'

2.3.3 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 2-5 compares the Raman spectra of the pure compounds D3, D4, and

PDMS with that of HFCVD films grown from D3 and D4 using high filament

temperatures. Assignments in Table 2-2 have been made based on the literature.28 , 31,

36, 37 The symmetric siloxane stretching mode (SSM), which is weak in FTIR spectra,
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is strong in the Raman spectra. The position of the symmetric siloxane Raman band

is shifted to higher wavenumbers for D3 due to ring strain, and bands associated

with ring deformation can be observed for both D3 and D4.31 Raman spectroscopy is

thus a sensitive probe for observing ring structure. Indeed, Raman spectroscopy is

capable of identifying siloxane ring "defects" in SiO2 films produced by sol-ge138-41

and CVD processes.42 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 R3 and R4 respectively.38 39, 41 42

1400 1200 1000 800 600 400 200

Raman shift (cm- ')

Figure 2-5. Micro-Raman spectra of a. D3, b. D4, c. PDMS, d. D4 HFCVD film
deposited at a filament temperature of 1ooo0 C, and e. D3 HFCVD film

deposited at a filament temperature of uiooC.
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Table 2-2. Raman assignments from the literature.
Raman shift (cm-l) Modea Comment Reference

1410 BACH3 23, 28, 36

1260 - 1265 8SCH3 23, 28,36

795 vAsic In SiC2 23, 28,36,37

707 - 712 VSSiC In SiC 2 23, 28, 36, 37

690 YACH3 23, 28,37

581 VSsiosi In D3 31,37,72

489 VSsiosi In PDMS 23, 36

476 vssiosi and/or ring deformation In D4 23, 37

450 Ring deformation In D3 and D4 23, 37

424 - 426 Possible Si-Si stretch 44

190 - 194 §Ssic in SiC 2 31,37

160 §Ssic and twist In PDMS 31

145 8Ssic In D4 31

av, 6 and y, denote stretching, bending and rocking modes respectively, A and A denote asymmetric and symmetric vibrations.

As observed in Figure 2-5, the Raman shift region of the HFCVD films from

400 cm-' to 60o cm-l differs from that of the pure compounds. Both HFCVD films

show a band in the range 586 - 590 cm-l which is not observed in PDMS or other

linear siloxane compounds.3' This is close to the band assigned to the siloxane

symmetric stretching mode (SSM) at 581 cm-l in pure D3. 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 D3. 3, 37 This band may thus

be evidence of a bound D3-like ring structure in the film. The 5 - lo cm-' shift from

the position of this band in D3 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 2-3 shows Raman assignments for the SSM mode in different chemical
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environments. In the highly networked environment of vitreous and chemical vapor-

deposited silica, the characteristic vibrational mode of the six-membered planar ring

of siloxane units, R3, has been observed at shifts as high as 6o8 cm-.38, 40, 43 By

contrast, the SSM mode is typically observed from 581-587 cm-' for unconstrained

D3. The band around 590 cm- ' for the HFCVD films falls between these extremes,

and is thus assigned to an oR3 group. The term oRn is derived from the Rn unit

observed in silica, and is intended to represent an organically substituted ring

consisting of n 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

(oR4). Table 2-3 shows that the band at 485 cm-' observed primarily for the D4

HFCVD films falls between the SSM bands for D in PDMS, R4 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

ID. 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.
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Table 2-3. Raman siloxane symmetric stretching mode (SSM) assignments

Symbol Raman shift (cm-l) Comment Reference

R3 600-608 In vitreous and/or CVD silica. 38-42

oR3 586-590 In D3 and D4 HFCVD films.

D3 581-587 In D3. 31,37, 72

D 489-497 In PDMS. 23,36

R4 490-495 In vitreous and/or CVD silica. 38-42

oR4 and/or ID 485 In D3 and D4 HFCVD films.

D4 475-480 In D4. 23,28,36,37

The Raman spectra of the HFCVD films also show a low-intensity band at 425

cm-' not observed in any of the pure compounds. No assignment could be found for

this band in the literature, but it is in the region associated with a silicon-silicon

stretching mode.44 The Si-Si stretch gives a strong Raman band at 400 - 405 cm-l for

hexamethyldisilane, and is highly sensitive to silicon substituents. For polar

substituents, shifts can be large. For example, the Si-Si stretching mode for

FMe2SiSiMe2F has been reported at 433 cm-', a shift of 30 cm-' from the

unsubstituted disilane.45 Hence, this band is tentatively assigned to a Si-Si bond in

the film structure.
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Figure 2-6. Micro-Raman spectra of D3 HFCVD films deposited at filament
temperatures of 86o0 C, 1ooo0 C, and 110oo0 C.
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1 00

Figure 2-7. Micro-Raman spectra of D4 HFCVD films deposited at filament
temperatures of 8oo°C, 9oo°C, and oooC.
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Figure 2-6 and 2-7 show the effect of filament temperature as probed by

Raman spectroscopy. The spectra of the films deposited from D3 (Figure 2-6) show

an increasing intensity of the bands from oR3 units and Si-Si bonds as filament

temperature is increased, and the D3 film deposited at n1oo0 C shows significant ring

incorporation. FTIR spectra for these films show a similar increase in intensity in the

low-wavenumber band of the ASM doublet (see Figure 2-3), suggesting that this

band at 1020 cm-' is indeed associated with three siloxane-unit ring structures. By

contrast, the spectra of the films deposited from D4 (Figure 2-7) show a strong band

at 485 cm-', assigned to the presence of oR4 and/or unstrained D units. A slight

increase in oR3 incorporation is observed as Tf increases, but this band does not

dominate as it does in the spectra of the D3 films (Figure 2-6). Hence, the D3 and

D4 films differ structurally at high filament temperatures, despite the similarities in

structures suggested by FTIR.

2.3.4 NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY

The 29Si CP-MAS NMR spectra obtained for the D3 and D4 HFCVD films are

shown in Figures 2-8 and 2-9. Typical chemical shifts reported in the literature for

organosilicon CVD films are included in Table 2-4.20, 32, 46-49 As suggested by the data

in this table, 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.32, 49, 50 By contrast, only two primary peaks were

observed in these HFCVD films.
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Table 2-4. 29Si NMR structures and chemical shifts commonly observed in OSG
CVD films.

Symbol Structure Chemical Shift, 6 (ppm) Reference

M (SiO)Si*(CH3 )3 +6 32, 49,52,73

MH (SiO)Si-(H)(CH3) 2 -6 47, 49, 52

-lo in D3
D (SiO)2 Si-(CH3 ) 2 -20 in D4 32, 46,48,49,52

-22 in PDMS

DH (SiO) 2Si*(H)(CH 3 ) -34 to -37 46, 47, 49, 52, 74

T (SiO)3Si*(CH 3 ) -67 32, 46, 49, 52

rTH (SiO) 3 Si*(H) -84 20,47

Q (SiO)4Si* -105 to -110 32, 46,48,49,52

Tf = 1100°C

-- T = 1000°C

Tf = 860°C

40 20 0 -20 -40 -60 -80
29Si ppm

Figure 2-8. 29Si Solid-State CP-MAS NMR spectra of D3 HFCVD film deposited
at filament temperatures of 86o0 C, 1ooo0 C, and 1100ooC.
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Figure 2-9. 29Si Solid-State CP-MAS NMR spectra of D4 HFCVD film deposited
at filament temperatures of 800oC, 9oo0C, and ioooC.

The major peak at -19 ppm is assigned to the D unit, (SiO)2Si*(CH3)2. 32, 46, 48,

49 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 D3 (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 MH

[(SiO)Si*(H)(CH3)2], which is typically reported at -6 ppm.47, 49 However, there is

little evidence of Si-H bonding (usually observed near 2140 cm-') in FTIR spectra of

the HFCVD films. Since the Si-H stretching vibration has high oscillator strength5l,

even low concentrations of this moiety should yield a visible peak in the TIR

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 MH structure. As suggested by the Raman
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spectroscopy, this peak is assigned rather to the presence of oR3 ring structures in

the film. This assignment is close to the reported shift of -1o ppm for the D unit in

the strained molecule D3.46, 48 52 The major peak at -19 ppm is then associated with

oR4 and/or unstrained siloxane units. The shift 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.48

For both the D3 and D4 films, the peak at -9 ppm increases in intensity as

filament temperature increases (see Figures 2-8 and 2-9). While this peak is present

in the spectra of the D3 films over the whole range of filament temperatures, it is of

very low intensity in the spectra of the D4 film deposited at a filament temperature

of 8oo0 C. This is consistent with Raman data, which shows very little oR3 in this

film. The M peak at 5-6 ppm is also more intense in the D3 film deposited at filament

temperature of 86o0 C than in its nloo0 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. The NMR spectra of both D3 and D4 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 the films produced using PECVD.3, 32, 49,

50 The absence of these groups suggests that crosslinking in the film must be

associated with some other bonding structure. Based upon the evidence of Si-Si

bonding observed in Raman spectroscopy, it is postulated that crosslinking in these

films occurs preferentially via this bonding.
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2.3.5 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

Elemental ratios obtained using XPS analysis are reported in Table 2-5. The

highest O:Si ratio is 1.23 for the D4 film deposited at a filament temperature of

8oo0 C. The higher O:Si ratio for the this film is consistent with 29Si NMR data

indicating a greater concentration of T groups.

Table 2-5. XPS elemental ratios for HFCVD films from D3 and D4.
Precursor Tf (°C) 0/Si C/Si

860 1.19 1.63

D3 1000 1.14 1.42

1100 1.12 1.38

800 1.23 1.86

D4 900 1.10 1.44

1000 1.12 1.34

A C:Si ratio of less than 2.0 indicates that all films are deficient in carbon as

compared to the precursor molecules. Cis 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

D3 and D4 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 D3 film deposited at a filament temperature of luooC,

the Si2p and Cis 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 29Si NMR (Figure 2-8). However, this is inconsistent with the low O/Si

ratio reported for this film, and similar shouldering is not observed in the D4 film

deposited at filament temperature of 8oo0 °C which shows a greater O/Si ratio. More
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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

Cis 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).

2.3.6 ATOMIC FORCE MICROSCOPY (AFM)

AFM indicated that the films were very smooth. A typical micrograph is

shown in Figure 2-10, in this case for a D4 film deposited at a filament temperature

of goo°C. RMS roughnesses for all films were of the order of 1.o nm. The RMS

roughness of the silicon substrate was 0.53 nm.53 This in contrast to fluorocarbon

films deposited using HFVCD, which often show greater roughness and

characteristic morphology.54 This morphology is possible due to the lack of ion and

electron bombardment which tends to cause densification and damage to the

growing film during 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 2-10. Atomic force micrograph of D4 HFCVD film deposited at a filament
temperature of 9ooC. RMS roughness over image area is 1.1 nm. RMS

roughness of bare silicon is 0.53 nm.

2.3.7 CHEMICAL REACTIONS

Possible pathways for the production of film growth species under thermal

excitation are shown in Scheme 1. Reactions 1 through 3 describe respectively the

molecular rearrangement of D4 to produce D3 and the intermediate species

dimethylsilanone (D1, Me2Si=O), 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 D3.

53

_ 1_



Reaction

(1) D4 D3 + Me2Si=O
Me
\ ,Me 0-SMe

Ie~ Me *.%o-Si 0
(2) D4 Me- + o si - 2Me + o Me 

\S i /Me -M Si- / Me

Me e Me

(3) D4 *O(Me2SiO)3Me2Sio or -O(Me2 SiO)3 Me2 Si+

Description

Intramolecular
Rearrangement

Methyl
Abstraction

Ring
Opening

(4) D3 - D2 + Me2Si=O

Me Me

.Si Si,
(5) D3 Me + I I Me

O'si'

Me Me

(6) D3 -* O(Me 2SiO)2Me2Si ·

Me Me

.Si, Si.
- 2Me + I I

Si

Me Me

or -O(Me2SiO)2 Me2Si+

Figure 2-ti. Reaction pathways for the production of polymerization precursor
species in D3 and D4 HFCVD.

Previous studies have investigated the gas-phase pyrolysis of D3 and D4 over

a temperature range from 400 to i1oo0 C and a pressure range from 10-4 to 1.0

Torr.22 55-58 For the pyrolysis of D4, the only products observed were D3 and D5, with

the rate of formation of D5 decreasing rapidly above 2% decomposition until D3 was

the only product at high conversions. 57, 58 The formation of the intermediate D1 was

postulated to explain the observed results, and the presence of D5 explained by

recombination of D1 with D4. Other authors have postulated the existence of D156, 59,

60, and evidence for its existence has been collected in matrix IR studies of the

vacuum pyrolysis of D422. In the latter study, temperatures from 900gC to 1,o500 C

were used, closer to those used in our work, and significant conversion of D4 to D3

was also noted at these higher temperatures. D1 may result from the intramolecular
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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.22, 56,60-64

D1 may be a growth precursor for the organosilicon films, with a

polymerization mechanism analogous to that postulated for the diradical

difluorocarbene (CF2) during HFCVD of fluorocarbon films.65 Indeed, heterogeneous

loss of D1 has been postulated to account for discrepancies in the mass balance in

previous pyrolysis studies of D4.58 For the early stages of this pyrolysis (<4%

decomposition), an activation energy of 301±6.3 kJ/mol was reported for reaction

1.58 This is close to the apparent activation energy of 301±102 kJ/mol estimated from

the kinetic data in Figure 2-1 for D4, and suggests that reaction 1 may be the

predominant pathway for the pyrolysis of D4 at low filament temperatures. It is

illuminating to apply the reported rate law to our CVD system. At low filament

temperatures (e.g., 8oo00C), where the conversion of D4 is likely to be less than 4%

and 5690C may be representative of the gas phase temperatures some distance from

the filament, the conversion of D4 using this rate law is calculated to be 0.3%.

Assuming a film density2s of 1.3 g/cm3, the production of D1 could yield film growth

at a rate of o10.8 nm/min on a 4-inch wafer. By comparison, the measured deposition

rate at 8oo0 C was 2.2 nm/min. At higher filament temperatures (above ,ooo0 C),

the conversion of D4 exceeds 4% and the rate law no longer applies. Hence, film

growth by D1 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
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ASM doublet structure in FTIR for the D4 film deposited at a filament temperature

of 8oo0 C.

In contrast to D4, the pyrolysis of D3 is not expected to yield significant

quantities of D1. The D2 ring is highly unstable6o, 66 and the elimination of D1 from D3

as shown in reaction 4 is known to be highly endothermic.58, 62 The lack of this

pathway for producing growth species may explain the lower deposition yields

observed for D3, 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.58

reported on the kinetics of this reaction for the loss of one methyl group between

5780C and 6620C. Calculations at 6620 C analogous to those performed for reaction 1

showed that a loss of one methyl group from D3 via reaction 5 could account for a

conversion of o.6% of the precursor, and could yield film growth at a rate of 76.2

nm/min. If only one methyl group were lost per D3 molecule, the oR3 ring structure

could be incorporated into the film as a terminal group. Additional methyl

abstraction processes may also occur after the initial loss, resulting in incorporation

of the oR3 structure as a polymeric (loss of two methyl groups) or networked unit

(loss of three methyl groups). Incorporation requires bonding of the oR3 group to

another oR3 group and/or a D1 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 D4,

as shown in reaction 2, and subsequent incorporation of the oR4 group is possible.

However, no kinetic data has been found for reaction 2.
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Ring-opening is also possible for both D3 and D4, as illustrated in reactions 3

and 6. However, direct homolytic cleavage of the Si-O bond in cyclosiloxanes to

produce diradicals of the form SiMe2(OSiMe2)nO- is unlikely.6 0, 62 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 precursors, 67-69 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 D3 would be reflected in higher growth yields

for that precursor. Instead, Figure 2-1 shows that deposition yields for D4 are

consistently higher than for D3. For comparison, ring strains of 10.5 kJ/mol for D3

and 1.oo kJ/mol for D4 have been reported.66 Hence, polymerization of linear

species produced via reactions 3 and 6 does not appear to be a dominant mode of

film growth.

Growth of the D3 and D4 HFCVD films is thus believed to occur mainly

through the combination of growth precursors generated via reactions 1, 2, and 5.

For D4, there is competition between the generation of D1 via reaction 1 and the

generation of oR4 groups from methyl abstraction in reaction 2. Since reaction 1

produces D3, 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 D1 species. At higher filament temperatures,

however, evidence of oR3 incorporation suggests that reaction 5 starts to compete.
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For D3, reaction 5 is the predominant source of potential growth precursors in the

form of oR3 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 ID units in the film

structure. Pyrolysis studies of D3 have shown evidence of appreciable concentrations

of D4 in the pyrolyzate, and it was found that the concentration of D4 in the

pyrolyzate decreased as pyrolysis temperature increased.5ss 56 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 band assigned to oR4 and/or ID as filament temperature

increases (Figure 2-6). For the 86o0 C film, this band is centered close to 495 cm-l,

but shifts to about 505 cm-' for filament temperatures above loooC. There also

appears to be a new band that appears near 465 cm-' above this temperature. Most

likely, the band centered around 495 cm-' is indicative of a linear siloxane unit

derived from the polymerization of D,. The two bands that appear at higher

temperature are indicative of an oR4 unit (at 505 cm-') and a larger structure such as

oR5 (at 465 cm-'). The five-membered siloxane ring, oR5, could originate from D5 via

methyl abstraction processes analogous to those in reactions 2 and 5.

It is thus postulated that growth of the D3 HFCVD film occurs in two distinct

regimes: at low filament temperatures, there is growth primarily from linear

polymeric units (ID) and by the incorporation of rings consisting of three siloxane

units (oR3); at high filament temperatures, there is growth primarily from three- and

higher-membered siloxane rings (oR3, oR4, oR5, and higher). This growth model is

58



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, D4, and D5.55

2.3.8 FILM STRUCTURE

The physical properties of the D3 and D4 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 C:Si = 1.70 - is a liquid at ambient conditions, and more

crosslinked polymethylsiloxanes remain resinous up to a composition of about 9o%

T and lo% D groups - corresponding to C:Si = 1.10.66 The HFCVD films show higher

C:Si values between 1.9o and 1.30, but are coherent, hard, and show no evidence of

tackiness. Qualitatively, films deposited at higher filament temperatures are

observed to be harder than those deposited at lower filament 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 occurs via silicon-silicon

bonding which may originate during film growth from ring structures that have lost

methyl groups, as illustrated in reactions 2 and 5 in Scheme 1. These reactions

produce cyclic structural units capable of silicon-silicon bonding. Ring structures are
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then "tiled" into the film structure and observed as the moieties oR3 and oR4.

Analogous silicon-silicon bonding of cyclic structures has been observed in

radiation-induced crosslinking of D4,70 and occurrences of Si-Si bonding have also

been reported for other organosilicon materials, including siloxane polymers and

hexamethyldisiloxane.71 Raman data confirm that, for both D3 and D4 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 methyl groups. This is confirmed by XPS data from Table 2-5, which

show a decrease in methyl content as filament temperature is increased, with little

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 2-5 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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2.4 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 for controlling the 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 D4, there is greater

incorporation of ring structures consisting of three siloxane units (oR3) as filament

temperature is increased. The incorporation of these structures is more pronounced

for films grown from D3. The D3 films also show evidence of higher-order ring

structures such as oR4 and oR5 at high filament temperatures. By contrast, D4 films

show a greater degree of incorporation of linear, unstrained structures (ID) 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

siloxane bonds containing tertiary or quaternary silicon atoms.
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ABSTRACT

Density functional theory at the B3LYP/6-311++G(d,p) level is applied to calculate the 29Si

NMR chemical shifts of a variety of organosiloxane moieties including monomers or

precursors for polymerization and representative segments of organosiloxane polymers or

thin films. The calculated shifts of two linear dimethylsiloxane compounds,

hexamethylcyclotrisiloxane (D3), and octamethylcyclotetrasiloxane (D4) compare well with

their known values having an average error of 3.4 ppm. The same method is applied to

structures believed to occur in organosilicate glass (OSG) thin films deposited using hot

filament chemical vapor deposition (HFCVD) from D3 and D4. The chemical shift at -15

ppm is identified as a cross-linking Si-Si bond between two strained D groups and has not

previously been reported. Retention of the strained ringed structure in HFCVD films

deposited from D3 is confirmed. The rings are bonded to the matrix through either Si-O or

Si-Si bonds, with the later only becoming prevalent when higher filament temperatures were

employed. The strained ring structure is also observed in films deposited from a precursor

with a larger unstrained ring structure, D4. These observations suggest that the known gas

phase conversion pathways of D4 to D3 and dimethylsilanone as well as the methyl

abstraction reaction from D3 are operative in the HFCVD reaction chemistry.
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3.1 INTRODUCTION

Cyclic siloxanes have long been used in the synthesis of a variety of siloxane

polymers.1-6 Recently, methylated cyclic siloxanes have gained a great deal of

importance as precursors for making low dielectric constant organosilicate glass

(OSG) thin films via chemical vapor deposition (CVD).7-13 Understanding the

structure of these films is critical to understanding how to improve physical

properties such as thermal stability, modulus, hardness, or dielectric constant.

Structural characterization of these OSG films via 29Si nuclear magnetic

resonance (NMR) provides detailed resolution of the chemical bonding structure.",

13-17 Characterizing the intricate film structure of materials created using CVD is

often difficult because of the complex nature of the CVD process. As opposed to the

ordered liquid phase chemistry capable of producing nearly flawless linear polymers,

plasma enhanced CVD has incredibly complex chemistry as a result of the

destructive plasma excitation of precursor gases. Even the more controllable

chemistries and methods of excitation can create a material containing a never

before reported bonding environment. Because there is a paucity of good model

compounds for such new and complex bonding environments, many times the NMR

spectra of CVD thin films contain unknown or unreferenced 29Si chemical shifts.

Often times, speculation based on incomplete evidence is the only means to

provide an explanation for the unidentified NMR peak. With the advancement of ab

initio quantum mechanics and density functional theory (DFT) computing methods

as well as the rapid increase in computing power, this speculation can often be

tested.18 , 19 Chemical shifts predicted using DFT calculations have shown good
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agreement with experiment.20-24 These methods have been tested for calculating the

29Si NMR chemical shifts of silanes2l, silane derivatives22, silane and silanol

impurities in silica clusters24, and SiO2 polymorphs.23 Additionally, DFT methods

have been used to predict polymer chemical shifts using an oligomeric approach.20

Previous work by Gleason, et al. presents the results of a hot-wire or hot

filament CVD process using hexamethylcyclotrisiloxane (D3) and

octamethylcyclotetrasiloxane (D4) to create low dielectric constant polymeric OSG

thin films.ll Hot-filament (HF) CVD utilizes a resistively heated wire, or filament, to

provide the thermal energy required to excite the precursor gases which react to

deposit a film on a cooled silicon substrate.7, 11, 25-27 Even utilizing HFCVD for finer

control over the chemistry in the deposition process, OSGs often contain complex

bonding networks that do not have good model compounds for NMR reference.

There are four common bonding environments in OSG thin films.28 Figure 3-

1 presents the four groups resulting from fully methylated OSG precursors.

Precursors with different groups bonded to the silicon will have analogous

structures. An M unit is a chain terminator containing three methyl groups (mono

oxygen). A D unit is a linear unit bonded to two methyl groups and two oxygen

atoms (di oxygen). The T unit is a branching group forming network bonds and has

one methyl group and three oxygen atoms (tri oxygen). Finally, a Q group is silicon

bonded to four oxygen atoms (quad oxygen) as in pure silicon dioxide. The NMR

assignments are as follows: M (+6 ppm), D (-22 ppm), T (-68 ppm), and Q (-105

ppm) relative to TMS.14, 29 In the case where one of the methyl groups of an M or D

group is replaced by a hydrogen atom, the groups are referred to as MH (-6 ppm) and

DH (-34 ppm) respectively.4, 29
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Figure 3-1. Non-branching groups, M (+6 ppm) & D (-22ppm) and branching
groups, T (-68 ppm) & Q (-105 ppm) commonly found in OSG thin films with
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Figure 3-2. Labeled 29Si NMR spectra of HFCVD film from D3 with a filament
temperature of 1150o°C.

As shown in Figure 3-2, the 29Si NMR spectra of films deposited via HFCVD

from hexamethylcyclotrisiloxane (D3) displays a predominance of D units, with

significantly lower incorporation of MH, DH and T units. Additionally, the second

most intense peak in Figure 3-2 appears at a chemical shift of -9 ppm which was

previously unreported in the literature of OSG thin films."
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In this paper, the accuracy of various ab initio quantum mechanics methods

for predicting NMR chemical shifts will be evaluated for known shifts of OSG film

bonding environments. Additionally, model compounds representing complex

portions of the OSG film matrix, some containing more than 60 atoms and over 270

electrons, will be used to aid the assignments of unknown bonding environments

evident in 29Si NMR spectra of OSG thin films. Finally, the insights provided by the

new assignments concerning OSG film structure and deposition chemistry will be

discussed.

3.2 METHODOLOGY AND EXPERIMENTS

Structures of interest were built using GAUSSVIEW, and all calculations were

performed using the program GAUSSIAN983 on a variety of computers with a

minimum of dual 1.o GHz Intel Pentium IIITM processors and 512MB of RAM.

Geometries were initially optimized using the Hartree-Fock (HF) method with a 6-

31G(d) basis set and further refined using the density functional theory B3LYP

method with the expanded 6-311++G(d,p) basis set. The B3LYP method3l utilizes a

three hybrid functional combining the HF and Slater exchange, the 1988 Becke

density gradient correction to exchange,32 the LYP functional of Lee, Yang, and

Parr3, 33 for both local and non-local correlation, and the 1980 VWN functional III of

Vosko, Wilk, and Nusair for local correlation.34 The B3LYP hybrid functional has

proven to provide accurate geometries while not as computationally expensive as

higher order methods such as M0ller-Plesset perturbation theory and the complete

basis set theory.35, 36

69



NMR shielding tensors were then calculated for the optimized geometries at

the B3LYP/6-311++G(d,p) level. Both sets of polarization and diffuse functions and

were utilized to increase the accuracy of the electron density of the structures in

order to properly simulate the shielding of the molecules. The B3LYP method was

found to provide excellent agreement with experimental results for silanes.21

GAUSSIAN98 provides four methods for computing NMR shielding tensors, the

Continuous Set of Gauge Transformations (CSGT) method37-39, the Gauge-

Independent Atomic Orbital (GIAO) method40-44, the Individual Gauges for Atoms In

Molecules (IGAIM) method37, 38, and the Single Gauge Origin method which is a

known bad method for large systems.30 The NMR shielding tensors were calculated

using all available methods.

Of interest in this work are the 29Si NMR shielding constants of a variety of

siloxane molecules and structures including the standard reference compound for

29Si NMR, tetramethylsilane (TMS). The isotropic shielding constants for each

compound of interest are calculated using DFT methods previously described and

compared to the isotropic shielding constant for the reference TMS calculated at the

same level. The chemical shift on the relative Delta, 6, scale is calculated as follows

where 6 is the chemical shift measured in ppm and aMs and a represent the

isotropic shielding constants of the reference (TMS) and atom of interest (*)

respectively, which sets the chemical shift of TMS equal to zero.

TMS * *
0o -O =a

This sets this chemical shift of TMS equal to zero. Molecules simulated in

addition to the reference TMS include the cyclic siloxanes tetramethylcyclodisiloxane
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(D2), hexamethylcyclotrisiloxane (D3), and octamethylcyclotetrasiloxane (D4).

Additionally, structures containing moieties believed to exist in OSG thin films are

also modeled and are shown in Figure 3-3. Two approximations of the linear D

group found in polydimethylsiloxane (PDMS) are simulated, one consisting of a D

group capped by SiH3 groups (Group A), the other consisting of two linear D groups

with MH end groups (Group B). Some unique OSG network forming structures were

simulated as well including two methyl abstracted D3 rings bonded together via a Si-

Si bond (Group C), a methyl abstracted D3 bonded to a linear chain of three D units

via a Si-Si bond (Group D), a methyl abstracted D3 bonded pendant to a linear chain

of three D units via a Si-O bond (Group E), and a methyl abstracted D3 bonded

terminal to linear chain of two D units via a Si-O bond (Group F).
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Figure 3-3. OSG groups simulated: a. SiH3 capped D, b. D groups with MH
endgroups, c. Two D3* rings bonded via Si-Si, d. D3* pendant to linear chain of
3 D units via Si-Si, e. D3' pendant to linear chain of 3 D units via Si-O, and f. D3*

terminal to linear chain of two D units via Si-O. (D3* - methyl abstracted D3)

3.3 RESULTS AND DISCUSSION

Computed chemical shifts relative to tetramethylsilane (TMS) calculated via

the GIAO, IGAIM, and CSGT methods are reported in Table 3-1 along with available

literature values. The average error for each method is reported and compares

favorably with the work of others. Reported errors for DFT calculations are typically

on the order of 2-12 ppm21, 22, 24 with errors larger than 25 ppm for silicon at the
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center of a single shell and as small as ± 1 ppm for a silicon at the center of the large

3 shell approach of Xue, et al. for silicon polymorphs.23

Table 3-1. Summary of calculated 29Si NMR chemical shifts of known moieties
using various methods at the B3LYP/6-311++G(d,p) level. (TMS oiso GIAO: 339.2

ppm, IGAIM: 338.0 ppm, CSGT: 338.0 ppm)
Literature GIAO IGAIM CSGT

Group Structure
6 ppm notes 8 ppm 8 ppm 8 ppm

D3 (SiO) 2Si(CH 3)2 [D] -8.9, -9.9 14, 29 -4.8 -8.8 -8.8

D4 (SiO)2Si*(CH3)2 [D] -19.5, -20.2 14, 29 -24.0 -27.4 -27.4

Group A (chain) (SiO)2Sil(CH3)2 [D] -22.4, -23.5 14, 29 -17.7 -21.7 -21.7

Group B (SiO)2 Si'(CH3)2 [D] -22.4,-23.5 14,29 -23.9 -27.3 -27.3
(chain) (CH3)2(H)Si2(OSi) [MH] -6.5 14,29 -7.3 -10.5 -10.5

IA|aav = 3.14 IAIbav = 3.55 IA Cav = 3.55

I Al ,a - Average difference between the DFT calculated shift and average literature values for a GIAO,

b IGAIM, & c CSGT methods.

All four compounds in Table 3-1 have reported values of experimentally

determined 29Si NMR shifts. The first two are cyclic molecules comprised only of D

units. The last two are linear structures, Group A (Figure 3-3a) and Group B (Figure

3-3b). The chemical shifts calculated by all three methods agree well with literature

data for the strained D moiety in D3. The six-member D3 ring is a planar ring that

does not allow for the typical 16o + 15° ZOSiO bond angle creating 2.5 kcal/mol of

ring strain.45, 46 The calculated ZOSiO bond and is only 134.1° with a ZSiOSi bond

angle of only 105.9° as opposed to the typical tetrahedral 109.50 which leads to

deshielding of the silicon and causes the shift downfield from an unstrained D group.

By comparison, D4 has a ring strain of only 0.24 kcal/mol and rings containing eight

or more siloxane units are thought to have no ring strain.45 46 Bond angles for D4
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were calculated to be 160.550 and 109.460 for the ZOSiO and ZSiOSi bonds

respectively. The difference in chemical shift of the D unit in D3 versus D4 is a result

of this large difference in ring strain and the ZSiOSi and ZOSiO bond angles. The

increased strain in D3 reduces shielding and pushes the experimentally observed

chemical shift of the D unit in D3 downfield. The DFT calculations also predict this

effect; however, the absolute magnitude of the agreement between calculation and

experiment for D4 is not as good as in the case of D3 molecule. The D3 molecule is

planar and the silicon atoms are surrounded by a cloud of methyl groups making

interactions of the silicon atoms with other molecules difficult. However, D4 is a

larger and slightly puckered ring allowing for interactions of the silicon atoms with

other molecules. These calculations were performed on single molecules while the

reference chemical shifts were obtained by solution NMR. The difference between

the calculated and experimental chemical shifts for D4 can be attributed to

molecular interactions that are not accounted for in the simulation. This error could

likely be reduced by taking an approach similar to the three shell approach of Xue, et

al.23, but not without a very large computational cost.

The difference between the unstrained D group in Group A and Group B is a

result of the conformation of the optimized geometry. The short unstrained D group

represented in Group A allows the oxygen to remain in the gauche position placing a

methyl group in the trans position, while the lowest energy confirmation for Group B

places an oxygen atom in the trans position (as in PDMS47) providing greater

shielding (corresponding to the shift upfield).48 The calculated shifts for both linear

D groups and the MH moiety show good agreement with the literature values. The

relative agreement of the IGAIM and CSGT methods and GIAO method with
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literature values for known molecules indicates the validity of DFT as a predictive

methodology for 29Si NMR shifts for organosiloxanes.

Table 3-2. Summary of calculated 29Si NMR chemical shifts of unknown
moieties using various methods at the B3LYP/6-311++G(d,p) level. (TMS iso

GIAO: 339.2 ppm, IGAIM: 338.0 ppm, CSGT: 338.o ppm)
GIAO IGAIM CSGT

Group Structure
§ ppm 8 ppm § ppm

D2 (SiO)2Si'(CH3)2 [D] 34.3 32.2 32.2

(SiO)2Sil(CH 3) 2 [D in strained ring] -4.2 -8.5 -8.5
Group C (2 D3 rings)

CH3(SiO2 )Si2Si2(Si0 2)CH3 -12.4 -15.9 -15.9

Group D (D3 pendant to (SiO)2Sil(CH3)2 [D in strained ring] -2.0 -5.8 -5.8

linear chain via Si-Si) (Si of strained ring)Si2(SiO2)CH3 -25.0 -29.6 -29.6

(SiO)2Sil(CH3) 2 [D in strained ring] -3.8 -7.6 -7.6

Group E (D3 pendant to (SiO)3 Si2(CH3) [T in strained ring] -63.5 -64.5 -64.5

linear chain via T) (SiO)3Si3(CH3) [T in chain] -75.0 -76.0 -76.0

(SiO)2Si4(CH3)2 [D in chain] -17.5 -20.7 -20.7

(SiO) 2Sil(CH3)2 [D in strained ring] -4.7 -7.9 -7.9

Group F (D3 termination (SiO)3Si2(CH3) [T in strained ring] -63.7 -65.1 -65.1
of linear chain via T)

(SiO)2Si3(CH3) 2 [D in chain] -21.6 -24.9 -24.9

Reported in Table 3-2 are the chemical shifts of five moieties which are not

represented by precise model compounds in the experimental 29Si NMR literature.

The first structure is a cyclic dimer of D units while the structures of the final four

molecules are shown in Figure 3-3c, 3-3d, 3-3e, and 3-3f, and will be referred to as

Groups C, D, E, and F, respectively. The later structures represent different means

for incorporation of a 6-memebered D3-like ring into the film structure through

either Si-Si or Si-O bonds. Due to the molecular instability of D2, a measured

chemical shift for the very strained D moiety in D2 has not been reported in the

literature. The calculated shift of approximately +32 ppm is consistent with the
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trend of decreased shielding with increased ring strain and decreased ZOSiO (88.7°

calc.) and ZSiOSi (91.3° calc.) bond angles as evident when comparing the shift of

D3 to D4. Group C revealed a new shift for a Si-Si bond between two strained D

groups occurring at approximately -15 ppm while the shift for the strained D group

in the six-member rings remains constant. If the D3-like ring is bonded to an

unstrained silicon via a Si-Si bond as in Group D, the chemical shift of the

unstrained silicon is approximately -30 ppm. The shift upfield for this Si-Si bond as

compared to the Si-Si bond in Group C is expected due to less strain on the silicon.

The calculated shift of strained D in Group D is approximately -6 ppm is likely a

result of interactions with the hydroxyl end groups of the linear PDMS chain. The

calculated shifts for Groups E & F agree very well with the shifts expected from the

literature. The downfield shift of the strained D group in Groups E & F as compared

to D3 is due to the oxygen of the T group which further strains the ring opposite the

T group reducing the ZOSiO bond angles an additional 0.3-4 degrees. The

calculated chemical shifts for the linear D moieties of both Groups E & F agree well

with the literature value for linear D groups reported in Table 3-1. The chemical

shifts of the T groups in Groups E & F agree well with the observed spectra presented

in Figure 3-2. The shifts of the T groups within a strained ring agree well with the

reported literature value of -65 ppm for a simple T group surrounded by M groups,

CH3Si*[OSi(CH3)3]3, and is shifted slightly downfield compared to a generic T group,

CH3Si(O-) 3, with a reported shift of -68 ppm.29 These strained T groups are shifted

approximately 10 ppm downfield from the calculated shift of the T group bonded to

unstrained D groups in Group E. This shift is of the same magnitude of the shift

between strained and unstrained D groups and is a result of the strain on the silicon
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atom and the resulting decreased ZOSiO bond angles as two of the three oxygen

atoms in the strained T groups are incorporated into a D3-like ring.

All strained D moieties of six-member rings fall in the range of -2.0 to -8.8

ppm while linear D moieties fall in range between -17.5 and -27.3 ppm for the

compounds simulated in Tables 1 and 2. The chemical shift for Si-Si bonds

associated with strained rings appears at -15 ppm. These assignments will be applied

to evaluate previously publish NMR spectra of HFCVD OSG thin films.

A series of films deposited via hot filament CVD from D3 and D4 precursors

were examined in a previous work." The 29Si NMR spectra of OSG of these films

contain a number of shifts previously assigned through reference to the literature.

The peaks at -6 ppm, -20 ppm, and -67 ppm were assigned to the shifts

corresponding to MH, D, and T groups respectively. Additionally, the spectra of

these films contained a shift at -9 ppm which could not be definitively assigned. The

calculated shifts confirm the previous assignments accounting for the MH group at -6

ppm (Group B), the unstrained D at -20 ppm (Groups A-B, E-F), and the T group at -

67 ppm (Groups E-F) while suggesting that the shift at -9 ppm corresponds to a

strained D group (Groups C-F) resulting from the incorporation of planar six-

member D3-like rings into the film structure. For films deposited from D3, this is

possible through a methyl abstraction reaction of the D3 precursor creating a radical

able to bond to an existing radical site on the film. For films deposited from D4, D3

must first be produced via the intra-molecular conversion of D4 to dimethylsilanone

and D3 which can undergo a subsequent methyl abstraction reaction. The

intramolecular reaction has an activation energy of 300.9 6.1 kcal/mol which is

less than the 383 39 kcal/mol required for methyl abstraction from a D3
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molecule.49, 50 Bands corresponding to ring deformation for both D3 and D4 can be

observed and differentiated using Raman spectroscopy.51 Raman spectra of HFCVD

OSG thin films from both D3 and D4 contain the clear signature of a six-member D3-

like ring, providing further evidence of ring incorporation."1 The degree of ring

incorporation increases with increasing filament temperature for films from each

series as shown in the 29Si NMR spectra in Figures 3-4 & 3-5. The D3-like rings can

be bonded to the film via Si-Si bonds as in Groups C & D or through T groups as in

Groups E & F.

X 860 C

0- 1000°C

-_...- . iO) C

29 Si ppm -10
-20I 30
-20 -30

Figure 3-4. 9Si NMR of HFCVD films from D3 with filament temperatures of
860°C, 1o000C, & 11oo00C. 
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29Si ppm -10 -20 -30

Figure 3-5. 29Si NMR of HFCVD films from D4 with filament temperatures of
8oo0 C, 9oo0C, & 1ooo0 C. 1

Closer inspection of the 29Si NMR spectra of these films shown in Figures 3-4

& 3-5 between -5 and -30 ppm provides insight into the bonding environment of six-

member D3-like rings included in the film. Least-squares fitting of the spectra to

resolve individual peaks can determine the contributions of each type of bonding

environment. While the majority of the films show only a small degree of degree of

Si-Si bonding, the film deposited from D3 with a filament temperature of 1150°C

contains a significant amount of Si-Si bonding indicating the presence of D3 rings

tiled to each other through Si-Si bonds. From the calculated spectra of Group C, we

expect a peak at -8 ppm for the strained D and -15 ppm for the Si-Si bond in addition

to the backbone of linear D present in the film and occurring at -21 ppm as calculated

in Group B. Figure 3-6 shows the fit spectra. The peaks in are centered at -8.5 ppm,

-14.5 ppm, and -19.1 ppm corresponding to the strained D in D3, cross-linking of

strained D groups via a Si-Si bond, and linear D respectively. The integrated area of
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the peak at -8.5 ppm must be at least two times as large as the peak at -14.5 ppm to

correctly account for the number of bonds. The integrated area of the strained D

peak is approximately 3.1 times the area of the peak corresponding to the Si-Si bond,

indicating that while the a large number of the D3-like rings are bonded to the film

through Si-Si bonds, there is evidence to support D3 ring incorporation through a Si-

0 bond in a T group either pendant or terminal to a PDMS-like chain of linear D

groups as well as represented by Groups E & F.

-5 -10 -15 -20 -25 -30

29si ppm

Figure 3-6. 29Si NMR spectra of xL500C D3 film fit to resolve chemical shifts at -
8.5 ppm, -14.5 ppm and -19.1 ppm.

Least squares fitting of the spectra from the remaining deposition conditions

indicates an increased concentration of methyl abstracted D3 molecules as a

function of temperature. This is evidenced by in the increasing presence of the

strained D moiety and by the increasing presence of strained Si-Si bond relative to

that of the strained D moiety. This relative increase as a function of increasing

temperature indicates that at elevated temperatures the methyl abstracted D3
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molecules can react with each other to create a structure similar to Group C. The

evidence of Si-Si bonds between strained D groups as would occur if many methyl

abstracted D3 rings were "tiled" together is only convincing at very high filament

temperatures, >oo 0 C. This coupled with the fact that there is no spectroscopic

evidence of a D3-like ring bonded via a Si-Si bond pendant to a linear chain as in

Group D, indicates that the majority of six-member D3-like rings are bonded to the

structure of the film through T groups either pendant or terminal to linear chains as

in Groups E & F respectively.

3.4 CONCLUSIONS

Using density functional theory at the B3LYP/6-311++G(d,p) level and three

methods of calculating NMR shielding tensors (GIAO, IGAIM, and CGST) the known

chemical shifts of OSG compounds were calculated to within an accuracy of 0.1-7.4

ppm with an average error of approximately 3.5 ppm. This compares favorably with

results of similar work which yielded errors on order of 6-10 ppm 22, errors of 0.2-11

ppm with relative error of o0% on shifting of neighbors24 and errors as large as 26

ppm for the one shell and as small as ± 1 ppm for the large 3 shell approach used by

Xue, et al.23 Molecules containing over 60 atoms and more than 270 electrons were

successfully modeled, providing reasonable models for portions of the OSG matrix.

The same methods were used to calculate the chemical shifts for previously

unassigned bonding environments.

The chemical shift reported at -15 ppm and assigned to the cross-linking Si-Si

bond between two strained D groups has not previously been reported in the
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literature to the knowledge of the authors and leads to a greater understanding of the

structure of thin films deposited from cyclic siloxanes. Retention of the strained

ringed structure in HFCVD films deposited from the D3 precursor is confirmed. The

rings are bonded to the matrix through either Si-O or Si-Si bonds, with the later only

becoming prevalent when higher filament temperatures were employed. The

strained ring structure is also observed in films deposited from a precursor with a

larger unstrained ring structure, D4. These observations suggest that the known gas

phase conversion pathways of D4 to D3 and dimethylsilanone as well as the methyl

abstraction reaction from D311, 49, 50 are operative in the HFCVD reaction chemistry.
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ABSTRACT

The enthalpies of formation and enthalpies of reaction at 298 K for a set of Si:C:O:H species

derived from methylsilanes and methoxymethylsilanes were computed using the B3LYP

density functional theory. Total energies were calculated at the B3LYP/6-

311+G(3df,2p)//B3LYP/6-311+G(d) level. Zero point energies and thermal corrections were

calculated using B3LYP/6-311+G(d)//B3LYP/6-311+G(d) vibrational energies scaled by a

factor of o.96. The average absolute deviation of enthalpies of formation and reaction were

3.89 and 1.86 kcal/mol, respectively. Bond strengths and reactions with O atom and H atom

are examined in the context of understanding the initial reactions in chemical vapor

deposition. The Si-H bond was calculated to be 8.4 kcal/mol stronger than the Si-C bond

in methylsilanes and to increase by 0.6 kcal/mol with increased methylation; however, the

thermochemistry of methylsilane reactions with O atom favors scission of the Si-H bond to

produce hydroxyl and methylsilyl radicals. Thermodynamic control over the reaction

pathways of methoxymethylsilanes is possible only when considering the reaction with H

atom for which methoxymethylsilanol formation is favored. This illuminates a conceivable

strategy to control the Si-O-Si bonding network while retaining methyl functionality in a

CVD thin film by controlling the ratio of methoxy functionality and free hydrogen in the

reactor. Density functional theory is a useful tool in understanding and subsequently

controlling the initial chemistry in the CVD process.
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4.1 INTRODUCTION

Methylsilanes are common precursors used in plasma enhanced chemical

vapor deposition (CVD) to create low dielectric constant thin films with applications

semiconductor devices.1, 2 Finding a low dielectric constant material to replace

silicon dioxide has been an active area of research for a long time.2- 8 The main

challenge in perfecting this class of materials referred to as organosilicate glasses

(OSGs) has been to decrease the dielectric constant with the addition of alkyl

functionality while maintaining the structural strength of the Si-O network.

Molecular simulation of possible OSG precursors is important to allow for intelligent

precursor selection for robust OSG thin film deposition via CVD. Ab initio quantum

mechanics have been useful in understanding the kinetics of oxygen atoms with

silane,9 methyl-lo dimethyl- and trimethylsilane,l predicting the thermochemistry of

gas phase difluorocarbene reactions,12 and predicting 29Si NMR chemical shifts of

OSGs.'3 In this paper, the initial fragmentation patterns of potential OSG precursors

are examined using density functional theory.

Density functional theory (DFT) is used to determine the molecular structure

and enthalpies of formation for a family of methyl- and methoxymethylsilanes and

their radical fragments. The bond dissociation energies (BDEs) and enthalpies of

reaction for reactions such as methyl abstraction and silanol formation are

examined. This method is used to reveal potential fragmentation and reaction

patterns for a first screening of CVD precursors. The well designed computational

experiment is extremely valuable due to its potential to save monetary, personnel,

chemical and time resources required for laboratory experimentation.
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The simulations allow for a calculation of reaction enthalpies which can be

used to select appropriate precursors for OSG precursors. A series containing over

120 reactions was studied leading to the design of a laboratory experiment focusing

on the reaction of trimethoxymethylsilane and hydrogen atom. The results of the

simulations allowed for the intelligent design of laboratory experiments and the

elimination of entire series of possibilities.

DFT is a theoretical method for predicting molecular geometries, vibrational

frequencies, transition states, and as an extension bond energies, heats of formation

and energetics of reactions. Of particular merit is the B3LYP hybrid functional

which produced the best agreement, among many DFT methods, with the

experimental enthalpies of formation contained in the enlarged G2 test set.14 The

B3LYP method's utilizes a three hybrid functional combining the HF and Slater

exchange, the 1988 Becke density gradient correction to exchange,l6 the LYP

functional of Lee, Yang, and Parr5s, 17 for both local and non-local correlation, and the

1980 VWN functional III of Vosko, Wilk, and Nusair for local correlation.l8

The B3LYP hybrid functional has proven to provide accurate geometries while

not as computationally expensive as higher order methods such as Moller-Plesset

perturbation theory, the complete basis set theory, or the composite Gaussian-2 (G2)

theory.12, 14 Considering the silane derivatives in the G2 test set, G2 theory gives

errors of 2.9, 0.5, 1.2, 2.2, and 0.4 kcal/mol for Si-.H2 ('A), Si-.H2 (3B1), SiH3, SiH4,

and CH3SiH3, respectively, while B3LYP theory gives errors of 2.1, 2.3, 3.2, 1.9 and -

1.0 kcal/mol.14 While G2 theory performs better, the considerable computational

expense is not warranted considering the marginal improvement.
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This works makes use of energies calculated from B3LYP/6-

311+G(3df,2p)//B3LYP/6-311+(d), and scaled zero-point and thermal corrections

utilizing scaled vibrational frequencies from B3LYP/6-311+(d)//B3LYP/6-311+(d)

calculations. A factor of o.96 was used to scale both zero-point energies and

vibrational frequencies as it is has produced the best agreement with experiments in

several studies.2, 19-22 The recommended factor of 1.0015 was used to scale entropies

for the calculation of Gibbs free energies.21 The focus of this work is to determine the

thermochemistry of the methyl- and methoxymethylsilane systems; however, these

results are interpreted as they correspond to the CVD of thin films from these

precursors. By increasing understanding of the bond strengths and primary

reactions of these precursors with oxygen atom and hydrogen atom, intelligent

selection of CVD precursors is possible.

4.2 COMPUTATIONAL METHOD

Structures of interest were built using GAUSSVIEW, and all calculations were

performed using the program GAUSSIAN9823 on a variety of computers with a

minimum of dual 1.0 GHz Intel Pentium IIITM processors and 512MB of RAM.

Geometries were initially optimized using the Hartree-Fock (HF) method with a 6-

31G(d) basis set. Further geometry refinements and the calculation of zero point

energies and vibration frequencies were performed using the density functional

theory B3LYP method with the expanded 6-311+G(d) basis set. Finally, single point

energies were calculated from the optimized B3LYP/6-311+G(d) geometries at the
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B3LYP/6-311+G(3df,2p) level. Calculations for molecules in the singlet and non-

singlet states were carried out with and without spin restriction, respectively.

Enthalpies of formation were calculated following the approach of Curtiss and

Pople, et al.14 and are compared with experimental data where available from the

literature. While this approach is considered theoretical, the calculated values

depend on experimental data for the enthalpies of formation of isolated atoms and

the elemental corrections to enthalpy for the standard states of the elements.

Enthalpy of formation at o K [ AH ,SiwcoH (OK)] is given by Eq. (4-1).12 14 The values

for atomic enthalpies of formation, AHa,, for gaseous Si, C, 0, and H are taken

from the JANAF tables (Si=l06.52; C=169.98; 0=58.98; H=51.63 kcal/mol).24 The

atomization energy of each molecule, AH° , wCxOYH, is the stoichiometric summation

of the atomic B3LYP/6-311+G(3df,2p) single point energies corrected for the scaled

zero-point energies calculated at the B3LYP/6-311+G(d) level where vibrational

frequency calculations were performed. The zero-point energies and vibrational

frequencies were scaled by a factor of o.96.

AHf ,SiwCxOyH z (OK) = LHf, - at ,SiwCxOyH
z

= {WAHfs + XiAH + yAH + fz,H

- {w[E(Si)]+ x[E(C)]+ y[E(O)]+ z[E(H)]

- [E(SiwC,XOyHz )+ 0.96 * ZPE(Si wCxOyHz )3. (4-1)

Standard enthalpies of formation were then calculated by Eq. (4-2).12 14

Elemental corrections, AHorrs,, for Si, C, 0, and H are based on the standard

states of the elements and are taken from the JANAF tables (Siref=.77, Cref=0.25,
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02,ref/2=1.04, H2,ref/2=1.l kcal/mol).24 The thermal correction to enthalpy,

AH°orrsiwCOH, includes the PV term, the classical approximations for translational

(3/2 RT) and rotational (3/2 RT for nonlinear species and RT for linear species)

contributions to enthalpy, as well as the harmonic approximation for vibrational

contributions to enthalpy. Eq. (4-3) shows the method for calculating AH° Orr SiwC O Hz

for each SiwCxOyHz molecule.l2

Alls,0 (29o(298 K)= = A 0 (LllAHSiwCxOyH (298K) AH f,SiwCOyHz (OK)+ AH corr,SiwCxOyHz - Z corr, s t

- AH wo (OK)+ AH CrrC {w[H(298K)
f ,SiwCxOy_- ~-[corr,SiwCxOyH, Si

- Hi (OK)] + x[H° (298K) - Hc (OK)] + y[H° (298K)

- Hg (OK)]+ z[H (298K)- H° (OK)D, (4-2)

ALH O = PV+AUO +AUO +UOcorr,SiwCxOyH- PV + AUtans + Arot + Avib

= RT + RT or RT + RE 0.96 exp [-1 .(4-3)

After calculating the enthalpies of formation for the species of interest,

enthalpies of reaction at 298 K for the simple monomer fragmentation reactions

(bond dissociation energies, BDE) as well as the reactions of methyl- and

methoxymethylsilanes with atomic oxygen, 0(3P2), and hydrogen, H(2S1/2), are

calculated by the stoichiometric sum of the species enthalpies of formation as given

in Eq. (4-4).

aA + bB - cC + dD

AHl°(298K) = cAHI (298K) + dAH° (298K) - aAH° (298K) + bAH (298K). (4-4)
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Total Gibbs free energies were calculated at 298 K from the absolute

enthalpies and scaled entropies at 298 K by Eq. (4-5).21 Gibbs free energies of

reaction were calculated based on the stoichiometric sum of total Gibbs energies of

the species, given in generic form by Eq. (4-6).

Gs,wco,,H (298K) = Hno,,o (298K)-298.15 *(1.0015)swC OH (298K). (4-5)

aA + bB - cC + dD

AG° (298K) = cGc (298K)+ dG (298K)- aG° (298K) + bG° (298K). (4-6)

4.3 RESULTS AND DISCUSSION

4.3.1 ENTHALPIES OF FORMATION

Total energies and zero-point energies in Hartree are given in Table 4-1 along

with the total atomization energy, _Do, thermal corrections to the enthalpy and

standard enthalpies of formation at o K, and 298 K in kcal/mol. Experimental

enthalpies of formation at 298 K, where available in the literaturel4, 24-31, along with

the corresponding deviations of the theoretical values are also given in Table 4-1.

The average absolute deviation is 3.89 kcal/mol which compares well with the 3.11

kcal/mol reported for species in the expanded G2 test set.4 When considering only

the species which overlap between the two studies the average absolute error is

reduced to 1.74 kcal/mol. The average absolute deviation for the 12 species with

reported literature values32 of EDo is 1.22 kcal/mol. The average absolute deviation

for the 13 species with reported literature valuesl4, 24, 26 for enthalpies of formation at

o K is 1.6o0 kcal/mol.
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In general there is very good agreement (less than 3 kcal/mol difference) with

the literature enthalpies of formation; however there are a few notable exceptions.

Examining the series of methylsilanes from silane to tetramethylsilane, the enthalpic

exchange value of methyl for hydrogen is calculated as -12.25 kcal/mol as opposed to

the reported substitution value of -16.o kcal/mol.30 This leads to the errors change

by approximately 3.75 kcal/mol with the addition of each methyl group which is

mostly due to the under-prediction for the enthalpy of formation of CH3 by 2.74

kcal/mol. It should also be noted that there is a large range of reported enthalpies of

formation for the family of methylsilanes summarized by Doncaster et al. they are

given in kcal/mol as -4.0 to -11.8, -15.3 to -29.8, -28.0 to -44.5, and -42.2 to -58.7 for

methylsilane, dimethylsilane, trimethylsilane and tetramethylsilane respectively.33-40

The corresponding values calculated in this study all fall toward the high end of the

reported experimental ranges and are -5.88, -18.15, -30.50, and -42.38 kcal/mol.

The largest errors are associated with those compared to the theoretical and

estimated enthalpies of formations calculated using the BAC-MP2 method with the

applied empirical correction of Ho et al.27 As noted by Ho et al. there is a dearth of

literature heats of formation for SiwCxOyHz species, so the values presented by Ho et

al. and those presented here represent a range of values for ab initio predictions with

and without empirical corrections. Fortunately, any systematic accumulation of

errors in the DFT methods should not interfere with obtaining accurate enthalpies of

reaction for simple reactions of the SiwCxOyHz class of molecules examined in this

work.
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Table 4-1. Total energies and un-scaled zero-point energies, in Hartree, with
thermal corrections to enthalpy, sum of atomization energies and enthalpies of

formation (both theory and experimental with deviations), in kcal/mol.
SiwCxOyH. Ea A Af(298K)Spcie Ea ZPEb AHrrc E Dod MIHf (298K) Atf (298K) A

Species (K )e gTheory xtTheI ff Ep.

Si(3Po)

C(3Po)

0(3P2)

H(2 S1/ 2)

(H3CO) 4Si

(H 3CO) 3SiCH 3

(H 3CO) 2Si(CH 3) 2

(H3CO)Si(CH 3)3

(H 3CO) 3 Si.

(H 3CO) 3Si +

(H 3CO) 2 Si'CH 3

(H 3CO) 2 Si+CH3

(H 3CO)Si.(CH 3 )2

(H 3CO)Si+(CH 3 )2

Si.(CH 3 )3

Si+(CH 3 )3

(H 3CO) 3SiO'

(H3CO)2SiO'(CH 3)

(H3CO)SiO(CH 3)2

(CH 3 )3SiO'

(H 3CO) 3 SiH

(H 3CO) 2SiH(CH 3)

(H 3CO)SiH(CH 3 )2

(H3C0) 2SiH 2

(H 3CO)SiH 2(CH 3)

(H3 CO) 3SiOH

(H 3CO) 2SiOH(CH 3 )

(H3 CO)SiOH(CH 3 )2

(CH 3) 3SiOH

.CH 3

+CH3

H 3CO.

H 3CO-

H-

0-
*OH

-OH

CH 4

H 2CO

-289.3945

-37.8575

-75.0909

-0.5022

-750.3997
-675.1288

-599.8431

-524.5665

-635.1243

-634.8978

-559.8462

-559.6286

-484.5632

-484-3437

-409.2905

-409.o604
-710.4009
-635.1160

-559.8462

-484.5652

-635.7839

-560.5031

-485.2231

-521.1528

-445.8776

-711.1019

-635.8205
-56o.5381

-485.2577

-39.8578

-39-8555

-115.0993

-115.1531

-0.5099

-75.1499
-75.7656

-75.8301

-40.5368

0.0000 1.4812

0.0000 1.4812

0.0000 1.4812

0.0000

0.1704
0.1652

0.1586

0.1532

0.1275

0.1290

0.1214

0.1229

0.1151

0.1158

0.1097

0.1093

0.1308

0.1244

0.1188

0.1127

0.1370

0.1308

0.1247

0.1015

0.0960

0.1432

0.1369

0.1305

0.1246

0.0296

0.0279

0.0363

0.0349

0.0000

0.0000
0.0083

0.0083

0.0448

1.4812

8.2273

8.9290
7.6984

7.3576

7.6314

7.8147

6.9001

7.0504

5.6376

5.4629

5.3626

5.0610

7.8050

7.1605

6.8578

6.1165

7.6528

6.9100

6.1457

5.3853

5.0048
8.3867

7.7247

7.1148

6.3573

2.5290

2.3827

2.5164

2.4270

1.4812

1.4812

2.0737

2.0737

2.3966

-114.5494 0.0266 2.3974

0.0 106 .52 107.23

0.0 169.98

0.0 58.98

0.0 51.63

1896.5 -254-49

1786.7 -203.70

1668.4 -144.41

1555.1 -90.08

1407.4 -149.30

1264.3 -6.24

1293.6 -94-51

1156.2

1176.9

1038.7

1066.1

921.9

1521.9

1404.1

1295.2

1179.6

1500.5

1385.1

1270.1

1096.1

983.8

1639.3

1523.5

1407.2

1291.8

292.0

291.7

382.5

417.2

4.8

37.0
103.2

143.8

393.9

42.96

-36.79

101.41

15.07

159.23
-204.86

-145-96

-96.09

-39.43

-190.75

-134-33
-78.28

-118.63

-65.29

-270.55

-213.75

-156.43
-100.08

32.84

33.22

1.37

-33.29

46.80

21.99

7.39

-33.16

-17.36

358.4 -26.18

171.21

59.43

52.10

-264.33

-211.80

-152.70

-97.68

-155-41

-12.17

-100.31

37-31

-42.82

95.21

9.81

153.66

-211.84

-152.54

-101.94

-44.98
-197.86

-141.14

-84.82
-124.68

-70.69

-277.95

-220.78

-163.04

-106.40

32.08

32.31

-0.44

-35.19

47.27

22.44

7.42

-33.14
-19.26

-0.32

-o.o8

-0.13

0.00

17-47

-1 6 1. 3 j,q 5.8 9 q

4.1 ± 1.7k 5.74

-21 7 . 7 j,q 5 .86 q

-48.5j q ' 3.52 q

-208.2iq 10.34 q

-2 9 3 .3 j,q 15 -3 5 q

-119.4'

34.8 h

33.2 ± 1.91

4.1 0.9m,P

-33.2 ± 2.4]

13.00

-2.74

-0.89

-4.54

-1.99

2 4 .3h -1.91

9.4 ± o.lm -1.98

- 17 .9 h -1.36

-27.10 -26.0 ± O.lm -1.10
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.10755h

171.29h

59-55h

52.10h

-218.8i



SiHI4

CH3SiH3

(CH 3) 2SiH 2

(CH 3 )3SiH

Si(CH3 ) 4

Si.H 3

Si+H3

CH3Si-H 2

CH 3Si+H 2

(CH 3 )2Si-H

(CH 3) 2Si+H

Si..(CH3) 2 ('A,)

Si..(CH 3) 2 (3B,)

HSi-.CH 3 (A 1)

HSi--CH 3 (3B1)

Si..H2 ('A,)

Si-.H 2 (3B,)

-291.9185 0.0312 2.5359 304.6 8.43

-331.2611 0.0611 3.2818 588.4

-370.6039
-409-9465

-449.2890

0.0902
0.1190

0.1474

4.2847
5.3814
6.5880

-291.2647 0.0212 2.4998

-290.9650 0.0221 2.4845

-330.6066 0.0513 3.2310

-330.3346 0.0514 3.4075

-369.9485 0.0807 4.2275

-369.6998

-369-3313

0.0804 4.4589

0.0718 4.1666

-369.2900 0.0731 4.1317

872.6

1157.0

1441.5

215.5

26.9

715.4

688.7

-329.9871 0.0420 3.0777 430.6

-329.9506 0.0425 3.1977 407.4

-290.6430 0.0111 2.3961

-290.6105 0.0116 2.4159

146.6

125.8

40.92 37-74

67.60 64-39

52.41 50.42

75.67 73.80

8.2 n -2.05

-2.07 -5.88 -6.9 ± 0.9n 1.05

-13.07

-24.24

-35-50

-18.15

-30.50
-42.83

-22.7 ± 0.9n

-39.0 ± 0.9n

-55.7 ± o.8"

45.90 44.60 48.5 ± 1.51

234-53 233.21 237.11

4.56

8.46

12.91

-3.90
-3.89

498.7 36.00 33-15
327.9 206.73 204.06

782.2 25.68 21.56

33.0"P 4.74

4 9 .2°'P 1.22

63.21 62.82 65.2 ± 0.7m,P -2.38

83.95 83.57 86.2 ± 1.0m -2.63

IAIav = 3.89

aTotal Energy at o K and 1 atm at the B3LYP/6-311+(3df,2p)//B3LYP/6-311+G(d) level, in Hartrees.
bUn-scaled zero-point energy calculated at the B3LYP/6-311+G(d)// B3LYP/6-311+G(d) level, in Hartrees.
"Thermal correction to enthalpy to 298.15 K and 1 atm, including PV term (RT), 3/2 RT for translational energy,
3/2 RT or RT for rotational energy, and utilizing the scaled o.96 B3LYP/6-311+G(d) frequencies in the harmonic
approximation for vibrational energy, in kcal/mol from Eq. (4-3).
d Sum of the atomization energies, in kcal/mol.
e Enthalpy of formation at o K and 1 atm, in kcal/mol, from Eq. (4-1).
fStandard Enthalpy of formation at 298K and 1 atm, in kcal/mol, theoretical value from Eq. (4-2).
g Deviation of theory from experimental values from the literature, where available.
h Reference 20.
'Reference 27.
i Reference 23; qBased on the theoretical values of Reference 23.
k Reference 21.

i Reference 24.
m Reference 9.
n Reference 22.
0 Reference 26.
P Reference 25.

Figure 4-1 shows the family plot for a family of methoxymethylsilanes,

(CH3 )nSi(OCH3 )4 -n, for n from o to 4, and (CH3)nSiOH(OCH3)3-n, (CH3 )nSiH(OCH3)3 -

n, (CH3)nSiH2(OCH3) 2-n, (CH3)nSiO(OCH3 )3-n, and (CH3)nSi-(OCH3)3 -n for n from o

to 3. Each series yields a methyl for methoxy substitution energy of 55.4 1.3

kcal/mol. The average hydroxyl (OH) for methoxy, hydrogen for methoxy, methyl

for hydrogen, and hydrogen for hydroxyl substitution energies are given as -10.4 ±

3.2, 68.1 1.6, -14.3 2.1, and 78.5 2.6 kcal/mol, respectively.
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Figure 4-1. Family plot for methoxymethylsilanes - a. (CH3 )nSi(OCH3)4-n, b.
(CH 3)nSiOH(OCH 3) 3-n, c. (CH 3)nSiH(OCH 3) 3-n, d. (CH 3)nSiH 2 (OCH3) 2 -, e.

(CH3)SiO.(OCH 3)3 -., and f. (CH3)nSi.(OCH3) 3-n.

Figure 4-2 shows a family plot for methylsilanes, methylsilyl radicals, and

methylsilylene diradicals, (CH3)nSiH4-n, (CH3)nSi-H3-n, (CH3)nSi-H2-n ('A), and

(CH3)nSi.H 2-n (3B1) for n from o to 4, 3, 2 and 2, respectively. The calculated average

methyl for hydrogen substitution energies are -12.25 ± 0.24, -11.6o 0.15, -12.54 ±

0.14, and -9.59 ± o.18 kcal/mol for methylsilanes and the corresponding silyl

radicals, singlet silylene diradicals and the less stable triplet silylene diradicals,

respectively.
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Figure 4-2. Family plot for methylsilanes - a. (CH3)nSiH4- n, b. (CH3 )nSi'H3-n, c.
(CH3)nSi.H2-n (A 1), and d. (CH3)nSi'H2-n (3B1).

4.3.2 REACTION ENTHALPIES AND BOND DISSOCIATION ENERGIES

Table 4-2 summarizes the bond dissociation energies (BDEs) in enthalpy and

Gibbs free energy of reaction at 298 K and 1 atm, AGO,°(298 K), for methylsilanes

and methylsilyl radicals. Experimental values are reported when available.26, 41 Of

particular interest for this work is the comparison of Si-H v. Si-C BDEs for the

methylsilanes. The difference in BDEs of the Si-H and Si-C bond is also given in

Table 4-2. The calculated Si-H bond strength increases by approximately o.6

kcal/mol with each additional methyl substitution, agreeing well with the

literature.41 A similar trend is seen with the Si-C bond strength increasing by

approximately o.9 kcal/mol per additional methyl. These trends are evident in

Figure 4-3 which plots the BDEs of methylsilanes and methylsilyl radicals as a

function of methyl substitution. Of the greatest significance to understanding the

chemistry during a CVD process is the difference in bond strengths. The Si-H bond

is an average of 8.4 kcal/mol stronger than the Si-C bond in methylsilanes and an

97

-" (CH),,SiHI4.

· ' C (CH3) SiH 3

. A (CH3)nSi..H, ( 1)

-A .. .A (CH3) Si--H2, (B,)
""'.......

-.

-.., ["-].. ..

_ ·..

· ..

''l.....I



average of 7.5 kcal/mol stronger in the corresponding methylsilyl radicals.

relationship is true as well same for AGO%(298 K) with the entropic contribution to

the energy of the reaction ranging from 2.08 to 3.56 kcal/mol and increasing with

methylation. The calculated difference in bond strengths indicates that the Si-C

bond will break before the Si-H bond corresponding with a mass spectrometry study

of trimethylsilane.42 This order of bond strengths is undesirable for CVD of low

dielectric constant materials where retention of carbon content lowers the dielectric

constant.

Table 4-2. Bond dissociation energies for methylsilanes and methylsilyl
radicals.

Si-H Bond Dissociation Energy Si-C Bond Dissociation Energy

AGrm AHrxn AH°rxn AG°n AH°rxn AH°rm D 2 9s(Si-H)
(298 K) (298 K) (298 K) (298 K) (298 K) (298 K)

Species Theorya Theoryb Expt.b Ac Theorya Theoryb Expt.b Ac D298 (Si-C)d

SiH4 80.85 90-55 91.1 ± 1.4e -0.55
CH3SiH 3 82.05 91-14 92.1 ± 1.2e -0.92 70.82 82.56 8.58
(CH3) 2SiH 2 82.85 91.81 92.8 ± 1.2e -o.96 71.67 83.38 8.43
(CH3)3SiH 84-35 92.41 94.7 ± 1-4e -2.28 72.52 84.14 8.27
Si(CH3)4 72.14 84.72 89.6 ± 2.2f -4.91
Si-H3 63.46 70.32
CH3Si-H 2 61.93 69.37 52.23 61.74 7.62
(CH3)2Si-H 60.75 68.29 50.75 60.94 7.35
Si.(CH3)3 48.92 60.01 57.4 ± 2.9f 2.65

JAlav = 1.18 lalv = 3.78

a Gibbs free energy of reaction at 298 K and 1 atm, in kcal/mol, from Eq. (4-6).
b Bond dissociation energy in enthalpy of reaction at 298 K and 1 atm, in kcal/mol, from Eq. (4-4).
Deviation of theory from experimental values from the literature, where available.

d Difference in bond dissociation energy in enthalpy at 298 K and 1 atm of the Si-H and Si-C bonds, in kcal/mol.
eReference 37.
f Reference 22.
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Figure 4-3. BDEs for methylsilanes and methylsilyl radicals as a function of
methyl substitution (n).

Table 4-3 summarizes the bond dissociation energies (BDEs) in enthalpy and

Gibbs free energy of reaction at 298 K and 1 atm, AGO,.(298 K), for

methoxymethylsilanes. Similar to the focus on BDEs of methylsilanes, the

comparison of Si-C v. Si-O v. O-C BDEs for the methoxymethylsilanes is of the

greatest significance for understanding monomer fragmentation patterns in CVD.

The difference in BDEs for the series of bonds is also presented in Table 4-3. The Si-

0 bond is stronger than the Si-C bond by 22.5 2.5 kcal/mol. The Si-C bond is

marginally stronger than the O-C bond in methoxytrimethylsilane and

dimethoxydimethylsilane by 2.16 and 1.62 kcal/mol, respectively, but is 2.87

kcal/mol weaker than the O-C bond in trimethoxymethylsilane. Relationships

between bond strengths for methoxymethylsilanes, particularly the nuances

comparing the Si-C and O-C bonds, are depicted clearly in Figure 4-4. The same

observations can made considering the AGOn(298 K) with entropic effects
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contributing anywhere from -3.0 to 1.2 additional kcal/mol to the differences in

bond strengths. The motivation for choosing methoxymethylsilanes as a CVD

precursor for low dielectric constant thin films is to take advantage of the built in

structure of Si-O and Si-C bonds. With the bond strengths of the Si-C and O-C

bonds being so similar, it would be difficult control the desired reaction pathways

and unlikely to retain a large percentage of methyl content in a CVD process from

methoxymethylsilane precursors.

Table 4-3. Bond dissociation energies for methoxymethylsilanes.
Si-C Bond Si-O Bond O-C Bond
Strength Strength Strength

AGO=n AHon AG=R AHoxn AGOxn AH= D(Si-C) D(Si-O)
(298 K) (298 K) (298 K) (298 K) (298 K) (298 K) D(Si-C) - -

Species Theory Theoryb Theorya Theory b Theory Theory b D(Si-O)c D(O-C)d D(O-C)e
(H3CO)4Si 92.69 108.48 71.77 84-57 23.90
(H3CO)3SiCH3 77.00 88.47 98.91 111.05 81.56 91.34 -22.58 -2.87 19.71
(H3C0) 2Si(CH 3) 2 71-73 84-47 97.49 109.44 70.91 82.84 -24-97 1.62 26.59
(H3CO)Si(CH3) 3 76.42 86.93 95.34 107.04 73.64 84.77 -20.11 2.16 22.27

a Gibbs free energy of reaction at 298 K and 1 atm, in kcal/mol, from Eq. (4-6).
b Bond dissociation energy in enthalpy of reaction at 298 K and 1 atm, in kcal/mol, from Eq. (4-4).
c Difference in bond dissociation energy in enthalpy at 298 K and 1 atm of the Si-C and Si-O bonds, in kcal/mol.
d Difference in bond dissociation energy in enthalpy at 298 K and 1 atm of the Si-C and O-C bonds, in kcal/mol.
eDifference in bond dissociation energy in enthalpy at 298 K and 1 atm of the Si-O and O-C bonds, in kcal/mol.
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Figure 4-4. BDEs for the Si-C, Si-O, and O-C bonds for methoxymethylsilanes
as a function of increasing methyl content (n).
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The thermochemistry of the primary reactions of methylsilanes with oxygen

atom, 0(3P2), and methoxymethylsilanes with O(3P2) and hydrogen atom, H(2S1/2),

are examined and summarized in Table 4-4. The calculated energy splitting between

singlet and triplet states, AEST or divalent state stabilization energy, of the silylenes is

also reported in Table 4-4 along with the few experimental enthalpies of reaction

available from the literature3o, 43 The average absolute deviation from experimental

values is 1.86 kcal/mol.

All reactions of methylsilanes with O atom studied are found to be

exothermic. Hydrogen abstraction from methylsilanes from oxygen atom to yield an

OH radical and a methylsilyl radical is a low barrier reaction.9s 44 Horrie et al.

determined kinetic parameters for the reactions of silane, methylsilane,

dimethylsilane, and trimethylsilane with oxygen and concluded that only the

primary reaction is OH abstraction.44 While this work considers the favored

reactions determined by thermodynamics, the conclusions for methylsilanes are

consistent with the observation in literature. For reactions of methylsilanes with

oxygen atom, hydrogen abstraction (.OH formation) is favored over methyl

abstraction (OCH 3 formation) by 3.74 0.15 kcal/mol. This is significant for

controlling the CVD process. The fragmentation of the monomer methylsilanes

indicates loss of methyl rather than hydrogen; however, with the addition of oxygen

atom to the CVD process, hydrogen abstraction is favored retaining the methyl

functionality of the monomer species. The calculated silylene splitting energies

agree well with the literature.3o The singlet silylene species are more stable than

their triplet counterparts by 20.8, 23.4, and 26.7 kcal/mol for silylene,
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methylsilylene, and dimethylsilylene, respectively. The good agreement with the few

available literature values for these reactions along with the good agreement with the

enthalpies of formation gives credibility to this method. While there is no indication

to the degree of precision of the calculated enthalpies of reaction, the

thermodynamic comparison of reactions can be reasonably accepted.

Studied reactions of methoxymethylsilanes with O atom are also found to be

exothermic. The results for the reactions of methoxymethylsilanes with oxygen are

no different than the bond dissociation energies when determining the favored

reaction pathway. Abstraction of a methyl from a methoxy group is favored for

trimethoxymethylsilane + O atom, but abstraction of a methyl from silicon is favored

for dimethoxydimethyl- or methoxytrimethylsilane + O atom. Considering that

both are methyl abstraction reactions, barrier energies for the reactions may be

similar with the expectation that they scale with steric effects caused by substitution

patterns (i.e. the barrier energy for methyl abstraction for silicon is expected to be

lower with increased methylation of the silicon center). This again makes for

difficult control over reaction pathways in a CVD process in which Si-C bond

retention is desired. Included at the bottom of Table 4-4 are reactions of the

methylsilanes and methoxymethylsilanes with O atom to yield all neutral species

including formaldehyde (H2CO). These reactions are all very exothermic, but the

energy barrier is expected to be much higher that for simple abstraction mechanisms

due to the requirement of a four center complex for proton transfer and should

therefore be considered less likely than the abstraction reactions.
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Table 4-4. Gibbs free energy of reaction and enthalpy of reaction at 298 K and 1
atm for a series of reactions of methylsilanes with oxygen and

methoxymethylsilanes with oxygen and with hydrogen.
AG °rxn AH ° rxn AH °orx
(298 K) (298 K) (298 K)

Reactants Products Theorya Theoryb Expt.b Ac

Methylsilanes + 0(3P2)
Si(CH 3 )4 + O'

(CH 3)3 SiH + O.

(CH 3 )2SiH 2 + O0

(CH3)SiH 3 + O.

SiH4 + O0

'Si(CH 3 )3 + OCH 3

· *Si(CH3)3 + OH
· SiH(CH 3) 2 + OCH3

· *SiH(CH3)2 + -OH
· *SiH2(CH3) + OCH3

· *SiH2(CH3) + OH
· *SiH3 + OCH 3

· SiH 3 + OH

Silylene splitting
Si--H 2 (3B1) 

(CH 3)Si..H (3B1) 

Si--(CH 3)2 (3B1) 

Si..--H2 ('A 1)

(CH 3)Si--H (A,)
Si..(CH 3)2 ('Al)

-20.21
-22.19

-25.99

-20.75

-23-39
-26.65

-19.4 ± 2.2e -1.35

-28.4 ± 3.9e 1.75

Methoxymethylsilanes
Si(OCH 3)4 + O0

(H3CO)3SiCH3 + 0-

(H 3CO) 2Si(CH 3 )2 + O0

(H3CO)Si(CH3) 3 + O'

+ 0(3P2)

· (H3CO)3SiO- + OCH3
· (H 3CO)3Si- + OCH3

- (H 3CO)2SiO.(CH 3) + OCH3

· (H3CO)2Si-(CH 3) + OCH3

· (H 3CO)SiO.(CH 3) 2 + OCH3

· (H 3CO)Si.(CH 3) 2 + OCH3

· (CH3)3SiO- + OCH3

Methoxymethylsilanes + H(2S1/ 2 )

Si(OCH 3)4 + H.- (H 3 CO) 3SiO + CH 4

· (H3CO)3SiOH + CH3

(H3CO)3SiCH 3 + H- · (H3CO)2SiO'(CH 3) + CH4

· (H 3CO)2SiOH(CH 3) + CH3

· (H3CO)3Si- + CH4

· (H 3CO)3SiH + CH3

(H 3CO)2Si(CH 3) 2 + H-' (H 3CO)SiO-(CH 3) 2 + CH4

· (H3CO)SiOH(CH 3)2 + CH3

- (H 3CO)2Si'(CH 3) + CH4

· (H 3CO)2SiH(CH 3) + CH3

(H3CO)Si(CH3) 3 + H.- (CH 3) 3SiO- + CH4

- (CH 3)3SiOH + CH3

· (H3CO)Si-(CH3) 2 + CH4

· (H 3CO)SiH(CH 3) 2 + CH3

Reactions with neutral products including H2CO
Si(CH: 3)4 + O (CH 3) 3 SiH + H 2 CO

(CH3) 3SiH + O. · (CH3)2SiH 2 + H2CO
(CH3) 2SiH2 + O · (CH3)SiH 3 + H 2CO
(CH3)SiH3 + O- SiH 4 + H2CO

-11.96

-13.42
-11.58

-14.92
-12.43

-15.72
-13.27

-16.92

-7.23

-11.70
-7.81

-12.30
-8.57

-12.98

-9.39

-13.56 -11.09 ± 1.5d -2.47

-12.33

-7.10
-2.54

-12.37

-13.18

-7.68

-10.45

-22.86
-38.94

-13.07

-31.03
-17.63
-8.92

-23.72

-34-07
-22.91

-12.47

-20.99
-31.63
-18.22
-10.19

-78.11
-76.23
-76.28
-75-93

-7-37

-3.48
-0.61

-7.48
-9.11

-5.02
-7.18

-18.86

-33.64

-12.10
-29.00
-14.97
-6.o8

-20.60
-30.36
-18.97
-8.46

-18.67

-28.75
-16.51

-7.16

-74.20
-74.18
-74.26
-74-49
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Si(OCH3)4 + O - (H3CO)3SiOH + H 2CO -104.84 -100.15
(H3CO)3SiCH 3 + O. - (H3CO)2SiOH(CH 3) + H2CO -96.93 -95-51

(H3CO)2Si(CH3)2 + O - (H3CO)SiOH(CH3)2 + H2CO -99.97 -96.86
(H3CO)Si(CH 3) 3 + O. - (CH3)3SiOH + H2CO -97.53 -95.25

Si(OCH3)4 -e (H3CO)3SiH + H2CO 24.96 39.38
(H3CO),SiCH 3 - (H 3CO)2SiH(CH 3) + H 2CO 32.91 43-57

(H3CO)2Si(CH3)2 - (H3CO)SiH(CH3) 2 + H 2CO 29.08 40-79
(H 3CO)Si(CH3)3 - (CH3)3SiH + H 2CO 29.19 40.08

IAlav = 1.86

a Gibbs free energy of reaction at 298 K and 1 atm, in kcal/mol, from Eq. (4-6).
b Enthalpy of reaction at 298 K and 1 atm, in kcal/mol, from Eq. (4-4).
c Deviation of theory from experimental values from the literature, where available.
d Enthalpy of reaction at o K, Reference 39.
eReference 26.

Investigating reactions of the methoxymethylsilanes with H atom leads to a

thermodynamically diverse set of reactions. Again all reactions studied are

exothermic. In general, the favored products in order of thermodynamic favorability

are (1) methyl radical and methoxymethylsilanol, (2) methane and

methoxymethylsiloxyl radical, (3) methane and methoxymethylsilyl radical, and (4)

methyl radical and protonated methoxymethylsilane. The products are favored

relative to (4) methyl radical and protonated methoxymethylsilane by (1) ~ 22.1

kcal/mol, (2) ~ 11.8 kcal/mol (excluding trimethoxymethylsilane), and (3) ~ 9.6

kcal/mol, respectively. The expectation is for trimethoxymethylsilane where the

order of the favored products is set (1) silanol formation, (3) silyl radical formation,

(2) siloxyl radical formation by only 6.o kcal/mol relative to ~11.8 kcal/mol for other

methoxymethylsilanes, followed by (4) formation of the protonated

methoxymethylsilane. By controlling the reaction pathways of

methoxymethylsilanes to promote silanol formation, greater control over the

chemical composition of thin films deposited by CVD is possible. Silanol species are

highly reactive via condensation reactions in which two silanol groups react to create

a Si-O-Si bridge and liberate H2O.45 46
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4.4 CONCLUSIONS

The B3LYP hybrid functional has been applied to compute the

thermochemistry of methyl- and methoxymethylsilanes and investigate bond

strengths and primary reactions with atomic oxygen and hydrogen. Total energies

were calculated at the B3LYP/6-311+G(3df,3p) level using B3LYP/6-311+G(d)

optimized geometries. Thermal corrections to the energy included the scaled (o.96)

zero-point energies and enthalpic corrections to 298 K which consists of the classical

rotational, translational, and PV terms along with the vibrational contributions

calculated making use of the scaled (o.96) vibrational frequencies calculated at the

B3LYP/6-311+G(d) level. The average absolute deviation of computed enthalpies of

formation was 3.89 kcal/mol, and the average absolute deviation of computed

enthalpies of reaction at 298 K was 1.86 kcal/mol.

Bond strengths and reactions of methyl- and methoxymethylsilanes with 0

atom and H atom are examined in the context of understanding the initial reaction

in the CVD process. The Si-H bond was calculated to be 8.4 kcal/mol stronger than

the Si-C bond in methylsilanes and to increase by o.6 kcal/mol with increased

methylation. Methylsilanes react with 0 atom to preferentially produce hydroxyl

radical and methylsilyl radical allowing for retention of the Si-C bond which is not

favored in the regime considering only methylsilane fragmentation. Thermodynamic

control over the reaction pathways of methoxymethylsilanes is possible only when

considering the reaction with H atom. Formation of methoxymethylsilanols is

favored in the reaction scheme with H atom. Silanol groups react readily with other

105



silanol groups creating Si-O-Si bridges and liberating water. This leads to a

conceivable strategy to control the Si-O bond network and retained methyl content

in a CVD thin film by controlling the molecular ratio of the corresponding

methoxymethylsilane precursors and creating an H atom rich environment. Density

functional theory is a useful tool in understanding and subsequently controlling the

initial chemistry in the CVD process.
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CHEMICAL VAPOR DEPOSITION OF ORGANOSILICON
THIN FILMS FROM METHOXYMETHYLSILANES
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ABSTRACT

Plasma enhanced chemical vapor deposition was used to deposit organosilicon thin films

from methoxytrimethylsilane, dimethoxydimethylsilane, and trimethoxymethylsilane which

were analyzed via FTIR, spectroscopic ellipsometry, and electrical measurements. Oxidative

environments are sufficient for creating OSG thin films; however, reactions of

methoxymethylsilanes with oxygen are not selective leading to loss of methyl functionality.

Reducing chemistry is selective, with hydrogen atoms reacting preferentially with the

methoxy methyl creating silanol or siloxane radicals which form networking bonds through

condensation reactions without sacrificing the 'built-in' alkyl content of the precursor. Low-

k OSG thin films from methoxymethylsilanes and hydrogen were deposited via a low power

PECVD process resulting in material dielectric constants ranging from 2.84 to 3.18.

ACKNOWLEDGEMENTS: The authors thank Novellus and the Semiconductor Research Corporation
for fellowship funding and the NSF/SRC Engineering Research Center for Environmental Benign
Semiconductor Manufacturing for funding support.
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5.1 INTRODUCTION

Plasma enhanced chemical vapor deposition (PECVD) of

methoxymethylsilanes has been investigated to deposit fully oxygenated silicon oxide

for use as a dielectric material,1-3 as transparent hard water resistant optical

coatings,4 5 and depositions with some alkyl retention as a coating to control access

to HY zeolite catalysts.6 As critical dimensions in integrated circuits continue to get

smaller and smaller, there need for mechanically robust low dielectric constant thin

films becomes greater and greater. Many CVD organosilicate glasses (OSGs) have

been proposed for use as a low dielectric constant material, however, widespread

integration into the manufacturing process has been limited due to issues concerning

the mechanical properties of the films.7

Previous work has correlated the mechanical properties of thin films to their

chemical composition.8-2 Specifically, the impact of the concentration of different

silicon-oxygen bonding environments to the hardness and modulus of the materials

was studied. There are four typical bonding environments in OSG thin films which

are referred to as M, D, T and Q groups. A mono-substituted M group consists of

silicon bonded to three methyl (or alkyl) groups and is chain terminating group. The

di-substituted moiety, or D group, is a chain building linear (R)2Si02 unit. The tri-

substituted T group contains three oxygen atoms and one methyl (or alkyl group)

and is a branching or network forming group. The quad-substituted moiety is called

a Q group which forms highly networked structures such as SiO2. While a film

consisting of only Q groups is mechanically robust, its dielectric constant is 4.0.

Introduction of alkyl groups into the silicon dioxide matrix lowers the dielectric
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constant by introducing bonds with a low polarizability and via the loosening of the

oxide lattice created by the incorporated alkyl groups. Theory predicts that a

structure composed of entirely T groups is lower limit to provide sufficient

mechanical strength, but a film of mostly T groups, the number of M and D groups

must be offset by Q groups in order to maintain good mechanical hardness and

modulus.9, 13, 14

This work examines the structure of films deposited under continuous wave

(CW) PECVD from methoxytrimethylsilane (MO3MS), dimethoxydimethylsilane

(2MO2MS), and trimethoxymethylsilane (3MOMS). Depositions are performed

under mild plasma conditions in an attempt to control the reaction chemistry while

still creating robust OSG thin films. The experiments are designed based on

predictions from molecular simulation of fragmentation patterns and elementary

reactions of this family of methoxymethylsilanes. Additional advantages of the mild

plasma conditions may include extendibility to future generations of porous OSG

thin films which require mild plasma conditions for deposition of porogen materials.

5.2 RESULTS AND DISCUSSION

5.2.1. FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY

Figure 5-1 shows the FTIR spectra of films deposited from MO3MS,

2MO2MS, and 3MOMS. Table 5-1 summarizes common assignments from the

literature.9, 15-19 As can be expected from the precursor structure, the film deposited

from MO3MS contains the most CH3 stretching (3000 - 2800 cm-') and rocking

(840 - 920 cm-i) and the least intense Si-O-Si modes (1250 - 980 cm-').
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Accordingly, the film from 3MOMS contains the least CH3 stretching and rocking

and the most intense Si-O-Si band with the intensities for these modes somewhere

in between for the film from 2MO2MS.

3500 3000 2500 1000 500

Wavenumber (cm )

Figure 5-1. FTIR spectra of PECVD thin films deposited from MO3MS,
2MO2MS, and 3MOMS with inset focused on M, D, T region from 1300-1240

cm-'.

The inset in Figure 5-1 provides a close look at the location of the peak

assigned to Si-CH 3 stretching. This stretching mode is shifted according to the

extent of oxygen substitution on the silicon. The mono-substituted M group

absorbance is centered near 1255 cm-. The di-substituted moiety, or D group, is a

chain building linear (CH3) 2SiO2 unit and absorbs near 1265 cm-l. The tri-

substituted branching T group absorbs near 1275 cm-1. The quad-substituted moiety
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is called a Q group which forms highly networked structures such as SiO2 and does

not absorb in this region as there are no silicon carbon bonds. It is important to note

that while the Si-CH 3 moieties are expected to have the same relative intensities the

number of Si-CH3 bonds per group must be taken into account (e.g. - two peaks of

equal intensity centered at 1275 cm-' and 1255 cm-', respectively, indicates three

times the number of T groups as M groups). Examining the inset in Figure 5-1

reveals a mixture of M and D groups for the film from MO3MS, D and T groups for

the film from 2MO2MS, and seemingly exclusively T groups for the film from

3MOMS. These observations are further supported by the shape of the Si-O-Si

stretching mode. As the methoxy substitution of the precursor increases, the peak at

1040 cm-l corresponding to long chain or long range order Si-O-Si bonding

increases in intensity while the shoulder at o1090o corresponding to long chains

terminated by methyl or hydroxyl decreases. Also, the emergence of peaks at 1135

cm-' and l190 cm-l indicate incorporation of short chain branching or 'cage' moieties

analogous to those found in silsesquioxane.9 These structures indicate a greater

presence of T groups. The dielectric constants after a 1 hour anneal at 400C of the

films deposited from MO3MS, 2MO2MS, and 3MOMS, were 2.78, 2.85, and 3.20,

respectively.
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Table 5-1. FIR peak assignments for OSG thin films from the literature.9s 15-19
Wavenumber RelativeWavenumber Relative Assignment Reference[cm-] intensity

3200-3700 broad v(O-H) a

vs(CH 3) + va(CH 3 )
3000-2800 medium vs(CH3 + a(CH3) a

+255 medium vs(CH3) + a(CH2)M group b

-1255 medium v(Si-C) in M group b

~1265 medium v(Si-C) in D group b

-1275 medium v(Si-C) in T group b

-1250-980 strong v(Si-O-Si), siloxane ab,c,

v(Si-O-Si), branching c,d

1190 medium short chain or 'cage' with
CH3 or OH term + y(Si-

O-C)
v(Si-O-Si), branching c,e

1135 medium short chain, 'cage', linear
disorder

logo shoulder v(Si-O-Si), long chain c,d
with CH3 or OH term

1040 very v(Si-O-Si), long chain a,b,c,fstrong

920 medium associated with Si-OH ab,c,d

(Si-O-Si) associated d
with non bridging Si203

878 medium y(CH3) in Si(CH3)2 + d,f
8(Si-O-Si)

839-845 medium y(CH 3) in Si(CH3 )3 d,f

804-806 medium y(CH3) in Si(CH3) 2 + df
va(Si-C) + 8(Si-O-Si)

460-440 weak y(Si-O-Si) d

Vibrational modes: va - asymmetrical stretching, vs - symmetrical stretching, v - stretching, 8a = asymmetrical
bending, 8 s - symmetrical bending, y - rocking, a Reference 17, b Reference 9, c Reference 19, d Reference 15, e

Reference 18, f Reference 16.

For each methoxymethylsilane investigated, depositions were performed

under three conditions: from the monomer alone, from an oxidizing environment

with the addition of oxygen, and from a reducing environment with the addition of

hydrogen. Figure 5-2 shows the Si-O-Si and Si-C bonding regions of the FTIR

spectra from films deposited from 2MO2MS, 2MO2MS with hydrogen, and the as

deposit and post anneal spectra for the film from 2MO2MS with oxygen. Taking the

film deposited from 2MO2MS as a baseline, the addition of hydrogen alters the

shape of the main Si-O-Si peak, increasing the shoulder at higher wavenumbers
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indicating a higher degree of disorder in the Si-O-Si networkI8 and slightly

decreases the overall methyl content of the film. The addition of oxygen to 2MO2MS

drastically reduces the CH3 stretch in the 3000 - 2800 cm- range to the extent that

the signal is barely perceived above the noise (not pictured) and significantly

increases the intensity of the Si-O-Si band shifting it from 1030 cm-1 to 1058 cm-1.

The peak near 1270 cm-, is shifted to 1279 cm-1 indicating that all D groups are

converted to T groups or Q groups. This is evidence that oxygen does not have a

strict preference for reacting with the methoxy group versus the methyl group.

Further evidence is the presence of silanol groups present in the film deposited with

oxygen as seen by the absorbance at 920 cm-1 and by the presence of a broad

envelope from ~3700 - 3200 cm-' from OH stretching (not pictured). Any silanol

formed in the gas phase of the reactor is likely to react with another silanol or

methoxy creating a siloxane linkage and would not be present in the film. The

silanol present is likely a result of unsaturated siloxane radicals reacting with water

vapor upon exposure to atmosphere. Upon annealing at 400C for 1 hour, proximal

silanol groups undergo condensation reactions forming siloxane bridges and

liberating water.9,20,2 There is no spectroscopic evidence of silanol groups

remaining in the film after the annealing step, nor is there any silanol present in

films not deposited from methoxymethylsilanes with oxygen. The dielectric

constants for the annealed films from 2MO2MS, 2MO2MS + H2, and 2MO2MS + 02

are 2.85, 3.01, and 3.93, respectively.
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1300 1200 1100 1000 900

Wavenumber (cm' l)

Figure 5-2. FTIR spectra of PECVD thin films from 2MO2MS, 2MO2MS + H2,
and 2MO2MS + 02 with an additional (--- -) spectrum of the 2MO2MS + 02 film

after anneal.

Similar changes are seen in the FTIR of films from M03MS. Compared to

films deposited from M03MS, those deposited in a hydrogen rich reducing

environment showed considerable changes in the siloxane network. The peaks

representing M, D, and T groups are centered at 1260 cm-l for the film from M03MS,

but with addition of hydrogen, the intensity of the peak at 1260 cm-, decreases with

the appearance of a clear shoulder at 1270 cm-' indicating that many of the M and

MOCH3 (M-like moiety, (CH3)2(CH30)SiO, which would absorb between a M and D

group or around 1260 cm-') groups are converted to D and DOCH3 groups
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(analogous to MOCH3 and absorbing at -1270 cm-l). This likely occurs through the

conversion of methoxy groups to silanol groups which then react forming Si-O-Si

bonds. The broad siloxane stretching region also shows a decrease in the peak at

logo cm-' coupled with and increase in the peak at 1135 cm-' indicating a more

branched random network containing short siloxane segments with methyl terminal

groups. The film deposited from M03MS and oxygen is similar in structure to films

deposited from other methoxymethylsilanes with oxygen. The film contained Si-OH

bonding which was removed upon annealing through condensation reactions. The

intensity of the Si-O-Si peak at 1030 cm- increases significantly and shifts to 1055

cm-', much closer to the 1070 cm-' reported for silicon dioxide.'5 The composition of

the Si-CH3 bonding indicates only T groups are present and the CH3 stretching at

3000 - 2800 cm-l is not clearly observable. The dielectric constants for films

deposited from M03MS, M03MS + H2, and M03MS + 02 were measured to be 2.78,

2.84, and 4.07, respectively.

Films deposited from 3MOMS had a much more intense Si-O-Si absorption

band as compared to films deposited with from the other methoxymethylsilanes

without oxygen. The film deposited from 3MOMS and hydrogen had a slightly more

intense Si-O-Si band and shifted the peak at 1273 cm- representing T and DOCH3

groups to 1275 cm-l by converting more DOCH3 groups to T or TOCH3 groups through

gas phase conversion of methoxy to silanol groups which undergo condensation

reactions extending the siloxane network. Films deposited from 3MOMS and oxygen

show an increased Si-O-Si band and the peak at 1273 cm-' in the film from 3MOMS

alone is shifted to 1279 cm-' indicating only T groups are present. Silanol groups are

present in the as deposited films and removed after annealing and the CH3
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stretching at 3000 - 2800 cm-' is not clearly observable. The dielectric constants for

films deposited from 3MOMS, 3MOMS + H2, and 3MOMS + 02 were measured to be

3.20, 3.18, and 4.29 respectively.

These spectroscopic results paired with the knowledge that T groups are

required for to increase hardness and modulus,8-1o, 13,14 led to further study of the

3MOMS system. Figure 5-3 shows the effect of the ratio of 3MOMS and hydrogen

gas flows to the reactor. Increasing the ratio of 3MOMS to H2 from 1:1.5 to 1:4

increases the intensity of the Si-O-Si band and shifts it center from 1036 cm-' to

1039 cm-'. The absorbance corresponding to T and DOCH3 is shifted to a higher

frequency by 1 wavenumber corresponding to increased conversion of available

methoxy moieties to siloxane linkages through silanol condensation chemistry.

Doubling the gas flow ratio to 1:8, 3MOMS:H2, further increases the intensity of the

Si-O-Si band and shifts its center to 1042 cm-'. The Si-CH 3 stretching region shows

only evidence of T groups indicating complete consumption of methoxy groups. The

dielectric constants for the films deposited from 3MOMS and hydrogen with gas feed

ratios of 1:1.5, 1:4, and 1:8 were measured to be 3.53, 3.18 and 3.43, respectively.
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Figure 5-3. FTIR spectra of PECVD films deposited from 3MOMS and hydrogen
with 3MOMS:H2 gas flow ratios of 1:1.5, i:4 and 1:8.

The effect of plasma power was also investigated. Figure 5-4 shows the FTIR

spectra of a series of films from 3MOMS, 3MOMS + H2, and 3MOMS + 02, deposited

using plasma powers of 20W, 40W and looW. For all cases, increasing the plasma

power had the effect of increasing the intensity of the Si - O - Si band and shifting it

to a higher wavenumber. The content of T groups decreased with power, with these

moieties being converted to Q groups, silyl radicals, or silicon-silicon bonds. There

was significant silanol formation for the films deposited at 20W and 4W with

oxygen and slight silanol incorporation for the films deposited at looW from

3MOMS only and at 40oW and ooW 3MOMS with hydrogen. Upon annealing the
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silanol groups react to form siloxane bridges liberating water. The dielectric

constants for the films from 3MOMS at 20W, 40W, and looW were measured to be

3.20, 3.53, and 4.54, respectively. The dielectric constants for the films from

3MOMS and hydrogen deposited with 20W, 40W, and looW plasma power were

measured to be 3.18, 4.15, and 4.92, respectively. Finally, the films deposited from

3MOMS and oxygen at plasma powers of 20W, 40W, and looW had measured

dielectric constants of 4.29, 5.02, and 4.57 respectively.
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Figure 5-4. FTIR spectra of films deposited from 3MOMS, 3MOMS + H2, and
3MOMS + 02 at plasma powers of 20W (black lines), 4oW (medium gray lines),

and 1ooW (light gray lines).

5.2.2. OPTICAL AND ELECTRICAL CHARACTERIZATION

The optical properties of the thin films deposited in this study were

determined via spectroscopic ellipsometry. The minimum dielectric constant for a

material is the square of the index of refraction at a wavelength of 633 nm (n63 3).

This approximation is most useful for insulating materials contained the smallest

induced dipoles and considers only electronic polarization.22, 23 Figure 5-5 plots the
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dielectric constant, k, as a function of the index of refraction for the as deposited

films that did not contain hydroxyl groups and the annealed films. The films

containing hydroxyl bonding were omitted from this family plot as the OH bond is

very easily polarized having a dramatic effect on the dielectric constant. The

dielectric constant measured after annealing was lower in every case. Annealing

allows for the healing of unsaturated radical sites in the film which increase the

dielectric constant of the material.
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Figure 5-5. Dielectric constant of PECVD films from methoxymethylsilanes,
with hydrogen, and with oxygen for the as deposited samples and after

annealing as a fucntion of the index of refraction at a wavelength of 633 nm.

Silicon dioxide has a dielectric constant of 4.0, so it is expected that the

highest dielectric constant observed would be near 4.0. However, many films

deposited with oxygen or at high power had dielectric constants above 4.o after

annealing. For films deposited with oxygen this is likely due to silicon-silicon

bonding which significantly increases the dielectric constant. The oxygen reacts
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without prejudice with both the methyl and methoxy groups. When a methyl is

removed via reaction with atomic oxygen in the plasma a silyl radical is formed

which can react with other silyl radicals to form a silicon-silicon bond. The FTIR

indicates the absence of any bonding other than silicon and oxygen. The dielectric

measurements indicate that the silicon is not fully oxidized providing a silicon to

oxygen atomic ratio of less than 1:2 or that elimination of OH bonding was not

complete. These films all had significant hydroxyl bonding before the annealing step

and while FTIR of the annealed films did not clearly show any OH bonding, even a

slight amount significantly increases the measured dielectric constant. The only

other films with a dielectric constant after anneal above 4.0 were the 4oW and looW

films from 3MOMS deposited with hydrogen with values of 4.15 and 4.92,

respectively, and the film from 3MOMS deposited at ooW with a dielectric constant

of 4.54. All three films showed a small amount of OH bonding in the as deposit film

that was not detected via FTIR after annealing. The films were deposited under

much harsher plasma conditions greater precursor fragmentation and exposing the

film to more intense UV radiation and ion bombardment, all of which can contribute

to a silicon to oxygen ratio of less than 1:2. The only sample with even slight alkyl

group retention was the 40W 3MOMS film deposited with hydrogen which

accordingly had the lowest dielectric constant of the three. All other dielectric

constants fall in the range between 2.78 and 3.53.

5.2.3. INTERPRETING THE RESULTS IN LIGHT OF DFT SIMULATIONS

Recent density functional theory (DFT) simulations concerning the

thermochemistry of methoxymethylsilanes lead to the design of these experiments.24
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Calculated bond dissociation energies indicated that methoxymethylsilane

fragmentation can not be easily controlled as there is less than a 3 kcal/mol

difference in the bond strengths of the SiO-CH 3 bond and the Si-CH3 bond.

Reactions with oxygen atom favor abstraction of the methoxy methyl for MO3MS

and 2MO2MS, but abstraction of the methyl from the silicon atom for 3MOMS.

Even so, the largest difference in reaction enthalpies is again only 3 kcal/mol. DFT

predicted that thermodynamic control over the reaction pathways of

methoxymethylsilanes is possible only when considering the reaction with H atom.

Formation of methoxymethylsilanols is favored in the reaction scheme with H atom.

Silanol groups react readily with other silanol groups creating Si-O-Si bridges and

liberating water. This leads to a conceivable strategy to control the Si-O bond

network and retained methyl content in a CVD thin film by controlling the molecular

ratio of the corresponding methoxymethylsilane precursors and creating an H atom

rich environment.

The FTIR results confirm the predicted chemistry. Depositions with oxygen

shows little selectivity for retention of the methyl groups, while depositions with

hydrogen (as long it is not in great excess) show preferential reactions with the

methoxy methyl allowing for network siloxane bond formation through silanol

condensation reactions utilizing only the oxygen native to the precursor.

Depositions from the methoxymethylsilanes with no addition species are limited by

the similar bond dissociation energies of the Si-C and O-C bonds. Not all oxygen

native to the precursor is converted to siloxane units and some degree of crosslinking

is evident via cleavage of the Si-C bond decreasing the amount of retained alkyl

groups and thus not achieving the lowest possible dielectric constant.
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5.3 CONCLUSIONS

Low power plasma excitation is sufficient for depositing low dielectric

constant thin films from methoxymethylsilanes. Spectroscopic evidence of films

containing only T and Q groups indicates that mechanically robust OSGs are

attainable utilizing modest power conditions. The low deposition power is an

important restraint for extendibility of PECVD OSGs to future generations of porous

low-k films requiring use of a carbon polymer porogen. Porogen materials often

require mild processing conditions to retain proper functionality and physical

properties to act as an efficient porogen.

The chemistry of PECVD of methoxymethylsilanes correlates well with DFT

predictions of the thermochemistry of the same system emphasizing the impact of

research in CVD precursor selection via ab initio studies. Oxidative environments

are sufficient for creating OSG thin films from methoxymethylsilanes, however,

reactions of methoxymethylsilanes with oxygen are not selective leading to loss of

methyl functionality incorporated into the precursor to aid in lowering the dielectric

constant of the resulting material. Reducing chemistry is apparently selective, with

hydrogen atoms reacting preferentially with the methoxy methyl and creating silanol

or siloxane radicals which form networking bonds through condensation reactions

without sacrificing the 'built-in' alkyl content of the precursor. The index of

refraction of the resulting material is a good indicator of its dielectric properties

allowing for rapid screening of chemistries. Low-k OSG thin films from
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methoxymethylsilanes and hydrogen were deposited via a low power PECVD process

resulting in material dielectric constants ranging from 2.84 to 3.18.

For films believed to have the best mechanical properties, the lowest dielectric

constant achieved was 3.16. Good mechanical properties are derived from a film

structure composed entirely of T and Q groups. To achieve this end while still

obtaining a low dielectric constant, the precursor with 'built in' T group

functionality, 3MOMS, was used in a reducing environment. The thermochemistry

driving the reduction chemistry of methoxymethylsilanes favors the conversion of

methoxy groups into silanol groups which react readily to create network forming

siloxane bonds. In order to take advantage of this selective chemistry, the plasma

power must remain modest. Doubling the plasma power increased the dielectric

constant from 3.16 to 4.15, indicating a loss in selectivity of the reducing chemistry.

5.4 EXPERIMENTAL

Organosilicon thin films are deposited from methoxytrimethylsilane,

dimethoxydimethylsilane, and trimethoxymethylsilane via plasma enhanced

chemical vapor deposition in a custom built vacuum chamber described in detail

elsewhere.25 Plasma was generated utilizing a 13.56 MHz RF source and matching

network. The reactor utilizes a parallel plate capacitively-coupled system with an

upper powered electrode which also acts as a showerhead for distributed gas delivery

and a grounded lower electrode. The substrate temperature was controlled using

backside silicon oil cooling. Reactor pressure was controlled via a butterfly valve

controlled by an MKS model 252A exhaust valve controller. The series of

127



depositions in this study were performed at a reactor pressure of 300 mtorr with

plasma powers of 20W, 40W and ooW.

Methoxytrimethylsilane (99%, Aldrich), dimethoxydimethylsilane (99.5%,

Aldrich) and trimethoxymethylsilane (98%, Aldrich) were used without purification

and delivered via an MKS 1479A mass flow controller. Methoxymethylsilane flow

rates were kept constant at 1 sccm. Oxygen and hydrogen flow rates were

maintained at 4 sccm except when noted otherwise. Total flow to the reactor was

kept a constant 20 sccm with the remainder of the gas flow attributed to Argon. All

gases were delivered via MKS 1479A mass flow controllers. Deposition rate was

monitored via in-situ laser interferometry.

Variable-angle spectroscopic ellipsometry (VASE) was used to measure

thickness and optical properties making use of a J.A. Woolam M-2000 spectroscopic

ellipsometer. Measurements were taken at 65°, 70° & 75° over 225 wavelengths.

The resulting data was fit using the Cauchy-Urbach model.26 FTIR spectra were

collected utilizing a Nicolet Nexus 870 ESP spectrometer in normal transmission

mode. All spectra are normalized to a sample thickness of 300 nm and are baseline

corrected. Samples were annealed in a vacuum chamber with a nitrogen purge at 5

torr using a custom built substrate heater from Watlow. Electrical measurements to

determine dielectric properties of the films were performed made using mercury

probe from MDC. A frequency of MHz was utilized and a standard CVD oxide was

used to determine the mercury contact area. The dielectric constant was calculated

based on the saturation capacitance values measured, the film thickness determined

by VASE, and the mercury spot size.

128



129



REFERENCES

1. C. Bayer, E. Bapin, and P. R. von Rohr, Surf. Coat. Technol., 119, 874 (1999).
2. A. Hozumi, N. Sugimoto, H. Sekoguchi, and 0. Takai, J. Mater. Sci. Lett., 16, 860 (1997).
3. Y. Inoue and 0. Takai, Plasma Sources Sci. Technol., 5, 339 (1996).
4. Y. Y. Wu, M. Bekke, Y. Inoue, H. Sugimura, H. Kitaguchi, C. S. Liu, and 0. Takai, Thin Solid

Films, 457, 122 (2004).
5. Y. Y. Wu, H. Sugimura, Y. Inoue, and 0. Takai, Thin Solid Films, 435, 161 (2003).
6. J. H. Kim, Y. Ikoma, and M. Niwa, Microporous Mesoporous Mat., 32, 37 (1999).
7. L. Peters, in Semiconductor International, 2005.
8. D. D. Burkey and K. K. Gleason, J. Appl. Phys., 93, 5143 (2003).
9. D. D. Burkey and K. K. Gleason, Journal Of The Electrochemical Society, 151, F1o5 (2004).
10. Q. G. Wu and K. K. Gleason, J. Vac. Sci. Technol. A, 21, 388 (2003).
11. A. D. Ross and K. K. Gleason, J. Vac. Sci. Technol. A, submitted (2005).
12. A. D. Ross and K. K. Gleason, J. Appl. Phys., submitted (2005).
13. J. C. Phillips, J. Non-Cryst. Solids, 34, 153 (1979).
14. M. F. Thorpe, J. Non-Cryst. Solids, 57, 355 (1983).
15. A. Hozumi, H. Sekoguchi, and 0. Takai, Journal Of The Electrochemical Society, 144, 2824

(1997).
16. H. G. P. Lewis, T. B. Casserly, and K. K. Gleason, Journal Of The Electrochemical Society,

148, F212 (2001).
17. D. Lin-Vien, N. B. Colthup, W. G. Fateley, and J. G. Grasselli, Academic Press, San Diego, CA,

1991, 503.
18. J. R. Martinez, F. Ruiz, Y. V. Vorobiev, F. Perez-Robles, and J. Gonzalez-Hernandez, J. Chem.

Phys., 109, 7511 (1998).
19. C. Y. Wang, Z. X. Shen, and J. Z. Zheng, Appl. Spectrosc., 54, 209 (2000).
20. B. C. Bunker, D. R. Tallant, T. J. Headley, G. L. Turner, and R. J. Kirkpatrick, Phys. Chem.

Glasses, 29, 106 (1988).
21. A. J. Moulson and J. P. Roberts, Trans. Faraday Soc., 57, 1208 (1961).
22. C. J. F. B6ttcher, 0. C. van Belle, P. Bordewijk, and A. Rip, Theory of Electric Polarization,

2nd ed., p. 2, Elsevier Scientific Pub. Co., New York, (1973).
23. J. H. Mulvey, The Nature of Matter, Oxford University Press, New York, (1981).
24. T. B. Casserly and K. K. Gleason, Journal of the Electrochemical Society, submitted (2005).
25. H. G. P. Lewis, D. J. Edell, and K. K. Gleason, Chemistry Of Materials, 12, 3488 (2000).
26. H. G. Tomkins and W. A. McGahan, Spectroscopic Ellipsometry and Reflectometry: A User's

Guide, p. 228, Wiley-Interscience, New York, (1999).

130



. .>, .., , . f , .,i~~~~~~~~~~..,.

-~ ."~': : ' ?I'-,'' ' .

· ·-.
· ~ I., . . -

,r r _ . .~. : '~ {,, ' 'i. :'

', . . - ......., ;';. -
:-:.. . :

... i:" :"F ' !~' ' 

·~~~~~~~~~~~~~~~~~~~~~-. .,... ,

.. ?. ' '.'c'¥~- ',":4' . :.- *

_ , '$ ~,,."13 . .. ',, 
~'

~.' . :? :', ' .: . , >' ?

:-· t- ;j .- ,,Y >~~~~., ...

.-% .,' =; :; -.... '..'. S, ...2 ',j. , : ..' i. ._

| w > . .'f: ".~-, -.:.." ' .; : ';,¢~; -'; :: , , ! @"
:

'
' 

,'4,, "?>' F;: ;:,_
, .' js

. . .- .':
· t·i ; _,;_

· ,' ~..';. 'i.,.:;< . .:L·*- :

.' ^, -..,? t< . %A?. t.. . ... ,. ' :.ir .'~ .?' ..~ i." '..,- .:.· '. .1 :.~-~",, ~: ' ,.mS ?-~

' .;. .... : . <:,;_ .:f ,'.?'
: ' . . 'z 4 .y2 , ........... -

i .; -

.. , ... 

.~. .R ''":; M.

-i.h r r Fj *: 

* bs ' i ,; 

I



ABSTRACT

Low power plasma enhanced CVD polymerization of methylmethacrylate (MMA) can be

achieved to deposit thin films of poly(methyl methacrylate) (PMMA) with minimal loss of

functional groups as evidenced by FTIR, XPS, and Raman spectrometry. Retention of

functional groups decreases with increased substrate temperature. From XPS data, the

calculated percent loss of functional groups ranges from o.9% to 43.4% changing as a

function of deposition conditions. Raman spectrometry confirms the presence of C=C bonds

in the polymer backbone as a result of scission of the ester group from MMA. The thermal

properties of PECVD films from MMA can be tailored by varying the substrate temperature.

Onset of thermal decomposition increases with increased substrate temperature by

eliminating thermally labile peroxide linkages in the polymer backbone and by crosslinking

that occurs at radical sites generated via scission of functional group bonds. The post-anneal

thicknesses of the remaining polymer is on the order of 4 nm or less indicating that low

power PECVD PMMA is viable candidate to act as a sacrificial material for air gap

fabrication.

ACKNOWLEDGEMENTS: The authors thank Novellus and the Semiconductor Research
Corporation for fellowship funding and the NSF/SRC Engineering Research Center for
Environmental Benign Semiconductor Manufacturing for funding support.
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6.1 INTRODUCTION

Thin films of poly(methyl methacrylate) (PMMA) are of interest for a variety

of applications including organic vapor and moisture sensors,1- 4 electron-beam

resists,5-8 photonic waveguides and optical fibers,9, 10 and as dielectric sacrificial

layers in MEMS fabrication." Thin films of PMMA have been created using spin-

on,1 12 laser assisted vapor deposition,13 and plasma enhanced (PE)CVD.3-7 11, 14-18

Utilizing its clean and nearly complete thermal degradation and its properties as an

e-beam resist, PMMA has the potential to be a directly patternable sacrificial

material for fabrication of closed cavity air gap structures which have applications in

photonics and in semiconductor devices as an ultra low-k dielectric.

This work examines the structure of films deposited under continuous wave

(CW) and pulsed plasma (PP) enhanced CVD from methylmethacrylate (MMA)

monomer at various processing conditions. The precise chemical structure of the

resulting film affects the thermal properties and thus impacts the film's effectiveness

for all the potential applications previously mentioned. A key parameter in

deposition of plasma polymers is power input per mass, or W/FM.19 After initial

optimization of PMMA deposition, a series of films with a constant W/FM of 4.8 J/g

was deposited varying substrate temperature utilizing either CW or PP excitation.

The effect of substrate temperature on the structure and thermal properties of

PECVD films from MMA is studied.
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6.2 RESULTS AND DISCUSSION

6.2.1 FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY TO

DETERMINE OPTIMAL W/FM

Initial attempts to deposit PMMA resulted in thin films that more closely

resembled highly crosslinked polycarboxylic acid. Figure 6-1 shows the FTIR spectra

of thin films deposited from MMA at various process conditions and a PMMA

standard from Alpha Aesar. A key parameter in deposition of plasma polymers is

power input per mass, or W/FM, which for polymer thin films has a large effect on

functional group retention.'9 The PECVD films represented in Figure 6-1 were

deposited at a with a substrate temperature of 50oC and have W/FM values of (2a)

168.3, (2b) 84.2, (2c) 67.3, and (2d) 4.8 J/g. The films deposited at higher W/FM

show decreased intensity and broadening of the carbonyl peak near 1700 cm-'

relative to standard PMMA as is seen in some previous PECVD PMMA.2, 3, 6, 15, 16

These films also show very broad O-H stretching centered near 3400 cm-' which

combined with the broad carbonyl peak is more representative of polycarboxylic acid

than PMMA. Conversion of the methoxy ester to carboxylic acid is possible via

scission of the C-OCH3 bond creating a radical site which can then react with water

in the deposition chamber or upon exposure to air to form the -COOH moiety. As

W/FM is decreased, retention of the carbonyl peak increases and finally with a

W/FM of 4.8 J/g, the spectrum of the CVD film contains the same peaks as bulk

PMMA although not the identical resolution or intensities and the O-H stretching

peak is not observable above the background noise.
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Figure 6-1. FTIR spectra of PECVD thin films from MMA with W/FM of (a)
168.3, (b) 84.2, (c) 67.3, and (d) 4.8 J/g along with a (e) PMMA standard.

Table 6-1 identifies the major peak assignments from the literature for

PMMA.20 Only the low W/FM sample contains only the characteristic C-H
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stretching and bending, C=O stretching, and C-O bending of PMMA seen in the

standard spectra. While it is clear that the methoxy functionality is present, the

amount relative to bulk PMMA is clearly diminished as noted by the lessened

intensity of the characteristic peaks at 1240 and 1270 cm- in the CVD films relative

to that of the standard. Based upon the resolution and relative intensities of the

FTIR spectra, the series of low power plasma polymerized PMMA films in this work

retain a greater amount of a-methyl and ester functionality and greater homogeneity

when compared to previous plasma films.3, 6, 15 Morita et al., observe 'merely blunt'

peaks of diminished intensity and note the presence of O-H bonding in one sample.6

Jeon et al. observe a significant decrease in C-C and C-O stretching near 1200 cm-l

and decreased intensity of the C=O stretching mode.15 Zhang et al. note

'comparatively weak and broader' characteristic peaks as compared to PMMA and

significant decreased intensity of the C=O peak along with some broadening

attributed to conversion of the ester to carboxylic acid.3
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Table 6-i. FTIR assignments for PMMA from the literature20
Wavenumber Relative

[cm-'] intensityAssignment[cm-,] intensity

2995 medium va(CH 3 -O) + va(CH2 )

medium vs(CH3-) + va(a-CHs)
+ vs(a-CH 3) + vs(CH2)

2920 shoulder 1 combination band

2835 very weak f associated with CH3-O

1730 very strong v(C=O)

1483 medium 8a(a-CH 3 )

1465 shoulder §a(CH3-0)

1452 strong 6(CH2)

1438 strong 8s(CH3-0)

1388 medium 8s(a-CH3)

1370 shoulder s(a-CH 3) (amorphous)

1270 strong va(C-C-O) coupled

1240 strong with v (C-O)

internal C-H
1190 very strong deformation vibration

1150 very strong coupled with skeletal
stretching

intramolecular
interaction

988 medium vs(C-0-C) coupled
with y(CH3-0)

967 medium y(a-CH3)

749 weak y(CH2) coupled with
skeletal stretching

Vibrational modes: Va -- asymmetrical stretching, vs - symmetrical stretching, v - stretching, 8a - asymmetrical

bending, 5s symmetrical bending, y - rocking

6.2.2 THERMAL PROPERTIES/DEGRADATION OF PMMA

The thermal properties of PMMA have been well studied.21-36 Holland and

Hay provide a thorough discussion of much of the previous work.30 The thermal

stability of a series of PECVD PMMA films deposited at various substrate

temperatures with a constant W/FM of 4.8 J/g was examined by annealing the films

under nitrogen in a metal crucible. The temperature during the anneal was ramped

at a rate of lo°C/min to 1500C, held for 30 minutes, ramped at lo°C/min to 2400C,
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held for 30 minutes, and finally ramped to 41o°C and held for 6o minutes before

being cooled to room temperature. Laser interferometry was utilized to monitor

thickness loss. Variable angle spectroscopic ellipsometry was utilized to determine

as deposited and post-anneal film thicknesses. The onset of thermal decomposition

is determined by the initial oscillation of the laser signal from interferometry.37

Table 6-2. Summary of onset of thermal decomposition and % residue for
PECVD films deposited at various substrate temperatures with a constant

W/FM of 4.8 J/g.
Sample Substrate Onset of thermal Residue
Label Temperature Plasma Excitation decomposition

Label (0C) (oC) 

CW1 50 loW continuous 85 o.8

CW2 75 loW continuous 95 2.7

CW3 100 loW continuous 85 1.5

CW4 130 loW continuous 110 3.7

PPi 50 ooW peak power PP 1.2
0 ms on, go ms off1.2

PP2 75 looW peak power PP 120 1.8*
lo ms on, go ms off

PP3 100 ooW peak power PP 185 4.7
o10 ms on, 90 ms off

PooW peak power PP
PP4 130 looW peak power PP 220 5.2

PP 130 10~O ms on, go90 ms off 220 52

*Nitrogen purge failed during high temperature portion of anneal

Table 6-2 summarizes deposition conditions results determining the onset of

thermal decomposition and amount of residue calculated as a percentage of original

thickness remaining after annealing. (*Note that the nitrogen purge failed during

the 'hold at 41o0C' annealing step for sample PP3.) The films are referred to as CW1

through CW4 and PP1 through PP4, with the CW and PP referring to the type of

plasma excitation, and the numerals corresponding with the substrate temperatures

of 500C (1), 750C (2), 100°C (3), and 130 °C (4). Figure 6-2 shows the onset of
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thermal decomposition increases with increased substrate temperature. For all cases

with the exception of CW4 and PP4, the annealed samples are visually

indistinguishable from bare silicon. Measured film residue also increases as a

function of substrate temperature at shown in Figure 6-3 with one set of data

omitted due to nitrogen purge failure. Cleanliness and completeness of

decomposition for the PECVD films compares favorably with reported literature

values of 3.0 - 5.8 percent char after thermogravimetric measurements of hydrogen

terminated and 2,2-diphenyl hexyl group terminated PMMA.29

The PECVD films do undergo classic two stage decomposition first observed

by Grassie.24 The exact mechanism has been debated in the literature with Manring

favoring side group scission followed by chain scission and macro decomposition,32,

34 Kashiwagi favors the first stage of decomposition to be a result of weak head-to-

head linkages in the polymer backbone,31 but Holland convincingly argues that the

two stage decomposition of radically polymerized PMMA is due to thermally labile

peroxide linkages formed when the polymerization takes place in the presence of

air.3o Incorporation of these peroxide linkages in PECVD thin films is possible as

depositions are performed at moderate pressures, 1 torr, and there is the possibility

to generate free oxygen radicals in the plasma. The inclusion of thermally labile

peroxide linkages along with dangling radical sites will decrease the onset of thermal

decomposition for the PECVD films below the reported onset of bulk PMMA of 170 -

230°C.3 6 At elevated substrate temperatures, three factors increase the onset of

thermal decomposition. First, lower deposition rates at higher substrate

temperatures increases the time the growing film is exposed to UV radiation and ion

bombardment which can lead to creation of radical sites via functional group loss.38
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Second, polymer chain mobility is increased allowing for a higher degree of

crosslinking via the radical sites created. Finally, at very high substrate

temperatures the peroxide linkages are not stable and do not remain in the PECVD

polymer. Thus it is possible to control the onset of thermal decomposition by

varying the substrate temperature and other deposition parameters of the CVD

process.
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Figure 6-2. Onset of Thermal Decomposition as a function of substrate
temperature for both CW and PP CVD PMMA films.
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Figure 6-3. Percent residue remaining after anneal as a function of substrate
temperature for both CW and PP CVD PMMA films.

The annealed substrates were analyzed using FTIR and x-ray

photoelectron spectroscopy (XPS). There was insufficient residue to observe any

peaks in the FTIR spectra apart from an increased thickness in the native oxide on

the silicon wafer. XPS survey scans indicate the presence of Si 2p in the ~ 4 nm

depth probed. The atomic concentration of Si 2p observed ranged from 0.12% for

the PP4 sample to 11.33% for the CWi sample. Carbon and oxygen are also observed

in the XPS survey scans of every sample.

The onset of thermal decomposition and percent residue both

increases as a function of substrate temperature for both the CW and PP series of

films. At a constant substrate temperature, the PP films have a higher thermal

stability than the CW films exhibiting a higher onset of decomposition and leaving a

higher percentage of residue. The XPS, Raman, and FTIR spectroscopy are utilized
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to determine changes in the chemical structure of the polymer which lead to the

differences in thermal stability.

6.2.3 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

Figure 6-4 shows high resolution C is and O is XPS scans of the Alpha Aesar

PMMA standard and the CW1 PECVD film. Table 6-3 reports the binding energies

and peak areas for the films in Figure 6-4 and reports the literature values for

solution polymerization PMMA.39 Figure 6-5 shows PMMA with the carbon and

oxygen atoms labeled corresponding to the peaks assigned to them in the XPS high

resolution scans. The C is scan of the CW1 film shows the four characteristic carbon

moieties of the standard PMMA with an additional peak at 287.7 eV corresponding

to a C=O or O-C-O bonding environment. The O is scan of the CW1 film shows the

two characteristic oxygen moieties with an additional peak centered at 533.18 eV

assigned to the same C=O or O-C-O moiety. The moiety is likely C=O and occurs in

all the PECVD films as a result of scission of the C-OCH 3 bond. Removal of the ester

methoxy is further supported by the greatly reduced area of Peak 2 in the O is high

resolution scan, corresponding to the methoxy oxygen at 533.87 eV, relative to

PMMA. In the C is spectrum of CW1, the increase relative to the standard PMMA of

Peak 1, corresponding to polymer backbone carbons, also indicates of a loss of ester

functionality. There are two mechanisms for loss of the ester methoxy.38 One is via

the scission of the C-OCH 3 bond creating a radical site on the carbonyl carbon

available for crosslinking or initiation reactions. The other is removal of the entire

ester group via scission of the C-COOCH3 bond which decreases the concentration

of both oxygen moieties and two of the four carbon moieties. Observance in the high
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resolution C is and 0 is spectra of film CW1 of the Peaks 5 and 3, respectively,

indicate that some degree of functional loss is due to scission of the C-OCH 3 bond.

Close inspection of the high resolution C is spectrum of the CW1 film reveals that

there is loss of the ester carbon, Peak 4, in addition to the amount converted to

carbonyl carbon, Peak 5, through loss of the ester methoxy (i.e. - the sum of the areas

corresponding to Peaks 4 and 5 in sample CW1 do not total the area of Peak 4 in the

standard PMMA).

290 289 288 287 286 285 284 535 534 533 532 531

Binding Energy (eV) C Is Binding Energy (eV) O is

Figure 6-4. Fit XPS spectra, C is and O is for the PMMA standard and the
PECVD film CW1.
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Table 6-3. Comparison of XPS spectra fits from Figure 6-4 with referference data.
PECVD film CW1 Measured Standard Reference3 9

Binding Area Binding Area Binding Area
Energy (eV) (%) Energy (eV) (%) Energy (eV) (%)

C iS 1 285.00 50.3 285.00 39.3 285.00 42
2 285.65 22.1 285.69 23.5 285.72 21

3 286.81 13.1 286.83 19.6 286.79 21

4 289.07 11.9 289.10 17-7 289.03 17

5* 287.74 2.7 287.89 o

O is 1 532.31 51.1 532-35 48.1 532.21 51

2 533.87 37.7 533.93 51.9 533.77 49
3* 533.18 11.2 533.O6 o O

2

"I

4
1 '

I .

03

3

Figure 6-5. PMMA with labeled carbon (1-4) and oxygen (1*-2*) moieties.

Table 6-4 shows the elemental composition and C/O ratio for the series of

CVD films as determined by XPS. For both the CW and PP films, there is a

significant decrease in oxygen content for a substrate temperature of 130°C. This

results in an increase of the C/O ratio relative to the theoretical value of 2.5 for pure

PMMA. A range for the degree of functional group loss can be calculated from the

C/O ratio by considering two extreme methods of functional group loss. Based upon

the area of Peak 2, corresponding to the a-CH3 moiety, in the high resolution C is

scan of the CW1 sample we assume zero loss of the a-CH3 functionality for these

calculations. The upper bound for the range of functional loss is determined by
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assuming all loss of oxygen occurs via scission of the C-OCH3 bond resulting in one

less carbon and one less oxygen atom per polymer unit. These polymer units have a

C/O ratio of 4 rather than 2.5 allowing for the percentage of units undergoing

scission of the C-OCH 3 bond to be calculated. The calculated upper bound ranges

from 2.6% to 43.4% for the CW films and 5.2% to 35.2% for the PP films. However,

as previously discussed, the C is scan shows evidence of loss in the ester carbon

which can not be attributed solely to loss of the methoxy group. To calculate the

lower bound for functional loss it is assumed that all loss of carbon and oxygen

occurs via scission of the C-COOCH3 bond resulting in two fewer carbon and oxygen

atoms per polymer unit than PMMA. The calculated lower bound on functional

group loss ranges from o.9% to 13.5% for the CW films and from 1.8% to 11.2% for

the PP films. For both cases, retention of the a-methyl functionality is assumed

which has the effect of lowering the calculated limits if the assumption is not correct.

For the PP films which are exposed to ooW peak power, some loss of the a-methyl

can be expected indicating the upper bounds presented for the PP films are likely

under predicted and may very well exceed the values for the CW films. The actual

percent loss of functional groups likely lies between 2 and lo% for the films

deposited at 50°C and between 20 and 50% for the films deposited at 1300C.

Because the C/O ratio changes with constant W/FM and method of plasma

excitation, it can be concluded that some degree of functional loss is due to the UV

irradiation and ion bombardment of the deposited film. The deposition rates

decreases as a function of substrate temperature (as discussed in Section 2.5)

indicating that films deposited at a higher substrate temperature are exposed to the

damaging plasma for a greater period of time to deposit films of similar thickness.
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Table 6-4. Elemental analysis and C/O ratio from XPS scans along with
calculated upper and lower bounds for functional group loss.

Upper bound Lower bound
Sample % C % 0 raO functional loss functional loss

ratio

CW1 71.7 28.3 2.54 2.6 0.9

CW2 73.8 26.2 2.82 21.0 7.0

CW3 73.1 26.9 2.72 14.5 5.0

CW4 75.9 24.1 3.15 43.4 13.5

PP1 73.1 26.9 2.71 14.2 4.8

PP2 72.1 27.9 2.58 5.2 1.8

PP3 72.5 27.5 2.64 9.2 3.2

PP4 75.2 24.8 3.03 35.2 11.2

6.2.4 RAMAN SPECTROSCOPY

Figure 6-6 shows the Raman spectra of the PECVD films PP4, CW4, PP1,

CW1, and a PMMA standard. Assignments from the literature are reported in Table

6-5.10, 40 Comparing the Raman spectra confirms that the PECVD films are

structurally similar to PMMA containing all the characteristic Raman modes. As in

the FTIR, some of the Raman modes exhibit peak broadening or diminished

intensity. Deriving detail from the CW4 and PP4 samples is particularly difficult as

there was a large fluorescence background for these samples. As seen in Figure 6-6,

present in the PECVD films but absent in the PMMA standard is the strong

absorbance at 1645 cm-l corresponding to R-C=C-R stretching.40 This carbon-

carbon double bond arises from the scission of the entire ester group (C-COOCH3

bond) creating a double bond in the polymer backbone. This peak is even more

prominent in the PP4 and CW4 films indicating a higher degree of ester loss

compared to PP1 and CW1. It should be noted that the C=C bond is a very strong

Raman absorber, indicating the relative intensity of the peak is much greater than

the percentage of R-C=C-R in the film. Figure 6-6 also gives insight into the
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difference between PP and CW plasma excitation. Comparing the intensities of the

C=O peak at 1724 cm-1 and the a-CH3 peak at 1452 cm-1 for films deposited at the

same substrate temperature, the CW films retain a greater deal of C=O and a-CH3

functionality. Loss of both of these functionalities leads to a loss of C-H stretching

in the region c. 2900 cm-'. Loss of C=O indicates a loss of the entire ester group,

therefore losing the contributions of the ester methoxy to C-H stretching, while loss

of the -CH3 group is a direct loss of C-H stretching. Scission of the C-CH 3 bond of

the a-CH3 is another pathway for C=C formation although XPS evidence suggests

that the majority of the C=C bonding is a result of loss of the entire ester group.

As seen in the detailed Raman spectra in Figure 6-7, the peaks associated with

the ester methoxy, namely the CH3-O rock and C-O-C stretch seen at 988 and 812

cm-1 respectively, are present but diminished in the CW1 and PP1 films indicating a

degree of lost methoxy functionality. Confidently distinguishing these same peaks

for the CW4 and PP4 is not possible due to the limitations faced in acquiring the

spectra. Additionally, the increased intensity of the peak associated with skeletal

stretching of the C-C bonds at 735 cm-1 is evidence of a degree of crosslinking in the

PECVD sample not present in the PMMA standard.
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Table 6-5. Raman assignments from the literature.1o, 40
Raman

Wavenumber
[cm-']

2954

2920

2864

1724

1645

1452

1238

988

914

878

812

732

600

537

Relative
intensity Assignment

vs(C-H) of CH3-O +very strong Va(CH)Va(CH2)

combination band
weak involving CH 3-O and

vs(CH2)

combination band
involving CH 3-O

medium v(C=O)

strong V(C=C)40

strong 8a(ct-CH3)

weak v(C-O) + v(C-COO)

strong y(CH3-O)

weak v(CH 2)

very weak v(CH2)

strong vs(C-O-C)

weak v(C-C) skeletal mode

strong v(C-COO) + vs(C-C-O)

weak 8(C-C-C)

Vibrational modes: va - asymmetrical stretching, vs - symmetrical stretching, v = stretching, 8a - asymmetrical

bending, 8 -= bending, y -= rocking
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3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-')

Figure 6-6. Raman spectra of films PP4, CW4, PPi, CWi, and a PMMA standard
(Std.).
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Figure 6-7. Detail of the Raman spectra of films PP4, CW4, PPI, CWI, and a
PMMA standard at the methoxy and skeletal stretching region.
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6.2.5 DEPOSITION KINETICS

Figure 6-8 shows an Arrhenius plot of the deposition rate as a function of the

inverse of the substrate temperature. For both the CW and PP series, the deposition

rate decreases as a function of increasing substrate temperature. The apparent

negative activations energies indicate that both the CW and PP depositions are

absorption limited. Thus, even while the rate constant for polymerization increases

as a function of temperature, the surface concentration of adsorbed monomer

decreases more quickly, leading to an overall decrease in deposition rate with

increasing temperature. The apparent activation energy for depositions under CW

excitation, -7.2 0.4 kcal/mol, is approximately three times that for depositions

under PP excitation, -2.4 ± o.1 kcal/mol. Under CW excitation, radical species are

continuously generated allowing for the initiation of new polymer chains as well as

activate sites for additional polymerization on the surface while generation of

reactive species during PP excitation occurs only 10% of the time (although likely to a

greater degree per unit time). Another explanation for the lower deposition rate for

the PP films is that the higher peak power does more damage to the deposited film,

more readily breaking bonds that can liberate monomer or dimer species from the

film. Also, a looW plasma generates more powerful UV radiation than a loW

plasma and the C-COOCH3 bond in PMMA is know to be sensitive to UV

irradiation.38 The faster growth under CW excitation would reduce the UV damage

per thickness of film. This may account in part for the lower degree of residue left

after annealing CW films as compared to PP films deposited at the same W/FM and

substrate temperature (Figure 6-3).
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Figure 6-8. Arrhenius plot of deposition rate as a function of substrate
temperature at constant W/FM = 4.8 J/g showing relative apparent energies 3:1

for CW:PP.

6.3 CONCLUSIONS

Low power plasma polymerization of MMA can be achieved to deposit

thin films of PMMA with minimal loss of functional groups as evidenced by FTIR,

XPS, and Raman spectrometry. As has been found with other systems,41 the

retention of functional groups decreases with increased substrate temperature.

Based on XPS data, the percent loss of functional groups is as small as 0.9% to 2.6%

for the CW1 film and as large as 13.5% to 43.4% for the PP4 film. Raman

spectrometry indicates the presence of C=C bonds in the polymer backbone as a

result of scission of the ester group from MMA. As the substrate temperature

increases, the loss of functional groups is a result of increased exposure to ion

bombardment and UV radiation created by the plasma excitation.

152

' -- -- CW

"_p '_ J FFr I- - .L

4,
I . I . . IJ1

J1
J1

J1j1
J 



The thermal properties of PECVD films from MMA can be tailored by varying

the substrate temperature. Onset of thermal decomposition increases with increased

substrate temperature by eliminating thermally labile peroxide linkages in the

polymer backbone and by crosslinking that occurs at radical sites generated via

scission of functional group bonds. The post-anneal thicknesses of the remaining

polymer is on the order of 4 nm or less indicating that low power PECVD PMMA is a

viable candidate to act as a sacrificial material for air gap fabrication.

6.4 EXPERIMENTAL

Thin films of poly(methyl methacrylate) (PMMA) are deposited via plasma

enhanced chemical vapor deposition in a custom built vacuum chamber described in

detail elsewhere.42 Plasma was generated utilizing a 13.56 MHz RF source and

matching network. The reactor utilizes a parallel plate capacitively-coupled system

with an upper powered electrode which also acts as a showerhead for distributed gas

delivery and a grounded lower electrode. The substrate temperature was controlled

with a custom stage heater from Watlow. The heater was grounded to the bottom

electrode. Reactor pressure was controlled via a butterfly valve controlled by an

MKS model 252A exhaust valve controller. The series of depositions in this study

were performed at a reactor pressure of 1 torr. For continuous wave (CW)

experiments, the plasma input power was set to loW. For pulsed plasma (PP)

experiments, the peak power was set at ooW and square wave pulse generator was

used to modulate the plasma corresponding to 10 ms on times and 90 ms sec off

times for a lo% duty cycle. Initially, various pressures and plasma excitation
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schemes were examined. The spectra of CVD films in Figure 6-1 correspond to

processing conditions of (2a) pressure of 300 mtorr, gas flow of 8 sccm MMA,

pulsed plasma excitation of 400W with 10 ms on, go ms off or 10o% duty cycle,

equivalent to W/FM of 168.3 J/g, (2b) 300 mtorr, 8 sccm MMA, 200W with 10 ms

on, go ms off or lo% duty cycle, 84.2 J/g, (2c) 600 mtorr, o10 sccm MMA, 400W with

o10 ms on, 19o ms off or 5% duty cycle, 67.3 J/g, (2d) 1.oo torr, 20 sccm MMA and 20

sccm Argon, continuous wave plasma excitation of loW equivalent to a W/FM of 4.8

J/g. The effect of substrate temperature was examined by depositing a series of CW

and PP films with a constant W/FM of 4.8 J/g at four different substrate

temperatures. These samples are referred to as CW1 through CW4 and PP1 through

PP4, with the CW and PP referring to the type of plasma excitation, and the

numerals corresponding with the substrate temperatures of 50oC (1), 75°C (2), 100°C

(3), and 1300C (4).

MMA (9gg.o%, Aldrich) was used without purification and delivered via an

MKS 1152C mass flow controller. Argon was delivered via an MKS 1479A mass flow

controller. Flow rates were varied initially, but maintained at 20 sccm for MMA and

20 scem Argon for the series of depositions at various substrate temperatures.

Deposition rate was monitored via in-situ laser interferometry.

Variable-angle spectroscopic ellipsometry (VASE) was used to measure

thickness and optical properties making use of a J.A. Woolam M-2000 spectroscopic

ellipsometer. Measurements were taken at 650, 70° & 750 over 225 wavelengths.

The resulting data was fit using the Cauchy-Urbach model.43 FTIR spectra were

collected utilizing a Nicolet Nexus 870 ESP spectrometer in normal transmission

mode. XPS spectra were collected using a Kratos Axis Ultra spectrometer. Raman
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spectra were collected using the FT Raman accessory for the Nicolet Nexus 870 ESP

using a Raman laser power of 1.5W. Samples were prepared for Raman spectroscopy

by scraping the polymer film from the wafer and placing it in an NMR tube for

analysis. Thermal properties were studied using the interferometry for thermal

stability (ITS) system described elsewhere.37
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CHAPTER SEVEN

CONCLUSIONS AND FUTURE DIRECTIONS



7.1 CONCLUSIONS

This thesis presents potential low dielectric constant solutions to

address the future needs of the semiconductor industry. Dense organosilicon thin

films have been deposited via HFCVD and PECVD resulting in films with dielectric

constants as low as 2.78. A plasma polymerized sacrificial material has been

presented to enable extendibility of low-k for future generations, initially through the

development of porous low-k organosilicon thin films and forward to an air gap

scheme for ultra low-k utilizing the CVD organosilicon film as a bridge layer.

This thesis applied the power of computation quantum mechanics to

understanding the structure of CVD materials and to aid in the design of CVD

experiments through predicting the initial chemical reaction of the CVD system.

7.1.1 CVD MATERIALS

Organosilicon thin films with dielectric and biopassivation applications

were deposited from cyclic siloxane precursors via HFCVD. The impact of filament

temperature on material composition was studied via FTIR, VASE, Raman, and 29Si

NMR. The OSG materials showed good insulating properties, excellent thermal

stability, resistance to water uptake and a high degree of flexibility. While these are

all desirable properties for biopassivation coatings, the films were not sufficiently

hard for low-k applications; nor, frankly, was the semiconductor industry very

receptive to the novel HFCVD process directing future work to the PECVD system.

Plasma enhanced chemical vapor deposition was used to deposit

organosilicon thin films from methoxytrimethylsilane, dimethoxydimethylsilane,
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and trimethoxymethylsilane. In a reducing environment, hydrogen atoms react

preferentially with the methoxy methyl creating silanols or siloxane radicals which

form networking bonds through condensation reactions without sacrificing the

'built-in' alkyl content of the precursor. Low-k OSG thin films from

methoxymethylsilanes and hydrogen were deposited via a low power PECVD process

resulting in material dielectric constants ranging from 2.84 to 3.18. These materials

contain spectroscopic evidence of T and Q groups which indicates good mechanical

properties. The films were deposited using low power plasma excitation providing a

means to extend the material usage to future generations. While dense OSGs, are

the immediate future of the low-k in the semiconductor industry, future generations

will require the introduction of air into the dielectric either through the

incorporation of pores in a dense OSG matrix or via an air gap strategy.

PMMA is a promising sacrificial material. Low power plasma enhanced CVD

polymerization of methylmethacrylate (MMA) can be achieved to deposit thin films

of poly(methyl methacrylate) (PMMA) with minimal loss of functional groups as

evidenced by FTIR, XPS, and Raman spectrometry. The solubility, onset of thermal

decomposition, and post-anneal residual thickness of PECVD films from MMA can

be tailored by varying the substrate temperature. The post-anneal thicknesses of the

remaining polymer char is on the order of 4 nm or less indicating that low power

PECVD PMMA is viable candidate to act as a sacrificial material for porous low-k or

for ultra low-k air gap fabrication.

160



7.1.2 COMPUTATIONAL QUANTUM MECHANICS

Density functional theory was utilized in a novel way to aid in the

characterization of organosilicon CVD materials in order to fully discover the

material structure and deepen the understanding of the process-structure-property

relationship. Density functional theory at the B3LYP/6-311++G(d,p) level was

applied to calculate the 29Si NMR chemical shifts of a variety of organosiloxane

moieties including structures believed to occur in OSG thin films deposited using

HFCVD from cyclic siloxanes. Retention of the cyclic siloxane structure is

confirmed and the chemical shift at -15 ppm is identified as a cross-linking Si-Si

bond between two strained D groups and has not previously been reported. DFT is a

powerful tool which can be used to interpret unidentified peaks in observed spectra

and can identify bonding environments not previously known. A full understanding

of the final film structure allows for a clear picture of the CVD chemistry to be

presented. DFT can also be used to study the initial CVD chemistry directly.

The thermochemistry including enthalpies of formation and enthalpies of

reaction at 298 K for a set of methyl- and methoxymethylsilane precursors was

calculated using B3LYP density functional theory. Bond strengths and reactions

with O atom and H atom are examined in the context of understanding the initial

reactions in chemical vapor deposition. The Si-H bond was calculated to be 8.4

kcal/mol stronger than the Si-C bond in methylsilanes and to increase by o.6

kcal/mol with increased methylation; however, the thermochemistry of methylsilane

reactions with O atom favors scission of the Si-H bond to produce hydroxyl and

methylsilyl radicals. Thermodynamic control over the reaction pathways of

methoxymethylsilanes is possible only when considering the reaction with H atom
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for which methoxymethylsilanol formation is favored. This illuminates a conceivable

strategy to control the Si-O-Si bonding network while retaining methyl

functionality in a CVD thin film by controlling the ratio of methoxy functionality and

free hydrogen in the reactor. Density functional theory is a powerful tool applied to

understanding and subsequently controlling the initial chemistry of the CVD

process.

7.2 FUTURE DIRECTIONS

It is my hope that this thesis is not considered complete. No thesis that

contains new ideas is ever really complete. I hope that the advances presented

herein provide the tools and inspiration for further advancement of low dielectric

constant materials and promote the use of computational quantum mechanics to

understand and develop the CVD process.

The materials presented in this thesis were designed to provide and

evolutionary pathway for low-k materials. The PECVD process for deposition of a

dense OSG from trimethoxymethylsilane was developed using low power plasma

excitation to enable control over reaction pathways in the CVD process and to

provide a means for robust OSG deposition using processing conditions which

overlap with sacrificial PMMA deposition. Co-deposition of this pair of materials

should be investigated to determine the suitability for creation of a porous OSG.

The PECVD PMMA presented in this work has been used along with a dense

CVD oxide to create initial air gap structures on the order of 2 mm wide. Using

traditional lithography, air gaps on the order of 1 to 2 microns wide were fabricated,
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however attempts to create two level structures were unsuccessful. PMMA has

known electron beam sensitivity and has been used as an e-beam resist. A logical

progression of this thesis would be the optimization of the PECVD PMMA as a

directly patternable sacrificial material for air gap fabrication at the nano scale

utilizing e-beam lithography.

The use of density functional theory as a screening process for CVD

precursors has been shown to be a powerful tool. There is great value to be found

through the expansion of computational experiments including the use of transition

state theory to calculate reaction activation energies. Series of precursors can be

examined without approaching a lab bench.

It is my hope that this thesis lays a foundation for the evolutionary path of

low-k materials from dense OSG to an air as dielectric scheme.
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