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a b s t r a c t

In this paper, we report on the modification of optical band gap of PbS nanostructured films over a wide
spectral range (∼475–1000 nm) due to in situ Cd-doping and size confinement. The films investigated in
this study are grown by chemical bath deposition (CBD) at different temperatures and the doping was
conducted for a fixed impurity concentration. The PbS films grown under optimal deposition conditions
eywords:
bS thin films
d-doping
ptical band gap
uantum confinement

are found to crystallize in face centered cubic (fcc) structure with an average crystallite size in the range of
22–27 nm. The estimated optical band gap was in the range of 1.22–1.42 eV, for films grown at different
temperatures. Doping was found to influence the film growth and results in a reduction of crystallite
size (down to 9 nm). Consequently, quantum size effect becomes pronounced in the Cd-doped PbS films,
which lead to a significant enhancement in the optical band gap (up to 2.61 eV). X-ray photoelectron
spectroscopy analysis confirms the substitutional doping of Cd into PbS lattice. Band gap modification

ent a
due to quantum confinem

. Introduction

Lead sulfide (PbS) is a prominent direct narrow gap semicon-
uctor with a room temperature band gap of 0.41 eV and finds
wide range of potential applications in various devices such as

nfrared photodetectors, optical switches, sensors, and solar cells
1–3]. Because of relatively large Bohr exciton radius of 18 nm [3],
ts band gap can be engineered over a wide range by reducing
he particle size. These properties make the quantum confinement
ffects more notable in PbS compared to other lead chalcogenides,
ven for relatively larger particle sizes. In this viewpoint, PbS has
een grown in various forms by different techniques such as chem-

cal bath deposition (CBD), vacuum evaporation, spray pyrolysis,
lectrodeposition, etc. [3–6]. Among these techniques, CBD offers
imple, cost effective, and industrially scalable route for the pro-
uction of high-quality films, without the need for high-deposition
emperatures.

Recently, growth of mixed thin film structures based on PbS and

dS (Pb1−xCdxS and Cd1−xPbxS) finds immense interest, because it
ffers the advantage of tuning the optical and the opto-electronic
roperties of PbS, viz. band gap, electrical conductivity, thermo-
lectric power, etc., in a controlled manner [7–9]. In the present
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nd formation of ternary PbCdS are addressed.
© 2010 Elsevier B.V. All rights reserved.

work, attempt has been made to prepare PbS and Cd-doped PbS
nanostructured films by CBD. Addition of Cd into the bath is found
to strongly affect the film growth, which as a consequence controls
the optical properties of PbS films. We observed quantum size effect
in both pure and Cd-doped PbS films and the results are discussed
in detail.

2. Experimental details

Undoped and Cd-doped PbS thin films were deposited on to micro-glass sub-
strates by CBD technique. Bath containing lead acetate (Pb (CH3COO)2·3H2O) and
thiourea (CH4N2S), in appropriate concentrations, was used for the deposition of
PbS films. The pH of the solution was adjusted by adding a small amount of NH3

(2.21 ml) and Triethanolamine (TEA) was used as a complexing agent. Following
this, chemically cleaned micro-glass slides were immersed in the solution for the
deposition of PbS films. In this process, deposition of PbS film occurs because of a
chemical reaction of controlled sulfur and lead ions in the alkaline solution. First,
dissociation of metal complex initiates a slow release of Pb2+ ions:

[Pb(NH3)4]2+ → 4NH3 + Pb2+ (1)

Simultaneously, slow release of sulfur from thiourea takes place via decomposi-
tion, according to the following chemical reactions and when it reacts with the Pb2+

form a uniform deposit on to the substrate:

SC(NH2)2 + OH− → SH− + CH2N2 + H2O (2)
SH− + OH− → S2− + H2O (3)

Pb2+ + S2− → PbS (4)

Similarly, the deposition of Cd-doped PbS films was achieved by adding an
appropriate amount of aqueous solution of cadmium acetate with the reaction

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:scmphysics@gmail.com
dx.doi.org/10.1016/j.jallcom.2010.01.135
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literature [16]. The above observation indicates that Pb is in two
different chemical environments. However, the BE positions of Pb
4f7/2 (137.4 eV) and S 2p3/2 (161.5 eV) confirms the formation of
PbS. We observed a downward shift (of approximately 1.1 eV) in
ig. 1. X-ray diffraction spectra of PbS and PbCdS nanocrystalline thin films
eposited at a bath temperature of 85 ◦C.

ixture and the overall chemical reaction is as follows:

1 − x[Pb(NH3)4]2+ + x[Cd(NH3)4]2+ + SC(NH2)2

NH4OH−→ Pb1−xCdxS + 6NH3 + CO3
2− + H2O (5)

Herein, addition of TEA helps to control the release of Pb2+ and Cd2+, resulting
nto the deposition of ternary PbCdS for desired composition. The films deposited
n this method were found to be homogeneous and well adhered to the substrate.

The structure of the films was analyzed by XRD with Cu-K� radiation
� = 1.5405 Å). X-ray photoelectron spectroscopy (XPS) study was carried out using
VG Microtech (VG Multilab ESCA 2000 system) X-ray photoelectron spectrometer.
he experiment was carried out in a high-vacuum chamber under a base pressure
f 3 × 10−9 Torr and the samples were excited with Al K� X-ray radiation of 1487 eV
nergy. All the spectra reported in this work are referenced to C 1s peak (284.6 eV).
he surface morphology of the films was probed by using a JEOL (JSM-6701F) field-
mission scanning electron microscopy (FE-SEM). The optical absorbance spectra
ere recorded by using a UV–vis–NIR spectrophotometer (Lambda 35 model).

. Results and discussion

Fig. 1 shows the XRD spectra of pure and Cd-doped PbS films
eposited at a bath temperature of 85 ◦C. In the case of PbS films,
e observe sharp peaks at 2� ≈ 26.1◦, 30.2◦, 43.2◦, and 51.1◦. The

bserved peak positions are consistent with the fcc structure of
bS (JCPDS-ICDD PDF# 5-05920) and they are represented by their
orresponding Miller indices in the spectra. The appearance of
harp peaks reveals polycrystalline nature of the films. However,
e noticed a small shift (∼0.5%) in the position of all the peaks

owards higher 2� values, compared to the standard values of bulk
bS. Such a marginal shift in the diffraction peaks can be attributed
o lattice strain resulting due to any structural disorder generated
uring the film growth [10]. Moreover, the absence of any other
eaks corresponding to metallic clusters and/or impurities reveals
ood quality of the films. Similar results were observed for films

eposited at other temperatures. The average crystallite size (D)
as estimated using the Debye–Scherrer formula [5]. The value of
was found to be in the range of 22–27 nm (Table 1), for PbS films

eposited at different temperatures.

able 1
alculated average crystallite size and optical band gap of PbS and PbCdS films
eposited at different temperatures.

Temperature (◦C) Crystallite size (nm) Band gap (eV)

PbS PbCdS PbS PbCdS

75 22 12 1.42 2.33
80 25 10 1.37 2.50
85 27 9 1.22 2.61
Compounds 495 (2010) 234–237 235

A comparison of XRD line shapes of PbS and PbCdS films clearly
indicates a significant broadening after doping. There are two main
possible causes for the peak broadening. The first is increase in het-
erogeneity of the films due to the occupation of Cd into the host
lattice. A second cause is a decrease in crystallite size. It can be
mentioned that the stable crystal structure of PbS (fcc) differs from
that of CdS (hexagonal close packed). As a result, when Cd2+ occu-
pies more and more sites of Pb2+ in the host lattice, internal strain
would arise, and the crystal structure of the PbCdS solid solution
becomes unstable. In order to stabilize the crystal structure, the
grain size is reduced to release the strain. As the Cd concentration is
increased, the diffraction peaks become broader due to a reduction
in the grain size [11]. Similar results are reported for Mn-doped CdS
films [11,12]. The value of D calculated for PbCdS films was found
to be in the range of 9–11 nm. It is also noted that the intensity
of the diffraction peaks decreases after doping (Fig. 1). This can be
attributed to doping induced structural disorder in the films [13].
Moreover, we observed a decrease in the lattice d spacing of PbCdS
films compared to the corresponding values in PbS films. This con-
firms the formation of PbCdS; because when Cd2+ occupies the Pb2+

sites in the lattice, the lattice would undergo a contraction due to
smaller ionic radii of Cd2+ [14]. This result is in line with the liter-
ature where similar results are reported for other ternary systems
[11,13].

To further validate the formation of ternary alloy, we performed
XPS measurements on a representative undoped and Cd-doped PbS
films. Fig. 2 shows the survey scan spectra of the films wherein the
presence of core levels corresponding to Pb, S, and Cd confirms the
formation of PbS and PbCdS. It should be mentioned that both C 1s
and O 1s photoelectron lines are likely resulting from the adsorbed
gaseous molecules since nanocrystalline materials exhibit a high
surface-to-volume ratio. For a comprehensive understanding of the
modifications in the electronic structure of PbS, the high-resolution
spectra of principal core levels were analyzed by using a XPS Peak
Fitting Program. The detailed procedure of fitting the peaks can be
found in an earlier paper [15]. Experimental high-resolution spec-
tra of Pb 4f7/2, Cd 3d5/2 and S 2p core levels along with their resolved
components are shown in Fig. 3. The peaks located at 137.4 and
138.6 eV in the Pb 4f7/2 core level spectrum of undoped PbS film can
be assigned to Pb–S and Pb–O bonding, respectively. These bind-
ing energy (BE) values are consistent with the data reported in the
Fig. 2. XPS survey scan spectra of undoped and Cd-doped PbS films. The emergence
of additional photoelectron lines corresponding to Cd core levels in the spectrum
associated with Cd-doped PbS film is shown explicitly in the insets.
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temperatures as well (not shown here). The band gap energy, Eg,
was calculated using the Tauc’s relation [14], (˛h�)1/n = A (h� − Eg),
where A is a constant and n is equal to 1/2 for direct allowed tran-
sitions. The estimation of band gap from the plot of (˛h�)2 verses
Fig. 3. High-resolution X-ray photoemission spectra of Pb 4f7/2,

he BE position of Pb 4f7/2 core levels in Cd-doped PbS film. This
hift in the BE position and the occurrence of peak at 404 eV in the
d 3d5/2 core level spectrum both confirms the formation of PbCdS.

n fact, the mobility of Cd2+ is higher that that of Pb2+; as a result,
d have a propensity to occupy the substitutional sites in the PbS

attice and circumvents the formation of any metallic clusters. This
esult is consistent with the XRD observations discussed earlier.
nother low intensity peak at 402.3 eV in the Cd 3d5/2 core level
pectrum is attributed to Cd–O bonding. It is also noted that the Cd
d5/2 and the S 2p core levels have also shifted towards lower BE
fter doping.

Fig. 4 shows the SEM images of PbS and PbCdS films grown
t 70 ◦C. It can be seen that the surface of undoped PbS film is
omposed of pyramidal- and disc-shaped nanocrystals of different
imensions and sizes. It should be noted that the average crystal-

ite sizes deduced from the Scherrer formula are much lower than
he grain sizes observable in the SEM pictures. However, grains
n the sizes less than a 100 nm are also evident in the micrograph
Fig. 4a). The observed discrepancy can be probably due to the non-
pherical geometry of the nanocrystallites. In fact, it is anticipated
n the case of nanocrystalline thin films that the domains have a
endency to increase its size near the film surface, thus SEM images
epresenting the surface features of the film, give maximum possi-
le size of grains [17]. On the other hand, crystallite sizes calculated
sing the XRD data is thickness averaged magnitude, which usually
ominated by the smallest crystallites [18]. Similar discrepancy has
een reported for various thin films. The addition of Cd into the
olution modifies the thin film growth as shown in Fig. 4b. Here,
ny pyramidal- or disc-shaped structures have not been observed
nd the morphology of the film shows aggregates of finite particles.
lthough individual particles are not clearly visible with this mag-
ification, the morphology clearly reveals a strong agglomeration

f finite particles.

Fig. 5 exemplifies the absorption spectra of PbS and PbCdS films
eposited at a bath temperature of 80 ◦C. It can be seen from the
pectra that Cd-doping results in a strong blue shift in the absorp-
ion onset. We observed similar effect for films deposited at other
5/2, and S 2s core levels from undoped and Cd-doped PbS films.
Fig. 4. Plan-view SEM images of (a) PbS and (b) PbCdS films deposited at 70 ◦C.
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ig. 5. Absorption spectra of PbS and PbCdS films deposited at 80 ◦C. Inset shows
he estimation of band gap from Tauc’s plot.

� is shown in the inset of Fig. 5. Band gap values are obtained by
xtrapolating the linear part of the absorption curves to intercept
he energy axis (˛h� = 0). The estimated Eg of PbS films is found to
e 1.42, 1.37, and 1.22 eV, respectively, for films grown at 75, 80,
nd 85 ◦C. The Eg of PbS films, having a small crystallite size in the
ange of 22–27 nm (Table 1), is found much larger than that of bulk
bS (0.41 eV), which could be due to quantum size effects [5,11].
imilar results are reported for CBD grown PbS films [4]. Moreover,
he decrease in Eg with increase in temperature can be attributed
o grain size effect [10,19], because we observe an increase in the
rystallite size with increasing bath temperature.

The band gap of PbCdS films was also estimated and the val-
es are given in Table 1. In this case, the estimated Eg values are
ound to be 2.33, 2.50, and 2.61 eV, respectively, for films deposited
t 75, 80, and 85 ◦C. This clearly indicates a considerable increase
n the band gap as a result of Cd-doping. Doping of PbS with Cd is
xpected to alter the optical band gap between 0.41 (Eg of PbS) and
.43 eV (Eg of CdS) in the resulting ternary PbCdS alloy. Thus, the
bserved large modification in the band gap confirms the forma-
ion of ternary PbCdS alloy and the existence of strong quantum
onfinement in this system. This could probably be attributed to a
ecrease in the effective mass and an increase in the binding energy
ver that in PbS nanocrystals, similar to the results observed in the
ase of Pb1−xFexS nanoparticle films by Joshi et al. [20]. As men-
ioned earlier, we observe a systematic decrease in the crystallite
ize with increasing bath temperature. Since the estimated mean
rystallite size in this case being approximately half the value of
he exciton Bohr radius in PbS, we observe a strong confinement
n PbCdS films. Besides, the crystallite size decreases with increas-
ng bath temperature, which is contrary to the result observed for
bS films. This leads us to understand that when bath temperature
ncreases more Pb2+ ions are replaced by Cd2+, which as a result

ncreases the internal strain. As already mentioned, this built in
train would result in a reduction of grain size. In this situation,
he composition x of the (PbS)1−x(CdS)x solid solution would also
ncrease, and hence an increase in the band gap is anticipated.
n fact, Sood et al. [21] have derived a simple relation to define

[

[

[
[
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the band gap of Pb1−xCdxS, based on their experimental results.
According to Ref. [21], the fundamental absorption edge is written
as Eg(Pb1−xCdxS) = Eg(PbS) + 1.80x. Though this cannot be directly
applied to our present case, it obviously enlightens that the large
shift in the band gap of PbCdS in our case is a combined result of
confinement effect and formation of ternary PbCdS.

4. Conclusions

In situ Cd-doping is found to induce considerable modifications
in the optical band gap of PbS nanocrystalline thin films. It is exper-
imentally shown that the band gap of PbS can be engineered over
a wide range (1.22–2.61 eV) by changing the deposition conditions
and introducing the Cd metal impurities. We observed strong quan-
tum confinement effect in the case of PbCdS films. These properties
could potentially be utilized to harvest maximum photon energy
from the sunlight to enhance the photovoltaic performance. Since
the band gap could be tuned to cover the entire visible region, PbCdS
nanostructured films would be a promising candidate for solar cell
applications.
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