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Abstract

Functional metacomposites towards negative dielectric properties via percolating behavior have triggered tremendous fun-
damental and practical interest. In this paper, titanium nitride was selected to construct percolating metacomposites. Hence,
adjusting the frequency region and the value of negative permittivity was effectively realized by uniformly building different
ratio x of nickel(II) oxide/titanium nitride composites. Occurrence of percolation phenomenon and change of conductive
mechanism were observed when alternating the ratio x. Two different types of negative permittivity (i.e., dipole-type and
plasma-type) were observed in the composites. The dipole-type negative permittivity behavior in the composite with low
titanium nitride content (i.e., x=0.5) was ascribed to the resonance-induced electric dipole generated from the isolated
titanium nitride particles, which could be explained by Lorentz model. While the plasma-type negative permittivity with
titanium nitride content exceeding the percolation threshold could be well explained by the low frequency plasmonic state
generated from conductive titanium nitride networks using Drude model. Besides, the electrical properties influenced by
percolating phenomenon including ac conductivity, dielectric loss, and impedance were investigated. This work presents a
systematic and novel investigation on negative dielectric properties of percolating metacomposites and will greatly facilitate
the practical applications of metacomposites.

1 Introduction

The percolating phenomenon, a classic and significant
behavior in physics widespreading in heterogeneous multi-
components of materials [1-4], has drawn intensive attention
due to their fascinating properties and potential applications
in the field of thermal storage [5], light-emitting diodes [6],
and charge-storage capacitors [7], etc. Specifically, once the
concentration of functional fillers in the percolating com-
54 Yao Liu posites approaches a critical value (i.e., percolation thresh-
old), the filler particles come into contact with each other
and establish a continuous network throughout the system
[8-10]. Along with the change of microstructure, the physi-
cal properties of the composites also undergo an abrupt
. i shift and bring about attractive performances, such as high
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permeability u’) can be achieved when functional fillers
exceeded the percolation threshold which could combine
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with metacomposites constructing [13, 14]. Metacomposites
designation towards negative permittivity via percolating
behavior was distinguished from traditional metamaterials
built by many artificially periodic unit cells. And percolat-
ing metacomposites performed preferable experimental
reproducibility, great feasible regulation and environment-
friendly properties [4, 8, 15—17] which effectively broad-
ened the applying fields of metamaterials. Therein, metallic
fillers (i.e. Fe, Co, Ni) [18-23] and carbonaceous materials
[24-27] were used to prepare metacomposites, while few
attentions was put on conductive ceramic fillers. Especially,
titanium nitride (TiN), which possessed great chemical sta-
bility, temperature durability and impedance match, exhib-
ited a plasmonic resonance in visible-NIR range [28-30].

Thus, we combined titanium nitride and nickel(II) oxide
(NiO) to construct metacomposites towards negative die-
lectric properties, while their electrical performances influ-
enced by percolating behavior including negative permittiv-
ity, ac conductivity, dielectric loss and impedance properties
were systematically investigated at radio-frequency range.
More concretely, the frequency region and value of nega-
tive permittivity are effectively adjusted by homogenizing
different ratio x of TiN and NiO. Percolation phenomenon
and conductive mechanism changes were observed when
alternate the ratio x. Two different types of negative per-
mittivity (i.e., dipole-type and plasma-type) were observed
in the composites. The dipole-type negative permittivity
behavior in the composite with low titanium nitride content
(i.e., x=0.5) was ascribed to the resonance-induced electric
dipole generated from the isolated titanium nitride parti-
cles, which could be explained by Lorentz model. While
the plasma-type negative permittivity with titanium nitride
content exceeding the percolation threshold could be well
explained by the low frequency plasmonic state generated
from conductive titanium nitride networks using Drude
model. As for nickel(Il) oxide, it severed as capacitor materi-
als to form many micro capacitors by uniformly distributing
among titanium nitride particles, and was selected because
of its satisfactory electric insulation, chemical inertness and
temperature durability and other similar physical properties
as titanium nitride [31, 32].

2 Materials and methods

Titanium nitride (purity 99.5%, average size ~6 um) and
nickel(Il) oxide (purity 98%, average size ~2 pm) were pur-
chased from Sinopharm Chemical Reagent Co. Ltd. The
composites with titanium nitride contents of 0, 40, 45, 50,
60, 70, 75, 80, 85, 90, 100 wt% were prepared by blending
and compression molding procedure followed by annealing
in nitrogen at 873 K to enhance their solidity and strength.
The microstructure of composites was investigated by SU-70
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field emission scanning electron microscopy (FESEM).
The phase composition of all samples was measured by
an X-ray diffractometer (XRD, XD2/3, Beijing Purkinje
General Instrument Co., Ltd, Beijing, China) with Cu K,
radiation in air at room temperature. The dielectric proper-
ties of composites at radio frequency was tested by Agilent
E4991A precision impedance analyzer. For permittivity
measurement, all samples were processed into cylinders
(20 mm X 20 mm X 2 mm). Before the test, the open/short
compensation and load compensation was performed to
reduce the residual impedances of the test fixtures and cali-
brate the test fixtures [33]. Permittivity was measured via
putting samples between the two planar electrodes of the
16453A dielectric test fixture. The output data was imped-
ance (Z', Z"), capacitance (C,) and resistance (R,) which
could be used for calculation of impedance modulus value
(1Z1), complex permittivity (¢',¢’) and ac conductivity (c,,.).
Specifically and respectively:

hC
’=§’]’ )
" _ L
27fSR £ 2)
_ h
Ouc = Rpj 3)
1zl =\/1Z|* + 12" )
5”
tané = 1 5)

where h is the thickness of the sample, S is the area of
the electrode, g, is the absolute permittivity of free space
(8.85x107!2 F/m), f is the frequency of the electric field,
A is the area of the contact medium, and tané is dielectric
loss tangent.

3 Results and discussion
3.1 Microstructure characterization

The ideal model of three-dimensional conductive networks
formed in TiN/NiO composites were schematic in Fig. 1
based on the SEM images (shown in Figs. S1 and S2). This
three-dimensional networks, key to percolating behavior
which brings huge variation of properties (i.e. permittiv-
ity), should be investigated and discussed (shown in “Nega-
tive permittivity behavior” section in detail). Besides, the
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Fig.1 Schematic diagram of ideal microstructure in TiN/NiO meta-
composites according to the real SEM images shown in supplying
information
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Fig.2 XRD patterns of TiN and TiN/NiO composites with different
TiN contents

characteristic peaks of TiN and NiO are clearly observed in
Fig. 2, while the intensity of TiN peaks is increasing with
increasing x.

3.2 Conductivity behavior

Figure 3 shows the frequency dependent ac conductivity
(o,,) for the TiN and its composites with different ratio x of
TiN/NiO. The o, increases on increasing the frequency of
the composites with a content of not more than x=0.5 (50
wt%), while the o, decreases as the frequency increases
for composites with higher TiN content. The different

variation trends of o,. depending on the frequency indi-
cate different conductive mechanisms, and a percolation
phenomenon occurs in the composites on increasing the
TiN content. The percolation threshold is between x=0.5
and x=0.6 which is verified by the different conductive
model. For composites below the percolation threshold,
the o, —f relationship obeys the formula [18]:

0,4 = 04 +AQxf)" (6)
where o, is direct current conductivity, fis the frequency,
A is the pre-exponential factor and 7 is the fractional expo-
nent (0 <n<1). As shown in Fig. 3b, dc conductance was
primary at low frequency while ac conductance gradually
dominated as increasing f to high frequency region. This is
suggestive of a hopping conduction behavior in the compos-
ites which means free electrons can “jump” between adja-
cent TiN particles under the action of an external electric
field [34]. When the TiN content exceeds the percolation
threshold, the TiN particles are connected to each other to
form a three-dimension conducting network throughout the
composites, which results in a metal-like conductive behav-
ior, e.g. at low frequencies, o,. was almost independent of
frequencys; at high frequencies, o, decreases with increas-
ing frequency which should be attributed to the skin effect
(when an alternating electric current flows through a con-
ductor, the electric mainly flows at the “skin” of the conduc-
tor, which is called the skin effect) [8].
The skin depth can be expressed as [35]:

5=< 2 )3 )
a)llo'dc

where 0 is the skin depth, w is the angular frequency, o, is
the dc conductivity, and u is the static permeability of the
composites. The increasing frequency will reduce the skin
depth and enhance the skin effects [18]. Hence, the o, of
composites decreases with increasing the frequency, espe-
cially at high frequencies.

And the frequency dependence of ¢, with x> 0.5 fol-
lows the Drude model [35]:

O'd,a)2

Oue = m (®)
2

op = NET ©)
de m 4z

where o, is the dc limit of the conductivity, w (0, = 1/7) is
the relaxation rate and denotes the broadening of the oscilla-
tor due to damping, and ), describes the oscillator strength,
and is referred to the plasma frequency.

@ Springer



5856 Journal of Materials Science: Materials in Electronics (2018) 29:5853-5861
2.0 0.2
(a) o x=04 4 x=045 (b)0 16k
v x=0.5 » x=0.6 U
e x=0.7 * x=0.8 I ; 0.8704
A2+ ercolation threshold
‘T 1.5 - x=0.9 ° x=1 — 0 1 | Ip O'acOC (ZTEf)
~ Drude model fitted | '~ FRTTTTEES ASAAAAAAAARAANN
£ 0.08 L ____Odc ___  i.pstt
I g AAAAAAAAAAAAAL 0.4507
~ S | e 04 a x0as OaTCD
o v x=0.5 » x=0.6
© ©" .04 L — Power law fitted Goett (21 f)0'7725
——Drude model fitted ..0 ac
L Sde ..‘...
P Y Y XX LA
PR | n PR | PR
100M 1G 100M 1G
Frequency(Hz) Frequency(Hz)

Fig.3 Frequency dependences of ac conductivity for the TiN and TiN/NiO composites with different TiN content (a, b), the red and dark yellow
solid lines in (a, b) are fitting results using Drude model and Jonscher’s power law, respectively. (Color figure online)

3.3 Negative permittivity behavior

Frequency dispersions of the real permittivity (&’) with
different TiN contents are given in Fig. 4a, b. For x=0.4
and 0.45, it was found that the values of &' were positive
and enhanced with increasing TiN content over the whole
frequency, which could be ascribed to increasing micro-
capacitors formed by isolated TiN and NiO particles in the
composites [36]. In addition, interfacial polarization (Max-
well-Wagner-Sillars effect) also gave rise to the improve-
ment of permittivity [37, 38]. Especially, for the curves
from TiN/NiO (x=0.4, 0.45, 0.5) composites (below the
percolation threshold) showed in Fig. 4b, it was observed
that the ¢’ decreased with gradually increasing frequency
and huge decreasing variations happened at high frequency
range. Hence, the real permittivity (&”) of TiN/NiO (x=0.5)
composite (quite closing to percolation threshold) turned
from positive to negative when increasing frequency reached
about 690 MHz which could be ascribed to Lorentz reso-
nance:[15, 39, 40].

wz
ef=¢ —ie =1+ L (10)

o+’ +il o

Y

where o (w = 2zf) is the angular frequency of the electric
field, wy(w, = 2xf,) is the characteristic frequency (or reso-
nance frequency), w,(w, = 2zf,) is the angular plasma fre-
quency describing the resonance strength, and I'; represents
the damping constant related to the broadening of resonance.
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The Lorentz type dielectric resonance should result from
the induced electric dipole in the isolated TiN particles [8].
When the frequency of the external electric field reaches the
resonance frequency range (near f;)), negative permittivity
may be obtained [8]. Such type negative permittivity behav-
ior were also observed in composites that carbon nanotubes
(CNTs) or graphene served as functional fillers [14, 15].

The negative permittivity also appeared when the TiN
content exceeded percolation threshold, which was attrib-
uted to the formation of the three-dimension interconnected
TiN networks [20] in the composites illustrated by Fig. 1. As
shown in Fig. 4a, the &’ of the composites with the higher
TiN contents (x> 0.5) kept negative over the whole fre-
quency. Theoretically, the plasma-type negative permittiv-
ity behavior can be described by Drude model, which gives
a frequency dependence of the permittivity for delocalized
electrons [18]. As shown in Fig. 4a, the relationship of nega-
tive ¢’ versus frequency agrees well with the results fitted by
Drude model [18]:

w?

L (12)

6*:£l—i6”=1—2—.
o’ + iol'p

: “
£=1- 13
w? + T2 (13)
n,«€
w, =1 -~ (14)
P Mg

where Iy is the damping constant, w,=2zf, is plasmons
angular frequency, n; is effective concentration of electron,
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Fig.4 Frequency dependences of real permittivity (¢) for TiN and
TiN/NiO composites (a, b), the cyan and wine solid lines in (a, b)
are fitting results using Drude model and Lorentz model, respectively.

m 1s effective weight of electron, and €, is vacuum permit-
tivity (8.85x 1072 F/m).

The imaginary permittivity (¢”") is known to be useful to
evaluate the dielectric loss of materials [41]. In the case of
the percolative composite system, the dielectric loss, which
is closely associated with the frequency and concentration
of conductive fillers, mainly originates from the conduction
process, surface polarization and dipole movement [41, 42].
Thus &” can be expressed by Eq. (15) [8]:

n _n n "
£ —£C+£D+£P (15)
where eg is conduction loss, €7 is dipolar loss and €}, is

interfacial polarization related loss. Generally, the interfacial
polarization phenomenon occurs at low frequency, which is
no more than 1 MHz [3]. Once the frequency of the external
electric field reaches a high enough level, the charges do not
have time to accumulate at the interface, leading to the dis-
appearance of interfacial polarization. Therefore, the dielec-
tric loss mainly includes the conduction loss and dipolar loss

Frequency dependences of the imaginary permittivity (¢”) (¢) and
dielectric loss tangent (tand) (d) for TiN and TiN/NiO composites.
(Color figure online)

in our test frequency (20 MHz—1 GHz). The conduction loss
arises from a leakage current among conductive fillers or the
contact resistors in the circuit model, and can be described
by [42]:

" Odc

fc = 2xfe, (16)

The o, is constant for a given material, so the €. is
inversely related to f (e’c’ o f~1). The dipolar loss stems from
polarization currents and the movement of dipoles on con-
tinuously changing the electric fields [41].

Figure 4c presents the £”’ versus frequency for the TiN and
its composites with different ratio x. The incorporation of TiN
particles leads to an evident increment of £”. For the compos-
ites under the percolation threshold, the plots of " versus f
exhibit the liner decrease relationship in the low frequency,
and then demonstrate a nonlinear increasing trend at the high
frequency region. That is, there is a change of the dominant
role in the dielectric loss from the conduction loss to the
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dipolar loss on increasing the frequency [8]. The results can be
understood by the reason that the conductivity loss decreases
with increasing the frequency [according to Eq. (16)], and the
contribution from the dipolar loss becomes more significant
at high frequency.

Figure 4d corresponds to the frequency dependence of tand.
It was found that tand was larger when ratio x was closer to the
percolation threshold (shown in Fig. S4). Specially, there was
a peak at about 690 MHz for TiN/NiO composites (x=0.5),
which could be explained by the Eq. (5). When &’ shifts from
positive to negative at about 690 MHz, there must be an
increasing and decreasing trend (which means peak) near this
shift frequency.

3.4 Impedance and equivalent circuit analysis

The relationship for different circuit elements can be expressed
as [43]:

|< -

Z=%=R+j(X,-Xc) =7 +jz" (17)
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Fig.5 Nyquist plot (a—c) for the TiN and TiN/NiO composites. The
solid lines in (a—c) are fitting results using equivalent circuit. The
variation of capacitance from equivalent circuit elements with differ-
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X

@ = arctan 3= arctan

To further explore the negative dielectric properties of the
composites, equivalent circuit analysis using Zsimpwin soft-
ware was performed to investigate the impedance spectra of
composites shown in Fig. 5. For the positive permittivity
composites (x=0.4 and 0.45), the reactance showed negative
values in the whole frequency regime (Fig. 5a). As illus-
trated in Fig. 6a, whenX; < X, then [LJ < (C], thus ¢ < 0

which means that the phase of voltage lags behind the phase
of current, indicating a capacitive character. Their equivalent
circuits consist of a series resistor (R,) with a parallel con-
nection of a resistor (R,) and a capacitor (C,) (inset of
Fig. 5a). The R| came from the silver electrode with a small
value [44]. The R, resulted from the leakage current of com-
posites, and decreased with increasing ratio x, indicating
better conductivity [45]. The Cp was mainly derived from
the microcapacitors formed by the TiN and NiO particles in
the composites [46]. The isolated TiN particles usually
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ent ratio x (d), the other corresponding parameters of the simulating
results were presented in Table S3 in Supporting Information. (Color
figure online)
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1| -
X=X,-X,

R

(@) y

Fig.6 Phasor diagram of voltage versus current and relationship with
complex impedance in a series connected RLC circuit. U, I, U, U,
Uy and U, are voltage or current phasor for different circuit elements,
@ is the impedance angle, X, X and X are reactance

manifested capacitive character until network formed, how-
ever, there is an exception for composite (x=0.5) near per-
colation threshold, shown in Fig. 5b. It presents capacitive
character with negative reactance at low frequency, while
further increasing frequency, the reactance changed from
negative to positive at nearly 690 MHz corresponding to the
positive—negative permittivity switching point. That is to
say, @ < 0 was changed top > 0, the composites change
from capacitive to inductive and the conductive mechanism
changes from hopping conduction to metal-like
conduction.

The reactance was positive in the overall test frequency
range for samp_les (3c=0.6, 0.7, 0.8, 0.9, 1), which means
X; > X, then [LJ > [C] and @ > 0 [derived from Egs. (17) and

(18)], manifesting the inductive character. Inductors were
introduced into their equivalent circuit due to the formation
of conductive TiN network (inset of Fig. 5b, ¢). Inductor is
a spatial conductive loop with a spiral shape, and the rela-
tionship between L(uH) and geometric dimensions can be
expressed as [17]:

poN*nD?

L=
l

(19)
where D (cm) is the loop diameter, N is the winding number,
and / is the loop length (cm). / is a constant, i.e., the sam-
ple thickness. There was two inductor for the composites of
x=0.6, and three inductors of x=0.7 and 0.8, four inductors
of x=0.9 and 1 which could be explained by new conduc-
tive paths formed as increasing the ratio x (shown in Fig. 7),
leading to the increase of inductor number.

The appearance of circuit elements (i.e. inductors) has
demonstrated the negative permittivity qualitatively, thus the
capacitance should also be considered in order to further

original inductor formed by TiN particles
AYA

\AN A |
| VA

increasing x

I |

new conductive path

Fig.7 Schematic diagram of the structural variation of the inductor

investigate the relationship between percolation behavior
and negative permittivity. Figure 5d shows the variation of
capacitance from equivalent circuit elements with ratio x.
There was also a percolation behavior corresponding to the
positive—negative permittivity percolation. Below the per-
colation threshold, the capacitance increases with increas-
ing ratio x in the positive permittivity region (in Fig. 5d),
explained by Maxwell-Wagner—Sillars effect. At the perco-
lation region, the capacitance suddenly reduces due to the
formation of the conductive network. With the assistance
of the above analysis, a corresponding relationship between
negative dielectric properties and percolating phenomenon
was built and confirmed which could present fundamental
reference resources for further researching and application
in negative permittivity metacomposites.

4 Conclusion

In conclusion, percolating metacomposites in titanium
nitride/nickel(I) oxide composites towards negative dielec-
tric properties were constructed. The frequency region and
the value of negative permittivity was effectively adjusted
with different ratio x. Percolation phenomenon and conduc-
tive mechanism changes were observed when alternate the
ratio x. The dipole-type negative permittivity behavior in the
composite with low titanium nitride content (i.e., x=0.5)
was ascribed to the resonance-induced electric dipole gener-
ated from the isolated titanium nitride particles, which could
be explained by Lorentz model. While the plasma-type nega-
tive permittivity with titanium nitride content exceeding the
percolation threshold could be well explained by the low fre-
quency plasmonic state generated from conductive titanium
nitride networks using Drude model. Moreover, negative
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dielectric properties were investigated via equivalent circuit
analysis to conclude a corresponding relationship between
negative dielectric properties and percolating phenomenon
which will surely facilitate the designation and application
of metacomposites.
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