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Abstract. Polymer embedded cadmium sulfide nanoparticles/quantum dots were synthesized by a chemical
route using polyvinyl alcohol (lmw) as the desired matrix. In an attempt to measure the electrical proper-
ties of nano-CdS/Ag samples, we propose that contribution from surface traps are mainly responsible in
determining the I∼V and C∼V characteristics in high frequency ranges. To be specific, beyond 1.2 MHz,
the carrier injection from the trap centers of the embedded quantum dots is ensured by large current
establishment even at negative biasing condition of the junction. The unexpected nonlinear signature of
C∼V response is believed to be due to the fact that while trying to follow very high signal frequency (at
least 10−3 of recombination frequency), there is complete abruptness in carrier trapping (charging) or/and
detrapping (decay) in a given CdS nanoparticle assembly. The frequency dependent unique role of the trap
carriers certainly find application in nanoelectronic devices at a desirable frequency of operation.

PACS. 81.05.Dz II-VI semiconductors – 82.45.Yz Nanostructured materials in electrochemistry – 73.63.Kv
Quantum dots – 73.21.La Quantum dots

1 Introduction

Over the years, research in nanoparticles, nanophase and
nanocomposites have received prime interest due to size
dependent tunable electric, magnetic and optoelectronic
properties [1–3]. Amongst II-VI wide and direct energy-
gap semiconducting compound materials, CdS is the most
popular system due to simplicity for large scale production
and relatively large exciton binding energy. Ever since it
became possible to make nanocrystals of such polar semi-
conductor, there is extensive literature available with re-
gard to spectroscopic and luminescence aspects [4–6]. The
role of interfacial charge transfer have been reported in
systems in which the CdS nanocrystal is either capped
or coupled with a different wide band gap semiconductor
system [7–9]. Soliman et al. have investigated morpholog-
ical, structural and optical properties of polycrystalline
CdS as a function of various dopant concentrations (Al,
Cu, Fe etc.) [10]. Moreover, they claim incorporation of
doping leads to formation of nanostructure phase in CdS
films. Normally, due to size quantization, blueshift in the
onset of absorption and exciton absorption are noticeable
in the optical absorption spectra. Resonant Raman spec-
troscopy is helpful in identifying surface phonons which
could be detectable in the low frequency wing of the LO
mode [11,12]. Although effort has been put in CdS1−xTex

system to investigate electrical transport properties with
application possibility in electrochemical conversion [13],
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there is hardly any report available for such a widely in-
vestigated system with specific emphasis in frequency de-
pendency. In this report, we present frequency dependent
electrical properties of nano-CdS/Ag system by study-
ing I∼V and C∼V characteristics across different ranges
of frequencies. Also, we highlight expected application of
such nano-CdS/Ag junctions.

2 Experimental

First, a rigid and atactic polymer namely, polyvinyl al-
cohol (PVA) was chosen as the matrix for embedding
nanoparticles. Introducing cadmium metal ions into the
ligands of the polymeric chain followed by hydrogen sul-
fide gas treatment led to the growth of cadmium sulfide
nanoparticles embedded in the polymer matrix. The cad-
mium sulfide nanoparticle samples are casted on labora-
tory glass slides, dried in vacuum oven and then washed
with ammonia. The process was repeated thrice and finally
kept overnight for natural drying. The fabrication details
has been reported elsewhere [14]. Next, thick nanoparti-
cle embedded polymer film was removed from the sub-
strate and kept ready for subsequent experimentations.
Also, polymer film without nanoparticles was preserved
as reference.

We have chosen 1.21 µm thick CdS/PVA films for in-
vestigation. They were shaped into a diameter of 8.3 mm
(size of the holding plates). Schottky junctions were fab-
ricated by means of thin Ag coating and the samples



64 The European Physical Journal B

Fig. 1. Schematic of nano-CdS/Ag junctions for I ∼ V and
C ∼ V measurements.

were placed in a specially designed flexible sample holder
(Fig. 1). The contact leads were taken from upper and
lower plates by means of copper wires. Since ours is not
a case of real CdS/Ag contacts, reverse biasing showed
only minimal current growth (∼µA/m2) and therefore,
only forwardly biased comparative I∼V measurements
were carried out by using Hioki 3532-50 LCR Hi-Tester
through 50–700 Hz, 1.0–50 KHz and 1.2–5.0 MHz series
of frequencies. Also, Capacitance-Voltage (C ∼ V ) mea-
surements were carried out by using the same variable fre-
quency LCR meter and at experimental condition 293 K.

3 Results and discussion

Transmission electron microscopy (TEM) provides visible
information regarding nanoscaled materials. Figure 2 rep-
resents a bright field TEM image of CdS nanoparticles
embedded in the polymer matrix. Essentially, isolated and
spherical nanoparticles within a size range 2–7 nm were
observable, which is indicated in the figure-inset.

The I ∼ V characteristics of a typical solid state
junction determines its working condition governed by
the role of charge carriers and the barrier. Schottky con-
tacts are metal-semiconductor junctions which are valu-
able when high speed rectification is required where as
ohmic contacts are useful for non-rectifying operations.
It was known that bulk-CdS/metal junctions drives cur-
rent relatively at higher bias voltage with respect to nano-
CdS/metal junctions [15]. Here we made an extensive
study on nano-CdS/Ag junctions at three different fre-
quency ranges viz. low (50–700 Hz), medium (1–50 KHz)
and high (1.2–5 MHz), respectively. We discuss them in-
dependently.

3.1 Low frequency behaviour (50–700 Hz)

It was repeatedly observed that in the low frequency
range, the current density (J = I/A) assumes a constant
value i.e, ∼150.41 A/m2. Moreover, J was found to be un-
changed on increasing signal frequency across 50–700 Hz,
even when the applied bias voltage was raised to 5.0 V.

Fig. 2. TEM image of polymer embedded CdS nanoparticles.

Fig. 3. C ∼ V response of nano-CdS/Ag junction (50–700 Hz).

We believe that this current could be due to incorporation
of a finite carrier concentration as a result of Ag-diffusion.
It is worthwhile to mention here that the diffusion coeffi-
cient (D0) of the Ag ions in dilute aqueous solution is 10−5

cm2/s at 298 K. Similarly, D0 values through pure bulk
CdS are 2.5 × 101 cm2/s and 2.4 × 10−1 cm2/s for slow
and fast diffusions, respectively [16]. Thus, adequate elec-
tron concentration can be made available for sustaining
current as Ag diffuses slowly into nano-CdS/PVA sample.

Figure 3 depicts C∼V plot in the low frequency
regime. Earlier it was reported that with decrease in ap-
plied voltage, capacitance of the nano-CdS/Au junction
steeply increases for a particular signal frequency [15].
In our nano-CdS/Ag system it has been found that as
frequency increases from 50 Hz to 700 Hz the steepness
of C∼V plot drops by substantial amounts. Such a na-
ture can be explained by the fact that as Ag diffuses into
CdS, electrons are loaded under biasing thus increasing
the junction capacitance as a result of charging. Max-
imum charging effect is realized when almost no carri-
ers respond to signal frequency (i.e. ∼50 Hz). Conversely,
when frequency enhancement occurs a proportionate num-
ber of electrons would try to follow the signal frequency
before being loaded into nano-CdS as a result of which
junction capacitance drops down. Similarly, for a constant
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Fig. 4. I ∼ V response of nano-CdS/Ag junction (1–50 KHz).

signal frequency, if the bias voltage increases the loaded
electrons would participate in current establishment and
hence capacitance decreases considerably. But the extent
of steepness of C∼V response falls with frequency and
capacitance is likely to be uninfluenced for a maximum
frequency (i.e. 700 Hz) when bias voltage was varied be-
tween 1–5 V. It is important to note that though C∼V
response is strongly influenced by loading of electrons,
the current establishment is still unchanged. Therefore,
as a consequence of low frequency behaviour it is not the
trapped carriers but the electrons loaded as a result of dif-
fusion is mainly responsible for current conduction in the
nano-CdS sample.

3.2 Mid-frequency behaviour (1–50 KHz)

The Figure 4 represents characteristic I∼V response of
nano-CdS/Ag in the regime 1–50 KHz. The mid-frequency
I ∼ V response highlights that the rate of forward current
establishment (slope) increases uniformly with increase in
signal frequencies. The inset shows response in the low
bias regime, reverse biasing showed extremely low current
(∼µA/m2, not shown). It is expected that CdS quantum
dots which contain trapped carriers while trying to follow
a.c. signal provide conducting channels through the sam-
ple giving rise to current establishment. Large becomes
the signal frequency, more would be the no. of carriers
participate for current establishment by dislodging them-
selves from the trapped centers (surface states). Although
current-rate trend is quite uniform with respect to ap-
plied signal frequencies, current develops for voltage min-
ima 127.52, 62.6, 200.95, 129.86 and 31.63 mV correspond-
ing to frequencies 1, 5, 10, 20 and 50 KHz, respectively.
Please note that these built-in potentials are estimated
by fitting the trend lines to an accuracy of ±0.001%. The
rate of current growth is maximum i.e., 263.2 Ohm/m2 at
an applied voltage 31.6 mV and working signal frequency
50 KHz (Tab. 1). The applied voltage corresponding to
rapid increase of current is showing oscillatory nature pos-
sibly due to adequate inhomogeneity in the quantum dots.

In fact, charge transport in PVA encapsulated CdS/Ag
system can be explained by a similar mechanism as pro-
posed by Greenham for CdS and CdSe nanoparticles em-
bedded in a conjugated polymer MEH-PPV [17]. It was
suggested that an electron-hole pair gets rapidly sepa-
rated with electrons attracted towards the nanoparticles
and holes on the polymer. Charge transport is then pos-
sible through nanoparticles and the polymer separately.
A similar carrier transport was studied in CdS/porous
silicon heterojunctions [18]. In this system, very high
forward current densities so observed in the forward
I ∼ V characteristics are attributed to the large inter-
face of CdS/polymer on account of its proper integra-
tion with CdS quantum dots and the built in potential
across the CdS/Ag nanojunction. In such a device, one
has to ensure whether a tunneling [I ∝ V 2 exp (a/V )],
thermionic [I ∝ exp(−eV/nkT )] or trap related [I ∝ V m]
current model would come to the forefront [19,20]. We
speculate that the third type model would be relevant to
our case as linear current growth response indicates faster
charge decay of the nanoparticles when signal frequency
rises considerably. We estimated the characteristic value of
the ideality factor (m) to be 0.95 to 1.05. It is absolutely
important to note that such a situation cannot be due
to ohmic-like characteristics as m purely depends on the
trapped carrier concentration. An ideality factor exceed-
ing 2 has been often found with nanostructure Schottky
devices where the interface layer is an oxide [21].

It has been mentioned that the diffusion coeffi-
cient (D0) of the Ag ions in dilute aqueous solution is
10−5 cm2/s at 298 K and D0 values through bulk CdS are
2.5×101 cm2/s and 2.4×10−1 cm2/s for slow and fast dif-
fusions, respectively. Had the film been completely made
of CdS, ions upon Ag coating would have diffused properly
through the film within no time. Therefore, in such cases
the role of trapped carriers is insignificant. Conversely,
when CdS nanoparticles are embedded into a rigid and
atactic matrix like polyvinyl alcohol complete diffusion is
restricted by the matrix allowing isolated nanoparticles to
respond in a unique way.

The Figure 5 represents C ∼ V response of the CdS
quantum dot sample for mid-frequency range (1–50 KHz).
It is predicted that contrary to the result shown by low
range frequency values, capacitance increases enormously
with applied voltage. However, the rate of increment drops
when frequency improves and tends towards saturation at
higher frequencies. For 1 KHz, capacitance attains highest
value due to significant charging of the nano-CdS and that
is why sustain least value of current (Fig. 4, Tab. 1) with
respect to the cases of higher frequencies. PVA embedded
CdS nanoparticles collectively behave as a capacitor to
store charge, suppressing the chances of charge flow (cur-
rent) from one terminal to the other. In fact, (i) for higher
forward bias, there is large contributions from high den-
sity of surface/interface traps, and (ii) for low bias values,
imply only a small contribution from surface traps. A high
density of surface traps may lead to injection of minority
carriers into the neutral zone, which in turn gives addi-
tional diffusion capacitance besides the normal depletion



66 The European Physical Journal B

Table 1.

Frequency Rate of current growth Applied voltage
f (KHz) (dI/dV )/A (Point of sharpest rise in current)

(Mho/m2) (mV)
1.0 151.21 127.52
5.0 181.58 62.61
10.0 206.62 200.95
20.0 213.07 129.86
50.0 263.2 31.63

Fig. 5. C ∼ V response of nano-CdS/Ag junction (1–50 KHz).

layer contribution. Thus, the junction capacitance can be
written as

Cj = Cdep + Cdiff . (1)

Further, the rearrangement of these injected minority car-
riers do not take place instantaneously and also become
frequency dependent. For frequencies above the charac-
teristic frequency of the recombination processes, these
injected excess minority carriers are able to follow the a.c.
signal and the Cdiff contribution to Cj is mainly from the
depletion layer. Since carrier recombination rate is of the
order of τ ∼ 10−9 s (equivalent to 1000 MHz), our ex-
perimental condition would not permit to sweep out all
the trapped carriers from the nano-CdS. However, slight
variation in a.c. signal frequency would definitely affect
the nature of current establishment due to an ensemble
of quantum dots. At higher frequencies, Cj attains sat-
uration implying that the domain contribution to Cj is
mainly from the depletion layer. The overall feature re-
quires a frequency dispersion relation. Mott-Schottky het-
ero nanojunctions have been reported in case of metal-
superconductor-semiconductors [22]. With experimental
frequency variations within 1–15 KHz, the frequency dis-
persion discussed through the Mott-Schottky relation for
a nano-CdS/Au junction given by [15]

1
C2

dep

=
2

qε0εsnd
(V + Vbi) (2)

where the quantities ε0, εs, nd, Vbi and Cdep are permitivity
of the free space, the dielectric constant of the semicon-
ductor, the donor concentration (CdS is an n-type semi-
conductor), the built in potential and the depletion layer

Fig. 6. Schematic of energy band profile for A) Ag/bulk CdS
and B) Ag/nano-CdS

capacitance, respectively. Therefore, one can study Mott-
Schottky response (1/C2

dep vs. V ) to obtain built in po-
tentials. In our case, such relation might valid for low fre-
quency regime where nature of C∼V response is similar to
the reported work. However, they considered study of Au-
CdS interface layer, where Au is an efficient hole injector.
Our case is distinct in the sense that there does not exist
such interfacial layer, rather a thin dielectric polymer sep-
arating Ag and nano-CdS do exist. The trap carriers are
mobile under high frequency and can tunnel through the
barrier. Therefore, a single frequency dispersion equation
describing C∼V for low to extremely high frequencies can
not exist. Conversely, one can illustrate the mechanism of
trapped carriers by using concept of band diagram.

Referring to Figure 6, a semiconductor surface con-
tains surface states due to incomplete covalent bonds and
other effects, which can lead to charges at the metal-
semiconductor interface [23]. Furthermore, the contact
is seldom an atomically sharp discontinuity between the
semiconductor crystal and the metal. There is typically a
thin interfacial layer which is neither semiconductor nor
metal, normally ignored in case of ideal contacts. Because
of the surface states, the interfacial layer, it is difficult
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Table 2.

Frequency Rate of current growth Applied voltage
f (MHz) (dI/dV )/A (Point of sharpest rise in current)

(Mho/m2) (mV)
1.2 1063.8 0.372
1.5 1280 −0.106
2.2 1844.9 −0.975
2.4 2019 −0.318
3.5 2733.2 −1.587
4.2 2597.7 −2.216
5.0 2144.9 −3.276

to fabricate junctions with barriers near the ideal values
predicted from the work functions of the two isolated ma-
terials. So, measured barrier heights are used in the de-
vice design. For example, a collection of interface states in
the semiconductor band gap that pin the Fermi level at a
fixed position, regardless of the metal used. A collection
of interface states located 0.7 ∼ 0.9 eV below the conduc-
tion band pins Ef at the surface of n-type GaAs, and the
Schottky barrier height is determined from this pinning
effect rather than by the work function of the metal [23].

The schematic energy-gap diagram for Ag-CdS
(Eg ∼ 2.4 eV) is shown in Figure 6. Figure 6A repre-
sents profile of Ag/bulk-CdS where as Figure 6B that of
Ag/PVA/nano-CdS. In addition to the existence of dis-
crete energy levels, the uniqueness of the later case is that
the surface states are not in direct touch with the metal
and thus permanently belong to nano-CdS. Such states,
where electrons are believed to be trapped are made avail-
able to respond when one applies high signal frequency. In
ideal case, the discrete levels are supposed to be slanted
due to biasing to facilitate carrier transport. Now when the
frequency of recombination matches with the applied fre-
quency, all the trap carriers are expected to be swept away.
On the other hand, low frequency would have negligible or
no effect upon the surface traps. That is why within KHz
and a few MHz frequency ranges current transport due
to trap related mechanism is significant. Secondly, nano-
CdS possess discrete energy levels (Fig. 6B) which could
be slanted under proper biasing to facilitate current trans-
port. Hence, it was evident that trapped carriers are ba-
sically frequency dependent where as electron transport
between slanted quantized levels through thin dielectric
polymer depends on the biasing condition.

3.3 High frequency behaviour (1.2–5.0 MHz)

Investigations in the high frequency (1.2–5 MHz) region
ensure that the current in the quantum dot Ag/CdS junc-
tions shoots up at ∼0.372 mV corresponding to signal
frequency f = 1.2 MHz (Fig. 7). The maximum current
growth i.e., 2733.2 mho/m2 is found to be established at
f = 3.5 MHz whilst least rate was 1063.8 mho/m2 for
f = 1.2 MHz. Considering I ∝ V m , the ideality factor
varies from m = 0.95 to 1.15. One important conclusion
can be drawn from Table 2 that for MHz ranges, cur-
rent establishment takes place even if the quantum dot
sample is under negative potential difference. This con-
firms excessive carrier injection from the surface traps
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Fig. 7. I ∼ V response of nano-CdS/Ag junction (1.2–
5.0 MHz).

plays dominant role in establishing current when one
moves to high and higher frequencies. Figure 8 depicts
C∼V characteristics in this regime which highlights great
extent of nonlinear patterns. We believe this could be due
to abrupt respond of the trapped carriers to very high
applied frequency, even when they approach thousandth
of the recombination frequency. Strong nonlinearity be-
gins at f = 2.4 MHz and attains a maxima correspond-
ing to f = 4.2 MHz. The inset of Figure 8 represents
unique pattern of C∼V in the low biasing regime. It has
been observed that charging (high capacitance) is faster
at 1.2 MHz, which slows down for subsequently high fre-
quencies. It is important to quote that observation of great
extent of nonlinearity begins at ∼ 0.1 V when there is si-
multaneous contribution from trapped carriers and carri-
ers from slanted energy levels compete to follow signal fre-
quency, which needs further investigation in this direction.

The nonlinear nature corresponding to charging and
discharging process within a given range of forward bias
for highly ordered quantum dots has been reported to
find application in single electron devices, nano junction
diodes etc. [24]. The nature of increase in conductance
in heterojunctions due to photo-excitation has also been
explored [25]. On the other hand, photon assisted tunnel-
ing in a single/arrayed quantum dot(s) is a recent issue
which could find application in photonic switching and
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Fig. 8. A) C−V response of nano-CdS/Ag junction
(1.2–5 MHz) and B) that of low bias.

other optoelectronic devices [26,27]. Though our embed-
ded nanoparticle system is a disordered one, formation
of Schottky barrier is realized here at higher frequencies.
Moreover, we have observed that for KHz and MHz ranges
charging was possible even if applied voltage is of the order
of a few millivolts only. Hence, embedded CdS quantum
dots can be used as passive elements like capacitors etc.
to justify the name of men made charge droplets in true
sense. Moreover, the nature of trapped carriers controlled
by signal frequencies would be a great asset to find appli-
cation in nanoelectronics operated at selective frequencies.

4 Conclusion

Polymer embedded, spherical and isolated CdS nanopar-
ticle formation was confirmed by TEM. Direct electrical
probing of nanoparticles is a complicated and cumbersome
task. Therefore, we attempted to explore electrical prop-
erties of nano-CdS/Ag at three different frequency ranges.
We found that contribution of surface traps is mainly re-
sponsible in determining the nature of I ∼ V and C ∼ V
responses at different ranges of frequencies. Current estab-
lishment even at the negative bias proves desired contribu-
tion from the trapped carriers at high frequencies. Hence,
carrier transport due to such trap carriers controlled by
signal frequencies can be suitably applied in nanoelectron-
ics of desired working frequency.
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facility and ISRO, Bangalore for sponsoring the project. Also,
the authors extend sincere thanks to the colleagues for valuable
suggestions at various steps of the research work.
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