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Abstract. An indirect method of estimation of size distribution of nanoparticles in a nanocomposite is proposed in
this paper. The present approach exploits DC electrical current–voltage characteristics (CVC) of ZnO nanocomposite
specimen in bio-polymer background. The nature of DC CVC is found to be oscillatory with respect to applied voltage. The nature of CVC is a consequence of Coulomb blockade (CB) phenomena of electrical conduction through a
tiny nanoparticle. Considering the ZnO nanocomposites to be spherical, Coulomb-blockade model of quantum dot is
applied here. The size distribution of particle is estimated from that model and compared with the results obtained
from AFM and XRD analyses. The results from CVC are found to be consistent with these conventional microscopic
results.
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1. Introduction
Nanocomposites (NC) occupied a leading role in the ﬁeld of
science, technology and material science. The physical and
chemical properties of a material are largely dependent on the
structure and the constituents of it. The chemical activities and
physical properties of a material changes signiﬁcantly with the
decrease in size of the constituent clusters, especially, when
it is of the order of the nanorange. It is desirable that estimation of particle size of a sample may be obtained by analysing
its physical properties. Many novel properties are found to
emerge when surface to volume ratio of the clusters increases
[1]. These properties are widely different from their bulk correspondence. Study of the physical and chemical properties
of the nanomaterials are important and such properties chieﬂy
depend on the size of the particles. Generally X-ray diffraction (XRD), atomic force microscopy (AFM) and other high
resolution microscopy techniques are used to extract information of the sizes of the constituent particles. Although these
conventional methods are appropriate for determining the particle size, they are expensive and generally require a long
time. In this work, a new technique is proposed to determine
the sizes of nanoparticles (NPs) by electrical characterization.
Eventually, this new process is faster than other conventional
processes.
In this work, we use the bottom–up process to prepare NC.
The sizes of these NPs are distributed over a certain range
instead of a deﬁnite size [2].
The longitudinal DC electrical conduction through the
developed system is studied experimentally. Quantum
effect plays dominant role in electrical transport through

the developed NC even at room temperature (RT). The DC
current–voltage characteristics (CVC) shows an oscillation
in the current. Regular oscillation was recorded in d.c. I –V
(current–voltage) or g–V (conductance–voltage) characteristics of many nanosystems. In some earlier work, Sarkar and
his co-wokers [3–5] have observed such regular oscillation in
nanosystems (e.g., Cr2 O3 in acacia background [3]; ZnS, ZnO
in Styrofoam background; Co-doped ZnO [4]; Cr1−x Vx S2 in
polymeric Gum acacia background [5]). Overall nature of
the observed characteristics is marked as ﬁngerprint of the
existence nanocluster in the background matrix. The objective of the present work is to develop a nanocharacterization
technique by exploiting oscillatory d.c. I –V characteristics
of nanosystem.
The nature of the oscillatory currents are explained by the
Coulomb blockade (CB) model of the quantum dot and the
radius of the NPs are found by considering the NPs as quantum
dots. The detailed experimental results, theoretical considerations, measurement of size of the NPs and the comparison
with standard methods are discussed in the following sections
and subsections.

2. Sample preparation and measurement
In general, NPs may be prepared in two ways [6]. They can
either be prepared by grinding bulk materials or by chemical synthesis route. The ﬁrst one is known as top–down
process, whereas the later is known as the bottom–up process. Since the freshly prepared NPs are hyperactive in the
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bottom–up process, a capping material is required to prevent
the formation of large cluster of NPs. Prepared NPs are
randomly distributed throughout the bulk of the capping materials. This bottom–up route is cheaper than top–down route.
◦
ZnO NC was synthesized following sol–gel route at 105 C.
Zinc oxide (ZnO) NC was prepared from analytical grade
zinc acetate, (Zn(CH3 COO)2 ) from CDH, India Ltd., and
analytical grade gum acacia from E. Merck Ltd. The later
is a good candidate for capping agent due to high thermal and
chemical stabilities [7]. (Zn(CH3 COO)2 ) weighing 1.0 g was
dissolved in 50 ml distilled water. Gum acacia powder weighing 3.0 g was dissolved in 50 ml hot-distilled water separately.
These two solutions were mixed in 1:2 volumetric ratio to
get 75 ml ﬁnal solution. This solution was reﬂuxed continu◦
ously at temperature about 105 C for 15 h. Final product was
cast to form experimental pellets with thickness and diameter of 0.5 and 12 mm, respectively, after adequate drying.
The prepared sample was marked as ‘A’. A second sample
was prepared by the same process, but with the concentration of Zn(CH3 COO)2 doubled. This sample was marked
as ‘B’.
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4. Results and discussion
XRD of the sample is shown in ﬁgure 2. The particle size
from XRD was estimated using Debye–Scherrer formula
[8]. The particle size thus obtained is given in table 1. It is
clear that the sample contains NP with size of the order of
14–30 nm. This particular bottom–up process can be used to
develop NC.
The DC response current of two samples were measured
with voltage in step of 30 mV at RT. The variation of current
with respect to voltage is shown in ﬁgure 3. The measured
current was found to oscillate with respect to applied voltage.
The CVC is found to be oscillatory in this particular sample due to the conﬁnement of ZnO NPs in the background
polymeric matrix. The nanoimplanted material is investigated mostly through its DC characteristics. The experimental
results reveal that the nature of CVC becomes oscillatory after
inclusion of NPs in the gum acacia matrix. Thus, the oscillations are supposed to carry information about size distribution

3. Experimental
The sample was sandwiched between the two ﬂat polished
Cu electrodes. A thin layer of silver paste was used between
the NC sample and the electrodes to achieve ﬁrm electrical
contact. The instrumental setup is described in ﬁgure 1. CVC
of the developed NCs was measured with respect to applied
voltage by PC interfaced Keithley 2400 (USA) source meter
at RT to have information about the charge transport phenomena. Two samples were measured separately in a voltage
range between 0 and 2.5 V in 30 mV step. AFM measurement was carried out with Cervantes Full Mode AFM System
from Nanotech and XRD measurement was carried out
with Rigaku Miniﬂex XRD System (Japan) using CuK line
in 20 kV.

Figure 2. XRD of sample A.

Table 1. Particle size and corresponding peak positions as found
from XRD analysis.
Peak position

Figure 1. Experimental setup used for measuring I –V characteristics of NC system.

17.87
26.9
36.08
45.53
55.31
65.57
76.46
101.24
116.48

Particle size (nm)
14.484
14.759
15.165
15.731
16.499
17.543
18.986
22.218
26.804
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Figure 3. DC CVC of samples A and B.

of nanoparticles. The slope of CVC is due to ohmic resistivity
of background material mostly, but this does not affect the
analysis for estimation of sizes of the implanted NPs. The
30 mV voltage step is an appropriate choice since autocorrelation in measuring the data is the highest at this voltage
step when compared to other voltage steps. CVC becomes
noisy and random for smaller and higher voltage steps. Below
30 mV, the step size is comparable to the thermal excitation
at RT (∼25 meV).
The interval of voltage after which the oscillation of measured current is periodic can be termed as the period of
the oscillation. It is clear from ﬁgure 3 that the nature of
oscillation is different for two different samples. Thus, the
periods of oscillation of CVC carry most important information about the size distribution of the particle. The periods
of oscillation and corresponding amplitudes of these oscillations were obtained by numerical Fourier transform (FT)
[9] of the experimentally obtained data. This numerical
FT of CVC is shown in ﬁgure 4. Existences of multiple
peaks in ﬁgure 4 indicate that the response current of a
sample oscillates in different frequencies. Here, it is also

Figure 4. Numerical FT of DC CVC of samples A and B. Graphs
correspond to samples A and B.

assumed that the amplitude of a particular harmonic is
proportional to number density of NP corresponding to that
harmonic.
The nature of CVC may be attributed to quantum effect. The
existence of oscillation and discontinuities in CVC are almost
Coulomb charging like steps [10]. The mentioned oscillatory
nature of electrical conduction through nanocontact may be
explained [11–14] in terms of CB model. Previous works [15,
16] already demonstrated that the CB effect can be observed
in RT.
In CB model, a quantum dot and its connecting leads can be
represented by an electrical equivalent circuit [10,17], shown
in ﬁgure 5. The nanoclusters in the sample under study are
very close to each other and they can be regarded as quantum
dots.
The roles of the leads and gates of a particular NP, i.e., one
quantum dot, are carried by neighbouring NPs of the system.
The conducting electrical path in the sample is completed via
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Figure 5. Electrically equivalent model circuit of quantum dot.

randomly distributed NPs and the background material, Gum
acacia [18–22]. The back ground capping media, Gum acacia is 97% ionic, 3% electronic conductor [7]. Acacia has
a little effect in electronic conduction and it may be considered as a dielectric material. This offers a small Ohmic
background on which the oscillatory nature of CVC of NC
is superposed, as shown in ﬁgure 3. Nanoclusters are embedded in the background polymer material which has to posses
some criterion to sustain the oscillations of current in DC
CVC. The background material must be soft ionic polymer in
nature with low electrical activation potential and low electronic conductivity. The background material used in present
work is Acacia arabica. Its electro-thermal activation energy
and electronic conductivity are estimated to be 0.17 eV and
1.5×10−6 S m−1 , respectively [7]. Quantum effect supersedes
thermal ﬂuctuation in these circumstances and CB effects are
detectable. Previous works [5,23,24] also support the presence of oscillatory nature of DC CVC of NCs in Gum acacia
background.
However, according to CB model, a nanodot of deﬁnite
size causes the response current to oscillate at a deﬁnite frequency [25–27] and the period of oscillation is given by refs.
[28–33].
ω = e/C,

(1)

where e is the electronic charge and C is the average capacitance of the connecting leads and the quantum dot. As it is
assumed that particles are spherical, the capacitance C of the
CB model can be replaced by
C = 4π ε R,

(2)

Figure 6. AFM microgram image of samples A and B.

where R is the radius of the quantum dot and ε is the
permittivity of the acacia base. Following Gerasimov et al
[34] and Wasshuber [35,36], capacitance of nanosize material may be expressed in an inﬁnite series. The ﬁrst term of the
series may be given by equation (2). The convergence of the
series found to be dependent on separation distance between
NPs. It has been found that the series converges to 4π ε R
at separation distance of the order of 10 nm. In the present
study, the separation distance is >10 nm and equation (2) is a
legitimate choice. The measured permittivity of the acacia is
14.16 × 10−12 F m−1 . Thus
R = e/(4π εω).

(3)

Hence, the size of the quantum dot i.e., the size of the particle can be found from the information of ω using ﬁgure 5
and equation (3). Moreover, it is observed from ﬁgure 5 that
period of current oscillation ω is distributed over a range.
Hence, according to equation (2), R is also distributed over a
range.
The AFM study was also carried on the samples A and
B. The micrograms thus obtained are shown in ﬁgure 6 for
ﬁrst and second samples, respectively. The particle distribution in two samples is estimated with the software WXFM
5.0 associated with AFM setup. The topological features in
AFM data result are due to the NPs. The base polymeric
matrix exhibits no topological features [37]. Topological
features appear in the presence of nanocluster with size
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Figure 7. Z–proﬁle of AFM microgram image for samples A and B.

∼5 nm or above in the base matrix. The proﬁle height in
AFM microgram is related to the particle size as shown in
ﬁgure 7.
Figure 8 shows the comparison of distribution of particle size by CB model (continuous line) with AFM study
(dotted line) for both samples A and B, respectively. Both
ﬁgures demonstrate the number of particles in x-axis and corresponding bin size in x-axis. The ﬁgures are associated with
error bars. Estimation of error in accumulated data is carried
out by the software MS ORIGIN. The size of a nanocluster is identiﬁed as the full-width at half-maxima (FWHM)
of the peaks appeared in the particle size distribution curve
extracted from AFT analysis (ﬁgure 7). Evaluation of FWHM
of each peak is done by ﬁtting Gaussian curve using Ms

Origin and the error in the curve ﬁtting is provided by the
software. Error estimation in determination of particle sizes
from DC CVC method is same as above, but applied to peak
position.
The distribution of particle size obtained from AFM micrograph analysis is well-consistent with that obtained from the
new CVC method. The distribution of particle size from XRD
data is also in good agreement with that obtained from the
other two methods. It is clear from the ﬁgure that the distribution of size for two samples A and B are not same. The result
is consistent since the samples were prepared under two different concentrations. Higher concentration leads to higher
reaction rate. The different reaction rate results in differences
in clustering size.
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Figure 8. Particle size distribution of samples. Graphs ‘a’ and ‘b’
correspond to samples A and B, respectively. (a) Size distribution
found from CVC and (b) AFM micrograph of size distribution.

5. Conclusions
In summary, it is shown that the oscillations in CVC of NC
arise from CB effect of constituent nanoclusters of NCs. This
nature of the DC CVC is detectable for nanosamples even
at the RT. The different Fourier components of the oscillatory current originate from the differences in sizes of the
clusters. The amplitude of a particular Fourier component is
proportional to number density of NP corresponding to that
component. The particle size distribution determined from
DC CVC agrees well with the results obtained from conventional AFM and XRD experiments.
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