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ABSTRACT
This work focuses on electronic transport and defect structure in multiple novel
dielectric systems used for back end of line (BEOL) applications. BEOL dielectrics with
low dielectric constants, so called low-k dielectrics, and materials which can be used as
etch stop layers which have lower dielectric constants than silicon nitride, are needed for
current and future integrated circuit technology nodes. However, an understanding of the
defects which limit reliability, degrade performance, and contribute to leakage currents in
these films is not yet developed. In this research conventional electron paramagnetic
resonance (EPR), leakage current, and electrically detected magnetic resonance (EDMR)
measurements were utilized to investigate a-SiC:H and SiOC:H dielectrics. These
dielectrics are believed to be the most important in future technology.
In this study multiple variations in processing conditions, including postdeposition anneals, film chemistry, UV irradiation, and deposition techniques were
analyzed. There is a strong correlation between conventional EPR defect density
measurements and leakage currents in many of these films. There is also a very strong
correlation between hydrogen content and both leakage current and EPR defect density
for the a-SiC:H films. The SiOC:H films have a much more complex relationship
between EPR defects and leakage currents. In many cases, a close correspondence
between the EPR defect density measurement and the leakage currents strongly indicates
that the defects observed by EPR are largely responsible for the leakage currents. These
defects therefore likely limit the dielectric reliability, but the correspondence is imperfect.
Important reliability phenomena in these films, which are likely limited by defects
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observed in this study, are time-dependent dielectric breakdown and stress induced
leakage current. Additionally, EDMR via spin dependent trap assisted tunneling (SDT)
has been utilized to investigate the direct link between defects observed in EPR defects
and electrical transport.
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Chapter 1
INTRODUCTION
There is significant interest in finding new back end of line (BEOL) dielectrics for
use in integrated circuits.[1,2]

Lower k interlayer dielectrics (ILDs) facilitate the

continued scaling of BEOL interconnects.[1,2] These dielectrics are used to insulate the
billions of smaller copper wires that connect transistors in integrated circuits.
A new dielectric material, hydrogenated amorphous silicon carbide (a-SiC:H),
shows great potential as both an etch stop layer (ESL) [3,4] and a hard mask layer[5] to
assist nanoelectronic patterning, and as low dielectric constant (i.e. low-k) interlayer
dielectric[6], Cu diffusion barrier,[7-9] and pore sealants.[10] The reliability of many of
the new ILDs and ESLs based on a-SiC and SiOC:H are of particular concern.[1,2]
Time-dependent dielectric breakdown (TDDB) and stress-induced leakage currents
(SILC) are of great interest due to the relatively low breakdown strength of these
films.[1,2]
The objective of this research is to characterize and understand the performance
limiting defects in new dielectric materials so that they might be reduced or eliminated by
new processing techniques.

To increase the speed of these integrated circuits the

capacitance due to interconnects and interlayer dielectrics must be reduced (as it is very
difficult to reduce the resistance of the tiny copper interconnects used). Consider Eq.
(1.1) for the capacitance of a simple parallel-plate capacitor:
(1.1)
where C is the capacitance, A is the area of overlap, k is the dielectric constant, and ε0 is
the permittivity of free space. There are two obvious ways to lower the capacitance:
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increase the thickness of the material (which isn’t desirable if you want to scale the
device as small as possible) or lower the k value. One way to lower the k value of a
material is to increase the porosity. Some processes increase porosity, but also degrade
the materials insulating properties. This research focuses on the defects within these
dielectrics produced by plasma-enhanced chemical vapor deposition and spin-on
processes. The work examines the connection between processing steps used to create
low-k materials and the defects present. Two of the most important material systems will
be analyzed in some detail: a-SiC:H and a-SiOC:H.
Current BEOL dielectric systems are based on a low-k SiOC:H dielectric and
typically use SiN as an etch stop layer. These systems work well, but to increase the
speed of the circuits, lower-k dielectric structures need to be created. Important issues for
low-k dielectrics are leakage currents and reliability phenomena, Leakage currents are the
primary focus of this research.

1.1 Leakage Currents
Results presented in this study clearly indicate that film processing conditions
have profound effects on the defect densities of the films observed in electron
paramagnetic resonance (EPR) as well as on the electronic behavior of the films. For
example, modest changes in post-deposition anneals result in large changes in
paramagnetic defect density, which in many but not all cases, correlates with changes in
leakage currents in the films. What are the underlying physical mechanisms responsible
for those currents?

Many studies, usually conducted with only purely electrical

measurements, have been done on leakage current in these and similar films. Some
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conduction mechanisms invoked to explain leakage currents in these films responsible
are variable range hopping (VHR), Schottky Emission (SE) and Poole Frenkel emission
(PF).
VRH involves trap-to-trap tunneling in highly disordered materials.[19] VRH has
a temperature relationship which is given by Eq. (1.2):
(1.2)
where, A and B are constants, σ is the conductivity, T is the temperature and n is often
taken to be ¼. However, if Coulomb interactions between electrons are taken into
account, n=1/2 is more likely appropriate.[19]
Another transport mechanism frequently invoked in these films is PF. It is
commonly attributed to the transport mechanism in SiN based films.[28,29] In PF
transport, conduction involves the escape of charge carriers from traps due to thermal
energy which, with the assistance of an electric field, excited them to the conduction
band. Electrons can then fall into another deep level. This process is strongly dependent
on temperature and leads to a current density of the form,
(1.3)
where C is a material dependent constant, q is the charge of an electron, ε is the
permittivity in the material,

is the trap level below the conduction band, k is

Boltzman’s constant, T is temperature, E is the electric field in the oxide, and n (for SiN
based films) is 1.[30-31] If the dielectric constant is known Eq. 1.3 can be applied to
model electrical transport, which will be discussed later.
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SE is often attributed to thermionic emission of electrons across an interfacial
barrier formed by the offset between the metal Fermi level and the dielectric conduction
band minimum. This conduction mechanism often takes places in thin insulating films in
contact with a metal. Emtage and Tantraporn discuss the process in their paper.[121]
They express the current generated from SE as,

where,

and

.[121] Here q is the charge on the electron, a is

the thickness, ε is the dielectric constant, and A is the Richardson constant.

1.2 Reliability Phenomena
Two of the most important reliability problems relevant for these films are SILC
and TDDB.[1,2] TDDB is a process, currently not well understood in low-k systems, by
which leakage current in a film will slowly decrease over a long period of time until
something changes in the device and the current increases (sometimes rapidly) until the
film breaks down. The definition of this breakdown varies depending on which material
system one is working with. In some material systems, the current will almost instantly
jump by orders of magnitude as the material fails. In other cases, like in some related
low-k materials, the current gradually increases with near constant slope after a long
period of time. Both of these phenomena happen when films are held at an electric field
near their breakdown field of that material for a long period of time. There are currently
many different models which attempt to explain the physical processes of this
phenomenon for low-k systems. [1,2] Some researchers believe that the primarily cause
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of TDDB, in low-k materials, is due to the copper in typical Cu/SiOC systems, but others
believe that surroundings are inconsequential and that TDDB is an inherent property
porous films.[120]
SILC is another type of reliability phenomenon which will cause the current to
gradually increase in a device over time, but typically is not related to the breakdown the
device. SILC are typically caused by electric field stressing. Very little is known about
the structure of the defects which are involved in SILC phenomena.[1,2] SILC often
occurs in MOSFETs due to defects generated in the gate oxide during electrical stressing.
For the system under study here, similar mechanics are most likely taking place. Defects
that trap charge likely contribute to these phenomena, but the defects that cause the SILC
in low-k material systems are unknown.
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Chapter 2
EXPERIMENTAL DESIGN AND MEASUREMENT TECHNIQUES
In this study, multiple measurement techniques and deposition techniques were
utilized. All films in this study were made at the Intel Corporation under direction of Dr.
Sean King. The films were deposited at a variety of deposition techniques and processes
including PECVD and spin-on deposition.
The primary measurement techniques used in this study were magnetic resonance
based. The physics underlying these techniques is well understood. The first resonance
measurements took place in the 1940s.[12]. Due in part to innovations made in our
laboratory at The Pennsylvania State University, the sensitivity and accuracy of the
techniques have greatly improved in recent years to allow for more sensitive detection
and more reliable identification of new defects in different material systems.[14] A brief
introduction to the magnetic resonance techniques will be given in this section.
2.1 Deposition Techniques and Electrical Characterization
All thin films utilized in this study consisted of a thin dielectric deposited onto a
silicon wafer. These films were deposited on 300 mm (100) Si wafers using
commercially available plasma enhanced chemical vapor deposition (PECVD) tools or
spin-on deposition techniques. PECVD films were made from various combinations of
silane, organosilanes, hydrogen, helium, oxidizers, and porogens.[17-20] Deposition
temperatures were on the order of 250-400°C and film thicknesses ranged from 5002,000 nm. All spin coated films were deposited using a commercially available spin tool
and, depending on thickness, were cast at 900-2000 rpm, then baked in air at 150-250°C,
followed by a 250-375°C bake in O2 and a UV cure.[21-23] PECVD is the most
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common deposition technique for modern day thin film applications. It works well
because it is relatively fast, cheap, and can be utilized in large scale production
applications. Some new techniques, such as spin-on based techniques have been shown
to have a lower defect density in some cases, and shows promise in new ultra-low-k
films. Electrical measurements were taken at Intel Corporation using a conventional Hg
Probe to conduct CV/IV measurements. These measurements were utilized to obtain low
frequency dielectric constant (k) and leakage currents which have been described
previously.[24-26]

2.2 Electron Paramagnetic Resonance
In this study electron paramagnetic resonance (EPR) was utilized, supplemented by
several other analytical measurements and electrical measurements (most notably IV and
CV), to develop an understanding of electronic transport in these dielectrics. In the
interpretation of this data, a vast literature dealing with EPR in Si based dielectric thin
films and large volume samples of silicon based amorphous insulators was reviewed.[316] The wealth of knowledge provided in the literature on previous EPR studies of Si
based dielectrics, bulk Si, and glasses offers a foundation for understanding the role
these defects play in ILDs.[3-16]

In this work, EPR measurements and electrical

measurements are compared to provide insight into the roles these defects play in
electronic transport.
EPR is one of the only analytical tools with both the analytical power and the
sensitivity to detect and characterize atomic scale defects in amorphous thin film
dielectrics. A brief explanation of EPR is presented in this work, which is relevant to
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understanding the study. A more detailed explanation of EPR can be found in Electron
Paramagnetic Resonance by Weil et. al[12].
The main components needed to conduct EPR measurements are a microwave
bridge, large magnet, power supply, lock-in amplifier, and data acquisition software. A
commercial setup (Bruker X-band spectrometer) can be seen in Figure 2.1.

Figure 2.1: Bruker spectrometer utilized in this study

In the systems under study, the magnetic resonance spectra are characterized by
two orientation dependent parameters. In the simplest case, an unpaired electron (S=1/2)
without any nearby magnetic nuclei, the condition may be described by Eq. 2.1,

(2.1)
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where

is Planck’s constant,

microwave radiation and

is the Bohr magneton,

is the frequency of the

is the magnetic field at resonance. The g-value depends on

the relationship between the magnetic field vector and the orientation of the defect under
observation.[12] It is generally expressed as a second rank tensor. This expression may
be modified by the presence of nearby magnetic nuclei. These nuclei generate local
magnetic fields which alter the resonance condition of the unpaired electron. These
electron-nuclear interactions are referred to as hyperfine interactions.[12] Hyperfine
interactions will modify Eq. 2.1 and, for the simplest case of one nearby magnetic
nucleus, the resonance condition is given by Eq. 2.2,
(2.2)
where I is the nuclear spin and mI is the nuclear spin quantum number. In expression
(2),

.

, like , is an orientation dependent value. It is, like g,

typically expressed as a second rank tensor. Therefore, if a magnetic nucleus is coupled
with a defect, multiline spectra will be observed corresponding to the possible values of
the spin quantum numbers,

states. The presence of multiple nuclei introduces

additional complexity into the spectra. In an amorphous matrix, one observes a spectrum
with an appropriately weighted range of

and hyperfine elements.[12]

2.3 Electrically Detected Magnetic Resonance
Another type of magnetic resonance based technique utilized to study atomic
scale defects is called electrically detected magnetic resonance (EDMR). EDMR uses
similar principles to conventional EPR except that in EDMR based techniques the current
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is monitored instead of the reflected microwave power. This enables one to monitor
changes in current during resonance. Any events which are spin-dependent (for example
recombination) can therefore be directly observed.
A plausible mechanism in which one might observe EDMR would be if a
component of the transport involves VRH, or a trap assisted tunneling process involving
transport from trap to trap.[19,20] Such a process would be spin dependent. One could
directly demonstrate the role of paramagnetic defects in such a transport process by
carrying out an EDMR measurement on the leakage currents. The spin dependence of
such a trap assisted tunneling process can be understood in terms of a few basic
principles. First, consider a defect with unpaired electrons within a dielectric material.
Suppose that the dielectric under study is placed in a magnetic field and subjected to
microwave radiation. When the magnetic resonance condition of the electron in the
defect is satisfied, the electron is able to “flip”.[12] If two defects are close enough in
proximity such that they are coupled, tunneling from one defect to the other is possible if
the spin pair form a singlet state, because quantum mechanical tunneling conserves spin
angular momentum.[13]

If this were to be the case, when the magnetic resonance

condition of the defects are satisfied, one would observe an increase in the tunneling
current and observe the defects involved in the tunneling transport directly via spin
dependent tunneling (SDT) EDMR.
illustrated in Figure 2.2.

This SDT/EDMR process is schematically
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Figure 2.2: An illustration of spin-dependent VRH. A magnetic resonance event (on the left) makes it
possible for an electron to tunnel from one site to another whereas, if the two defect sites had spins of the
same orientation, the tunneling event would be forbidden. This schematic illustrates why magnetic
resonance of the defects involved in transport may be detected via measurements of (tunneling) current
versus magnetic field in the presence of the appropriate frequency microwave radiation.
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Chapter 3
DATA AND RESULTS
This section examines data from 3 different dielectric materials: a-SiC, a-SiOC:H,
a-SiO2. A very comprehensive analysis of a-SiC was able to be performed because of the
simplicity of the system and the strong correlations found between leakage currents and
defect density. SiO2 was studied to help understand SiOC:H films. Even with the
knowledge gained from studying SiC and SiO2, the SiOC:H films are incredibly
complicated to analyze, however, a detailed link between multiple defects and low field
electrical transport has been established.

3.1 SiC Based Dielectrics
This study includes examining 17 a-SiC:H films with magnetic resonance,
leakage, and other measurements. These films include an array of 13 variously processed
films and a different set of 4 annealed samples. Table 3.1 summarizes composition,
dielectric constant, and density of the 13 samples.
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Table 3.1: Density, dielectric constant, composition, leakage, and defect assignments for samples utilized in
Figure 3.4 through Figure 3.8.

a-SiC:H13
a-SiC:H12
a-SiC:H11
a-SiC:H10
a-SiC:H9
a-SiC:H8
a-SiC:H7
a-SiC:H6
a-SiC:H5
a-SiC:H4
a-SiC:H3
a-SiC:H2
a-SiC:H1

"k"
NRA- NRADensity Dielectric RBS
RBS
(g/cm3) Constant %C
%Si
2.5
7.2
36.3
37.1
2.3
6.9
34.7
33.9
2.2
6.8
34.5
32.4
2.0
6.5
33.2
31.5
1.9
6.2
31.7
30.8
1.9
5.8
29.1
28.2
1.8
5.2
27.0
25.1
1.6
4.8
28.5
22.2
1.4
4.4
24.0
20.5
1.3
4.0
23.1
21.5
1.2
3.7
14.8
14.8
1.1
3.2
30.2
10.6
1.0
2.8
30.5
6.0

NRA- NRALeakage @ 1 Tauc Eg
RBS RBS
%O
%H MV/cm (A/cm2)
(eV)
PF/SE
0.30
26.3
2.04x10-5
2.4
PF
0.20
31.2
4.97x10-7
2.6
PF
0.50
32.7
2.89x10-7
2.6
PF
0.10
35.1
2.77x10-8
2.7
PF
1.10
36.3
2.47x10-9
2.8
PF
2.70
40.0
2.61x10-10
2.9
PF
5.90
41.9
2.44x10-10
3.0
PF
4.10
45.3
3.91x10-11
3.0
PF
5.90
49.7
1.01x10-11
3.0
SE
9.20
46.1
2.45x10-11
3.2
SE
12.60
57.8
3.50x10-11
3.4
SE
9.60
49.6
6.67x10-11
3.4
SE
5.56
57.9
1.85x10-11
2.5
SE

Defect
Density
Defect
(1016/cm3) Assignment
65
A
46
A
38
A
35
A
39
B
31
B
22
C
49
C
28
C
28
C
3.3
C
11
A
5.0
D

The first sample in the table, a-SiC:H13 was processed, within the precision of
our processing capabilities, identically to the samples utilized in the annealing study.
However, none of the 13 samples presented in Table 3.1 were subjected to a post
deposition anneal.

Although there are obvious sample-to-sample differences in the

magnetic resonance line shapes and zero-crossing g-values, there is also a remarkably
strong correlation between the density of paramagnetic centers and dielectric leakage
currents.
Post Deposition Annealing Effects:
Post-deposition anneals are of current interest in nano-electronic processing as
one means to improve the mechanical and electrical properties of low-k and high-k
dielectrics.[26,27] The electrical properties of four otherwise identical a-SiC:H films that
have received various one hour post deposition anneals of 400, 500, 600 and 700°C in a
modest vacuum ( 10-5 Torr) were examined. Figure 3.1 (a) shows the results of the IV

14

measurements for the annealed a-SiC:H films plotted as leakage current (J) vs. electric
field (E). The leakage currents decrease with annealing at 500 and 600C and, depending
on the electric field, increase or decrease after annealing at 700C. To better understand
the potential leakage mechanism, the data in Figure 3.1 (a), was replotted as ln(J/E) vs.
E1/2 (see Figure 3.1 (b)). At low fields (< 0.6 MV/cm), Ohmic behavior is observed. At
higher fields, a linear relationship is observed.
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Figure 3.1:(a) Leakage currents as a function of annealing temperature for PECVD a-SiC:H and (b) PooleFrenkel plot for data in Figure 1a.

The behavior observed in Figure 3.1 is typically attributed to either thermionic
emission of electrons across the interfacial barrier formed by the offset between the metal
Fermi level and the dielectric conduction band minimum (SE) or electric field enhanced
thermionic emission from traps or defects in the bulk of the material (PF).[28,29] As
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described elsewhere, a more detailed analysis of the slope of the linear portions of Figure
3.1 (b) allows the high frequency dielectric constant of the a-SiC:H film to be
determined.[30,31] For the 400C annealed film, a high frequency dielectric constant of
7.9 was determined assuming PF leakage that is reasonably consistent with the high
frequency k (=RI2) of 6.5 determined from separate VASE measurements. This indicates
electrical leakage is likely through bulk traps/defects in this a-SiC:H film. Based on a
similar analysis, PF leakage behavior has been previously observed and reported by
Brassard[32] for PECVD a-SiC:H films and Choi[33] for sputter deposited a-Si1-xCx:H
alloys. However, for the higher temperature annealed films in this study, the high
frequency k determined from Figure 3.1 (b), assuming either PF or SE leakage, are
significantly lower or higher than the k determined by VASE. This signifies a change in
the conduction process to some other mechanism potentially due to a change in the type,
density, or energy level of the traps/defects in the a-SiC:H films.
A representative ESR spectrum is shown in Figure 3.2. The line shapes and zero
crossing g-values are the same for all of the annealed a-SiC:H samples, though the
amplitudes vary significantly.
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Figure 3.2: EPR spectrum for the 400 °C anneal sample in Table 3.2. For the other samples in Table 3.2,
There is a similar 5 Gauss wide featureless line with a zero crossing g=2.0029.

There is a decrease in paramagnetic defect density and in leakage currents with
increasing anneal temperature as shown in Figure 3.3.
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Figure 3.3: EPR spin density (squares) and leakage current (diamonds) vs anneal temperature for otherwise
identical a-SiC:H films described in Table 1.

The paramagnetic defect density and leakage current patterns appear to be closely
correlated. The g-value (2.0029) line width, and line shape are the same for all four
samples but the signal amplitudes are different. These results suggest a decrease in the
density of identical defects with increasing annealing temperature.
Insight into the underlying physical-structural changes involved in the annealing
phenomena is provided by the combined NRA-RBS and FTIR results summarized in
Table 3.2.[21,25]
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Table 3.2: Composition and bonding for four a-SiC:H samples utilized in the annealing study illustrated by
Figures 1 and 2. The elemental composition was determined by combined FTIR and NRA-RBS
measurements previously described.[21]

It should be noted that the annealing produced significant changes in the chemical
bonding for the a-SiC:H films with a 20% increase in Si-C bonding, 40-50% decrease in
Si-Si and C-C bonding, as well as an approximately 30% decrease in Si-H bonding.
There is almost no change in C-H bonding. These results are consistent with the PECVD
a-SiC:H rapid thermal annealing study by El Khakani in which a decrease in Si-H
bonding and increase in Si-C bonding was also observed using FTIR for a-SiC:H films
annealed over a similar temperature range.[34] In both cases, the decrease in Si-H
bonding with annealing from 400-700C with relatively little change in C-H bonding is
consistent with prior measurements of H2 desorption from Si-H and C-H species on
(0001)Si 6H-SiC surfaces by King et al.[35] In their temperature programmed desorption
experiments, they observed that H2 desorbed from Si-Hx surface sites at temperatures
from 200-700C, while H2 desorption from C-H surface sites occurred in a higher
temperature range of 650-850C.
While some hydrogen loss did occur with annealing, there was no change in the
density of these films within experimental error (2.55 0.05 g/cm3 as determined by both
XRR and RBS measurements). The annealing resulted in only a small reduction in
hydrogen concentration with no loss of Si or C atoms. However, the annealing did result
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in significant changes in the relative concentrations of Si-C, Si-Si, and C-C bonds and
dangling bonds. As one would anticipate, the annealing drives the system to increase the
number of more thermodynamically stable Si-C bonds. [36] The consumption of Si-Si
and C-C bonds to form Si-C bonds on annealing an a-SiC film has also been observed
using transmission electron microscopy and confirmed using molecular dynamic
simulations by Ishimaru.[37]
Similar EPR results have been observed by Christidis et al for 250C PECVD aSiC:H films where rapid thermal annealing at 850C was observed to reduce the
measured spin density from 1019 to 1017 spins/cm3.[38] Similar effects have also been
observed for other materials including a-Si[39], a-Si:H[39],

a-Si0.86C0.14:H[40], a-

C:F[41], and a-SiNx:H.[42,43] In many of these studies, the spin defect densities were
initially observed to decrease with increasing annealing temperature until a critical
temperature was exceeded (typically >700C) above which the spin defect densities
increased again. The increase in spin defect densities was typically observed to correlate
with massive hydrogen loss from the film and significant restructuring, densification and
crystallization of the film. For low-k a-SiOC:H dielectrics annealed above 700C,
Tanbara has clearly shown the creation of Tb defect centers, which they argue are silicon
dangling bond centers with mixed carbon and oxygen back bonds. The creation of the Tb
defect was observed to correlate with the loss of terminal methyl (CH3) groups from the
film via thermal desorption.[44] For the a-SiC:H film illustrated in Figure 3.2, the film is
significantly denser than typical low-k a-SiOC:H dielectrics (2.55 vs. 1.3 g/cm3) and
hydrogen is incorporated primarily as more thermally stable monohydride C-H and Si-H
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species.[21,25,35] Therefore, temperatures significantly in excess of 700C (or higher
due to the high crystallization and melting temperatures of SiC[45]) would likely be
required in order to see a large increase in spin defects with annealing for this a-SiC:H
film.
Improvements in leakage currents with annealing have also been observed in
other plasma deposited films. Specifically, Yokoyama observed both a decrease in spin
densities and leakage currents for 290C PECVD a-SiNx:H thin films annealed at
temperature from 300-600C.[42] Likewise, Navamathavan observed an improvement in
leakage current for 25C PECVD low-k a-SiOC:H films annealed at temperatures as high
as 500C.[46] However, the results of Tanbara[34], Wu[47], and Furusawa[48] indicate
that significant loss of terminal organic (CH3) groups can occur in low-k a-SiOC:H films
when annealed at temperatures in excess of 500-700C. In addition to the creation of the
Tb defect, the loss of terminal CH3 groups results in significant bond rearrangement,
densification, and incorporation of OH groups that significantly increase the dielectric
constant of the films and result in increased leakage currents. Although not investigated,
lower density a-SiC:H films incorporating significant concentrations of terminal CH3
groups would be expected to exhibit similar behavior to the low-k a-SiOC:H films
described above. In fact similar, behavior has been previously reported by Chiang et al
for lower density (1.5-1.7 g/cm3) a-SiC:H and related a-SiCN:H thin films with
significantly higher concentrations of CH3 vs. C-H groups.[49,50]
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Composition and Structure Effects
The most salient point from Figure 3.3 and Table 3.1 is the correlation between
leakage currents and spin densities. This commonality is strengthened and illustrated
further in Figure 3.4 which shows a comparison of leakage currents and spin densities for
a wider range of a-SiC:H based dielectrics which have varying mass densities and
dielectric constants. (The densities, dielectric constants, and chemical compositions are
summarized in Table 3.2.)[21]

Figure 3.4: EPR and leakage current correlation of the 13 a-SiC:H films investigated in this study. Note the
three circled outlier points. These circled points correspond to sample designations in Table 3.1: a-SiC:H5,
a-SiC:H6, and a-SiC:H7.

Figure 3.5 illustrates representative EPR spectra for each type of line shape
observed in these samples. There are four categories of EPR spectra which are labeled
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A, B, C, and D. The line shapes and g-values are roughly correlated with composition as
indicated in Table 3.2.

Figure 3.5: A representative spectrum for each of the defect assignments shown in Table 3.1.

Spectra A, B, and C all have zero crossing g-values of 2.0029 +/- 0.0003. Spectra
of type A have peak-to-peak line widths of 4.5 to 5 Gauss. (The spectra involved in the
results of Figure 3.2 and Figure 3.3 and Table 3.2 are also A type.) Spectra of type B
have peak-to-peak line widths of about 9 Gauss. Spectra of type C are made up of two
signals: a central line virtually identical to the A spectra accompanied by poorly resolved
but visible side peaks separated by 20-30 Gauss. However, the trace associated with type
D differs from all the others in two respects; it has a single line with a zero crossing
g=2.0055, and it is significantly wider than all the other central lines with a peak-to-peak
line width of about 13 Gauss.
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Although it is not possible to draw definitive conclusions with regard to defect
structure from this data, it is worth mentioning that, all other things being equal (not
necessarily the case here), one would generally anticipate narrower lines from a dangling
bond on a C atom than from a dangling bond on a Si atom. This is because the spin orbit
coupling constant associated with C is significantly smaller than that associated with
Si.[12] It should it also be noted that spectrum D is reasonably close to the spectrum
widely observed in a-Si.[51,52] The Si dangling bond spectrum for a-Si has a zero
crossing g-value of about 2.0055 and a line width of about 13 Gauss.
From this analysis one can conclude that defects given by spectra type A through
C could be linked to carbon dangling bonds and type D could be linked with silicon
dangling bonds. Unfortunately, one cannot definitively assign such a defect structure
purely on the basis of line width. The presence of nearby hydrogen can contribute to the
line width as can details of the defect structure and its surroundings.4 For example, in aC, the C dangling bond lines have peak-to-peak line widths which vary from about 1
Gauss to 10 Gauss.[53] Thus, this defect assignment is extremely tentative.

The weak

side peaks observed in spectra of type C are almost certainly due to a paramagnetic
defect, probably a dangling bond defect, closely coupled to a hydrogen. If either a Si or
C dangling bond were to be closely coupled to a hydrogen, one would anticipate a two
line spectrum because the hydrogen nucleus has a large magnetic moment with a spin of
I=1/2; such two line spectra are observed in defects involving hydrogen complexed
silicon dangling bond centers in amorphous SiO2.[54,55]
EPR has been previously utilized to investigate spin defects in a-SiC, a-SiC:H and
a-SixC1-x:H alloys deposited by a variety of methods.[38,56,57] As previously mentioned,
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Christidis has utilized EPR to investigate defects in PLD a-SiC and PECVD a-SiC:H
films.[38] For the PLD a-SiC films, the observed EPR signal was symmetric with a gvalue of 2.0028 and linewidth of 4-6 G. They attributed these defects to clustered bonded carbon related defects (such as odd-numbered aromatic rings). For the PECVD aSiC:H films, they observed an asymmetric signal that required two Lorentzian
components to provide a good fit to the data. The first had a g-value of 2.0030 and
linewidth of 4.4 G that they also attributed to carbon defects. The second component
which was nearly 8 times smaller had a g-value of 2.0055 and linewidth of 6.6 G that
they attributed to Si dangling bond defects. Morimoto and Petrich also investigated spin
defects in a-Si1-xCx:H alloys.[56,57] They observed that the g-value decreased from
2.0055 to 2.003 and the spin density increased from 1016 to 1020 spin/cm3 as x increased
from 0 to 0.6. Above x = 0.6, the spin densities and g-value remained unchanged with
further increases in x.[56] Morimoto, and Petrich attributed the change in g-value with x
to a gradual transition from Si dangling bonds with Si next nearest neighbors to Si
dangling bonds with C next nearest neighbors. At x = 0.5, there was an abrupt change in
g-value to 2.003 (and decrease in linewidth from 8 to 6.5) that they attributed to a switch
to predominantly carbon dangling bonds. In this regard, it is interesting to note that the
changes in EPR lineshape/g-value observed for the a-SiC:H films in this study also
correlate with changes in composition. Specifically, the switch from A-C to D EPR
lineshapes matches with a change from predominantly near stoichiometric a-SiC:H films
for A-C type EPR spectra to a carbon rich a-SiC:H films for D type EPR spectra. The
latter is in contrast with the above results for carbon rich a-Si1-xCx:H alloys where gvalues of 2.003 (and presumably C dangling bonds) were observed. In this case, there are
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likely both C and Si dangling bonds in a carbon rich a-SiC:H matrix. Specifically, aSiC:H#1 has an EPR trace consistent with a silicon dangling bond, while a-SiC:H#2
exhibits a similar C/Si ratio and an EPR trace that is consistent with carbon dangling
bonds. In this regard, the most significant difference between these two films is the
addition of a post deposition electron beam cure to SiC:H#1 to remove a second phase
organic “porogen” material incorporated during film deposition and to enhance the
mechanical properties of the material. Thus, the electron beam cure may have
repaired/eliminated some carbon dangling bond defects and created some Si dangling
bond defects instead. For the denser, higher k a-SiC:H films in this study and the a-Si1xCx:H

alloys investigated by others, low pressure / higher power plasmas were utilized to

both create denser films and to increase CH4 ionization and incorporation of carbon (for
the a-Si1-xCx:H alloys).[25,38,56,57] These conditions could be more favorable for the
formation of carbon dangling bonds and cluster defects.
In Table 3.2, it should be noted that, although the line shapes differ significantly,
the spin densities are at least roughly correlated with leakage currents in spite of
differences in composition. Figure 3.6 illustrates the connection between leakage current
and one aspect of composition: (a) a plot of leakage versus hydrogen content and (b) spin
density versus hydrogen content.
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Figure 3.6: A plot of leakage versus hydrogen content (a) and a plot of defect density versus hydrogen
content (b).

The hydrogen content is strongly correlated with both spin density and leakage
current.

These results suggest that hydrogen passivation plays a strong role in

determining both the leakage current and the density of paramagnetic defects. A similar
correlation between hydrogen content and a-SiC:H conductivity/resistivity has been
observed by Choi[58,59] and Dutta[60] for RF sputter deposited a-SiC:H films.
Specifically, Choi observed that increasing the H2 background partial pressure in their RF
sputtering system from 0.15 to 0.6 Pa resulted in a decrease in film conductivity from
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7.3x10-9 to 1.9x10-11 -1cm-1 and an increase in Si-H bond density from 3x1021 to
1.6x1022 cm-3.[59]
Similar correlations between hydrogen content and EPR spin densities have also
been observed for other materials including a-C:H[61], a-Si:H[39,62], and a-SiN:H[42].
For a-C:H, Hoinkis has observed a similar correlation where the film resistivity increases
and the EPR spin density decreases with increasing hydrogen content.[60] In addition,
they observed that the EPR linewidth decreased from 20 G for 10% hydrogen to 3-4 G
for films with 25% hydrogen. Above 25% hydrogen, the EPR linewidth was observed to
increase again. They also observed a significant decrease in EPR linewidth from 3.5 to
2.8 G for a 25% H a-C:H film when performing their EPR measurements in vacuum.
They attributed this broadening to the EPR spectra being collected in atmosphere and O2
that had permeated into their a-C:H films. This effect could also be important for the
lower density a-SiC:H films in this study that have been previously shown to be
permeable to moisture.[63] Specifically, some broadening of the EPR spectra may occur
due to O2/H2O permeation into these films.
While there is a remarkably strong correlation between the spin densities, leakage
currents, and composition, two or three distinct outliers are clearly evident in Figure 3.4.
A possible explanation for the outliers may be provided by examination of the average Si
(<r>Si) or network (<r>net) coordination number determined for the a-SiC:H films by
combined NRA-RBS analysis using the following equation.[21,25]
<r>net = (ixini – 2xH ) / (1-xH)

(3.1)

Here the subscript i refers to each different element listed in Table 3.2, x is the
atomic fraction of the element, and n the number of bonds to each atom of the element
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(i.e. nSi = nC = 4, nO = 2, and nH = 1). The first term in the numerator represents an
average bond number per atom including terminal bonds. The terms with x H exclude H
atoms from the glass network as they do not form any network bonds.
It has been observed in an earlier study that there is a strong correlation between
<r>net and the observed mechanical properties for these films.[11] As shown in Figure
3.7, a strong correlation between <r>net and the electrical properties of these films is also
observed. The three outlier films circled in Figure 3.4 are also circled in Figure 3.7.
Figure 3.7 shows that the outlier data points for leakage current fall at an inflection point
in the plot of leakage current at <r>net = 2.4, a value that is anticipated by constraint and
bond percolation theory.[64,65]

Figure 3.7: Leakage current and coordination correlation of the 13 a-SiC:H films with varying composition
investigated in this study. The circled outlier points are the same as those circled in Figure 3.4 and
correspond to these designations in Table 3.1: a-SiC:H5, a-SiC:H6, and a-SiC:H7.
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Constraint theory essentially treats a dielectric material as a matrixed array of
atoms with identical coordination and interconnected by bonds of equal resistance.[66,67]
As the average coordination of the system is decreased by randomly removing resistors,
the resistance of the system will gradually increase until a critical average coordination is
reached and a continuous path of resistors across the material no longer exists.[68] At this
point, the resistance of the material will go to infinity and leakage current to zero
(essentially representing an open circuit). Further, the resistance will be invariant with
continued reductions in coordination. For dielectric systems where the atoms have four
fold coordination (as for Si and C in a-SiC:H), constraint/percolation theory suggests that
the value of this critical average network coordination number is <r>net = 2.4.[69,70] The
fact that there is an anomalously low leakage current in samples with coordination
essentially at this value suggests that although conduction in these films involves
conduction between paramagnetic defects, Figure 3.7 indicates that film network
connectivity is also important.
Figure 8 demonstrates plots of ln(J/E) vs. E1/2 for films representative of A, B, C,
and D EPR traces. In all cases, a linear high field behavior was observed. As indicated in
Table 3.1, the slope of the traces for most films was observed to be consistent with PF
leakage. However for films with <r>net  2.4, the slope of the linear portion of the ln(J/E)
vs. E1/2 plot was found to be in much better agreement with SE type leakage (see Table
3.1). The linear response is compared in Figure 3.8 (i) and Figure 3.8 (ii) respectively,
with the slopes anticipated for PE and SE behavior.
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Figure 3.8: This figure illustrates ln(J/E) versus E1/2 plots for 4 representative samples. In Table 3.1, A
corresponds to a-SiC:H13, B corresponds to a-SiC:H9, C corresponds to a-SiC:H7, and D corresponds to aSiC:H1 in Table 3.1. In (i) the data is accompanied by solid lines corresponding to the slope anticipated for
PF utilizing the dc dielectric constants shown in Table 3.1. In (ii) the same data is illustrated but, in this
case, compare the approximate slopes anticipated for SE. Note that the electric field E does not appear as a
pre-factor in the standard SE expression. To obtain this slope, one can simply divide the expression by
electric field and then ignore a weak dependence in the logarithm of the reciprocal of electric field. In both
plots the data is indicated with capital letters and the calculated slope is indicated with lower case letters.

It is important to emphasize that the fact that these results are consistent with PF
or SE behavior does not definitively demonstrate PF or SE behavior is actually present.
Nevertheless, the data provides sufficient evidence for tentative conclusions with regard
to transport.

This change in leakage mechanism in the vicinity of the critical
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coordination number (<r>crit) of 2.4 predicted by constraint theory is likely a result of a
Mott and/or Anderson type delocalization. That is, localization transition where the
effectively extended defect states in the a-SiC:H film become localized once the average
network coordination drops below the <r>crit predicted by constraint theory.[71] Such a
transition would be consistent with the observed switch from PF transport (where leakage
is dominated by field enhanced thermionic transport between effectively extended /
delocalized bulk defects) to SE (where leakage is dominated by thermionic emission of
electrons over the Schottky barrier present at the metal/a-SiC:H interface). More
specifically, the bulk defect states contributing to PF leakage in the higher coordination aSiC:H films likely become localized once <r>net decreases below <r>crit. At this point,
transport between defect states must occur via another mechanism, such as tunneling.
Electrical conduction through the a-SiC:H film via transport through extended states in
the conduction band (SE) could instead become the dominant leakage mechanism.
SDT/EDMR Measurements
The results of Figure 3.3, Figure 3.5, and Figure 3.6 strongly suggest a cause and
effect relationship between the paramagnetic center and leakage currents within these
films.

This possible cause and effect relationship has been explored through spin

dependent trapping (SDT) detected EDMR or SDT/EDMR.
Figure 3.9 compares an SDT/EDMR measurement on a representative sample,
conducted on a 5nm a-SiC:H capacitor, with a conventional EPR measurement. (Both
measurements were made on the same SiC dielectric (a-SiC:H13).) This ln(J/E) versus
E1/2 results for the much thicker a-SiC:H13 sample are more consistent with PF than SE
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behavior. As Figure 3.9 clearly indicates, the SDT/EDMR and conventional EPR spectra
have the same zero crossing g=2.0032; however, the SDT spectrum in SiC MOSFETs is
significantly broader.

EDMR spectra are often significantly broader than the

corresponding EPR spectra.

For example, the silicon vacancy EDMR spectrum is

significantly broader than that of the corresponding EPR spectrum.[73] (This increased
line width may be due to the fact that EDMR invariably involves two coupled electrons.)

Figure 3.9: A comparison of conventional EPR(ΔB=5 Gauss) and SDT(ΔB=10 Gauss) spectrum for aSiC:H13.

The close correspondence between the EPR and the EDMR spectra provides a
strong argument that the same defect is observed in both measurements. These results
therefore provide a direct link corroborating the circumstantial evidence provided in
Figure 3.3, Figure 3.5, and Figure 3.6, between the g=2.0032 defect and the leakage
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current. The defect observed in the resonance measurements is thus almost certainly in
some way responsible for the transport.
Some insight into the nature of the SDT/EDMR line width can be obtained from
variable frequency measurements. We have carried out such measurements at 220 MHz,
9.5GHz and 240 GHz. To explain how such a series of measurements can be useful,
consider a magnetic resonance measurement on amorphous or polycrystalline SiO2,
containing E’ centers. The E’ centers have an axially symmetric g tensor because the
defects wave function exhibits near perfect axial symmetry when the magnetic field is
parallel to the dangling bond. A magnetic field vector will inevitably encounter relatively
few defects with an axis of symmetry parallel to the defect axis but will encounter far
more defects perpendicular to it. (Figure 3.10.) The axially symmetric defect will have a
range of possible g values ranging between

and

, for any orientation angle

between the symmetry axis and the magnetic field given by Eq. 3.2.
.

(3.2)

So, for the amorphous or polycrystalline sample the spectrum will continuously
cover the full range between
maximum of about the

and

growing in intensity about the

field to a

field. Thus the line shape in the polycrystalline or amorphous

matrix will therefore look like the sketch of Figure 3.10.
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Figure 3.10: A schematic sketch of an array of randomly oriented dangling bond defects. Note that few will
be aligned with the magnetic vector B but that the highest number will correspond to asymmetry axis along
a direction perpendicular to the direction of B.

Combing this all together you get Eq. 3.3,

where H is the magnetic field, h is Planck’s constant, β is the Bohr Magneton, and ν is the
frequency at resonance. The line width is clearly proportional to the difference in the
reciprocals of

and

. If the line width is all due to the g the isotropic linewidth will

be proportional to frequency. Most other contributions to a magnetic resonance line
width other than the g are field and frequency independent. So, if a comparison were
made of measurements of ΔH from a very low frequency and a very high frequency, one
could find the component of the broadening due to g, with the g component
approximately corresponding to,

36

Figure 3.11 shows SDT/EDMR traces from SiOC:H13 taken at 220MHz, 9.5GHz
and 239.2 GHz. The 220MHz line is 7G wide.

Figure 3.11: Multi-frequency SDT trace of SiC:H13. Note the small change in line width between low
field and x band measurements.

Presumably no g broadening is present in this trace (because it is at such a low
field). The 9.5GHz line is 8G wide, 1 Gauss broader than the 220 MHz line. So,
presumably, 1 Gauss of g based broadening is present in the 9.5 GHz trace. If you
consider the frequency change related this broadening from Eq. 3.4 one would expect the
relation shown in Eq. 3.5.
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Thus, the constant would be estimated to be about 0.1 Gauss/GHz. An additional
broadening of the 239GHz spectrum to 0.1Gauss/GHz *239=24 Gauss would be present.
It would be expected that the total 239 GHz line width to be about 24+7=31 Gauss.
Considering the crude nature of the calculation and the somewhat arbitrary choice of the
peak to peak width as the line width, the correspondence between 31 and 34 Gauss
strongly supports these arguments. Therefore,

This very narrow range of g gives a very strong, but not absolutely definitive,
indication that the defects observed are primarily carbon dangling bonds. The spin orbit
coupling constant associated with a high p character orbital on a carbon would be quite
small and would yield a quite small Δg. The reason this is not a definitive explanation is
the range of g depends upon both the spin orbit coupling constant and the energy levels
involved with the defect.
The SDT/EDMR phenomenon also provides the ability to draw some conclusions
regarding the energy levels of the defects involved in transport. Measurements such as
EDMR and leakage current measurements were performed over a range of bias voltages,
results are shown in Figure 3.12.
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Figure 3.12: EDMR Amplitude and Leakage current vs Bias Voltage for the a-SiC:H film

Figure 3.13 illustrates a plot of ΔI/I, where ΔI is the change in the current at
resonance versus the applied gate voltage. The ΔI/I response is nearly constant over the
range of about 1 to 2 volts with either positive or negative polarity.
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Figure 3.13: A plot of the spin dependent tunneling current (ΔI) divided by the total tunneling current (I).
Note that this ratio is within the experimental error independent of voltage range between -2 and -1 volt and
+1 and +2 volt. This suggests that the defect levels involved are in the mid to upper part of the SiC band
gap.

Figure 3.14 provides band diagrams at zero and both positive and negative bias of
the a-SiC:H dielectric on Si with a Ti cap.[23,74] An inspection of the band diagrams and
these results suggests a defect density of states which is fairly broad but with a high
density in the upper part of the SiC band gap.
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Figure 3.14: Band diagrams for a Ti/5 nm a-SiC:H/Si capacitor sample at -1 volt, 0 volt, and +1 volt. The
+1 volt and the -1 volt biasing condition correspond to the approximate values at which measureable spin
dependent tunneling EDMR can be observed. The results suggest that the defect levels involved must be in
the mid to upper part of the SiC bandgap. The figures were made using the Boise State band diagram
program.[74]

The energy levels of dangling bond defects in a-SiC and a-SiC:H have been
previously theoretically investigated by Robertson.[75] These tight binding calculations
indicate that sp3 Si and C dangling bond defects respectively reside at 2.0 and 0.6 eV in
the SiC bandgap (relative to the SiC valence band maximum), while planar sp2 C
dangling bond defects reside at 1.1 eV within the band gap.[75] Si-Si and C-C bonds do
not create gap states and reside in the a-SiC:H valence band. Thus, the energy position of
defects identified in the voltage dependent EDMR-SDT measurements are mostly
consistent with theoretical prediction for Si dangling bond defects. Note that this tentative
assignment of the g=2.0032 signal with a carbon dangling bond and a more convincing
assignment of the defect levels to the upper part of the band gap are inconsistent with the
calculations of Robertson[75] which indicated that the carbon dangling bond level would
be at about 0.6eV above the valence band edge (lower part of the gap) and the silicon
dangling bond level will be at about 2.0 eV above the valence band edge (upper part of
the gap). It is possible that the calculation of Robertson is an error. Additionally it may
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be that some more complex variant of a carbon dangling bond (for example a silicon
vacancy, which is essentially four carbon dangling bonds close together, in crystalline
SiC, and has multiple levels throughout the band gap) is responsible for the observed
EDMR spectrum. Due to the low IR absorption cross section, sp2 C-C bonding was not
detected in the FTIR spectra for the a-SiC:H film illustrated in Figure 3.12 and Figure
3.13. However, the free energy modeling of Efstathiadis has shown that the presence of
hydrogen in a-SiC:H can destabilize Si-C network bonding and make the formation of
some Si-Si and C-C bonding and C-C clusters thermodynamically favorable.[36] Further,
Monte Carlo simulations of the short range order in a-SiC alloys by Kelires have shown
that a significant number of carbon atoms in a-SiC actually have three fold coordination
(while Si retains four fold coordination).[76] The presence of three fold coordinated C in
radio-frequency reactive sputtered a-SiC:H films has been confirmed by Kaloyeros et al.
using extended x-ray absorption (EXAFS) and electron energy loss fine structure
(EXELFS) measurements.[77] Thus the presence of sp2 C dangling bond defects in our
PECVD a-SiC:H is a distinct possibility.
Finally, it is worth also considering the variation in the bandgap (Eg) for the aSiC:H films considered in this study. Prior measurements by Shimada[78] and Mui[79]
have shown the bandgap of a-Si1-xCx:H alloys to be a function of the film stoichiometry
with Eg increasing from 1.7 eV for pure a-Si:H to 2.2-2.6 eV for stoichiometric a-SiC:H
and back down to 1.8-2.2 eV for pure a-C:H. Likewise, the bandgap of a-Si:H and a-C:H
have both been reported to increase with increasing hydrogen content.[80,81] This
behavior has also been observed by Park for PECVD a-SiC:H films where Eg was
observed to increase from 2.4 to 3.0 with increasing H2 flow during deposition.[82] In
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this case, there is a similar dependence with Eg increasing from 2.4 up to 3.35 eV with
increasing hydrogen content (see Table 3.1). Thus, it is possible that the observed
decrease in the leakage current with increasing hydrogen content/decreasing network
connectivity may also be a result of a widening of the band gap. However, Eg remains
relatively flat at 3 eV for the a-SiC:H films at the inflection in leakage current values and
on both sides of <r>crit. This indicates that while the widening of the band gap may have
some influence on the leakage properties of the a-SiC:H films, it is not likely the
dominant influence.
All other things being equal, increased hydrogen content and decreased network
connectivity generally lead to materials with both decreased dielectric permittivity and
lower leakage currents through the combined effects of hydrogen passivation of dangling
bond / paramagnetic defect centers and decreased connectivity between unpassivated
defects. However, additional effects such as film deposition mechanisms, processing
conditions, and post deposition treatments can produce results that counter this general
trend. In particular, the results of this research have shown that for a relatively high-k aSiC:H dielectric, further reductions in leakage currents can be achieved via a post
deposition anneal that is presumed to enable passivation of dangling bond / paramagnetic
defects through network bond rearrangement. The utility of such post deposition anneals
in low-k/Cu interconnect fabrication is likely to be of limited practicality due to transistor
temperature ceilings and the poor high temperature thermal stability exhibited by porous
ultra low-k materials. However, the results demonstrate the effect that subsequent
processing steps can have on the leakage property of low-k dielectrics and is the subject
future planned publications and research.
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3.2 SiO2 Baseline Observations
Si-O based dielectrics have been the traditional ILD of choice in IC’s.
Amorphous SiOC:H based films are currently the lowest-k dielectrics used in BEOL
processing, but there is interest in creating films with even lower dielectric constants for
ILDs and also in developing Si-O based etch stop layers (ESLs) with dielectric constants
lower than what can be offered with Si-N based dielectrics.[1,2]
To provide a baseline for the rest of this study an investigation was performed on
simple PECVD deposited SiO2 films to provide comparisons with the SiOC:H results.
(There is a significant literature dealing with performance limiting defects in SiO 2.[113])
Because SiOC:H dielectrics contain Si and O, it is expected that some of the same defects
which appear in SiO2 would also be present in the SiOC:H dielectrics. To the extent that
this is the case, the SiOC:H spectra may be compared to those found in SiO2 to make
comparisons for bonding and energy level information. Figure 3.15 illustrates (a) a
narrow high resolution EPR trace of the PECVD SiO2 film. In this figure, there is
spectrum dominated by a narrow line with a zero-crossing g = 2.0007 ± 0.0002. Figure
3.15 (b) illustrates an EPR trace of a commercially available Wilmad Glass spin standard,
containing E’ centers. E’ centers are silicon dangling bond defects in which the center
silicon is back bonded to three oxygens.[113]
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Figure 3.15: (a) The trace is taken on sample SiO2:1 and the second is (b) a commercially available E’ spin
standard. Note the close, but not perfect correspondence between the two traces. This indicates that the
dominating defect in the SiO2 films is an E’ center. The broadening is likely due to the presence of a
substantial amount of hydrogen.

These defects are often holes trapped in oxygen vacancies.[113] Note the close
correspondence between the PECVD SiO2 spectrum and the E’ spin standard trace.
Though not precisely identical, the correspondence between the traces is close; the line
width and zero crossing g-value are essentially the same as the spin standard and are also
virtually the same as values frequently reported in literature.[88,118] (The most
commonly reported E’ variant has a zero crossing g= 2.0005+/- 0.0003 and a 2.5 Gauss
line width, parameters essentially identical to those of the PECVD SiO2
spectrum.[88,118]). The slight difference between the PECVD E’ spectrum and the
Wilmad Glass spin standard, mostly a slight broadening, is not surprising. The presence
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of hydrogen in fairly high concentrations in the PECVD film would be expected to
broaden the pattern, as hydrogen has a magnetic nucleus.[12] Multiple hydrogen nuclei
near, but not precisely at, the defect site would each contribute a small hyperfine
interaction, broadening the E’ pattern. E’ centers have long been associated with energy
levels around the middle of the SiO2 bandgap. O’Reilly and Robertson have calculated
the energy levels of E’ centers to be 4.3 and 2.8 eV below the SiO2 conduction band
minimum.[112] King et. al. have also argued that such centers are present in similar films
through REELs measurements.[111]
Figure 3.16 illustrates a wide scan EPR trace of the same PECVD SiO2 film,
which has a lower resolution but a higher sensitivity for broader EPR features.

Figure 3.16: The trace is a wider scan taken with spectrometer settings which provide a higher sensitivity
for somewhat broader EPR lines but with lower resolution to highlight the side structure. The circled
structure is likely due to a combination of signal from organic contaminants and broad component due to
the nonbridging oxygen hole center (NBO) and/or peroxy centers.
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This trace shows additional features. The additional structure indicated by the circle, is
almost certainly due to the presence of organic contaminants and also probably a nonbridging oxygen or peroxy center.[118] Non-bridging oxygen or peroxy centers involve,
respectively, an unpaired electron residing on a single oxygen bonded to one silicon or an
oxygen bonded to a second oxygen, which is in turn bonded to a silicon.[118] These
defects are typically responsible for broad EPR spectra with zero crossing g values
between g=2.007 and g=2.009, consistent with our PECVD SiO2 film spectrum. The
additional narrower features are probably due to contaminants most likely introduced into
the films during the processing steps related to the porosity generation.

3.3 Defect in Porous SiOC:H films
SiOC:H films are the most common dielectric used as modern low-k dielectrics.
The k values for these films currently range from as low as 2.0 up to about 4.3 (just under
SiO2) depending on the application. There have previously been several limited studies
of SiOC:H films with EPR[42,27,51,43].
In this sectuoin porous and non-porous SiOC:H films will be analyzed. EPR
results on the porous/UV cured films will also be presented. The composition and other
structural information about the porous set of films is found in Table 3.3.
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Table 3.3: A list of the k values and compositions of the porous/UV cured films utilized in this study.
Porous/UV
Cured
Films
k
p-SiOC:H1
p-SiOC:H2
p-SiOC:H3
p-SiOC:H4
p-SiOC:H5
p-SiOC:H6
p-SiOC:H7
p-SiOC:H8
p-SiOC:H9
p-SiOC:H10
p-SiOC:H11
p-SiOC:H12

2.55
2.50
2.30
2.60
2.30
2.00
2.22
2.25
2.23
2.05
2.20
2.24

Density
RBS RBS RBS
(g/cm 3) Porosity % Si %O %C
1.10
1.25
1.05
1.10
0.90
0.70
0.88
1.05
0.86
0.82
0.92

0.0
25.0
33.6
12.0
33.5
45.0
32.6
37.3
34.8
42.0
38.4
32.2

NRA
%H

12.0
16.9
15.6
14.6
15.2

15.7
29.2
25.4
12.7
24.4

22.8
18.2
22.1
26.3
23.1

49.6
35.8
36.9
46.3
37.4

13.5

24.1 16.9

45.5

The EPR spectrum which dominates the majority of the porous sample spectra has a zerocrossing g=2.0031+-0.0002, with a peak to peak linewidth of about 7 Gauss.
Representative examples of this spectrum are shown in Figure 3.17 (a) and (b).
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Figure 3.17: A narrow scan of two samples both a film and powder version of SiOC:H4. Both have a
dominating defect which has a zero crossing g values of g=2.0031±0.002 and a peak to peak line width of
about 6.6 Gauss. Not the presence of an interface defect which shows up in the films but not the powder.
These defects are not important for the purposes of this study.

The relatively narrow line width and the zero crossing g very close to the free electron
g=2.0023 are strong, though not conclusive, indications that the responsible defect is a
carbon dangling bond. This is so because the range of g values represented in the
spectrum are due to spin orbit coupling.[16] If no spin orbit coupling interactions were
present, the g would be simply that of a free electron (ge=2.0023). The spin orbit coupling
interactions are strongly dependent upon the nuclear charge; the larger the charge the
larger the coupling. The carbon nucleus has only six protons. All things being equal, not
necessarily the case here, the small nuclear charge would lead to a smaller spin orbit
coupling contribution to g for a paramagnetic carbon atom defect than a paramagnetic
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silicon atom defect as a silicon nucleus has four more protons. Although not definitive,
the zero crossing g=2.0026 and fairly small line width, both support the identification of
the defect as a carbon dangling bond.
Figure 3.17 (a) illustrates the powder measurement and Figure 3.17 (b) the
measurement in the thin film. Note the differences. As mentioned previously, although
the EPR spectra are clearly visible in all the thin film samples, even with significant
signal averaging the signal to noise ratio in a number of these film measurements is
relatively modest as Figure 3.17 (b) illustrates. Furthermore, additional irrelevant
structure, due to Si/dielectric interface defects, primarily Pb centers show up in some of
the thin film measurements. (The thin film measurement shown in Figure 3.17 (b) was
taken with magnetic field parallel to the (100) Si/dielectric interface normal. The
additional structure appears at a g=2.006. The well characterized Si/dielectric interface
trap defect known as Pb0 appears at g=2.006 in EPR measurements taken with the
magnetic field parallel to the (100) interface normal.) The powder samples (which do not
include Si/dielectric interfaces, thus provides higher resolution spectra without the
presence of irrelevant Si/dielectric interface defect spectra. Therefore, the powder
spectra was chosen for the rest of these figures to illustrate EPR results in the other
samples utilized in this study.
The EPR spectrum illustrated in Figure 3.17 is quite similar to SiC:H13 shown in
Figure 3.5. As was previously discussed, this spectrum was convincingly attributed to
carbon dangling bond centers in which the spectrum was broadened by nearby hydrogen
atoms. Seven samples indicated in Table 3.4 have EPR spectra dominated by this defect
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which is labeled Cdb2. This signal is only present in films with k values less than 2.6. The
more dense films (some have k values up to 4.8) do not exhibit these spectra.
Table 3.4: A list of the defects present and leakage data for the porous/UV cured films.

Porous/UV
Cured
Center
Films
Defect
p-SiOC:H1
p-SiOC:H2
p-SiOC:H3
p-SiOC:H4
p-SiOC:H5
p-SiOC:H6
p-SiOC:H7
p-SiOC:H8
p-SiOC:H9
p-SiOC:H10
p-SiOC:H11
p-SiOC:H12

Cdb2
Cdb1
Cdb1
Cdb2
Cdb2
Defect A
Cdb1
Cdb2
Cdb2
Cdb2
Broad Cdb
Cdb1

Other Defects
Present in
Center g Lower
value
Concentrations
2.0032
2.0026
2.0026
2.0031
2.0030
2.0028
2.0026
2.0031
2.0032
2.0030
2.0028
2.0026

N/A
E', rH3
E',rH3
E'
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Spin
Density (of
dominating Leakage Leakage
defect in
(A/cm 2 @ (A/cm 2 @
1017/cm 3)
2MV/cm 2) 4MV/cm 2)
2.16
0.03
0.06
0.34
2.10
4.92
4.00
0.44
0.10
0.10
0.01
0.06

1.24E-08
2.41E-09
N/A
3.16E-09
1.17E-08
N/A
6.29E-08
3.70E-09
1.26E-09
4.60E-10
1.34E-09
4.20E-10

8.97E-06
2.37E-08
N/A
3.19E-08
2.62E-07
N/A
1.34E-06
3.40E-08
2.04E-09
1.10E-09
2.27E-09
1.40E-09

Among the 12 porous SiOC:H samples, the sample with the most atypical
spectrum is that of p-SiOC:H6, shown in Figure 3.18. It has a zero crossing g=2.0032
with a peak to peak line width of about 11 Gauss. An inflection point near the center
suggests that it is made up of two different signals. We call this defect, or defects,
associated with the broad pattern, defect A merely to indicate that it is atypical. Sample
p-SiOC:H6 has the highest concentration of silicon of all of the samples studied. The,
fairly large, 11 Gauss line width of the spectrum suggests that a central silicon is
involved, though, again, a definitive identification isn’t possible. As previously
discussed the line width for a silicon dangling bond would, all things being equal, be
greater than a carbon dangling bond, and because of the large amount of silicon present, a
very tentative assignment would be a silicon dangling bond. The inference with regard to
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a silicon dangling bond is not clear in part because the broadening could also be
attributed to hyperfine interactions with nearby hydrogen atoms. (Even if hyperfine
interactions were not the issue, the g components are also altered by defect energy levels,
and other potentially complex factors.)

Figure 3.18: Sample SiOC:H10 powder which shows a very broad line (11 Gauss) with a zero crossing
g=2.0032 signal.

3.4 Defects in Dense SiOC:H Films
Table 3.5 lists the chemical composition and k values of the 9 dense SiOC:H
films utilized in this study and the one SiO2 film previously discussed. Although the 9
SiOC:H samples yield significantly different spectra, they as is the case for the porous
films appear to primarily involve spectra due to just a few defects. We again illustrate
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the various EPR patterns selecting samples in which the various patterns are most clearly
identifiable.
Table 3.5: A list of the k values and compositions of the dense/non-porous films utilized in this study.

Dense/Nonporous
Films
k
SiO2:1
SiOC:H1
SiCO:H2
SiOC:H3
SiOC:H4
SiOC:H5
SiOC:H6
SiOC:H7
SiOC:H8
SiOC:H9

RI

4.4 1.46
4.2 1.51
4.8 1.77
3.2 1.44
3.1 1.43
2.8 1.41
3.3
1.4
3.7 1.47
2.8 1.45
2.5 N/A

Density
RBS RBS RBS NRA
(g/cm3) Porosity % Si %O %C %H
2.25
2.40
2.00
1.60
1.35
1.25
1.30
2.10
1.40
1.10

0
0
0
0
0
0
8%
0
0
0

32.0
36.1
25.4
20.3
18.5
20.0
16.4

63.8
45.2
19.6
34.0
25.6
29.0
26.1

0.0
10.0
22.6
15.5
17.7
15.0
15.0

4.2
8.6
32.5
30.2
38.3
36.0
42.5

Figure 3.19 (a) illustrates a narrow EPR trace on SiOC:H6. There are two prominent
features in the narrow trace: two signals with zero crossing g values of 2.0006 and
2.0026. Figure 3 (b) illustrates an EPR trace of the E’ center standard, taken at identical
spectrometer settings, with the exception of gain. Note the very close correspondence
between the E’ standard spectrum and the g=2.0006 component of the SiOC:H trace, as
was the case for the pure SiO2 PECVD oxide. This close correspondence strongly
indicates, as was the case for the SiO2 sample, the presence of E’ defects.
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SiOC:H6

Figure 3.19: Trace comparing SiOC:H6 powder sample to a commercially available E’ spin standard. Note
the g=2.0006 and 2.0026 lines. The g=2.0006 is almost certainly an E’ center, which is a silicon dangling
bond in which the silicon is back bonded to three oxygens. The g=2.0026 line is a different defect.

Figure 3.20 illustrates a wider scan EPR trace on SiOC:H6. It shows that, in this sample,
the only strong signals present are due to E’ centers and a second very narrow line with
g=2.0026. Using the same arguments made in the previous section, this line is tentatively
linked to a carbon dangling bond defect on the basis of g value and linewidth.
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Figure 3.20: An intermediate width EPR trace at higher microwave power and modulation amplitude taken

on powder sample SiOC:H 13 which indicates that the EPR pattern is dominated by the g=2.0026 and
g=2.0006 spectra. (Other weaker spectra also present).

Figure 3.21 is an EPR trace of sample SiOC:H4. The defect spectrum involves a
strong contribution from a one Gauss wide line at g=2.0026. This narrow spectrum with
a g=2.0026 is present in many of the dense SiOC:H sample traces.

As discussed

previously, we tentatively link this spectrum to a carbon dangling bond center which we
term Cdb1. Results to be discussed on SiOC:H5, make the tentative argument much more
convincing. There are also several other defects present at lower concentrations.
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Figure 3.21: Trace of SiOC:H4 powder which has a spectra dominated by a narrow 1 Gauss wide line with a zero
crossing g=2.0026. We tentatively assign this spectrum to a carbon dangling bond on the basis of the line width. All
things being equal, the atomic spin orbit coupling constant would make a carbon dangling bond spectrum narrower than
that of silicon. The peaks separated by exactly 10.4 Gauss are attributed to the 10.4 Gauss doublet, a silicon dangling
bond back bonded to three oxygens where one of the oxygens is bonded to a hydrogen.

Wide scan EPR traces of sample SiOC:H5 are illustrated in Figure 3.22 (a) and (b). The
high gain trace shows the presence of two side peaks each about 0.5% of the integrated
intensity of the dominating center line. These side peaks offer additional strong evidence
about the structure of the defect responsible for the g=2.0026 spectrum.
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Figure 3.22: (a) Fast passage trace taken at 100K on sample SiOCH:5 powder. The simulation data is made if the
defect was a carbon dangling bond. Therefore, each hyperfine side peak’s integrated intensity is about .5% of the
center line. This simulation is very similar to the fast passage trace taken on the sample. This is consistent with the
narrowness of the center line in that both suggest the presence of a carbon dangling bond.

Carbon has two stable isotopes;

12

C has a non-magnetic nucleus which is about 98.9%

abundant, whereas 13C has a spin-1/2 magnetic nucleus and a natural abundance of 1.1%.
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A spin ½ nucleus has two possible orientations in the applied magnetic field and thus
would split 1.1% of the total spectrum of a carbon dangling bond defect into two side
peaks of 0.55% of the total intensity, a result completely consistent with the EPR results
of figure 6. The large splitting (about 200 Gauss) and large width of the side peaks
indicates that the unpaired electron is fairly strongly localized on a single carbon in a
fairly high p-character orbital, thus making the previously tentative assignment of the
g=2.0026 spectrum with a carbon dangling bond much more convincing. Our tentative
assignment of Cdb1 as a carbon dangling bond is greatly strengthened by these
observations.(A somewhat analogous situation, which is analyzed for a silicon dangling
bond is found in [121].) The tentative assignment of Cdb1 as a carbon dangling bond is
greatly strengthened by these observations.
Closer inspection of Figure 3.21 shows the presence of additional structure near
the g=2.0026 central line. Three pairs of side peaks are clearly present with splitting of
5.5, 10.4 and 16.5 Gauss. (There may also be additional unresolvable structure in
shoulders on both sides of the center line.) One set of side peaks is readily identifiable
with reasonable certainty. A spectrum consisting of two narrow lines separated by 10.4
Gauss with a mid-point defined by a g=2.001 has been frequently reported in EPR studies
of SiO2;[114] it has been convincingly identified as a hydrogen complexed E’ center; it is
typically referred to as the 10.4 Gauss doublet defect, for obvious reasons. It has been
more tentatively identified as an E’ site which the central dangling bond silicon is back
bonded to three oxygens with one of the back bonded oxygens bonded to a
hydrogen.[114] This signal would likely show up in samples that have oxygen deficient
silicons and a large abundance of hydrogen.
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Two other sets of side peaks are also obviously present in these spectra with
spacings of 5.5 and 16.6 Gauss. Further insight in the possible identification of those
lines is provided by EPR spectra on another SiOC:H sample: SiOC:H2. In SiOC:H2, fast
passage measurements[116,117] taken at 4K yield a spectrum dominated by a narrow
central line and accompanied by the 5.5 and 16.5 Gauss pairs. Figure 3.23 illustrates this
4K fast passage EPR measurement on SiOC:H2.

Figure 3.23: (a) Powder sample SiOC:H2 trace and simulation taken at 7K. The inner two peaks are separated by 5.5
Gauss and the next set of peaks are separated by 16.5 Gauss. This defect corresponds to defect in which there are
nuclear spin contributions from 3 nearby hydrogen nuclei which is shown in the schematic in (b). There is also at least
one unknown defect which is made up of two sets of side peaks separated by 28 and 46 Gauss respectively.
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The fast passage measurements yields, effectively, an EPR absorption like
signal.[116,117] (with the exception of the low temperature wide scan traces on sample
SiOC:H5, all other EPR signals presented in this paper correspond to a more
conventional measurement which yields the signal derivative trace.)[12] Note that the
relative amplitudes of the four lines are approximately 1:3:3:1. The 1:3:3:1 pattern is
consistent with an unpaired electron on a central atom with a non magnetic nucleus which
is bonded to 3 equivalent atoms each with a nuclear spin of ½. If this is the case, the only
plausible near 100% abundant nuclear spin ½ atom in this system would be hydrogen.
Figure 3.21(b) shows the magnetic field contribution from the different spin orientations
of the hydrogen nuclei. Three equivalent hydrogen atoms coupled to a dangling bond
suggests either a CH3 or SiH3 radical. Such radicals have been investigated previously in
frozen noble gasses.[118] This SiOC:H spectrum more closely resembles that of an SiH3
radical than a CH3 radical. There are also yet to be identified side peaks separated by 30
and 46 Gauss.
The second defect which is present in many of the dense SiOC:H samples is
shown in Figure 3.24, sample SiOC:H1.

60

Figure 3.24: Defect spectrum for sample SiOC:H1 powder sample. The central line has a zero crossing g
value of g=2.0026 with a peak to peak line width of 4.8 Gauss. The 10.4 Gauss doublet is also present.

It is dominated by a single line with a zero crossing g=2.0026 and a line width of about
4.8 Gauss. Although some of the SiOC:H samples exhibit a line with a zero crossing
g=2.0026, the lines are typically about 1 Gauss wide, much narrower than in this case. A
tentative explanation for the increased line width is the presence of nearby hydrogen. We
will identify this defect as broad Cdb1. This is a plausible argument because of the
presence of the previously discussed 10.4 Gauss doublet. Since hydrogen is present in
high amounts in this film, one might expect hydrogens to be very near the carbon
dangling bonds. A summary of all of the defects observed in the dense SIOC:H films are
summarized in Table 3.6.
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Table 3.6: Defects present and leakage data for the dense/non-porous films.

Dense/Nonporous
Center
Films
Defect
SiO2:1
SiOC:H1
SiCO:H2
SiOC:H3
SiOC:H4
SiOC:H5
SiOC:H6
SiOC:H7
SiOC:H8
SiOC:H9

E'
Broad Cdb
Broad Cdb
Defect A
Cdb1
Cdb1
Cdb1
Broad Cdb
Broad Cdb
Cdb2

Other Defects
Present in Lower
Center g value Concentrations
2.0006
2.0026
2.0025
2.0028
2.0026
2.0026
2.0026
2.0026
2.0026
2.0031

NBO or Peroxy center
10.4G
N/A
N/A
10.4G, rH3
rH3
E'
Defect A
N/A
N/A

Spin Density
(of
dominating
defect in
1017/cm 3)
0.42
5.90
9.80
1.80
0.23
0.03
0.01
1.30
2.30
0.83

Leakage Leakage
(A/cm 2 @ (A/cm 2 @
2MV/cm 2) 4MV/cm 2)
3.69E-09
2.76E-09
6.60E-09
1.53E-09
1.65E-09
1.55E-09
N/A
2.53E-09
5.35E-09
2.90E-09

3.84E-09
1.37E-08
1.72E-05
1.52E-08
1.44E-08
2.23E-08
N/A
5.04E-09
1.20E-07
8.50E-07

3.5 The Relationship between Defects and Leakage
A most important aspect to this study is its potential to link specific defects to
electronic transport in these films.

Figure 3.25(a) illustrates a simple plot of

paramagnetic defect density defects versus leakage currents taken at field of 2MV/cm
for all of the samples in this study. The lack of correlation between overall defect
density and leakage clearly indicates that a simple relationship between total
paramagnetic defect density and leakage does not exist. This conclusion may also be
drawn from Figure 3.25 (b) which illustrates an equivalent plot except that the leakage
was taken at a field of 4MV/cm.
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(a)

(b)

Figure 3.25: Defect density versus leakage at (a) 2MV/cm and at (b) 4MV/cm for all of the films in this study.

These results are not surprising. We observe multiple defects in these films and
it would be reasonable to assume that certain defects may be largely responsible for the
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leakage currents in these films. It is difficult to imagine all of them could contribute
equally. Pomorski was recently able to show a close correspondence between a spectrum
essentially identical to what we term as Cdb2 and leakage current in a-SiC films at fields
around 2MV/cm.55 This correlation is also present in the substantial subset of films in this
study in which the Cdb2 defect dominates. Figure 3.26 (a) shows this close correlation
between defect density and leakage current at 2MV/cm for all 7 films which have a
dominating defects density of Cdb2. Figure 3.26 (b) shows that this close correlation is
absent at high fields (4MV/cm).
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(a)

(b)

Figure 3.26: Defect density versus leakage at (a) 2MV/cm and at (b) 4MV/cm for films in which the dominating defects
are Cdb2. The close correspondence between leakage and spin density at 2 MV/cm strongly suggest that the
paramagnetic defects dominate the low field transport.
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This comparison allows us to draw some tentative conclusions about transport
mechanisms and how the defects we observe in EPR relate to them. If there is a good
correlation between defect density and leakage current at low fields but not at high fields,
the case here, it indicates that the defects we observe in EPR most likely contribute to the
low-field conduction. An examination of Figure 3.27 suggests that at high fields the
conduction mechanism is most likely Poole Frenkel transport. The data is accompanied
by solid lines corresponding to the slope anticipated for PF utilizing the dc dielectric
constants shown in Table 3.3. (This analysis was similar to that conducted for the a-SiC
films in the previous section.)

Figure 3.27: Ln(J/E) versus E field1/2 for a subset of the films in which the dominating defect is Cdb2. Note the
correspondence to Poole Frenkel transport at high fields and a different form of conduction taking place at low fields.

At low fields, variable range hopping would be a reasonable transport mechanism. At
very high fields one would expect that variable range hopping would be suppressed.
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A similar analysis could be extended to samples which have an EPR spectrum
dominated by Cdb1. Figure 3.28(a)compares leakage current taken at 2MV/cm versus
defect density for all the films with either Cdb1 or Cdb2 signals dominating. This figure
shows a fairly strong correlation which is clearly again absent from the comparison in
Figure 3.28(b) which is taken at a higher field of 4MV/cm. This is good indication that
both defects Cdb1 and Cdb2 have a similar type of conduction mechanism at low fields and
that the defects observed in the EPR study are largely responsible for the leakage currents
at low fields but not at high fields.
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(a)

(b)

Figure 3.28: Defect density versus leakage at (a) 2MV/cm and at (b) 4MV/cm in which the dominating defect is C db1 or
Cdb2. The close correlation between leakage and spin density at 2MV/cm strongly suggest that the paramagnetic
defects dominate low field transport. Presumably some type of hopping conduction (variable range hopping). The
much poorer correlation between the 4MV/cm leakage suggests that high field transport mechanism is different.
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3.6Processing Damage Phenomena
Processing damage is important to understand in these systems. Many steps of
the process can damage films in subtle ways which can lead to TDDB or SILC later on in
the film’s life. For this section a damage and recovery sample set was created. The
samples used in this study can be seen below in Table 3.7.
Table 3.7: A summary of the defects present in the films analyzed in this study.

Powder
number
860
860UV
661
661 UV
A
FD
FD+REK
PD
PD+REK
785
785 UV

SiOC:H
Sample

Damage or recovery

d-SiO2:1

As Deposited

d-SiO2:2
SiO2:1+UV dmg
d-SiOC:H1
As Deposited
d-SiOC:H2
SiOC:H1+UV dmg
d-SiOC:H3
As Deposited
d-SiOC:H4
SiOC:H3+FD
d-SiOC:H5 SiOC:H3+FD+Recovery
d-SiOC:H6
SiOC:H3+PD
d-SiOC:H7 SiOC:H3+PD+Recovery
d-SiOC:H8
As Deposited
d-SiOC:H9
SiOC:H8+UV dmg

Center
g value

Center
Defect
E’

2.0006
2.0006
2.0026
2.0026
2.0030
2.0031
2.0031
2.0026
2.0030
2.0031
2.0031

E’
Cdb1
Cdb1
Cdb2
Cdb2
Cdb2
Cdb1
Cdb2
Cdb2
Cdb2

Other Defects
Present in Lower
Concentrations
NBO or peroxy
center
10.4G, rH3
10.4G, rH3
None
E’
None
rH3, Defect B
rH3

Patterning Damage and Field Damage Effects
Another topic of interest is determining how various processing steps may cause
film damage.

In order to address post deposition processing issues, identical

measurements were made on d-SiOC:H films exposed to both patterning damage and to
field damage. In all cases, a recovery anneal was performed. Sample d-SiOC:H3 was
exposed to patterning damage to make sample d-SiOC:H6 and an identical sample of
SiOC:H3 was exposed to field damage to produce sample d-SiOC:H4. A recover process
was performed on d-SiOC:H4 to make sample d-SiOC:H5 and a recovery process was
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done on d-SiOC:H6 to produce d-SiOC:H7. This information is given in Table 3.7.
Figure 3.29 shows the effects that these different processes had on the films.

Figure 3.29: Demonstrates the effects of field damage (d-SiOC:H4) and the recovery process (SiOC:H5) on
the as deposited sample(d-SiOC:H3). Note the large increase of the 2.0032 signal and the addition of the
2.0006 signal in the field damage sample.

Field damage greatly increases the defect density of Cdb2 (already present) and also
generates E’ centers. The dominating spectrum has a zero crossing g value of 2.0032 and
a peak to peak line width of 6.6 Gauss.
Patterning damage creates a much different defect spectrum. The effects of the
patterning damage phenomena is shown in Figure 3.30.
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Figure 3.30: Demonstrates the effects of patterning damage (d-SiOC:H6) and the recovery process (dSiOC:H7) changed the as deposited sample (d-SiOC:H3). The dominating spectrum for the field damage
sample is a g=2.0032 line which is 6.6 Gauss wide.

The as-deposited sample has a dominating spectrum of g=2.0032, which is Cdb2. In the
patterning damage sample, a different defect is created,Cdb1 and there are also multiple
sets side peaks present in this sample. These side peaks are most likely related to the
addition of hydrogen in these films.

The spectra for the inner sets of side peaks

correspond to an rH3.
Effects of UV Curing
Previous EPR studies have identified defects in similar low-k films, but the
relationship between these defect and the most important metric for this films, the
leakage current, is not yet understood.[115]
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In nearly all cases UV irradiation increases both defect density and leakage
current, but not necessarily of the same defect. In Figure 3.31 through Figure 3.33 cases
are shown in which the dominating defect and leakage current increased post UV curing.
This increase in a single defect and an increase in the leakage current indicates a cause
and effect relationship.
Figure 3.31 shows an EPR trace (a) of the d-SiO2:1 (pre UV) and d-SiO2:2 (post
UV) (Note: This side structure vanishes after the UV exposure.) Figure 3.31(b) shows the
leakage current pre and post UV for the SiO2 film.
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Figure 3.31: EPR(a) and (b) leakage current results on d-SiO2:1 (pre UV) and d-SiO2:2 (post UV)
irradiation. Note that post UV EPR trace is significantly larger and both spectra have a g-value of 2.0007
and narrow line-width which is consistent with an E’ spectra. Leakage current is also increased with the
UV irradiation.

Note the there is a large increase in the defect density of the E’ signal after the UV cure.
This large increase is accompanied by a large increase in leakage current. Also, note the
pair of side peaks symmetric with respect to the E’ center separated by 74 Gauss. This
structure is almost certainly due to a hydrogen complexed E’ center called the 74 Gauss
doublet, as the separation (74 Gauss) and the width of the two sidepeaks (~3 Gauss) are
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all consistent with the literature for this center,[88,119] which is thought to be an E’
center in which the central paramagnetic silicon is bonded to oxygens and a hydrogen
atom. The result, a strong increase in E’ density leads to a large increase in leakage,
strongly suggests an important role to E’ centers in electrical leakage.
Figure 3.32 is a comparison of EPR and leakage current results for sample dSiOC:H1 (Pre UV) and d-SiOC:H2 (Post UV), a sample in which the spectrum is
dominated by, a previously characterized defect termed Cdb1, both pre- and post- UV
irradiation.

74

Figure 3.32: EPR and leakage current results on d-SiOC:H1 (pre UV) and d-SiOC:H2 (post UV) with a
dominating spectrum of Cdb1. Note that post UV EPR trace is significantly larger and both spectra have a
g-value of 2.0026 which is likely a carbon dangling bond. Leakage current is also increased with the UV
irradiation.
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Figure 3.32(a) illustrates a large increase in defect density of the g = 2.0026 spectrum
from 2.3 x 1016/cm-3 to 7.5 x 1016/cm-3. Figure 3.32(b) illustrates a large increase in
defect density of the g = 2.0026 spectrum from 2.5 x 1016/cm-3 to 7.5 x 1016/cm-3. Figure
3.32 (b) shows that the leakage current is also greatly increased by UV exposure. We
have also exposed other samples, which also have a center line dominated by Cbd’s to UV
light. These samples showed a consistent pattern in which the g=2.0026 defect greatly
increases and that the leakage also increases post UV irradiation. This large increase in
leakage current coupled with the large increase in Cdbs suggests it too contributes to
electrical leakage and is important to electrical performance in these films.
Figure 3.33 shows EPR and leakage current results for d-SiOC:H8 (pre UV)
and d-SiOC:H9 (Post UV) with the Cdb2, g=2.0032, spectrum.
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Figure 3.33: EPR and leakage current results on d-SiOC:H8 (pre UV) and d-SiOC:H9 (post UV) with a
dominating spectrum of Cdb2. Note that post UV EPR trace is significantly larger and both spectra have a
g-value of 2.0032 which is likely some type of carbon dangling bond. Leakage current is also increased
with the UV irradiation.

Figure 3.33(a) shows a large increase in defect density of the g = 2.0032 spectrum from 5
x 1016/cm-3 to 1.25 x 1017/cm-3 in the film that has received the cure. Figure 3.33(b)
shows leakage current of the film is also greatly increased by exposure to UV irradiation.
Similar results were observed on films d-SiOC:H8 and d-SiOC:H9.
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Chapter 4
CONCLUSIONS
New low-k materials show great potential for use in integrated circuits. Material
systems including a-SiC:H and a-SiOC:H based dielectrics show great potential for use in
BEOL applications. This study has been able to identify many performance limiting
defects in some of these films. In some cases these defects were able to be linked to
electronic transport in these films.

4.1 SiC Based Dielectrics
In summary, there is a strong correlation between the density of paramagnetic
defects and leakage currents in variously processed a-SiC:H films. A one to two order of
magnitude difference in paramagnetic defect density corresponds to about a six order of
magnitude difference in leakage current.

Surprisingly, this correspondence between

defect density and leakage holds for populations of slightly different defect centers.
The strong correlation between leakage currents and EPR defect density suggests
that the defects observed with EPR are likely important to a-SiC:H dielectric transport.
The close correspondence between EPR and SDT directly links the paramagnetic defects
observed in conventional EPR with leakage current, as SDT is only sensitive to defects
involved in electronic transport.

These results suggest that specific reliability

phenomenon such as time-dependent dielectric breakdown and stress-induced leakage
currents are also likely dependent on these defects. Measurements of the EDMR response
versus voltage are consistent with defect energy levels in the upper part of the a-SiC:H
band gap, for a defect center found in most of the samples investigated with a g=2.0032
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+/- 0.0002. Results indicate that the lower dielectric constants typically correspond to
lower leakage currents.

Low leakage and dielectric constants are also generally

associated with the lower defect densities. A number of the lower dielectric constant
films contain small amounts of oxygen.

4.2 SiOC Based Dielectrics
Many SiOC:H films were examined and there were a total of 8 different defects
found. A summary of these defects are shown in Table 4.1.
Table 4.1: A summary of the defects observed in the 23 SiOC:H films.
ΔB (Gauss) Separation
(Gauss)

Defect
Assignment
Center
g value
E’
2.0006
Cdb1
2.0026

Details of Spectrum
Powder pattern, easily
saturated
Narrow line, close to free
electron g

Defect Assignment
2.6
E’ Center (oxygen vacancy)
1.1

10.4G
Doublet

Carbon dangling bond
So called 10.4 Gauss Doublet. Known to be a
hydrogen complexed E’ center. Tentatively
linked with a silicon dangling bond back
bonded to three oxygen’s in which one of the
oxygen is bonded to a hydrogen.50
Carbon dangling bond broadened by nearby
hydrogen
5.5, 16.5 3 Hydrogens bonded to either a Carbon or
Silicon with a dangling bond
Carbon dangling bond broadened by nearby
hydrogen
Unidentified, Possibly 2 signals very close
together
28, 46
Unidentified
to electrical
leakage in
these dielectrics and
10.4

2.0006

Two line spectrum

Broad Cdb1

4.8
2.0026

rH3
2.0030
Cdb2

4 line spectrum
6.6

2.0031
Defect A
2.0032
DefectE’
B centers,
2.0028

11.2
line spectrum
Cdb12 and
Cdb2 were linked

Cdb1 and Cdb2 defects likely contribute to the low field transport, which is likely VRH. It
is likely that some of the other defects could also contribute. Field damage increases
defect density and also generates E’ centers and patterning damage generates different
types of defects. With regard to the UV curing, UV irradiation increases leakage current
and defect density, both during industrial UV cures and simple UV light irradiation.
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The defects present in these films are E’ centers, with multiple, slightly different,
carbon dangling bonds, hydrogen complexed E’ centers, and multiple
defects.

unidentified
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Appendix- Important Terminology
BEOL—Back End of Line
CV—Capacitance Voltage
EDMR—Electrically Detected Magnetic Resonance
EPR—Electron paramagnetic Resoance
FTIR—Fourier Transform Inferred
PECVD –Plasma Enhanced Chemical Vapor Deposition
PF—Poole Frenkel
SE—Schottky Emission
RBS—Rutherford Back Scattering
SDT—Spin Dependent Tunneling
SILC—Stress Induced Leakage Current
TDDB—Time Dependent Dielectric Breakdown
VRH—Variable Range Hopping
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