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We have presented dielectric studies on Zn1�xMnx/2Fex/2O and Zn1�xMnx/2Cox/2O (x = doping level) semi-
conducting nanoparticles (�2–40 nm). Structural analyses show the formation of single phase nanopar-
ticles. Dielectric constant (e) is found to exhibit sensitive modulation, both with the variation of doping
element (Fe and Co) and doping level (x) in ZnMnO matrix and also with frequency (f). Enhancement of e
is found to be �1500 times for Zn0.9Mn0.05Fe0.05O and �2 times for Zn0.9Mn0.05Co0.05O from that of
Zn0.9Mn0.1O nanoparticles at low frequency region. The enhancement in e can be explained on the basis
of dielectric polarization, caused by the presence of different abundance of higher oxidation states of Fe
and Co ions in ZnMnFeO and ZnMnCoO samples. From our observation one can choose the suitable dop-
ing element, along with suitable dopant concentration to achieve the desired higher value of e in transi-
tion metal doped ZnMnO nanoparticles at room temperature. We have also estimated semiconducting
band gap of those nanoparticles using recorded absorbance spectra.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Nanomaterials have fascinated researchers in recent years
because these materials exhibit unusual physical properties, such
as optical, electrical and magnetic properties, as compared to their
bulk counterpart. One of them is nanostructured zinc oxide (ZnO),
which is well known for its wide band gap of 3.34 eV and large
exciton binding energy of 60 meV. In general, ZnO is a material
of huge application in spintronics [1], sensors [2], fabric industries
[3] etc. Recently, there is an increasing research interest in semi-
conductor nanocrystal considering the issue of size miniaturization
in semiconductor industry and surface state on nanometer scale
[4]. In this attempted, a huge amount of research effort has been
directed toward nanostructured ZnO. Also high dielectric constant
(e) material also has its wide application in microelectronic devices
[5] and memory based devices [6]. In this direction the study of
dielectric property of ZnO is gaining attention as well due to its
optical transparency and mechanical flexibility [7] and is used as
dielectric layer in device fabrication such as memory or micro-laser
[8]. Omar reported the temperature and frequency dependent e of
bulk ZnO [9]. Ghosh et al. reported the high frequency e and static e
of ZnO nanoparticle exhibiting a strong dependence on doping ele-
ment, like Ni [10]. Recently, a review has been done on control
doping and unintentional formation of impurities during growth
of ZnO nanoparticles that advances in device processing tech-
niques [11]. Yang et al. reported that e of ZnO nanowire depends
on diameter of the nanowire, i.e., as the diameter of the ZnO nano-
wire decreases, e also decreases [12]. In general, Some of the
research groups studied e of nanoparticles, e.g., fine grained pow-
der of diamond, silicon, LiF, NaCl and have shown a strong depen-
dence of e on crystal grain size [13]. Furthermore, in case of doped
sample e depends on composition of doping element [14].

Recently, a large number of studies on different kind of transi-
tion metal (TM) doped ZnO nanoparticles have been carried out
by different research groups [15]. Many researchers are fascinated
toward diluted magnetic semiconductor (DMS), which is promis-
ing for application in spintronic devices. Moreover, some research
groups have shown that doping of TM into ZnO matrix lead to fine
tuning of band gap. This feature can find application in ultra violet
(UV) detectors and light emitters [16]. In our previous papers, we
have shown room temperature antiferromagnetic (AFM)-like
ground state for Co doped ZnO [17], ferromagnetic (FM)-like beha-
vior for Fe doped ZnO [18] and mixed ferrimagnetic-FM like beha-
vior for co – Fe and Co doped ZnO [19]. Recently, we have found
enhancement in e at room temperature for Fe-doped, Co-doped
and Fe–Co co-doped ZnO nanoparticles, as well [20]. In this present
work, we have focussed on the dielectric study of co-doped
Zn1�xMnx/2TMx/2O (Co, Fe) nanoparticles, where we have carried
out the study by keeping Mn doping fixed and tuning TM(= Co,
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Fig. 1. (a) XRD patterns of Zn0.8Mn0.1Fe0.1O, and (b) Zn0.9 Mn0.05Fe0.05O nanopar-
ticles calcined at 300, 400 and 500 �C.
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Fig. 2. (a) XRD patterns of Zn0.8Mn0.1Co0.1O, and (b) Zn0.9 Mn0.05Co0.05O nanopar-
ticles calcined at 300, 400 and 500 �C.
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Fe) doping. In this attempt, detailed dielectric studies have been
carried out on Fe and Co doped Zn1�xMnx/2TMx/2O nanoparticles
with varying dopant concentration (x) at room temperature. Here
we have shown how e strongly and sensitively depends on both dop-
ing level and choice of the doping element as well. We have also
reported a large enhancement of e for both Fe and Co doped
Zn1�xMnx/2TMx/2O nanoparticles, as compared to ZnMnO nanopar-
ticles at room temperature. Enhancement of e for Fe doped sample
is found to be larger as compared to Co doped ZnMnO matrix.
Particle sizes of the samples are found to be in nanometric region,
which has been confirmed from structural analysis.
Semiconducting band gap of those samples have been estimated
from absorbance spectra at room temperature.

2. Experimental details

Zn1�xMnxO, Zn1�xMnx/2Cox/2O and Zn1�xMnx/2Fex/2O nanoparticles were pre-
pared by low temperature chemical ‘‘pyrophoric reaction process’’ [17,18,21–23].
The required chemicals were Zn(NO3)2�6H2O for Zn, Co(NO3)2�6H2O for Co,
Fe(NO3)3�9H2O for Fe, C4H6MnO4�4H2O for Mn, triethanolamine (TEA) and HNO3.
The requisite amount of Zn(NO3)2�6H2O, C4H6MnO4�4H2O, Fe(NO3)3�9H2O, and
Co(NO3)2�6H2O, depending on the required doping concentration (x), were mixed
with distilled water. All the nitrates were soluble in distilled water. Then the solu-
tion was heated at �190 �C with continuous stirring. After some time, TEA was
added maintaining 1:4 ratio with metal ions and TEA, with metal ions were precipi-
tated in the solution. At the same temperature HNO3 was added to dissolve the pre-
cipitation and then the clear solution was evaporated with constant stirring. After
complete dehydration, the nitrate themselves were decomposed with the evolution
of brown fumes of NO2 leaving behind a voluminous, organic based, brownish black,
fluffy powder, i.e., precursor powder. The precursor powder, after grinding, was cal-
cined at temperatures of 300–500 �C in air for 4 h to get nanocrystalline powders.
We made circular pellets from calcined nano powders and have sintered them for
30–45 min. The sintering temperatures were same as that of calcination tempera-
tures of the respective nano powders. These pellets have been used for transport,
magnetic and optical studies. Details of the low temperature chemical reaction
were according to

ð1� xÞ ZnðNO3Þ2 þ ðx=2Þ C4H6MnO4 � 4H2Oþ ðx=2Þ FeðNO3Þ3=ðx=2Þ CoðNO3Þ2
þ NðCH2CH2OHÞ3
! ½Zn� NðCH2CH2OHÞ3�

2þ þ ½Mn� NðCH2CH2OHÞ3�
2þ

þ ½Fe� NðCH2CH2OHÞ3�
2þ
=½Co� NðCH2CH2OHÞ3�

2þ þ NO�3
! Oxidization in air

! Zn1�xMnxO Zn1�xMnx=2Fex=2O=Zn1�xMnx=2Fex=2O ðnanosizedÞ þ CO2 þ NO2

þ N2 þH2O:

Structural characterisations have been done by X-ray diffraction technique
(XRD) (Philips, PW-1729) with monochromatic Cu Ka radiation, Transmission elec-
tron microscopy (TEM) (JEOL, JEM-2100, 200 kV) and high resolution field emission
scanning electron microscopy (FE-SEM) (Carl Zeiss, SUPPRA TM40). Energy disper-
sive X-ray analysis (EDAX) has been done using Carl Zeiss, SUPPRA TM40.
Thermogravimetric analysis (TG) and differential thermal analysis (DTA) have been
done in presence of air atmosphere with alumina crucible and with ramping rate of
10 �C/min, using Perkin Elmer Phyris Diamond TG-DTA. Detailed dielectric studies
have been carried out using Agilent impedance analyser (4294 A) along with a
homemade proportional–integral–derivative (PID) controlled furnace (300–
600 K). We have used high purity and highly conducting silver paste for the pre-
paration of electrodes on our pelletized samples. The copper wire has been used
as the connecting electrical leads for electrical connection of those samples to the
four probe cable of impedance analyser. Then the sample was kept on a flat surface
of an asbestos sheet and has been placed inside the furnace (at middle position). For
optical characterization of semiconducting nanoparticles, room temperature absor-
bance spectra were recorded using UV – visible spectrophotometer (Micro pack,
DH-2000).

3. Results and discussions

3.1. Structural characterizations

Structural characterisations have been done by XRD, FE-SEM,
TEM and TG-DTA. XRD patterns of Zn0.8Mn0.1Fe0.1O and
Zn0.9Mn0.05Fe0.05O samples, calcined at temperatures of 300, 400
and 500 �C, are shown in Fig. 1(a) and (b), respectively. Similar,
XRD patterns of Zn0.8Mn0.1Co0.1O and Zn0.9Mn0.05Co0.05O samples,
for the same calcination temperatures are shown in
Fig. 2(a) and (b), respectively. For calcination temperature of
300 �C, XRD patterns reveal that the samples are in single phase
with ZnO wurtzite structure with the absence of any metallic



S. Singh et al. / Journal of Alloys and Compounds 642 (2015) 15–21 17
and oxide peaks of the related doping elements, within the experi-
mental limitations. From high-resolution (HR) XRD also, we could
not detect any peak corresponding to any precipitate of doping ele-
ment. At next higher calcination temperature, the secondary phase
is found to just grow and enhance with further increasing cal-
cination temperatures. Here our motivation is to study the physical
properties of the single phase sample only. Thus, we have confined
our study on sample, calcined at 300 �C. Detailed XRD studies on
Zn1�xMnxO sample have been discussed in Ref. [17]. Low magnifi-
cation bright field TEM micrographs are shown in Fig. 3, indicate
nanometric particle size distribution in the range of �2–40 nm.
FE-SEM micrographs and EDAX spectra, shown in Figs. 4 and 5,
respectively, correspond to absence of any phase segregation and
good chemical homogeneity of these nanoparticles. Thermal analy-
ses of those samples have been carried out using TG-DTA, as shown
in Fig. 6(a) –(c). TG data show weight loss in three steps at 253, 411
and 490 �C for Zn0.9Mn0.1O nanoparticles, at 274, 327 and 428 �C
for Zn0.8Mn0.1Fe0.1O nanoparticles and at 244, 386 and 458 �C for
Zn0.8Mn0.1Co0.1O nanoparticles. All the observed peaks in TG and
DTA curves of the samples (Fig. 6) correspond to the exothermic
peaks in the measured temperature range. In case of Zn0.9Mn0.1O
nanoparticles, the observed exothermic peaks at 253 and 411 �C
are due to dehydration and that at 490 �C is due to decomposition
of nanometric sample. In case of Zn0.8Mn0.1Fe0.1O nanoparticles,
the exothermic peaks at 274 and 327 �C are due to dehydration
and 428 �C is due to decomposition of nanometric sample. In case
Fig. 3. Low magnification bright field TEM images for (a) Zn0.9Mn0.1O, (b)
Zn0.8Mn0.1Fe0.1O and (c) Zn0.8Mn0.1Co0.1O nanoparticles.

Fig. 4. FE-SEM images for (a) Zn0.9Mn0.1O, (b) Zn0.8Mn0.1Fe0.1O and (c)
Zn0.8Mn0.1Co0.1O nanoparticles.
of Zn0.8Mn0.1Co0.1O nanoparticles the two exothermic peaks at 244
and 386 �C are due to dehydration and the peak at 458 �C is due to
decomposition of nanometric sample.

3.2. Dielectric studies

e as a function of frequency (f) for Zn1�xMnxO, Zn1�xMnx/2Fex/2O
and Zn1�xMnx/2Cox/2O nanoparticles at different x are shown in
Fig. 7(a) –(c), respectively. e shows usual exponential decrease
with f revealing Maxwell–Wagner dispersion interfacial polariza-
tion phenomenon [24], which is in agreement with Koop’s theory
[25]. Insets in Fig. 7(a) –(c) shows e as a function of x of the
corresponding samples at low frequency (f = 115 Hz). A maxima
in e is found to appear at x = 0.1 for both Zn1�xMnxO and
Zn1�xMnx/2Fex/2O nanoparticles, followed by decrease in e with fur-
ther increase in x. Quite differently, e is found to increase continu-
ously with increase in Co content in ZnMnO matrix.
Simultaneously, we have carried out dielectric loss (tand) mea-
surement for all those corresponding samples, as shown in
Fig. 8(a)–(c), respectively. tand is found to exhibit usual exponen-
tial decrease with increase in f for x = 0 i.e., for ZnO nanoparticles.
The values of tand show slightly higher value (<4.6) at low fre-
quency region for Zn1�xMnxO, Zn1�xMnx/2Fex/2O and Zn1�xMnx/2Cox/2O
nanoparticles compared to ZnO nanoparticles. These entire series
of TM doped ZnMnO nanoparticles show maxima in tand in the
measured frequency range (Fig. 8).

Enhancement in e from that of undoped ZnO is maximum for
Zn1�xMnx/2Fex/2O sample compared to that of Zn1�xMnxO and
Zn1�xMnx/2Cox/2O sample (for x = 0.1 doping). Such enhancement
in e is found to be �1500 times for Zn0.9Mn0.05Fe0.05O and �2 times



Fig. 5. EDAX spectra for (a) Zn0.9Mn0.1O, (b) Zn0.8Mn0.1Fe0.1O and (c) Zn0.8Mn0.1Co0.1O nanoparticles.
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for Zn0.9Mn0.05Co0.05O nanoparticles from that of Zn0.9Mn0.1O
nanoparticles at room temperature. This is clearly shown in bar
diagram in Fig. 9(a). Similar bar diagram for x = 0.2 doped samples
is shown in Fig. 9(b). From this bar diagram, an enhancement of e is
observed by �20 times for Zn0.8Mn0.1Fe0.1O and �18 times for
Zn0.8Mn0.1Co0.1O nanoparticles, compared to that of Zn0.8Mn0.2O
nanoparticles at room temperature. Thus, from this bar analysis
one can choose the doping element, along with dopant concentra-
tion to get the desired higher value of e in TM doped ZnMnO nano-
particles at room temperature.

In our sample, doping of Fe and Co element in ZnMnO matrix
determines the extent of enhancement in e. In case of Fe doping
in ZnMnO matrix, a huge enhancement in e is observed as com-
pared to Co doping. When TM (Fe, Co) is doped in the sub-
stitutional Mn/Zn site then it has the possibility to be in Fe2+/
Co2+ ionic sate. However, it is quite possible that a large number
of uncoupled Fe3+/Co3+ ions are present in the sample in order to
maintain charge imbalance, created by Zn vacancies. This happens
by changing the ionic state from Fe2+

M Fe3+/Co2+
M Co3+ in

ZnMnO matrix. This changing of ionic state of the TM ions in the
system leads to effective doping of higher oxidation state of TM
ions in ZnMnO matrix. Infact, existence of such vacancy sites and
consequently the charge mixing has been found in this kind of
nanocrystalline transition metal doped ZnO DMS samples
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[26,27]. In this context, the formation of space charge polariza-
tion is highly possible that in turn results in this observed
enhancement of e up to a certain x, as discussed in our previous
paper [20]. Moreover, we are working on nanoparticles samples,
as is evident from TEM micrographs. Thus the surface to volume
ratio is expected to be quite large and the surface related physi-
cal properties are supposed to be appreciably pronounced in the
system. Moreover, our samples are heavily TMs doped samples.
Thus the number of TM ions residing at the grain surface is
expected to be quite larger than its bulk region. It can be easily
understood that TM ions residing at the enhanced grain surface
are expected to be in higher and stable oxidation state [17,18].
For Fe and Co ions, the stable and higher oxidation state is Fe3+

and Co3+ in ZnMnO matrix. So, there is quite possibility of the
presence of large number of uncompensated TM ions at the
enhanced grain surface of the nanoparticles. Furthermore, d-or-
bital element with half-filled subshell is the most stable. The
ground state configuration for Fe3+ is [Ar] 3d5 and for Co3+ is
[Ar] 3d6, indicating that Fe3+ ion is more stable than Co3+. As a
result, we may expect a more abundance of Fe3+ ion as compared
to Co3+ ions on the grain boundary in our samples. This, in turn
causes enhanced dielectric polarization in ZnMnFeO than
ZnMnCoO sample. Consequently, enhancement in e is found to
be much larger in Zn0.9Mn0.05Fe0.05O (�1500 times) and in
Zn0.8Mn0.1Co0.1O (�10 times) nanoparticles from that of
Zn0.9Mn0.1O nanoparticle at room temperature. Similarly, the
observed higher value of e of Zn0.9Mn0.1O sample compared to
ZnO, can be explained considering the Zn vacancy sites that in
turn induces charge imbalance in the system.
3.3. Optical property

To investigate the semiconducting band gap (Eg) of those sam-
ples, we have recorded the absorbance spectra at room tempera-
ture using a UV – visible spectrophotometer. Absorbance spectra
of the Zn0.9Mn0.1O and Zn0.9Mn0.05Fe0.05O samples, as shown in
Fig. 8(a) and (b), respectively, do not show very sharp absorption
edge. This behavior may be due to broad nanometric particle size
distribution of those samples. In such case, Eg of those samples
can be estimated from the maximum in the first derivative curve
of each absorbance spectrum [28]. Insets in Fig. 10(a) and (b)
shows the first derivative curve of absorbance spectra for
Zn0.9Mn0.1O and Zn0.9Mn0.05Fe0.05O samples, respectively. From
the Gaussian fit of these first derivative curves, the points of inflec-
tion have been estimated. This point of inflection can be considered
to represent the absorption edge of absorbance spectra, from
which the band gap energy is estimated to be Eg = 3.29 eV for
Zn0.9Mn0.1O and Zn0.9Mn0.05Fe0.05O samples. This value of Eg is
equivalent to the estimated band gap energy (not shown here)
for other samples, discussed here.
4. Conclusions

In conclusions, Zn1�xMnxO, Zn1�xMnx/2Fex/2O and Zn1�xMnx/

2Cox/2O nanoparticles were prepared through low temperature
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chemical pyrophoric reaction process. Structural analyses reveal
the formation of single phase nanoparticles with an average parti-
cle size of �2–40 nm. e as function of f and doping concentration, x
has been studied at room temperature. At low frequency range,
(f � 115 Hz), enhancement in e is found to be �1500 times for
Zn0.9Mn0.05Fe0.05O and �10 times for Zn0.8Mn0.1Co0.1O nanoparti-
cles from that of Zn0.9Mn0.1O nanoparticles. Such variation in
enhancement in e can be explained on the basis of dielectric polar-
ization, induced by the presence of different abundance of Fe3+ and
Co3+ ions in ZnMnFeO and ZnMnCoO nanoparticles, respectively.
From our observation, one can identify the right choice of TM
and its doping level, x to achieve a desired enhancement of e, com-
mensurate with the corresponding dielectric loss, for TM doped
ZnO nanoparticles. Thus Zn0.9Mn0.05Fe0.05O sample seems to be a
promising candidate for high k-dielectric application. The semicon-
ducting band gap of those nanoparticles has been estimated using
recorded absorbance spectra at room temperature.
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