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a b s t r a c t

Despite the exotic electromagnetic properties have been demonstrated in metamaterials to date, how to
effectively adjust negative electromagnetic parameters remains a challenge. Tunable negative permit-
tivity is essential for the metamaterials to satisfy a variety of practical applications, such as capacitor,
microwave absorbing and shielding. Here, we fabricated a random metamaterial, carbon/silicon nitride
(C/Si3N4) composite, using a feasible impregnation-pyrolysis method. The microstructure and dielectric
property of the composites with different heat treatment temperatures (HTTs) and carbon contents were
investigated. The amorphous carbon membrane adhered on the rod-like Si3N4 grains. The negative
permittivity behavior combined with inductive character was obtained in the composites, which was
attributed to the low frequency plasmonic state generated from the formative conducting carbon net-
works. The magnitude of negative permittivity is demonstrated to be successfully adjusted by controlling
the HTT and carbon content. The result is in good agreement with the analysis of Drude model. Inter-
estingly, a weakly negative permittivity behavior was observed in the measured frequency, showing
small negative values of permittivity between �50 and �10, which was ascribed to a moderate carrier
concentration provided by the carbon networks. This work provides an effective way to achieve the
tunable and weakly negative permittivity in random metamaterials.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Electromagnetic metamaterials with negative permittivity or/
and permeability have been the subject of intense research due to
their unusual physical properties and exciting potential applica-
tions, such as negative refraction [1,2], optical imaging [3,4], elec-
tromagnetic cloaks [5e7], novel antenna [8,9] and sensor [10,11]. In
the past few decades, although fascinating achievements of the
metamaterials have been reported, great effort is still required to
and Engineering, Shanghai

uo10@utk.edu (Z. Guo).
precisely control negative parameters as well as to achieve the
desired functional properties [12,13]. Until now, two technical
routes have been developed to prepare metamaterials: ordered
metamaterials and random metamaterials [14]. Ordered meta-
materials are artificially structured media with periodic unit cells,
in which the negative parameters can be tuned by changing the
design of the periodic structures, such as shape, size and geometric
arrangement [15,16]. Whereas, the constructing process of the pe-
riodic structures is complex, and these metamaterials also show an
anisotropic electromagnetic response, causing an adverse impact
on the applications [17]. Random metamaterials without clear pe-
riodic array were proposed to overcome these limitations, which
can be prepared using typical processing of material with ease
[14,18]. Their electromagnetic properties can be feasibly tuned by
tailoring the chemical compositions and microstructures, offering
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an efficient way to construct metamaterials with more freedom
[19].

In the studying of random metamaterials, considerable atten-
tion has been paid to the development of metal composites to
achieve tunable negative parameters. For instance, some metal
particles (such as, Ni, Fe, Ag, Cu or Co) were randomly dispersed in
insulating matrixs, and the tunable negative parameters were
demonstrated in the obtained composites by tailoring their
composition and microstructure [14,20e24]. Negative permittivity
also was obtained in some metal alloy composites containing
Fe50Ni50, FeNiMo or Fe78Si9B13 particles [25e27]. Meanwhile,
several recent studies were devoted to realize the negative
permittivity in carbon composites with different carbon nano-
structures, including graphene, carbon nanotube or nanofiber
[18,19,28,29]. However, in those researches, there is little attention
given to the magnitude of negative parameters, and negative value
of permittivity is generally enormous. In fact, a weakly negative
permittivity behavior with small negative value of permittivity in
broad frequency range is desired for many applications. For
example, the small negative magnitude of permittivity endowed a
carbon based metamaterial with good impedance matching and
improved absorption performance, benefiting its application in the
microwave absorbing field [22,30]. High-permittivity was obtained
in bilayer composites, which were constituted by the meta-
materials with a suppressed negative permittivity, making them
well apply in capacitors [31]. In addition, the weakly negative
permittivity behavior can facilitate the applications of meta-
materials in solar energy harvesting [7,32], sensor [33] and an-
tennas [30].

Theoretical analysis indicates that the negative permittivity
arises from the low frequency plasmonic state of free electrons in
the random metamaterials, and the magnitude of negative
permittivity closely associated with their free carrier concentration
[14,23]. It is widely believed the low or moderate free carrier
density is more beneficial to offer the weakly negative permittivity
behavior in a wider frequency band [30,34,35]. Compared with the
metals and nanostructured carbon materials, amorphous carbon
materials with a relatively low carrier concentration can be regar-
ded as a good candidate for constructing metamaterials, to attain
the tunable and weakly negative permittivity behavior [36e38].
Besides, the amorphous carbon is easily synthesized from pyrolysis
of organic precursors, and its electrical and microstructural prop-
erties can be tuned by controlling the heat treating condition, such
as heat treatment temperature (HTT) [39].

Here we report the experimental realization of tunable negative
permittivity behavior in amorphous carbon/silicon nitride (C/Si3N4)
composites, which were prepared using a precursor impregnation
and calcination process. Their magnitude of negative permittivity
can be effectively controlled by adjusting the HTT and carbon
content. The dielectric behavior was analyzed by the Drude model.
Interesting, a weakly negative permittivity behavior with small
negative value was also obtained in the testing frequency band (20
MHz-1 GHz).

2. Experimental

2.1. Sample preparation

The porous Si3N4 ceramics with the open porosity of ~50% were
prepared by pressureless sintering under flowing nitrogen-gas,
using the yttria (Y2O3) and ytterbia (Yb2O3) as sintering additives.
The high-purity Si3N4 powders (a-Si3N4 > 93 wt%, particle median
diameter < 0.5 mm; Beijing Tsinghua Unisplendor Founder High-
Tech Ceramics Co. Ltd.), Y2O3 powders and Yb2O3 powders (the
purity > 99.9%; Beijing Dk Nano technology Co. LTD. China) were
used as starting materials. Firstly, the mixtures of Si3N4, 3 wt% Y2O3
and 6 wt% Yb2O3 powder were milled in ethanol for 48 h using the
Si3N4 grinding media. After completely drying, the mixed powders
were sieved with 100-mesh sieve and then cold isostatic pressed at
40 MPa. The green bodies were sintered at 1650 �C for 2 h in ni-
trogen atmosphere. Finally, the sintered ceramics were machined
into square discs (15mm� 15mm� 2mm) and then ultrasonically
cleaned in ethanol.

For the preparation of C/Si3N4 composites, the obtained Si3N4
specimens were dipped into 1.5 g/ml or 1 g/ml sucrose aqueous
solutions and vacuumized for 12 h to make the sucrose solution
infiltrate into the Si3N4 discs. The specimens were then removed
from the sucrose solution and dried in a ventilated oven at 80 �C for
12 h. After that, the as-received specimens were calcined at 500 �C
for 1 h under flowing nitrogen-gas. After repeating impregnation-
calcination process, the specimens with carbon content of 4.9,
8.3, 10.1, and 12.5 wt% were prepared. Finally, the as-prepared
samples were calcined at 500, 850, 1100, and 1300 �C respec-
tively, for 1 h in the nitrogen atmosphere to get the C/Si3N4 com-
posites. For comparing and analyzing structural evolution, the
carbon derived from sucrose powders was fabricated under the
same calcination process.
2.2. Characterization

X-ray photoelectron spectroscopies (XPS) for chemical and
compositional analysis were performed using an ESCALAB 250
photoelectron spectrometer (Thermo Fisher Scientific, USA). The
phase structures of C/Si3N4 composites and pyrolysis carbon
derived from sucrose carbonization were characterized by X-ray
diffractometer (XRD, XD2/3, Beijing Purkinje General Instrument
Co., Ltd., Beijng, China) with Cu Ka radiation. The diffraction pat-
terns were collected in the diffraction angle ranging from 10 to 80�

at room temperature in the air. The Raman spectra were recorded
using a micro-Raman spectrometer (Jobin Yvon HR800, France)
with 532.05 nm incident radiation. The microstructure of com-
posites were observed using a field emission scanning electron
microscope (FESEM, Hitachi SU-70, Tokyo, Japan), equipping with
energy dispersive X-ray spectroscopy (EDX). Pore size distribution
of the porous Si3N4 ceramic and its composites was characterized
by the mercury porosimetry (Micromeritics Autopore IV 9500,
Micromeritics, USA). The apparent porosity of the specimens was
measured by the Archimedes' method. Agilent E4991A Precision
Impedance Analyzer combined with 16453A dielectric test fixture
was applied to determine the electrical properties of the compos-
ites. The impedance (Z0, Z00), capacitance (C) and resistance (Rp) data
at the frequency band from 20MHz to 1 GHz weremeasured by the
impedance analyzer under alternating current (ac) voltage
(100 mV) at room temperature. The ac conductivity (sac), the phase
shift angle (4), the real (ε0) and imaginary (ε00) part of complex
permittivity were calculated by the following formulas,
respectively:

sac ¼ d
RS

(1)

4 ¼ arctan
�
Z

00.
Z0
�

(2)

ε

0 ¼ Cd
ε0S

(3)
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ε

00 ¼ d
2pf ε0SRP

(4)

where d is the specimen thickness, S is the electrode plate area, C is
the capacitance, Rp is parallel resistance, R is real part of impedance
(R¼ Z0), ε0 is the permittivity of vacuum (8.85� 10�12 F m�1), and u

(u ¼ 2pf) is the angular frequency.
3. Results and discussion

3.1. Composition and microstructure of the C/Si3N4 composites

X-ray photoelectron spectroscopy (XPS) characterizations were
performed to analyze the composition and chemical states of
composites at different HTTs, Fig. 1A. The clear C1s peak at ~285 eV
verifies that carbon has been successfully hosted in porous Si3N4
matrix, and the Si2p, Si2s, N1s and O1s peaks also are observed at
around 100,150, 398 and 530 eV, respectively [40,41]. XPS C1s peak
deconvolution of the composites is shown in Fig. S1A. Three peaks
are utilized to fit the C1s region, with binding energies of 284.6 eV,
286.1 eV and 287.6 eV, corresponding to C]C/CeC, CeOeC and C]
O groups, respectively [39]. Integrated areas of each extracted peak
are computed to quantify the change in chemical composition of
pyrolysis carbon, Fig. S1B. As the HTT increases, integrated area of
peak corresponding to CeC/C]C group increases, which is sug-
gestive of the structural transformation from CeOeC and C]O
groups to CeC/C]C bonds. Meanwhile, a small amount of oxygen
still retains in the pyrolysis carbon at high HTT.

Fig. 1B shows XRD patterns of C/Si3N4 composites with 12.5 wt%
carbon content. The main diffraction peaks of the composites are b-
Si3N4 and a-Si3N4 phases, and yet the characteristic peaks of py-
rolysis carbon are indistinctive. This should result from that the
Fig. 1. XPS spectra (A), XRD patterns (B) and Raman spectra (C) of the C/Si3N4 composites w
and (d) 1300 �C. (A colour version of this figure can be viewed online.)
carbon content is less, or the intensity of carbon peaks is much
lower in comparison with those of other crystalline peaks. In order
to explore the influence of HTT on crystallization of pyrolysis car-
bon, the sucrose powders were calcined under the same heat
treatment process as that of composites, and their XRD patterns are
given in Fig. S2. It is clear that carbon derived from pyrolysis of
sucrose powder is amorphous, which have two broad characteristic
peaks [(002) and (100)] in XRD patterns [42e44]. For the pyrolytic
carbon at the HTTof 500 �C, the (100) peak is not obvious, while the
graphite (002) peak appears at ~17�. As the HTT increases, the
diffraction peaks become sharper and (002) peak shifts to a higher
angle, identifying that the degree of ordered carbon structure in-
creases [45e47].

Fig. 1C depicts the Raman spectra of the C/Si3N4 composites, and
structural evolution of amorphous carbonwith rising HTT is further
revealed. Raman spectra are resolved into five peaks, namely, G
(1590 cm�1), D (1330 cm�1), D0 (1620 cm�1), D00 (1500 cm�1) and I
(1190 cm�1) bands [48,49]. The G-band arises from the in-plane
vibrations of the sp2-bonded crystallite carbon [39]. The other
peaks represent the structural defects and other disorder-induced
effects for the carbon [50]. At the high HTT (1300 �C), the defect
peaks are still intense, indicating the obtained pyrolysis carbon
remains a highly disordered (turbostratic) form. ID/IG intensity ra-
tio, which is calculated from the surface ratio of the D and G bands,
can provide the microstructural information of carbon materials
[39]. ID/IG ratio gradually decreases as the HTT increases from 850
to 1300 �C, which is attributed to the crystal growth and the higher
graphitization degree. But the lower ID/IG ratio and weaker D peak
are observed at 500 �C. The D band is usually ascribed to defects on
the boundaries of the aromatic structures [45,51]. During the
carbonization of sucrose, the depolymerization will lead to the
formation of poly-aromatic structures [50]. At the HTT of 500 �C,
the poly-aromatic unit boundary density is low, leading to the
ith 12.5 wt% carbon content at the carbonizing temperature of (a) 500, (b) 850, (c) 1100



Fig. 2. FESEM images of the Si3N4 ceramic and its composites with different carbon contents and carbonizing temperatures. (a) and (b) porous Si3N4 ceramic; (c) and (d) 5 wt%,
1100 �C; (e) and (f) 8.3, 1100 �C; (g) and (h) 10.1 wt%, 1100 �C; (i) and (j) 12.5 wt%, 500 �C; (k) and (l) 12.5 wt%, 1300 �C.

C. Cheng et al. / Carbon 125 (2017) 103e112106
decrease of D band intensity and ID/IG ratio. Similar Raman spectra
and reducing ID/IG ratio also were observed in the wood-based
chars [50,52], anthracene-based cokes [45] and cellulose-based
carbon [39], which were synthesized at various HTTs.

Fig. 2 shows the FESEM micrographs of Si3N4 ceramic and its
composites with different carbon contents and HTTs. In the porous
Si3N4 ceramic (Fig. 2a and b), a typically interlocked microstructure
that the rod-like b-Si3N4 grains connect randomly with each other
is clearly observed. There are large number of three-dimensional
network pores among the elongated b-Si3N4 grains, benefiting
the impregnation process. Nevertheless, this intercrossing micro-
structure becomes blurred as the carbon is incorporated into the
ceramic matrixes. It is because the carbon layer spreads out on the
b-Si3N4 grains, and some pyrolytic carbon attach to the junction
connecting grains. Interestingly, some ultrathin carbon films
located in the pores also are detected. As the HTT and carbon
content increases, the carbon film becomes more obvious. In
addition, the EDX analysis (Fig. S3) demonstrates that amorphous
Fig. 3. Pore size distribution (A) and open porosity (B) of the Si3N4 ceramic and its compos
version of this figure can be viewed online.)
carbon uniformly distributed in the composites.
Fig. 3A shows the pore size distributions of the porous Si3N4

ceramic and its composites at the HTT of 850 �C. The samples
exhibit a single peak in the pore size distribution and their pore size
is in the range from 200 to 600 nm. When the pyrolytic carbonwas
embedded into the porous ceramics, the median pore diameter of
the composites becomes smaller. Fig. 3B shows the open porosity of
the Si3N4 ceramic and its composites. It is found that the porosity of
composites decreases with the increase of carbon content. This is
because that more pyrolytic carbon occupies the pores of porous
matrix.
3.2. Electrical property of the C/Si3N4 composites at different HTTs

Fig. 4A shows the ac conductivity (sac) as a function of frequency
for C/Si3N4 composites at different HTTs. The sac of the composite at
the HTT of 500 �C increases almost linearly with increasing fre-
quency, showing a typical insulating behavior [53]. When the HTT
ites with various carbon contents at the carbonizing temperature of 850 �C. (A colour



Fig. 4. Frequency dependences of electrical conductivity (A) and phase shift angle (B) for C/Si3N4 composites with 12.5 wt% carbon content at the carbonizing temperature of (a)
500, (b) 850, (c) 1100 and (d) 1300 �C. Schematic illustration of microstructural evolution (C) for the composites with rising carbonizing temperature. (A colour version of this figure
can be viewed online.)
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exceeds 500 �C, the composites exhibit a metal-like conductive
behavior, and their sac are frequency independent at low fre-
quencies and then decreases as the frequency increases [20]. This
conductive behavior should be attributed to the skin effect, which is
a tendency for alternating current to flowmostly at the “skin” of an
electrical conductor [54]. The skin depth (d) can be expressed as
eqn (5) [20,55].

d ¼
ffiffiffiffiffiffiffi
2r
um

s
(5)

where u (u ¼ 2pf) is the angular frequency, r is resistivity and m is
the static permeability. The r and m are constant for a given ma-
terial, so the d is inversely proportional to the square root of f. The
increasing frequency will reduce the d, and skin effect becomes
more evident, leading to the decrease of sac for composites, espe-
cially at high frequencies [20]. The occurrence of metal-like
conductive behavior indicates carbon networks are formed in the
composites. The conductive loops are not yet formed in carbon
networks at low HTT (500 �C) due to the poor conductivity of
amorphous carbon, while the conducting passway is formed in
carbon networks at higher HTTs. In order to better understand the
effect of HTT on conductive behavior, a schematic of microstruc-
tural evolution for the composites with rising HTT is shown in
Fig. 4C. The pyrolytic carbon lays over the fibrous grains and locates
in the pores. The amorphous carbon can be considered to compose
of the highly conductive clusters (crystalline sp2 carbon) embedded
in a disordered matrix (amorphous sp3 and sp2 carbon) [39,56]. At
the HTT of 500 �C, amorphous carbon is almost insulated with a
small number of conducting carbon clusters. As the HTT elevates,
the concentration of crystalline cluster increases due to the
continuous growth of crystalline carbon and overall volumetric
shrinkage, and thereby conductive clusters connect with each
other, leading to the rapid increase in electrical conductivity of the
amorphous carbon [57]. Hence the conducting networks are
formed in the composites as rising HTT, along with a change of
conductive behavior.

Fig. 4B represents frequency dependences of phase shift angle
(4 ¼ arctan(Z00/Z0)) for composites at various HTTs. Material, which
is placed into an external ac electric field, can be regarded as a
circuit consisting of capacitors (C), resistors (R) and/or inductors (L)
[58]. In a circuit with only resistors, the voltage is in sync with
current (4 ¼ 0�). When capacitors or inductors are involved in the
circuit, the current and voltage is not in phase [22,59]. Specifically,
the phase between the current through a capacitor and the voltage
across a capacitor is that the voltage lags current by 90� (4¼�90�).
The relationship between the current and voltage through an
inductor is that the voltage leads current by 90� (4 ¼ 90�). In our
obtained composites, the 4 shifts from negative to positive on HTT
increasing, indicating the occurrence of capacitive-inductive tran-
sition [60]. The 4 values of the composite at 500 �C are observed in
the range �90�<4 < 0�. This means that voltage phase falls behind
the current phase, and capacitors play a dominant role in the cir-
cuit, so the composite manifests a capacitive character. Corre-
spondingly, the composites with the elevated HTTs (�850 �C) show
an inductive behavior, as their 4 values are in the range of 0e90�.
The higher HTT results in the increase of conductivity in amorphous
carbon, and many conductive loops are formed in the carbon net-
works of composites under high frequency electric field (Fig. 4C), so
inductors dominate the equivalent circuit. Note that the 4 of
composite at 500 �C approaches �90�, which signifies that a circuit
nearly just contains capacitors and resistors, showing a purely
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capacitive response.
Frequency dependences of permittivity (ε* ¼ ε

0 � jε00) for com-
posites with various HTTs are given in Fig. 5. Substantial variation is
observed in the dielectric curves of composites. Real part of
permittivity (ε0) of composite at 500 �C is positive and almost in-
dependent of frequency, while negative ε

0 is observed in the com-
posites at high HTTs (�850 �C), Fig. 5A. The negative ε

0 behavior is
attributed to the low-frequency plasmon of free electrons in
conductive carbon networks [23]. In our obtained carbon com-
posites, there are lots of free carriers, providing the plasmonic state
(Fig. 5C). When the frequency of external electric field is lower than
the plasma frequency of free electrons, the negative ε

0 can be ob-
tained [14,20]. The frequency dispersion of ε0 can be described by
the Drude model [14,61].

ε
0 ¼ 1� u2

P

u2 þ G2
D

(6)

uP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
neff e2

meffε0

s
(7)

where up (up ¼ 2pfp) is the effective angular plasma frequency, GD
is damping parameter, neff is the effective concentration of free
carriers, meff is the effective mass of the carriers, e is the electron
charge (1.6 � 10�19 C) and ε0 is the permittivity of free space
(8.85 � 10�12 F/m). The fitting curves (solid line), which are ob-
tained using OriginPro 8 software according to eqn (6), are in good
agreement with the experimental data of ε0 (dotted line). The fitting
values of up for composites with rising HTT are 9.44, 55.81 and
65.62 GHz, respectively. From eqn (7), the up is found to depend on
the neff and meff. In the obtained composites, the increasing HTT
bring about more free carriers in carbon networks, leads to the
elevated neff and reduced meff [20]. Thus, the up moves toward a
higher frequency on increasing HTT. The magnitude of negative ε

0

also becomes larger with rising the HTT, which is due to the larger
up (according to eqn (6)). It is notable that the negative magnitude
of ε0 for composite at 850 �C is small ranging from�50 to�10 in the
Fig. 5. Frequency dependences of permittivity (A, B) for C/Si3N4 composites with 12.5 wt%
1300 �C. Schematic diagram for generating mechanism (C) of negative permittivity behavio
testing frequency. Table 1 shows the comparison of the negative ε
0

in various random metamaterials. In those metamaterials with
metal or carbon nano-materials, the negative magnitude of ε

0

generally was enormous at the frequency lower than their plasma
frequency, which obstructs many applications of the meta-
materials. In our work, the weakly negative ε

0 behavior with low
frequency dispersion is achieved in the amorphous carbon com-
posites, which arises from the moderate carrier concentration of
the conductive carbon network [30,62]. The obtained small and
stable negative ε

0 makes a possibility for their applications in the
capacitor, microwave absorbers, antenna and sensor
[30e32,63e66].

The imaginary part of permittivity (ε00) is signal of dielectric loss,
which mainly includes the conduction loss (εc00) and relaxation loss
(εr00) [70]. According to Debye theory, the ε

00 can be described as the
following [71,72].

ε

00 ¼ ε

00
c þ ε

00
r (8)

ε

00
c ¼

sdc
uε0

(9)

ε

00
r ¼

εs � ε∞

1þ u2t2
ut (10)

where sdc is the direct current conductivity, εs is the static
permittivity, ε∞ is the high-frequency limit permittivity and t is
relaxation time. The conduction loss of composites stems from the
electric leakage among carbon membranes. The relaxation loss
mainly arises from the defect dipole and interfacial polarization
processes [71]. The defect dipoles originate from the charge un-
balance in the amorphous carbon. The interfacial polarization is
also generated from the charge unbalance, which exists at the
CeSi3N4 interfaces. For the composite at 500 �C, the ε

00 is small (no
more than 0.1) in the testing frequency (Fig. 5B), and is primarily
dominated by relaxation loss, while the low conduction loss can be
ignored [70,73]. As the HTT reaches 850 �C, the ε

00 jumps to a high
value (~103), which is the inevitable consequence of the formation
carbon content at the carbonizing temperature of (a) 500, (b) 850, (c) 1100 and (d)
r. (A colour version of this figure can be viewed online.)



Table 1
The comparison of the negative permittivity in various random metamaterials.

Material system Filler content up/GHz Magnitude of negative ε
0 Testing frequency band Refs.

Iron-alumina 27 wt% 1306 ~�106 30 MHze1GHz [20]
Nickel-alumina 35 wt% 167 ~�105 10 MHze1GHz [14]
Copper-polyphenylene Sulfide resin 16.4 vol% e ~�104 10 MHze10 GHz [23]
Nickel chain-poly(vinylidene fluoride) 6 wt% e ~�104 100 Hze100 kHz [67]
Silver-alumina 41 wt% 101 ~�104 100 MHze1GHz [68]
FeNiMo-alumina 30 wt% 56.5 ~�105 10 MHze1GHz [26]
Carbon nanotube-polypropylene 2 wt% e ~�104 100 Hze1MHz [69]
Graphene-polyaniline 3 wt% e ~�104 20 Hze1MHz [29]
Carbon nanofiber- polypyrrole 5 wt% e ~�103 20 Hze1MHz [28]
Pyrolytic carbon-silicon nitride 12.5 wt% (850 �C) 9.44 ~�50 20 MHze1GHz This work
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of conductive networks in the composite [74]. The enhanced con-
ductivity leads to a rapid increase of conduction loss. The com-
posites with the high HTTs show an inverse linear correlation
between ε

00 and frequency, which accords with eqn (9) [72,75].
Thus, we believe that the conduction loss plays a dominant role in
the dielectric loss (ε00z εc

00).

3.3. Electrical property of the C/Si3N4 composites with different
carbon contents

Apart from the HTT, the carbon content also exerts a great in-
fluence on the electrical property of the C/Si3N4 composites. Thus, a
series of composites with carbon contents of 4.9, 8.3 and 10.1 wt%
were further prepared, respectively. Fig. 6 exhibits the frequency
dependences of sac for the composites with various carbon con-
tents. The rising carbon content and HTT lead to the increase of the
sac due to the formative more carbon networks for facilitating free
Fig. 6. Frequency dependences of sac for the C/Si3N4 composites with various carbon conten
of this figure can be viewed online.)
carrier transfer. Two different dispersion behaviors of sac are
observed in these composites. The composites at the HTT of 850 �C
show a frequency independent conductivity in the low frequency
region and then exhibit a clearly increasing trend of sac at the high
frequencies. The sac depending on frequency follows an empirical
power law given as [20,58].

sac ¼ sdc þ Aun (11)

where A is the pre-exponential factor and n is the fractional
exponent. The good simulated results indicate that a hopping
conduction behavior appears in the composites [20,30]. The other
composites show a metal-like conductive behavior, and the sac
decreases with increasing frequency due to the skin effect [58].
Besides, the composites with 4.9 wt% carbon content undergo a
change of conductive mechanism as the HTT elevates (Fig. 6A). This
result manifests the carbon networks are formed in the composites
ts at the carbonizing temperature of (a) 850, (b) 1100 and (c) 1300 �C. (A colour version



Fig. 7. Frequency dependences of permittivity for the C/Si3N4 composites with various carbon contents at the carbonizing temperature of (a) 850, (b) 1100 and (c) 1300 �C. (A colour
version of this figure can be viewed online.)
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even at the low carbon content; nevertheless, the conductive loops
are not formed in carbon networks at 850 �C, owing to the weak
conductivity of amorphous carbon.

Fig. 7 presents the frequency dependences of permittivity for
the composites with different carbon contents. The negative ε

0 was
also observed when the carbon contents are reduced to 4.9, 8.3 and
10.1 wt%, Fig. 7A, C and E. Lower carbon content and lower HTT
could reduce carrier concentration, leading to the decrease of the
negative ε0 amplitude as described by the Drudemodel [31]. That is,
the values of negative ε

0 could be effectively adjusted by the carbon
content and HTT. For the composites at 850 �C, the low-intensity
free carrier in the carbon networks is insufficient for the appear-
ance of negative ε

0 in the measured frequency band [20]. Their
positive ε

0 become larger with increasing carbon content due to
enlarged CeSi3N4 interface areas [24]. Furthermore, an inductive
behavior (Z00>0) also is observed in the composites along with the
negative ε
0 (Fig. S4). Similar results were obtained in many other

random metamaterials containing carbon or metal component
[20e22,24,30]. Hence, we believe that the inductive behavior is a
characteristic of negative ε

0 phenomenon [54]. The frequency dis-
persions of ε00 for the composites were illustrated in Fig. 7B, D and F.
The larger ε00 values are observed in the composites with the higher
carbon content and HTT, causing by the enhanced conduction loss.
As discussed above, if the conduction loss governs dissipative
processes, the plots of ε00 versus f will show a linear decrease rela-
tion in a logarithmic scale (ε00f f�1) [75]. Whereas, for the com-
posites at 850 �C, the curves of ε

00 deviate from the linear
relationship at the high frequency reign, which implies that the
dominant role in the dielectric loss changes from the conduction
loss to the polarization loss as the frequency increases. This result
can be explained by the reason that the increase of frequency leads
to the smaller conduction loss (according to eqn (9)), and the
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polarization loss makes a primary contribution to the dielectric loss
at the high frequencies.

4. Conclusion

In this paper, the C/Si3N4 composites consisting of amorphous
carbon hosted in porous Si3N4 were prepared by an infiltration-
pyrolysis process. A tunable and weakly negative permittivity
behavior has been evidenced in the composites with different HTTs
and carbon contents. The obtained negative permittivity behavior
was attributed to the low frequency plasmonic state derived from
the formative conducting carbon networks. The negative value of
permittivity could be effectively adjusted by controlling the HTT
and carbon content. Small magnitude of negative permittivity in
the tested frequency was observed ranging from�50 to�10, which
arisen from the lower carrier density of the conductive carbon
networks in the composite. And the Drude model was given a good
description of the dielectric response. This study can potentially be
used to develop the random metamaterials with tunable negative
permittivity for various practical applications, such as capacitor,
electromagnetic absorption and shielding.
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