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Abstract Nanocrystalline PbS films were synthesized on
p-type Si(100) wafers using chemical bath deposition. All
of the PbS films are polycrystalline in nature with face-
centered cubic (fcc) rock salt structure. The average crys-
tallite size varied from 20 to 74 nm, thereby indicating
nanocrystalline films with different molar ratios. The film
composed of irregular particles was homogeneous and well
adhered to the substrates. Increase in thiourea concen-
tration from 0.5 to 2.0 M resulted into an increase in
the lateral particle size and film thickness, while further
increase in thiourea concentration caused a decrease in
particle size and film thickness. The absorption edge of
the films blueshifted slightly with increased molarities of
lead sources, blueshifted initially, and then redshifted with
increased molarities of sulfur sources at a fixed lead source
molarities. The blueshift and redshift of the absorption edge
were closely related to the change in the tensile stress of the
PbS films subjected to.
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1 Introduction

In recent years, film material technology has been devel-
oped by leaps and bounds and achieved remarkable results
both in academic research and practical application. As a
result, films, especially nanocrystalline films, are signifi-
cantly interesting due to their various applications [1-5].
New effects such as the quantum-size effect can appear
in the films and are hardly observed in the bulk samples
[6]. Lead sulfide (PbS) belongs to groups IV-VI com-
pound semiconductor with direct narrow band gap energy
of 0.41 eV (at 300 K) and a relatively large exciton Bohr
radius (18 nm) [7], which indicate potential applications of
PbS in infrared detection [8, 9], photosensitive resistance,
light-emitting diodes, humidity and temperature sensors, as
well as decorative and solar control coatings [10, 11]. For
the past few years, the properties of PbS film for vari-
ous nanodevice applications have been studied. Kumar [12]
used vacuum evaporation technique to prepare the high-
quality polycrystalline PbS films on glass substrates and
reported the characterization of these films. The structure
and properties of the (001) crystal face of PbS was stud-
ied by Muscat [13] using the first-principle calculations.
It is found that the linear discriminant analysis and gen-
eralized gradient approximation give results in reasonable
agreement with each other, but that the structures com-
puted with Hartree-Fock theory are vastly different. Nanda
[14] investigated the band gap tuning of PbS nanoparti-
cles by in-flight sintering of size-classified aerosols. Band
gaps in the range of 0.5-2.0 eV were obtained. Li [15]
reported on the ultrafast carrier dynamics and the nonlin-
ear optical properties of PbS nanoparticles at various energy
fluences. Gaiduk [16] deposited chemically nanocrystalline
PbS films on Si, Ge, and GaAs substrate using alkaline solu-
tions containing 0.05 M Pb(NO3),, 0.04 M thiourea, 0.05 M
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triethanolamine, and 0.15 M NaOH. Rutherford backscat-
tering spectroscopy, transmission electron microscopy, and
atomic force microscopy reveal that the chemical nature of
the substrate has a profound influence on the structure and
thickness of the deposited layers. The effect of PbS nano
shell on the optical and electrical properties of PbSe core
nanoparticles has been investigated by Badr [17].

Polycrystalline PbS films can be obtained by several
methods such as electrodeposition [18], microwave heat-
ing [19, 20], and chemical bath deposition (CBD) [7, 21,
22]. Among these methods, CBD is more widely utilized
due to its low cost, the quality of the films, and conve-
nience for large area deposition. Although the effect of the
parameters of CBD such as pH value, deposition temper-
ature, and time, etc. on the feature (crystallite size, film
thickness, etc.) of PbS films deposited on glass slides has
been widely studied, effect of precursors’ concentration on
the microstructure and near infrared absorption properties
of PbS films deposited on p-type Si wafers by CBD method
is rarely reported. In the present investigation, we have pre-
pared nanocrystalline PbS films on one side-polished p-type
heavily doped Si (100) wafers with the use of different
molar concentrations of lead and sulphur sources (Cpp and
Cs) by CBD and studied the effect of Cp, and Cs on the
structure and near infrared absorption of the films. It is easy
to achieve compatibility with silicon electronics integration
technology to grow PbS films on silicon wafers. This work
will provide important support for the further fabrication of
silicon-based PbS film infrared detector.

2 Experiment
2.1 Synthesis of PbS Films

Nanocrystalline PbS films were synthesized on one side-
polished heavily doped p-type Si(100)wafers with resis-
tivities ranging from 1073Q-cm to 1072Q-cm. The wafers
were cleaned with traditional RCA method and then ultra-
sonically cleaned. Approximately 50 mL of the com-
plex solution (pH = 10) that comprised lead acetate
(Pb(CH3COO),), thiourea (SC(NH3);), triethanolamine
(TEA), ammonia liquor (NH3-H;0O), and deionized water
was placed into the reaction bath in advance. The complex
solution was prepared by addition of TEA into the lead
acetate solution; thiourea and ammonia liquor were then
added to the resultant solution. Table 1 shows the precur-
sor concentrations in the complex solution. Clean Si wafer
was vertically immersed in the reaction bath and reacted at
350 K for 4 h. Lead acetate, thiourea, TEA, and ammonia
liquor were used as Pb precursor, sulfur precursor, com-
plexing agent, and pH modifier, respectively. Following the
chemical bath reaction, the Si wafer coated with PbS film
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Table 1 Precursor’s concentrations in the complex solution

Pb(CH3COO0), SC(NH3)» NHj3-H»
Sample no. (M) ™) TEA(M) OMM)
1 0.5 0.5 6.4 13.8
2 0.5 1.0 6.4 13.8
3 1.0 0.5 6.4 13.8
4 1.0 1.0 6.4 13.8
5 1.0 2.0 6.4 13.8
6 1.0 3.0 6.4 13.8

was thoroughly recleaned with deionized water for several
minutes and then air dried. In the present work, two series
of nanocrystalline PbS films were deposited at different Cg
and fixed Cpp values of 0.5 and 1.0 M.

During the chemical bath reaction, the formation of PbS
film depended on the rate of release of Pb>* and S*~ from
the bound state. TEA is an efficient complexant that prefer-
ably yields [Pb(TEA)]**, thereby reducing the concentra-
tion of free Pb>* below the level required to precipitate solid
Pb(OH); [23]. PbS formation is described by the following
reactions [24]

Pb>" + TEA = [Pb(TEA)]** 1)
SC(NH,), + OH™ — HS™ + CHoN; + H,0 2)
HS™ + OH™ — S*~ + H,0 3)
Pb>* 4+ S>~ — PbS 4)

First, TEA reacted with Pb?t to form [Pb(TEA)]** in
the absence of ammonia liquor. [Pb(TEA)]>T was then
decomposed into Pb?* and TEA under alkaline conditions.
Finally, Pb%t reacted with S2~ from reactions (2) and (3) to
synthesize PbS on Si(100) wafers.

2.2 Characterization Techniques

The microstructure (i.e., crystalline structure and surface
morphology) of the PbS films prepared were characterized
with the use of X-ray diffraction (XRD) (Philips PAN-
alytical X’Pert, A = 0.15405 nm for CuKea radiation)
and field-effect scanning electron microscopy (SEM, JSM-
6060). Absorption spectra were obtained using UV visible
near infrared (UV-VIS-NIR) spectrophotometer (Shimadzu
Company, UV-3150). Film thickness was obtained using the
cross-section SEM image and the film’s elemental analysis
was performed using an energy-dispersive spectrometer.
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3 Results and Discussion
3.1 Crystalline Structure and Surface Morphology

Figure 1 shows the XRD patterns of all as-deposited film
samples. The observed d-spacing and strong peaks that
correspond to the diffraction of crystal faces (111), (200),
(220), and (311) were in good agreement with the stan-
dard XRD data (Card no. 00-010-0448) regardless of the
initial ingredients. The results indicated that all PbS films
were polycrystalline with face-centered cubic (fcc) rock
salt structures. Dominant and sharp peaks in XRD pat-
terns revealed the good crystallinity of the films. A weak
diffraction peak was observed at a Bragg angle of 35.7°
because of the presence of impurities from the used pre-
cursors. XRD results suggested that PbS was stable, and
its formation was rarely dependent on Cpy, and Cs. Table 2
lists the ratios of the integrated intensities of diffraction
peaks (I111/1200) for all PbS films. I111/l200 markedly
increased from 0.88 to 1.28 with increased Cs and a fixed
Cpp of 0.5 M, implying the change in preferred orientation
from <200> to <111>. The preferred <200> orienta-
tion was reported by Gadave [25] for CBD-deposited PbS
films at 80 °C and by Puiso [26] for successive ionic layer
adsorption and reaction (SILAR)-deposited PbS films on Si
substrates. The preferred <111> was found by Remadevi
[23] for SILAR-deposited PbS in neutral medium. 7111/ I200
gradually decreased with increased Cs from 0.5 to 3.0 M
and fixed Cpp, of 1.0 M. The result implied that the pre-
ferred <200> orientation was enhanced because of the low
surface-free energy of the (200) crystal face and the crys-
tallite growth on the (200) plane that suppressed the other
crystal planes. The weak and enhanced <200> orientation
was inherently related to the change in crystallite size and
thickness of the PbS films. Given a fixed Cs, the preferred
orientation of the film changed with Cpy,.

(200)
an (220) (311) (222) (400
- A A o B1) 222) )(331)1.0,3.0
21l
c A An 1.0,2.0
s L)
o)
5 A An 1.0,1.0
=
= L AN 1.0,0.5
£ L
] A An 0.5,1.0
=
A 0.5, 0.5
1 1 1 1 1
20 30 40 50 60 70
26(°)

Fig. 1 XRD patterns of the PbS films using different Cpp, and Cs
values

Table 2 Ratio of the /111 to Iroo of the PbS films using different Cpy,
and Cs values

Crr(M) Cs(M) I111 / oo
0.5 0.5 0.88
0.5 1.0 1.28
1.0 0.5 1.01
1.0 1.0 0.75
1.0 2.0 0.68
1.0 3.0 0.55

The average crystallite size can be calculated from the
XRD spectra by using the Debye-Scherrer formula as fol-
lows [27]:

D = 0.94%/(B cosb), 5)

where A is the x-ray wavelength, g is the full width at half
maximum, and 6 is the Bragg angle. Debye-Scherrer for-
mula is widely used to calculate the average crystallite size
less than 100 nm because the broadening of the diffraction
peak caused by the stress can be negligible compared with
that caused by the crystallite size at this time even though
one can only have crude estimate of the average crystallite
size by using the Debye-Scherrer formula. Apart from this
approach, other procedures, such as the Rietveld method,
that can also provide crystallite size. The Rietveld method
is a structure refinement method and not a structure solu-
tion method. The Rietveld method is more suitable for a
powder sample that is homogeneous in compositions and
has a sufficient number of crystallite with random orien-
tations. In this work, the crystallite size of the PbS film
is anisotropic, i.e., the crystallite size strongly depends on
the orientation. The Rietveld method is not suitable for the
structural analysis of the PbS film samples. It is more suit-
able for calculating the crystallite size of the PbS films using
Debye-Scherer formula. Table 3 shows the average crystal-
lite sizes of PbS films for different Cpy, and Cg values along
<111> and <200>. The average crystallite size varied
from 20 to 74 nm for nanocrystalline films. The crystal-
lite size along the <111> orientation initially decreased
and then increased with Cg (critical Cs = 1.0 M) at fixed
Cpp of 1.0 M. By contrast, the crystallite size along the
<200> orientation differed from that of the <111> ori-
entation. The grain shape was far from spherical because
of the anisotropy of the crystallite size of PbS films along
different orientations. The change in crystallite size along
<111> and <200> orientations could be associated with
the concentration of precursors and film stress.

In our analysis, the constant a for cubic structures is
given by the following expression:

a=dh>+1*>+kH2, (6)
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Table 3 Calculated average crystallite sizes of the PbS films using
different Cpp and Cs values

Table 4 The corrected value of lattice constants a’ and lattice strain §
of the PbS films using different Cp, and Cs values

Cpp(M) Cs(M) Crystal orientation D (nm) Cpp(M) Cs(M) a’(nm) §(%)
0.5 0.5 <l111> 20.2 0.5 0.5 0.5932 0.034
<200> 64.0 0.5 1.0 0.5929 0.084
0.5 1.0 <l111> 74.0 1.0 0.5 0.5923 0.185
<200> 224 1.0 1.0 0.5921 0.219
1.0 0.5 <l111> 55.5 1.0 2.0 0.5928 0.101
<200> 52.5 1.0 3.0 0.5930 0.067
1.0 1.0 <l11> 22.2
<200> 56.8
1.0 2.0 <111> 232 where ag is the lattice constant of the strain-free bulk PbS
<200> 56.0 (ap = 0.5934 nm). Deviations of the calculated lattice
1.0 3.0 <1l1> 24.7 parameter a’ from ag indicated that the as-deposited films
<200> 20.4 were under transverse compressive and tensile strain. It is

where d is the interplanar distance of the crystal face (hkl).
The lattice constants in terms of the maximum 60, albeit rea-
sonably accurate, were found to be slightly dependent on 6.
The result was attributed to the divergences of the refrac-
tion and absorption of x-ray beams by the specimens, which
involved systematic errors in the measurement of 6 and d
[28]. Thus, the corrected value of lattice constants a’ has
been estimated from the Nelson-Riley plots [29]:

f(®) = [cos®> 6/ sin6 + cos> 6/6]/2 (7

The corrected value of a’ is obtained by extrapolating the
plot to & = 90 °. The Nelson-Riley plot for the PbS film
using Cpy, and Cs values of 1.0 and 0.5 M is shown in Fig. 2.
Table 4 shows the values of a’ and lattice strain (§) for PbS
films at different Cpy, and Cs. § is calculated using (8) as
follows [30]:

8 = (ap — a’)/ay, (8)

0.5950

0.5945

0.5940

0.5935

a'(nm)

0.5930

0.5925

0.5920 " 1 " 1 " 1 " 1 " 1
0.0 0.8 1.6 24 3.2 4.0

f(6)

Fig. 2 Nelson-Riley plot for the PbS film using Cpy, and Cs values of
1.0and 0.5 M
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found that § of the PbS films initially increased and then
decreased with increased Cg (critical Cs = 1.0 M). § values
for all the PbS films were larger than zero, suggesting that
the crystal faces were under transverse tensile stress parallel
to the interface. Nanoparticle strain was mainly induced by
edge dislocations [31]. Changes in film stress with Cpy, and
Cs affected the absorption of PbS films in the near-infrared
region.

Figure 3 shows the SEM images of PbS films for differ-
ent Cpp and Cs. The film became sparse and the particle
size decreased with increased Cs from 0.5 to 1.0 M and a
fixed Cpyp of 0.5 M. The particles were pyramidal because of
aggregate grains. Given the increased Cs from 0.5 to 3.0 M
and a fixed Cpp of 1.0 M, the film became dense, smooth,
and homogeneous. The particle size initially increased and
decreased. Moreover, the film comprised irregular particles.
Increased Cg at fixed Cpp enhanced the formation of PbS,
which explained the evolution of the surface morphologies
of the film. Cp, was relatively reduced and insufficient
when Cs exceeded a specific value. In addition, Pb>* could
not combine with all the S$>~. The surface of the PbS films
became dense with increased Cpy, at Cs = 1.0 M. Figure 4
shows the behavior of the thickness of the PbS films with
increased Cs at Cpp, = 1.0 M. The film thickness increased
from 261.0 to 405.9 nm with increased Cs (critical Cs =
2.0 M); the thickness of the PbS films initially increased and
decreased. The increased film thickness with Cs was mainly
attributed to the accelerated formation of PbS. Meanwhile,
the reduced film thickness with Cs was caused by the
increased film density.

Table 5 presents the elemental atomic percentages of the
films with Cs = 0.5, 1.0, 2.0, and 3.0 M. The Si element was
from the Si substrate. No other impurities were detected,
confirming the high purity of the PbS film. The ratio of the
atomic percentages of S to Pb initially increased and then
decreased with increased Cs. The initial increase suggested
that several PbS compounds were formed with increased
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Fig.3 SEM images of the PbS
films using Cpp, and Cg values of
a0.5,05;b0.5,1.0;¢1.0,0.5;
d1.0,1.0;e1.0,2.0;£1.0,3.0M

Cs, whereas the subsequent reduction was caused by the
depletion of Pb>* ions. All PbS films were Pb-sufficient, in
which the sufficiency initially decreased and then increased
with Cs.

3.2 Near-Infrared Absorption

Modification of the optical band gap is critical for semi-
conductor materials. The optical band gap is calculated
from the spectral absorption near the fundamental absorp-
tion edge. The direct band gap of all synthesized PbS films
was estimated using the Tauc relation given as follows [32]:

a o (hv — Egp)", )

where « is the absorption coefficient, hv is the photon
energy, and Eqpy is the optical band gap. The index n char-
acterized the nature of band transition between the valence
and conduction bands; n = 1/2 and 2 for direct and indi-
rect band gap semiconductors, respectively. Figure 5 plots

420

W W W b
H O O O
©c © o o
T T T T

320 |
300
280
260 -

240 1 1 1 1 1 1
0.5 1.0 1.5 2.0 25 3.0

Cs (M)

Film thickness(nm)

Fig. 4 Thickness of the PbS films with increased Cs at Cpp, = 1.0 M

o? against hv for the PbS film with Cp, = Cs = 1.0 M,
in which the inset represents the absorption spectrum of the
film. All the samples exhibited gradually increased absorp-
tion from the near-infrared region to the visible region.
The increase in absorption was attributed to the transition
of electrons from valence band to conduction band [23].
Band gap energies could be estimated by extrapolating the
linear portion of the graph to the hv axis. The band gap
energy of the PbS film was 1.32 eV (A = 939.39 nm) for
Cpp = Cs = 1.0 M, which was consistent with reported
results [33]. Our findings demonstrated that the synthe-
sized PbS film was a narrow direct band gap semiconductor.
The same method could be used to obtain the absorp-
tion edges of the films ranging from 0.92 to 1.32 eV as
shown in Table 6. The absorption edge of the film slightly
blueshifted with increased Cpy. Meanwhile, the absorption
edge of the films initially blueshifted and then redshifted
with increased Cs (critical Cs = 1.0 M). For synthesized
PbS films, the blueshifted absorption edge was attributed
to the initial increase in §; the tensile stress of the films
increased with increased Cs to 1.0 M. However, the red-
shifted absorption edge was related to the reduced tensile
stress of the films. The increased particle size also affected
the absorption edge of PbS films and reduced the band gap
(i.e., redshifted).

Table 5 Elemental atomic percentages of the PbS films with different
Cs values

Cs(M) Si (%) S (%) Pb (%) S/Pb
0.5 90.04 451 545 0.82
1.0 85.68 6.66 7.65 0.87
2.0 66.57 16.36 17.07 0.96

67.17 14.16 18.67 0.76

@ Springer
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Fig. 5 a2 (hv) plot for the PbS film with Cp, = Cs = 1.0 M

Table 6 Calculated absorption edges of the PbS films using different
Cpp and Cg values

Cpo(M) Cs(M) Eopt (€V)
0.5 0.5 0.92
0.5 1.0 1.16
1.0 0.5 1.03
1.0 1.0 1.32
1.0 2.0 1.05
1.0 3.0 0.95

4 Conclusion

Nanocrystalline PbS films with fcc structures were suc-
cessfully prepared on p-type Si (100) wafers through CBD
method using various Cpp, and Cs. The density and average
particle size of the PbS films increased at Cp, = 1.0 M. The
film surfaces were smoothened with increased Cg from 0.5
to 2.0 M. However, the particle size was reduced with fur-
ther increase in Cs. The absorption edge of the films based
on Tauc formula ranged from 0.92 to 1.32 eV. The absorp-
tion edge of the films slightly blueshifted with increased
Cpp; by contrast, the absorption edge initially blueshifted
and then redshifted with increased Cs at Cp, = 1.0 M.
The blueshifted absorption edge was attributed to the ini-
tial increase in § of the films with increased Cs to 1.0 M.
However, the redshifted absorption edge was related to the
decreased tensile stress of the samples.
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