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Abstract— PbS thin films were grown on glass substrates by
chemical bath deposition (CBD). The precursor aqueous bath
contained 1mole of lead nitrate, 1mole of Thiourea and
complexing agents (triethanolamine (TEA) and NaOH). Bath
temperature and deposition time were fixed at 60°C and 3 hours,
respectively. However, the PH of bath was varied from 10.5 to
12.5. Structural properties of the deposited films were
characterized by X-ray diffraction and Raman spectroscopy. The
preferred direction was revealed to be along (111) and the PbS
crystal structure was confirmed. Strains and grains sizes were
also calculated. Optical studies showed that films thicknesses do
not exceed 600nm. Energy band gap values of films decreases

with increase in pH and reached a value ~ 0.4eV at pH equal 12.5.

The small value of the energy band gap makes PbS one of the
most interesting candidate for solar energy conversion near the
infrared ray.
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I. INTRODUCTION

During these last decades, thin films have been growing in
importance in the field of technology and, in particular, in the
semi-conductors industry. New properties, different from
those observed in the bulk, appear in the films states [1].
Generally, those properties are linked to film thickness and
preparation method [2, 3] These properties can be controlled
by varying the parameters of deposition. Lead sulfide (PbS) is
a semiconductor arousing interest of researchers[4-8]. This
material is belonging to IV-VI group with a narrow band gap
(0.41eV) [9,10]. It is used in infrared optics as a material for
temperature sensors and photodetectors [9, 11], and solar
cells. Near infra red active solar cells based on PbS quantum
dots and a conventional conjugated polymer Bi,S;/PbS
heterojunction solar cells are fabricated by chemical bath
deposition (CBD) [10]. Several other methods were used to
synthesized PbS thin films such as spray pyrolysis (SP) [12],
chemical vapor deposition (CVD) and vacuum evaporation
[13]. CBD is the more interesting public deposition technique.
It is known to be technically simple and necessitating few

resources and cost [14]. A chemical bath deposition technique
also offers the advantage of being able to deposit films on
different kinds, shapes and sizes of substrates [15]. By CBD
method the grains sizes can be controlled by varying
experimental parameters. A lot of works on PbS thin films
studied: the temperature effect on the PbS deposited films [16,
17], the deposition time dependence [7, 18], bath composition
[8], morphology, optical and electrical properties of PbS thin
films has been investigated [5]. The control of the bath pH is
an important factor. Some attempts [4-6] are carried out to
control this parameter to define accurately its influence on
PbS thin films properties. The present study deals with the
investigation of bath pH effect on PbS thin film properties.

II. EXPERIMENT DETAILS

Microscope glass slides (75 mm x25mm x2 mm) were used
as substrates. Those ones were, firstly, washed with distilled
water, immersed in methanol and cleaned ultrasonically for
20min. Then, they were cleaned again ultrasonically with
distilled water for 20min and, finally, dried in air.

The deposition was done in a reactive bath prepared in a
50mL beaker. The bath was composed of sulfur and lead
precursors, 1M of thiourea [CH;CSNH,] and 0.1M of lead
nitrate [Pb(NO;),]. Thriethanolamine (TEA) [N(CH;CH,OH);]
was added as buffer solution to control the rate reaction. The
pH solution was varied between 10.5 and 12.5 (10.5, 11, 11.5,
12, 12.5) by adding sodium hydroxide NaOH. Cleaned
substrates were vertically dipped in the heated solution by
external hot plate set at 60°C for 3hours. For the first Smin,
the solution remained transparent, indicating the occurrence of
decomposition reactions. After Smin, the solution became
dark gray which indicates the PbS compound formation.

The reaction process for forming lead sulfide films is
considered as follows:

Pb(NO3), +2NaOH — Pb(OH), +2NaNO;

Pb(OH), +4NaOH — Na,Pb(OH);
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Na,Pb(OH)s— 4Na* +HPbO™ +30H™ +H,0 +1/20,

SC(NH2)2 +OH-—— CH2N2 +H20 + SH™
HPbO™ +SH™— PbS + 20H™

After the deposition elapsed time, the synthesized samples
were removed from the bath and rinsed with distilled water.
The mirror-like gray obtained were characterized by X-ray
diffraction using a X’PERT PRO diffractometer using copper
wavelength of 1.54A°, associated to the American Society for
Testing Materials (ASTM) data base.

The optical properties of the PbS films were investigated
using a SHIMADZU 3100S double-beam spectrometer having
a wavelength range 200-3000 nm.

The ECOPIA Hall Effect measurement system (HMS-3000)
was used to measure the electrical properties of the deposited
thin films.

III. STRUCTURAL PROPERTIES

Fig.1.a and fig.1.b showed the XRD patterns of the PbS
thin films deposited with different bath pH: 10.5 and 12.5.
The patterns display four prominent diffraction peaks at 20
values of 26°, 30°, 43° and 51° corresponding to the
diffraction lines produced by the (111), (200), (220) and (311)
planes. They were confirmed by comparing the peaks
positions (20) of the XRD patterns of the films with the
standard X-ray data file (card no. 77-0244). The absence of
any other diffraction peak indicates that no other crystalline
phases exist with detectable concentration within the
deposited films. The preferred orientation growth of the
deposited films was along (111) direction. From the fig.1.a
and fig.1.b, it could be concluded that the intensity of the
peaks increased when the pH of the chemical bath increased.
This effect can be justified by the increase in thicknesses and
crystallites sizes of the PbS films deposited while increasing
the pH. Same observations were done in several studies [4-6].
The average crystallites sizes D and strains € in the PbS films
were deduced from the Scherrer equation (1) for (111), (200)
and (220) reflections. The results were reported in table. 1.

P cos@=kA/D + £sind )

Where [ is the peak width at mid height, 0 is the diffraction
angle, k is constant having a value of 0.9, the constant
A=1.54 A, D the crystallites size and € represents the strains in
the film.

The grains size D increased from 10 nm to 70 nm for PbS
films deposited with increasing bath pH, as shown in table. 1.
For pH greater than 12, an important variation of crystallites
size was observed, from 18nm to 70nm, which can be
explained by a changement in growth mechanism. When pH
was less than 12, the PbS films grew by mechanism which
products small sizes loading to nanostructured films. This first
growth process was probably carried out ion by ion. However,
for a highly basic bath (pH>12), the film was built up via

cluster by cluster process which formed a bigger crystallites
size then lead to microcrystalline PbS thin film.

The texture coefficient TC along the diffraction lines
produced by (111) and (200) crystalline planes of PbS was
calculated using equation (2) [19]. This coefficient represent
the texturation of films in particular planes related to the
preferred growth directions during the deposition process:

TC(hkl) = (I(hkL)/I(hkD)/ {( S(I(hkl)/I(hkD)} x 100%  (2)

TABLEI
TEXTURE COEFFICIENT TC, STRAINS E AND GRAINS SIZE D OF PBS THIN FILMS
DEPOSITED WITH TWO DIFFERENT PH :( 10.5 AND 12.5).

pH 20 (°) hkl Thia TC TC € D
111) (200)
% % nm
10.5 26.12 (111) | 255.38 31.83 25.88 0.68 11
30.03 (200) | 217.08
43.16 (220) | 101.47
51 .08 (311) | 74.44
12.5 25.89 (111) | 3159.57 28.71 27.04 0.13 67
30.07 (200) | 2839.23
43.02 (220) | 1378.96
51.13 (311) | 1044.02

Where [ (hkl) and I, (hkl) are, respectively, the measured
intensity and the standard intensity of (hkl) plane based on
standard data file. n is the number of diffraction peaks.
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Fig. 1 XRD patterns of PbS thin films deposited with two different pH: a)
pH=10.5; b) pH=12.5

The TC (hkI) values represent the abundance of crystallites
oriented in a given (hkl) direction. The variation of TC for the
diffraction peaks of the deposited films at pH=10.5 and 12.5
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are showed in table. 1. The highest TC were along (111) plane
but slightly smaller for the sample deposited at pH=12.5 for
which the other diffraction peaks, along (220) and (311)
directions, became relatively more important. As can be seen
in fig.1 and table.1 a preferred orientations growth of PbS for
the two used pH are (111) and (200) with a higher intensity in
the first direction. In addition, it could be observed that the
TC(111) decreased with increasing pH. However, the TC
along (200) increased. This result shows a small variation
along the growing direction with pH changing.

AFM images as shown in fig.2 showed dense surface of the
deposited film at pH=12.5. The PbS films were revealed to be
crystalline from XRD patterns and confirmed by AFM. . As
showed in this figure, the film was grown by columnar
mechanism.

0.81 pm

Fig. 2 AFM images of PbS thin films deposited at pH=12.5

IV.STRUCTURAL PROPERTIES

The transmittance spectra of PbS films is display in fig.3.
The spectra showed that PbS films deposited with different
bath pH present transmittance values between (2-40%). A
decreasing in transmittance was observed while bath pH
increased until it reached 12, above this value the
transmittance increased. The decrease of transmittance can be
explained by the increase in thicknesses of deposited films
when the pH increased until the maximum value of 12. After
that, the films thicknesses decreased, as shown in fig.4, thus
increasing the transmittance. In the reported study [4], PbS
thin films deposited with TEA and lead acetate by CBD gave
thicknesses decreasing as a measure of decrease in bath pH.
Beyond the value 10.5, the film thickness became independent
of pH. In another study [5], thicknesses of the PbS films,
deposited by SILAR, increased with the pH bath increasing.
This last result is in agreement with ours.

The energy band gap Eg of the PbS films was calculated using
the known formula [9]:

ohv =A(chv-Eg)" (3)
Where v is the frequency of the incident photon, 4 is Planck’s

constant, A is constant, ¢ is absorption coefficient and n is the
number which characterizes the optical process (n=1/2 for

direct transition). The plot of (ochl))2 as a function of hv gave
the results reported as function of bath pH in fig.5. The
present figure revealed that optical gap varied between
0.46 eV and 0.59 eV.
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Fig. 3 Transmittance spectra of the PbS thin films deposited at various pH
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Fig. 4 Thicknesses of PbS thin films deposited at various pH

It has been found that Eg decreased with increasing of
bath pH, certainely due to the increasing of crystallites size.
Same behavior has been observed in many studies [16, 18].
The tail width E, in the energy gap was obtained by plotting
Ino as a function of hv. The extraction of the reciprocal slope
of the linear part gave the E, for PbS films deposited, as
reported in fig.6. The E, values increased with increasing of
bath pH until it reached the value of 12 after which tail width
decreased. This result may be related to the fact that the
increase in bath pH leads to an increase in films thicknesses
(until pH=12) and that it leads to an increase in films defects
and localized state in the gap [16].
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Fig. 5 Energy band gap and crystallites size of the PbS thin films deposited at
various bath pH
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Fig. 6 Urbach energy E, of the PbS thin films deposited at different bath pH

V. STRUCTURAL PROPERTIES

Resistivity and Hall measurements were performed on

PbS samples. The variation of resistivity as functin of bath pH
was shown in fig.7. It was found to be linked to films strains
and crystallites size. Films with big crystallites size (sample
deposited at pH=12.5) or high strains value (the one deposited
at pH=11.5) had a low resistivity. Films with small
crystallites size showed a high resistivity despite the small
strains value. Rakesh K. and al. [6] have reported in their
study that the increase in resistivity is attributed to the
decrease in particle packing density with decrease in grains
size. K.C. Preethaand al. [5] have found an increasing
conductivity with increasing strains in PbS films deposited by
SILAR.
Hall mobility values were represented in fig.8. It was found
decreasing with bath pH decreased, probably, due to the
reducing grains size. Similar remarks were done in other
studies [6].
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Fig. 7 Resistivity of PbS samples deposited at different bath pH

Sheet concentration, represented in the same figure, had
almost an inverse behavior. The highest sheet concentration
corresponds to the smallest mobility.

The value of sheet concentration varied between 3 x
10"%/cm? and 1 x 10'*/cm® while increasing pH until 12. At
pH=12.5, PbS films showed a big decreasing of sheet
concentration (10“/cm2).

All the fims were found to be n-Type from which it can be
concluded that the films type are independent of pH.

VI. CONCLUSIONS

PbS thin films were synthesized by a simple chemical bath
deposition at low temperature (60°C). The reaction bath
included cationic, anionic precursors and complexing agents.
The effect of bath solution pH on the films properties has been
studied. XRD patterns showed that PbS thin films are
crystalline. Optical properties have been investigated. Results
showed that PbS films have allowed direct transition and the
optical band gap was strongly dependant on pH solution:
when 10.5<pH<12, Eg varied slightly between 0.56 eV and
0.59 eV. When pH exceed 12, the gap narrowed considerably.
The grains size calculated from X-ray patterns explained this
narrowing by a by a shift in dimensions, nanocrystallites
became microcrysctallites.
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Fig. 8 Mobility and sheet concentration of PbS films deposited at different
bath pH
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