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a  b  s  t  r  a  c  t

Nanopowders  of  PVP  capped  undoped,  and Fe doped  cadmium  sulfide  (CdS:Fe)  were  prepared  by  a  simple
co-precipitation  method  at room  temperature,  mixing  the  stoichiometric  amount  of  reactants  in a Milli  Q
water  solvent.  Spectral  characteristics  of  as  prepared  nanopowders  were  investigated  by using XRD,  FTIR,
Raman,  UV-Vis  absorption,  FE-SEM-EDAX,  Photoluminescence  and  ESR at  room  temperature.  Extremely
broad  reflections  of XRD  peaks  of  as prepared  powders  are  in  nanometer  size  and  cubic  structure.  Doping
with Fe  in  CdS  does  not  lead to  any  structural  phase  transformation  but introduces  a slight  decrease  in
the lattice  constants.  Raman  spectrum  of  pure  and  Fe  doped  CdS nanopowders  has  two  characteristic  LO
uminescence
lectron spin resonance
aman scattering

phonon  peaks.  Raman  spectrum  of Fe  doped  CdS  nanopowders  shifts  slightly  towards  higher  energy  side
compared  to their  pure  CdS  nanopowders.  Electron  phonon  confinement  factor  (S)  varies  in between  0.2
and 0.4.  Photoluminescence  emission  spectrum  shows  a peak  at  404 nm  which  is  attributed  to  localized
band  edge  emission.  At  lower  doping  of Fe  (5%,  10%)  the  emission  intensity  increases  and  for  higher
doping  (20%)  the  emission  intensity  gets  quenched.  The  electron  spin  resonance  spectra  of  Fe doped  CdS
exhibit  two  distinct  signals  at g  ∼  4.3  and  g ∼ 2 characteristic  of  Fe3+ ions.
. Introduction

Semiconductor nanoparticles or quantum dots (QDs) with typi-
al dimensions of 1–100 nm have generated enormous attention in
he past decades because their optical and electronic properties
re dramatically different from those of the corresponding bulk
rystals and also because of their wide applications in the fields
f optoelectronic and biological technology [1–7]. Chalcogenide
emiconductors such as cadmium sulfide is a well characterized
I–VI group inorganic semiconductor with a wide direct band gap
f 2.42 eV (bulk CdS) and a small exciton Bohr radius of 2.5 nm.
he nanoparticle radius is comparable to the Bohr exciton radius
n the corresponding bulk material, leading to splitting of con-
inuum of electronic energy levels into discrete states with the
ffective band gap energy blue shifted from that of the bulk. II–VI
emiconductor nanostructures have been investigated widely and
emonstrated potential application in solar cells [1], light emitting
iodes [2],  IR photodetectors [3],  electrically driven lasers [4],  opti-
al limiters [5] biological fluorescent labels [6] and upconversion

uminescent materials [7].  Semiconductor nanocrystals have been
repared either as powder or stable self standing nanocrystals by
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using different organic stabilizers to prevent them from aggrega-
tion by capping their surfaces.

Doping with different metal ions or crystal imperfections (sul-
fur and cadmium vacancies) can act as donors and acceptor in CdS
[8]. Fe based II–VI semiconductor materials such as Cd1−xFexTe,
Cd1−xFexSe, Zn1−xFexTe, Zn1−xFexS and Cd1−xFexS have been stud-
ied by many workers [9–15]. However reports on preparation,
optical [14,15] and electron spin resonance (ESR) properties of Fe-
doped CdS nanopowders are few.

The optical and magnetic properties of transition metal ions
doped II–VI nanomaterials differ from the corresponding host
nanomaterials. These impurities can strongly modify the lumi-
nescence properties because they provide impurity centers that
interact with the quantum confined electron hole pair. The crystal-
lite luminescence is a strong function of the surface characteristics.
Usually, two type’s emissions are observed from semiconductor
nanoparticles: an excitonic and a trap (defect) emission. When CdS
is prepared in stoichiometric quantities of Cd and S, it will emit
blue light emission. Formation of CdS particles in the environment
of excess amount of Cd2+ or S2− will results in several trap states.
CdS containing excess S2− generates orange or red light emission
while excess of Cd2+ leads to yellow emission [16–18]. It is well

known that iron acts as fluorescence quencher in II–VI semicon-
ductors [12,13]. Since these impurities can be paramagnetic, they
introduce a localized spin into the nanocrystal, and form the so
called diluted magnetic semiconductors (DMS). DMSs are II–VI,
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V–VI, or III–V compounds in which fraction of nonmagnetic cations
ave been substituted by magnetic transition metal or rare-earth
etal ions [19]. Room-temperature ferromagnetism observed in

ransition metal [10] and rare earth doped semiconductors has trig-
ered the current intense interest in spintronic materials. Apart
rom room temperature ferromagnetism of the nanoparticles, it is
lso important to tune the magnetic properties of the nanoparticles.
lthough size tuning is one option, doping of the nanoparticles is
nother possibility. Thrust of recent research has been on the syn-
hesis and study of the physical properties of nano scale doped CdS
anoparticles such as solid powder by simple techniques.

This paper focuses on the synthesis of stoichiometric amount of
e-doped CdS nanopowders with cubic structure, the effect of iron
Fe) doping concentration and on its physical properties at room
emperature. The method used is rather simple and inexpensive,
n which reaction is carried out at room temperature. Raman and
R spectroscopy was employed to investigate vibrational states of
s prepared powders. Electron Spin Resonance (ESR) studies were
arried out on Fe doped CdS nanopowders in order to determine
he oxidation state of dopant ions in the host lattice.

. Experimental

.1. Preparation technique

Nanopowders of PVP capped pure and Fe doped CdS nanoparti-
les were prepared by the colloidal chemical precipitation method
sing cadmium acetate dihydrate (Cd(CH3COOH)2·2H2O), iron
itrate nonahydrate (Fe(NO3)3·9H2O), and sodium sulfide (Na2S)
s the starting compounds at room temperature in air. In a typi-
al synthesis, first 30 ml  of 0.1 M Na2S solution and solutions with
ifferent molar ratios of cadmium acetate to iron (III) nitrate of
0:0, 9.5:0.5, 9:1, 8.5:1.5, and 8:2 were prepared. At room tem-
erature about 15 ml  of polyvinyl pyrrolidone (PVP MW-55,000)
olution in methanol (0.5 M)  was added to 30 ml  of the solution of
d–Fe mixed solution with vigorous stirring. 0.1 M Na2S solution
as added slowly drop wise to the Cd, Fe mixed solution under vig-

rous stirring. After 90 min  stirring the precipitated particles were
solated from the solution by centrifuging at 6000 rpm for 15 min.
he product was washed by Milli Q water and methanol through
ultiple cycles of centrifuging and redispersion. The yellow, orange

recipitate obtained was washed and air dried. Prepared powders
ere analyzed through different techniques.

.2. Instruments

X-ray diffractograms (XRD) on the dried precipitate were
ecorded using powder X-ray diffractometer (Inel C120) which is
quipped with a curved position sensitive detector and data was
ollected using Co-K� radiation of wavelength 0.17889 nm.  The
rain size of the as prepared powders was calculated according to
he X-ray line-broadening method using the Scherrer’s equation,

 = 0.99�/  ̌ cos �, where d is the average crystalline grain size; �
s the X-ray wavelength;  ̌ is the FWHM of diffraction peak; and

 corresponds to the peak position. The information on the struc-
ure and bond formation of CdS powders were analyzed from the
R spectroscopy with KBr powder from Sigma–Aldrich as reference

aterial. The IR spectra were measured from 400 to 4000 cm−1 on
ASCO FT/IR-5300 spectrometer operating at a resolution of 4 cm−1.
aman spectra, which gives detailed information on the vibrational
pectra, was obtained using Horiba Jobin Yvon LabRam HR high

esolution micro-Raman spectrograph with 514.5 nm of Argon ion
aser as the excitation source. The Raman instrument was  cali-
rated with a standard Si wafer (wavenumber 520 cm−1) before and
fter recording. The laser light was focused on the powder sample
Fig. 1. The XRD pattern of pure and Fe doped CdS nanopowders.

with a 20X objective lens and the back-scattered light was col-
lected into the LabRam spectrometer equipped with grating having
1800 groves/mm. FE-SEM-EDAX analysis was  carried out on a Carl
Zeiss Ultra 55 model. UV–Visible spectral analysis was  carried out
on a JASCO UV-Visible absorption spectrophotometer with a reso-
lution of 1 nm between 200 and 800 nm with a scanning speed of
200 nm/min. Steady-state photoluminescence (PL) characteristics
of as prepared powders dispersed in chloroform placed in a 1 cm
path non-fluorescent quartz cuvette, were measured by Jobin Yvon
Inc., Fluorolog 3 spectrofluorometer with a spectral resolution of
1 nm,  excitation wavelengths were typically around 280–360 nm.
The ESR spectrum was obtained with the as-synthesized powders
kept in a 4 mm diameter quartz tube. For this all the samples of
equal weight were taken and measurements were done at room
temperature. Spectra were recorded as a first derivative with mod-
ulation frequency 100 kHz. The settings used in recording the ESR
spectra were as follows: modulation amplitude is 10 G, frequency
is 9.15138 GHz, and power is 0.9980 mW.

3. Results and discussions

3.1. XRD

X-ray diffraction (XRD) studies of the pure and Fe doped CdS
powders reflection peaks were broadened and as shown in Fig. 1.
It can be attributed to a very small grain size of the particles.
The reflection peaks of as synthesized powders can be indexed to
be cubic phase, has three main peaks at 30.92◦, 51.6◦ and 61.39◦

(referring to (1 1 1), (2 2 0) and (3 1 1) planes) with JCPDS data
card no. 800019 at Co-K� radiation of wavelength 0.17889 nm.
Since we did not observe any characteristic peaks of the impurity
phases in the XRD spectrum, we have concluded that the dopant is
distributed homogenously without clustering or segregation [20].
Using XRDA software we  calculated lattice parameters of pure and
doped CdS powders. Table 1 shows the lattice parameters of pure
and Fe doped CdS and its crystallite size calculated from the full
width at half maximum (FWHM) of the diffraction peaks using the
Debye–Scherrer formula. The ionic radius of Fe3+ (0.64 Å) ion is

smaller than that of Cd2+ (0.97 Å) ion. Therefore doping with Fe
in CdS may  not lead to any structural phase transformation but
introduces a decrease in the lattice constants.
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Table 1
Lattice parameter and its crystallite size for pure and Fe doped CdS nanopowders.

Sample Lattice parmeter ‘a’ (Å) Crystallite size
(Scherrer formula)
(nm)

CdS 5.7941 3.9
Cd0.95Fe0.05S 5.7802 3.7
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Cd0.9Fe0.1S 5.7730 3.4
Cd0.85Fe0.15S 5.7342 3.2
Cd0.8Fe0.2S 5.7098 2.8

.2. FTIR studies

Fourier transform infrared spectroscopy (FTIR) spectra have
ong been used to identify organic and inorganic materials by mea-
uring the absorption of various infrared light wavelengths. The
TIR spectrum of pure and Fe doped CdS powders is as shown
n Fig. 2. In the higher energy region the peak at 3420 cm−1 is
ssigned to O H stretching, peak at 1635 cm−1 is assigned to bend-
ng (H O H) vibration of the water absorbed on the surface of
dS [21]. The peak at 1417 cm−1 is assigned to bending vibration
f methanol used in the process. The C O stretching vibration of
bsorbed methanol gives peak at 1098 cm−1. The absorption band
t 620 cm−1 has been assigned to Cd S stretching.

.3. Raman studies

Raman scattering is a nondestructive and inelastic process to
btain information on the vibrational states of a solid. In the last
ew years, the studies of quantum size effects were mainly focused
n the observation of the shift of Raman peaks [22,23]. LO phonon
eaks of bulk CdS has two characteristics of 1-LO (first harmonic (at
00 cm−1)) and 2-LO (second harmonic (at 600 cm−1)) vibrations
24]. The sharp characteristics of the two LO phonon peaks in pure
nd Fe doped CdS, as shown in Fig. 3, are indicative of the good sur-
ace condition of the nanopowders. Intensity of the 1-LO is stronger
han that of the 2-LO for all samples. Variation in the observed ener-
ies for pure CdS nanoparticles at 293, 593 cm−1 in comparison to
heir bulk values might be the result of quantum confinement. Sim-
lar results were reported in earlier studies on CdS nanowires [22],
here a 7 cm−1 decrease was observed when the particle size var-
ed from 22 to 9 nm.  In the Fe doped CdS samples the 1-LO and
-LO modes shift towards higher energy side compared to their
ure CdS nanopowders. Similar results were also observed in the

Fig. 2. FTIR spectrum of pure and Fe doped CdS nanopowders.
Fig. 3. Raman spectrum of pure and Fe doped CdS nanopowders.

case Zn doped CdS nanocrystals prepared by different methods [25].
Increasing Fe concentration in Cd1−xFexS nanopowders, the Raman
intensities of two  LO modes become weaker, which may be related
to their poorer crystallinity, increased compositional and struc-
tural disorders [25]. The ratio of 2-LO mode intensity to 1-LO mode
intensity (I2LO/I1LO) is a parameter used to specify exciton–phonon
coupling strength (S) in the semiconductors [24]. Table 2 shows the
calculated exciton–phonon coupling strength and 1-LO mode full
width half maximum (FWHM) for as prepared powders. Our obser-
vations are in agreement with an earlier reported decrease in ratio
(S) from 0.88 to 0.42 from bulk to nanospheres at 514.5 nm exci-
tation [24]. The phenomenon may  be attributed to lowering of the
exciton–vibration coupling due to quantum confinement.

3.4. FE-SEM-EDAX studies

The overall morphology, elemental quantification and stoichio-
metric ratio of freshly prepared pure and Fe doped CdS powders
mounted on double sided carbon tape, were inferred from FE-
SEM-EDAX studies. Field emission scanning electron microscope
(FE-SEM) images of as synthesized powders are shown in Fig. 4.
The FE-SEM image with different magnifications clearly indicates
the formation of nanoclusters. The grains have aggregated to form
clusters. Fig. 5 shows EDAX analysis of the as synthesized powders.
From the clear peaks of cadmium (Cd), iron (Fe) and sulfur (S) it is
noted that our sample did not show any traces of other elements.
The compositional ratio, as calculated from chemical formula and

EDAX analysis, are compared in Table 3. It confirms that the Cd/Fe
in the nanocrystals is approximately same as that of the reactants
ratio over a large composition range. A repeat of the experiment at

Table 2
Raman shift and exciton phonon confinement factor for pure and Fe doped CdS.

Sample Raman shift
(cm−1)

Exciton phonon
confinement factor (S)

FWHM (cm−1)

1-LO 2-LO

CdS 293 593 0.3913 37.12
Cd0.95Fe0.05S 298 598 0.2937 41.40
Cd0.9Fe0.1S 297 599 0.2039 39.97
Cd0.85Fe0.15S 297 600 0.2126 38.21
Cd0.8Fe0.2S 298 600 0.2325 32.72
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Fig. 4. FE-SEM images of (a) CdS, (b) Cd0.95Fe0.05S, (c) Cd0.85Fe0.15S and (d) Cd0.8Fe0.2S powders.

Fig. 5. EDAX spectrum of (a) CdS, (b) Cd0.95Fe0.05S, (c) Cd0.85Fe0.15S and (d) Cd0.8Fe0.2S.
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Table 3
The compositional ratio of pure and Fe doped CdS, calculated from chemical formula
and EDAX analysis.

Sample Elements (at.%)

From chemical formula From EDAX analysis

Cd S Zn Cd S Zn

CdS 50 50 0 50.09 49.01 0
Cd0.95Fe0.05S 47.5 50 2.5 46.82 50.53 2.65
Cd0.9Fe0.1S 45 50 5 44.93 51.02 4.05
Cd0.85Fe0.15S 42.5 50 7.5 42.57 51.13 6.30
Cd0.8Fe0.2S 40 50 10 40.90 50.51 8.59
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excitation in to the excitonic band and the defect band.
Fig. 6. UV–Vis absorption spectrum of pure and Fe doped CdS nanopowders.

ifferent locations yielded the same result. This confirms the suc-
essful doping of Fe in place of Cd in our method of preparation of
he CdS nanopowders.

.5. UV–Vis absorption spectroscopy

UV–Visible absorption spectroscopy is an efficient technique
o monitor the optical properties of quantum-size particles.
bsorption spectrum was recorded for pure and Fe doped CdS

anopowders dispersed in chloroform and ultrasonicated for
5 min. Fig. 6 shows that the absorption spectrum of pure and Fe
oped CdS powders are blue-shifted relative to bulk CdS (∼2.42 eV

Fig. 8. Photoluminescence spectrum of (a) CdS and (b) C
Fig. 7. Excitation spectrum of CdS and Cd0.8Fe0.2S nanoparticles in chloroform.

(512 nm)) due to quantum confinement effects, suggesting the for-
mation of nanometer-sized CdS particles. The broad absorption
peak around 460–480 nm is attributed as due to the surface states of
the aggregated particles [24] and the narrow peak around 280 nm
is attributed as due to the exciton peak of CdS. Absorption peak at
280 nm shows broadening in the case of Fe doped CdS compared to
their pure CdS, which could mean that the exciton peak energies
in the doped system are distributed over wide energies. Henglein
and co-workers [26] have shown that the absorption at 500 nm cor-
responds to a particle diameter of ∼6 nm. Based on these results,
we believe that as-synthesized pure and Fe doped CdS powders are
less than 6 nm.

3.6. Photoluminescence (PL) studies

As prepared solid nanopowders (4 × 10−4 M)  were dispersed
in chloroform through 15 min  ultrasonication. The spectra were
recorded, keeping the spectrometer settings (slit widths and scan-
ning rates) the same for all the recordings. We  have monitored the
effect of iron doping on the photoluminescence intensity. An exci-
tation spectrum was  recorded monitoring 454 nm and as shown
in Fig. 7. We  show the variation in the emission spectra due to
At different excitations pure and Fe (20%) doped CdS emis-
sion spectrum are shown in Figs. 8 and 9. At lower wavelength
excitation pure and Fe (5%, 10%, 15%) doped CdS shows a broad

d0.8Fe0.2S powders (lower wavelength excitation).
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where h is Planck’s constant, � is the microwave frequency and
Fig. 9. Photoluminescence spectrum of (a) CdS and

mission centered at 404 nm is observed. Fig. 10 shows the com-
arison of photoluminescence intensity of pure and Fe doped CdS at
90 nm excitation. At low dopings (Fe 5%, 10%) the emission inten-
ity increases. At 15% dopings the emission intensity approximately
qual to their pure CdS as shown in Fig. 10.  Further increasing
oping to x = 0.2 the emission intensity decreases rapidly. It was
eported that this kind of band-edge luminescence is caused by
he recombination of shallow region trapped electron–hole pairs
nd/or excitons [27,28]. The absence of emission from trap (defect)
tates suggests the stoichiometric nature of CdS, without a surface
xcess of Cd2+ or S2− vacancies. The attenuation of the fluorescence
s attributed to self quenching, means iron act as electron trapping
enters which results into nonradiative recombination [12]. This
eans that photo-excited electrons are preferentially transferred

o iron metal ion induced trapping centers.
With longer wavelength excitations (320–360 nm), broad emis-

ion peak splits in to multiple peaks as shown in Fig. 9 (long
avelength excitations). It is quite interesting to see that as one
oves towards the longer wavelength excitation, the emission

tarts showing well resolved emission peaks in the spectrum. This
s attributed to the select band edge sites that get excited leading to

he emission from these excited states without getting diffused in
o the other sites. This localized emission could play an important
ole in the site selection spectroscopy. The broad emission from
he CdS bandgap (for excitations less than 310 nm)  is also quite

ig. 10. Comparison of photoluminescence of pure and Fe doped CdS at 290 nm
xcitation.
d0.8Fe0.2S powders (longer wavelength excitation).

distinguishable from the spectra due to the band edge states
(for excitations longer than 310 nm), which exhibits well resolves
peaks.

The narrow feature that appears at about 306 nm with 280 nm
excitation is identified as one due to the CH Raman stretching band
(3018 cm−1) of the solvent (chloroform). The position of this feature
shifts with the excitation wavelength. With higher energy excita-
tions CdS luminescence becomes much stronger while the Raman
band becomes comparatively negligible.

3.7. ESR spectral studies

To probe the exact oxidation state of the dopant ion we  have car-
ried out ESR spectral studies at room temperature on Fe doped CdS
nanopowders as shown in Fig. 11.  No resonance signal is observed
from pure CdS. The effective g-factor is determined according to
the equation

g = h�

�BH
�B is the Bohr magneton. For increasing the doping concentra-
tion the integrated intensity could increase, that confirms that Fe3+

Fig. 11. ESR spectrum of (a) Cd0.95Fe0.05S, (b) Cd0.9Fe0.1S, (c) Cd0.85Fe0.15S and (d)
Cd0.8Fe0.2S powders.
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Fig. 12. (a) Fe concentration dependence of g ∼ 4.3 signal intensity. (b) Number of spin
concentration.

Table  4
g  values of Fe doped CdS nanopowders.

Sample ‘g’ value

Signal A Signal B

Cd0.95Fe0.05S 2.012873 4.31456
Cd0.9Fe0.1S 2.012158 4.31504
Cd0.85Fe0.15S 2.009751 4.32301
Cd Fe S 1.981503 4.36848
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andomly substitutes the Cd2+ ions. The room-temperature ESR
pectrum of Fe doped CdS nanopowders consists of superposition
f two overlapping signals, an intense and very broad signal with

 ∼ 2.01 (signal A), and relatively weak and narrow signals at g ∼ 4.3
signal B). Table 4 shows g values of Fe doped CdS nanopowders. The
ess intense peak around g ∼ 4.3 is attributed to isolated Fe3+ ions in
ite of tetrahedral symmetry field [29]. Since Cd has a tetrahedral
oordination by S, and since signal B intensity increases (Fig. 12(a))
ith Fe doping concentration, it may  be arising from Fe3+ as sub-

titutional impurity for Cd in CdS. Cd vacancies would have to be
ostulated in such a situation, to compensate for the additional
ositive charges brought in by Fe3+.

The number of spins (Ns) participating in the resonance [30] for
road signal has been calculated and is shown in Fig. 12(b). From
his figure one can observe that the number of spins participating
n the resonance increases with increasing doping percentage. In
ase of Fe doped ZnS nanoparticles, ESR signal intensity decreases
ith increasing Fe concentration due to clustering of Fe ions

12] or interaction between two adjacent Fe3+ sites through the
ulfide bridges leading to suppression of free spins [13]. The
ntensity of signal A, increasing with increasing Fe3+ content, can-
ot possibly be coming from isolated substitutional or interstitial
osition in CdS. This intense and broad peak at g ∼ 2.01 can be
ssigned to strongly interacting ferric ions, whose origin is yet to be
scertained.

We evaluated the effect due to stirring time and aging with dif-
erent intervals of time after the preparation. We  did not observe
ny major change in the pure as well as the Fe doped CdS samples
ith time. Some of the earlier studies indicated that the particle size

rise in between 4.3 and 4.6 nm [31] within 0–10 days of prepara-
ion. But in our case we have not observed any changes in XRD

pectrum even after two months indicating that the particles must
e quite stable. Also, the properties like Raman, UV-Visible, Photo-

uminescence emission and excitation remained the same for two
onths after the preparation.

[

[
[
[

s (Ns) participating in the resonance for g ∼ 2.01 broad signal as a function of Fe

4.  Conclusions

Phase purity of all samples studied through XRD, FTIR and
Raman. Due to the quantum confinement effect, UV–Vis absorp-
tion spectrum for pure and Fe doped CdS powders are blue-shifted
relative to bulk CdS. Pure and doped CdS nanopowders emission
peak maximum at 404 nm.  We  observed emission from band edge
states and localization of these excited states in all samples even
at room temperature. The electron spin resonance spectra of Fe
doped CdS exhibit two  distinct signals at g ∼ 4.3 and g ∼ 2 which
are characteristic of Fe3+ ions.
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