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Abstract. In this study, PbS thin films were produced at a low temperature such as 15C° using the
chemical bath deposition (CBD) method.0.0085 M Pb (NO3)2 and 0.1460 M NaOH were dissolved
in 100ml deionized water. 0.510 M thiourea which would be added to the solution was divided into
10 portions and added at zero, two, four, six and eight-minute intervals. Structural analysis of the
obtained samples was carried out from XRD patterns which showed a significant increase in the
peak intensity of the films obtained by adding thiourea at intervals of four and six minutes. The
surface morphologies of the films were analyzed using a scanning electron microscope. According
to the SEM images, when thiourea was added to the solution at intervals of four minutes, no cracks
and holes were formed on the surfaces of the films obtained.

Introduction

Metal sulfide-based binary thin-film semiconductors have been attracting considerable
interest as an efficient material for solar energy conversion owing to their versatile optical and
electrical properties [1]. Lead sulfide (PbS) 1s an important binary IV-VI semiconductor material
[2]. It is a direct narrow-gap semiconductor material, and it has an energy band range of about
0.4 eV at 300K [3]. It forms in a galena structure which is a lead sulfide mineral with a chemical
composition of PbS[4].

Lead sulfide is in the center of attention due to its enormous applications in the field of
optoelectronic such as solar cell, infrared (IR) detection, quantum dot sapplications, and selective
coating for photo thermal conversion [5].

For synthesizing PbS, there are various methods including spray pyrolysis, pulsed laser
deposition, vacuum evaporation, chemical vapor deposition (CVD), chemical bath deposition
(CBD), ultrasound deposition, and electrodeposition [6]. Of these methods, CBD is based on
successive adsorption and reaction of species on the substrate surface from aqueous solutions. It
does not need complex or expensive instruments [7].In the CBD, the action process for forming
lead sulfide films is considered as follows [8];

Pb (NO,),*+ 2NaO —Pb (OH),+ 2NaNO, (1)
Pb (OH),+ 4NaOH — Na,Pb (OH), @)
Na,Pb (OH)(— 4Na' + HPbO~,+ 30H + H,O (3)
SC (NH,),+ OH™ — CH,N,+ H,0 + SH™ (4)
HPbO™,+ SH™— PbS + 20H" ()

In the literature, PbS thin films were produced at several temperatures such as 25°C [5,9,10],
40°C [6],and 60-90°C [11]. In addition, there weren’t any studies that utilized a bath temperature
below 25°C.
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In our study, the temperature of the deionized water was measured as 15°C under laboratory
conditions. It was also seen in the literature that the studies were conducted at temperatures of 25°C
and above; so obviously water had to be heated to reach these temperatures which caused energy
loss. However, it was found that the film surface produced at the low temperature of 15°C was
covered with cracks and pinholes. Within our study, we managed to solve this problem by adding
thiourea at different time intervals.

1. Experimental Details

To produce PbS thin films by the chemical bath deposition method, 0.0085 M Pb (NOs3), and
0.1460 M NaOH were dissolved in 100 ml deionized water. After that, 0.510 M thiourea was
divided into 10 equal portions and added to the solution at intervals of zero, two, four, six, and eight
minutes. Before starting the deposition process, the bath container and glass substrate were washed
with acetone and W/W 5% hydrochloric acid. After the washing, the glass substrate and bath
container were rinsed with deionized water. After all chemicals were added to the bath container,
each experiment was completed in 45 minutes. The temperature of the solution was measured as
15°C during the depositions.

The samples were labeled as DT0, DT2, DT4, DT6 and DT9 according to the delay time of
adding thiourea at zero, two, four, six, and eight minutes, respectively. While the first sample (DTO0)
was produced, 0.510M thiourea was added directly to the final solution and stirred with a magnetic
stirrer at 600 rpm for 45 minutes. While DT2, DT4, DT6 and DT8 were produced, the thiourea was
divided into 10 equal portions and added to the final solution at intervals of two, four, six, and eight
minutes, respectively. All the experiments were stirred at 600 rpm. The conditions of the
experiments are given in Table 1. After the deposition process was finished, the films were washed
with pressurized water using a washing bottle and left to dry under room conditions.

The film thicknesses were calculated by using the gravimetric method (t=m/pA). Where t is
the thickness, m is the mass of the films, A is the surface area of the films and p is the bulk density
7.59 gem™ [12] . A Zeiss SUPRA 40VP SEM (scanning electron microscope) was used to analyze
the surface morphology of the PbS thin films A PANalytical Empyrean XRD (X-ray diffractometer)
was employed to analyze the structural properties of the PbS thin films.

2. Results and Discussion

2.1 Structural Analysis of PbSFilms

According to the gravimetric calculation showing that the average thicknesses of the films
were 650 nm, the fact that all film thicknesses were approximately equal indicated that the reactions
were complete despite the addition of thiourea to the solution at different time intervals.

Fig.1 shows that all films have a cubic crystal structure. When the delay time was four and
six minutes, the peak intensities of the films were higher than that of the other films. Although the
film thicknesses were the same, the high peak intensity indicated that crystallization was good for
these films. Previous studies had demonstrated a strong correlation between the rate of reaction and
the quality of crystallization[4].

The texture coefficient given in Eq. 6 [13]was used to calculate the preferred orientation of
the films.

I I
TC = ;hkl)/rf,fzgl) (6)
N N(Io(hkl))

In this equation, Iy(hkl) wasthe standard intensity of the plane (4k/) given in the ASTM card
(98-003-8293), and I(hkl) wasthe measured relative intensity of the plane (Akl). The texture
coefficients are given in Table 2. According to Table 2, the preferred orientation was shifted to the
(002) plane. Specifically, the TC of the film obtained in DT4 was 2.156. This study showed that the

preferred orientation depended on the delay time of adding thiourea to the solution.
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The lattices constant calculated from the XRD results that aregiven in Table 3 where it can
be seen that the lattice constant of the films isnearly the same as that of the bulk sample. But, the
lattice parameter of the film obtained in DT4 is slightly bigger than that of the other films.
Differences in texture coefficient values may have caused this situation. The corrected values of
lattice constants were estimated from the Nelson—Riley formula given in Eq.7 [14].

1 (cosze cosze) %

F(e) - 2 Using 0
The Nelson and Riley plots aregiven in Fig. 2 and corrected lattice constant are given in
Table 3.(cos28/2) * (—

sin@
Riley plots, the lattice constant of the films obtained in DT4, DT6, and DT8 were higher than the
lattice constant of the bulk sample. These values of corrected lattice indicated the films were under
strain.

Williamson Hall equation (W-H) is given inEq.8.
Pcos = % + 4esinf (8)

Where Kis shape factor of 0.94, ¢ is a microstrain, A is wavelength of X-ray radiation (1.54056 A).
For Williamson Hall plots, sinf along the x-axis and fcos@ along the y-axis are given in Figure 3.
From the linear fit to the data, the crystalline size was estimated from the y-intercept[15]. Crystallite
size estimated from the W-H plots is given in Table 3.Dislocation density values were calculated
according to the W-H plots.

To calculate dislocation density, the crystallite size was used as shown in Eq.9[16]
1

6 = €

(cs)?
When the delay time was 0, the dislocation density of the film was almost that half of the other
samples. This result showed that the crystallite size was reduced depending on the time of the
addition of thiourea.

2.2 SEM Analysis of PbSFilms

SEM images were used to analyze surface morphology, and these images are given in Fig.4.
SEM images were magnified to 30000 times to see the grains. When thiourea was added directly to
the final solution, it was noticed that there were many voids on the surface of the sample. This result
showed that the surface of the films produced at low temperatures was not completely coated. When
the delay time was increased to two minutes, it was seen that the voids on the film surface were
relatively reduced. When thiourea was added at four-minute intervals, it appeared that the film
surface was completely covered with PbS, and the surface was very compact. In addition, it was
clear that there were no pinholes, voids, orcracks on the surface of this film. When the delay time
was increased to six minutes, the voids reappeared on the film surface. Finally, when the delay time
was increased to eight minutes, the voids on the surface of the film were found to be as many as in
the first film. Previous studies[17,18]have suggested that the reaction rate directly affected the
quality of the film such as crystallization and compact structure. This study proved that it was
possible to produce compact and well-crystallized samples at low temperatures.

+%) = Ogive the corrected lattice constant. According to the Nelson

Conclusions

In this study, the PbS thin films were produced by the CBD method. As a new approach,
thiourea was divided into 10 equal portions and was added to the final solutions at certain time
intervals. The effects of this application on the quality of the produced PbS thin films were
investigated. In the laboratory conditions where the experiment was carried out, the temperature of
the solution was measured as about 15 degrees. The solution was not heated because raising the
temperature of the solution to 25 degrees would result in quantitative losses. However, the XRD
peak intensity of the film produced by the conventional method at this temperature was relatively
low. It is mean that when the thicknesses are same, low XRD peak point to relatively poor
crystallization. In addition, the voids on the surface of this film were quite numerous. Thiourea was
added to the solution periodically to resolve this problem. It was found that the XRD peak intensity
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of the film produced with a delay time of four minutes was higher than the other films produced
although all samples had nearly the same thicknesses. This result indicated that the film obtained as
DT4 had good crystallization. The surface morphology of the produced films was analyzed by using
SEM images. According to the SEM images, when the delay time was four minutes, the surface of
the film was quite compact, and there were no voids or pinholes.

List of Figure and Table Captions

Figure 1. X-ray diffraction patterns of PbS films.

Figure 2. Nelson-Riley plots for a) DT0, b) DT2, c) DT4, d) DT6, ¢)DTS8.
Figure 3.Williamson-Hall plotsfor a) DTO, b) DT2, ¢) DT4, d) DT6, e) DTS.
Figure 4. Scanning electron microscopy images of PbS films.

Table 1. Experimental details.

Table 2. Texture coefficient of PbS films.

Table 3. Structural properties of the PbS films.
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Delay time 0 min.

Delay time 4 min.

T

Delay time 2 min.

Table 1
Experiments Pb(NO:3) NaOH CS(NH>): Delay time Stirring
o) o) o) intgrvals (rpm)
DTO 0.0085 0.146 0.051 0 600
DT2 0.0085 0.146 0.051 2 600
DT4 0.0085 0.146 0.051 4 600
DT6 0.0085 0.146 0.051 6 600
DTS 0.0085 0.146 0.051 8 600
Table 2
Experiments DTO DT2 DT4 DTé6 DTS
T.C.(111) 1.003 0.788 0.375 0.629 0.904
T.C.(002) 1.126 1.481 2.156 1.703 1.279
T.C.(022) 0732 0729  0.468 0.666 0.816
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Table 3
Experiment  Crystallite Lattice Lattice constant Dislocation density
size (nm)  constant for from (lines/m?)*10'
From W-H bulk Nelson-Riley from crystallite size
plots sample (A) plots(A)
DTO 140 5.936 5.937 0.510
DT2 92 5.936 5.935 1.181
87
DT4 5.936 5.953 1.321
85
DT6 5.936 5.939 1.384
95
DT8 5.936 5.939 1.108
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