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Growth of doped PbS:Co2+ nanocrystals by Chemical Bath
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Nanocrystalline PbS films grown by chemical bath atT = 40 ± 2 ◦C onto glass slides were modified by in situ Co2+ -doping and their
structural and optical properties were examined. By FT-IR spectra, a sharp stretching mode can be seen at∼1384 cm−1 due to the vibration
mode of CO23 ions. XRD patterns shown the growth on the zinc blende crystalline face. The grain size was determined by using X-rays
diffractograms and was found at∼ 28 nm and∼ 13 − 25 nm for undoped and doped samples, respectively. Optical absorption spectra
was used for calculating the energy band gap, and displayed a shift in the∼1.21 − 2.21 eV range, associated with quantum confinement
effect. Raman peaks at∼210, 271, and 451 cm−1, corresponding to a 1LO phonon mode, a two-phonon process, and a 2LO phonon mode
respectively were also recorded. The surface and grain size of the films were measured by AFM studies.
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1. Introduction

Semiconductors obtained by combining elements from IIB
and VA groups, such as CdSe, CdS, PbS, ZnO, etc., are inter-
esting systems demonstrating quantum-confinement effects
as the nanocrystal size corresponds to the Bohr exciton ra-
dius. Some reports have evidenced that quantum confinement
in thin films produced by reduction grain size (GS) afford
changes in electro-optical properties that can be exploited in
a broad range of applications [1]. Hence, doping of semicon-
ductors have shown different optical and structural changes
in Lead Chalcogenide materials. Furthermore, there is an in-
creasing interest into deposition of ternary derivative mate-
rials due to their potential tunable band-gap energy (Eg), by
means of the growth parameters such as reaction tempera-
ture and concentration of reactive precursors by systematic
doping [2,3]. Several methods for the preparation of PbS
nanocrystals have been reported in recent years such as mi-
crowave and sonochemical methods [4], chemosyntesis [5],
etc. However, most of the reported studies have been fo-
cused on the deposition of ternary derivatives material on thin
films as Pb1−xCoxS [6], Pb1−xNixS [7], Pb1−xCdxS [8]. In
this regard, PbS nanocrystals with GS dimensions in the 5-
20 nm range are of technological interest for advanced opto-
electronic applications, showing a stronger quantum confine-
ment effect when the crystal size matches the dimension of
Bohr exciton [9]. In the present work, PbS and PbSCo2+-
doped films were prepared by a green approach: chemical
bath (CB), in order to investigate their structural and optical
properties. FTIR spectra were recorded using a Perkin Elmer
spectrophotometer in the 500-4000 cm−1 wavelength region.

The crystalline structure characterization was carried out by
X-Ray diffraction (XRD) patterns registered in a Bruker D8
Discover Diffractometer, using the Cu Kα line. The optical
absorption spectra, measured in a Varian CARY spectropho-
tometer, allowed to calculate Eg. A micro-Raman Lab Ram-
Idler apparatus with an excitement line of 514.5 nm wave-
length Ar laser for Raman spectroscopy was used. Images of
the surface were obtained by atomic force microscopy (AFM)
with Nano-scoped E model contact mode instrument from
UGC-DAE consortium of Scientific Research, Indore.

2. Chemical reactions and experimental pro-
cedure

We carried out a simple model of chemical reactions in the
preparation of undoped and doped PbS films with a Co2+

solution determined by employing the reported cell potential
values in basic media [7,10,11]

SC(NH2)2 + 3OH− ↔ CO2−
3 + S2− + 7H+ (1)

CH3 COO− ion is generated by dissociation of Pb(CH3CO3)
according to:

Pb(CH3COO)2 ↔ Pb2+ + 2CH3COO− (2)

The coordinate complex ion [Pb(NH3)4]2+ generated in-
derectly in our working conditions slowly release Pb2+

ions [7]:

[Pb(NH3)4]2+ + S2− ↔ PbS+ 4NH3

∆G0 = +362.88 KJ (3)
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The doping that generates Co2+ ion has the following chem-
ical equilibrium:

Co(OH)2 ↔ Co2+ + 2OH− ∆G0 = +140.08 KJ (4)

Finally, the overall reaction is:

[Pb(NH3)4]2+ + S2−Co(OH)2 ↔ PbSCo2+

+ 4NH3 + 2OH− ∆G0 = +502.96 KJ (5)

Chemical equilibrium is associated with changes in Gibbs
free energy as the dopant ion is incorporated in ionic form
in the PbS samples.

For the preparation of polycrystalline PbS thin films onto
glass substrates, both undoped and doped samples (volume-
solution V[Co2+] containing the doping Co2+ chemical agent)
grown by CB, PbS films three different levels of doping
V[Co2+] were obtained byin situ addition of 10, 20, 30, mLs
in the solution for PbS growth: Pb(CH3CO3)2 (0.01M), KOH
(0.1M), NH4NO3 (1.2M), SC(NH2)2 (0.1M). The solutions
were mixed and the final solution kept at40 ± 2 ◦C dur-
ing 1.0 h [3]. The optimal doping concentration V[Co2+]

Co(NO3)2 (0.125 M) was determined after several trials
when the films had attained good adherence. This solution
is routinely added to the reaction mixture during the growth
of the PbS films. The samples were labelled as PbS for the
undoped sample and PbSCo10,. . . , PbSCo30 for the doped
samples.

3. Results and discussion

FT-IR spectra of PbS and PbSCo2+ -doped films are dis-
played in Fig. 1. The main spectral features are similar,
excepting the intensity of the absorption band of CO2−

3 at
∼1384 cm−1; the band located at∼1921 cm−1 was assigned
to one of the fundamental frequency of COO− bonds [12]
(see equations (1) and (2) for the processes involved in the
COO− and CO2−

3 formation). The broad absorption band at
the∼3423 cm−1 region can be attributed to stretching of the

FIGURE 1. FT-IR spectra of PbS-PbSCo nanoparticles.

FIGURE 2. X-ray diffractograms for PbS-PbSCo30 films. Inset
shows Average grain size (GS) vs. V[Co2+] of PbS-PbSCo films.

-OH groups of defective sites and the physically adsorbed
water molecules. The bands at∼ 1642 and∼ 1018 cm−1

were ascribed to the vibration of amine groups [13]. The
peak at∼2342 and∼2367 cm−1 are characteristic of COO−

and S-H stretching vibrations, confirming the presence of ac-
etate and sulfur ions. The decrease in the peak located at
∼1384 cm−1, assigned to the CO2−3 vibration indicates the
bonding to the surface of PbS by the carboxyl groups. As
a result, the characteristic vibrations for the CO−2

3 ions dis-
played at 1642 cm−1 and 1630 cm−1 are symmetric bending
and stretching modes, respectively. The Pb-S bond is mainly
an electrovalent bond, thus the FT-IR spectrum of spectrum

FIGURE 3. Absorbance spectra of PbS-PbSCo films.
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FIGURE 4. Graph of Eg vs. (αhγ)2 PbS-PbSCo samples. Inset
shows plot of Eg vs. V[Co2+] PbS-PbSCo layers.

of PbS does not show strong bands associated with Pb-S
stretching and bending vibration. The bands at∼ 780 and
∼920 cm−1 were not identified, but may be associated with
Pb-Co bonds. When V[Co2+] is added and PbS are supplied
into crystals, the interactions reduce as some of PbS will re-
act to forms nanoparticles. A comparison of these spectra
clearly shows that many CH3-COO−, OH− and CO−2

3 ions
remain on the surface of nanocrystals, which were removed
by washing with distilled water and drying the films with an
hot air flow.

We associate this peak broadening considering the Pb2+

ion radius compared to the dopant ionaccording to: Pb2+ =
1.20Å, S2− = 1.84Å and Co2+ = 0.83Å. In a previous re-
port [7], we proposed the following that for a relative low
concentration of Co2+ ions, a majority can be located in (i)
Pb2+ vacancies sites, which otherwise would be empty (ii) in
Pb2+ sites causing the appearance of Pb2+ interstitial sites,
and (iii) in interstitial positions [3]. It can be mentioned that
the stable crystal structure of PbS, when Co2+ occupies more
sites of Pb2+ in the host lattice, afford an increase in inter-
nal strain. Through this gradual occupation in vacancies and
interstitial sites of the ions in the crystal lattice, the GS is
reduced to release the strain. As the Co2+ concentration is
increased, the diffraction peaks become broader due to the
reduction in the GS. Inset in Fig. 2 shows the GS vs V[Co2+]

for all samples corresponding to the (200) plane. The GS
of ∼28 nm for PbS and PbSCo10 layers decrease∼13 nm,
however GS increase almost linearly with increasing V[Co2+].
The effect of the GS by the doping effect has been reported
in films of doped samples [2,3,5].

The absorbance spectra vs wavelength (nm) of all the
films is shown in Fig. 3, in order to compare the changes
produced by the dopant. These absorption spectra show an
abrupt change in the doped samples compared to undoped
PbS. The spectra of PbSCo20 and PbSCo30 layers exhib-
ited an absorption onset of∼ 550 − 700 nm, these bands
are shown with a blue strip. These exciton bands were

at- tributed to a1Se−1Sh transition, this effect is associ-
ated with quantum confinement produced by the decrease of
GS [14]. However, Toddet al. reported three sharp peaks in
the absorption spectra of the lowest exciton transitions cal-
culated for particles of 1.5 nm radius [15]. The absorption
spectra in the visible light region presents a component at
∼ 587 nm, assigned to the spin and electric-dipole-allowed
4A2(F)→ 2A1(G), 4A2(F)→ 2T1(G), and4A2(F) → 2E(G)
transitions, respectively. All doped samples have weak ab-
sorption in the visible and NIR regions, and the intensity of
the absorption band increases with V[Co2+] increasing. Such
augmentation is associated with the increasing of Co2+ ions
located in tetrahedral sites of PbS. The observed structures in
the optical absorption spectra of PbSCo samples are similar
to those observed in other materials, both in bulk as well as
in the nanocrystalline form [16].

A comparison of the effect of nanocrystalline size on
electron-phonon coupling for PbS quantum dots with con-
trolled but variable particle size in PbSCo grown by CB has
not been reported so far. The plot of Eg vs. V[Co2+] for
all samples is displayed in Fig. 4. It can be observed a
Eg = 1.21 eV for the PbS sample. Bulk PbS (Eg = 0.41 eV)
and bulk CoS (Eg = 1.15 eV) are expected to vary Eg be-
tween 0.41 and 1.15 eV, however in these spectra such change
are not appreciated [6]. The confinement effect appears as a
shift in the edge of the absorption spectra and the absorption
to lower wavelengths, due to the decrease in GS and number
of defects. It is clearly seen, from the optical spectrum, an
absorption edge shift towards a lower wavelength in doped
films. Thus, the observed modification of PbSCo samples
showed the existence of quantum confinement. The experi-

FIGURE 5. Raman spectra of PbS-PbSCo films.
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FIGURE 6. 3D AFM images of nanocrystalline (a) PbS, (b) Pb-
SCo30.

mentally observed Eg values for the shift indicated an alloy-
ing in nanocrystalline PbS [17,18]. The fundamental optical
transition of doped films (Eg = 0.41 eV) is not observed
in these doped films, because of complete mixing of PbS
with Co2+ ions yielding an unique intermetallic compound
of PbxCo1−XS type [5]. The Eg in our work for samples
in the∼ 1.2 − 2.2 eV range shows the extent of quantum
size effect in the nanoparticle films. A similar shift observed
in the position of the excitonic peak towards higher energies
in CdSe crystallites has been explained due to a decrease in
crystallite size [19]. Inset in Fig. 4 shows the plot of Eg vs.
(αhγ)2 of PbS-PbSCo. In our case, the introduction of Co2+

ions into the PbS lattice induced a increase of strain. Such
strain in PbSCo samples tends to reduce GS.

Raman spectra is shown in Fig. 5. The spectra are com-
pared each other to observe the differences produced by the
Co2+ dopant. Similar peaks in these spectra at 148, 192, 201,
281, 442 cm−1 are observed along with a prominent band

at ∼ 148 cm−1. Peaks at∼ 210, 271, 451 cm−1 can also
be observed, corresponding to a 1LO phonon mode, a two-
phonon process, and a 2LO phonon mode, respectively [20].
In addition, the peak or shoulder at∼ 192 cm−1 has been
identified to be due to the SP mode, and its intensity greatly
increases with decreasing crystal size.

These results confirm those obtained by optical absorp-
tion and XRD. They are influenced by some parameters, such
as atomic masses of Pb, S and Co atoms and vibration con-
stant of bonding atoms residing in the lattice. Our measure-
ments on samples from different V[Co2+] exhibited a varia-
tion on the intensity of these broad bands, so in these films,
the effect of dopant is clear and can be seen with variations
of the intensities of the bands. The reason for this behav-
ior is associated with the stoichiometry of PbS caused by the
gradual incorporation of the Co2+ ions. Raman bands in the
high-frequency two-phonon region can also be observed at
∼450 cm−1 [7].

The 3D images of atomic force microscopy (AFM) are
showed in Fig. 6 for: (a) PbS, in this image the surface
morphology exhibited agglomerates with pyramidal geom-
etry grown on the flat surface, and no holes or islands are
observed. (b) in this 3D image of PbSCo20 film, the disap-
pearance of conglomerates displayed an almost flat surface.
In this sample the effect of dopant can be clearly seen. Im-
ages of all doped samples are not shown because there are
few significant changes compared to the one shown here.

4. Conclusions

The effect of V[Co2+] on the morphological, crystal structure
and optical band gap properties of thin films has been inves-
tigated. The composition study showed that these films were
stoichiometric, with slight variation in sulfur deficiency. The
XRD pattern revealed that films are crystalline with average
grain size decreased as V[Co2+] increased. These films also
displayed large final thickness and their surface morpholo-
gies were composed of small grains with an approximate size
of 27-12 nm. Optical absorbance measurements indicated
the existence of direct transition with corresponding energy
gap in a 2.1-2.4 eV range. These films also exhibited a good
transmittance of about 60% in visible and near infrared re-
gions, allowing their potential use as a window layer in high
efficiency thin films solar cells. In summary, we have found
an efficient process to introduce Co2+ ions into the PbS struc-
ture with, practically, no large damage to the lattice.
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