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Abstract—The effect of copper on the microwave absorption,
conductivity and complex permittivity of fritless Ni(1−x)CuxMn2O4

(x = 0, 0.4, 0.8, 1) thick film on alumina have been investigated in the
8–18GHz frequency range. The structural changes have been identified
by scanning electron microscope (SEM), FTIR and RAMAN scattering
spectroscopy. The microwave conductivity and permittivity increase as
copper content increases. The fritless Ni(1−x)CuxMn2O4 (0 ≤ x ≤ 1)
thick film with x = 0.4 shows best absorption properties, though all
the other compositions also show good absorption in a large frequency
range. The microwave conductivity increases from 1S/cm to 951 S/cm
due to copper and the dielectric constant (έ) increases from 7 to 19.5.

1. INTRODUCTION

Due to the proliferation in the use of the electromagnetic wave
especially the radio frequency for a variety of applications the problem
of electromagnetic wave pollution has attracted the attention of
researchers. Materials which can absorb microwaves can eliminate
electromagnetic wave pollution. Wide spread applications of
electromagnetic absorbers have inspired engineers to explore optimal
design with available algorithms. Ideally a thin, light weight and
wideband absorber is an optimum one [1]. The main mechanism of
microwave absorber is purely dielectric, polarization and conductive
losses [2]. Dielectric material for microwave applications should
in general satisfy three requirements: high dielectric constant,
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low dielectric loss and small temperature coefficient of resonant
frequency [3]. Many techniques have been developed to measure
the permittivity [4, 5]. The complex permittivity is an important
factor which can be altered to achieve maximum absorption of the
electromagnetic waves. Permittivity relates to the material’s ability to
transmit (or permit) an electric field. Permittivity also depends on the
physical properties such as density and composition of the material,
and it changes with temperature and frequency.

Thick film technology has been proved to be cost effective method
highly conducive to planarization. Thick film thermistor is a device
that can be used in high frequency range. This is possible due to
the development of new thick film thermistor material [6]. Nickel
manganite has an intermediate cubic structure consisting 3d transition
metals which have negative temperature coefficient (NTC) [7]. The
composition of solid solution of 3d strongly affects the distribution of
cations and thus change the properties [8, 9]. Oxalate co-precipitation
method [10] can be used to synthesize single phase, homogeneous, fine
grained ceramic.

In this paper, we report the effect of copper content on the
microwave properties of fritless (glass free) Ni(1−x)CuxMn2O4 (0 ≤
x ≤ 1) thick film NTC ceramic. Ni(1−x)CuxMn2O4 (0 ≤ x ≤ 1)
was prepared by oxalic precursor method. Effect of copper content
in the nickel manganite thick film was also studied by structural
characterization using X-ray diffraction spectroscopy (XRD), Fourier
transform infrared (FTIR), RAMAN spectroscopy and Scanning
electron microscope (SEM).

2. EXPERIMENTAL PROCEDURE

The Ni(1−x)CuxMn2O4 (0 ≤ x ≤ 1) powder was prepared by oxalic
precursor method using nickel acetate, manganese acetate, copper
acetate of definite proportion mixed with 2 M hot oxalic acid solution
with constant stirring. The chemicals were weighted according to
required stoichiometry proportion by varying x = 0, 0.4, 0.8, 1. The
prepared precipitate was filtered, washed with distilled water and dried
at 400◦C and finally sintered at 1000◦C for 8 Hrs.

Thick film paste was prepared by mixing in agate mortar 80 wt%
of the ceramic powder, 12wt% of inorganic binder (75 wt% Bi2O3 and
25%PbO) and organic vehicle (8wt%) for 2Hrs. The organic vehicle
was a solution of ethyl cellulose and [2-(2-butoxyethoxy) ethyl]-acetate.
The fritless Ni(1−x)CuxMn2O4 (0 ≤ x ≤ 1) thick film was delineated
on 96% alumina by screen printing and firing at 900◦C in zonal furnace
for 1 Hr. The thickness of the Ni(1−x)CuxMn2O4 (x = 0.0, 0.4, 0.8, 1)
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thick films which has rectangular shape with 1.1 cm width and 2.5 cm
in height is ∼ 14µm was obtained from gravimetric method.

The formation of spinel structure was confirmed by XRD using
Cu-Kα radiation, (λ = 1.541838 A0) (Philips Diffractometer PW
3710), structural changes observed by FTIR (Perkin-Elmer200),
RAMAN (Bruker, Multi-RAMAN spectrometer (RAM-II)), surface
morphological studied by SEM (JSM-6360 JEOL, Japan).

Transmission of microwaves due to thick film was measured
point by point using transmission/reflection method with rectangular
waveguide, consisting of the X and Ku band generator, isolator,
attenuator, directional coupler and RF detector. The composition
dependent permittivity was measured in microwave frequency region
8.2GHz to 18 GHz (X and Ku band) by VSWR method.

3. RESULTS AND DISCUSSIONS

The typical XRD pattern of Ni(1−x)CuxMn2O4 (x = 0, 0.4, 1)
thick film is shown in Fig. 1. It is observed that polycrystalline
Ni(1−x)CuxMn2O4 (0 ≤ x ≤ 1) was formed with dominant (311) plane
which confirmed spinel structure. All peaks appearing in XRD pattern
for Ni(1−x)CuxMn2O4 (0 ≤ x ≤ 1) are very sharp indicating that the
samples have high crystallinity. The miller index for each peak was
determined based on a spinel structure of space group Fd3m.

Figure 2 shows the SEM (JSM-6360 JEOL Japan) morphology of
thick film Ni(1−x)CuxMn2O4 (0 ≤ x ≤ 1). It is seen that as copper
content increases grain size also increases from ∼ 0.55µm (for x = 0.4)
to ∼ 1.3µm (for x = 0.8). This might be due to higher atomic mobility

2θ 

Figure 1. X-ray diffraction pattern of fritless Ni(1−x)CuxMn2O4 thick
film.
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  (a)   (b)

Figure 2. SEM images of fritless Ni(1−x)CuxMn2O4 thick films of (a)
x = 0.4 and (b) x = 0.8.

of Cu ions induced by liquid phase sintering. It is observed that these
thick films have larger porosity and open (thinner) grain boundaries
with agglomeration. The voids appear to be more pronounced in the
films with higher copper content. This may be due to the fact that
copper being a metal; it prevents the formation of dense microstructure
of fired thick film.

To further explore the doping effect of copper in the fritless
NiMn2O4 thick film, vibration modes have been studied by means of
FTIR and RAMAN spectra measurements because vibration modes
are sensitive to substitution. In FTIR spectra (Fig. 3) two strong
peaks were observed around 600 cm−1 and 500 cm−1. This confirmed
the formation of spinel structure. As copper content increases the peak
at 605 cm−1 shifts to 600 cm−1. This might be because the valance of
Cu is smaller than Ni due to which the force constant of CuO6 are
smaller than NiO6 octahedron [11]. The peak around 510 cm−1 shifts
to 496 cm−1 due to the increase in copper content indicating decrease
in frequency since the heavier Cu ions are substituted for Ni.

Figure 4 shows the RAMAN spectra (RS) of fritless
Ni(1−x)CuxMn2O4 (x = 0, 0.4, 1) thick film. It is observed that
polycrystalline NiMn2O4 (x = 0) thick film is dominated by a strong
broad band with peak centered at 645 cm−1 and 515 cm−1. A band
with medium intensity appears at 559 cm−1, while three bands are
observed in low frequency region 388 cm−1, 297 cm−1 and 170 cm−1,
having weak intensity. In spinel oxides and other manganese oxides
energies of ∼ 600–650 cm−1 are characteristics of vibrations involving
the motion of oxygen atoms inside the octahedral unit MnO6 [12].
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Figure 3. FTIR spectra of
fritless Ni(1−x)CuxMn2O4 thick
film.
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Figure 4. RAMAN spectra
of fritless Ni(1−x)CuxMn2O4 thick
film.

Analysis of the vibrational spectra of NiMn2O4 and CuMn2O4 with
Fd3m space group yields five modes which are RAMAN active
A1g+Eg+3F2g. The RAMAN band located at about 645 cm−1 is
viewed as a symmetric Mn-O stretching vibration of MnO6 group.
This high wave number band is assigned to the A1g species in the
O7

h spectroscopic symmetry. The RS peak at 297 cm−1 derives from
the Eg symmetry whereas the peaks located at 170 cm−1, 388 cm−1,
559 cm−1 derives from F2g species. Similar spectra have been observed
in LiMn2O4 [13]. Dokko et al. [14] have reported that the peak
intensity at ∼ 515 cm−1 is sharper due to nickel content and it is
attributed to Ni2+-O stretching mode in structure. As copper content
increases RAMAN spectra shifts towards lower frequency (peaks shown
by arrow). At x = 0 it is 645 cm−1, at x = 0.4 it is 636 cm−1

and for x = 1 it is 600 cm−1 which is due to the heavier Cu ions
substituted for Ni ions. The reduction of the intensity of this mode is
due to the decrease of Jahn-Teller distortions in the averaged structure
introduced by the smaller Cu ions [15] (ionic radii of Cu2+ = 0.70 Å
and Ni2+ = 0.78 Å) [16].

The transmission and reflection of fritless Ni(1−x)CuxMn2O4 (0 ≤
x ≤ 1) thick films was measured by the rectangular waveguide
reflectometer set up shown in Fig. 5. The microwaves incident on
the device under test were in the frequency range 8GHz to 18GHz.
The waveguide reflectometer set up consists of Gunn oscillator,
isolator, attenuator, two 3 dB directional couplers connected in reverse
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Figure 5. Schematic of microwave experimental setup for
transmission and reflection of fritless Ni(1−x)CuxMn2O4 thick film.

directions, sample holder for DUT (Device Under Test) and the diode
detector. The system was calibrated by measuring the output with
and without the DUT. The transmission and reflection of standard
alumina sample was measured and found to be ∼ 70% transmittance
and ∼ 12% reflectance in the 8–18 GHz frequency range.

The microwave insertion loss of Ni(1−x)CuxMn2O4 (0 ≤ x ≤ 1)
fritless thick films were calculated from transmission coefficient of the
sample using the formula,

Insertionloss = −20 log
V T

VI

where, VT is transmitted output power by thick film, VI is the incident
power on thick film.

Figure 6 shows the insertion loss as well as absorption loss of
Ni(1−x)CuxMn2O4 (0 ≤ x ≤ 1) thick films in the frequency range
8.2GHz to 18 GHz. From the figure it is seen that in the frequency
range 8.2 GHz to 11GHz composition dependent variations in both
insertion loss and absorption loss are observed.

The composition with x = 0.4 shows the largest absorption.
At 12GHz the insertion loss is minimum ∼ 5 dB indicating that
the Ni(1−x)CuxMn2O4 thick film is least absorbing (absorption loss
maxima). Between 11.5 to 16GHz the absorption becomes high again,
but it is not composition dependent. At ∼ 17GHz again composition
dependent effects are obtained, with the absorption being larger for
the composition x = 0.4. The high absorption (low absorption
loss) in a large band of frequencies indicates potential for microwave
applications [17]. Absorption is the heat loss under the action between
electric dipole or magnetic dipole in material and the electromagnetic
field. Such materials can be a good thermistor material in the
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Figure 6. Microwave absorption
loss and insertion loss of fritless
Ni(1−x)CuxMn2O4 thick film.
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Figure 7. Microwave conductiv-
ity of fritless Ni(1−x)CuxMn2O4

thick film.

microwave range.
The microwave conductivity of fritless Ni(1−x)CuxMn2O4 (0 ≤ x ≤

1) thick film was calculated using the equation according to Ramey
et al. [18] using the transmittance data.
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where ‘σ0’ is bulk conductivity, ‘k’ =d/l0 where ‘d’ is the film thickness
and ‘l0’ is the mean free path. And ‘Ei’ is the transmittance.

From Fig. 7, it is observed that as copper content increases
microwave conductivity also increases. The conductivity varies from
∼ 1 S/cm for the composition x = 0, ∼ 8 S/cm for x = 0.4, > 70 S/cm
for x = 0.8 and > 500 S/cm for x = 1.0. As copper content increases
the frequency dependent variations are increased. Conduction is
caused by the hopping of electrons between the Mn3+ and Mn4+ on
octahedral sites. In other words it is Mn3++Cu2++Mn4+ ↔ Mn4++
Cu++ Mn4+ and Mn3++Cu2++Mn4+ ↔ Mn4++ Cu2++ Mn3+. Both
Mn and Cu cations at the octahedral sites acts as hopping ions to
cause an increase in the conductivity. To the authors knowledge
there are no reports available on the microwave conductivity of fritless
Ni(1−x)CuxMn2O4 thick film in the 8–18GHz frequency range.

The microwave conductivity of alumina substrate was calculated
by two ways (i) real part of conductivity (σ = ωε0ε

′′) and (ii)
conductivity calculated by Ramey’s formula. In Ramey’s paper the
formula illustrated for the calculation of conductivity is for thin
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Figure 8. Microwave conductivity of alumina substrate, where σ1
is real part of conductivity (σ = ωε0ε

′′) and σ2 is the conductivity
calculated by Ramey’s formula.

conductor films. But in this paper we applied this formula for a
standard dielectric alumina sample for 8–18 GHz frequency range.
Comparing both Ramey’s and using dielectric formula, the values
obtained by both are well in agreement with each other which is shown
in Fig. 8. Hence, we applied this standardized method to our dielectric
nickel manganite thick films.

The dielectric constant of fritless Ni(1−x)CuxMn2O4 thick film was
measured using VSWR measurement setup. The VSWR measurement
setup was almost the same as the waveguide reflectometer setup,
instead of two 3 dB directional couplers VSWR slotted section was
used. Initially the slotted section was calibrated with air and
alumina. The alumina and manganite thick films acts as a load to the
transmission of the microwaves and microwaves reflected back from
that load. The positions of the minima of the standing wave were
compared with that of air. As impedance is mismatched, the position of
the minima is shifted by placing the thick films as load. The reflection
coefficient was also measured. The Smith chart was used to find the
phase change due to the fritless Ni(1−x)CuxMn2O4 (0 ≤ x ≤ 1) thick
film in the path of microwaves and permittivity measured by using the
formula [19].

ε′ =
(

1 +
∆φλ0

360d

)2

and ε′′ =
∆φλ0

√
ε′

8.686πd

where ‘∆φ’ is phase difference between incident and reflected waves;
‘λ0’ is guided wavelength. And ‘d’ is thickness of the sample.

The calculated ε′ and ε′′ are plotted in Figs. 9(a) and (b); it is
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observed that as Cu concentration increases dielectric constant also
increases. The value of ε′ lies in the range 6 to 19.5, and ε′′ is in
between 0.0391 to 0.1875.
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Figure 9. (a) Microwave dielectric constant of the fritless
Ni(1−x)CuxMn2O4 thick film. (b) Microwave dielectric loss of the
fritless Ni(1−x)CuxMn2O4 thick film.

The microwave permittivity of Ni(1−x)CuxMn2O4 (0≤ x ≤1)
thick film depends on the shape and size of the grains. It is well
known that as polarization increases dielectric constant also increases,
and polarization is affected by structural homogeneity, stoichiometry,
density, grain size and porosity [16]. Due to increase in copper content
the structural homogeneity decreases which may cause a slight increase
in polarization.

In fritless Ni(1−x)CuxMn2O4 thick film due to Cu content the
grain size increases (SEM Fig. 2) and anisotropy decreases which
is responsible for the increase in dielectric constant. According to
Zaki [20] the substitution of Cu ions cause the formation of vacancies,
if the formed vacancies are cations then ε′ increases. The decrease in
the intensity of peak 645 cm−1 (Fig. 4) with copper content is due
to Mn-O bond strength in this region being weaker, which results
in larger polarization and hence higher dielectric constant for higher
copper concentration.

From Fig. 9(a), the dielectric constant shows peaking behavior at
lower frequency. It is observed that for lower copper concentration
(x ≤ 0.4) dielectric constant peak is observed at 10 GHz but when
copper content increases (x ≥ 0.8) it shifts towards higher frequency
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up to 11GHz. The shift of the dielectric peak to higher frequency
with increasing copper concentration is attributed to the corresponding
increase in the mobility of the charge carriers.

In case of the dielectric loss (ε′′) (Fig. 9(b)) as frequency increases
in the 8–12GHz range loss decreases and becomes minimum at 12 GHz.
Beyond this the loss again increases. Below 12GHz the thick film
with composition x = 0.4 shows larger loss, whereas above 12 GHz
the film with x = 0.0 shows slightly larger loss as compared to other
compositions. The absorption data (Fig. 6) also show similar frequency
dependent effects.

4. CONCLUSION

The fritless Ni(1−x)CuxMn2O4 (0 ≤ x ≤ 1) thick film synthesized by
oxalic precursor method shows absorbing nature over a large range
of frequency in the X and Ku band region of the electromagnetic
spectrum. It has spinel structure and porous morphology, the grain
size increasing with copper content. The microwave permittivity of
Ni(1−x)CuxMn2O4 (0 ≤ x ≤ 1) thick films increases with increase
in copper concentration. The microwave conductivity also increases
with the increase in copper content. The fritless Ni(1−x)CuxMn2O4

(0 ≤ x ≤ 1) thick film with x = 0.4 shows the best absorption
properties useful for application as planar thermistor material for
microwave power measurement.
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