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ABSTRACT
Polymer-derived ceramics (PDCs) are a unique class of multifunctional materials
synthesized by thermal decomposition of polymeric precursors. Due to their unique and excellent
properties and flexible manufacturing capability, PDC is a promising technology to prepare
ceramic fibers, coatings, composites and micro-sensors for high-temperature applications.
However, the structure-property relationships of PDCs have not been well understood. The lack
of such understandings drastically limited the further developments and applications of the
materials.

In this dissertation, the structure and properties of amorphous polymer-derived silicon
carbonitride (SiCN) and silicoboron carbonitride (SiBCN) have been studied. The SiCN was
obtained using commercially available polysilazane as pre-ceramic precursor, and the SiBCN
ceramics with varied Si-to-B ratio were obtained from polyborosilazanes, which were
synthesized by the hydroboration and dehydrocoupling reaction of borane and polysilazane. The
structural evolution of polymer-derived SiCN and SiBCN ceramics from polymer to ceramics
was investigated by NMR, FTIR, Raman, EPR, TG/DTA, and XRD. The results show a phaseseparation of amorphous matrix and a graphitization of “free” carbon phase, and suggest that the
boron doping has a great influence on the structural evolution. The electric and dielectric
properties of the SiCN and SiBCNs were studied by I-V curves, LCR Meter, and network
analyzer. A new electronic conduction mechanism and structure model has been proposed to
account for the relationships between the observed properties and microstructure of the materials.
Furthermore, the SiBCN ceramics showed the improved dielectric properties at characterization
iii

temperature up to 1300 ºC, which allows the fabrication of ultrahigh-temperature wireless
microsensors for extreme environments.
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CHAPTER ONE: INTRODUCTION
1.1 Motivation

The desperate craving for high temperature materials has attracted scientists’ attention on
non-oxide ceramics, containing the elements of Si, C, B, and N, due to their remarkable thermal
stability, strength, and electrical properties

[1-4]

. To synthesize these ceramics, the conventional

method sinters the raw powders at high temperature with the aid of sintering additives, which,
unfortunately, reduces their thermal, chemical, and mechanical stabilities [5-8].

An alternative approach, named polymer-derived ceramics (PDCs), is proposed recently
to overcome the drawbacks of traditional powder technology, in which the non-oxide ceramics
are prepared by thermal decomposition of pre-ceramic polymers

[9-12]

. Using this tremendous

technical breakthrough, a great number of novel ceramics with complicated shape, such as fiber
and layer, are able to be synthesized. Since the precursor-derived materials do not contain grain
boundaries and have homogeneous chemical distribution on atomic scale, the PDCs present
better high-temperature properties than those synthesized by powder route.

Among the various PDCs, silicon carbonitride (SiCN) ceramics have been mostly studied
because of their outstanding creep and corrosion resistance, high tensile strength and hardness,
and exceptional electrical properties

[13]

. Nevertheless, the application of polymer-derived SiCN

ceramics is limited to below 1500 ºC regardless of the precursor species, due to the
decomposition reaction of Si3N4 with carbon

[14,15]

. It has been demonstrated lately that the

introduction of boron will increase the thermal stability of SiCN ceramics
1

[16]

. This novel

polymer-derived SiBCN ceramic has been verified to be stable at a temperature up to 2200 ºC
under argon atmosphere with respect to weight change [17].

As reported in literatures, the excellent properties of PDCs are directly related to the
structure of ceramics

[18]

. Thus, the investigation of microstructure and structural evolution of

polymer-derived SiBCN and SiCN ceramics is a crucial task for researchers to utilize these
advanced materials. Numerous papers have been published on this topic, from molecular
structure and polymer-to-ceramic conversion of precursors to crystallization as well as
decomposition of PDCs

[19-21]

. Due to the nature of amorphous materials, the majority of

structural analyses focus on pre-ceramic polymer and crystalline ceramics by the traditional
techniques, like SEM, TEM and XRD. But the amorphous intermediate state, which is extremely
significant to scientific study and industrial application, is still lack of comprehension. Couples
of publications, recently, have studied the structure of amorphous SiCN and SiBCN ceramics and
described it as a random Si-C-N matrix with mixed SiCxN4-x (0 ≤ x ≤4) units plus a separated
“free” carbon phase composed of self-bonded carbon clusters for boron-free SiCN ceramics, and
an additional BCxN3-x (0 ≤ x ≤ 3) phase in the matrix of SiBCN ceramics

[19-27]

. However, these

reports did not analyze the structural evolution in details. They just qualitatively described the
development at the start and end points of amorphous polymer-derived ceramics. Neither
amorphous matrix nor “free” carbon phase are quantitatively analyzed and a model for the
structural evolution has not been set up.

It has been proved that polymer-derived Si(B)CN ceramics are great candidates for
application of high temperature electroceramics due to their excellently and controllably
2

electrical as well as dielectric properties

[28]

. However, the relationship between electrical and

dielectric properties and ceramic structure of amorphous PDCs has not been thoroughly
understood, and the dielectric behaviors of SiBCN and SiCN ceramics have not been reported
yet, which are extremely important for designing electronics under harsh environment.

Therefore, the objectives of the research are to gain a direct insight into structure and
structural evolution of polymer-derived SiBCN and SiCN ceramics, reveal their structureproperty relationship, and obtain the first-hand data of high-temperature dielectric and electrical
properties of these amorphous ceramics.

1.2 Outline of Dissertation

This dissertation is organized as follows:

Chapter 2 provides the background information of PDCs including a review concentrated
on the SiCN and SiBCN ceramics. The synthesis, structure, and thermal behavior of pre-ceramic
precursors for SiBCN ceramics, polyborosilazanes, are studied in Chapter 3 by FTIR, NMR, and
TGA. The following chapter focuses on the structural evolution of amorphous SiBCN and SiCN
ceramics using various characterizations, such as solid-state NMR, Raman, and EPR
spectroscopy. Chapter 5 is devoted to the electrical properties of polymer-derived ceramics, and
a conducting mechanism is proposed for these amorphous materials based on the roomtemperature D.C.-conductivities. The sixth chapter discusses the dielectric properties of SiBCN
and SiCN ceramics from room temperature to 1300 ºC with frequency up to microwave. Finally,
Chapter 7 details the overall conclusion from this work.
3

CHAPTER TWO: LITERATURE REVIEW
2.1 Overview of Polymer-Derived Ceramics

Polymer-derived ceramics (PDCs) are a unique class of ceramic materials synthesized by
thermally induced decomposition of organometallic polymer precursors (pyrolysis of preceramic
polymers). These materials exhibit outstanding ultrahigh temperature stability in respect of
oxidation [29-31], corrosion [32], creep resistance [33,34], decomposition [17], phase separation [16], and
crystallization

[11]

. They can be categorized as two classes: the binary systems (Si3N4, SiC, BN,

and AlN) and ternary or higher order systems (SiCO, SiCN, and SiCNO).

The fabrication of non-oxide ceramics from molecular precursors was first developed in
1960 by Ainger and colleagues

[35,36]

. After a decade, in 1970s, Verbeek et al [37] firstly reported

the manufacture of Si3N4/SiC ceramic fibers by the transformation of polyorganosilicon
compounds into ceramic materials for high temperature use. At the same time, the synthesis of
SiC based ceramic materials by thermolysis of polycarbosilane precursors archived great
progress based on Fritz

[38]

and Yajima’s

[39]

works. Since 1991, dense and crack-free polymer-

derived bulk ceramics have been fabricated by cold/warm-press powder

[11]

, filler addition

[40]

,

hot-isostatic press (HIP) [41], photo-catalyst [42], and polymer template [43] methods.

These early research works show that the compositions and molecular structures of preceramic polymers play significant roles on the composition, microstructure, and phase
configuration of the final products. From then, tremendous efforts have been made in the
synthesis of polymer precursors, which can be converted into ceramics with tunable chemical
4

and physical properties by suitable thermal processes under different atmosphere
series of pre-ceramic polymers are commercially available on the market

[45]

[13,44]

. Now a

. They have been

widely used as precursors in the synthesis of dielectric and energy materials [46,47] as well as high
temperature ceramics/coatings [48,49].

This unique polymer-to-ceramic approach provides an auspicious route for the synthesis
of complicated multicomponent ceramic systems: ceramic coating, sensors, fibers, composites,
and micro-electro-mechanical systems (MEMS), which cannot be easily obtained via traditional
powder technologies, have been successfully prepared

[10,50-52]

. Another advantage of polymer-

derived ceramics (PDCs) lies in their relative low synthesis temperature (below 1000 ºC), which
is more cost-efficient, compared to the above 1700 ºC temperature requirement of conventional
ceramic processes.

PDCs have demonstrated themselves as great candidates for high temperature
applications because of their excellent properties in terms of improved creep resistance, high
oxidation stability, and remarkable thermal stability. There is a good example that the silicon
carbonitride (SiCN) ceramics synthesized from polymer-derived route possess great oxidation
and creep resistance at temperatures as high as 1500 ̊C due to the low impurity level,
homogenous distribution of elements, and free of sintering aids

[13,53]

. Lately, a more striking

PDC, SiBCN, has been verified to be stable at a temperature up to 2200 ºC under argon
atmosphere with respect to weight change. This more outstanding thermal stability of SiBCN
over that of SiCN is attributed to kinetic reasons: the additional structural disorder, which comes

5

from the reduced cross-linking state of precursors, leads to increased activation energies for solid
state reaction of silicon nitride and carbon as well as crystallization [17].

2.2 Preceramic Polymer Precursor Synthesis

The principal and crucial step for polymer-derived ceramics, as one can see from the
name, is the starting precursors. A large number of literatures have reported that the physical and
chemical properties of PDCs are able to be modified through the design of preceramic polymer
precursors. As stated by Briot and coworkers [54], an ideal precursor should have:

a) Sufficiently high molecular weight in order to avoid the volatilization of low molecular
weight oligomers.
b) Molecular structure of cages or rings to reduce the release of volatile fragments due to the
backbone cleavage.
c) Suitable viscoelasticity for shaping processes before pyrolysis.
d) Functional groups with latent reactivity in order to obtain curing properties.
e) Low organic group content for increasing ceramic yield and reducing undesired free carbon.

During the past decades, tons of pre-ceramic polymers have been synthesized with sorts
of structures and compositions. Most recently, Colombo et al. reviewed the developments of
PDCs and summarized the synthesis of precursors [18]. The formula of organosilicon polymers is
able to be simplified as in Figure 1. The backbone group X determines the classes of Si-based
polymers, for instance, with X = Si it’s poly(organosilanes), X = CH2 means

6

poly(organocarosilanes), X = O for poly(organosiloxanes), poly(organosilazanes) with X= NH,
and poly (organoborosilazanes) with X = B, as illustrated in Figure 2 [18].

R1
Si X n
R2
Figure 1: General structural representation of the molecular structure of the preceramic polymer.
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Figure 2: Main classes of preceramic polymer precursors for the fabrication of Si-based PDCs [18].
The substituents R1 and R2, which are either hydrogen, aliphatic or aromatic side groups,
control the solubility, viscosity and thermal stability of the polymers. Meanwhile, the carbon
content in the final ceramic is able to be adjusted by the organic side groups R. The excess
carbon incorporated in matrix is one of most important characters of PDCs, and is related to the
improvement of crystallization and decomposition resistance in SiCO ceramics [55,56].

Among numerous pre-ceramic polymers, this study will focus on silicon-based precursors,
and the synthesis of poly(organosilazanes) and poly(organoborosilazanes) will be discussed in
the following sections.

2.2.1 Synthesis of Poly(organosilazanes)

It is of great interest for researchers to synthesize various poly(organosilazanes) due to
their applications in silylating agents and precursors to produce silicon carbonitride ceramics.
Krüger and Rochow reported the synthesis of poly(organosilazanes) from ammonolysis of
[57]

organosilicon chlorides in 1964

. Later, the manufacture of Si3N4/SiC ceramic fibers by the

transformation of polyorganosilicon compounds synthesized via aminolysis of methylamine was
published by Verbeek et al

[37]

. However, neither ammonolysis nor aminolysis methods can

avoid forming the solid byproducts, i.e. NH4Cl or H3NRCl (Figure 3), which will cause the
difficulty on products separation

[58]

. A novel polymerization method was proposed by Seyferth

et al [9] in which low molecular weight oligomers containing Si-H and N-H groups react with KH
catalyst to give polysilazanes with intermediate molecular weight (600 to 1800) and high
8

ceramic yield. The ring-opening polymerization of silazane monomers through the transitionmetal catalysis was also reported by Blum and coworkers

[59]

. A series of widely used

polysilazanes with tailorable viscosity have been synthesized by Schwark et al and named as
poly(ureamethylvinyl)silazanes (PUMVS) [45]. Different amount of isocyanates were mixed with
poly(methylviny)silazanes to obtain tunable rheological properties. The PUMVS are fabricated
now by KiON, a Clariant Business specialized in silazane technology, and more commercial
polysilazanes are available as Ceraset® Polysilazane 20, Ceraset® Polyureasilazane and HTT
1800 Polysilazane/Heat-Curable High Temperature Resin.

Ammonolysis
-NH4Cl
+NH3

R
Cl

Si

Cl

Aminolysis
+H2NR' -H3NR'Cl
R, R' = Me, Ph,Vinyl, etc.
R

R

H

Si

N

R
R

R'

Si

N

n

n

R

Figure 3: Fabrication of poly(organosilazane) from chlorosilanes.

2.2.2 Synthesis of Poly(organoborosilazane)

In general, poly(organoborosilazanes) are synthesized by the aminolysis of boronmodified organosilicon chlorides or the hydroboration of silazanes with vinyl groups.
Takamizawa and colleagues firstly reported the fabrication of SiBCN ceramics from
organoborosilicon polymer comprising -SiR12-CH2- and -BR2-NR3- units, where R1,R2and R3 are
hydrogen or hydrocarbon group, which is prepared by polymerization of organopolysilane and
9

borazine compounds in 1985

[60]

. The borazine-based polyborosilazanes, such as borazine-co-

silazane backbone polymers as well as boron-modified hydridopolysilazanes (HPZ), are
classified to be the first-generation of SiNCB precursors

[23,61,62]

. They have high ceramic yield,

but their viscosity and molecular weight are unstable and thus harmful to melt-spinning of fibers.
In order to restrict the cross-linking reaction of B-H and Si-H groups, Sneddon’s group

[63,64]

synthesized the new boron-modified HPZ with monofunctional boranes. Two used reaction
approaches are shown in Figure 4: One is the dehydrocoupling reaction between polysilazanes
and monofunctional boranes (route I), the other is the hydroboration by B-H groups of boranes
and vinyl groups of polysilazanes (route II). Various monofunctional boranes, such as, 2,4diethylborazine (DEB-H), pinacolborane (PIN-H), 1,3-dimethyl-1,3-diaza-2-boracyclopentane
(BCP-H),[64] and 9-borabicylo[3.3.1]nonane (9-BBN)[65], are added into HPZ to prepare four new
series polymeric precursors to SiNCB ceramics as DEB-HPZ, PIN-HPZ, BCP-HPZ, and BBNHPZ, respectively, with controllable boron contents from 1 to 5 %. The glass transition
temperatures (Tg) of the PIN-HPZ and BCP-HPZ polymers are higher (100-120 ºC) than that of
DEB-HPZ polymers (25 ºC) with increasing modification. SiNCB ceramic fibers are produced
by melt spinning of these polymers followed by pyrolysis at 1200 ºC, and PIN-HPZ derived
ceramics show improved thermal stability at 1800 ºC.

Another candidate for poly(organoborosilazane) precursors synthesis is silicon-based
monomers or oligomers. Seyferth’s group at MIT, in 1990, firstly suggested the new approach
for borosilazane preceramic polymers from the reaction of BH3·Me2S and (CH3SiHNH)n, a
cyclic oligomers obtained by the ammonolysis of methyldichlorosilane (CH3SiHCl2), which
10

were comprised of borazine rings as well as boron atoms connected to three nitrogen atoms as
shown in Figure 5

[66]

. A black borosilicon carbonitride was prepared by pyrolysis of the

polymers in argon atmosphere with 90% ceramic yield, whereas a white borosilicon nitride
ceramic was got in the presence of ammonia flow. Schmidt and coworkers

[67]

synthesized

poly(borosilazane) (PBS) precursors to prepare SiC/Si3N4/C/BN and Si3N4/BN ceramic nanocomposites. The PBS was obtained by refluxing mixtures of 1,3,5-trimethyl-1’,3’,5’trivinylcyclotrisilazane (TMTVS) with borane-trimethylamine adduct (CH3)3N•BH3 in dry
toluene for 24 hours in N2 atomosphere via hydroboration and dehydrocoupling of vinyl groups.
The ceramic composites kept amorphous up to 1600 ºC.

Route I Dehydrocoupling
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Si
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Si
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Si
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Figure 4: The reaction route of polyborosilazane via monofunctional borane modification.
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Figure 5: Synthesis of poly(organoborosilazane) by Seyferth et al.

In 1996, the SiBCN ceramics with extremely high thermal stability (2000 ºC) synthesized
through polymer-to-ceramic conversion from a new polyborosilazane was reported by Riedel et
al

[16]

. The precursor was synthesized by the hydroboration of dichloromethylvinylsilane with

dimethylsulphide borane to obtain tris(methyldichlorosilylethyl)borane, which was further
ammonolyzed with ammonia to get final product as shown in Figure 6 (a). Since then, this route
has been widely used to synthesize different boron-modified polysilazanes through ammonolysis
of monomeric tris(chlorosilylethyl)boranes. A follow-up research was conducted by Wang et al
[17]

, according to whom the poly(borosilazane) was synthesized from starting compounds with

phenyl groups instead of methyl groups (Figure 6 (b)), and the SiBCN ceramics pyrolyzed
thereof exhibited the highest thermal stability to 2200 C and crystallization resistance up to
1700 C. The enhancement in thermal stability is due to the improved free activation energy of
crystallization since the substituted phenyl groups reduce the cross-linking state of pre-ceramic
polymers. Bernard and colleagues

[68]

prepared Si-methyl- and N-methyl-containing

polyborosilazane utilizing the same two-step approach described above but followed by
aminolysis with methylamine, the process of which is shown in Figure 6 (c). The methyl groups
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on silicon and nitrogen atoms retard cross-linking of polymeric precursors during heat treatment
and lead to a controllable viscoelastic property which benefits the melt-spinning of polymer
green fibers. The obtained Si3.0B1.0C5.0N

2.4

ceramic fibers have tensile strength of 1.3 GPa and

Young’s modulus of 172 GPa.
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Si
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Figure 6: Synthesis of poly(organoborosilazane) from monomeric tris(chlorosilylethyl)boranes.

Weinmann et al

[69]

concluded the above methods as “monomer route (M)” since the

polymer precursors are obtained via transformation of functionalized monomer units. In order to
understand the cross-linking behavior of polymers, a new method named “polymer route (P)”
was proposed, which is achieved by the hydorboration of polymeric precursor as is exemplified
in Figure 7. Besides, they investigated the “dehydrogenative coupling (D)” method
13

[70]

, which

involved the reaction between B-H groups of tris(hydridosilylethyl)boranes and N-H groups of
ammonia in the presence of catalysts (Figure 7). Compared with the other two approaches, the
polymer route has the advantages of higher yield, more economic, faster rapid reaction process,
and salt-free.
H
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B H CH3
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Si
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H
N

Si

B H CH3
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R
R = H, (NH)0.5, CH 3
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CH2

H

P BH3·Me 2S
-Me2S

M
NH3
-NH4Cl

R'
R'

B H CH3
C
H
Si N

D
NH3, [nBuLi]
-H2

Si

H

R
R = H, CH3
R' = C2H4Si(R)H2

n
R
R' = C2H4SiRNH

Figure 7: Synthesis of poly(organoborosilazane) using different reaction pathways. M =
monomer route, P =polymer route, D =deydrogenative coupling.

As is pointed out by Müller et al

[71]

, the Boron-to-Silicon atomic ratio of

polyborosilazanes synthesized from silicon-based monomers or oligomers is limited to 1:3,
because boron containing molecules, such as B2H6 or H3B•donor, having three H-B bonds per B
atom can react with three vinyl groups which usually correspond to the number of silicon atoms
in the polymer. In order to increase the boron content in the polymers, substituted boranes
“H2BR” or “HBR2” can be used for the hydroboration of vinyl groups
14

[72]

. The other alternative

way is to use silazanes with multiple vinyl groups per silicon atom. Starting from divinyl- and
trivinylsilazanes or -silylcarbodiimides, Si-B-C-N ceramic precursors are obtained with an Si/B
atomic ratio of 2:3 or 1:1 [71,73]. The reaction scheme is summarized in Figure 8.
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Figure 8: Summarized reaction scheme for the reaction of multivinylchlorosilanes with boranes
and resultant ammonolysis.
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2.3 Processing of Polymer-Derived Ceramics

2.3.1 Shaping and Crosslinking

An exceptional capability of PDCs is to prepare unconventional shaped ceramics through
plastic forming technologies. Fiber drawing
coating

[78]

and injection

[79]

[74,75]

, warm pressing

[76]

, extrusion

[77]

, spin-on

etc. are all able to be applied, which can never be exploited by

traditional powder route. In order to employ these techniques, the polymers are required to be
cross-linked from liquid to solid, which is also desired to keep their shape and reduce the
evolution of small molecular during pyrolysis.

Effectual crosslink of pre-ceramic precursors is able to be achieved by either thermally
induced self-crosslinking or initiator catalysis. The thermal self-crosslinking is free of
contaminations but it needs relatively high temperature (> 175 ºC). On the other hand, the
crosslink would be completed at 90 ºC for minutes with the addition of free radical initiators, like
2,5-dimethyl-2,5-(2-ethylhexanoylperoxy) hexane or dicumyl peroxide. In general, the
preliminary requirement for thermal cross-linking is the presence of functional groups with
potential activity in the polymers, such as vinyl (Si-CH=CH2) and silyl (Si-H) groups.
Dehydrocoupling reaction of Si-H and N-H, hydrosilylation as well as polymerization of vinyl
groups, and transaminations are involved in the process

[44]

. Choong Kwet Yive et al

[80]

studied

the thermal cross-linking of different oligosilazanes and found that the presence of Si-H and
vinyl groups boosted cross-linking reaction trough hydrosilation as confirmed by other
researchers [20,81].
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Photopolymerization is another effective approach to chemically cross-link pre-ceramic
polymers by adding photo initiators, such as 2, 4, 6-Trimethyl-benzoyl or 2,2-dimethoxyl-2phenyl acetophenone. The solidification is achieved by exposure the polymers to the UV
radiation rather than heat treatment. The UV cross-linking route is low-cost and easy to control,
and thus is a promising way to fabricate the ceramic MEMS with complicated patterns by
photolithography [28].

2.3.2 Polymer-to-Ceramic Conversion

Thermal decomposition of cross-linked and shaped precursors is the last step to transform
pre-ceramic polymers to target ceramics by oven, laser, microware, plasma, etc. Amorphous or
crystalline polymer-derived ceramics, like SiC, SiCO, SiCN, and SiBCN, are able to be
synthesized after pyrolysis at above 1000 ºC from different starting polymers. Reactive organic
moieties (e.g. methyl as well as vinyl) and Si-H, Si-OH, or Si-NHx groups are evaporated during
pyrolysis which is investigated in two aspects: weight loss and composition change.

Thermogravimetric analysis (TGA), sometimes coupled with mass spectrometry (MS) or
FTIR, are applied to study the mechanism of pyrolysis and quantitatively monitor the weight loss.
The molecular structure, functional groups, and degree of cross-link of precursors have a
significant impact on the weight loss (i.e. ceramic yield). Lucke et al

[81]

reported the effects of

different branching structures and functional groups on the pyrolysis of polysilazanes. The
unbranched silazanes gave a very low ceramic yield (<11wt.%) at 1000 ºC, while the branched
silazanes showed a higher ceramic yield of 51-77wt.%. Boury and colleagues
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[82]

found that the

ceramic yield of poly(carbosilanes) was improved from 12% to 60% with increasing crosslinking degree. Choong Kwet Yive et al

[80]

found a three-stage weight loss when studied on

various oligosilazanes. The first weight loss was observed at low temperature due to the
evolution of low molecular weight oligomers. Then, the second weight loss occurred in the
middle temperature range of 220 to 500 C due to the loss of hydrocarbons. And the third weight
loss at high temperature was due to the loss of hydrogen and methane evolution.

The composition of the starting precursors, the degree of cross-linking, and the pyrolysis
conditions control the elemental composition of the final pyrolyzed ceramics. As is shown in the
ternary phase diagram (Figure 9)

[83]

, the composition of polymer-derived SiCN ceramics lies

within the triangle bound by silicon nitride (Si3N4), silicon carbide (SiC) and the carbon (C). So,
the final ceramic composition can be expresses as SiC·nSi3N4·xC, where n is the relative
amounts of Si3N4 to SiC and the x measures the free carbon content.
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Figure 9: Composition diagram for Si-C-N system. Tie line represents “stoichiometric” ternary
compositions so that all carbon and nitrogen atoms are bonded to silicon [83].

2.4 Microstructure of Polymer-Derived Ceramics

Polymer-derived ceramics have very unique structures and show conspicuous structural
evolution when they are subjected to heat treatment at T ≥ 1000 ºC. Previous studies have
suggested that the properties of PDCs such as thermal stability, electrical, optical and mechanical
properties strongly depend on their microstructures. In order to figure out the relationship
between structure and properties of PDCs, state-of-the-art characterization techniques, such as
nuclear magnetic resonance (NMR), small-angle X-ray scattering (SXAS), electron
paramagnetic resonance (EPR), neutron scattering (NS), electron energy-loss spectroscopy
(EELS) and Raman spectroscopy, have been performed [12,84-91].

According to the results of characterizations, the structure of amorphous SiCN ceramics
is described as a random Si-C-N matrix with mixed SiCxN4-x (0 ≤ x ≤4) units plus a separated
“free” carbon phase composed of self-bonded carbon clusters [20,22,92,93]. Chemical bonds of Si-N,
Si-C and C-C as well as the distance of Si to Si were observed in amorphous SiCN with NS and
EELS, but no C-N bond

[22]

. A ternary amorphous Si–C–N phase was characterized by 13C, 15N,

Si NMR for the samples annealed at the temperature range from 900 to 1400 C

29

[19,94]

as a

broad resonance centered at around -31 ppm in 29Si NMR spectrum, and the “free” carbon shown
a wide peak at 135 ppm in 13C NMR.
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Several structure models have been proposed to help scientists understanding the
microstructure of PDCs, and it’s still an undergoing research. In 2000, two spatial distribution
models for amorphous PDCs were reported by Cordelair and Greil

[95]

when they studied the

structure transitions in polysiloxanes derived Si-O-C ceramics through their electrical
conductivity as shown in Figure 10. Model A constitutes a continuous phase of silica with
embedded dispersed sp2 carbon clusters in amorphous ceramics (T < 1400 ºC). In model B, the
silica domains were surrounded by caged network of sp2 graphene layers.

Model A

Model B

Figure 10: Model of carbon redistribution reactions during pyrolysis in PPS (Model A) and PMS
(Model B) derived ceramic residue [95].
Both of two models are in agreement with NMR data, but Saha et al [96,97] argued that the
model B was a better choice for the structure description of polymer-derived SiOC ceramics,
because it also satisfied its remarkable viscoelastic behavior and outstanding resistance to creep
as well as to crystallization. As shown in Figure 11, the schematic structure was composed of
20

graphene sheets interconnected into a cellular network containing silica domains. The domain
walls constituted from graphene, and mixed-bond tetrahedra of SiCO connected the graphene to
the SiO4 tetrahedra.

Figure 11: Proposed model for the nanodomain structures in polymerderived SiCO [96].

Müller’s group

[26,98]

investigated the structures and structural evolution of polymer-

derived SiBCN ceramics and argued that amorphous SiBCN has three major structural units at
1050 ºC: (i) amorphous (graphite-like) carbon clusters, called “free” carbon, (ii) hexagonal boron
nitride (BN) domains, and (iii) an amorphous Si-C-N matrix. Annealing at high temperature, the
amorphous SiBCN ceramics crystallized to silicon carbide (SiC) and silicon nitride (Si3N4) [99,100].
The turbostratic B-C-N layers in amorphous SiBCN ceramics restricted the decomposition of
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Si3N4 to form SiC, which is attributed to the reduced activity of carbon
of B-N bonds to form a rigid SiBCN network

[101]

[70]

and the development

. Thus, the resistance to the crystallization of

SiBCN ceramics was improved with increasing boron content.

2.4.1 Raman Spectroscopy

Raman spectroscopy is a kind of vibrational spectroscopes used to obtain information
about the structure and properties of molecules, similar but complementary with infrared (IR)
spectroscopy. As is well known, IR absorptions come from the change in the dipole moment of
the system caused by a one-photon resonance between the incident infrared light and the
vibrational mode of molecules. Whereas, Raman scattering is a more complex tow-photon
process due to the change of the polarizability.

When characterized with Raman spectroscopy, the interaction between incoming
radiation and polarizability of measured sample induces a dipole moment, and such an induced
dipole will turn to emit scattered photon which composed of Rayleigh scattering and Raman
scattering. If the scattered photons have the same wavelength as the incident radiation, they are
called Rayleigh scattering. In contrast, the Raman scattering is referred as the frequency shift
from the frequency of the incident radiation by the gain or loss of vibrational energy in the
system. Most of the Raman scattering is shifted to longer wavelength, corresponded to the
measured sample gains vibrational energy, named as Stokes shift, but a small portion are shifted
to shorter wavelength, i.e., sample loses energy, known as anti-Stokes shift, as shown in Figure
12 [102]. The popularity of Stokes scattering over anti-Stokes scattering is based on the fact of that
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there are more phonons in the ground state, due to the Maxwell-Boltzmann distribution. Thus
only Stokes Raman scattering is commonly used in spectroscopy.

Figure 12: Energy-level diagrams of Rayleigh scattering, Stokes Raman scattering and antiStokes Raman scattering

Carbon-based materials have been widely used in our daily life, and attracted tremendous
interests in science and engineering. Simple changes in the nearest neighbor bonds, middle- and
long-range ordering would give the great versatility of carbon, from amorphous carbon to
diamond and graphite, from 2D graphene to 1D nanotube and 0D fullerene. As discussed above,
a very unique character of PDCs is that the sp2-hybridized excess carbon (“free” carbon) is
always formed in amorphous ceramic matrix during pyrolysis

[103,104]

. The carbon phase plays a

significant role on the properties of PDCs, like thermal stability and electric behavior. Raman
spectroscopy, a fast, reliable and non-destructive characterization technique, is the tool of choice
for identifying “free” carbon

[104]

. The Raman spectra of “free” carbon show two major features

as D band, approximately at 1350 cm-1, arise from the breathing modes of sp2 atoms in rings and
G band at 1580 cm-1 due to the in-plane stretching of the sp2 carbon. The G band is
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corresponding to an ideal graphitic lattice vibration mode with E2g symmetry. The physical
origin of D band, however, has long been debated. At beginning, the D band was explained to an
A1g breathing mode at K point of Brillouin zone, activated by the relaxation of the Raman
selection rule q = 0 by Tuinstra and Koenig in 1970

[105]

. Later, a closely related approach links

the Raman feature to density-of-states (DOS) of graphite at M and K points

[106,107]

. It was then

empirically suggested that D peak resulted from a resonant Raman coupling of k = q (quasiselection rule), where q is a phonon wavevector and k is the wavevector of the electronic
transition excited by the incident photon [108]. However, none of these models can cogently solve
all the puzzles around the D band. Most recently, Thomsen and Reich

[109]

claimed that the

double resonance (DR) is the activation mechanism of D band. The double-resonant Raman
scattering is a four-step process with energy conservation requirement: (i) a radiation induced
formation of electron-hole pair, (ii) electron-phonon scattering concomitant with momentum
exchange of q ~ K, (iii) defect scatting, (iv) recombination of electron-hole pair. The intervalley
DR is responsible for the D peak, while the intravalley DR lead to the D’ band at 1620 cm-1
which normally observed in defected graphite. An illustration for the DR process is depicted in
Figure 13 for graphene [110].

24

Figure 13: The electronic dispersion near the Fermi level at the K and K’ points in the hexagonal
Brillouin zone of graphene. The light-induced electron-hole formation and the different
categories of electron–phonon scattering processes are indicated by green and black arrows,
respectively [110].

The systematical works on Raman spectra of carbon materials have been done by Ferrari
and Robertson covered from amorphous, disordered carbon to graphite

[111-113]

. The Raman

spectra of all carbons are related to the following factors: the clustering of sp2 phase, the disorder
of bond length and angle, presence of sp2 rings or chains, and the sp2/sp3 ratio. And a three stages
model is introduced to describe the structure evolution of carbon with increasing disorder from
graphite to amorphous carbons [111,112]. The amorphization trajectory of this model is defined as:
(i) graphite to nanocrystalline graphite (nc-G), (ii) nc-G to sp2 amorphous carbon (a-C), and (iii)
a-C to tetrahedral amorphous carbon (ta-C), as shown in Figure 14 [111]. Generally, stage 1 stands
for the diminution of the in-plane correlation length La in ordered graphite layer. The main
characters of Raman spectrum in this stage are the average G peak position moves from ~1580
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cm-1 to ~1600 cm-1 due to the appearance of D’ peak at ~1620 cm-1, the D peak comes out and
the intensity ratio of D and G increases following Tuinstra and Koenig relation (TK equation)
[105]

, I(D)/I(G)  1/La. Stage 2 corresponds to a topologically disordered and mainly sp2 bonded a-

C. The G peak position decreases to ~ 1510 cm-1, and I(D)/I(G) no longer follows the TK
relation, but is proportional to the number of aromatic rings, i.e., I(D)/I(G)  La2

[111]

. Stage 3 is

described as the conversion of sp2 to sp3 sites and the configuration of sp2 gradually changes
from rings to chains. The main effects on Raman spectrum is the G peak rises up to ~ 1570 cm-1
with sp3 content and I(D)/I(G) = 0 due to the absence of rings.
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Figure 14: Amorphization trajectory, showing a schematic variation of the G position and
I(D)/I(G) ratio [111].

2.4.2 Multinuclear MAS-NMR

Nuclear magnetic resonance (NMR) is the most powerful technique to explore the
structure of both amorphous and crystalline materials and the dynamics of process happening
within them by using electromagnetic radiation and magnetic field. The target nuclei of NMR are
those with an odd number of protons, neutrons or both have an intrinsic non-zero spin angular
momentum, I (nuclear spin), such as 13C but not 12C. The NMR has been a mainstay in organic
chemistry for decades because of the high resolution and useful structure information from liquid
NMR. But inorganic chemists are out of the roster of NMR beneficiaries in early time since the
NMR spectra of solid are too broad to offer any knowledge about structure. The broadening of
solid NMR results from the strong interaction between the dipole moments of nuclei, the
quadrupolar interaction of quadrupolar nuclei and their electric field gradient (EFG), and the
anisotropy effect, but these issues do not show in liquids because the rapid atomic motion
averages these interactions and gives an extremely narrow NMR spectra. Fortunately, a technical
breakthrough, named as magic angle spinning (MAS), was first introduced into solid-state NMR
in 1959 [114,115] that some broadening factors in solids were able to be cancelled out and thus the
spectral resolution was improved if the sample was fast rotated (normally 10-15 kHz) at a
particular angle (54.74º) to the magnetic field axis. The mechanism behind MAS is that some of
those broadening interactions include the second-order Legendre polynomial (P2(cosθ)) in their
spin Hamiltonian with terms of (3cos2θ-1), where θ is the angle between the applied magnetic
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field and the principal axis of the spin interaction tensor. At the magic angle, cosθ = 1/ 3 and
the term P2(cosθ) = 0. The dipole-dipole, the chemical shift anisotropy (CSA) interactions, and
the first-order quadrupolar interactions, therefore, are removed.

Hence, MAS NMR has been extensively applied in solid inorganic system, including
polymer-derived ceramics. The structure of SiCN ceramics derived from polysilazanes was
characterized by 13C, 15N, 29Si NMR, in which a random Si-C-N matrix with mixed SiCxN4-x (0 ≤
x ≤ 4) units was detected [85,116]. A similar SiCN ceramics system but synthesized from different
precursors, polysilylcarbodiimide, consisted of amorphous Si3N4 nano-domains and carbon
clusters

[15]

. It has been proved that the addition of boron to SiCN ceramics will increase their

thermal stability and the resistance to crystallization. To understand the mechanism, the
structures and structural evolution of polymer-derived SiBCN ceramics were investigated using
multinuclear MAS NMR by Müller et al

[26,98]

. Three structural units were speculated based on

the results: amorphous “free” carbon, hexagonal boron nitride (h-BN) domains, and an
amorphous Si-C-N matrix. The BN or BNCx phase restricts the diffusion of atoms and retards the
nucleation of Si3N4 and SiC crystallites via reducing the activities of carbon and nitrogen. A
thermodynamic model is recently proposed to account for this process and the transformation of
BN2C groups to BN3 by 11B solid-state NMR [21].

2.4.3 Electron Paramagnetic Resonance (EPR)

The electron paramagnetic resonance (EPR) or electron spin resonance (ESR) is quite
similar to the concept of nuclear magnetic resonance (NMR). All the techniques are concerned
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with the interaction between magnetic moments and electromagnetic radiation. The NMR
investigates the nuclei, whereas the magnetic moments that EPR deals with are from electrons.
The phenomenon of electron paramagnetic resonance was first discovered in 1945 when
Zavoisky

[117]

put a CuCl2·2H2O sample into a static magnetic field and observed

electromagnetic energy absorption. Science then, EPR was extensively employed to the systems
in a paramagnetic state by scientist.

2.4.3.1 Electron Spin

The electron behaves like a small magnet since it has the properties of charge and motion
around an axis. The electron angular momentum is quantized in units of ħ = h/2π. The
magnitudes of the spin angular momentum S and Sz (the z component of S with respect to
Cartesian frame) are given by

S  s( s  1) 

3

2

S z  ms 

(2.1)

(2.2)

where, s is the electron spin quantum number with the value of 1/2, ms is the quantum number
equal to ±1/2.
A magnetic moment μs is always associated with the electron spin angular momentum:

μs  g B S
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(2.3)

Where, g is a number called the Landéfactor. The μB is the Bohr magneton and μB = - eh/4πme
where, e is the electron charge, me is the electron mass.

In the presence of external magnetic field, the electron magnetic moments will end their
random orientation and tend to align with the field. As a result, an energy separation among
different electron spin states is forming. For the electron, the energy state splits into two levels
(i.e., Es= +1/2, and Es= -1/2). The energy of interaction of a magnetic moment (μs) with a
magnetic field (B, or sometimes H) is given by the following equation:

E   μs  B = g B S  B

(2.4)

For an unpaired electron in magnetic field along the z-axis:

E  g B S z B0

(2.5)

where, B0 is the intensity of magnetic field.

So, the energy difference between two energy levels of electron spin is:

E  g B B0

(2.6)

Thus, an electron spin in the low energy state can transfer to the high level by absorbing a
photon with energy hv which coincides with the energy difference:

hv  g B B0
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(2.7)

where v is the radiation frequency.

Equation 2.7 is the fundamental equation of EPR. The population of electrons on lower or
higher energy state will be determined in accordance with the Boltzmann distribution:
E

n1/2
 e kT
n1/2

(2.8)

where, n1/2 and n-1/2 are the number of electrons on a higher or lower energy state corresponding
to the magnetic moment of electron with +1/2 or -1/2 spin, k is Boltzmann constant, and T is the
absolute temperature of the lattice. Equation 2.8 predicts a very slight excess of electrons in the
lower energy state at room temperature.

2.4.3.2 The g factor

The actual magnetic field working on the target spins is not only from the external
magnetic field B, but also from local field Blocal which consists of the induced local field and the
permanent local field in the system (i.e., independent of B). Thus the effective magnetic field on
electron spins is:
Beff = B + Blocal = B (1 - ζ)

(2.9)

where, ζ is a similar concept in EPR as the “chemical shift” in NMR, and can be positive or
negative.
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For electron, the Equation 2.7 should be expressed as hv  ge B Beff . Substituted Equation
2.9 into it, we can write:

hv  ge B Beff  ge B B0 (1   )

(2.10)

Then, the effective g factor is g = ge(1 - ζ).

Therefore, the value of the g factor can provide structure information about the materials
possessing the free electron. For example, carbon with different structures such as graphite,
planar graphite, turbostratic carbon, and multiwall carbon nanotubes have different g values of
2.0027, 2.018, 2.02, and 2.012, respectively [118].

2.4.3.3 EPR of PDCs

Paramagnetic centers or unpaired electrons are always formed during polymer-toceramics conversion by heat treatment, and have great effects on the structure transformation of
PDCs. The evaporation of hydrogen and methane from organic groups of pre-ceramic precursors
leaves behind plenty of dangling bonds which are detected at even 300 ºC [19,104,118,119]. With the
help of EPR, the structural evolution of PDCs has been investigated. Previous studies reported
two groups of paramagnetic centers: silicon related unpaired electrons with g value of 2.005 in
matrix of PDCs and carbon related dangling bonds in “free” carbon or matrix phase. The
dangling bonds on the surface of the free-carbon phase have g-value of 2.0027 and these inside
the bulk of the SiCN ceramic matrix show g-factor equals to 2.0032

32

[118,120]

. Similarly, SiBCN

ceramics have also been investigated for the presence of carbon-related dangling bonds by EPR
spectroscopic technique [26].

2.5 Electrical and Dielectric Properties of Polymer-Derived Ceramics

2.5.1 D.C - Conductivity of Polymer-Derived Ceramics
The electric conductivity of PDCs can be tailored in a large range from insulator (10-8
(Ω·cm)-1) to semi-metallic (104 (Ω·cm)-1) depending on the structure of precursors and
conditions of pyrolysis

[95,104]

. Cordelair et al

[95]

analyzed the electrical conductivities of SiOC

ceramics and claimed that the conductivity of a methyl-containing polysiloxane (PMS) derived
SiCO ceramics showed insulator-conductor conversion from σdc of 10-8 (Ω·cm)-1 to 0.01 (Ω·cm)1

when increasing pyrolysis temperature from room temperature to 1400 ºC due to the formation

of percolation network of “free” carbon. While the SiCO ceramics derived from phenylcontaining polysiloxane (PPS) showed higher conductivity (1 (Ω·cm)-1) and a turbostratic
structure of aromatic carbon sheets (BSU) was shaped at temperature of 1100 ºC.

The apprehension of electronic properties of PDCs is essential for their applications on
MEMS, sensors, and so on. Therefore, a connection between microstructure and electrical
properties must be made. Previous studies on the structures have suggested that PDCs prepared
in the mid-temperature region are comprised of an amorphous matrix and distributed carbon
clusters (“free” carbons)

[96,121]

. Based on the structure information, several conducting

mechanisms are proposed for PDCs, as described schematically in Figure 15 [122].
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Figure 15: Schematic showing the possible conducting mechanisms in polymer-derived ceramics
[122]

.

Two conducting mechanisms are involved in the PDCs and distinguished by the criterion
of carbon concentration. The electrical conductivity of the materials follows the percolation rule
if the “free” carbon content passes a critical level. In contrast, when the carbon content is below
the critical level, the electrical conductivity should show amorphous semiconducting behavior
which is under the control of matrix phase

[123,124]

. In the percolation model, the electrical

conductivity is mainly influenced by free carbon concentration. So, the ultrahigh piezoresistivity
(piezoresistive coefficient of 1000-4000) is observed in polymer-derived SiCN ceramics which is
corresponded with tunneling–percolation process in the existence of conductive graphene
networks

[125]

. In the matrix-controlled region, it is revealed that the electrical conductivity of
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PDCs is controlled by the bond gap of the amorphous network and the defect states of carbon
dangling bond concentration) [126].

2.5.1.1 D.C - Conductivity of Polymer-Derived Ceramics Annealed at Different Temperature

For high carbon content polymer-derived ceramics as the series of SiCN developed by
Trassl and colleagues [92,104,127], the excess carbon forms of percolation network and controls the
conductivity. On the other hand, the low carbon containing amorphous ceramics, like these
synthesized from Ceraset®, show semi-conducting behavior and an increase of the d.cconductivity with increasing annealing temperatures as suggested by Wang et al

[126]

. The

electrical properties of poly(hydridomethyl)silazane-derived Si-C-N ceramics were reported by
Haluschka et al

[128]

that the d.c.-conductivity was influenced by the conditions of the final heat

treatment which caused the loss of residual hydrogen. Thereby, the electrical conductivity was
increased with increasing the sp2/sp3 ratio of the carbon atoms which lowered the energy barrier
for the transport of charge carriers. Amorphous SiCxNyHz ceramics were prepared by pyrolysis
of 1,3,5-trimethyl-1,3,5-trivinylcyclotrisilazane ([MeViSiNH]3 (VN))

[92]

. The d.c.-conductivity

σdc increases ~ 8 orders of magnitude from 10−7 (Ω·m)−1 (pyrolysis temperature Tp=775 °C) to
101 (Ω·m)−1 (Tp=1400 °C).

The boron-doped SiCN ceramics exhibited significantly higher conductivity at room
temperature (σ=10-8 Ω-1·cm-1) than that of SiCN ceramics (σ=10-12 Ω-1·cm-1) reported by
Hermann et al

[123]

. The conductivity of these ceramics rapidly increased with increasing

temperatures, due to the loss of hydrogen in the pre-ceramic polymers. Considering the high
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conductivity and the unusually excellent high-temperature stability, polymer-derived SiBCN
ceramics have a great potential on the application of high temperature electronics.

2.5.1.2 The Temperature Dependence of the D.C.-Conductivity of Polymer-Derived Ceramics

The dependence of d.c.-conductivities on temperatures is able to provide the information
of the conduction mechanism and the electronic structure of PDCs. Trassl and coworkers

[92]

supported that the temperature dependence of the d.c.-conductivity for SiCxNyHz-ceramics
pyrolyzed at low temperatures (Tp=700–1200 ºC) obeyed a Mott law (Equation 2.11). At higher
pyrolysis temperature (Tp=1400 ºC) samples showed an Arrhenius dependence (Equation 2.12).
The formation of a graphitic-like sp2-carbon phase and its structural rearrangements can explain
the observed electrical behavior.
 T0 14 
 dc T    0  Exp  ( ) 
 T 

(2.11)

E 
)
kT 

(2.12)




 dc T    0  Exp  (

Where, ζdc (T) is the conductivities of samples pyrolyzed at temperature T, ζ0 is constant,
k is Boltzmann constant, ΔE is activation energy (energy gap between Fermi level and
conducting band), and T is temperature.

Hermann et al

[123]

found that the conductivity variance with temperature of both as-

pyrolyzed and annealed samples of boron-free or boron-doped SiCN ceramics exhibited a linear
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behavior when plotted against T-1/4 (Mott law) but nonlinear behavior when plotted with T-1. The
linear behavior of conductivity with T-1/4 indicated that the electrical transport followed a typical
of three-dimensional variable range hopping (3D VRH) mechanism, which subsequently implied
that a number of localized states existed in the mobility gap of these highly disordered ceramics
with unsaturated bonds.

Very recently, the temperature dependent conductivity of polymer-derived amorphous
silicon oxycarbonitride (SiCNO) ceramic was studied by Wang et al

[126]

. Three conduction

mechanisms involved in the materials: conduction in extended states, conduction in band tails,
and conduction in localized states. It was interesting to note that the conduction did not follow
VRH model but a new transport mechanism, in which electrons near Fermi level filled the empty
electronic states near a so-called “transport energy” and then hopped back to lower localized
states, named as band tail hopping conduction mechanism (BTH)

[129,130]

. By considering the

filling rate and assuming an exponential band tail states distribution, BTH model also suggests a
T-1/4 law.

2.5.2 A.C- Conductivity of Polymer-Derived Ceramics

The a.c. conductivity of SiCN ceramics derived from polysilazanes was studied by
Haluschka et al

[128]

. The results showed an amorphous semiconductors behavior that the a.c.

conductivity increased with frequency ν and followed a power-law with the frequency exponent
s≤1 (Figure 16):

 (v)  A  v s
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(2.13)

Equation 2.13 is a typical express in accordance with the hopping or tunneling processes
described by pair approximation

[131]

. By plotting the frequency exponent s with respect to the

measuring temperature (Figure 17), the transport mechanism responsible for the a.c.-conductivity
was derived. The minimum point of curve-fitted s (T) function was the typical feature of large
polaron tunneling, which shifted downward with increasing annealing temperature due to the
enhanced transfer of polarons. The barrier height W’ was found to decrease with increasing
annealing temperature, which corresponded with the increase of the a.c.-conductivity.

Figure 16: Real part of the a.c-conductivity ζ’ depending on the frequency ν and the annealing
temperature Ta [128].
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Figure 17: Frequency exponent s depending on the measuring temperature T and the annealing
temperature Ta (fitting curves are represented by lines) [128].

2.5.3 Dielectric Properties of Polymer-Derived Ceramics

When a dielectric material is placed into an electric field, the charge will be rearranged
inside the medium without long-range transportation due to the dielectric polarization. Such
dielectric properties vary with frequency and have been attributed to four kinds of mechanisms
of electrical polarization: electronic/atomic polarization, ionic polarization, dipolar/orientational
polarization, and space charge (thermal ions relaxation) polarization.

If a dielectric medium is inserted into a capacitor of vacuum capacitance C0, the
improved capacitance C of the capacitor due to dielectric polarization can be described by the
relative dielectric constant as shown in Equation 2.14.
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r 

C
C0

(2.14)

where, εr is the relative dielectric constant, C is the capacitance of the capacitor with dielectric
medium, and C0 is the capacitance of the capacitor separated by vacuum.

In more common condition, the dielectrics works in an alternating electric field, thus the
relative constant is conveniently expressed in a complex (Equation 2.15).

  '  i"

(2.15)

where, ε’ and ε” are the real and imaginary parts of the dielectric constants, respectively.

If the responses of dielectric materials cannot follow the external electric fields, the
energy is going to dissipate by heat or radiation. The dissipation of energy is called dielectric
loss, and described as loss tangent (tanδ) or loss factor in Equation 2.16.

tan  

"
'

(2.16)

A considerable time for the charge redistribution is required after the application of the
electric field on dielectric medium, and it is named as relaxation time with the definition of
Equation 2.17.
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1 E / kT
e
2

(2.17)

where, η is relaxation time, ν is vibration frequency of ions, ΔE is thermal activation energy of
ions, k is Boltzmann constant and T is temperature.

Jiang

[132]

studied the dielectric properties of SiCN ceramics derived from polysilazane,

and found their dielectric constants increased with increasing annealing temperatures, but the
relaxation time decreased. It indicated that the space charge, i.e. the ions and electrons near to
defects, increased due to more defects at higher annealing temperatures. In addition, several
kinds of defects related to Si- and C- bond can also provide ions relaxation polarization at
different temperatures.

Ren et al

[133,134]

measured the dielectric properties of polymer-derived SiCN ceramics

using a high quality (Q) factor resonator method at microwave frequencies under test
temperature from room temperature to 500 ºC. It is found that the dielectric constant and loss
tangent of SiCN at ambient temperature are 4.358 and 5.26x10-3, respectively. And the dielectric
constant of SiCN ceramics increases with increasing temperature which makes them as a great
candidate for high temperature sensor applications because of their excellent dielectric constants,
low loss tangent and high temperature stability.
The porous Si3N4–SiC(BN) ceramic was prepared by precursor infiltration pyrolysis (PIP)
using a boron and nitrogen doped polycarbosilane as precursor and a porous Si3N4 ceramic as
perform pyrolyzed from 900 °C to 1800 °C [135]. The synthesized porous Si3N4–SiC(BN) ceramic
had higher dielectric constant and loss than Si3N4 ceramic, and the dielectric properties were
improved as the annealing temperature increased from 900 ºC to 1800 ºC. The high dielectric
41

loss of the polymer-derived SiC(BN) is attributed to dipolar polarization and the increase of
grain boundary. The authors claimed that the polymer-derived SiC(BN) is an excellent
electromagnetic wave absorber.
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CHAPTER THREE: SYNTHESIS OF POLYBOROSILAZANES
3.1 Introduction

The pre-ceramic polymer precursors are the key for polymer-derived ceramics (PDC).
Not only microstructure and composition, but also thermal, electrical as well as optical properties
of PDC are determined by the molecular structure of precursor. Therefore, PDC offers a bottomup route for fabrication of ceramic with tunable properties via systematical and deliberate design
and modify of polymer precursors. In this chapter, the synthesis of polyborosilazanes with
different silicon to boron mole ratio is reported. The molecular structure and cross-link behavior
of polymer precursors are studied by FT-IR, NMR.

3.2 Experiments

3.2.1 Synthesis of Polyborosilazanes

3.2.1.1 Starting Materials

1. The polysilazane used in this work is a commercially available precursor HTT1800
from KiON Corp. (Columbus, OH), a Clariant Business. The HTT1800 as received is a clear
liquid and the molecule formula is showed in Figure 18 from supplier.
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Figure 18: The molecular structure of polysilazane (HTT1800)

2. Borane dimethyl sulfide (BH3·Me2S) (BDS) from Aldrich, USA is used as boronsources. It is solved in toluene with a 2M concentration, and its molecule formula is showed in
Figure 19.

H3C

H
S

H3C

B

H
H

Figure 19: The molecular structure of Borane dimethyl sulfide

3. Toluene (C6H5CH3) (anhydrous, 99.8%, Sigma-Aldrich) is also used as solvent, its
molecule formula is showed in Figure 20.

CH3
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Figure 20: The molecular structure of Toluene

3.2.1.2 Synthesis Route of Polyborosilazane

To systematically study the influence of boron on the properties of SiCN ceramics,
boron-doped polysilazanes with different amounts of boron were synthesized via four steps:

Step 1: Borane dimethyl sulfide was added into the mixture of HTT1800 and toluene,
stirring at room temperature under nitrogen protection in three neck flasks.
Step 2: Gradually increasing the temperature to 350 C, refluxing for 24 hours.
Step 3: Keeping the temperature at 90 C, vacuuming to remove the solvent for 10 hours.
Step 4: Transferring the residue to vacuum oven for 24 hours at 120 C, a white odorless
solid was obtained.

The following precursors with different Si/B mole ratio were prepared: 2:1, 4:1, 6:1, 12:1,
16:1, and ∞ (pure HTT1800). The samples were named with their mole ratio plus post process
temperature as listed in Table 1 in this study.

Table 1 List of synthesized polyborosilazanes with their nomenclature

Si to B mole ratio

2:1

4:1

6:1

12:1

16:1

∞

Sample Name

Si2B1

Si4B1

Si6B1

Si12B1

Si16B1

SiCN
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A typical procedure for synthesis of polyborosilazane with silicon to boron mole ratio 4:1
was described as following. A 250 mL three-necked round-bottom flask, equipped with a
magnetic stirrer and a reflux condenser, was vacuumed and then purged with N2 gas three times
before use. 18.0 g HTT1800 (55.9 mmol, purchased from KiON Corporation, Columbus, OH)
was dissolved in 60 mL toluene (purchased from Sigma-Aldrich, USA) under N2 protection.
Then stoichiometric amount of borane dimethyl sulfide (BH3·Me2S, BH3 concentration 1.92 M,
purchased from Sigma-Aldrich, USA) 36.4 mL (69.9 mmol) was added at ice bath (~0 ̊C). The
solution was slowly heated to reflux in oil bath and refluxed for 24 hours. Reducing the
temperature to 90 ̊C, then the solvent was removed under vacuum for 10 hours. The residue was
further vacuum dried at 120 ̊C for 24 hours. Then a white odorless solid was prepared.

3.2.2 Characterization

3.2.2.1 NMR Spectra Measurement

The nuclear magnetic resonance (NMR) is an indispensable tool to probe the local
chemical environment of polymer and ceramics by detecting the specific quantum mechanical
magnetic properties of the atomic nucleus.

The synthesized polyborosilazanes were dissolved in deuterated chloroform (99.8 atom %
D, Acros Organics, Morris Plains, NJ), and then their liquid 1H-NMR and

13

C-NMR were

studied using Varian Gemini-500 spectrometer at 11.7T (Oxford, 51mm Unshielded, 1H
frequency: 500 MHz) and tetramethylsilane (TMS) as internal standard. The acquisition
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procedures were used from the standard experimental parameters found in the sn.par files
included in VNMRJ.

The solid-state

29

Si-NMR spectroscopy of cross-linked polyborosilazanes and

polysilazane were measured to allow the observation of chemical structural development during
polymer-to-ceramic transfer process in the temperature range of 30~700 ºC. The fabricated
SiBCN materials were firstly ball-milled into powder, and then the NMR measurements were
characterized at the National High Magnetic Field Laboratory (NHMFL) in Tallahassee, FL as
the following procedure.

The high resolution solid-state magic angle spinning (MAS) NMR experiments were
carried out on Bruker DRX spectrometer at a static magnetic field of 19.6 T (1H frequency: 830
MHz) using a home-built 4 mm magic angle spinning (MAS) probe.
Larmor frequencies of 165.5 MHz. All

29

Si NMR was recorded at

29

Si spectra were acquired using a standard single pulse

sequence with a tip angle of about 45 degrees and a recycle delay time of 5s with accumulation
numbers 2048 scans. The 29Si chemical shifts are referenced to tetramethylsilane (TMS).

3.2.2.2 FTIR Spectra Measurement

Fourier transform infrared spectroscopy (FTIR) is employed by researchers as an
important technique to obtain information of chemical bonds in a molecule. The pre-ceramic
precursors, polyborosilazanes, were investigated by PerkinElmer
(PerkinElmer Inc., Waltham, MA).
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FTIR spectrometer

3.2.2.3 TGA Measurement

The thermogravimetric analysis (TGA) was performed on a Perkin-Elmer Simultaneous
Thermal Analysis STA600 (Waltham, Massachusetts, USA), at a heating rate of 10 ºC/min to
1000 ºC in an inert atmosphere of Ar (20.0 ml/min).

3.3 Results and Discussion

3.3.1 NMR Spectra of SiBCN Precursors
The 1H-NMR investigation of the prepared polyborosilazane was acquired with a Varian
Mercury Gemini Spectrometer at 500 MHz using CDCl3 as the solvent (Figure 21).
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Figure 21: (a) 1H-NMR of HTT1800, polyborosilazanes, and BDS, (b) partially enlarged 1HNMR of HTT1800, Si16B1, and Si12B1
1

H-NMR spectra of HTT1800 (Figure 21 (a)) shows four characteristics peaks, which can

be assigned to Si-CH=CH2 (5.73-6.21 ppm), Si-H (4.33-4.72 ppm), N-H (0.66-1.06 ppm) and SiCH3 (0.06-0.37 ppm), respectively. The peaks of BDS are related to the C-H group of bezene
(7.01-7.20 ppm), the CH3 group (2.21-2.31 ppm), the S-CH3 group (2.15 ppm), and the B-H
group of borane (1.29-1.92 ppm).

After reaction with BDS, the signal of the vinyl group from HTT1800 around 6 ppm is
vanished in all spectra of polyborosilazanes as shown in Figure 21 (a), excepted for
polyborosilazane with Si to B ratio 16:1 (Si16B1) (Figure 21 (b)). Besides, the N-H peak (~0.6
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ppm) is diminished as the increase of boron content, and cannot be detected for polyborosilazane
with Si to B ratio 2:1 (Si2B1). It implies that the polyborosilazanes are successfully synthesized
by the hydroboration reaction between the B-H group of borane and the Si-CH=CH2 groups of
HTT1800, and the dehydrocoupling reaction between the N-H and the B-H groups, as reported in
literatures [64,66]. The 1H-NMR results coincide with the FTIR spectra as shown in the next part.
The hydroboration reaction is further manifested by the 13C-NMR, which is recorded by
Varian Mercury Gemini Spectrometer at 125 MHz using CDCl3 as the solvent. As shown in the
spectrum of Si12B1 (Figure 22), the signal appeared at 29 ppm is assigned to SiBCHCH3 group,
CH3C unit is responsible for the resonances at 19 ppm, CH2CSi and CH2CB groups are related
to the resonance around 12 ppm as suggested in literature

[26]

. The additions on α- and β-vinyl

carbon from borane are responsible for these peaks. The broad peaks from 3 to -1 ppm come
from the methyl groups bonded to silicon.
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Figure 22: 13C-NMR of Polyborosilazane with Si/B ratio =12:1.

3.3.2 FTIR Spectra of SiBCN Precursors

The polyborosilazane in our studies was synthesized using borane dimethyl sulfide and a
commercially available

polysilazane

HTT1800

via

the

dehydrocoupling reactions, which were reported in the literature

hydroboration
[66]

reaction

and

. Borane is expected to react

with the vinyl groups (hydroboration reaction) and the amine groups (dehydrocoupling reaction)
of HTT1800, generating white, cross-linked powders after removing of solvents. The prepared
precursors were characterized by Fourier transform infrared spectroscopy (FTIR), the
representative spectra were plotted in Figure 23.
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Figure 23: FTIR spectra of HTT1800 and SiBCN preceramic polymers
In HTT1800 FTIR spectrum, the bands at 3378 cm-1 and 1159 cm-1 can be assigned to the
N-H stretching and the vibration of NH unit bridging two silicon atoms, respectively. The Si-N
stretching appears at 872 cm-1. The band at 1592 cm-1 represents the C=C stretching vibration,
along with the vinyl group absorbs at 1404 cm-1 due to the scissoring of terminal methylene. The
C-H vibrations of vinyl group occur at 3049 and 3007 cm-1. The strong absorption band assigned
to Si-H vibration appears at 2118 cm-1. The characteristics band of Si-CH3 groups locates at 1254
cm-1, coupled with C-H stretching at 2955 and 2899 cm-1.

The FTIR spectra of the SiBCN polymer precursors show a broad B-N vibration band at
1300 (Si/B=2:1) or 1315 (Si/B=4:1) cm-1 in addition to the N-H stretching at 3394 cm-1 and 1151
cm-1. The Si-N stretching (872 cm-1) is split into two peaks at about 890 cm-1 and 850 cm-1,
which can be assigned to the Si-N and Si-N-B stretchings, respectively. These observations are
in accordance with the dehydrocoupling reaction between the amine (N-H) groups of HTT1800
and the B-H groups of borane. The absorption bands assigned to the vinyl groups (3049, 3007,
1592, and 1404 cm-1) are not detected, suggesting that the hydroboration reaction between the BH and the CH2=CH groups proceeds simultaneously with the dehydrocoupling reaction. The
absorption band at 2500 cm-1 clearly confirms the presence of the B-H vibrations in Si2B1
polyborosilazane, but it was not observed in Si4B1. The B-H groups can act as active functional
sites for further cross-linking reactions [24].
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3.3.3 Synthesis Scheme of SiBCN Precursor

From the FTIR and NMR spectra, one can safely deduce the synthesis scheme of
polyborosilazane as shown in Figure 24: The polysilazane is crosslinked by the hydroboration
and dehydrocoupling reaction with BDS to form SiBCN precursors.
Δ
CH=CH2 + B-H 
 B-CH-CH3

(Hydroboration reaction)

Δ
N-H + B-H 
 B-N + H 2

(Dehydrocoupling reaction)
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Figure 24: Synthesis scheme of Polyborosilazane (R= [(C2H4)Si(CH3)-NH-], [N-Si(H)(CH3)-], or
H).

The data also implied that, in this synthesis, the hydroboration of borane and vinyl groups
is prior to the dehydrocoupling reaction between amine groups and borane, which means boron
prefers to bond carbon. This conclusion was obtained from 1H-NMR spectra. In 1 mole
HTT1800, there are 0.2 mole vinyl group and 1 mole N-H group which can react with borane.
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And 1 mole borane has 3 mole B-H groups, thus the maxima silicon to boron ratio in the
synthesized polyborosilazanes will be 2.5 to 1. It was noticed that all the NMR results of
polyborosilazanes with different Si/B ratio did not show the resonance of vinyl group at 6 ppm,
excluding Si16B1. If the reactivity of dehydrocoupling reaction is higher than that of
hydroboration, the proton-NMR spectra of all polyborosilazanes except Si2B1 should have vinyl
group signal, thus this assumption is wrong. If assuming the reaction probability of B to C is
equal to B to N, the -CH=CH2 peak would be detected in spectra of Si12B1 and Si16B1.
Therefore, the only possibility was that the hydroboration is prior to the dehydrocoupling
reaction, and it was confirmed by the vinyl signal probed in the proton-NMR of Si16B1. Based
on these results, various polyborosilazanes with diverse boron content as well as distinct boron
bonding environments were able to be produced.

3.3.4 Cross-linking of SiBCN Precursors

One of the most intriguing characters of polymer-derived ceramics is their abilities of
forming complex component, including fibers, coating layers and MEMS, by well-developed
plastic forming technologies as well as micro-machining [11,32,40,42,43]. These outstanding features
are achieved by the latent reactivity of functional groups in precursors at relatively low
temperature. Thence, the curing behaviors of pre-ceramic polymers are extremely significant for
the application and properties of PDCs. In this section, the cross-linking behaviors of
polyborosilazanes and polysilazane were investigated.

54

The liquid polysilazane, HTT1800, was first cross-linked without any catalyst in a Teflon
tube at 200 ºC for 16 hours under ultrahigh-purity argon (UHP Ar) gas protection in order to
avoid contact with air, and the obtained white solid was further ball-milled to fine powders. The
solid polyborosilazanes were cured at 200 ̊C and 400 ̊C for 4 hours in tube furnace with UHP Ar
flow, and then were ball-milled for characterization. The solid-state NMR was employed to
probe the structure evolution of cured HTT1800 and polyborosilazanes due to their superior
sensitivity for both amorphous and crystalline samples. The solid-state
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Si-NMR spectra of

cured SiBCN or SiCN precursors were plotted in Figure 25.
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Figure 25: Solid-state 29Si-NMR of HTT1800 cured at 200 ̊C (a), Si6B1 (b), and Si4B1 (c) cured
at 200 ̊C and 400 ̊C.

The cross-linked HTT1800 showed two distinctive peak groups (Figure 25 (a)). One was
located at -22 ppm related to SiN2CH. The other was centered at -1 ppm with two clear split
peaks, and all of them were assigned to SiN2C2, but with different bond configurations as
reported in literatures

[20,94]

. The -4 ppm resonance was due to six-member ring SiN2C2 group,

and the 2 ppm peak was considered to four-member ring or chain SiN2C2 group. The appearance
of SiN2C2 suggested that the self curing process of HTT1800 was conducted by the
hydrosilylation of vinyl and Si-H groups (Equation 3.1).
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Si

Si
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(3.1)
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Si
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Si
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H

CH3

(3.2)

From the molecular structure of polysilazane HTT1800 (Figure 18), it assumed that the
functional groups of vinyl had the potential to initial cross-linking by hydrosilylation with Si-H
groups or polymerization of themselves (Equation 3.2). Previous researches claimed that the
hydrosilylation of Si-H and Si-CH2=CH2 groups in polysilazanes are more reactive than
polymerization of vinyl groups, and it started to react at 120 ~ 250 ̊C

[20,80]

. On the contrary, the

rival polymerization of vinyl only reacted at higher temperatures (>350 ̊C), thus one could
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conclude that the hydrosilylation would dominate during cross-link. Howbeit, the polymerization
could be initiated at 50 ̊C in the addition of peroxides [136].

The
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Si-NMR of polyborosilazanes with Si/B ratio 6:1 and 4:1 (Figure 25 (b) and (c),

respectively) showed distinct signals compared with boron-free polysilazane HTT1800. All the
peaks of Figure 25 were summarized in Table 2, and the peaks assignments were also listed in.
Table 2 Solid-state 29Si NMR chemical shift values and related assignments of cross-linked
polyborosilazanes and polysilazane

δ (ppm)
2
-4
-22

Polysilazane
Assignments
SiN2C2 chain
SiN2C2 ring
SiN2CH

Polyborosilazanes
δ (ppm) Assignments Reference
-3
SiN2C2
84
-22
SiCN3
84
-34.5
SiN2CH
126

Reference
79
79
61, 79

From the list, there were three characteristic signals for cross-linked polyborosilazanes.
The peak around -3 ppm, in which also observed in the polysilazane, was still existed, due to
SiN2C2 group. The resonance at -22 ppm was assigned to SiCN3, and the one at around -35 ppm
was attributed to SiN2CH

[137]

. It was noticed that the chemical shift of SiN2CH unit had been

changed from -22 ppm in cross-linked HTT1800 to -34.5 ppm due to the formation of B-N bond.
The ratio of integrate area of SiN2C2 to (SiCN3 + SiN2CH) is 1:4.1, which supported the peak
assignments too, because SiN2C2 could only come from the [ Si(CH=CH2 )CH3 -NH ] groups of
HTT1800 with 20% mole percent (Figure 18). As discussed in Section 3.3.3, the
polyborosilazanes were synthesized by hydroboration and dehydrocoupling reaction, thus the
only latent reactive functional groups in the polymers were the residual Si-H and N-H bonds.
57

The observed signal of SiCN3 is the evidence of cross-linking reaction between Si-H and N-H
groups (Equation 3.3).
N-H + Si-H → Si-N + H2 ↑

(3.3)

As the cross-linking temperature was raised from 200 ̊C to 400 ̊C, the intensity of SiCN3
environment was increased by the expenditure of SiN2CH units. And the signal increment of
Si6B1 was more than the one of Si4B1. This difference is due to the higher N-H content of
Si6B1 in contrast with Si4B1.
There is a “bump” observed in the NMR spectra of cured HTT1800 and
polyborosilazanes at about -100 ppm, and one extra peak at ~ -70 ppm in boron-doped samples.
These signals originated from oxygen contamination in the experiment process, e.g., ball-milling,
samples transfer, and compress.

It is of significance that the ceramic yield is excellent when the pre-ceramic polymers
were pyrolyzed through the polymer-to-ceramic conversion process, peculiarly, in the
application of coating and MEMS. For the evaluation of the ceramic yield for the polysialazane
and polyborosilazane, the TGA experiments were carried out. The typical TGA curves as well as
yields of HTT1800 and polyborosilazanes with different Si/B mole ratio were shown in Figure
26 and Table 3.
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Figure 26: Thermogravimetric analysis (TGA) of HTT1800 and polyborosilazanes (Si/B- ratios
of 12/1, 6/1, and 2/1).

Table 3 The ceramic yield of HTT1800 and polyborosilazanes with different Si/B mole ratio at
1000 ̊C

Precursor Name

HTT1800

Si12B1

Si6B1

Si2B1

Yield (%)

70.9

84.1

88.1

90.3

From the results, the ceramics yields of polyborosilazanes were improved more than 14%
when contrast with the non-boron-modified polysilazane, HTT1800, and they were increased as
the boron content went up. As shown in TGA (Figure 26), the weight loss curve of HTT1800
was extremely steep in the polymer -to-ceramic conversion range (200 ̊C- 700 ̊C), because it has
relatively higher percentage of reactive functional groups than polyborosilazanes. These active
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groups would react with each other to release CH4, NH3, and H2, and finally reduce the ceramic
yield of HTT1800.

3.4 Summary

In this chapter, the polyborosilazanes with different silicon to boron mole ratio were
successfully synthesized via hydroboration and dehydrocoupling reaction. The molecular
structure of the prepared polyborosilazanes was investigated by FT-IR and NMR spectra, and the
synthesis mechanism was deduced from these data. The cross-linking behaviors of polysilazane
and polyborosilazanes were also explored by solid-state 29Si-NMR, and the results suggested that
hydrosilylation of HTT1800 and cross-link between Si-H and N-H groups of polyborosilazanes
were the dominant reactions in their polymer-to-ceramic conversion process. The produced
polyborosilazanes showed a great improvement in ceramic yield compared with polysilazane.
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CHAPTER FOUR: STRUCTURE OF POLYMER-DERIVED SiBCN
CERAMICS
4.1 Introduction

The refractory non-oxide ceramics were fabricated by the pyrolysis of polymer
precursors at relatively low temperature compared to traditional methods, with the advantages of
homogeneous atom distribution and convenience of shaping. This technical breakthrough
attracted researchers’ great interests since it born [35], and numerous literatures were reported on
the silicon-based PDCs system. Among them, the precursor-derived covalent amorphous
siliconborocarbonitride (SiBCN) ceramics exhibited noticeable thermo-mechanical properties
that could withstand at 2200 ºC [16,17]. The mechanism of excellent thermal stability was ascribed
to kinetic cause. In this chapter, the SiBCN ceramics were fabricated from the thermal
decomposition of polyborosilazanes with different Si/B mole ratio which were described in
chapter Three. The microstructure and structural development during pyrolysis of prepared
SiBCN were studied by solid-state NMR, Raman spectroscopy and EPR. The effects of boron
content and the polymer architecture on the microstructure and thermal stabilities of SiBCN
ceramics were discussed.
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4.2 Experiments

4.2.1 Shaping of Cross-linked Precursors

The SiCN ceramic precursor, HTT1800, was firstly cured at 200 ºC for 16 hours under
ultrahigh-purity argon (UHP Ar) gas protection, and then post-cured at 400 ºC for 6 hours. The
crystal clear cross-linked solid was ball-milled in high energy ball milling (8000M-115, Spex
Certiprep Group, Metuchen, NJ) for 30 minutes. The prepared white powders were mixed with
liquid HTT1800, and compressed into disks of 12.5 mm in diameter and 3-8 mm in thickness by
hydraulic laboratory press (Automatic 4533, Carver, Inc., Wabash, IN) at 3 tons for 5 minutes.

The polyborosilazanes were directly ball-milled without post heat treatments. The white
or yellowish powders were compacted into cylinders under the same conditions of SiCN disks,
but without liquid binder.

4.2.2 Pyrolysis and Annealing of Polysilazane and Polyborosilazanes Disks

The compacted discs of HTT1800 and polyborosilazanes with different Si/B ratios were
pyrolyzed in a quartz tube under a steady flow of argon (UHP Ar) in a tube furnace (GSL-1100X,
MTI Corporation, Richmond, CA) to 1000 ̊C as shown in Figure 27 (a) as the following cycle: (i)
a heating rate of 3 ºC/min from room temperature to 900 ºC, (ii) a 1 ºC/min ramp to 1000 ºC, (iii)
a 4 hours dwelling time at 1000 ºC, and (iv) a cooling rate of 5 ºC/min to room temperature.
Further annealing to desired temperatures (1100, 1200, 1300, 1400 (1350 for SiCN), 1500, and
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1600 C) was prepared by the following procedure (Figure 27 (b)) under UHP Ar atmosphere in
a tube furnace (GSL-1600X, MTI Corporation, Richmond, CA) equipped with an alumina tube.
The obtained SiCN and SiBCN ceramic discs were then annealed at 600 C for 2 hours in
air to remove the surface carbon for dielectric and electric measurements.
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Figure 27: Pyrolysis (a) and annealing (b) programs for SiCN and SiBCN ceramics.

4.2.3 Characterization

4.2.3.1 Solid-state NMR Spectra Measurement

The solid-state NMR spectroscopy of SiCN and SiBCN ceramics pyrolyzed at various
temperatures was utilized to investigate the chemical structural development during polymer-toceramic transfer process in a pyrolysis temperature range of 1000~1600 ̊C. The fabricated SiCN
and SiBCN materials were firstly ball-milled into powder, and then characterized at the National
High Magnetic Field Laboratory (NHMFL) in Tallahassee, FL, the characterization parameters
were stated as the following.
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The high resolution solid-state magic angle spinning (MAS) NMR experiments were
carried out on Bruker DRX spectrometer at a static magnetic field of 19.6 T (1H frequency: 830
MHz) using a home-built 4 mm magic angle spinning (MAS) probe. 11B NMR experiments were
performed at 267.4 MHz. 11B NMR spinecho were recorded at 50 kHz rf field at a pulse length
of 3 and 6 μs with a recycle delay of 2 s and a sample rotation frequency of 10 kHz. The spectra
were calibrated relative to an aqueous solution of H3BO3 (δ = 19.6 ppm) as an external standard
and are given relative to BF3·OEt2 (δ = 0 ppm). 29Si NMR was recorded at Larmor frequencies of
165.5 MHz. All

29

Si spectra were acquired using a standard single pulse sequence with a tip

angle of about 45 degrees and a recycle delay time of 5s with accumulation numbers 2048 scans.
The 29Si chemical shifts are referenced to tetramethylsilane (TMS).

4.2.3.2 Raman Spectra Measurement

Non-destructive characterization technique, Raman spectroscopy, was the tool of choice
for identifying multifarious materials, and especially useful for probing “free carbon” in PDC.
The Raman spectra were obtained from Renishaw inVia Raman microscopy (Renishaw Inc.,
Gloucestershire, UK), equipping a 532 nm line of silicon-solid laser excitation source and a
sensitive Peltier-cooled couple charged device (CCD) detector. The laser beam was focused on
the sample through an x 50 objective lens purchased from Leica. And the laser spot size was
about 10 μm in diameter and the laser power on the sample was kept below 2.5 mW to avoid
decomposition of surface carbon. At least 10 Raman spectra were obtained for each disk by
mapping acquisition for minimizing the measuring error associated.
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4.2.3.3 XRD Spectra Measurement

X-ray diffraction (XRD) detects the atomic structure of target materials from diffracted xrays, which is due to the elastic scattering of incident X-rays from the electron clouds of
measured sample. It is a powerful weapon to explore the crystal structure and lattice parameters
of solid materials as well as identification of unknown materials, but it’s not such useful to get
the information of amorphous materials. In this study, XRD was characterized by Rigaku
D/MAX X-ray Diffractometer (XRD Rigaku, Tokyo, Japan) using a monochromatic Cu-Kα
radiation with a wavelength of λ/2 = 154.06 pm, to study the crystallization behavior of SiBCN
materials during pyrolysis process. The XRD showed amorphous characters for all SiCN
ceramics derived from HTT1800 at temperature range of 1000 to 1350 ºC.

4.2.3.4 HT-TG/DTA Measurement

The thermogravimetric analysis (TGA) was performed to explore the polymer-to-ceramic
conversion of cross-linked HTT1800 precursor and thermal stability of synthesized amorphous
SiCN ceramics (SDT Q600, TA Instruments, New Castle, DE) in UHP Ar atmosphere between
room temperature and 1400 ºC (heating rate of 5 ºC/min, argon flow 150.0 ml/min, data recorded
from 200 to 1400 ºC).

The pyrolysis procedure of polyborosilazanes was investigated using a high temperature
thermal gravimetric analyzer (Netzsch STA 409 C/CD, Selb, Germany) in the temperature range
of 30 - 2000 ̊C. The test was carried out under argon protection at a ramping rate of 10 ºC/min.
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4.2.3.5 EPR Spectra Measurement

The unpaired electrons in polymer derived ceramics, which formed during pyrolysis, are
extraordinarily important to their electronic properties. EPR has been proven as a requisite tool
to explore these unpaired electron spins (also known as dangling bonds), including their
concentration and status of distribution in SiBCN ceramics.

For EPR measurements, the synthesized SiBCN materials were ball-milled into fine
powders. The X-band (9.5 GHz) EPR spectra of the various SiBCN ceramics at room
temperatures were recorded on a Bruker ECS-106 spectrometer (Bruker Instruments, Billerica,
MA) at the Kasha Laboratory in Florida State University (Tallahassee, FL), using a TE102 cavity
with a microwave power 2 mV. The modulation frequency was 100 kHz.

The G-band (406 GHz) EPR spectra from 3K to 300 K were recorded on a home-built
spectrometer at the National High Magnetic Field Laboratory (NHMFL) in Tallahassee, FL. The
instrument was a transmission-type device in which microwaves are propagated along a 10 mm
cylindrical waveguide through the sample compartment and further towards the bolometer
detector. The microwaves were generated by a phase locked Virginia Diodes source, generating
a frequency of 406.4000(4) GHz (g ≈ 2.00 around 14.52 T). A superconducting magnet (Oxford
Instruments) capable of reaching a field of 17 T was employed. Thin Teflon vessels with an
outer diameter of 9 mm and a depth of up to 10 mm or more are used as sample containers.
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4.3 Results and Discussion

4.3.1 Morphology of SiBCN Ceramics

The pyrolyzed and annealed amorphous SiCN and SiBCN samples are black ceramic
materials as shown in Figure 28. The diameter of the sample is about 9 millimeter. The black
color is a hint for the formation of free carbon phase [22,24,138]. For the ceramics pyrolyzed at 1600
ºC, the color changed to grey, which might be due to the decrease of carbon concentration.
Figure 29 is a SEM image of pyrolyzed SiBCN. It is seen that the material is not fully dense and
contains some pores caused by the gas release during pyrolysis.

Figure 28: Pyrolyzed and annealed SiBCN ceramics disks.
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Figure 29: SEM picture of SiBCN sample (Si/B ratio=4:1) pyrolyzed at 1000 C.

The element contents of SiBCN ceramics were measured by energy dispersive X-Ray
fluorescence spectrometer (EDX) Genesis 2000 (EDAX Co.) equipped on S4800 SEM, and
calculated by the modification with certified reference material SiC (purity>99.9%), Si3N4
(>99.99%), BN (>9.999%) and SiO2 (>9.999%), the data were listed in Table 4. The silicon to
boron ratio of fabricated ceramics was close to the designed ratio of polyborosilazanes precursor.

Table 4 Element mole ratio of SiBCN ceramics with Si/B ratio 4:1 measured by EDX

Temperature / ºC
1000
1100
1600

Si
1
1
1

N
1.012
0.992
0.955

C
0.676
0.689
0.761

B
0.247
0.238
0.278

O
0.128
0.194
0.060

4.3.2 Thermal stability of SiBCN ceramics
The polymer-derived SiCN ceramics possess fantabulous thermal stability below 1500 ̊C
[20,138,139]

. Furthermore, the higher temperature stability will be tremendously enhanced to 2200 C
̊

by boron doping

[17]

. This extraordinary improvement was explained by the formation of C-BN

layer structure in the SiCxN4-x matrix as a barrier to restrain the crystallization of silicon nitride
and retard the carbon diffusion
thermal stability

[101]

[70,140]

. It’s also suggested that the more doped boron, the higher

, and the addition of boron increases the driving energy required for the

crystallization process [25,100].

The pyrolysis process of the cross-linked HTT1800 was studied by thermal gravimetric
analysis (TGA), and the results are shown in Figure 30. As revealed by the differential
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thermogravimetric (DTG) curve, the weight loss of cross-linked HTT1800 has four-steps: (1) an
initial mass loss of 2% between 200 and 380 ºC due to the release of low molecular-weight
oligomers, (2) 5% loss in 380 – 570 ºC range resulted from the evolution of ammonia (NH3) by
transamination reactions and the consequently formed oligomeric units, (3) a major decrease of 8%
between 570 and 750 ºC by the release of hydrogen (H2) and methane (CH4), and (4) a weight
loss of 1.8 % between 750 and 1000 ºC because of the H2 evolution [19-21,116]. From 1000 to 1400
ºC, the weight curve shows a straight line without detectable loss.

The pyrolysis and crystallization of SiBCN ceramics were monitored by HT-TG/DTA,
the curve of polyborosilazane with Si/B mole ratio 4:1 were shown in Figure 31.
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Figure 30: TGA and DTG curves of cross-linked HTT1800.
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Figure 31: HT-TG/DTA curve of polyborosilazane with Si/B ratio 4:1.

The TG curve of Si4B1 showed four stages of weight changes from 30 to 2000 ºC. The
first one happened between 100 and 500 ºC with 5% loss is due to the release of oligomers, C2
and C4 units as discussed at section 3.3.4, which is similar to literatures [21,24]. The second step of
mass loss in range of 500-860 ºC range was caused by the formation of CH4 and H2 during
polymer-to-ceramic transformation. From 1000 to 1500 ºC, the curve exhibited a straight line
with a total 12 % mass loss. The main weight loss took place in the temperature range of 1500 to
1700 ºC because the silicon nitride reacted with carbon to form silicon carbide and nitrogen
(Equation 4.1), and the amorphous SiBCN ceramics started to crystallize. The final 5% decrease
from 1800 to 2000 ºC was accounted for the decomposition of silicon nitride into liquid silicon
and nitrogen (Equation 4.2) [141,142].
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Si3N4 (s) + 3C(s) → 3SiC(s) + 2N2(g)
Si3N4 (s) → 3Si(s) + 2N2(g)

(4.1)

(4.2)

X-ray power diffraction was performed to investigate the crystallization procedure of
SiBCN. Figure 32 was the measurement results for Si4B1 ceramics with different pyrolysis
temperatures. As it shown, the prepared ceramics were typically amorphous solid until the
annealing temperature was increased to 1600 ºC. This observation was consistent with the HTTG data. After annealing above 1500 ºC, the XRD pattern showed three broad peaks at 2θ = 35°,
60°and 72°, which originated from the (111), (220) and (311) plane of β-SiC. Intriguingly, the
graphite-like carbon peak at 2θ = 26.5°, which was attributed to (002) plane of turbostratic
carbon

[138,143,144]

, was detected at all XRD patterns of Si4B1 ceramics even for the sample

pyrolyzed at 1000 ºC, and it got sharper as the annealing temperature was improved which
suggested that the carbon phase was ordering in c-axis direction.
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Figure 32: X-ray diffraction (XRD) of SiBCN ceramics with Si/B ratio 4:1 at different annealing
temperatures.

These data showed that, by boron doping, the high temperature thermal stability of
SiBCN ceramics exhibited only a slight improvement, comparing with the previous reports [16,17].
The Si4B1 ceramics decomposed at 1500 ºC, while the boron-free SiCN samples with the similar
pyrolysis process degraded at 1400 ºC

[16,20]

. Considering there was the 5 wt. % of boron in the

Si4B1 ceramics, this result was not in expect. As reported by Müller and coworkers [100], the 2.6
wt. % of boron would lead to a thermal stabilization to 1650 ºC, and further went up to 1900 ºC
by 5.9 wt. % of doping. An analogous ceramic prepared from different synthesis methods was
claimed to be stable at 2000 ºC by Riedel

[16]

. Oppositely, some researcher observed the limited

effect of boron doping on the enhancement of thermal properties, but without explains
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[21,137,145]

.

This deviation of thermal stability between literature and present studies could be clarified from
the molecular structure of synthesized polyborosilazanes. The precursor, which was used to
fabricate SiBCN ceramics with high thermal stability, was synthesized from polyvinylsilazanes
with vinyl to Si mole ratio 1:1, as shown in Equation 4.3

[100]

. The mole ratio of borane to

polyvinylsilazanes was less than 1/3 (i.e. the mole ratio of B-H bonds to vinyl groups < 1:1).

R

H
Si N

+ H3B.SMe2

R

R

H
Si N

H
Si N

R

R

(4.3)

From the synthesis scheme as shown in Section 3.3.3, the borane would only react with
the vinyl groups and all the boron atoms were bonded to carbon. The B-C bonds formed from
this hydroboration would restrain the diffusion of carbon and thus reduce the free carbon phase
fraction in matrix when the polyborosilazanes were annealed at high temperature. Therefore, the
reaction of Equation 4.1 would be prevented, and the prepared SiBCN owned higher thermal
stability than boron-free samples. In contrast, the polysilazanes used in our synthesis only
contained 20% of vinyl group (Figure 18), thus the majority of boron bonding environments in
the prepared SiBCN ceramics was the B-N bond rather than B-C bond. It was calculated that the
amount of B-C bonds in Si4B1 ceramics was 1 wt%, only one sixth of the polyborosilazane used
in literature

[100]

. Based on those results, the thermal stability of boron doped SiBCN ceramics

was not only depended on the absolute value of Si-to-B ratio of precursors, but also primarily
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related to the content of B-C bonds constituted from hydroboration reaction of boranes and vinyl
groups.

4.3.3 Solid-state NMR Spectra of SiBCN ceramics

The solid-state NMR has been shown to be the most precise tool to follow the
developments of local environment at atom-level for both crystalline and amorphous polymerderived ceramics by revealing the changes of coordination of detected elements. It is, therefore,
possible to discover and control the polymerization as well as ceramization process, and to
connect the relationship between the microstructure and properties of PDCs.

The solid-state

29

Si MAS NMR spectra obtained from the SiCN and SiBCN ceramics

with Si-to-B ratio 6:1 and 4:1 were quite different as shown in Figure 33 (a), (b), and (c)
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4
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Figure 33: Solid state 29Si NMR spectra of SiCN (a) and SiBCN ceramics with Si-to-B ratio 6:1
(b) and 4:1 (c) pyrolyzed at different temperature.
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The

29

Si NMR spectra of SiCN ceramics pyrolyzed between 1000 and 1350 ºC showed

resonance peaks of broad linewidth centered at -34 ppm (Figure 33(a)), which were the
characters of amorphous SiCxN4-x (0 ≤ x ≤4) matrix and caused by the heterogeneity in the local
silicon coordination environments. SiCN3 site was assigned to the central peak at -34 ppm [19,146].
This dominant unit was evolved from the SiC2N2 (-1 ppm) and SiN2CH (-22 ppm) sites

[20,94]

of

cross-linked precursor (Figure 25(a)) by the transamination of N-H groups as well as the reaction
between Si-H and N-H groups and the release of CH4 from the N-H and Si-CH3 groups during
pyrolysis

[19,21,46,116]

, as shown in Equation 3.3 and 4.4, as well as the illustrated reaction routes

for such structure change in Scheme I, II (from Equation 3.3) and III (from Equation 4.4). Along
with the main peak, one side peak at -50 ppm was attributed to SiN4 unit

[20,146]

, and a shoulder

resonance was observed at around -19 ppm due to SiC4 environment [19,26,94,146]. As the pyrolysis
temperature went up, the intensities of SiN4 and SiC4 progressively increased which imply that a
phase separation was taking place in the amorphous matrix during pyrolysis.
Si-CH3 + N-H → Si-N + CH4 ↑

(4.4)
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where R1 = CH3, R2 = CHCH3 or CH2CH2.

In addition to identifying the state and structure of ceramics, the solid-state NMR is also
able to quantitate the concentration of structural components as described elsewhere

[20,21,147,148]

.

To obtain such information, the 29Si solid-state NMR spectra of polymer-derived SiCN ceramics
with pyrolysis temperature from 1000 to 1350 ºC were fitted via three Lorentz-curves of SiC4,
SiCN3, and SiN4 units centered at chemical shift -19, -34, and -50 ppm, respectively. This was
illustrated by the example of amorphous SiCN ceramic pyrolyzed at 1300 ºC (Figure 34). The
concentrations (mole percentages) of these three silicon bonding units were semi-quantitatively
extracted from the area of fitted curves, and then were used to calculate the ratio of Si-N to Si-C
bonds as plotted in Figure 35 (a) and (b). As seen from the results, the concentration of
amorphous SiCN3 structure unit was gradually decreased with increasing pyrolysis temperature,
while the fraction of SiN4 environment progressively increased. Meanwhile, the mole percentage
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of SiC4 units exhibited a similar trend as of SiN4 but had a less growth rate. When analyzing the
structural evolution through the mole ratio change of Si-C to Si-N bond, it was noticed that the
ratio decreased from 1000 to 1300 ºC and then increased, but the change is negligible. It was
concluded that the amorphous matrix of SiCN ceramics was undergoing phase-separation during
the annealing process from 1000 to 1350 ºC, whereas the compositions remained the same. And
this conclusion was consistent with the TGA results.

Curve fitting of SiCN pyrolyzed at 1300 C
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Figure 34: Curve fitting of 29Si NMR of SiCN ceramic pyrolyzed at 1300 ºC.
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Figure 35: The mole percentages of different silicon bonding environments (a) and the mole ratio
of Si-C to Si-N bond (b) of SiCN ceramics pyrolyzed at different temperature. The dash lines are
drawn for guide of eye.
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Based on the solid-state

29

Si NMR spectra, the following reaction was proposed to

account for the phase-separation of amorphous matrix of SiCN ceramics.
4SiCN3 ↔ 3 SiN4 + SiC4

(4.5)

The equilibrium constant, K, for this reaction would be expressed as

K

[SiN4]3[SiC4]
[SiCN3]4

(4.6)

where [SiN4], [SiC4], and [SiCN3] were the mole concentration of these structural units.

As from van’s Hoff equation, the temperature dependence of equilibrium constant was

ln K  

G
H  S 


RT
RT
R

(4.7)

where ΔHºwas the standard enthalpy the reaction, ΔSºwas the entropy, R was the universal gas
constant, and T was the reaction temperature (unit: Kelvin). Combining Equation 4.6 and 4.7, it
got

ln

[SiN4]3[SiC4]
H  S 


4
[SiCN3]
RT
R

(4.8)

Equation 4.8 implied that the ln ([SiN4]3 • [SiC4] / [SiCN3]4) should have a linear
relationship with 1/T.
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In order to verify this suggestion, the plot of ln ([SiN4]3 • [SiC4] / [SiCN3]4) versus 1000 /
T was drawn in Figure 36. Then, the data points in pyrolysis temperature range of 1000 - 1350 ºC
were linearly fitted as a straight line with a negative slope. The coincidence of measured and
fitted results cogently testified the proposed reaction equation.
The slope and intercept of fitted line were used to calculate ΔHºand ΔSºas
ΔHº= – slope * R = 365.9 (kJ • mol-1)
ΔSº= intercept * R = 206.6 (J•K-1•mol-1)
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Figure 36: Plot of ln ([SiN4]3 • [SiC4] / [SiCN3]4) versus 1000 / T of SiCN ceramics.
Thus, the Gibbs free energy (ΔGº) of the phase-separation reaction by substituting the
value of ΔHºand ΔSºwas
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ΔGº= ΔHº– ΔSºT = 365900 – 206.6T

(4.9)

The negative slope of fitted line also suggested that the phase-separation was an
endothermic reaction. The improvement of pyrolysis temperature, therefore, would benefit the
segregation of SiC4 and SiN4 units from mixed SiCN3 structure.

Figure 33(b) showed the solid-state

29

Si NMR spectra of SiBCN ceramics with Si-to-B

ratio 6:1. It conclusively proved the existence of amorphous SiCxN4-x phase as a broad resonance
centered at ~36 ppm. The broad peak was simulated by Lorentz-curve fitting to reveal the
various silicon bonding environments as shown in the example of Si6B1 ceramic pyrolyzed at
1300 ºC (Figure 37). The results discovered the appearance of SiC4 (-20 ppm), SiCN3 (-33.5
ppm), and SiN4 (-49 ppm) resonances, which was similar to boron-free silicon carbonitride
ceramics but the SiN4 signal was stronger in intensity. The area of fitted curves was used to semiquantitatively calculate the mole percentage of three structure units and mole ratio of Si-C to SiN bonds, which were depicted respectively in Figure 38 (a) and (b). As shown in the figures, the
content of SiCN3-enviorment was keeping reducing from pyrolysis temperature 1000 to 1500 ºC.
In contrast, the amount of SiC4 and SiN4 units were continually going up with the rising
temperature, which suggested an analogue process of phase-separation as detected in SiCN
ceramics. It was also noticed that both the concentration of SiC4 and SiN4 structure showed linear
relationship with pyrolysis temperatures, and had the similar slope, which implied that the
mechanism of phase-separation of Si6B1 ceramics should not be the same as the proposed
reaction of SiCN (Equation 4.5). The mole ratio of Si-C to Si-N bond showed the gradually
increase of Si-C bonds in SiBCN ceramics, which was different with the boron-free SiCN
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ceramics as shown in Figure 35. From these data, one should conclude that the structural
evolution of amorphous Si6B1 ceramics was affected by the boron doping comparing with
amorphous SiCN ceramics: higher content of SiN4 unit in the matrix of boron-doped Si6B1
ceramics, and more and more carbon was bonded to silicon during pyrolysis. These influences
could be ascribed to the structural transform of B-N-C phase in matrix and evolution of “free”
carbon phase as described in the followings.

Curve fitting of Si6B1 pyrolyzed at 1300 C
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Figure 37: Curve fitting of 29Si NMR of Si6B1 ceramic pyrolyzed at 1300 ºC.
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Figure 38: The mole percentage of different silicon bonding environments (a) and the mole ratio
of Si-C to Si-N bond (b) of SiBCN ceramics with Si-to-B ratio 6:1 pyrolyzed at different
temperature.
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The solid-state 29Si NMR spectra of SiBCN ceramics with Si-to-B ratio 4:1 had analogue
resonances as Si6B1 ceramics located at -20 ppm (SiC4), -33.5 ppm (SiCN3), and -49 ppm (SiN4)
in pyrolysis temperature range of 1000 to 1400 ºC, but the spectrum of Si4B1 ceramics at 1500
ºC exhibited a distinct peak at -20.6 ppm (Figure 33 (c)). The reduced amount of Si-N bond
(observed from the signal intensity of SiN4 and SiCN3 units) together with the step-up of SiC4
unit revealed from 29Si NMR were in good agreement with the XRD and HT-TG/DTA results as
demonstrated in Section 4.3.2. At 1500 ºC, the amorphous matrix of SiBCN ceramic with Si-toB ratio 4:1 was not stable. The reaction of silicon nitride with carbon (Equation 4.1), the
enhancement of carbon in amorphous SiCxN4-x phase, and the phase-separation resulted in the
rapid formation of silicon carbide. It should be interested to point out that the absence of
conspicuous SiC4 signal in 29Si NMR spectrum of Si6B1 ceramic pyrolyzed at 1500 ̊C suggested
that it had higher thermal stability than Si4B1 ceramics, but this need to be further proved.
The 11B MAS NMR was performed to analyze the development of boron environment for
SiBCN ceramics with Si-to-B mole ratio 6:1 as well as 4:1 (Figure 39 (a) and (b)). The asterisk
(*) in these spectra indicated the spinning sidebands. From the data of literature

[149]

, the

resonances in 11B MAS NMR ranging from 90 to 15 ppm stemmed from trigonally coordinated
B atoms whereas the tetrahedrally coordinated structure accounted for the peaks from 10 to -40
ppm. Furthermore, in the trigonal configuration range (15 - 90 ppm), the isotropic 11B chemical
shifts of range from 25 to 30 ppm, 30 to 35 ppm, and 65 to 85 ppm were assigned to BN3, BN2C
and BC3 sites, respectively.
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Figure 39: Solid-state 11B NMR spectra of SiBCN ceramics with Si-to-B ratio 6:1 (a) and 4:1 (b)
pyrolyzed at different temperature.
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The

11

B MAS NMR spectra of SiBCN ceramics with Si-to-B ratio 6:1 after thermal

annealing at temperature between 1000 ºC and 1500 ºC were presented in Figure 39 (a). The
spectra showed broad signals at about 25 ppm which were the characters of tri-coordinated boron
atoms with BCxN3-x (0 ≤ x ≤ 3) units. The deconvolution of these signals by curve fitting of
singularity position identified the BN2C group at 35 ppm and BN3 groups at 26 ppm [26,68,150], the
typical fitting procedure for SiBCN ceramics with Si-to-B ratio 6:1 was exemplified by the
sample pyrolyzed at 1200 ºC as shown in Figure 40. The mole percentage of the two boron
environments as well as the mole ratio of B-C to B-N bonds were calculated from the area of
fitted curves and plotted, respectively, in Figure 41 (a) and (b). The results indicated that the BN3
environment was the dominant boron structural unit in Si6B1 ceramics, and boron tends to bond
nitrogen atoms during annealing process. Since the concentration of BN2C unit kept decreasing,
the carbon atoms were gradually excluded from BCxN3-x phase with increasing pyrolysis
temperature. The 11B NMR data were consistent with the 29Si NMR spectra above, these results
suggested that the carbon atoms were releasing from BCxN3-x phase and transferring into SiCxN4x matrix

and “free” carbon phase. Therefore, the doped boron not only changed the composition

of SiCN ceramics, but also had a direct impact on structural evolution of the amorphous ceramic
matrix and controlled the configuration of carbon atoms.
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Figure 40: Curve fitting of 11B NMR of SiBCN ceramic with Si-to-B ratio 6:1 pyrolyzed at 1200
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Figure 41: The mole percentage of different boron bonding environments (a) and the mole ratio
of B-C to B-N bond (b) of SiBCN ceramics with Si-to-B ratio 6:1 pyrolyzed at different
temperature.

The

11

B MAS NMR spectra of SiBCN ceramics with Si-to-B ratio 4:1 (Figure 39 (b))

exhibited similar plots as these of 6:1. The amorphous BCxN3-x units were composed of two
boron configurations: BN2C at ~35 ppm and BN3 groups at ~27 ppm. The results of peak fitting
discovered that the B-C bond was gradually substituted by the B-N with the improved annealing
temperature as shown in Figure 42 (a) and (b). Eventually, the trigonally coordinated BN2C
group was totally converted to BN3 when the thermal annealing temperature went up to 1500 ºC.
This phenomenon was different with the observation of SiBCN ceramic with Si/B ratio 6:1 in
which the BN2C unit still coexisted with BN3 at 1500 ºC. The other character of 11B MAS NMR
spectra for polymer-derived Si4B1 ceramics was the appearance of a tiny shoulder at ~17 ppm
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when the pyrolysis temperature arrived at 1400 ºC, and it was only distinguishable by the curve
fitting at this temperature. However, the shoulder peak became a clear signal at about 16 ppm
coupled with a hidden resonance at ~23 ppm when the annealing temperature was increased to
1500 ºC (Figure 43 (a) and (b)). The two new signals at 16 and 23 ppm actually were able to be
described as a single peak due to the second-order quadrupolar interaction with a quadrupolar
coupling constant Cqcc=2.9 MHz, an asymmetry parameter η =0 and an isotropic chemical shift
δiso=30 ppm, which was related to the hexagonal BN phase (h-BN) as discussed in literatures
[26,68,150]

due to the large quadrupolar coupling constants of boron nucleus. It suggested that the

Mole Percent of Structure Units (%)

BN phase was ordering under high temperature annealing process.
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Figure 42: The mole percentage of different boron bonding environments (a) and the mole ratio
of B-C to B-N bond (b) of SiBCN ceramics with Si-to-B ratio 4:1 pyrolyzed at different
temperature.
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Figure 43: Curve fitting of 11B NMR of SiBCN ceramic with Si-to-B ratio 4:1 pyrolyzed at 1400
ºC (a) and 1500 ºC (b).

4.3.4 Raman Spectra of SiBCN ceramics
The so called “free” carbon, which is formed during pyrolysis from vinyl groups in the
case of polyvinylsilazanes

[19]

, is another important phase in polymer-derived ceramics, except

for the amorphous matrix. On account of its great influences on the properties of PDC, such as
thermal stability and electric behavior, the characterization of the formation and evolution of
“free” carbon phase in PDC is a central task in this area

[21,92,136]

. From diamond, graphite to

amorphous carbon, from fullerenes, carbon nanotubes to graphene, Raman spectrum is the tool
of choice to identify these materials and characterize their complicated structure, and thus
employed in this study.
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As shown in Figure 44, there were two main peaks in the Raman spectra of polymerderived SiCN ceramic with different annealing temperature, namely, D peak at ~1350 cm-1 due
to the breathing modes of sp2 atoms in rings and G peak at ~1600 cm-1 stemmed from in-plane
bond stretching of sp2 carbon, which were the representative peaks of “free” carbon
[105,111,112,143,151]

. Three minor peaks were observed for some samples at 1200 cm-1 for I peak,

attributed to sp3 C–C bond, D’’ at 1500 cm-1 due to amount of amorphous carbon in sample, and
D’ peak at 1620 cm-1 for disordered graphitic lattice [111,143].

The Raman peaks of SiCN ceramics pyrolyzed at various temperatures were curve-fitted
by Lorentzian function for D peak and Breit–Wigner–Fano function (BWF)

[151]

for G peaks to

abstract more information about structure evolution of “free” carbon phase. The BWF line shape
is given by

I 0 [1  2(  0 ) / Q]2
I ( ) 
1  [2(  0 ) / ]2

(4.10)

where I0 is the peak intensity, ω0 is the peak position, Г is assumed as the full width at half
maximum (FWHM) and Q-1 is the BWF coupling coefficient. The Lorentzian line shape is
recovered in the limit Q-1 → 0.
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Figure 44: Raman spectra of SiCN pyrolyzed at different temperatures.

The results of curve fitting were plotted in Figure 45 as D and G peak position (a),
FWHM (b), and the intensity ratio ID/IG (c) of “free” carbon in SiCN ceramics with different
pyrolysis temperatures. The position of G peak (Figure 45 (a)) rapidly increased from 1550 cm-1
to 1610 cm-1 from 1000 to 1100 ºC, and then kept same under further heating process to 1300 ºC.
The up-shift of G peak was considered to be the conjunction with D’ peak (1620 cm-1), which
was the sign of nanocrystalline carbon [111]. While the D peak commenced to shift upwards (1338
to 1360 cm-1) during the pyrolysis from 1100 to 1300 ºC, which indicated an increase of ordered
three-fold aromatic rings. Both the peak width (FWHM) of D and G bond (Figure 45 (b)) were
reduced with increasing pyrolysis temperature, which suggested that the free carbon phase was
getting ordering during the heat treatment [111,112].
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The intensity ratio of the D and G peak, ID/IG, firstly decreased to a minimum of 1.25 at
1100 ºC then gradually increased up to 2.04 at 1300 ºC (Figure 45 (c)). ID/IG was related to the
carbon-cluster size, firstly reported by Tuinstra and Koening (TK) as Equation 4.11 for graphite
[105]

and later by Ferrari and Robertson (FR) as Equation 4.12 for amorphous carbon

[111]

, and

recently was used to quantify point-like defects in graphene-like material as Equation 4.13

[151]

.

The FR equation was also quite useful for the nanocrystalline carbon of cluster size below 2 nm
where the TK equation was not applicable as studied by Zickler and coworkers [144].

ID/IG = C(λ) / La

(4.11)

ID/IG = C'(λ)*La2

(4.12)

LD2(nm2)=(1.8±0.5)*10-9λL4(ID/IG)-1

(4.13)

In this study, the corresponding lateral size (La) of free carbon was calculated from
Equation 4.12, and the results were listed in Table 5 below. The value of C'(λ) was calculated
from C(λ) = C0 + λC1, with C0 = -12.6 nm and C1 = 0.033, imposing continuity between TK and
FR equation. As seen from the data, the size of carbon cluster reduced from 1.54 nm at 1000 ºC
to 1.42 nm at 1100 ºC, followed by a growth up to 1.81 nm as the pyrolysis temperature climbed
up.
Table 5 Lateral size (La) of “free” carbon in SiCN ceramics pyrolyzed at different temperatures

Pyrolysis Temperature (ºC)

1000

1100

95

1200

1300

La (nm)

1.54

1.42

1.69

1.81

The upward peak position, increased intensity ratio, and reduced peak width of Raman
spectra were the cogent evidences that the “free” carbon phase of polymer-derived amorphous
SiCN ceramics was graphitizing from amorphous carbon to nanocrystalline graphite in the
pyrolysis temperature range of 1000 - 1300 ºC, right corresponded with Ferrari’s model

[111,112]

.

The transformation of “free” carbon cluster from amorphous carbon (a-C) to nanocrystalline
graphite (nc-G) primarily happened between 1000 ºC to 1100 ºC accomplished by the sp3 to sp2
transformation and rearrangement of distorted aromatic rings to six-membered rings in
concomitant with the shrinkage of lateral size. Subsequent heat-treatment at elevated
temperatures drove nano-polycrystalline carbons to growth in plane.
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Figure 45: The variation of peak position (a), FWHM (b) of D and G peaks, and the intensity
ratio ID/IG (c) of “free” carbon Raman spectra of SiCN ceramics with different pyrolysis
temperatures.

The Raman spectra of amorphous Si6B1 ceramics with different pyrolysis temperatures
were shown in Figure 46. It displayed typical “free” carbon features at ~1350 cm-1 (D peak) and
~1600 cm-1 (G peak) same as boron-free SiCN ceramics but had more amorphous characters in
spectra with wider FWHM. Detailed analysis was performed by peak fitting with the
combination of Lorentzian and BWF (Equation 4.10) functions for D and G peaks, respectively.
The peak position of D and G peak, as well as the intensity ratio ID/IG of “free” carbon in Si6B1
ceramics with different pyrolysis temperatures were obtained and depicted, respectively, in
Figure 47 (a) and (b).
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Figure 46: Raman spectra of SiBCN with Si-to-B ratio 6:1 pyrolyzed at different temperatures.
The G peak position began, slowly but surely, to move upwards from 1604 cm-1 to 1610
cm-1 when the pyrolysis temperature was increased from 1000 to 1200 ºC (Figure 47 (a)). Such
an upraised G peak was a symbol of graphitization of a-C to nc-G according to Ferrari’s report
[111]

. Meanwhile, the position of D peak showed a steady up-shift at lower temperature range (<

1200 ºC) then followed by a rapid raise of ~20 cm-1 at higher temperature range (1200 – 1500
ºC), which was ascribed to the increment of ordered hexagonal rings. The later stage with a steep
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increase was a complementary evidence for the ordering trajectory in the temperature ranges of
1200 to 1500 ºC while the G peak showed relatively constant peak position.

Unlike the fast growth of SiCN ceramics at relatively low temperature (1100 ºC), the
intensity ratio of Si6B1 ceramics exhibited a non-monotonic behavior as a function of annealing
temperature (Figure 47 (b)). It was gradually decreased to a minimum at 1300 ºC then
progressively increased. The lateral size (La) of “free” carbon was calculated from the intensity
ratio of ID/IG using FR equation. The size of carbon cluster reduced from 1.56 to 1.42 nm, and
then expanded to 1.51 nm with the increased temperature as listed in Table 6 below.
Table 6 Lateral size (La) of “free” carbon in Si6B1 ceramics pyrolyzed at different temperature

Pyrolysis Temperature (ºC)

1000

1100

1200

1300

1400

1500

La (nm)

1.56

1.47

1.45

1.42

1.45

1.51
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Figure 47: The variation of D and G peak position (a) and the intensity ratio ID/IG (b) of “free”
carbon in SiBCN ceramic with Si-to-B ratio 6:1pyrolyzed at different temperatures.

From the discussions above, it’s indicated that the boron-doping intensely involved in the
structural developments of polymer-derived ceramics with respect to both matrix and “free”
carbon phase. The boron would restrict the growth of carbon clusters in Si6B1 ceramics and keep
them as amorphous at higher temperature comparing to these in boron-free SiCN ceramics.
Taken together the 29Si and 11B NMR results, it was noticed that the carbon atoms were bonded
to boron as well as silicon atoms in matrix, and were expelled from boron-rich matrix during
pyrolysis. The B-C bonds constricted the arrangement of “free” carbon phase, and thus
controlled its graphitization and growth process.
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As shown in Figure 48, the Raman spectra of Si4B1 ceramics had D peak at 1350 cm-1 in
addition to G peak around 1600 cm-1, which suggested the appearance of “free” carbon clusters.
Other features at higher wave number (e.g., 2950 cm-1 for D+G band) were also observed for
boron-doped Si4B1 and Si6B1 as well as SiCN ceramics, but they were out of our interests and
would not be discussed here. The Lorentzian function was applied to D peak and BWF equation
was employed to fit G peak, the fitted results were depicted in Figure 49 as peak position (a) and
FWHM (b) of D and G peak, as well as the intensity ratio ID/IG (c).

The G peak position as a function of annealing temperature was plotted in Figure 49 (a).
As seen from this figure, there was a distinct increase of G peak position for Si4B1 ceramic heattreated at elevated pyrolysis temperature of 1200 ºC in comparison with that of sample treated at
1000 ºC, which was similar to SiCN ceramics and attributed to the graphitization trajectory of
amorphous carbon by the sp3 to sp2 transformation as discussed before

[111]

. From 1200 ºC to

1500 ºC, the G peak had a comparatively constant peak position at 1604 cm-1, and further
annealing at 1600 ºC would drive it to shift up since the nanocrystalline carbon continued to
develop in size. The proof of in-plane ordering of “free” carbon phase was also provided by the
upward D peak position in the pyrolysis temperature range of 1300 to 1600 ºC, which resulted
from the increase in the number of ordered six-numbered rings. It’s the additional evidence for
the graphitization of “free” carbon phase that the peak width of both D and G bond (Figure 49
(b)) continued to reduce with increasing annealing temperature.
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Figure 48: Raman spectra of SiBCN with Si-to-B ratio 4:1 pyrolyzed at different temperatures.
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Figure 49: The variation of peak position (a) and FWHM (b) of D and G peak, and the intensity
ratio ID/IG (c) of free carbon in SiBCN ceramic with Si-to-B ratio 4:1pyrolyzed at different
temperatures.
The intensity ratio of SiBCN ceramics with Si-to-B ratio 4:1 showed a similar “U” shape
(Figure 49 (c)) to Si6B1 ceramics but distinct from that of SiCN ceramics. The ratio dropped to a
minimum point at pyrolysis temperature of 1400 ºC, and then it increased with a sudden jump at
T = 1500 ºC. The variations of lateral size (La) of “free” carbon domain, calculated from ID/IG by
Equation 4.12, were listed in Table 7. It showed the shrinkage of carbon clusters from 1.58 nm to
1.46 nm, and then dramatic rise to 1.59 nm with the improved heat treatment temperature.
Compared with the evolution of lateral size of “free” carbon in Si6B1 ceramics (Table 6), the
carbon cluster of Si4B1 started to grow at higher temperature, which was caused by the higher
concentration of boron.
Table 7 Lateral size (La) of “free” carbon in Si4B1 ceramics pyrolyzed at different temperatures
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Pyrolysis Temperature (ºC)

1000

1100

1200

1300

1400

1500

1600

La (nm)

1.58

1.55

1.49

1.47

1.46

1.47

1.59

4.3.5 EPR spectra of SiBCN ceramics

Unpaired electrons (or dangling bonds) were formed during pyrolysis attributed to the
evolution of hydrogen and methane as reported in literatures

[19,104,118,119]

. These paramagnetic

centers were deeply involved in the process of structural development and detected even at 300
ºC. Electron paramagnetic resonance (EPR) was used to detect the unpaired electrons in SiCN
and boron-doped SiBCN ceramics in this study. In the PDC system, two kinds of unpaired
electrons were detected as reported: silicon-dangling bond and carbon-dangling bonds in “free”
carbon or matrix phase

[118,120]

. Their signals were closed with each other and would give an

averaged signal at low frequency EPR. To indentify the paramagnetic species, the G-band EPR
was recorded at 406.4 GHz with an external standard

[152]

. The G-band spectra of SiCN and

SiBCN ceramics with various Si-to-B ratios pyrolyzed at 1100 ºC were plotted in Figure 50, and
the asterisks (*) were the signals of standard.
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Figure 50: The G-band EPR of SiCN and SiBCN ceramics pyrolyzed at 1100 ºC with various Sito-B ratios.

The G-band EPR spectra of SiCN pyrolyzed at temperature range of 1000-1350 ºC only
had one signal, centered at g = 2.00258±0.00002, as shown in Figure 50 for SiCN ceramic
pyrolyzed at 1100 ºC. It revealed the appearance of carbon-related unpaired electrons in “free”
carbon phase. Neither unpaired electrons of silicon (g = 2.005) nor carbon in matrix phase (g =
2.0032) were observed.

The X-band EPR was performed at 9.5 GHz to detect the concentration as well as
location of the paramagnetic centers in amorphous SiCN ceramics, as shown in Figure 51. The
relative concentration of unpaired electrons was obtained by the second-integration of the Xband EPR, and the results were plotted in Figure 51 (b). It could be noticed that the amount of
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unpaired electrons in amorphous SiCN ceramics reduced with increasing pyrolysis temperature.
On the basis of G-band EPR and Raman results, this reduction was ascribed to the graphitization
of “free” carbon from disorder state with plenty of dangling bonds to more ordered
nanocrystalline graphite.
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Figure 51: The spectra of X-band EPR of amorphous SiCN ceramics pyrolyzed at different
temperatures (a) and the relative concentration of unpaired electrons (b).

In addition to the concentration, X-band EPR may collect information about the location
of unpaired electrons. Very unique phenomena were shown in the Figure 51 (a). The X-band
EPR spectra of SiCN ceramics with pyrolysis temperature below 1300 ºC showed two
components: a wide peak about 8.5 gauss and a narrow peak about 2 gauss. As the pyrolysis
temperature was increased, the two peaks were merged into a single peak. This “split” characters
of EPR had been observed in coals, related to electron transfer between small and macromolecular

[153]

, and in diamond-to-graphite conversion by Enoki etc. due to dangling bond

defects and conduction π electrons
the similar phenomena for

13

C and

[154-156]

15

. Most recently, Sehlleier and coworkers

[119]

reported

N labeled polymer-derived SiBNC ceramics pyrolyzed at

1400 ºC. They observed that the 13C, 15N labeled sample had a small sharp peak on top of a broad
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one when X-band EPR was characterized at 2K, but all other spectra of labeled samples
measured at higher temperature or unlabeled SiBCN ceramics measured at various temperature
just contained a single peak. Finally, they assigned the sharp peak to electron spin coupling to
14

N nucleus and viewed the broad peak as doublet due to unpaired electrons near 13C.

For SiCN PDCs, none of literatures reported the formation of C-N bonds. And in our
system, the G-band EPR had clearly proved the paramagnetic centers in amorphous SiCN
ceramics were only related to the unpaired electrons of carbon in “free” carbon phase, not in
matrix phase and neither the dangling bonds from other atoms. Therefore, the two components
phenomena observed here should be similar with the pure carbon materials and closely related to
graphitization of “free” carbon. The wide peak of X-band EPR was attributed to the nonbonding
π electrons near the zigzag type edge of carbon as reported in literatures

[154-156]

, and the narrow

peak could be assigned to those localized dangling bond spins associated with structural defects
inside “free” carbon phase. The defects hindered to the transfer of conduction electrons and
disrupted the structural integrality of graphite. With increasing pyrolysis temperature, the narrow
peak gradually decreased and hardly was recognized when the temperature reach 1300 ºC. This
change indicated that the structure of “free” carbon clusters was getting ordered which was great
corresponded with the graphitization from amorphous carbon to nanographite. Moreover, the a-C
to nc-G conversion could be speculated as the intermediate disordered carbon clusters with the
coexisted sp3 and sp2 bonds transformed to the sp2 bond dominant nanographites which were
composed of finite flat graphene sheets with open edges. Thus, the reduced broad peak matched
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well with the decreased edges of graphene sheet since the lateral size of nanographite is
expanded by the heat treatment as detected by the Raman spectra.

As seen from Figure 50, the G-band (406.4 GHz) EPR of SiBCN with different Si-to-B
ratios showed the same peak as SiCN ceramics at g = 2.00258 ± 0.00003, which was stemmed
from the unpaired electrons in “free” carbon phase. The paramagnetic centers related with other
atoms were not detectable due to the absence of them or extremely low concentration.

The X-band (9.5 GHz) EPR was also performed to detect the concentration as well as the
origin of unpaired electrons for polymer-derived SiBCN ceramics with Si-to-B ratio 6:1
pyrolyzed at temperature range of 1000 to 1500 ºC. The spectra was depicted and normalized in
Figure 52, which exhibited remarkable changes with the improved pyrolysis temperatures: when
the temperature of heat treatment was increased, the single peak at the initial stage (1000 ºC) was
gradually evolved into a doublet as a sharp peak aligned in the center of a wide one, and the
intensity of sharp peak was continually reduced. This evolution of EPR signals had already been
observed in SiCN system as illustrated in Figure 51 (a) above, but demonstrated more
conspicuous in the spectra of Si6B1 ceramics which was intuitively related to the influence of
boron-doping.
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Figure 52: X-band EPR of SiBCN ceramics with Si-to-B ratio 6:1 pyrolyzed at different
temperatures.
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The total concentrations of unpaired electrons in Si6B1 ceramics with different pyrolysis
temperatures were semi-quantitively obtained by integrating the X-band EPR peak twice and
comparing their area with each other. The sharp peaks in X-band EPR of Si6B1 ceramics were
easier to distinguish than those of SiCN ceramics, thus the area of each separated peak were able
to be simulated except for the Si6B1 ceramic treated at 1000 ºC. The intensities of sharp peaks
were calculated from the X-band EPR spectra as the product of the square of peak-to-peak width
and peak-to-peak height. The relative concentrations of the broad peaks were got by the area
difference between total concentrations and the concentrations of sharp peaks. The results were
plotted in Figure 53 (a), (b), and (c) for total concentrations of unpaired electrons, spin
concentrations of broad and sharp peaks, respectively.
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Figure 53: The spin concentration of Si6B1 ceramics from X-band EPR: (a) specific total spin
concentration, (b) spin concentration of broad peak and (c) sharp peak.

It could be seen that the total amount of unpaired electrons in amorphous polymerderived Si6B1 ceramics evolved as a parabolic function of pyrolysis temperature: the
concentration of paramagnetic centers was increased to the maximum at 1300 ºC and then
gradually decreased at higher temperature. This development curve was quite different with that
of SiCN ceramics as seen from Figure 51 (b), in which the content of unpaired electrons steeply
decreased with the rising temperatures. If the total concentration was subdivided into the broad
and sharp parts, as suggested above, the main contribution on the total content of spins would
come from the broad peak, which was assigned to zigzag type edge of “free” carbon phase, with
the same parabolic evolution trends. In contrast, the narrow peak, which was related to the
localized defects within “free” carbon phase, for instance, sp3 dangling bonds, was straightly
reduced. The EPR results were coincident with the Raman spectra of Si6B1: due to the effects of
boron-doping, the “free” carbon domain was forced to be amorphous at elevated temperature and
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the lateral size of carbon clusters did not grow until the pyrolysis temperature increased to 1300
ºC. Since more and more carbon atoms were released from the amorphous BCxN3-x phase at
higher temperature, the “free” carbon phase should be easier to graphitize and grow in size. The
graphitization of carbon clusters first increased the number of nonbonding π electrons at zigzag
edges by forming more graphene sheets and then decreased these edges through the growth of
nanographites. Meanwhile, the “free” carbon phase was keeping ordering in structure by the
annihilation of localized defects during the annealing process.

4.4 Summary

In summary, the structure and structural evolution of polymer-derived SiCN and SiBCN
ceramics with different Si-to-B ratio were characterized by SEM, XRD, TGA, solid-state NMR,
Raman spectroscopy, and EPR. The boron-free amorphous SiCN ceramics were suggested to
have two structure constituents: amorphous SiCxN4-x (0 ≤ x ≤4) matrix and “free” carbon phase.
The composition of amorphous matrix kept constant and the major structure unit of SiCN3 site
was phase-separating to SiN4 and SiC4 groups during pyrolysis. Based on the

29

Si solid-state

NMR, a thermodynamic model was proposed to account for the phase-separation of amorphous
matrix. The Gibbs free energy of this transformation was ΔG˚ = ΔH̊ – ΔS˚T = 365900 – 206.6T.
Raman spectra revealed the existence of “free” carbon phase which was graphitized from
amorphous carbon to nanocrystalline graphite at elevated pyrolysis temperature. The lateral size
of free carbon was calculated from the intensity ratio of D and G peak obtained from Raman
spectra, and showed a minimum of 1.42 nm at 1100 ºC and then a growth to 1.81 nm at 1300 ºC.
The G-band EPR suggested that the paramagnetic centers in amorphous SiCN ceramics were
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only related to the unpaired electrons in “free” carbon phase. The concentration of unpaired
electrons, which was calculated from X-band EPR of amorphous SiCN ceramics, reduced with
increasing pyrolysis temperature, and the spectra of SiCN ceramics pyrolyzed below 1300 ºC
showed two components: a broad peak attributed to the nonbonding π electrons near the zigzag
type edge of graphene and a narrow peak assigned to those localized dangling bonds associated
with structural defects inside “free” carbon phase. These two peaks reduced their intensity with
increasing pyrolysis temperature and were merged into a single peak eventually. This process
was closely corresponded to the graphitization of “free” carbon phase from amorphous carbon to
nanographite as the sp3 and sp2 bond coexisted intermediate disordered carbon clusters transform
to the sp2 bond dominant nanographites composed of finite flat graphene sheets with open edges.

The polymer-derived SiBCN ceramics with Si-to-B ratio 6:1 and 4:1 possessed improved
thermal stability and crystallization resistance. Taking into consideration of various
characterization results (solid-state

11

B,

29

Si NMR, Raman and EPR spectroscopy), the boron

showed significant influences on the structural development of SiBCN ceramics. Instead of two
units for boron-free SiCN ceramics, the polymer-derived SiBCN ceramics were composed of
three units as amorphous SiCxN4-x matrix, “free” carbon, and amorphous BCxN3-x phase. The
amorphous SiCxN4-x phase had same silicon coordination environments as that of SiCN ceramics,
but the concentration of SiC4, SiCN3, and SiN4 sites were different. The phase-separation of SiC-N matrix was also noticed in SiBCN ceramics but its mechanism was not the same as the
proposed reaction of SiCN. The amorphous BCxN3-x matrix was consisted of BN2C and BN3
groups, and phase transition from BN2C to BN3 was developed during pyrolysis as the carbon
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was gradually expelled from BN3 phase. Further annealing at 1600 ºC would cause the formation
of hexagonal boron nitride (h-BN) for Si4B1 ceramics. The graphitization from amorphous
carbon to nanocrystalline graphite during heat treatment was observed in SiBCN systems too,
however the growth of “free” carbon phase was constrained by the boron doping, and carbon
clusters were kept amorphous at elevated temperature. As suggested in Raman spectra, the more
boron content, the higher heat-treatment temperature for “free” carbon to graphitization. The
unpaired electrons were ascribed to the spins of “free” carbon phase in amorphous SiBCN
ceramics characterized by G-band EPR. A clear evolution of X-band EPR was probed in Si6B1
ceramics as a singlet was gradually split into a double peak which was comprised of a narrow
and a broad signal. The total concentration of paramagnetic centers of Si6B1 ceramics was
increased to the maximum at 1300 ºC and then gradually decreased at higher temperature. It was
suggested that the nonbonding π electrons (the broad peak) dominated the total concentration of
unpaired electrons in SiBCN ceramics with a parabolic behavior, but the narrow peak, caused by
the localized defects in “free” carbon phase, was continuously reduced.
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CHAPTER FIVE: ELECTRONIC PROPERTY OF POLYMER-DERIVED
SiBCN CERAMICS
5.1 Introduction

The electrical properties of polymer-derived SiBCN ceramics with different compositions
as well as boron-free SiCN ceramics will be studied in this chapter. It is essential to acquire the
profound knowledge on the relationship between conductivity and microstructure of PDCs due to
their exceptional potential in the field of high temperature electronics

[28,51,157]

. The primary

principles of effects of boron-doping and structural evolution on electrical properties of PDCs
will be summarized based on the following experiments demonstration and structure analysis in
Chapter 4.

5.2 Experiments
The cylinder shaped (diameter Φ: 9 mm, thickness T: 1.5 ~ 2.0 mm) SiCN and SiBCN
ceramics pyrolyzed at different temperatures with various Si-to-B mole ratios were further heattreated for 2 hours at 800 °C in air to remove surface carbon powder which deposited during
pyrolysis. The detailed fabrication process for these ceramic cylinders was referred at Section
4.2.1. The top and bottom surfaces of prepared ceramic disc were polished successively by 320,
600, 1200, and 2000 grit SiC grinding paper and then coated with conducting silver paste. After
that, the samples were dried in oven for half hours. The D.C-conductivities of assorted ceramics
were tested by I-V curves on KEITHLEY 2400, and the measurement setup was shown in Figure
54. The volt range was 0 V ~ 200 V.
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Figure 54: Setup for D.C.-Conductivities measurement of SiCN and SiBCN ceramics: 1.
Ceramic sample, 2. Silver paste.

5.3 Results and Discussion

5.3.1 D.C.-Conductivities of SiBCN Ceramics

The room-temperature D.C.-conductivities of polymer-derived boron-free SiCN and
SiBCN ceramics with different boron doping content pyrolyzed at different temperatures were
measured. The results were summarized below at Table 8 and plotted in Figure 55.

Table 8 The resistivity of polymer-derived SiCN and SiBCN ceramics with various Si-to-B
ratios synthesized at different temperatures

T ( ºC)
1000
1100
1200
1300
1350

Resistivity (Ω·cm)
SiCN
4.85E+08
6.86E+07
8.27E+06
1.34E+06
6.66E+05

Resistivity (Ω·cm)
Si6B1
Si4B1
3.54E+09
6.88E+09
1.32E+08
1.03E+09
2.83E+07
8.01E+07
2.73E+06
2.08E+06
4.55E+05
2.97E+05
6.24E+04
4.73E+04

T ( ºC)
1000
1100
1200
1300
1400
1500
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The room-temperature conductivities of all measured samples were continuously
increased when the pyrolysis temperature was improved. The conductivity of boron-free
amorphous SiCN ceramics pyrolyzed at 1350 ºC would be a thousand times greater than that of a
sample pyrolyzed at 1000 ºC. The steeply progressive enhancement of D.C-conductivity was
also detected in all boron-contained SiBCN ceramics: the value of conductivity at 1500 ºC for
SiBCN ceramics was 5 orders of magnitude greater than that at 1000 ºC. As seen from the data,
the improved resistivity of SiBCN ceramics was in correspondence with the increased boroncontent, but the boron-doping did not inhibit the developing trend of electrical properties of
PDCs.
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Figure 55: The D.C. resistivity of SiCN and SiBCN ceramics with various Si-to-B ratios
pyrolyzed at different temperatures.
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In the temperature regime of 1000 to 1500 ºC, the relationship of the conductivities and
pyrolysis temperature of various polymer-derived Si(B)CN ceramics were plotted as the natural
logarithm of conductivity (Ln (ζ)) against the reciprocal of temperature (1/T), as shown below in
Figure 56 for SiCN (a), Si6B1(b), and Si4B1 (c) ceramics with different treatment temperatures.
Intriguingly, the Ln (ζ) showed a very good linear behavior with 1/T, which had never been
reported. For SiCN ceramics, the data were able to be fitted by a straight line. Nevertheless, the
boron-doped samples had two linear sections with different slopes intersected at the temperature
around 1200 ºC. These linear behaviors of conductivities implied that the increase of
conductivity with rising temperature was activated by some equilibrium reactions of structure
developments.
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Figure 56: The conductivities of SiCN (a) and SiBCN ceramics with Si-to-B ratio 6:1 (b) and 4:1
(c) pyrolyzed at different temperatures.
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Based on the fitted line, the activation energy of the suggested reaction was calculated
using the Arrhenius type functions, expressed in Equation 5.1 and 5.2:

   0  Exp (


)
kT

Ln( )  Ln( 0 ) 

(5.1)


kT

(5.2)

where, ζ was d.c conductivity of SiBCN and SiCN ceramics, µ was reaction activation energy, k
was Boltzmann constant, T was pyrolysis and annealing temperature, and ζ0 was a coefficient.
The activation energy of various polymer-derived ceramics was calculated by Eqs. 5.1 - 5.2,
listed in Table 9.

Table 9 Reaction activation energy µ of SiBCN with different Si/B ratio

Si/B ratio

∞

6:1

4:1

μ (eV)

3.41

3.54/4.53

3.58/4.55

The activation energy associated with the upshift in conductivity of SiCN was determined
at 3.41 eV. Different from boron-free ceramics, the boron-doped amorphous SiBCN ceramics
had a little bit higher activation energy at relative low temperature range (T < 1300 ºC), but
much greater value in the improved temperature range.
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5.3.2 Structure-Conductivity relationship

As seen from the results, the room-temperature conductivities of SiBCN and SiCN were
all increased rapidly when the pyrolysis temperature was improved. For SiCN, the conductivities
improved by 1000 times from pyrolysis temperature 1000 to 1350 ºC. The resistivity of Si6B1
and Si4B1 dropped from ~ 5 x 109 to ~ 4 x 104 Ω·cm if the pyrolysis temperature was increased
from 1000 to 1500 ºC.

When plotting the Ln (ζ) versus 1/T, the figures showed a lineal behavior. The straight
line meant that this conductivity change should be stemmed from certain thermodynamic process
of structure change in the material similarly to the driving force of a chemical reaction. The
question was what kind of structure evolution caused the improvement of conductivity.

It was a great convenience to analyze the boron-free polymer-derived SiCN ceramic
system in the first place for its relatively simple structure and composition. Several conducting
mechanisms were suggested in PDCs and summarized in literatures [122,124,126]. Depending on the
“free” carbon concentration, the electrical property of PDCs showed the matrix controlled
amorphous semi-conductivity or the carbon-phase controlled tunneling-percolation behavior.
The percolation model had been systematically studied, but the mechanism of semi-conductive
behavior in PDCs had not been explored thoroughly. The SiCN ceramics derived from HTT1800
generally exhibited the matrix controlled conductive behavior, thus it’s intuitive to connect their
electrical properties with amorphous SiCxN4-x matrix phase. However, the amorphous Si-C-N
matrix was thermodynamically stable in the investigated temperature range (1000 - 1350 ºC) as
122

demonstrated by many researches

[158]

. And it was confirmed from our

29

Si-NMR and TGA

results that the matrix phase kept almost same in constitution and chemical bonding environment.
Therefore, the corresponding change on band cap of matrix should be negligible. Some reports
attributed the increase of conductivity to the increment of dangling bond concentration within
matrix, but EPR results in this paper showed none of unpaired electrons was discovered in matrix
and the spin concentration was actually decreased at elevated temperature. Thus, the dramatic
improvement of conductivities must be explained by a new theory.

Base on the Raman and EPR results, a new mechanism for the matrix control semiconductive behavior was proposed as follows. The rapid increasing conductivity of SiCN
ceramic was attributed to the improving conductivity of carbon phase by the graphitization of
amorphous “free” carbon. As the carbon bonds transformed from sp3 to sp2 and the graphene
sheets developed and rearranged to more graphite-like configuration during this transition, the
effective electric field (Veff) between carbon clusters was dramatically strengthened by the
boosted density of electrons around carbon tip as shown schematically in Figure 57, which lead
to the sharp increased D.C.-conductivity of SiCN ceramics. This mechanism consolidated itself
by comparing the calculated activation energy for the improvement of conductivity in SiCN
ceramics (Table 9) with the result of pure carbon materials. As reported by Ferrari and
colleagues

[159,160]

, the activation energy for the graphitization of sp3 carbon was ~3.3 eV which

was equivalent well to that value of SiCN. Since the concentration of these progressively
graphitized “free” carbons were not high enough to form the continuous percolation graphene
network in the amorphous polymer-derived SiCN ceramics, the carbon clusters would be
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spatially separated far away with each other by the amorphous SiCxN4-x matrix. Thus, the
electrons had to be transferred through the amorphous matrix from one “free” carbon to another,
and the SiCN ceramics would, consequentially, show the semiconductivity which controlled by
the matrix.

++++++++++++++++
---

+

++
++

V

-

---

Veff

++
++
------------------

Figure 57: Schematic illustration of the conducting behavior in polymer-derived ceramics (Veff =
effective electric field).
The “free” carbon phase of SiBCN ceramics was also experiencing graphitization process
from amorphous carbon to nanocrystalline graphite during heat treatment. Hence, it would be
rather reasonable to deduce that the proposed conducting mechanism was the real motivation
behind the sudden change of conductivities in boron-doped ceramics too. As seen from the data
(Table 9), at low temperature range, the activation energy of boron-doped Si6B1 and Si4B1
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ceramics were 3.54 and 3.58 eV, respectively, a slightly improved but very similar value
compared to that of SiCN. As suggested in Chapter Four, the boron-doping would prevent the
evolution of “free” carbon in terms of the retarded transition from a-C to nc-G and the inhibited
growth of lateral size, thence the requisite activation energy for graphitization of “free” carbon in
boron-doped ceramics was improved. For the SiBCN ceramics pyrolyzed at high temperature,
the activation energy was increased by ~ 1 eV. This upward energy barrier implied that the
corresponding structure evolution of carbon was extra hindered at elevated temperature. As
reported in literatures and from the structure characterizations in the study, an intricate BNCx
phase

[99,140]

composed of h-BN and sp2-carbon would be formed at high temperature. It still

remained unsolved that whether the complex BNCx matrix was built by the intercalated BN and
graphene layers or the interconnected nano-domains with B-C bonds [161-163]. However, it was no
doubt that the development of “free” carbon would be suppressed due to the encapsulate
graphene sheets by the rigid BN layers which would cause the increased activation energy for
further graphitization of the carbon cluster. At lower temperature, the carbon was easier to move
without the subject of the well organized BN phase, thus the activation energy of graphitization
at this stage in SiBCN ceramics showed the similar number to that of pure carbon and SiCN
ceramics.

5.4 Summary

In short, the D.C.-conductivity at room temperature of SiCN and SiBCN ceramics with
various Si-to-B ratios was improved with increasing pyrolysis temperature, the improvement was
as high as 1000 times for SiCN ceramics at pyrolysis temperature range of 1000-1350 ºC and 5
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orders of magnitude for SiBCN ceramics pyrolyzed from 1000 to 1500 ºC. At the same
temperature, the conductivity was decreased as increasing of boron doping.

The relationship of D.C.-conductivity and structure evolution had been studied to propose
a new mechanism to account for the matrix controlled semi-conductivity in amorphous PDCs.
The steeply increasing conductivity was not due to the structural changes in amorphous matrix
but the graphitization of “free” carbon phase. Since the progressively increased electrical
conductivity of the carbon nano-domains was resulted from the graphitization, the effective
electric field (Veff) between conducting carbon clusters was dramatically enhanced by the
increased density of electrons around carbon tip and consequently lead to the sharp increased
D.C.-conductivity of PDCs. However, the “free” carbon clusters were isolated with each other
due to the low carbon concentration in our system by the amorphous matrix. The transportation
of electrons between two carbon domains was still relied on the amorphous matrix, thus, the
PDCs displayed the “matrix-controlled” behavior.

The activation energy of the increase of conductivity of SiCN ceramics was calculated
from the linear function of Ln(ζ) against 1/T as 3.41 eV which was similar to the graphitization
energy for pure carbon materials. The boron-doped PDCs had two different activation energies in
the pyrolysis temperature of 1000 - 1500 ºC obtained by two linear sections with different slopes.
In the low temperature range, the activation energy of SiBCN ceramics was similar to that of
SiCN ceramics with a minor increment in the value, but the energy was lifted up to 4.5 eV at
high temperature region. The augment of energy barrier was ascribed to the appearance of the
complicated BNCx phase at elevated temperature. The B-N-C phase consisted of ordered
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hexagonal boron nitride (h-BN) and graphene sheets, and would retard the graphitization of “free”
carbon by the inflexible BN frame.
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CHAPTER SIX: DIELECTRONIC PROPERTY OF POLYMER-DERIVED
SiBCN CERAMICS
6.1 Introduction

In this chapter, the dielectric properties of polymer-derived SiCN and SiBCN ceramics
will be first studied, and then the influence of boron doping on the dielectric constant and
dielectric loss will be analyzed. It is one of our objectives to discover the excellent material for
sensor application at harsh environment, thus the temperature-dependent dielectric properties at
microwave frequency which are very important for wireless sensing will be accentuated.

6.2 Experiments

6.2.1 Frequency Dependence of Dielectric Property Measurement of SiBCN Ceramics

The dielectric constant and dissipation factor of SiBCN ceramic discs were measured
using Precision LCR Meter (Model E4980A, Agilent, Palo Alto, CA) over a range of frequencies
(300 Hz –1.5 MHz). Two faces of cylindrical SiCN and SiBCN ceramics with various Si-to-B
mole ratios (diameter Φ: 9 mm, thickness T: 1.5 ~ 2.0 mm) were polished with 320, 600, 1200,
and 2000 grit SiC paper in turn. Conductive silver paste was coated on the flat surfaces and dried
in oven for half hours.
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6.2.2 Dielectric Properties Measurement of SiBCN Ceramics at Microwave Frequency

The dielectric properties of SiCN and SiBCN ceramics with various Si-to-B mole ratios
had been characterized at microwave frequencies (~12 GHz) by using an accurate measurement
technique based on cavity resonators and full-wave simulations.

All of samples were made as discs with diameter 9 mm and thickness ~ 4 mm and were
placed inside a metallic waveguide cavity with the dimensions of 53.71 mm by 22.78 mm by
10.08 mm

[134]

. This cavity was weakly coupled by two open-ended coax connectors. A Rogers

Duroid 5880 spacer (11.20 mm in diameter and 0.8 mm in height, εr = 2.2, tanδ = 0.0009) was
used to elevate the ceramic samples. The resonant peaks were measured using an Agilent
performance network analyzer (N5230A). The dielectric constant (εr) and loss tangent (tanδ) of
the SiBCN and SiCN samples were obtained by parametric sweeps in Ansoft High Frequency
Structure Simulator (HFSS) full-wave simulation software package to match the measurement
results with the material properties of the waveguide wall and spacer specified.

6.2.3 Temperature Dependence of Dielectric Properties Measurement of SiBCN Ceramics at
Microwave Frequency

The measurement mechanism for temperature dependence of dielectric properties was
shown in Figure 58 [133]. The SiBCN and SiCN ceramic materials were prepared in the form of a
cylindrical dielectric resonator. Then, these dielectric resonators were metalized by platinum and
placed over a coplanar waveguide (CPW) line. The resonant frequency and Q-factor of the
dielectric resonator could be accurately measured using network analyzers. The dielectric
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constant and loss tangent of the boron-free SiCN and SiBCN material, then, were able to be
extracted from measured parameters accurately by full-wave simulation tools. This method
required relatively small sample sizes and could be tailored to many different microwave
frequencies with high measurement accuracy.

Full wave simulation finds
proper εr and tanδ to
match measurements

Temperature
changes
Rogers RT/duriod 5880

r

SiCN

Dielectric constant of
the material changes

Scattering parameter
(S12) is changed

Resonant frequency of
the resonator changes

S12

fr

Figure 58: Flowchart of the temperature sensing mechanism [133].

As seen in Figure 59, the measurement setup was consisted of a CPW line and a
dielectric cavity resonator. SMA connectors were soldered to the CPW lines to form two
measurement ports. The substrate material for the CPW line was alumina. Two coupling slots
were created during the metallization of the SiBCN and SiCN dielectric resonator, which
allowed for the magnetic coupling between the short-ended CPW lines and resonator. For the
dielectric cavity resonators studied herein, H/D < 2.03, thus the dominant resonant mode for
these resonators was TM010.
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Figure 59: Temperature-dependent dielectric properties measurement setup: (a) Sample over
CPW line outside the furnace. (b) Sample and CPW line inside the furnace. (c) Sample inside the
furnace with thermal isolation at the opening ends of the furnace. (d) The complete measurement
setup.

In this measurement setup, the SiBCN and SiCN resonator was designed to weakly
couple to the CPW lines. The resonant frequency of these resonators was simply determined by
the sample size and the dielectric constant of SiBCN and SiCN ceramics. Therefore by
measuring the resonant frequency, the dielectric constant of SiBCN and SiCN ceramics could be
extracted from the measured resonant frequency with the help of full-wave simulation tools. Due
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to the weak coupling to the resonator, the unloaded Q-factor of the resonator could be accurately
extracted from the measured loaded Q-factor using:

QU=QL/(1-S21)

(6.1)

Therefore the loss of the dielectric materials and metals could be extracted from the
measured unloaded Q factors.

The measurement was conducted using an Agilent Performance Network Analyzer (PNA)
N5230A. Short-Open-Load-Through (SOLT) calibration was performed with a reference plane
at the SMA connectors. The S21 was measured from 25 to 1050 ºC at a step of 50 ºC when the
temperature was over 50 ºC. At each temperature, the resonant frequency and loaded Q-factor
were recorded.

6.3 Results and Discussion

6.3.1 Frequency-dependent Dielectric Constant and Loss of SiBCN ceramics

The measured frequency dependence of dielectric properties of polymer-derived
amorphous SiCN ceramics was depicted with logarithmic coordinates at Figure 60 (a) and (b),
respectively, for dielectric constants and dissipation factors. As seen from the plots, the dielectric
constants of amorphous SiCN ceramics were continually decreased with increasing frequency
and no maximum value could be found. At the same frequency, the SiCN with higher pyrolysis
temperature showed enhanced dielectric constant. Very similar, the dissipation factors (dielectric
loss) of SiCN ceramics were also increased with the improved pyrolysis temperature, but
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reduced at higher frequency. In the experimental frequency range (300 - 1.5 x 106 Hz), the space
charge polarization was the predominant mechanism for the dielectric properties of polymerderived SiCN ceramics, therefore the observed dielectric behaviors were not difficult to
comprehend. From the structure analysis in Chapter Four, it’s shown that, when the temperature
of heat treatment went up, the microstructure of polymer-derived SiCN ceramics was developing
in terms of phase-separation of matrix and graphitization of “free” carbon. In consequence of
that, more and more interfacial or space charges would be accumulated at the matrix-“free”
carbon boundary and led to the improved dielectric constant and dielectric loss. As the frequency
was increased, some space charges were not able to follow the shift of electric field, thus the
dielectric properties exhibited a concomitant fall with the acceleration of A.C. field.
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Figure 60: Frequency-dependent dielectric constants (a) and dissipation factors (b) of SiCN
ceramics pyrolyzed at different temperatures.
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Figure 61 (a) and (b) were, respectively, the plots of dielectric constants and dielectric
losses of polymer-derived SiBCN ceramics with Si-to-B ratio 6:1 in log-log coordinate. It was
seen that the dielectric properties of Si6B1 ceramics were gradually decreased in the number of
dielectric constant and loss with increasing frequency of alternating field because less electrons
could be accumulated at interfaces. The “free” carbon clusters were evolved to nanographites
from amorphous carbons at elevated temperature, and this transformation would produce more
non-bonding electrons and accelerate their transportation to the “free” carbon-matrix boundaries.
As a result, the dielectric constant and dielectric loss of Si6B1 ceramics at the same frequency
were increased with increasing temperature.
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Figure 61: Frequency-dependent dielectric constants (a) and dissipation factors (b) of SiBCN
ceramics pyrolyzed at different temperatures with Si-to-B ratio 6:1.

The frequency-dependent dielectric constants of polymer-derived Si4B1 ceramics were
depicted in Figure 62 (a) with bi-logarithmic coordinates as well as the dielectric losses in Figure
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62 (b). The data showed similar changes to SiCN and Si6B1 ceramics as: the higher
measurement frequency, the lower value of dielectric properties; the more increased pyrolysis
temperature, the more improved dielectric properties. One special character was showed in the
dielectric loss of Si4B1 ceramic pyrolyzed at 1500 ºC as a maximum value, called relaxation
peak, at frequency about 1.1 MHz. This peak was a sign of dielectric resonance which suggested
that the dipole relaxations were at the right rate for maximum power dissipation. Meanwhile, the
resonance signal implied the increased influence from dipolar polarization which was supported,
as discussed in Chapter Four, by the crystallization of matrix and the appearance of ordered
hexagonal boron nitride.

(a)

100

Dissipation Factor

Dielectric Constants

1000
1100
1200
1300
1400
1500

1000

(b)

10

10000

1

0.1

0.01

1000
1100
1200
1300
1400
1500

10
1000

10000

100000

1000000

1000

10000

100000

1000000

Frequency

Frequency

Figure 62: Frequency-dependent dielectric constants (a) and dissipation factors (b) of SiBCN
ceramics pyrolyzed at different temperatures with Si-to-B ratio 4:1.

A remarkable effect of boron-doping on the dielectric properties of polymer-derived
SiCN ceramics was the reduced dielectric loss, as exemplified in Figure 63 for the dielectric
135

factors of various ceramics at frequency of 1.5 MHz. The loss factor was 0.64 for SiCN
ceramics pyrolyzed at 1100 ºC, while the SiBCN ceramics with Si-to-B ratio 4:1 had dissipation
factor of 0.16, an improvement of 300 %. It had been proved that the boron doping would retard
the graphitization of “free” carbon phase, and improve the thermal stability as well as
crystallization resistance of matrix. Thus, the density of space charges and the defects in the
boron-doped SiBCN ceramics would be diminished, and caused the reduction of dielectric loss
which was crucial to the application of sensor and energy storage.
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Figure 63: The dissipation factors of SiCN and SiBCN ceramics with different pyrolysis
temperatures at frequency of 1.5 MHz.
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6.3.2 Dielectric Constant and Loss of SiBCN Ceramics at Microwave Frequency

The high temperature stability and temperature-dependent dielectric properties of
polymer-derived SiBCN ceramics enabled them as great candidates for applications at harsh
environments, such as high-temperature sensors in turbine engines. However, the proposed
wireless passive sensing mechanism required the use of microwave frequencies for reliable
temperature sensing without the need of wire connections and packaging.

The first and very critical step for the characterization of dielectric properties at high
temperature was to characterize the material properties of SiCN and SiBCN ceramics at room
temperature with high accuracy. This measurement could provide a reference for the hightemperature characterization to ensure the validity of the results, and it also helped to design the
characterization setup for high-temperature measurement with high accuracy. Therefore, the
room-temperature dielectric properties of polymer-derived SiCN and SiBCN ceramics with
different pyrolysis temperatures were characterized by a unique waveguide cavity method at
microwave frequencies of ~12 GHz

[164]

, and the results were depicted in Figure 64 (a) for

dielectric constant and Figure 64 (b) for dielectric loss.

The data showed that the dielectric constant (εr) at microwave frequency of polymerderived SiCN ceramics was increased, after doping with boron, from εr = 3.47 (SiCN) to 4.98
(Si6B1) at temperature of 1000 ºC, and the loss tangent (tanδ) was dramatically dropped from
tanδ of 0.0046 for SiCN pyrolyzed at 1000 ºC to 0.0017 for Si4B1 ceramic at same pyrolysis
temperature. When the annealing temperature went up, both dielectric constants and loss
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tangents were found to be increased. The content of boron-doping seemed to have an
optimization value for improving the room-temperature dielectric constant of SiBCN at
microwave frequency because the more boron-doped Si4B1 ceramic had a higher εr at
microwave frequency than that of Si6B1. It’s still an undergoing research of what caused this
phenomenon, although our results suggested that the increased boron concentration played a
major role in phase-separation and crystallization of amorphous SiCxN4-x and BCxN3-x matrix.
However, the dielectric loss (tanδ) at ~12 GHz did decline with the improved boron content in
the ceramics pyrolyzed at 1000 - 1200 ºC since the boron doping would restrain the
decomposition of matrix phase to reduce the formation of defects. Thus, an improvement in
dielectric properties of PDCs at high temperature should be expected by the boron-doped SiBCN
ceramics, and the wireless sensing was supposed to be benefited by the increased εr and reduced
tanδ in the aspect of sensing distance and signal strength.
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Figure 64: The Dielectric Constant (a) and Loss Tangent (b) of SiCN and SiBCN ceramics with
different pyrolysis temperatures measured at microwave frequency.
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6.3.3 Temperature-dependent Dielectric Properties of SiBCN Ceramics at Microwave Frequency

The temperature dependence of dielectric constant and loss tangent were characterized by
the setup in Figure 59 from room-temperature up to 1300 ºC. To the best of author’s knowledge,
it’s the first time to report the dielectric properties of PDCs at such high temperature, which was
the critical data for the sensor application and would be a reference for future developing.

In the first place, the temperature-dependent dielectric properties of polymer-derived
amorphous SiCN ceramics with gold coating were measured at microwave frequency from
room-temperature to 500 ºC using an Agilent Performance Network Analyzer (PNA) N5230A at
every temperature point where the sample was measured. The measured transmission level (S21)
of SiCN resonator were plotted in Figure 65 (a), and the measured resonant frequency ( fr) and
unloaded Q factor (Qu) as well as the dielectric constant (εr) and loss tangent (tanδ) extracted
therefrom were shown in Figure 65 (b) and (c) respectively.
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Figure 65: The measured S21 (a), fr and Qu (b), and extracted εr and tanδ versus characterization
temperature at microwave frequency.

The measured fr decreased from 12.63 to 12.37 GHz as the measurement temperature
increased from 25 to 500 ºC. Therefore, the average measurement sensitivity was found to be
0.547 MHz per degree centigrade. It should be noted that the thermal expansion coefficient (CTE)
of SiCN was very small, i.e. 5×10-6/K; therefore its effect on the resonant frequency was
insignificant. The maximum Qu of 199.8 was measured at room temperature and was reduced to
38.1 at 500 ºC due to the increased losses within SiCN and metal. The εr and tanδ of SiCN were
obtained by performing parametric sweeps of these two variables in HFSS simulations. The
dielectric constant and loss tangent of SiCN increased from 3.71 to 3.87 and from 0.004 to 0.025,
respectively, within 25-500 ºC. It should be noted that these two values at the room temperature
agree well with the results obtained from the waveguide cavity method. In addition, due to the
lack of experimental data on the temperature-dependent metal conductivity, it was assumed to be
constant across the temperature range in HFSS simulations, which typically decreased with
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increasing temperature. Therefore, the actual loss tangent of SiCN at elevated temperatures
should be lower than the extracted values. As seen from Figure 65 (a), the peak of S21 at
characterization temperature of 500 ºC was bold which made the signal impossible to be
distinguished at higher temperature due to the great loss of SiCN and gold coating. Thus, the low
loss materials should be employed for the wireless passive sensors at elevated temperature.

The polymer-derived SiBCN ceramics with different Si-to-B ratios were metalized with
platinum paste, and their temperature-dependent dielectric properties were then characterized
from room temperature to 1300 ºC at the step of 50 ºC when the temperature was above 50 ºC.
The S21 results of Si4B1 ceramics were plotted in Figure 66 (a) and the plots of fr and Qu versus
temperature extracted from the results of S21 were plotted in will be shown in Figure 66 (b) and
(c), respectively.
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Figure 66: (a) S21 for temperature from 25 ºC to 1300 ºC (b) extracted fr versus temperature (c)
extracted Qun versus temperature.

As shown in the above figures, the fr decreased from 11.2 to 10.6 GHz and Qun reduced
from 85 to 19, when the characterization temperature increased from 25 to 1300 ºC. The average
measurement sensitivity was 0.47 MHz/K. The reduction of fr with increasing characterization
temperature suggested that the dielectric constants of Si4B1 ceramics increased as the
measurement temperature improved. Such a temperature-dependent dielectric behavior would be
great for the temperature sensor. The loss tangent was increased as suggested from the
diminution of Q factor. It was seen from the S21 plot (Figure 66 (a)) that the observed dielectric
signal was still discernible at temperature up to 1300 ºC which was distinct with the dielectric
properties of SiCN ceramics. The result was the first evidence for the excellent high temperature
dielectric properties of polymer-derived SiBCN ceramics. All in all, the remarkable dielectric
properties of polymer-derived SiBCN ceramics at high temperature, in terms of high dielectric
constant and low dielectric loss, had secured themselves as the promising material for high
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temperature application. In fact, during the composition of this dissertation, a wireless passive
temperature sensor which will be used in the turbine engine has been successfully fabricated by
the polymer-derived SiBCN ceramics. It is able to survive and function at 1050 ºC now, and the
working temperature can be further improved in the future work. This makes the present study
more of practical significance.

6.4 Summary

The results based on the study of dielectric properties of polymer-derived amorphous
boron-free SiCN and SiBCN ceramics are as follow. At the frequency range of 300 - 1.5 MHz,
all of these ceramics showed reduced dielectric constant and dielectric loss with increasing
frequency, and the improved pyrolysis temperature enhanced the dielectric constant and
aggravated the energy dissipation of these materials. In this low characterization frequency range,
the space charge polarization was considered to the main mechanism for the dielectric properties
of PDCs. Thus the graphitization of “free” carbon and phase-separation of amorphous matrix
phase were the motivation for the developed dielectric behaviors. The doped-boron would reduce
the density of space charges and the defects in polymer-derived SiBCN ceramics which lead to
the decrease of dielectric loss in consequence.

The room-temperature dielectric properties of SiCN and SiBCN ceramics at microwave
frequency of ~12 GHz were characterized by the waveguide cavity method. As the pyrolysis
temperature went up, both dielectric constants and loss tangents of all ceramics were increased. It
was contributed to the boron doping that the dielectric constant at microwave frequency of
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polymer-derived SiCN ceramics prepared at temperature of 1000 ºC was increased from 3.47 to
the value of 4.98 in Si6B1 ceramics, and the loss tangent of SiCN ceramics was decreased from
0.0046 to the number of 0.0017 for Si4B1 ceramics at same pyrolysis temperature.

The temperature-dependent dielectric properties of polymer-derived amorphous SiCN
ceramics were measured from room temperature to 500 ºC at microwave frequency. The
temperature-related dielectric behavior was observed with a measurement sensitivity of 0.547
MHz/K. In the company of the increased characterization temperature, the dielectric constant and
loss tangent of SiCN increased from 3.71 to 3.87 and from 0.004 to 0.025, respectively. Due to
the high dielectric loss of SiCN ceramics and surface metal of gold, the dielectric signal of SiCN
ceramics was hard to be identified at T > 500 ºC. However, the boron-doped SiBCN ceramics
metalized with platinum showed the outstanding high-temperature dielectric properties at
temperature higher than 1300 ºC. The super thermal stability, low dielectric loss, and
temperature-dependent dielectric constant of polymer-derived SiBCN ensured them to survive
and function at harsh environment for sensor application.

144

CHAPTER SEVEN: CONCLUSION
In summary, the polyborosilazanes with various boron concentrations were synthesized
by a simple and residual-free route from the commercially available polyvinylsilazane HTT1800
and borane dimethyl sulfide. The synthesis reaction was accomplished by the hydroboration of
vinyl and B-H groups as well as the dehydrocoupling of N-H and B-H groups as suggested in the
FTIR and NMR spectra, and the hydroboration showed higher activity than the dehydrocoupling
reaction. It was proved by solid-state 29Si-NMR that the polymer precursors of polyvinylsilazane
and the synthesized polyborosilazanes were able to be crosslinked by the hydrosilylation of Si-H
and vinyl groups in HTT1800 and the reaction of Si-H and N-H groups in polyborosilazanes,
respectively. It was found by TGA that the prepared polyborosilazanes showed a great
improvement in ceramic yield comparing with polyvinylsilazane.

The polymer-derived SiBCN and SiCN ceramics were then prepared by the thermally
induced decomposition of the synthesized polyborosilazanes and polyvinylsilazane. The borondoped ceramics exhibited the improved thermal stability comparing to that of boron-free SiCN
ceramics. The structure and structural evolution of these prepared ceramics in amorphous state
were characterized by solid-state 11B, 29Si NMR, Raman, and EPR spectroscopy. The experiment
results suggested the appearance of two structure constituents in boron-free amorphous SiCN
ceramics: amorphous SiCxN4-x matrix and “free” carbon phase. The composition of amorphous
matrix kept constant during pyrolysis from 1000 ºC to 1350 ºC, but the structure units was
transformed from SiCN3 group to SiN4 and SiC4 groups. A thermodynamic model was proposed
to account for the phase-separation of amorphous matrix. It was revealed by Raman spectra that
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the “free” carbon phase in amorphous SiCN ceramic was graphitized from amorphous carbon to
nanocrystalline graphite and elongated in lateral size at elevated pyrolysis temperature. The
formation of unpaired electrons in “free” carbon phase during polymer-to-ceramic conversion
was proved by the G-band EPR. The concentration of unpaired electrons in amorphous SiCN
ceramics decreased with increasing pyrolysis temperature, and the X-band EPR spectra of SiCN
ceramics pyrolyzed below 1300 ºC showed two components: a broad peak due to the nonbonding
π electrons near the zigzag type edge of graphene and a narrow peak attributed to those localized
dangling bonds associated with structural defects inside of “free” carbon phase. These two peaks
reduced their intensity with increasing pyrolysis temperature and were merged into a single peak.

The polymer-derived SiBCN ceramics exhibited distinct structure consisted of three units
as amorphous SiCxN4-x matrix, “free” carbon, and amorphous BCxN3-x phase. According to the
characterizations, the boron played a critical role in the structural evolution of amorphous SiBCN
ceramics. As seen from the solid-state NMR, the amorphous SiCxN4-x phase had silicon
coordination of SiC4, SiCN3, and SiN4, similar to that of SiCN ceramics, but the concentration of
these structure units were different. The phase-separation of SiCxN4-x matrix induced by the heat
treatment was detected in SiBCN ceramics too, but its related reaction process was incompatible
with the proposed model for SiCN ceramics. It was shown in

11

B-NMR that the amorphous

BCxN3-x matrix was composed of BN2C and BN3 groups, and the BN2C unit was gradually
transformed to BN3 during pyrolysis and caused the formation of hexagonal boron nitride (h-BN).
Along with the development of matrix, the graphitization of “free” carbon phase was observed in
polymer-derived SiBCN ceramics during pyrolysis, however the growth of “free” carbon phase
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was constrained by the boron doping, and the carbon clusters were retarded to be amorphous at
elevated temperature. On the evidence of G-band EPR, the unpaired electrons in amorphous
SiBCN ceramics were related to “free” carbon phase. The evolution of these electron spins
showed an uncommon phenomenon in X-band EPR of SiBCN ceramics, in which the single
peak of SiBCN ceramic pyrolyzed at low temperature was gradually split into a double peak
composed of a narrow and a broad signal when the pyrolysis temperature went up. The total
concentration of paramagnetic centers showed a parabolic behavior and was controlled by the
nonbonding π electrons (the broad peak). The narrow peak, caused by the localized defects in
“free” carbon phase, indicated the ordering process of “free” carbon by its continuously reduced
intensity.

Chapter 5 discussed the electrical properties of polymer-derived SiCN and SiBCN
ceramics as well as their structure-conductivity relationships. The synthesized amorphous
ceramics showed semiconducting behavior, and the room-temperature D.C.-conductivity was
tremendously improved with increasing pyrolysis temperature for both amorphous SiCN and
SiBCN ceramics. At the same temperature, the conductivity was decreased with the increased
boron doping. Based on the data of polymer-derived SiCN ceramics, a new mechanism was
proposed to explain the matrix controlled semiconducting behavior in amorphous PDCs. It was
suggested that the rapid increase of conductivity was due to the graphitization of “free” carbon
phase rather than the previous claimed reason of the structural changes in amorphous matrix. As
a consequence of that, the effective electric field between conducting carbon clusters was
dramatically enhanced by the increased density of electrons. The proposed mechanism was
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supported by the plots of the natural logarithm of conductivity of SiCN and SiBCN ceramics
against the reciprocal of pyrolysis temperature with a linear relationship. The linearity implied
that the improvement of room-temperature D.C.-conductivity of amorphous PDCs resulted from
structure changes in ceramics, and the related activation energy was calculated at 3.41 eV for
amorphous SiCN ceramics which matched the graphitization energy of pure carbon materials.
The polymer-derived SiBCN ceramics had similar activation energy at low pyrolysis temperature
range, but the energy was increased to 4.5 eV at elevated temperatures. The augment of energy
barrier was ascribed to the extensively increased resistance to the evolution of “free” carbon due
to the appearance of the complicated BNCx phase at elevated temperature.

Last but not least, the dielectric properties of amorphous polymer-derived SiCN and
SiBCN ceramics were investigated with respect to temperature and frequency dependence of
dielectric constant and dielectric loss since their great potential in electronics of high-temperature.
Measured at the frequency of 300 - 1.5 MHz, the amorphous PDCs with or without boron doping
exhibited decreased dielectric constant and dielectric loss corresponding to the upgraded
frequency, and the improved pyrolysis temperature would increase the dielectric constant and
aggravate the energy dissipation of these materials. The graphitization of “free” carbon and
phase-separation of amorphous matrix phase were the driving forces for the dielectric behaviors
because the space charge polarization was the leading mechanism for the dielectric properties in
this frequency range. Therefore, the doped-boron would lead to the decrease of dielectric loss in
consequence. The room-temperature dielectric properties of SiCN and SiBCN ceramics at
microwave frequency were characterized by the waveguide cavity method. Both dielectric
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constants and loss tangents were increased when the pyrolysis temperature went up. The boron
doped PDCs exhibited the increased dielectric constant and the reduced loss tangent at
microwave frequency in contrast to the boron-free SiCN ceramics with the same pyrolysis
temperature. For the first time, the temperature-dependent dielectric properties at microwave
frequency of polymer-derived ceramics were reported from room temperature to 500 ºC for
SiCN ceramics and up to 1300 ºC for SiBCN ceramics. The results showed the increased
dielectric constant and loss tangent at microwave frequency with increasing characterization
temperature for PDCs, and the improved dielectric properties of SiBCN ceramics by boron
doping. The outstanding thermal stability, low dielectric loss, and temperature-dependent
dielectric constant with high measurement sensitivity of polymer-derived SiBCN ensured
themselves for the application at harsh environment.
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