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In this paper, we report on the structural, optical and electrical properties of 

nanocrystalline lead sulfide (PbS) thin films as a p-type semiconductor deposited on glass 

substrates at three different pH of the cationic precursor pH (pH = 10.22, 10.60 and 11.02) 

by the successive ionic layer adsorption and reaction (SILAR) method. The structure and 

morphology of the films are characterized by means of X-ray diffractions (XRD) patterns, 

micro-Raman spectroscopy, field-emission scanning electron microcopy (FE-SEM) and 

energy dispersive X-ray spectrometry (EDXS). The band gap and electrical properties are 

investigated by ultraviolet visible (UV-vis) diffuse reflectance spectroscopy and 

impedance spectroscopy. XRD patterns and micro-Raman spectra indicate that the 

deposited films have a cubic structure. EDXS data are used for analyses of chemical 

compositional of thin films. Micro-Raman spectra show the presence of eight vibrational 

active Raman modes for PbS thin films. FE-SEM images show a reduction in average 

grain size with the increment of pH values leads to the band gap width of the film 

increased from 1.73 eV to 2.37 eV whereas, the particle size decreases approximately from 

133 nm to 13 nm a result of quantum confinement effect. Furthermore, room-temperature 

Hall measurements reveal an increase in electrical resistivity from 1.1×10
3
 Ω cm to 

4.8×10
6
 Ω cm and a decrease in electrical conductivity 8.8×10

−4
 (Ω cm)

−1
 to 2.1×10

−7
 (Ω 

cm)
−1

 as well as carrier mobility from 720.1 cm
2
 V

–1
 s

–1
 to 2.1 cm

2
 V

–1
 s

–1
 and carrier 

concentration from 1.9×10
15

 cm
−3

 to 4.2×10
12

 cm
−3 

with increasing cationic precursor pH. 

Hall effect measurements and hot-probe experiments show that all films have p-type 

conductivity. 
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1. Introduction 
 

Metal chalcogenide thin films are fundamental part of micro/nanosized technologies and 

their fabrication and characterization with different types of majority charge carriers (n-type or p-

type) have attracted the attention of researchers for many years. Thin film forms of these materials 

are used in solid state device fabrication. It is very difficult to observe how ‘p’ or ‘n’ type occured 

in these materials. Various mechanism are offered to explain the observed behaviour [1], but 

majority carrier type of metal chalcogenide thin films is still not clear and demand an in-depth 

study. 

PbS thin film is an important binary IV–VI semiconductor with a narrow band gap (0.41 

eV) and relatively large excitation Bohr radius (180 nm) [2], which results in strong quantum 

confinement of electrons and holes presents into the crystal lattice of PbS. It has band gap of the 

PbS thin films can be controlled simply by modifying particle size and shape. Quantum 

confinement in PbS thin films possessing significantly broader band gaps gives rise to many 

interesting structural, optical and electrical properties much different than their bulk counterparts, 
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making such films good candidates for light absorbers in solar cells, transistors, infrared detectors 

and biosensors [3–6], etc. 

Various techniques on growing PbS thin films, such as sonication-assisted successive 

ionic layer adsorption and reaction (S-SILAR) [7], chemical bath deposition (CBD) [8], electro-

deposition [9] and spray pyrolysis (SP) [10] have been developed. SILAR method for the 

deposition of PbS thin films from an aqueous solution like CBD method is a promising technique 

because of its simplicity, affordability, convenience for large area deposition and having easily-

controllable parameters. In this method, the preparative conditions such as concentration, pH, 

temperature, immersion time and the number of immersion cycles, etc. are optimized to obtain 

good-quality PbS films [11]. 

A number of research attempts have been devoted to the production and characterization 

of PbS thin films. In our previous work [12], thermoluminescence properties of PbS thin films 

deposited by CBD method were reported. Patil et al [13] fabricated liquefied petroleum gas (LPG) 

using n-type PbS thin films with the band gap of 2.1 eV. Touati et al [14] investigated narrow 

optical band gap (0.72–1.46 eV) of p-type undoped and Zn doped PbS thin films. However, Obaid 

et al [15] prepared p-type PbS thin films with wide band gap (1.6 ≤ Eg ≤ 2.7 eV) using 

microwave-assisted CBD method. Morales-Fernández et al [16] studied electrical behavior of p-

type PbS-based metal-oxide-semiconductor thin film transistors. 

In this paper, p-type nanocrystalline PbS thin films at three different cationic precursor pH 

are produced on glass substrates by using SILAR method. This technique may be an alternative of 

vacuum based deposition techniques. Since SILAR enables one to build functional structures at 

atmospheric conditions using very simple and cost effective production tools. Therefore, we have 

been focused on the thin film deposition via SILAR. In the best of our knowledge, there are many 

reports for the production and characterization of p-type PbS thin films using this method, but 

there is no enough report on the Raman spectroscopy and electrical properties of these films.  

 

 

2. Experimental details 
 

The SILAR technique is based on the adsorption and reaction of ions from a solution and 

rinsing between each immersion cycles with deionised water to avoid homogeneous precipitation 

in the solution. The SILAR growth cycle involves four different steps such as adsorption, rinsing, 

reaction and rinsing again. Rinsing follows each reaction, which enables a heterogeneous reaction 

between the solid phase and the solvated ions in the solution. 

The deposition of PbS thin films on glass substrates at room temperature (30 °C) is 

performed using 50 ml of 0.02 M lead(II) acetate trihydrate [(CH3COO)2Pb + 3H2O], (Merck; 

99.5%–102.0% purity) as a cationic precursor and 50 ml of 0.06 M thioacetamide [C3CSNH2], 

(Merck; ACS. Reagent purity) as an anionic precursor. The pH of the cationic precursor was 

adjusted to 10.22, 10.60 and 11.02 by adding ammonia solution [NH3], (Merck; 25% purity) to it. 

The immersion time for both cationic and anionic precursor is 20 s, whereas the rinsing time 

between adsorption and reaction steps is 40 s. SILAR cycles and pH of the anionic precursor are 

held constant to be 25 times and approximately 9.54, respectively, in order to explore the effect of 

only the cationic precursor pH. The films grow more rapidly when the pH value is increased. For 

the deposition process, a well-cleaned glass substrate is immersed in the cationic precursor 

solution where Pb
2+

 ions are adsorbed on the substrate. After that, the substrate was rinsed with 

ion-exchanged water to remove unadsorbed Pb
2+

 ions from the substrate. Further, the substrate is 

immersed into the anionic precursor where S
2-

 ions diffuse from the solution in the difusion layer 

towards the solid-solution interface and react with Pb
2+

 to form PbS. After this, rinsing again in 

ion-exchange water to remove loose materials from the substrate follows. After this stage, the first 

SILAR growth cycle is completed. Repeating this procedure for the specified number of times, a 

thin film with the desired thickness can be deposited. Following deposition, the obtained films are 

dried in the oven at 60 °C for 1 hour and to be further characterized. 

X-ray diffraction patterns of PbS films are obtained by using X-ray diffractometer (XRD) 

model Rigaku RadB in the scanning angle (2θ)  range of 20-70 degrees with CuKα radiation with 

a wavelength of λ = 1.54 Å. The Raman spectra are obtained by using two different Ne-ion laser 
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lines (532 and 633 nm) at room temperature using a Bruker Senterra spectrometer. Microstructural 

studies are performed by means of a field-emission scanning electron microscope (FE-SEM) 

(Ultra Plus Zeiss). Film composition is analyzed using an energy dispersive X-ray spectrometry 

(EDXS) analysis. Transmission spectra are recorded using a Perkin Elmer Lambda 4S 

spectrometer, providing a wavelength range from 400 to 1100 nm. The electrical properties of the 

PbS films are investigated at room temperature using a Hall effect measurement set up with a Van 

der Pauw geometry and a magnetic field of 0.54 T. The thicknesses of the films are measured by 

using a FE-SEM taking cross-sectional morphology of the PbS thin films. 

 

 

3. Results and discussion 
 

Fig. 1 shows the XRD patterns of the PbS thin films deposited at three different pH values 

of the cationic precursor (10.22, 10.60 and 11.02). The XRD patterns match well with that of the 

standard cubic (PDF No. 05-0592) structure. The observed diffraction peaks of cubic PbS are 

found at 2θ values of angles 25.88°, 29.97°, 43.03° and 50.95° corresponding to the lattice planes 

(111), (200), (220) and (311), respectively (Table 1). As can be seen, the intensity of the peak 

(200) is higher than the peak (111) in all films and the intensity of the peak (111) increases from 

0.62 to 0.92 with increasing pH of the cationic precursor. Moreover, the intensity of the peaks 

which belong to the (220) and (311) planes increase with increasing pH. 

The lattice constant (a) for the diffraction planes are obtained from the X-ray analysis 

using the following relationship for cubic crystals [17]: 

 

 
 
where h, k and l are Miller indices. a is approximately found to be 5.95 Å (the reference data for 

bulk PbS is a = 5.94 Å) for all diffraction peaks. 

 

0

1

20 25 30 35 40 45 50 55 60 65 70

 

N
o
rm

al
iz

ed
 i

n
te

n
si

ty
 

(pH=10.22)

(311)
(220)

(200)

(111)

(PDF No. 05-0592)

2 (Degree)

 
 

 

0

1

20 25 30 35 40 45 50 55 60 65 70

 

N
o
rm

al
iz

ed
 i

n
te

n
si

ty (pH=10.60)

(311)(220)

(200)

 

(111)

 

(PDF No. 05-0592)

2 (Degree)

 

 

0

1

20 25 30 35 40 45 50 55 60 65 70

N
o
rm

al
iz

ed
 i

n
te

n
si

ty (pH=11.02)

(311)
(220)

(200)

 

(111)

(PDF No. 05-0592)

 

2 (Degree)

 

 

 

 
 

Fig. 1. X-ray diffraction pattern of PbS thin films deposited at three different  

pH values of the cationic precursor 
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Table 1. The diffraction angle (2θ), interplanar spacing (d), full with half maxima (FWHM), lattice 

parameter (a) and Miller indices (h k l) for PbS thin films 

 

pH of cationic bath 2θ (°) d (Å) FWHM (°) a (Å) Peak 

10.22 

26.04 3.41 0.23 5.92 (1 1 1) 

30.14 2.96 0.22 5.92 (2 0 0) 

43.18 2.09 0.35 5.91 (2 2 0) 

51.10 1.79 0.38 5.94 (3 1 1) 

10.60 

26.04 3.42 0.19 5.92 (1 1 1) 

30.14 2.96 0.23 5.92 (2 0 0) 

43.10 2.10 0.52 5.94 (2 2 0) 

51.07 1.79 0.45 5.94 (3 1 1) 

11.02 

25.71 3.46 0.26 5.99 (1 1 1) 

29.79 2.99 0.20 5.98 (2 0 0) 

42.82 2.11 0.19 5.97 (2 2 0) 

50.68 1.80 0.24 5.97 (3 1 1) 

 

 

Various structural parameters for PbS thin films deposited at different pH values of the 

cationic precursor calculated using standard formula are systematically presented in Table 1. The 

structural data are also in agreement with the reported data by Tohidi et al [18]. 

A definite existence of PbS in the produced films is demonstrated using Raman 

spectroscopy. Fig. 2 shows the room temperature Micro-Raman spectra of PbS thin films in the 

range of 80–1500 cm
−1

 measured using two different laser lines of 532 nm and 633 nm, 

respectively. Fig. 2 clearly shows that the scattering efficiency in former figüre is higher than that 

in latter one. Thus, the resonant nature of the scattering occurs in Fig 2(a) when a 532 nm laser 

line is used. However, Smith et al [19] reported an opposite behavior where the peak intensity of 

Raman phonons is almost two orders of magnitude higher for the 632.8 nm laser wavelength than 

for a 514.5 nm excitation. The discrepancy could be attributed to the polycrystalline nature of the 

PbS thin films in the present study, while Smith et al investigated a bulk PbS crystal (Eg = 0.41 eV 

at 300 K). 

Furthermore, in Fig. 2, Micro-Raman spectra of deposited films indicates the presence of 

eight vibrational active Raman modes centered at around 94, 129, 187, 460, 826, 964, 970 and 

1102 cm
−1

, listed in Table 2. Raman peak at approximately 94 cm
−1

 might be attributed to a 

combination of longitudinal and transverse acoustic (LA + TA) phonon modes in PbS thin films. 

This mode also reported by Ovsyannikov et al [20], in which Raman phonon for (PbS)1.18(TiS2)2 

semiconductor structure is observed between 95 cm
–1

 and 96 cm
–1

. The strong band located at 129 

cm
−1

 might be originated from a combination of tansverse acoustic and optical (TA + TO) phonon 

modes. This band is also comparable with the results of Ovsyannikov et al (151 cm
−1

) and Smith et 

al (154 cm
−1

). The peak is observed at 187 cm
−1

 due to the combination of longitudinal and 

transverse (LO–TO) optical modes [21]. The peak, a shoulder at 460 cm
−1

 could be attributed to 

the longitudinal optical phonon mode (2LO) [22]. The less intensity first peak at 826 cm
−1

 is 

probably gypsum (CaSO4.2H2O) phase formed in producing PbS thin films. This phase is 

confirmed by He et al [23] at around 811 cm
−1

. The less intensity second peak centered at 964 cm
−1

 

may be related to PbO.PbSO4 [24]. The less intensity third peak at 970 cm
−1 

is due to the anglesite 

PbSO4 phase [24–27]. The last intensity peak centered at 1102 cm
−1

 may be assigned to 

3PbO.PbSO4.H2O structure. Lara et al [26] detected this Raman phonon at 1096 cm
−1

. 

The physical properties of PbS nanoparticles are very sensitive to the variation of the grain 

size. Hence, the nanosized particles in the PbS films can produce significant modifications in the 

physical properties of the films. The reaction with atmospher O2 and water (H2O) leads to the 

formation of gypsum (CaSO4.2H2O) and oxysulfates complexes (PbO.PbSO4, (anglesit) PbSO4 

and 3PbO.PbSO4.H2O). However, XRD analysis shows no evidence of these species. This means 

that present phases may be amorphous. 
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 (a) (b) 

Fig. 2: Raman spectra of PbS thin films measured using two different laser lines  

as a function of the cationic precursor pH: (a) 532 nm, (b) 633 nm 

 

 

Table 2. Observed Raman phonons of PbS thin films measured using two different laser lines 

 

pH 
532 nm laser line 

(cm
−1

) 

633 nm laser line 

(cm
−1

) 
Phonon origin Phase 

10.22 

Not observed 98.3 LA(X) + TA(X) PbS 

132.8 130.5 TA(X) + TO(X) PbS 

188.0 183.4 LO–TO PbS 

448.2 455.4 2LO PbS 

825.0 Not observed − CaSO4.2H2O 

961.8 Not observed − PbO.PbSO4 

Not observed 971.3 − PbSO4 

10.60 

Not observed 91.1 LA(X) + TA(X) PbS 

130.5 128.2 TA(X) + TO(X) PbS 

189.9 187.2 LO−TO PbS 

444.0 466.7 2LO PbS 

Not observed 828.0 − CaSO4.2H2O 

968.6 968.6 − PbSO4 

11.02 

Not observed 93.8 LA(X) + TA(X) PbS 

125.6 132.8 TA(X) + TO(X) PbS 

Not observed 185.7 LO−TO PbS 

441.4 464.4 2LO PbS 

964.1 964.0 − PbO.PbSO4 

1102.0 Not observed − 3PbO.PbSO4.H2O 
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Fig. 3 presents the surface morphology of the PbS thin films deposited at different pH 

values of the cationic precursor with the magnification of 100.000×. As can be clearly seen in 

these micrographs, the film surfaces consist of uniform granular structures with spherical-like 

shapes of different sizes and without vacancies. The film at pH = 11.02 shows some grapheme-like 

debris on the film surface due to the increasing pH compared with the others. Morphological 

investigations as a function of the cationic precursor pH clearly indicate that deposited films on the 

substrates are of nano-sizes and their diameters decrease approximately from 40−133 nm to 13−67 

nm as shown in Table 3. 

 

  

  

  
 

Fig. 3: (a) FE-SEM micrographs showing the surface morphology and (b) cross-sectional morphology 

 of nanocrystalline PbS thin films deposited at different cationic precursor pH values 

 

 

Quantitative analyses of the films are carried out using the EDXS technique to study 

stoichiometry of the films. The elemental analysis is carried out only for Pb and S in Table 3. 

Compositional analysis shows that S/Pb ratio increases from 0.69 to 0.97 as a function of cationic 

precursor pH. Compositional analysis of the film shows nearly stoichiometric film formation (S/Pb 

= 0.97) at pH = 11.02. It is observed that both decrease in grain size and increase in pH of the 

cationic precursor affect microstructure and composition of the films. 

 

pH=10.60 

pH=11.02 

pH=10.22 
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Table 3. Composition and grain size analysis of nanocrystalline PbS thin films deposited at different pH 

 

pH S/Pb 

Atomic (%) 

FE-SEM;  

Grain size (nm) S Pb 

10.22 0.69 0.87 1.27 ~40−133 

10.60 0.78 4.32 5.54 ~27−107 

11.02 0.97 5.84 6.02 ~13−67 

 

 

The optical transmittance (T%) and absorption (A) spectra measured using UV-Vis 

spectrometer for the nanocrystalline PbS thin films deposited at room temperature are shown in 

Fig. 4(a) and (b), respectively. Moreover, Fig. 4(c) shows calculated reflectance spectra for the 

deposited films using T and A values. It is seen from Fig. 4 that all films exhibit very low 

transmission and very high absorption in the visible region. This property makes these films a 

good candidate as an absorber layer in solar cells. Moreover, the absorption edge shifts toward 

higher wavelengths as a result of the decrease in the band gap width due to the increasing pH of 

the cationic precursor. 
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Fig. 4: The variation of (a) transmittance, (b) absorbance and (c) reflectance spectra of  

nanocrystalline PbS thin films obtained at different pH values of the cationic precursor  

with wavelength 

 

The absorption coefficient () is given by the relation: 
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where t is the film thickness. The films having thicknesses of 189, 263 and 537 nm are obtained by 

changing the pH and detected from the cross-sectional FE-SEM analysis in Fig. 3(b). As can be 

seen from Fig. 5, film thickness depends so strongly on the pH. The absorption coefficient data are 

used to evaluate energy gap (Eg) using the relation [28]: 

 

 
 

where, A is a proportionality constant and Eg is the direct transition band gap. From the (αhν)
2
 vs 

(hν) plot, the optical band gap energy is determined by extrapolating the linear portion of the 

graph, as shown in Fig. 5. 

 

1,0 1,5 2,0 2,5
0

1

2

3

4

(
h

)2

.1
0

1
0
(e

V
.c

m
-1

)2

h(eV)

E
g
=1.73 eV

pH = 10.22

t = 189 nm

 

1,0 1,5 2,0 2,5
0

1

2

(
h

)2

.1
0

1
0
(e

V
.c

m
-1

)2

h(eV)

E
g
=2.08 eV

pH = 10.60

thickness 263 nm

 

1,0 1,5 2,0 2,5 3,0
0

5

10

15

20

25

(
h

)2

.1
0

1
0
(e

V
.c

m
-1

)2

h(eV)

pH = 10.22

thickness 537 nm

 

E
g
=2.37 eV

 
Fig. 5: Plot of (h)

2
 versus (h) for nanocrystalline PbS thin films deposited 

at various pH of the cationic precursor 

 

The band gap width of the film increased from 1.73 eV to 2.37 eV with increasing pH of 

the cationic precursor. Considering our results, we have observed a reduction in average size of the 

grain with the increase in pH value seen in FE-SEM images. This size reduction can be attributed 

to the quantum confinement of PbS nanocrystals [29,30] this effect always tends to rise the optical 

gap values and decrease the number of intermediate levels between the valence and conduction 

bands in materials. 

The electrical constants were obtained from Hall measurements, such as electrical 

resistivity () and conductivity (σ), as well as carrier mobility (μ) and concentration (N) of 

nanocrystalline PbS thin films with different cationic precursor pH, Table 4. From experimental 

data, it can be seen that the electrical resistivity increased from 1.1×10
3
 (Ω cm) to 4.8×10

6
 (Ω cm), 

whereas the electrical conductivity, mobility and carrier concentration decreased from 8.8×10
−4

 (Ω 

cm)
−1

 to 2.1×10
−7

 (Ω cm)
−1

 to from 720.1 cm
2
 V

–1
 s

–1
 to 2.1 cm

2
 V

–1
 s

–1
 and from 1.9×10

15
 cm

−3
 to 

4.2×10
12

 cm
−3

, respectively with increasing pH. The increase in resistivity may indicate an 
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improvement in film stoichiometry [31], seen in Table 3, or a decrease in electron density or 

mobility. Moreover, the reduction in conductivity can be explained by a decrease in grain size. 

This can be seen clearly in the FE-SEM micrographs in Fig. 3. The resistivity value at pH = 11.02 

are consistent with reported data [10,12,32] involving PbS films grown by different techniques. In 

the present study, the observation of high electron mobility at pH = 10. 22 is related to a small 

number of lattice defects and a better ordered crystalline structure. Rogacheva et al [33] obtained 

higher carrier concentration (10
16

–10
18 

cm
−3

), but lower carrier mobility (425 cm
2
 V

–1
 s

–1
) than the 

present work. The decrease in grain size leads to an increase in grain boundary scattering, thus 

decreasing the mobility [34]. 

 
Table 4. Observed electrical resistivity, electrical conductivity, carrier mobility and the carrier 

concentration for the nanocrystalline PbS thin films. 

 

pH 
Resistivity 

(Ω cm) 

Conductivity 

(Ω cm)
–1 

Hall mobility 

(cm
2 
V

–1
 s

–1
) 

Carrier concentration 

(cm
-3

) 

10.22 1.1×10
3
 8.8×10

–4 720.1 1.9×10
15

 

10.60 3.8×10
3
 2.6×10

–4
 93.5 1.5×10

14
 

11.02 4.8×10
6 
 2.1×10

–7
 2.1 4.2×10

12
 

 

In Raman spectra, PbS phase is clearly identified in the films as well as gypsum 

(CaSO4.2H2O) and oxysulfates complexes [PbO(PbSO4), (PbSO4) and 3PbO(PbSO4.H2O)]. The 

presence of these phases causes lattice defects and dislocations on the film surfaces and this case 

leads to a reduction in the electrical conductivity, as well as Hall mobility and carrier 

concentration. 

The hot-probe experiment [35] was performed to determine majorty carrier type of the 

present films. This is a simple and efficient way to distinguish between n-type and p-type 

semiconductors using a heated probe and a standard multimeter. These experiments showed that 

all deposited nanocrystalline PbS thin films are p-type. Moreover, Hall effect measurements 

confirmed this p-type conductivity. The p-type conduction is generally attributed to the arising 

surface defects that are easily formed in the PbS phase (free holes from acceptors levels of lead 

vacancies). Similar behaviour is observed in Cu2−x S phase [36]. 

 

 

4. Conclusion 
 

In summary, nanocrystalline PbS thin films were deposited by the SILAR method on glass 

substrates at room temperature with different cationic precursor pH. XRD patterns indicated that 

the all the films are monophasic free of deleterious phase and exhibited a cubic structure. The FE-

SEM studies indicate that average PbS nanoparticle size with the pH of the cationic precursor 

decrease from 133 nm to 13 nm which results increasing band gap width from 1.73 eV to 2.37 eV. 

Raman spectra show PbS phase as well as gypsum (CaSO4.2H2O) and oxysulfates complexes 

[PbO(PbSO4), (PbSO4) and 3PbO(PbSO4.H2O)]. The results indicated that the grain size has an 

important impact on the structural, optical and electrical properties of PbS nanocrystalline. The 

Hall effect measurements and Hot-probe experiments show that all films have p-type conductivity. 

P-type nanocrystalline PbS thin films can be used for technological applications, such as absorber 

layers in solar cells because of suitable band gap (Eg  3 eV), low transmittance in the visible 

range and low electrical resistivity. 
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