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Si–O–C-based amorphous or nanostructured materials are now
relatively common and of interest for numerous electronic, opti-

cal, thermal, mechanical, nuclear, and biomedical applications.

Using plasma-enhanced chemical vapor deposition (PECVD),
hydrogen atoms are incorporated into the system to form

SiOCH dielectric films with very low dielectric constants (k).
While these low-k dielectrics exhibit chemical stability as depos-

ited, they tend to lose hydrogen and carbon (as labile organic
groups) and convert to SiO2 during thermal annealing and other

fabrication processes. Therefore, knowledge of their thermody-

namic properties is essential for understanding the conditions

under which they can be stable. High-temperature oxidative
drop solution calorimetry measurement in molten sodium

molybdate solvent at 800°C showed that these materials possess

negative formation enthalpies from their crystalline constituents
(SiC, SiO2, C, Si) and H2. The formation enthalpies at room

temperature become less exothermic with increasing carbon

content and more exothermic with increasing hydrogen content.

Fourier transform infrared spectroscopy (FTIR) spectroscopy
examined the structure from a microscopic perspective. Differ-

ent from polymer-derived ceramics with similar composition,

these low-k dielectrics are mainly comprised of Si–O(C)–Si net-
works, and the primary configuration of carbon is methyl
groups. The thermodynamic data, together with the structural

analysis suggest that the conversion of sp2 carbon in the matrix

to surface organic functional groups by incorporating hydrogen
increases thermodynamic stability. However, the energetic sta-

bilization by hydrogen incorporation is not enough to offset the

large entropy gain upon hydrogen release, so hydrogen loss dur-

ing processing at higher temperatures must be managed by
kinetic rather than thermodynamic strategies.
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I. Introduction

THE silicon–oxygen–carbon system includes a variety of
materials of technological and scientific importance.1

However, there are currently no known thermodynamically
stable crystalline compounds comprising of all three elements
in the Si–O–C system.1,2 In contrast, amorphous materials
that combine all three components are relatively common
and of interest for numerous electronic,3 optical,4 thermal,5

mechanical,6 nuclear,7 and biomedical8 applications. Glassy

SiOC materials are in particular desired as replacements for
traditional SiO2-based glasses due to low dielectric constant,9

high-temperature stability,10 and enhanced thermal, mechani-
cal, and chemical properties.11 The crystallization resistance
of SiOC materials has been attributed to kinetic factors
related to slow long-range diffusion of silica. In 2007, Varga
et al. for the first time demonstrated that the good thermal
stability may arise from thermodynamic as well as kinetic
factors.12 Results showed that these glassy SiOC ceramics
synthesized from polymer precursors exhibited a negative
enthalpy of formation from a mixture of SiC, SiO2, and C,
perhaps related to the presence of mixed bonds at the inter-
face of the nanodomains in the structure. Since these materi-
als are strongly disordered, their entropy of formation from
crystalline components is expected to be positive, and their
free energy of formation even more negative than their
enthalpy of formation.

Recently, some stable Si–O–C materials have been synthe-
sized containing the addition of a fourth element—hydro-
gen.13,14 One route involves chemical vapor deposition
(CVD)15 or plasma-enhanced CVD (PECVD)16,17 to make
thin film SiOCH materials using various organosilane or
alkoxysilane precursors in combination with strong or weak
oxidizers such as O2, N2O, and CO2.

18 Currently, the
PECVD method has been widely adopted within the semi-
conductor industry for depositing amorphous SiOCH (a-
SiOCH) materials with values of dielectric permittivity that
are substantially reduced relative to SiO2.

14,16 Such “low-k”
dielectric materials are of vital importance to the semicon-
ductor industry for reducing parasitic capacitive signal delays
and power loss in highly scaled and integrated micro and
nano-electronic products.19

While low-k dielectrics exhibit clear chemical stability as
deposited, they have a great propensity to lose hydrogen and
carbon (as labile organic groups) and convert to SiO2 during
thermal annealing and other nano-electronic acid/base wet
chemical cleaning and plasma etching fabrication pro-
cesses.20–23 This calls into question the general thermody-
namic stability of low-k materials and their interfaces with
other materials as well as the long-term reliability of prod-
ucts manufactured from them.24,25 However, basic thermody-
namic data such as the enthalpy and entropy of formation
are completely lacking these and related materials. Thus,
there is a great need to understand the thermochemistry of
low-k a-SiOCH materials to assess their ultimate stability in
highly scaled and integrated nano-electronic products. Exam-
ination of the thermochemistry of low-k a-SiOCH materials
will also broaden the understanding of the energy landscape
in the Si–O–C and Si–O–C–H systems.12,26–29

In this context, we studied the thermochemistry for a ser-
ies of low-k dielectric a-SiOCH thin films synthesized by
PECVD. We measured the heat of oxidative dissolution of
these PECVD synthesized low-k a-SiOCH materials in
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molten sodium molybdate at 800°C, from which the oxida-
tion and formation enthalpies at room temperature were cal-
culated. The enthalpy data clearly show that the addition of
hydrogen stabilizes the SiOC materials.

II. Experimental Methods

(1) Sample Preparation
The a-SiOCH materials were deposited on 300 mm diameter
Si (001) wafers by PECVD using either an organosilane or
alkoxsilane in combination with various diluent (H2, He)
and/or oxidizing gases (O2, CO2) at temperatures ranging
from 250°C–400°C.30,31 In some cases, a phenyl-based
organic precursor was added to the PECVD chemistry and
incorporated into the film as a second phase material and
then removed from the matrix postdeposition using a ~400°C
ultraviolet cure.32 The full elemental composition of the
SiOCH films was determined via combined Rutherford
backscattering and nuclear analysis (RBS-NRA) measure-
ments performed at the SUNY Albany Dynamitron Acceler-
ator Laboratory. The details of synthesis and
characterization have been described previously.18,32–34 The
compositions and electrical properties of these films are listed
in Table I.

After deposition, the films were removed from the sub-
strate to form 20–200 mg of powder via two different meth-
ods. For the highest hydrogen content films, the adhesion to
the substrate was sufficiently low that the films could be
easily scraped off manually using a razor blade. For the
lower hydrogen content films, the adhesion was too high for
this method to be practical. To form powders, these films
were deposited on Cu due to the reduced adhesion energy,35

so that they could be easily removed from the substrate.

(2) Powder X-ray Diffraction
All samples were characterized by powder X-ray diffraction
(PXRD) on a Bruker D8 (Madison, WI) (AXS) Advance
diffractometer using CuKa radiation (40 kV, 40 mA). The
scans were acquired in the 2h range of 10°–95° with a step
size of 0.02° using a low-background quartz holder.

(3) Fourier Transform Infrared (FTIR) Spectroscopy
To examine the chemical structure of the materials, thinner
films (500 nm) were deposited on Si (001) substrates and
examined using transmission Fourier transform infrared
(FTIR) spectroscopy. Spectra were collected using both
Nicolet Magna-IR 860 and Bio-Rad QS-3300 spectrome-
ters.33 Normal incidence IR transmission spectra of samples
on Si substrate samples were collected using an open beam
background. All spectra were acquired from 400 to
7000 cm�1 with 4 cm�1 resolution and signal averaged over
128 scans. The spectrum of the Si substrate was obtained by
prescanning it prior to deposition. This spectrum was utilized
for removing the Si substrate absorption from the sample
spectrum as well as correcting for optical interference effects
common in transmission measurements of thin films on thick
substrates.36 The latter corrections used rigorous methods

that account for the full wave nature of light and have been
previously described in detail.36,37

(4) Calorimetry
High-temperature oxidative drop solution calorimetry was
utilized to determine the oxidation and formation enthalpies
of the films. Similar compounds have been studied previously
by the same technique in our laboratory and we used the
experimental method described by Tavakoli et al.28 In a typi-
cal measurement, 0.75–1.5 mg pellets were dropped from
room temperature into molten sodium molybdate
(3Na2O�4MoO3) solvent maintained at 800°C inside an
AlexSYS Setaram isoperibol Tian-Calvet twin microcalorime-
ter (Setaram Instruments, Cailune, France). Oxygen gas was
bubbled through the solvent (~5 mL/min) to enhance oxida-
tion and stir the melt. The oxidation of the samples resulted
in the formation of gaseous products (CO2, H2O) which were
removed immediately by continuous flushing of oxygen gas
(~25 mL/min) through the calorimeter assembly. The
calorimeter was calibrated against the heat content of plat-
inum pellets. Statistically reliable data (within 2% error) were
obtained by dropping a number of pellets. This methodology
is well-established38–40 and similar to that in recent studies.28

III. Results and Discussion

(1) XRD Analysis
The PXRD patterns confirmed the amorphous nature of
these SiOCH samples. Two samples (#1, #2) were completely
amorphous (Fig. 1), whereas the rest of the samples (#3, #4,
#5) showed the existence of crystalline impurities (Fig. 2). As
mentioned above, these three samples had been deposited on
a copper substrate. The copper impurity presumably entered
the sample when it was scraped off the substrate. Based on
the intensities of the reflections in Figs. 1 and 2 and copper
being a strong diffractor, it was estimated that the amount of
copper in these samples was certainly <10% and probably
less than 5%. A calculation (see Appendix II) showed that
its effect on the drop solution enthalpy was well below the
experimental uncertainty in the measurements.

(2) FTIR
Figures 3 and 4 present FTIR spectra of the five materials
examined in this study. Figure 3 focuses on the 500–
1500 cm�1 window that encompasses the Si–C (m Si–C) and
Si–O–Si asymmetric stretching (ma Si–O–Si) modes and Fig. 4
focuses on the 1800–3400 cm�1 window that encompasses
the Si–H (m Si–H) and C–H (m C–H) stretching modes. For
the a-SiCH film (#4) with limited amount of oxygen, only
the Si–C stretching mode at ~760 cm�1 was observed.33 For
other SiOCH films, both the Si–C and Si–O stretching modes
at ~810 and 1060 cm�1 were observed, indicating that the
network structure for these materials consists of both Si–C–
Si and Si–O–Si linkages. The absorption band centered at
800 cm�1exhibits several clear subcomponents that are attrib-
uted to SiC–H3-related rocking modes (i.e., q SiCH3).

41 This
indicates that the Si–C network bonding in these materials

Table I. Compositional Information and Properties of Low-k a-SiOCH Films

Sample # Film type Precursor† Si‡ O‡ C‡ H‡ Powder color-type k

1 a-SiOCH AOS#1 16.4 26.1 15 42.5 Fine white powder 3.3
2 a-SiOCH AOS#4 18.5 25.6 17.7 38.3 Fine tan powder 3.05
3 a-SiCOH OS#3 25.4 19.6 22.6 32.5 Clear thin film flakes 4.8
4 a-SiCH OS#3 37.1 0.3 36.3 26.3 Amber color thin film flakes 7.2
5 a-SiOCH OS#3 36.1 45.2 10 8.6 Amber color thin film flakes 4.2

†AOS stands for precursor alkoxysilanes; OS means organosilanes.
‡The composition is presented in atomic percentage.
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has been interrupted/replaced by terminal methyl (CH3)
groups. The presence of terminal CH3 groups is confirmed
by an additional absorption band at 1250–1270 cm�1 that
has been attributed to the SiC–H3 symmetric deformation
mode (ds SiC–H3).

41 Evidence for Si–H bonding is also
shown in Fig. 3 by the Si–H deformation band (d Si–H) at
890 cm�1.41

The C–H stretching mode shown in Fig. 4 also supports the
assignment of the absorption bands at ~800 and 1270 cm�1 in
the two a-SiOCH films (#1, #2) to SiC–H3 rocking and defor-
mation bands, respectively. Specifically, the C–H stretching
band in these two films show clear peaks in absorbance at 2960
and 2920 cm�1 that can be attributed to asymmetric and sym-
metric stretching modes of terminal CH3 groups.41 More
detailed examination of the C–H absorption band for these
two films also shows peaks at 2940 and 2880 cm�1 that indi-
cate the presence of some methylene groups (CH2) in the struc-
ture of these materials. For the other three materials, the C–H
stretching band appears only as a single broad absorption
band centered at progressively lower wave numbers. The
broad nature indicates the presence of a mix of CH1, CH2, and
CH3 entities. The progressively lower wave number position
for the C–H stretching mode as the carbon concentration
increases is also consistent with the back-bonding changing
from primarily O3–Si to C3–Si similar to what has been previ-
ously discussed for the Si–H stretching mode.42,43

In summary, FTIR spectra show that the structure of
these SiOCH materials is mainly comprised of Si–O–Si and
Si–C–Si networks, whereas for oxygen-poor SiCH films,

there is limited amount of Si–O–Si presented in the structure.
The primary configurations of carbon atoms are bridging
bonds between Si atoms and methyl groups. Evidence of car-
bon–carbon bonds in the spectra was absent due to the lack
of any detectable absorption at 1600 cm�1 attributable to sp2

C=C bonding. The incorporation of hydrogen atoms causes
the transformation from Si–C–Si to –CH3 for carbon atoms.
Grill et al. provided a similar structure model based on a
careful FTIR characterization.44 It is notable that the struc-
ture of SiOCH films synthesized by PECVD is quite different
from that of SiOCH synthesized from pyrolysis of a polymer
under H2 atmosphere. In polymer-derived SiOCH, there is
clear separation between two nano phase regions—amor-
phous silica-rich domains with many Si–O–Si bonds similar
to the bonds in SiO2 and graphene sheet domains with sp2

carbon atoms bonded to each other. Mixed-bond tetrahedra
of type SiO4�nCn, where n = 1, 2, or 3, link these two
regions.12,26,45,46

(3) High-Temperature Oxide Melt Solution Calorimetry
The calorimetric measurements obtained the enthalpy of oxi-
dation and of formation of a-SiOCH films with respect to
elements, as well as to a mechanical mixture of crystalline

Fig. 1. Powder X-ray diffraction (PXRD) patterns of low-k a-
SiOCH samples (#1, #2). The peak marked with a star represents the
reflection from XRD holder.

Fig. 2. PXRD patterns of low-k a-SiOCH samples (#3, # 4, #5)
compared to the copper reference pattern (ICDD PDF card # 04-
0836). The peak marked with a star represents the reflection from
XRD holder.

Fig. 3. FTIR spectra of low-k a-SiOCH materials in the window of
500–1500 cm�1.

Fig. 4. FTIR spectra of low-k a-SiOCH materials in the window of
1800–3400 cm�1.
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SiC, SiO2, C(Si), and H2 at 25°C. The high-temperature
oxide melt drop solution enthalpies were obtained directly
from experiments, see Table II. The drop solution experi-
ment measures the enthalpy ΔHds of the reaction:

SiaObCcHd ðsolid; 25�CÞ þ
�
aþ cþ d

4
� b

2

�
O2 ðgas; 802�CÞ

! aSiO2 ðcristobalite; 802�CÞ þ cCO2 ðgas; 802�CÞ
þ d

2
H2O ðgas; 802�CÞ ð1Þ

The rationale and evidence for these final states are dis-
cussed elsewhere.12 The room-temperature oxidation enthal-
pies and formation enthalpies were then determined by the
thermodynamic cycles shown in the Appendix I. The oxida-
tion enthalpies at room temperature refer to the reaction

SiaObCcHd ðsolid; 25�CÞ þ
�
aþ cþ d

4
� b

2

�
O2 ðgas; 25�CÞ

! aSiO2 ðcristobalite; 25�CÞ þ cCO2 ðgas; 25�CÞ
þ d

2
H2O ðgas; 25�CÞ ð2Þ

Results are listed in Table II. All the oxidation enthalpies
are strongly exothermic, and although the entropy of oxida-
tion is negative because gas is consumed, the Gibbs free ener-
gies of oxidation are expected to remain negative. Thus,
these films are metastable in atmospheres containing oxygen,
but the kinetics of oxidation is slow, and oxidation in air
probably does not set in below 600°C.47

The enthalpies of formation from the elements, calculated
from the thermodynamic cycles in Appendix I, are also
strongly negative, see Table II. The leading term in these
enthalpies is the strongly negative heat of formation of silica.
Thus, the films are clearly stable with respect to their elemen-
tal constituents.

Of particular interest is the enthalpy of formation of the
amorphous films from the constituent crystalline SiO2, SiC,
C, (Si), and gaseous H2. This formation reaction can be writ-
ten as

a� b

2

� �
SiC ðsolid; 25�CÞ þ b

2
SiO2 ðcristobalite; 25�CÞ

þ c� aþ b

2

� �
C ðsolid; 25�CÞ þ d

2
H2 ðgas; 25�CÞ

! SiaObCcHd ðamorphous solid,25�CÞ ð3� aÞ
Or, in cases where free silicon appears to be required by

stoichiometry

cSiC ðsolid,25�CÞ þ b

2
SiO2 ðcristobalite,25�CÞ

þ a� c� b

2

� �
Si (solid,25�CÞ þ d

2
H2 ðgas,25�CÞ

! SiaObCcHd ðsolid,25�CÞ (3-b)

Values are summarized in Table II. All these enthalpies
are negative. Since the entropies of formation of the amor-
phous and disordered films are expected to be positive, their
Gibbs free energies are even more negative than their enthal-
pies, implying that the films are thermodynamically stable
with respect to crystalline components. This thermodynamic
stability parallels that of the polymer-derived ceramics stud-
ied earlier,12,26,28,29but the incorporation of hydrogen appears
to lead to even more negative enthalpies, as was already seen
for the nanopowders studied by Tavakoli.29

The structure and bonding of a material on the atomic,
nano- and microscales on one hand can be reflected from
thermodynamic properties from a macroscopic perspective.
On the other hand, the thermodynamic data directly
obtained from experiments can be in turn be explained by
the structure, such as the number, type, and strength of
chemical bonds and the short-, mid- and long-range order in
the material.

To document the relations between the enthalpies and
structural information, room-temperature oxidation enthal-
pies and formation enthalpies from elements are plotted with
respect to the carbon and hydrogen content (Fig. 5). From
Fig. 5(a), we can see that the formation enthalpies are
strongly exothermic, and become less exothermic as carbon
content increases, indicating lower thermodynamic stability
with higher carbon concentration. Similar conclusions can be
drawn from the oxidation enthalpies. They are strongly
exothermic, being dominated by the oxidation of carbon,
supported by the observation that they become more nega-
tive with increasing carbon content.

According to our FTIR analysis, in these a-SiOCH films,
carbon atoms exist in the form of –CH3 groups bonded to Si
as terminal groups, as well as in the form of Si–C–Si bridges.
The amount of carbon with sp2 structure is below the detec-
tion limit. 13C solid-state nuclear magnetic resonance by
Mabboux et al. also supports the conclusion that methyl
groups are the main configuration and no sp2-bonded carbon
can be detected in PECVD-synthesized SiOCH films.48 From
thermodynamic analysis, the presence of carbon in other
forms such as sp2 carbon rather than carbon in the form of
methyl groups would diminish thermodynamic stability, or
conversely the conversion of sp2 carbon to methyl groups by
incorporating hydrogen would increase thermodynamic sta-
bility. Moreover, our conclusion is also supported by Tava-
koli et al., who concluded that the free carbon did not
provide additional thermodynamic stability to the polymer-

Table II. Enthalpies of Drop Solution (ΔHds), Enthalpies of Oxidation at Room Temperature (ΔH0
ox, 25°C), Enthalpies of

Formation from Elements (ΔH0
f,elem), Enthalpies of Formation (ΔH0

f,comp) from Compounds for Different a-SiOCH Compositions

Sample #

Composition–

ΔHds [kJ�(g�at.)�1] ΔH0
ox [kJ�(g�at.)�1] ΔH0

f,elem [kJ�(g�at.)�1] ΔH0
f,comp [kJ�(g�at.)�1]Si O C H

4 37.1 0.3 36.3 26.3 �458.32 � 5.80(7)† �479.94 � 5.80 �37.50 � 6.17 �9.57 � 9.06‡

3 25.4 19.6 22.6 32.5 �211.04 � 2.79(8) �232.41 � 2.79 �133.71 � 3.49 �33.27 � 7.50§

2 18.5 25.6 17.7 38.3 �149.95 � 1.21(8) �171.51 � 1.21 �120.92 � 2.43 �0.47 � 7.07§

1 16.4 26.1 15.0 42.5 �101.71 � 1.45(8) �123.76 � 1.45 �144.98 � 2.56 �23.98 � 7.12§

5 36.1 45.2 10 8.6 �94.68 � 0.70(8) �113.17 � 0.70 �266.47 � 2.20 �53.85 � 7.00‡

†Uncertainty is two standard deviations of the mean. The number in the parentheses is the number of experiments.
‡ΔH0

f,comp of these samples are calculated from equation (3-b) due to the stoichiometry.
§ΔH0

f,comp of these samples are calculated from equation (3-a) due to the stoichiometry.
–The composition is presented in atomic percentage.
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derived ceramics.28 However, in the work done by Varga
et al.12 and Mera et al.26, it was suggested that the mixed
bonds at the interface between the free carbon sheet and the
nanoscale amorphous region played a role in stabilizing the
hydrogen-free polymer-derived ceramics. The films studied
here, although having similar composition, in terms of Si, C,
and O content to the polymer-derived ceramics, have quite
different structures and no evidence for mixed bonds. Never-
theless, their energetic stability is equal to or greater than
that of the PDCs.

To observe the hydrogen effect on stabilization, the enthal-
pies are also plotted against the hydrogen concentration. In
Fig. 5(b), the formation enthalpies become more exothermic
when hydrogen content increases, but there is one exception
with extraordinary stability with hydrogen content at
8.6 at.% (Sample #5). To explain this observation, the molar
ratios of the constituent elements (C and H) are calculated
against silicon contents. The carbon/silicon ratio is almost
same for all samples, except for sample #5. Hence, these five
samples can be divided into two categories—one is comprised
of samples with high carbon content and the other is #5,
with lower carbon content. Since the carbon content makes
the main contribution to the oxidation enthalpy and to the
destabilization effect, only four high-carbon samples are con-
sidered here to observe the hydrogen effect. The formation
enthalpies from elements become more exothermic as hydro-
gen content increases, indicating higher thermodynamic
stability at higher hydrogen content.

The thermodynamic stability brought by hydrogen may
originate because hydrogen atoms form functional groups,
mainly–CH3, on the surface, thus saturating surface bonding
and eliminating defects such as dangling bonds. This conclu-
sion can also be supported by considering the enthalpy of
oxidation from the scission and formation of chemical bonds.
The estimated oxidation enthalpy of carbon in the free car-
bon configuration, bridging bond and in methyl group
depicted in Scheme 1, are �1606.42, �1372.21, and
�877.42 kJ/mol, respectively. (The bond energy information
is obtained from Ref. [49]) This clearly shows that the con-
version of carbon into methyl group configurations by incor-
porating hydrogen atoms brings the system more
thermodynamic stability.

The FTIR spectra show that, despite smaller carbon con-
tent in sample #1, its –CHx signal is the strongest among all
samples, while its Si–C signal is very weak. It is reasonable
to surmise that the incorporation of hydrogen into the sys-
tem causes the formation of more –CHx functional groups
and less incorporation of carbon in the matrix. These surface
functional groups greatly increase the thermodynamic

stability This conclusion is consistent with the previous work
by Tavakoli et al.28 Das et al. also demonstrated good ther-
mal stability of SiOCH films by FTIR spectroscopy.47 It was
reported that upon annealing to 600°C, there is no detectable
structural change from the FTIR spectroscopy. However,
above 600°C, the decomposition of SiOCH films started in
terms of breaking H-terminated bonds, followed by
microstructural change and segregation of carbon. Braginsky
et al.50 reported similar results using Monte Carlo simulation
and suggesting that the reaction of O atoms with –CH3

groups is not the determining step during the oxidation, but
the surface recombination and diffusion of the oxygen
atoms is the critical step. Therefore, denser structures
have better oxidation resistance. However, Narisawa et al.
reported different results, claiming that the incorporation
of hydrogen has an adverse influence on the oxidation
behavior of SiOCH polymer-derived ceramics.13 There
could be many concerns about this conclusion; for instance,
the surface area difference in materials may result in quite
different oxidation behavior. One should also note that,
from a kinetic perspective, the observed thermal stability
(i.e., persistence to high temperature under a given set of
conditions) can be quite different from the thermodynamic
stability.

Although the incorporation of hydrogen in the system
surely brings higher thermodynamic stability, the question of
why these a-SiOCH films tend to lose hydrogen during the
manufacturing process still remains unresolved. In many
cases, hydrogen and organics are removed during exposure
to aggressive wet chemical and plasma-based cleans and
etches where the a-SiOCH material is exposed to large con-
centrations of atomic oxygen, hydrogen, and other energized
radicals.20,25 Hydrogen/organic loss via these mechanisms
leads to the creation of numerous unpassivated bonds and

(a) (b)

Fig. 5. (a) Oxidation enthalpies at room temperature and formation enthalpies versus the carbon content, (b) Oxidation enthalpies at room
temperature and formation enthalpies versus the hydrogen content.

Scheme 1. Oxidation reaction for different configurations of carbon
in the structure.
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defects that rearrange on thermal annealing to lower their
free energy. In other cases, hydrogen/organic loss can start
to occur once the SiOCH material is heated above its deposi-
tion or curing temperature (typically 200°C).21,22 To explain
this, the entropy related to the release of hydrogen gas must
be considered. The reaction related to this process is:

SiaObCcHd ðamorphous solid,25�CÞ
! SiaObCc ðamorphous solid,25�CÞ þ d

2
H2 ðgas,25�CÞ

(4)

The enthalpy of formation from SiO2, C, SiC, and H2

generally becomes less negative as the hydrogen content
decreases. Comparing our data with that of Varga et al.12

for hydrogen-free PDCs, the enthalpies of reaction (4) vary
with respect to different a-SiOCH materials, but are mainly
positive. Assuming the entropies of the solid phases are
similar, the entropy of reaction (4) is dominated by the
entropy of hydrogen gas and is on the order of
100 J�(K)�1 per mol of H2 gas produced. Thus, as temper-
ature increases, entropy drives the reaction to the right, as
the small positive enthalpy of reaction is not enough to
offset the entropy term. Since hydrogen is then released
into an essentially H2-free atmosphere, equilibrium is not
attained, and the rate of hydrogen loss is governed by
kinetic factors. The important point is that although
hydrogen does stabilize the films energetically to some
extent, this stabilization is not enough to prevent entropy-
driven hydrogen loss upon heating.

IV. Conclusion

Amorphous SiOCH films exhibit significant thermodynamic
stability. The incorporation of hydrogen brings more nega-
tive enthalpies of formation caused by the surface functional
groups, such as –CH3. To achieve better thermodynamic sta-
bility, and probably better thermal persistence, several strate-
gies can be employed, such as reducing the free carbon
content, incorporating more hydrogen, or maximizing func-
tional groups. However, the energetic stabilization by hydro-
gen incorporation is not enough to offset the large entropy
gain upon hydrogen release, so hydrogen loss during process-
ing at higher temperatures must be managed by kinetic
rather than thermodynamic strategies.
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Appendix I

Table AI. Thermochemical Cycles for Low-k a-SiOCH Materials

Reaction Enthalpy (ΔH)

a: Enthalpy of oxidation (ΔH0
ox) at 25°C

(1) SiaObCcHd (solid, 25°C) + aþ cþ d
4 � b

2

� �
O2 (gas, 802°C) ? a SiO2

(cristobalite, 802°C) + c CO2 (gas, 802°C) + d
2 H2O (gas, 802°C)

ΔH1 = ΔHds [kJ�(g�at.)�1]

(2) SiO2 (cristobalite, 25°C) ? SiO2 (cristobalite, 802°C) ΔH2 = 50.1 kJ/mol†,51

(3) H2O (liquid, 25°C) ? H2O (gas, 802°C) ΔH3 = 73.1 kJ/mol52

(4) O2 (gas, 25°C) ? O2 (gas, 802°C) ΔH4 = 25.3 kJ/mol51

(5) CO2 (gas, 25°C) ? CO2 (gas, 802°C) ΔH5 = 37.5 kJ/mol51

SiaObCcHd (solid, 25°C) + aþ cþ d
4 � b

2

� �
O2 (gas, 25°C)

? a SiO2(cristobal, 25°C) +c CO2 (gas, 25°C) + d
2 H2O (liquid, 25°C)

ΔH0
ox = ΔH1 � a ΔH2 � d

2ΔH3 +
aþ cþ d

4 � b
2

� �
ΔH4 � cΔH5

b: Enthalpy of formation from the elements ΔH0
f,elem at 25°C

(1) SiaObCcHd (solid, 25°C) + aþ cþ d
4 � b

2

� �
O2 (gas, 25°C) ? a SiO2(cristobal, 25°C) +
c CO2 (gas, 25°C) + d

2H2O (liquid, 25°C)

ΔH1 = ΔH0
ox [kJ�(g�at.)�1]

(2) Si (solid, 25°C) + O2 (gas, 25°C) ? SiO2 (cristobalite, 25°C) ΔH2 = �908.4 � 2.1 kJ/mol53

(3) H2 (gas, 25°C) + 1/2 O2 (gas, 25°C) ? H2O (liquid, 25°C) ΔH3 = �285.8 � 0.1 kJ/mol53

(4) C (solid, 25°C) + O2 (gas, 25°C) ? CO2 (gas, 25°C) ΔH4 = �393.5 � 0.1 kJ/mol53

a Si (solid, 25°C) + b
2O2 (gas, 25°C + c C (solid, 25°C) + d

2 H2 (gas, 25°C)
? SiaObCcHd (solid, 25°C)

ΔH0
f,elem = �ΔH1 + aΔH2 + d

2ΔH3 + cΔH4

c: Enthalpy of formation from the components ΔH0
f,comp at 25°C (Version 1)

(1) a Si (solid, 25°C) + b
2O2 (gas, 25°C) + c C

(solid, 25°C) +d
2 H2 (gas, 25°C) ? SiaObCcHd (solid, 25°C)

ΔH1 = ΔH0
f,elem [kJ�(g�at.)�1]

(2) Si (solid, 25°C) + C (solid, 25°C) ? SiC (solid, 25°C) ΔH2 = �73.2 � 6.3 kJ/mol‡,51

(3) Si (solid, 25°C) + O2 (gas, 25°C) ? SiO2 (cristobalite, 25°C) ΔH3 = �908.4 � 2.1 kJ/mol53

a� b
2

� �
SiC (solid, 25°C) + b

2 SiO2 (cristobalite, 25°C) + c� aþ b
2

� �
C (solid, 25°C) +

d
2 H2 (gas, 25°C) ? SiaObCcHd (solid, 25°C)

ΔH0
f,comp = ΔH1 � a� b

2

� �
ΔH2 � b

2ΔH3

d: Enthalpy of formation from the components ΔH0
f,comp at 25°C (Version 2)

(1) a Si (solid, 25°C) + b
2O2 (gas, 25°C) + c C (solid, 25°C) +

d
2 H2 (gas, 25°C) ? SiaObCcHd (solid, 25°C)

ΔH1 = ΔH0
f,elem [kJ�(g�at.)�1]

(2) Si (solid, 25°C) + C (solid, 25°C) ? SiC (solid, 25°C) ΔH2 = �73.2 � 6.3 kJ/mol51

(3) Si (solid, 25°C) + O2 (gas, 25°C) ? SiO2 (cristobalite, 25°C) ΔH3 = �908.4 � 2.1 kJ/mol53

c SiC (solid, 25°C) + b
2 SiO2 (cristobalite, 25°C) +

a� c� b
2

� �
Si (solid, 25°C) + d

2 H2 (gas, 25°C) ? SiaObCcHd (solid, 25°C)
ΔH0

f,comp = ΔH1 � c ΔH2 � b
2 ΔH3

†Low cristobalite at 25°C, high cristobalite at 802°C.
‡Enthalpy of formation of b-SiC.
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Appendix II: Correction for Metallic Copper

For making correction, we assumed that sample is a mechanical mixture of metallic copper and the analyzed film composition.
The enthalpy of drop solution for metallic copper is �96.7 kJ/mol, calculated by using the thermocyclein Table AII. When doing
experiment, each pellet dropped into the molten solvent is <1.5 mg. Therefore, the heat of dissolution caused by 10 wt% Cu
impurity will be

DH10%Cu ¼ �96:7 kJ/mol� 1:5mg� 10%

63:546 g/mol
¼ �2:28� 10�4 kJ

This is so small compared with the heat effect of each dissolution reaction, which is usually larger than 15 J/mol.

Table AII. Thermochemical Cycle for the Enthalpy of Drop Solution of Metallic Copper

Reaction Enthalpy

Cu (solid, 298K) + 1/2 O2 (gas, 298K) ? CuO (solid, 298K) ΔH1 = �157.320 � 1.255 kJ/mol53

CuO (solid, 298K) ? CuO (solid, 977K) ΔH2 = 67.9 � 0.6 kJ/mol54

CuO (solid, 977K) ? CuO (solid, 1075K) ΔH3 = 5.406 kJ/mol55

O2 (gas, 298K) ? O2 (gas, 1075K) ΔH4 = 25.3 kJ/mol55

Cu (solid, 298K) + 1/2O2 (gas,1075K) ? CuO (solid, 1075K) ΔHds = ΔH1 � 0.5 ΔH4 + ΔH2 + ΔH3 = �96.7 kJ/mol
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