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Optical band gap energy and urbach tail of CdS:Pb2+ thin films
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PbS-doped CdS nanomaterials were successfully synthetized using chemical bath. Transmittance measurements were used to estimate the
optical band gap energy. Tailing in the band gap was observed and found to obey Urbach rule. The diffraction X-ray (XRD) show that the
size of cristallites is in the ∼33 nm to 12 nm range. The peaks belonging to primary phase are identified at 2θ = 26.5◦ and 2θ = 26.00◦
corresponding to CdS and PbS respectively. Thus, a shift in maximum intensity peak from 2θ = 26.4◦ to 28.2◦ is clear indication of possible
transformation of cubic to hexagonal phase. Also peaks at 2θ = 13.57◦ , 15.9◦ correspond to lead perchlorate thiourea. The effects on films
thickness and substrate doping on the band gap energy and the width on tail were investigated. Increasing doping give rise to a shift in optical
absorption edge ∼0.4 eV
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1. Introduction
There is great interest in materials science and engi-neering
of semiconducting quantum dots, deposited as thin solid
films. Such increased interest in these materials is due to the
effect of quantum confinement as a partner with decreasing
grain size. As the nanodimensions of semicon-ducting crystals affect significantly the band structures of these materials,
therefore essentially all of their properties are influenced by
the crystal size reduction. It is exactly this point that allows
to design a semiconducting material with predefined optical and structural properties by simply controlling the crystal
size. For example, the band gap energy (Eg ) and structural
properties of various semicon-ducting materials can nowadays be tuned rather precisely by an appropriate choice of
the synthetic route. In general, the thin films of semiconducting quantum dots have potential applications in solar cells,
light-emitting diodes, batteries, etc. One of the most important material parameters, which mostly determine the field
of application of a given semiconductor, is its Eg value. In
other words, the collection of materials-based control allows
monitoring Eg the optical and structural properties of these
semiconductor materials.
In 1953, Urbach proposed an empirical rule for the
optical-absorption coefficient α(ω) associated with electronic transition from the valence to conduction band tail in
disordered solids. CdS thin films have been the best heterojuntion partner for CdTe which is an ideal absorber in thinfilm solar cells [1]. On the other hand, Chemical Bath (CB)
is one of the low-cost and highly-efficient routes for depositing CdS, PbS thin films [2,3]. It have been reported that the

band gap energy (Eg) for as-deposited films decreases with
increasing Cd/S [4]. Most studies have examined the optical
properties of CdS thin films, but few have studied
the relations between Eg and films thickness and the tailing in the Eg [5]. In this work, the thickness dependence
of the Eg and Urbach tail for Pb-doped cadmium sulfide
(CdS:Pb) thin films prepared by CB is reported.

2.

Chemical reactions

Considering a general chemical bath reaction, thiourea hydrolysis SC(NH2 )2 leads to the formation of S2− and CO2−
3
ions according to [6]
2−
SC(NH2 )2 + 3OH− ⇔ CO2−
+ 7H+
3 +S

(1)

In general form for doped samples:
[Cd(NH3 )4 ]2+ + S2− + [Pb(NH3 )4 ]2+ ⇔ CdS:Pb2+
+ 6NH+
4

∆Go = −139.64 KJ

(2)

According with these results, ∆Go > 0, the reaction (2)
is spontaneous.
Preparation of polycrystalline thin films on glass substrates was performed at a temperature of 90±2◦ C, both undoped and doped CdS films with seven different levels of
doping (V[Pb2+] ) were obtained by the addition in situ of: 4,
6, 8, 10, 14, 20, 25, 30 mLs in the solutions for CdS0 growth
respectively: CdCl2 (0.02 M), KOH (0.1 M), NH4 NO3 (1.2
M), SC(NH2 )2 (0.1 M), the doping solution Pb(CH3 CO3 )2
(V[Pb2+] ) 0.02 M. The samples were labelled as PbS0-CdS0
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F IGURE 1. Photography of CdS0-CdSPb-PbS0 thin films.

F IGURE 3. Optical transmittance spectra of the CdS, CdS:Pb, PbS
thin films.

F IGURE 2. Thickness vs. V[Pb2+] CdS0-CdSPb-PbS0 thin films

for the undoped and CdSPb4,. . . ,CdSPb30 for the doped
samples.
The optical absorption studies were carried out using
a UV-VIS-IR spectrophometer (Cary-5000). The thickness
was determined by utilizing a Veeco (Bruker), DEKTAK 150
profilometer Stylus of 12 µm. Crystalline structure characterization X-ray diffraction (XRD) patterns were registered in a
D8 Discover diffractometer, using the Cu Kα line.

3.

Results and discussion

Figure 1 shows the photography of CdS0-CdS:Pb-PbS0. Figure 2 shows the thicknesses vs. V[Pb2+] of CdS0-CdS:PbPbS0 thin films. Measurements of thickness de-crease of
∼625-325 nm range for CdSPb4 to CdSPb10 as total thickness of the films growth.
Figure 3 shows the optical transmittance (T) vs. wavelength for CdS0-CdS:Pb-PbS0 samples. The T spectra
showed less transparency with CdS0 film. This may be attributed to more scattering of photons by the introduction of
dopant as foreign Pb2+ ions, which may reduce T. This decrease in T with doping is expected, because doping increases
the number of the charge carriers which increases the absorption in the film, and decreases the transmission of light [7].

F IGURE 4. Band gap energy of the CdS0-CdSPb-PbS0 films. Inset
show (αhν)2 vs photon energy.

As the Fig. 3 shows, the T of the films for wavelength values
smaller than the cut-off wavelength (∼510 nm) is a function
of film thickness; that the T decreases as function of thickness and doping. The observations are in agreement with Sahay et al. [8]. As T decreases; however more decrement is
observed in the CdSPb20 and CdSPb30 samples. It is usually
presumed that the T of the films decreases with grain size in
the visible region of spectrum due to light scattering on their
rough surfaces. From the T spectra we have calculated the
Eg of the CdSPb thin films. The absorption coefficient α and
the incident photon energy hν are related by the following
equation [9]
αhν = (Eg − hν)n

(3)

The usual method of determining Eg is to plot a graph
(αhν)2 vs. hν and then looking for that value of n which
gives best linear graph in the band edge region [9,10].
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The inset in Fig. 4 shows (αhν)2 vs. hν of the CdS0CdS:Pb-PbS0 thin films. It can be seen that there is a difference in slope between CdSPb4 and CdSPb30 samples in
the of 320-450 nm. wavelength range. This anomaly could
be due to the difference in sample thickness which was ∼200600 nm [11]. At any value of Pb concentration the optical Eg ,
this can be attributed to improvement of crystal-linity [12].
Also, during the doping, at the surface and at the grain boundaries the process would create traps within the band gap that
may cause formations of the states near the band edge and
so lead to a Eg shrinkage. The blue shift is also indicative of size quantization in PbS0-CdS:Pb na-noparticles. It
is observed that Eg decreased within increase in doping, the
reason for this fact may be attributed the decrease in thickness [13]. This means extending tail states within the Eg that
leads to the Eg narrowing. The Eg vs. V[Pb2+] values of
the CdSPb are showed in Fig. 4, such values are in 2.1-2.4
eV range. As the doping content in-creases, the donor levels
become degenerated and merge with the conduction band of
CdS0, causing the conduction band to extend into the forbidden region which reduces the Eg [14]. However, for PbS0,
Eg = 1.94 eV and Eg = 3.14 eV are related to the E0 and
E1 transitions respectively [16]. These data and the literature values are used for modeling of the optical constants of
PbS over 0.3-5.5 eV photon energy range, including the Eg
= 0.4 eV region. Calculated spectra of Eg = 2.0 eV (αhν)2
vs. hν are in satisfactory agreement with the experiment over
the entire range of photon energies. In the low photon energy
range it is as-sumed that the spectral dependence of absorption edge follows the empirical Urbach rule given by [15]
µ ¶
hν
α(ν) = α0 exp
(4)
Ee
Where α0 is a constant, Ee denotes an energy which is
con-stant or weakly dependent on temperature and is often
interpreted as the width of the tail of localized states in the
Eg . A plot of ln(α) against the photon energy is shown in
the inset in Fig 5. It was found that the optical absorption
edge shifted to higher wavelengths as the films thickness and
electrical resistivity diminishes for thicker films [16]. This
was attributed to an increase of crystalline size, the degree of
preferred orientation, internal microstrain and stoichiometry
on the film [17]. The width of Urbach tail (Ee ) was obtained
from the fit and the results were inserted in Table I.
TABLE I. Estimated values of band gap energy and width of Urbach tail with the corresponding values of film thickness for CdS0CdSPbS-PbS0.
Sample

thickness (nm)

Eg

Ee (meV)

CdS0

578

2.43

112.2

CdSPb4

444

2.44

80.9

CdSPb14

563

2.06

55.8

CdSPb25

584

2.09

24.6

CdSPb30

613

2.05

29.5

PbS0

209

2.2

119.6

F IGURE 5. Relation between Ee and the thickness for CdS0CdSPb-PbS.

The relation between Ee and the thickness is displayed in
Fig. 5, where a decrease of width of Urbach tail with film
thickness can be observed. The relation with thickness of
films is not apparent because the values of film thickness are
close to each other in each case. The decreases with film
thickness are due to an increase of order, because as it was
mentioned earlier, the crystallization is better with film thickness. These results support our interpretation of the decrease
of Eg with doping as mentioned before, since the decrease of
Ee with doping and thickness is an indication of the smaller
density of localized states. But the films thickness in their
work is also varying so, in our opinion, this decrease in Ee
is not only related to the doping but also to film thickness.
So the Eg value in the case of no tailing decreases with the
increase of doping, in accordance with the known situation
of semiconductors. This result supports our aforementioned
explication of the decrease of Eg with the doping that is the
doping results in films with more order and smaller density
of localized states. Belgin et al. [5] obtained Ee values in the
122-175 eV range for ultrasonically sprayed CdS films. This
linear relation between Eg and width of Urbach tail is similar
to the results reported by Melsheimer et al. [18] and Shadia
et al. [7].
Figure 6 shows the XRD diffraction patterns for CdS0CdS:Pb-PbS0 samples. CdS exists in two crystalline modifications: the Wurtzite (WZ) [19] and zinc blende (ZB)
phase [20]. As can be seen, the obtained diffraction pattern
for CdS0 sample shows a predominant peak at 2θ = 26.5◦
which can be assigned to (111) plane of ZB CdS phase.
Moreover, the intensity of peak at 2θ = 28.2◦ is due to
diffraction from the (101) plane WZ phase whereas the peak
at 2θ = 26.4◦ position can be co-occupied by the (111) plane
of ZB phase as well as the (002) plane WZ. However, the
maximum peak intensity for both phases are different, i.e.,
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F IGURE 6. XRD diffraction patterns for CdS0-CdS:Pb-PbS0 films.

ZB maximizes at 2θ = 26.4◦ corresponding to the (111)
plane, whereas WZ phase has its maximum intensity peak at
2θ = 28.2◦ , corresponding to the (101) plane. However, formation of the WZ phase is likely, at least to large extent, because the characteristic diffraction peak from the (002) planes
of the structure were completely absent when the CdS0 film
was deposited. The shift in the diffraction angles is due to
the incorporation of Pb2+ ion at the sublattices sites of Cd2+ .
The diffraction peaks of CdSPb4-CdSPb10 samples and their
relative intensity were affected by changing the V[Pb2+] . It is
reported in the literature that at room temperature the probability that CdS dissolves in the PbS lattice is very low [21].
In this case of extremely small particles, where the contribution of surface free energy is very important, some deviations
cannot be excluded. In the CdS0 and CdSPb4 samples, a
cadmium hydroxide [Cd(OH)2 ] film is clearly seen to have
deposited. The formation of Cd(OH)2 preceding a CdS deposition can be explained by the fact that cadmium ions are
labile in aqueous media and equilibria are rapidly stabilized
in solution [21].
The concentration of sulfide ions is limited by the
thiourea decomposition and the decomposition of the weak
acid H2 S, ka = 9.1 × 10−8 . The activation energy for the
films growth has been found as 56.7 kJ, it is close to the
value for the hydrolysis of thiourea, which was used as sulfur source in CB. It was therefore supposed that the rates of
both the films growth and precipitation are limited by that
of the hydrolysis of thiourea in the alkaline medium. These
diffraction peaks become sharper for CdSPb4, CdSPb6 and
CdSPb14. From XRD patterns it can be assured that the Pb
lead to PbS according to the peak located 30◦ in CdSPb14 to
CdSPb30 samples. However, CdSPb6 sample shows a peak
at ∼ 26.5◦ indicating a preferred orientation. The XRD study
displays that the formation of the CdS:Pb occurs in the early
stage, following by the formation of PbS0 nanocrystallites in
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the stage of the film growth, although the formation of films
from the bath in absence of acetic is also observed [19]. It is
found in this study that the reaction leads to the formation of
nanocrystalline PbS0 films together with a slight decrease in
the size of crystallites. These peaks do no match exactly with
the reported plane spacing for ZB and W phases; it can be explained by the broadening of the peaks of CdSPb25 and CdSPb30, which can be due to small size of the crystals and by
presence of strains that poses multiple facet diffraction peaks.
This is the result of multidirectional growth of the synthetized
nanocrystals. The peaks belonging to primary phase are identified at the 2θ = 26.5◦ and 2θ = 26.00◦ corresponding to
CdS0 and PbS0 respectively. Thus, a shift in maximum intensity peak from 2θ = 28.2◦ to 26.4◦ is clear indication of
possible transformation of ZB phase to W phase. Since the
peaks related to W phase are present in all the films, the XRD
data have been refined for W lattice [JCDD # 8000006]. The
values of electronegativity for Pb (2.33) and Cd (1.69), which
are not favourable to form a solid solution [22]. In CdSPb25
film, peaks indicated angular positions at 2θ = 13.57◦ and
15.9◦ corresponding to [Pb(NH2 (S)C(NH2 )2 )2 ](ClO2 )2 , i.e.,
lead perchlo-rate thiourea, according to standard (JDDC 0531447). In the alkaline medium of CB, the atom-atom growth
of CdS is supposed to proceed by decomposition of adsorbed
thiourea-hidroxo-cadmium complex as expressed by [23]
−
[Cd(OH)2 SC(NH2 )2 ]ads ⇔ CdS + CO2−
3 + 60H

(5)

In our opinion, this result indirectly proves the mechanism proposed by Ortega-Borges and Lincot [24]. In this
mechanism the ratedetermining step is the metastable complex decomposition for which activation energy values are
close to those calculated and that can be expected. On the
basis of the above CdS0 precipitation mechanism, the high
V[Pb2+] can be assure that is not leading to the CdS0 large
cluster, causing instead a non-uniform thin film in CdS:Pb
growth. Because the more metastable complex can acquire
enough activation energy to decompose and to precipitate, the
crystalline CdS0 film is due to high V[Pb2+] . It should be noticed that CdSPb is not only formed, but also Cl− and ClO−
4
ions are generated in the system; the coproduced ClO−
4 anion is thus oxidized by the reduction. In this V[Pb2+] , a Cl−
−
ion is oxidized by the NO−
3 in the system affording ClO4 ,
according to:
−
−
+
3H2 O + Cl− + NO−
3 ⇔ ClO4 + NH4 + 2OH

(6)

PbS0 sample diffractogram display peaks located at the following angular positions: 2θ = 26.00◦ , 30.07◦ , 43.10◦ ,
51.00◦ , 53.48◦ . They are related to the (111), (200), (220),
(311), (222) reflection planes for the ZB phase of the PbS0 respectively. All the diffraction peaks for PbS0 can be perfectly
matched to the reference patterns (JCPDS 05-0592) displaying the ZB crystalline phase.
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4. Conclusions
The Eg was estimated by assuming a direct transition and
it was found to be slightly increasing with thickness of films
and doping. The absorption coefficient was deduced from the
transmittance measurements and tailing in low energy side
was observed. From the plot of natural logarithm of the ab-

sorption coefficient against the photon energy it was found
that the tailing follows Urbach rule. The width of the tail was
estimated and found to decrease with thickness of films and
doping due to an increase of order. A linear relationship was
found between the band gap energy and the width of Urbach
tail.
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