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We report facile hydrothermal synthesis of polyvinyl pyrrolidone capped pristine and iron
(Fe) containing cadmium sulfide (CdS) nanoparticles. The X-ray diffraction pattern of
pristine CdS indicated the formation of wurtzite type hexagonal phase with space group
P63mc and lattice parameter a = 4.21 and c = 6.76Å; average crystallite size being ~ 12nm.
The increase in Fecontent revealed cell volume contraction and decrease in crystallite size,
due to resulted positive pressure on the lattice caused by smaller size and higher oxidation
state of Fe3+than Cd2+ion. The bandgapwas found to decrease as 2.84, 2.75 and 2.55eV
(for the Fe content of 0, 2 and 4 at%, respectively) due to Fe 3+ induced 3d3 defect levels
below the lowest unoccupied molecular orbitals of CdS. Photoluminescence spectra
revealed redshift and decease in emission intensity with increase in Fe content. Fourier
transform infrared spectra, transmission electron micrographs together with thermal
analysis exhibited that pristine and Fe doped CdS nanoparticles were capped with
polyvinyl pyrrolidone. Magnetic studies revealed weak ferromagnetic order in pristine
CdS, which, was found to increase with increase in Fe induced t2g defect levels. The
electrical conductivity was found to increase with increase in Fe content.
(Received June 22, 2014; Accepted August 14, 2014)
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1. Introduction
Cadmium sulfide (CdS) can possess cubic and/ or hexagonal phase. Thebulk CdSin
hexagonal phase exhibits the band gap of ~2.4 eV, and technologically is one of the most
important II-VI group semiconductor [1, 2]. The II-VI group semiconductors with incorporation of
transition metal ions such as Mn, Ni, Fe, Co, Cr exhibit the enhanced magnetic spin order. The
optical behaviour and band gap values also change due to additionaldefects levels introduced in
the band gap on incorporation of these magnetic elements [3, 4]. These properties can further be
engineered using nano-structuring.There are several reports ascribing the origin of ferromagnetic
spin order to the substitution of magnetic atoms in CdS [5,6,7].The percentage of magnetic metal
substitution has been found to exhibit a fine control over the magnetization, coercivity and
remnantmagnetizationvalues. However, similar to pristine oxide nanomaterials, the pure CdS has
also revealed ferromagnetic spin order. It has been suggested to arise due to cationic and
surfacedefects[8].Therefore,
the
incorporation
of
magnetic
metals
at
nanoscalemakestheinvestigation complex so as to understand if the observed spin order is due to
magnetic metal substitution and/ or quantum size effects. It has already been found that the
incompatibility of dopant with the host lattice because of the differences in size, crystal structure,
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oxidation state, etc. put obstacle in the absorption of impurities on the nanoparticles surface
[9].Further, the proper lattice site substitution will take place if the diffusion force of the dopant
ions exceeds the self-purificationforce. This process can be controlledviananoparticle synthesis
techniques, and, in turn, structural, optical, magnetic and electricalbehavior can be engineered.
The comprehensive study on Fe3+ induced structural, optical, magnetic and electric
behaviorof CdS nanoparticles islacking[10,11].In present work, we report hydrothermal synthesis
of polyvinyl pyrrolidone (PVP) capped pristine and Fe doped CdS nanoparticles. The Fe induced
effects on structural, optical, magnetic and electrical behavior of PVP capped CdS nanoparticles
will be investigated.
2. Experimental
Polyvinyl pyrrolidone cappedFe doped CdS (0, 2 and 4 at %) nanoparticles were prepared
by hydrothermal method. Aqueous solutions of Cd(NO3)2.4H2O and required amount of Fe
(NO3)3.9H2O were stirred for 30 min at room temperature then aqueous solution of sodium sulfide
(Na2S) was added drop wise to it, subsequently5 mM content of polyvinyl pyrrolidone was added
to the above solution. The resulting solution was stirred for 1 h, transferred afterward in a 100 ml
Teflon- lined stainless steel autoclave and heated at 120oC for 16 h. The autoclave was cooled to
room temperature; the obtained product was filtered, ringed several times with ethanol, and
subsequently dried for 4 h at 100oC to obtain the polyvinyl pyrrolidonecapped Fe doped CdS (0, 2
and 4 at %) nanoparticles.
The
phase
of
the
synthesized
samples
was
obtained
by
X-ray
diffractometer(RigakuMiniFlex) using Cu-Kα1 radiation with the wavelength (λ) as 1.54056 Å with
a scanning rate of 1o /min (in the range 2θ = 20-80). Diffuse reflectance spectra were recorded by
using UV-Visible double beam spectrophotometer (Camspec M550) in the spectral range of 400700 nm. Photoluminescence spectra were collected in the wavelength range 430-700 nm with the
excitation wavelength of 390 nm using Shimadzu RF-530 spectrofluorometer. Raman spectra in
the range of 120–1000 cm-1were obtained on aLABRAM HR 800 micro Raman spectrometer with
a solid-state laser excitation at 633 nm.Magnetization measurements were carried out using
vibrating sample magnetometer (VSM, Microsense Easy model EV9) and resistivity was measured
using Vander Pauw method (Marine model SMU 01).
3. Results and discussions
3.1 Structural and phase analysis
The X-ray diffraction (XRD) patterns of synthesized PVP capped Fe (0, 2, 4 at.%) doped
CdS nanoparticles are shown in the Fig (1). The observeddiffraction peaks at 2θ values of 24.11,
25.6, 27.07, 42.9, 50.92, 69.4 and 71.5ofor pristine CdScorrespond to the Bragg planes (1 0 0),(0 0
2), (1 1 0), (1 1 2), (2 1 1) and (1 1 4), respectively. The diffraction peaks with Fe incorporation
shift slightly towards higher 2θ values.The XRD patterns of the samples are broadened
progressively with Fe content indicating decrease in crystallite size with Fe incorporation. The
ionic radius of Fe3+(0.69 Å) is smaller than Cd2+(0.96 Å), which exerts positive pressure on the
crystal lattice, and, in turn, reduces the crystallite size. The lattice constant values for pristine CdS
are estimated as a = 4.21 and c = 6.76Å, which are in good agreement with the known values
(JCPDS # 77-2306). These values decrease with increase in Fecontent.The incorporation of Fe in
CdS lattice results in the lattice contraction, as the ionic radius of Fe3+is smaller than that of Cd2+.
All samples exhibited pure hexagonal phase with no traces of any secondary phase.
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Fig. 1(a) (Color online) X-ray diffraction pattern of PVP capped CdS nanoparticles with
Fe content of 0, 2 and 4 at. %; inset shows the thermo-gravimetric analysis of CdS
nanoparticles, (b)(I)- Schematic of growth mechanism forpolyvinyl pyrrolidone capped
CdS nanoparticles,(II-IV)Transmission electron micrographs under different
magnificarions,(V) lattice fringe pattern and(VI) Selected area electron diffraction pattern
of CdS nanoparticles.

The average crystallite size (D) of the synthesized nanoparticles has been calculated by
using Scherrer’s formula, D = 0.9λ/βcosθ, where λ is the wavelength of X-ray used, β is the fullwidth at half maximum and θ is the Bragg angle. The values of D were found to be 12, 10 and 8
nm, for the samples with Fe content of 0, 2 and 4 at.%, respectively. Inset of Fig (1(a)) shows the
thermo-gravimetric analysis of PVA capped CdS nanoparticles performed in nitrogen ambient in
the temperature range of 300- 635 K at the heating rate of 2o/min. This shows the total weight loss
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of about 2.4%; indicating the removal ofPVP from the capped CdS nanoparticles.The two stages
of the weight loss are clearly visible 300- 500 K and 500- 610K. Initial weight loss occurs due to
removal of adsorbed water. At the second stage the weight loss is rapid and takes place due to the
decomposition and removal of PVP. The incorporation/capping of PVP on CdS nanoparticles has
further been discussed using transmission electron micrographs, Fourier transform infrared, and
Raman spectroscopy in following paragraphs.
Growth mechanism of PVP capped CdS nanoparticles is illustrated in Fig (1b (I)).Fig (1b
(II-IV)) shows the TEM micrograph of pristine CdS nanoparticles at different magnifications. The
morphology of all the samples is found to be spherical. The crystallites are surrounded by
polyvinyl pyrrolidone which acts as a capping agent. The average diameter ofthe nanoparticles is
11 nm, which is in good agreement with the estimated size from the XRD pattern. Fig (1(b) V)
represents the TEM image of the single crystal oriented in the direction of [0 0 2] with lattice
spacing of 0.33 nm. Fig (1b (VI)) shows the selected area electron diffraction(SAED) pattern of
CdS nanoparticles.This shows wurtzite-type structure and matches well with the X-ray diffraction
analysis.
Fig 2. (a)shows the Fourier transform infrared (FTIR) spectra of pristine and Fe doped
CdS nanoparticles. The peaks observed at 3397 cm-1 and 1632 cm-1 represents the O-H stretching
vibrations of the water molecule indicating the presence of water on the surface of nanoparticles.
The peaks at 1381 were due to aromatic stretching and the peak at 1134 cm-1 is due to C-O
stretching which is commonly observed in PVP samples [12]. The O-H stretching and C-C
aromatic peaks of Fe doped CdSwere blue shifted and intensity was found to decrease. The
absorption peak at 621 cm-1 is ascribed to C-H stretching. It is evident from the FTIR analysis that
CdS particles are coated with PVP. The inset of Fig. 2(a)shows the Raman spectra of PVP capped
pristine and Fe doped CdS nanoparticles. The Raman peaks observed at 295, 585 and 895 cm-1,
respectively correspond to 1LO, 2LO, 3LO optical phonon modes in CdS and are in good
agreement with reported values [13]. The peaks of Fe doped CdS nanoparticles are slightly red
shifted in comparison withpristineCdS nanoparticles. The redshift is observed due to the small
ionic radius of Fe in comparison with the Cd2+ ion, as the Fe3+ ions tend to occupy the
substitutional cationic sites resulting in surface defects in lattice.
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Fig. 2(a) (Color online) Fourier transform infrared spectra of PVP capped CdS
nanoparticles with Fe content of 0, 2 and 4 at. %; inset shows the Raman spectra of
pristine and Fe doped CdS nanoparticles and (b) Diffuse reflectance spectra of pristine
and Fe doped CdS nanoparticles; top left cornerinset (I) shows the photoluminescence
spectra, and bottom left corner inset (II) shows plots for bandgap estimation.

3.2 Optical characterization
Diffuse reﬂectance spectra of polyvinyl pyrrolidone capped pristine and Fe doped CdS
nanoparticles are illustrated in Fig. 2(b). The spectra were studied without taking into account the
transmission losses. The bandgapvalues of the samples were estimated from diffuse reﬂectance
spectra by plotting the square of the multiple of energy (hѵ) and of the Kubelka–Munkfunction F
(R) versus hѵ, and subsequently extrapolating the linear part of the curve at F (R)2= 0 [14].This
has been shown in bottom left corner inset (II) of Fig. 2(b). The bandgap energy valuesfor PVP
capped CdS nanoparticles were found to be 2.84, 2.75 and 2.55 eV for the Fe content of 0, 2 and 4
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at. %, respectively.These show blue-shift of 0.42, 0.33and 0.13eV, respectively from bulk
bandgapvalue of CdS at room temperature (2.42eV) [15]. This blue shift in energy is a direct
consequence of the quantum confinement effect.Moreover, the incorporation of Fe3+ in CdS lattice
has shown decrease in crystallite size while the bandgap approach toward the bulk values with
increase in Fe content. This may be understood as follows. In CdS, the Cd2+ ions are in tetrahedral
symmetry with S2- ions. On occupying the Cd2+ lattice sites, the 3d orbital of Fe splitsinto two
degenerate eg (lower energy), and three degenerate t2g orbitals (higher energy). As such Fe3+
introduces a low-lying unoccupied three energy states (LUMO level) 3T1, 5T2 and 5Ein the band
gap, which, in turn, reduces the bandgap[16].
Top left corner inset (I) of Fig. 2(b) shows the room temperature photoluminescence
spectra of PVP capped pristine and Fe doped CdSnanoparticles recordedat the excitation
wavelength of 390 nm. The two peaks at 460(2.64 eV) and 590 nm (2.1 eV)are clearly observed in
the photoluminescence spectra.The peak centered at 460 arises due to band-edge emission [17]. On
incorporation of Fe3+ in CdS lattice, the peaks reveal redshift and decrease in intensity.The
intermittent energy levels introduced near the conduction band act as LUMO level, and, in turn,
exhibit the redshift in emission energy.The crystallite size also decreases with increase in Fe3+
content; revealing the increase in surface states. The increased surface states contribute toward the
reduction of emission intensity due to increased trap levels. The cadmium vacancies and interstitial
sulfur has also been observed in CdS, which contributetoward the decrease in emission intensity
[18]. The Fe3+ has higher charge than Cd2+ and, therefore, the charge balance may create Cd
vacancies and push sulfur to interstitial positions, and, in turn, cause the reduction in emission
intensity [19].The yellow emission band centered about 590 nm is associated with the radiative
transitions arising due to Cd atoms at the interstitial sites (Cdi) as reported before by LozadaMorale et al. [20].
3.3 Magnetic measurements
The magnetic measurements of PVP capped pristine and Fe doped CdS nanoparticles were
performed at room temperature using vibrating sample magnetometer (VSM). Fig (3(a)) represents
the M-H curves of pristine and Fe doped CdS nanoparticles with magnetic field ranging from -20
to 20 kOe. The pristine sample shows weak ferromagnetic behavior and Fe doped CdS
nanoparticles exhibit increase in ferromagnetic order with saturated magnetizationbeing 0.02 and
0.05 emu/g for Fe content of 2 and 4 at. %, respectively; coercivity valuesbeing as 54.44 and 43.95
Oe, respectively. The origin of ferromagnetism in Fe doped CdS is of two possible ways, the first
one is the formation of secondary phase such as ferrous oxide [21]. In the present work, no
impurity phase was observed which can be confirmed from XRD and/or Raman analysis. In II-VI
semiconductor nanomaterials, the nature of magnetic properties depends on the magnitude of
transition metal ion exchange couplings with the electronic levels of the host lattice. The weak
ferromagnetism was observed in pristine CdS nanoparticles, which is observed due to the surface
charge defects [22]. Theoretical report predicts that the Cd2+ vacancies can also give rise to the
magnetic ordering in pristine CdS [23]. The presence of Cd2+ vacancies has also been confirmed in
Section 3.2 through photoluminescence behavior. The magnetic properties of Fe doped CdS are
modified because of the sp-d exchange interactions between localized d-electrons of the dopant
and the mobile charge carriers in the host lattice. The F-center formation in these DMS
nanoparticle is responsible for the magnetic ordering of these systems. The increasing trend
observed in the lattice parameters with increase in the doping concentration depicts the increase in
the defect ion concentration [24]. In the Fe doped CdS nanoparticles, if Fe3+ occupies the Cd2+ site
, the charge imbalance between the host Cd2+ and Fe3+ results in the formation of defects in the
CdS lattice [25]. In the present study, the F center is the sulfur vacancy with a trapped electron,
the trapped electron overlaps with the d orbital of transition metal ion, As Fe is having 3d6 spin
states, it will have the unoccupied spin orbitals, which are accessible for the exchange of trapped
electron and the trapped electron will align anti- parallel to the dopant ion spins leads to the
ferromagnetic coupling between two atoms [26].
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Fig. 3(a) (Color online) M-H curves and (b) Arrhenius plot showing the variation of
electrical conductivity with temperature for pristine and Fe doped CdS nanoparticles.

3.4 Conductivity measurements
The electrical properties of pristine and Fe doped CdS nanoparticles were measured by
using dc two probe method. The room temperature dependent electrical conductivity for pristine
and CdS:Fe (2, 4 at%) is observed as 3.6 x 10-10 Ω-1 cm-1, 4.7 x 10-10 Ω-1 cm-1, 7.269 x 10-10 Ω-1
cm-1,respectively. Fig (3b) represents the variation of logarithm of conductivity (log (σ)) with the
reciprocal of temperature for the pristine and Fe doped CdS nanoparticles. From the Fig (3b) it is
observed that the electrical conductivity increases with temperature, indicating the semiconducting
nature of the samples. The electrical conductivity increases with doping concentration as well, as a
result of increase in the defects in the band region of CdS which acts as charge carriers. The
activation energy of pristine and Fe doped CdS nanoparticles can be calculated by using the
following equation,
(1)
Where σ is the conductivity,
is the pre exponential factor, Ea is the activation energy, k
is the Boltzmann constant and T is absolutetemperature. The activation energy for 0,2 and 4 at. %
Fecontenthas been estimated as 0.18, 0.24 and 0.36 eV, respectively.
4. Conclusions
The polyvinyl pyrrolidone (PVP) capped pristine and Fe doped CdS nanoparticles were
successfully synthesized by facile hydrothermal method using PVP as a capping agent, and
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cadmium nitrate, sodium acetate and ferric nitrate as precursors for Cd, S and Fe, respectively.Xray diffraction patterns revealed the formation of hexagonal phase for CdS nanoparticles with
crystallite size in the range of 8-12 nm. The thermo-gravimetric analysis, Fourier transform
infrared spectroscopy and transmission electron microscopy revealed the presence of polymer
capping onCdSnanoparticles. The Raman spectra of the CdS nanoparticles showed the peaks at
292,589,893 cm-1 corresponding to the first, second and third order longitudinal optical phonon
modes of CdS. The Fe doped CdS nanoparticles exhibit the slight redshift compared to that of
pristine CdS which is attributed to the optical phonon confinement. Diffuse reflectance spectra has
shown the redshift in the bandgap. The emission peaks at 460 and 590 nm were observed in the
photoluminescence spectra of pristine and Fe doped CdS nanoparticles. The room temperature
ferromagnetism was observed in pristine and Fe doped CdS nanoparticles. The Conductivity found
to increase with the increase in the doping concentration.
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