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The goal of this work is to compare Lead Sulfide Thin Films grown on three different
substrates: common glass a Hafnium oxide layer and a silicon dioxide layer. The
morphology and cross section was characterized through SEM; XRD was utilized to
chemically identify the compound and its structure; XPS was used to assure the chemical
composition; and electrical measurements were performed to evaluate the resistivity. The
morphology varies greatly from a smooth granulate amorphous phase to a polycrystalline
clustered surface. All polycrystalline films are cubic Lead Sulfide. The clusters in these
layers have crystallite sizes between 9 and 22 nm ranges. The obtained values for
resistivity were 35.62 cm, and 13.50 cm for the samples with deposition time of 20
and 40 minutes, respectively.
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1. Introduction
The lead sulfide that is found as Galena in nature is a semiconductor with a broad bandgap
(0.41 eV) [1- 3] with p-type conductivity in thin films and a high dielectric constant. The quantum
confinement from holes and electrons is due to its large excitation Bohr radius (18nm)[3, 4] and
therefore a strong electrostatic projection which results in a long lifetime of 63 µs for Intrinsic PbS
[5].
Since the 1950’s there has been great interest on PbS due to its detection properties in the
infrared range of the electromagnetic spectrum.
The determination of the superficial interfacial layer composition and structural is critical
for the understanding of the fundamental properties and the electric and adhesive behaviors.
The thin films are widely used in semiconductors with applications like infrared emission
sensors [6, 7], Thin Films Transistors [TFT], gas sensors [8], and solar cells [9, 10]. The main
advantage of PbS thin films produced by CBD is its low cost since they are deposited with few
resources in large areas.
It is found that the substrates have great influence on the morphology and microstructure
of the resultant film affecting the physical properties of the material.
There are several methods to obtain PbS thin films including electrodeposition [11],
atomic layer epitaxy [17], chemical vapor deposition [18], sonochemistry [19], supercritical fluid
*
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deposition [20], electrodeposition [11] and [12], and successive ionic layer adsorption and reaction
(SILAR) method [14] and [15]., spray pyrolysis [13], and chemical bath deposition [14- 16], RF
sputtering deposition [5], Atomic Layer deposition [17], chemical vapor deposition [18],
sonochemistry [19], supercritical fluid deposition [20] among others.
Several works have considered the CBD method to improve the symmetric structure
through temperature control, application of magnetic fields, and growth with reduced stretching
layers.
2. Experimental
Our main goal is to produce an active layer in Thin Film Transistors (TFT’s). We
controlled the thickness and the homogeneity of PbS thin films through the following formulation:
1. - 5 ml of Lead acetate (0.5 M)
2. - 5 ml of Sodium Hydroxide (2 M)
3. - 6 ml of Thiourea (1 M)
4. - 2 ml of Triethanolamine (1 M)
5. - 82 ml of deionized water
Let us start explaining that six Lead Sulfide thin films were grown on a glass substrate in
order to evaluate their surface morphologies, thicknesses and crystallite sizes. Two more samples
were deposited on different substrates.
Table1 shows the eight designed samples labeled as it is indicated, the asterisk located in
labels 5, 7 and 8, stands for the samples with the same deposition time but with different
substrates: glass, SiO2/Si and HfO2/Si. It is important to note that the last two substrates have been
used as gates in TFT´s technology.
Table 1, Deposition time of the complete set of PbS thin films at 700C for different substrates
Labels

Substrate

1
2
3
4
5*
6
7*
8*

Glass
Glass
Glass
Glass
Glass
Glass
SiO2/Si
HfO2/Si

Deposition time
(minutes)
4
5
10
12
20
40
20
20

The surface morphology and thickness by cross section were carried on SEM, using a
Zeiss SUPRA 40 with operating voltage of 5 kV. The material was identified through XRD, data
from were estimated the crystallite sizes, using a Rigaku Ultima III X-ray diffractometer with Cu
Kα ()=1.54 Å, operated at 40 kV and 44 mA. The 2 scan rate was =0.50/min. An X-Ray
photoelectron spectrometer PHI5600 was used to measure the chemical content. And a 4200
Keithley semiconductor characterization system under dark conditions to measure indirectly
resistivity.
Fig. 1 shows the morphology evolution of the sequence of PbS thin films, Image (1) is a
granular homogenous surface with grainsizes around 60 nm, seen from the image scale with a
deposition time of 4 minutes; Image (2) shows a fragmentation of the previous granular
conformation, which was deposited for 5 minutes and its crystallinities are reviewed in XRD
patterns; nevertheless, for the next sample, Image (3) that had a deposition time of 10 minutes
shows a kind of intertwined pellets of sizes up to around 110 nm, which surely are clusters and a
certain crystallinity can be predicted. After this growth time the sizes of the clusters tend to be
bigger and homogenize, images (4, 5* and 6) for deposition times of 12, 20 and 40 minutes. For
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devices design reasons we proposed to choose the samples (4) or (5*) to be considered. Further on,
we present the concerning electrical resistances measured upon these samples where the
correlation is evident.

1

2

3

4

5*

6

Fig.1. Morphology variations when the reaction time parameter increases from 4, 5, 10, 12, 20, to 40
minutes, which corresponds to labels 1,2,3,4,5* and 6, respectively.

Fig. 2, presents three comparative morphological images of PbS thin films. The lower
image (5*) is grown on a glass substrate for 20 minutes, while the upper left image (7*) is grown
on a SiO2/Si substrate for 20 minutes and the upper right (8*) is grown on a HfO2/Si substrate also
during 20 minutes. As it can be observed, the thin film grown on SiO2/Si, is porous, meanwhile the
one grown on HfO2/Si, seems to be more compact, and such substrate is a high K material.

8*

7*

5*

Fig. 2. Comparative morphologies of the three PbS thin films, 7* and 8* are deposits on SiO2 and HfO2,
respectively, meanwhile 5* is upon glass substrate.
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Figure 3 shows the SEM images that were used to determine the thickness, taking as
examples the samples grown during 4 minutes (labeled with 1) and 40 minutes (labeled with 6).
These measurements were carried on by scanning electron microscopy. Their thicknesses were of
53.58 and 297.52 nm, respectively. The complete set of values of the projected samples in the
experimental section, are plotted in Figure 4.

1

6

53.58 nm
53.58 nm

297.52 297.52
nm
nm

Fig. 3. Schematic representation of thickness determination from cross section by SEM images; values
corresponding to samples 1 and 6.

The plot containing the thickness for all the samples grown. The typical saturation
behavior is observed since it is known that those grown on CBD are thicker on glass than those
grown on other substrates. Samples 7* and 8* were grown for 20 minutes, based on the magnitude
order needed to build an active-semiconductor/gate bilayer for TFT’s purposes (see Fig. 2).
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Fig. 4. Plot representing the growth kinetics of grown CBD PbS thin films on the
following substrates: glass (1,2,3,4,5*,6), SiO2 (7*) and HfO2 (8*).

As it can be observed, for all the considered deposition times PbS thin films were formed.
However, for the smallest considered deposition time (4 minutes), the material behave as
amorphous, while for times between 5 to 40 minutes it was identified as cubic lead sulfide,
matching the crystallographic code PDF # 65-9496, see Figure 5 of XRD patterns. Also from this
data the crystallite sizes were calculated, using the Debye-Scherer method upon the (200)
orientation peak. Those values are compiled in Table 2.
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Fig. 5. Complete set of X ray patterns, 1,2,3,4,5*,6 correspond to PbS layers on glass
substrate; 7* and 8* are PbS layers deposited on SiO 2 and HfO2 substrates, respectively.

Table 2. Calculated values of crystallite sizes for all the samples presenting the crystalline
phase, while sample 1 is amorphous.
Sample label
Crystallite
Size (nm)

1
-

2
15.1

3
15.3

4
16.54

5*
21.1

6
22.8

7*
15.1

8*
15.3

Fig. 6 corresponds to High Resolution XPS spectra for sample (5*). The partial images are
labeled by the chemical symbols in consideration. For each case we present two plots, the lower
plot is for the introduced sample without etching and the upper plot is under some conditions of
Argon etching.
The plots with circle symbols are the measured data from the XPS equipment. Each one
has an adjusted plot. In addition we included some deconvolution signals for the as ground and the
etched samples. There is a drastic diminish of the counts of Carbon and Oxygen after etching.
Anyhow, that for the Lead and Sulfur elements, the etching implies a shift and the appearing of
oxidation states.
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Fig. 6. HR-XPS show the main signals for the elements Lead, Sulfur, Carbon and Oxygen,
contained in the 20 minutes of reaction time sample.

Were carried out electrical resistance measurements by the 4 dots technique. According to
the results, the PbS thin films behave as an open circuit for the samples corresponding to 4, 5, 10
and 12 minutes; while the samples of 20 and 40 minutes give 300 and 100 K
𝑙
𝑅𝐴
Then from 𝑅 = 𝜌 𝐴 or 𝜌 = 𝑙 , where R and  are the electrical resistance and the
resistivity, 𝑙 is the distance between probes and A is the transverse area of the film, respectively,
see Fig. 7. The obtained values for resistivity were 13.50 cm, and 35.62 cm for the films of 40
and 20 minutes, respectively.

Fig. 7. Schematic diagram of the used configuration to measure the resistance
values to evaluate the resistivity.

3. Conclusions
This study enabled us to estimate the resistivity of the PbS layers, involving 3 different
kind of substrates, monitoring surface morphology, thickness, structure and somehow chemical
purity. From this analysis it is possible to sustain the proposal of the use of PbS layers deposited
upon SiO2 or HfO2 layers as gates in the TFTs technology, or like complementary p-type
semiconductor layer in tandem solar cell designs.

1211

References
[1] S. Andre, N. Alijabbari, Ch Saltonstall, T. Globus, P. Norris, Electrochim. Acta,
151, 140 (2015).
[2] A.S. Obaid, M.A. Mahdi, Z. Hassan, M. Bououdina, Mater. Sci. Semicond. Process.,
15(5), 564 (2012).
[3] K. Rajesh, R. Das, M. Gupta, V. Ganesan, Superlattices Microstruct., 75, 601 (2014).
[4] F. Göde, E. Güneri, F.M. Emen, V. Emir Kafadar, S. Ünlü, J. Lumin., 147, 41 (2014).
[5] Zeinab Azadi Motlagh, , Mohammad Esmaeil Azim Araghi, Materials Science in
Semiconductor Processing, 40, 701 (2015).
[6] G. Konstantatos, I. Howard, A. Fischer, S. Hoogland, J. Clifford, E. Klem, L. Levina,
E.H. Sargent, Nature, 442(7099), 180 (2006).
[7] G. Sarasqueta, K.R. Choudhury, F. So, Chem. Mater., 22(11), 3496 (2010).
[8] M.S. Mukhin, V.V. Zagorskii, V.E. Bochenkov, G.B. Sergeev, Russ. J. Phys. Chem. A,
83(7), 1165 (2009).
[9] H. Fu, S.W. Tsang, Y. Zhang, J. Ouyang, J. Lu, K. Yu, Y. Tao, Chem. Mater.
23(7), 1805 (2011).
[10] L. Etgar, J. Park, C. Barolo, M.K. Nazeeruddin, G. Viscardi, M. Graetzel, Appl. Mater.
Interfaces, 3(9), 3264 (2011).
[11] Nair PK, Nair MTS, Fernandez A, Ocampo M. J Phys D: Appl Phys, 22, 829 (1989).
[12] J. Puiso, S. Lindroos, S. Tamulevicius, M. Leskela, V. Snitka, Thin Solid Films,
428, 223 (2003).
[13] Thangaraju B, Kaliannan P. Semicond Sci Technol 15, 849 (2003).
[14] G. Hodes Chemical solution deposition of semiconductor films, Ed Marcel Dekker; 2002.
[15] A.N. Chattarki Kamble SS, Deshmukh LP. Matter Lett 67, 39 (2012).
[16] A.S. Obaid, M.A. Mahdi, Y. Yusof, M. Bououdina, Z. Hassan, Mater. Sci. Semicond.
Process., 16, 971 (2013).
[17] E. Nykanen, J. Laine-Ylijoki, P. Soininen, L. Niinisto, M. Leskela, L.G. Hubert-Pfalzgraf, J.
Mater. Chem., 4, 1409 (1994).
[18] N.I. Fainer, M.L. Kosinova, Y.M. Rumyantsev, E.G. Salman, F.A. Kuznetsov, Thin Solid
Films, 280, 16 (1996).
[19] S.F. Wanga, F. Gu, M.K. Lu, G.J. Zhou, A.Y. Zhang, J. Cryst. Growth, 289, 621 (2006).
[20] M.M. Tavakoli, A. Tayyebi, A. Simchi, H. Aashuri, M. Outokesh, Z. Fan, J. Nanopart. Res.,
17, 9 (2015).

