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Abstract: In this study, nanocrystalline PbS film coat-

ing on a glass slide was done using the chemical bath

deposition method. PbS film was deposited in an alka-

line solution using Pb(NO3)2, CS(NH2)2, and the inhibitor

(Na2S2O3) for 30–120 min at room temperature (25 ◦C) and

40 ◦C, and inhibitor levels were investigated in the range

of 3.2 mM–12.7 mM. The physicochemical properties of

the obtained thin films were investigated by scanning

electron microscopy, MAPPING, atomic force microscopy,

fourier-transform infrared spectroscopy, water contact

angle and X-ray diffraction analyses. The relationship

betweennanocrystallite size, distribution, pin-hole develop-

ment, and synthesis conditions were examined using image

processing and surface response methodology. The band

gap of the produced PbS thin filmwas calculated using FT-IR

analysis results (0.41 eV).

Keywords: Chemical bath deposition; Inhibitor concentra-

tion; Nanocrystalline; PbS; Temperature effect.

1 Introduction

Thin films are now widely used in the fabrication of semi-

conductor instruments, magnetic recording systems, detec-

tion systems, optical coatings, decorative works [1, 2], and

spintronic devices [3]. Furthermore, polycrystalline lead

(II) sulfide (PbS) thin films have attracted the attention of

researchers due to their electrical and photoelectrical prop-
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erties. Among the semiconductor thin films, polycrystalline

lead (II) sulfide (PbS) has attracted great attention from

researchers owing to its electrical and photoelectrical prop-

erties [4]. It has also been used for various purposes, such as

solar control coatings [4–6], laser diodes [5, 6], catalysts [4],

humidity and temperature sensors [4–6], and solar energy

[5, 7]. PbS has both a cubic crystal structure and a direct

band gap, and generally shows p-type conductivity. Its band

gap is 0.4 eV at 27 ◦C [8, 9]. This band gap, which belongs

to poly-nanocrystalline PbS, corresponds to the near-mid

infrared (NIR/MIR, IR-B/C) radiation of approximately 3 μm,
and therefore, PbS is used in NIR andMIR detectors [10–13].

Thin films of PbS can be produced by various meth-

ods, including molecular beam deposition [14], spray pyrol-

ysis [15, 16], laser ablation [17], non-vacuum film depo-

sition [18], chemical bath deposition (CBD) [19], vacuum

evaporation/co-evoparation [20], thermal evaporation [21],

and electrochemical deposition [22]. Today, CBD is widely

used to produce both amorphous and crystalline structures

[23], due to its low cost and ability to produce high-quality

films [11]. Moreover, the CBD method does not require the

use of toxic gases and can be used to produce large quanti-

ties of thin films in industrial fields [24].

The CBD method has been used for the production of

nanocrystalline PbS thin films. These studies gave contribu-

tions to the development of the CBD method for PbS film

deposition. The molar ratio of the reactants for this method

has been studied by several researchers [25, 26]. In addition,

the synthesis temperature,which is an important parameter

that affects the uniformity of the produced PbS, has been

investigated in a wide range of temperatures from room

temperature (RT) to 80 ◦C [27–34]. Moreover, there is also

a study evaluating the inhibitory effect of PbS production

under alkaline conditions [35]. However, there is no study

that deals with the effect of temperature change on film for-

mation together with the inhibitor effect. In addition, good

conditions have not yet been determined for PbS produced

by the CBD method.
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This study was aimed at investigating the effect of

inhibitor concentration together with the effect of tempera-

ture (at RT, 25 ◦C and 40 ◦C) on the physicochemical proper-

ties of PbS films produced in alkaline conditions. The effect

of temperature, concentration, reaction time, and speed on

the nanocrystalline structure is great in the CBD method.

Which parameters are effective in the method applied in

this studywere evaluated using surface responsemethodol-

ogy (SRM). This evaluation was carried out on the grain size

and distribution determined by image processing in elec-

tron microscopy results. The physical properties of the pro-

duced PbSfilmswere determined byX-ray diffraction (XRD),

fourier-transform infrared spectroscopy (FT-IR), water con-

tact angle (WCA), atomic force microscopy (AFM), scanning

electron microscopy (SEM), MAPPING, and ultraviolet and

visible (UV–vis) analyses.

2 Experimental

All chemicals were purchased from the local distributor of Sigma-

Aldrich and Merck companies. Analytical grade chemicals were used

without further purification. Solutions were prepared using de-ionized

water. Otherwise stated, all experiments were done in duplicate.

2.1 Synthesis of PbS thin films

The CBDmethodwas applied bymodification of procedures previously

applied for the synthesis of PbS [35]. The chemical precipitation reac-

tions of PbS can be expressed as follows: [36].

Pb
(
NO3

)
2
+ 2NaOH→ Pb(OH)2 + 2NaNO3 (1)

Pb(OH)2 + 2NaOH←→ Na2
[
Pb(OH)4

]
(2)

[
Pb(OH)4

]−2
←→ Pb+2 + 4OH− (3)

CS
(
NH2

)
2
+ OH− → CH2N2 + H2O+ HS− (4)

HS− + OH− → H2O+ S−2 (5)

Pb+2 + S−2 → PbS (6)

Within the scope of the study, PbS films were synthesized with

the CBD method in 100 mL of deionized water, at 25 ◦C, 40 ◦C, and at

different concentrations of Na2S2O3 (0.00316 M, 0.00632 M, 0.00948 M,

and 0.01265 M) for 30, 60, 90, and 120 min. Tables 1 and 2 show the

chemical data used in the synthesis of PbS thin films.

Synthesis steps:

The bath bowl was first filled with the Pb(NO3)2 aqueous solution.

After that, NaOH aqueous solution was added. The solution turned

a white, milky color with the addition of NaOH. Pb(OH)2 ions in the

solution are thought to be responsible for the milk color. The solution

turns clear within 2–3 min. Then, Na2S2O3 was added before CS(NH2)2
was added to the aqueous solution. Finally, CS(NH2)2 was added to the

solution. Synthesis of PbS thin films was carried out at different times

according to the molar concentration of Na2S2O3 (Tables 1 and 2).

2.2 Characterization studies

To determine the phase structures of synthesized PbS thin films, the

Panalytical Empryan HT-XRD instrument was used. All patterns of PbS

thin films were investigated using XRD at 40 kV (high voltage tension)

and 30 mA (current) using Cu-Kα (= 0.154 nm) radiation with a 0.066

step size and over a 5◦–90◦ range. FT-IR analyses of PbS thin films

were carried out using a Perkin Elmer IR instrument in the range of

4000–400 cm−1. The surface morphology and surface roughness prop-

erties of PbS (RT and 40 ◦C) thin filmswere investigatedwith anAmbios

Q-Scope AFM. AFM analyses were performed under room conditions

with an NSC16 console, the resonance frequency of 185.8 kHz, console

force constant of 42 N m−1, non-contact mode, and AFM Q-Scope auto-

matic operating software mode. Moreover, to determine the elemental

composition and surface morphological structure of PbS thin films,

SEM and MAPPING analyses were carried out using the Zeiss SUPRA

V 40 instrument.

Table 1: Chemicals, amounts and time used in the synthesis of PbS thin films at RT (100 mL solution).

Experiment Pb(NO) (g) NaOH (g) CS(NH) (g) NaSO (g) Time (min)

A 0.295 0.584 0.388 0.050 30

B 0.295 0.584 0.388 0.100 60

C 0.295 0.584 0.388 0.150 90

D 0.295 0.584 0.388 0.200 120

Table 2: Chemicals, amounts and time used in the synthesis of PbS thin films at the 40 ◦C temperature (100 mL solution).

Experiment Pb(NO) (g) NaOH (g) CS(NH) (g) NaSO (g) Time (min)

A 0.295 0.584 0.388 0.050 30

B 0.295 0.584 0.388 0.100 60

C 0.295 0.584 0.388 0.150 90

D 0.295 0.584 0.388 0.200 120
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3 Results and discussion

3.1 Characterization studies

Figure 1 shows XRD patterns of synthesized PbS thin

films at RT (Figure 1a), 40 ◦C (Figure 1b), and different

Na2S2O3 concentrations (0.00316 M, 0.00632 M, 0.00948 M,

and 0.01265 M) for 30, 60, 90, and 120 min. The cubic shaped

grain structure of PbS thin films was identified by the

diffraction patterns in the high angle range between 2𝜃

= 20◦ and 90◦ with seven peaks which correspond to

(d111), (d200), (d220), (d311) [37], (d222), (d400), and (d331) of

ordered cubic structures. All PbS thin films had a clear (d111

and 200) [38, 39]. The main Bragg peaks for PbS are located

at 2𝜃 = 25.94◦, 30.04◦, 43.16◦, 50.98◦, 53.50◦, 61.64◦, 64.68◦,

and 68.77◦. The crystallite sizes corresponding to different

Figure 1: XRD patterns of nanoscale PbS thin films: (a) RT, (b) 40 ◦C.
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conditions were calculated with the Scherrer Equation as

follows:

D = k𝜆

𝛽 cos
(
𝜃B

) (7)

In the above expression of the Scherrer Equation,

“D” (the average size of the crystallites), “k” (the particle

shape factor, k = 0.91 for PbS), “𝜆” (the X-ray wavelengt =
𝜆 = 0.1542 nm), “𝛽 (radian)” and “𝜃B” are the full width

Figure 2: FT-IR spectra of PbS (A, B) thin films: (a) RT, (b) 40 ◦C.
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Table 3: Physical properties of PbS thin films (25 ◦C).

Materials Peak position 2𝜽 (◦) FWHM𝜷 (◦) D (nm) Thickness (𝛍m) Band gap (eV)

A

25.86 0.23779 34.66

0.235–380 0.4129.96 0.565 14.72

43.00 0.596 14.49

B

25.93 0.23779 34.66

0.220–280 0.4130.04 0.565 14.72

43.08 0.596 14.49

C

26.01 0.23779 34.67

0.4130.04 0.565 14.72

43.08 0.596 14.49

D

25.93 0.23779 34.66

0.4130.04 0.565 14.72

43.08 0.596 14.49

Table 4: Physical properties of PbS thin films (40 ◦C).

Materials Peak position 2𝜽 (◦) FWHM𝜷 (◦) D (nm) Thickness (𝛍m) Band gap (eV)

A

25.78 0.23779 34.65

0.232–380 0.4129.88 0.565 14.71

42.92 0.596 14.48

B

25.93 0.23779 34.66

0.344–500 0.4130.04 0.565 14.72

43.00 0.596 14.49

C

25.93 0.23779 34.66

0.4130.04 0.565 14.72

43.08 0.596 14.49

D

25.93 0.23779 34.66

0.4130.04 0.565 14.72

43.08 0.596 14.49

at half-maximum (FWHM) intensity and the Bragg angle,

respectively. To determine the PbS nanoparticle crystalline

size, the values associatedwith the (d111), (d200), (d220), and

PbS plane in the Scherrer Equation were used. Although

UV analyses of PbS thin films were performed, the analyses

could not be used because, PbS is detected in the infared

region and not in the ultraviolet spectrum region. In this

study, band gaps of PbS thin films were calculated using

FT-IR analysis results working in the infrared region. Band

gaps of samples were obtained by using the absorption peak

of PbS at between 2980 and 3030 cm−1 (Figure 2a and b

small images). The direct band gap of bulk PbS thin films

is 0.41 eV at 27 ◦C [8, 9]. Using the FT-IR analysis results

of PbS thin films obtained at RT and 40 ◦C, the band gap

values of the PbS thin films were calculated as 0.41 eV

(Tables 3 and 4). Moreover, the crystallite sizes pertaining to

the PbS thin films obtained at diverse conditions (Table 3).

It is clear that an increased intensity and peak number

were directly in relation to increasing time and amount of

Na2S2O3 (Figure 1a).

3D and 2D AFM images of PbS thin film are given in

Figures 3a and b and 4a and b. AFM images were acquired

using a 3.5× 3.5 μm2, 5.0× 5.0 μm2 (PbS) and scale. The aver-

age surface roughness (Ra) of PbS samples (A, B room con-

ditions in Figure 3) and PbS samples at the 40 ◦C (Figure 4)

were calculated as 16.3042, 63.0819 nm with AFM Q-scope

operating software. And different line profile scan thickness

of PbS thin films are given in Figures 3c and 4c. It has been

observed that the temperature has a positive effect on thin

film production. SEM and AFM analyses results support this

idea.

The SEM and mapping analyses of thin films (the sur-

face morphologies of the PbS thin films) were analyzed

using the Zeiss SUPRA V40 instrument. It was observed that

the Pb and S elements dispersed nearly homogeneously

on the thin films (Figures 5a–d and 6a–d small images).

Cubic structures of PbS [40] thin films were obtained. In
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Figure 3: AFM images of PbS thin films. Sample A at RT: (a) 3D, (b) 2D, and (c) 3; sample B at RT: (d) 3D, (e) 2D, and (f) 3 different line profile scan.

addition, it was observed that the thickness (Figure 4a–c) of

this structure increasedwith temperature. The temperature

increased the size of the PbS grains (Figures 5a and b and 6a

and b). According to the SEM/MAPPING analysis results, the

best distribution of Pb and S elements on the thin film sur-

face was observed in A and B samples at the 40 ◦C (Figure 6a

and b).

Although the particle sizes of the PbS thin films synthe-

sized at room conditions were smaller than those of the PbS

thin films synthesized at 40 ◦C. However, it was observed

that the pinholes were more dense on the film surfaces

(Figures 5a–d and 6a–d). As a result, itwas observed that the

analysis results of all characterization methods were com-

patible with each other. The results of the analysis proved

that the properties of PbS thin films will be modified again

by changing the synthesis conditions. It is predicted that

nano-sized thin films will be synthesized in the intended

direction.
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Figure 4: AFM images of PbS thin films. Sample A at 40 ◦C: (a) 3D, (b) 2D, and (c) 3; sample B at 40 ◦C: (d) 3D, (e) 2D, and (f) 3 different line profile scan.

A WCA analysis was performed for the surface mor-

phologies of the obtained PbS thin films.WCAmeasurement

is an easy way to determine the material’s hydrophilic-

ity and hydrophobicity. The wetting of solids with water

in the presence of air is determined by the relationship

between the interfacial tensions (water/air, water/solid, and

solid/air). For practical applications, surfaces that are both

super-hydrophilic and super-hydrophobic are important

[41]. Photographs of water drops on PbS thin films are

shown in Figures 7 and 8. After repeating the experiment

in three different positions, the mean value of the WCA was

recorded. The WCAs for the PbS thin film obtained at RT

were A: 88.433◦, B: 89.749◦, C: 79.787◦, and D: 85.809◦.

The WCAs of the PbS thin films obtained at 40 ◦C were

obtained as A: 56.23◦, B: 58.136◦, C: 70.07◦, and D: 69.734◦,

respectively (Figure 8).
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Figure 5: SEM and MAPPING (green and red small images) images of PbS: (a) A, (b) B, (c) C, and (d) D at 25 ◦C.

Figure 6: SEM and MAPPING (green and red small images) images of PbS: (a) A, (b) B, (c) C, and (d) D at 40 ◦C.
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Figure 7: WCA of samples PbS: (a) A, (b) B, (c) C, and (d) D at 25 ◦C.

Figure 8: WCA of samples PbS: (a) A, (b) B, (c) C, and (d) D at 40 ◦C.

4 Conclusions

According to the results of the XRD analysis, it was observed

that CBDmethod was successful in the synthesis of PbS thin

films. 40 ◦C was determined to be effective in coating the

PbS on the smooth glass substrate. Especially, the syntheses

performed at 40 ◦C were more efficient in obtaining nano-

sized thin film at room conditions. The main Bragg peaks

(2𝜃 values) of the PbS construct were observed at 25.94◦,

30.04◦, 50.98◦, 53.5◦, 61.64◦, 64.68◦ and 68.77◦ (d(111), (200),

(220), (311), (222), (400), and (331)), respectively. It has been

observed that the synthesis temperature and times cause

changes in the crystal structures of nano-sized thin films.

However, band gap values were not changed. It is predicted

that the efficiency of the obtained PbS thin films in electro-

photocatalytic reactions can be significantly improved with

synthesis parameters.

Temperature and Na2S2O3 concentrations were also

found to be influential for thin-film coating. As reaction

time and concentration increased, so did the grain size of

the PbS thin film. However, it was discovered that as the

grain sizes increased, so did the number of pin-holes. This
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situation was found to be less effective in PbS thin films

synthesized at 40 ◦C. Thin films obtained at 40 ◦C, low con-

centration, and low time, on the other hand, were much

more homogeneous.

According to the obtainedWCD results, it was observed

that the temperature increase decreased the water contact

angle. However, it was determined that the reaction accel-

erator had a reducing effect on the water contact angle at

room conditions.
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