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In this paper, nanostructured semiconductor PbS metal-chalcogenide thin films were fabricated by the
chemical bath deposition method in a surface active agent environment. The structural, morphologi-
cal, and optical properties of PbS thin films were characterized by X-ray diffraction, scanning electron
microscopy, scanning probe microscope and ultraviolet-visible spectroscopy analyses. These analyses
reveal that surfactant sodium lauryl ether sulphate plays a key role in modifying the surface roughness
and optical properties of PbS thin films. The average surface roughness decreased from 87.9 to 42.8 nm
after adding sodium lauryl ether sulfate to the chemical bath solutions. With the increasing sodium
lauryl ether sulfate content, the optical band gaps of the PbS thin filmms increased from 2.10 to 2.52 €V.
Additionally, the optical transmittance value of the 3% sodium lauryl ether sulfate added sample in-
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creased by approximately 37% compared to the pure sample.
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1. Introduction

Chalcogenide is a chemical compound formed by
the combination of a chalcogen anion and an clec-
tropositive clement. The term chalcogenides are
used for sulfides, selenides, and tellurides, which be-
long to the 16 groups of clements of the periodic ta-
ble [1]. Among the metal-chalcogenide compounds,
the lead sulfide (PbS) semiconductor compound has
an important place in terms of its properties. We
can list these propertics as abundance in nature,
good chemical stability, high absorption coefficient,
high mobility, large exciton Bohr radius, and small
band gap [2-4]. PbS is a white crystalline solid.
Its relative density is 6.2 g/ml at 25°C and melt-
ing point is 1170°C. In addition, PbS is a naturally
p-type semiconductor material, and its direct band
gap can vary between 0.41 and 2.3 ¢V [5]. These
properties of PbS metal-chalcogenide semiconduc-
tor compound make it prominent for solar absorp-
tion applications, infrared sensing applications, and
gas scnsor applications [6-8|. High-quality PbS thin
films can be produced using a surfactant [5]. The
word surfactant consists of the words surface active
agent (surfactant). Surfactants generally have the
property of reducing surface tension when dissolved
in an aqucous solution [9]. Surfactants can change
the morphological structure of thin films [10]. In
addition, when the literature is examined, it is scen
that surfactants can act as capping agents [11].
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In our previous study, PbS thin films are fab-
ricated by the chemical bath deposition (CBD)
method using the surfactant cocamidopropyl be-
tainc (CAPB). We obtained that the presence of
different amounts of the surfactant CAPB during
the PbS deposition process was involved in the for-
mation of decreasing surface roughness. Also, we
found that band gaps of the PbS thin films in-
creased from 1.84 to 2.40 ¢V with increasing of sur-
factant amount [5]. Nikam et al. [9] have used sur-
factant polyvinyl alcohol in the deposition of PbS
thin films grown by chemical route. They suggested
that a small amount of polyvinyl alcohol is uscful to
get uniform, pinhole-free PbS thin film by chemical
bath deposition. Also, they concluded that the band
gap of PbS thin films is in the range of 2.28-2.51 ¢V
for polyvinyl alcohol-added PbS thin films. Khan
et al. [12]| studied the effects of surfactants on the
morphology of PbS thin films using sodium dode-
cyl sulfate (SDS), Tween and Triton X-100. They
suggested that Triton X-100 favored rod-like mor-
phology of the as-deposited PbS, while sodium do-
decyl sulfate produced spherical shape crystallites
predominantly.

PbS nanoparticles can be deposited by different
deposition methods, such as chemical bath deposi-
tion (CBD), successive ionic layer adsorption and
reaction (SILAR), sol-gel, clectrodeposition, RF-
sputtering, spray pyrolysis ete. [17, 21-25]. Among
these production methods, chemical methods such
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as CBD, SILAR, sol-gel and spray pyrolysis pro-
vide the opportunity of producing thin films in the
surfactant medium. The CBD technique, which is
one of the chemical production methods, is widely
used in the production of metal-chalcogenide thin
films by using surfactant [5, 9, 13-15]. The chem-
ical bath deposition method is a simple, safe and
low-cost method, and high-quality thin films can be
produced using this method [16-20)].

In this study, the surfactant sodium lauryl ether
sulfate (SLES) was used for the first time in the lit-
craturc as a capping agent in the production of PbS
metal-chalcogenide thin films. PbS thin films were
successfully produced by the CBD technique in the
presence of different ratios of surfactant. Changes in
the surface morphology and optical and structural
properties of the PbS thin films produced in the
presence of surfactant were investigated. It was ob-
served that the crystal size and surface roughness
values of the films decreased with the addition of
SLES to the growth solution of PbS thin films. In
addition, it was obtained that the optical band gap
and transmittance values of the thin films increased
with the increase in the amount of SLES in the film
growth solution.

2. Experimental procedure

In this cxperiment, first, glass substrates were
cleaned in an ultrasonic bath with a sulfuric acid
solution, acetone, and deionized water for ten min-
utes. The surfactant chemical compound was pur-
chased from a local detergent factory. Other chem-
ical compounds were purchased from Merk. PbS
metal-chalcogenide thin film production solution
was prepared using 0.5 M lead (II) acctate tri-
hydrate (Pb(CH;COO), - 3H,0), 1 M thiourca
(NH2CSNH;), 1 M tricthanolamine (CgH15NO3)
and 1 M tri-sodium citrate (C¢HsNazO7) reagents.
The pH of the film-production solution (with and
without surfactant) was adjusted to 12.5 by adding
2 M NaOH. To investigate the effect of surfactant
sodium lauryl ether sulfate concentration, 1, 2, and
3% SLES were added to the film growth solutions.
The glass substrates were dipped into the growth
solution for 18 h under static conditions. Finally,
the PbS-coated thin films on the glass surfaces were
washed with ultrapure water and air-dried.

For the X-ray diffraction (XRD) characterization
of the with and without SLES-mediated PbS thin
films, a Rigaku Smart Lab X-ray diffractometer was
used. The surface morphologies of all PbS thin films
were investigated by using a JEOL 5500/ OXFORD
Inca-X scanning clectron microscopy (SEM). The
surface roughness values of all PbS thin films were
determined by using a scanning probe microscope
(SPM). Optical absorbance and transmittance val-
ues of all PbS thin films were measured by us-
ing a ultraviolet-visible (UV-Vis) spectrophotome-
ter (Thermo Scientific Evolution 160).
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3. Results and discussion

3.1. Structural properties

X-ray diffraction patterns were obtained for the
structural characterization of PbS thin films de-
posited surfactant-free and surfactant-added. The
XRD model confirming the polycrystalline struc-
ture of PbS thin films produced with CBD is
shown in Fig. 1. The XRD patterns of PbS metal-
chalcogenide nanostructured thin films showed no
peaks related to elemental lead, other lead sulfides,
sulfur, or impuritics. Reflection peaks are assigned
to planes (111), (200), (220), (311), (222), (400),
(331), (420), (422), and (511) at 25.86°, 30.03°,
42.88°, 50.86°, 53.46°, 62.50°, 68.91°, 70.83°,
78.81°, and 84.71°, respectively. These results are
in agreement with the standard data of JCPDS (05-
0592) data. Comparison of the observed XRD pat-
tern with the standard JCPDS data showed that all
the deposited PbS thin films exhibit face-centered
cubic structure.

It can be seen from both Fig. 1 and Table I that
the (200) diffraction peak intensity decreases as the
amount of SLES increases from 1% to 2%, but in-
creases as the amount of SLES increases from 2%
to 3%. Also, the (111) diffraction peak intensity de-
creased as the amount of SLES increased from 1%
to 3%. The increase in the diffraction peak inten-
sity of the films indicates an improvement of the
crystal quality, while the decrease in the diffrac-
tion peak intensity indicates some structural defects
caused by the additive surfactant [5]. However, it
should be noted that the increased SLES contri-
bution did not significantly reduce the intensity of
the (200) and (111) main diffraction peaks of the
films.
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Fig. 1. X-ray diffraction patterns of the PbS films
for given SLES concentrations in the growth solu-
tions.



E. Yiicel

TABLE I
Recorded peak intensity and TC ;) values of the PbS thin films as a function of SLES concentrations.
SLES concentration in Recorded peak intensity TCnrry
the growth solution |%)] (200) (111) (200) (111) (220) (311)
0 3507 2951 1.30 1.22 0.73 0.42
1 3333 2549 1.27 1.33 0.68 0.40
2 3069 2431 1.27 1.23 0.70 0.42
3 3431 2132 1.12 1.29 0.66 0.41
TABLE II

FWHM, crystallite size, thickness, microstrain, dislocation density and band gap energy values of the PbS thin

films as a function of SLES concentrations.

SLES concentration in | FWHM | Crystallite size | Thickness Mi(:rostr;‘iin Dislocation density Band gap [eV]
the growth solution [%] | [radian] D |nm)| [nm] e (x10°%) p x10'%) [m 2

0 0.01169 12.81 869 2.82 5.57 2104+0.1

1 0.01280 11.71 855 3.09 6.67 2284+0.1

2 0.01309 11.45 848 3.16 6.98 234+0.1

3 0.01367 10.96 793 3.30 7.61 2524+0.1

The texture cocefficient TC 3,4y was used to deter-
mine the preferred crystal plane orientations. The
texture coefficients of the films were calculated by
using the following equation from the XRD data [26]

Inry/ Toqnary
N7 Iy Tonrry’
N

where the measured intensity is I(px1), the standard
intensity is Io(nery and the number of reflections is
N. If the TCjpyy value of a plane is greater than
one, that plane is considered a preferential orien-
tation. The texture cocfficient values of the (200)
and (111) planes are given in Table I. As shown
in Table I, it can be interpreted that planes (200)
and (111) are preferential planes and are superior
to other orientations with increased SLES amount.
The crystallite size (D) of PbS metal-
chalcogenide thin films is cstimated with the
Scherrer’s formula by using a peak width of
(200) [27],
0.94
= Beos(0)’ (2)
cos(f)
where A is a wavelength and is equal to 1.5406 j\,
B is the full width at half-maximum (FWHM),
and 6 is the Bragg angle. FWHM and crystallite
size values calculated depending on the amount
of SLES are given in Table II. Depending on
the increasing SLES additive amount, it was
obtained that while the FWHM values increased,
the crystallite size values decreased. The conditions
of the production of metal-chalcogenide thin
films have a decisive role in the crystallite size of
these films. Surfactants have been reported in the
literature to act as capping agents. The reduction
in crystallite size of the thin films may be related

TCnrry = (1)
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to the capping agent. The presence of a capping
agent in the growth solution of the thin films can
restrict particle growth [5, 28, 29]. Table 11 shows
that the thickness of the PbS films decreases with
increasing SLES adding ratio. The decrease in the
film thickness may be due to the slowing of the
film adhesion process on the glass substrate with
the increase in the amount of SLES in the growth
solution.

Microstrain (g) and dislocation density (p) of the
PbS metal-chalcogenide thin films were calculated
using the respective equations [30]

3)

=B o
e=7 cos(h),

15e

a
where a is the lattice paramcter. The calculated
values of dislocation density and microstrain of the
thin film samples are given in Table 1I. As can be
scen there, the microstrain values of the PbS thin
films increased from 2.82 x 107 to 3.30 x 1072,
while the dislocation density values increased from
5.57 x 10" to 7.61 x 10'® m~2. If the crystallite
size decreases in the PbS metal-chalcogenide struc-
tures, the grain boundarics increase and lattice de-
fects increase accordingly. As a result, the values
of dislocation density and microstrain of the PbS
metal-chalcogenide structures may increase [31].

3.2. Morphological propertics

The surface structures of nanostructured thin
films play an important role in the optical proper-
ties of thin films. The surface morphology of thin
films can affect the efficiency of photovoltaic de-
vices. The surface structures of the synthesized PbS
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TABLE III

The profile roughness (R,, R,) and the area roughness (S,, S,) parameters of the PbS thin films prepared with

different SLES concentrations.

SLES concentration in Mean roughness

the growth solution |%)] S, |nm]|

RMS roughness

S, |nm]|

Average surface RMS roughness

R, |nm)]

roughness R, |[nm)|

0 89.3
1 2.7
2 D93
3 43.6

145.9 87.9 143.0
107.5 71.1 105.3
80.8 54.7 79.6
64.4 42.8 63.6

Without SLES

1eky MKU EMU

Fig. 2.
growth solutions.

metal-chalcogenide thin films were investigated us-
ing SEM and SPM analyses. SEM images of the
PbS thin films deposited surfactant-free and SLES-
added with various ratios arc shown in Fig. 2.

In general, it can be seen from the SEM pho-
tographs that all PbS thin films have a homoge-
ncous and dense surface structure. SPM analysis
is one of the alternative methods of analyzing the
surface morphology of thin films and thin coat-
ings [5, 32, 33|. Three-dimensional (3D) SPM im-
ages of PbS thin films produced with and without
surfactant arc shown in Fig. 3. The roughness val-
ues (Ra, Ry, Sa, Sy) of the PbS metal-chalcogenide
films were calculated by SPM analysis. The rough-
ness values of the samples are given in Table I11.

When one examines Fig. 3 and Table 111, it is scen
that the PbS thin film produced without surfactant
has a rougher surface than the thin films fabricated
with SLES. With the increase in the amount of sur-
factant SLES in the growth solution, the roughness
values R,, Ry, S., Sy of the samples decreased.
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1% SLES

Scanning electron microscopy images of the PbS films as a function of SLES concentrations in the

These results confirmed that the surfactant SLES
has a significant cffect on the surface roughness
of PbS metal-chalcogenide thin films. At the same
time, these results indicate that the roughness of
thin films can be controlled by choosing an appro-
priate SLES additive ratio.

3.3. Optical properties

The optical absorbance spectra of the samples
arc given in Fig. 4. The absorption spectrum shows
that all produced samples are active in the UV and
visible regions. For all films, it was obtained that
the absorption was higher in the UV and visible re-
gions, while the absorption was low in the infrared
(IR) region. This result is compatible with the liter-
ature. Similar results regarding optical absorbance
analysis studics of PbS thin films have been pre-
sented in the literature [34-36]. As scen in Fig. 4,
the spectra show an increasing absorbance from the
near-infrared (NIR) region to the visible region.
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Fig. 3. SPM images of the PbS films as a function of SLES concentrations in the growth solutions (a d).
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Fig. 4. UV-Vis absorbance spectra of the PbS films at different SLES concentrations (a d).

The increased absorption may be due to the transi-
tion of clectrons from the valence band to the con-
duction band [34]. It can also be scen in Fig. 4 that
the absorption cdge shifts towards a lower wave-
length as the amount of SLES in the growth solution
of PbS thin films increases. This blue shift at the
absorption edge indicates an increase in the optical
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band gap values of PbS thin films [36]. It was found
that the 1% and 2% SLES additives did not sig-
nificantly reduce the absorbance of the films in the
UV and Vis wavelength regions. It was found that
the absorption edges of all thin film samples were
not sharp. This is an expected result for an ideal
semiconductor.
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The following classical Tauc absorption equation
was used to calculate the optical band gap values of
PbS thin films [37],

(ahv) = C (hv — E )", (5)
Now, the E, values of PbS thin films were caleu-
lated from the measured absorbance data. The op-
tical band gap graphs of (ahv)2 versus hr are shown
in Fig. 5. The values of the band gap were obtained
to be 2.10, 2.28, 2.34, and 2.52 ¢V for 0, 1, 2, and 3%
SLES added samples, respectively. The lowest op-
tical band gap was obtained for the pure PbS thin
film sample.

This result shows that the optical band gap val-
ucs of the PbS thin films produced with the support
of surfactant SLES increased. Also, the relation-
ship between the optical band gap and the crystal
size of the thin film samples is shown in Fig. 6. As
scen in Fig. 6, the crystallite size of the samples de-
creasced while the optical band gap increased with
the SLES addition. This result can be explained by
the quantum confinement effect. The semiconduc-
tor PbS compound has a big exciton Bohr diam-
cter (~ 36 nm). If the particle size of the semi-
conductor compound is smaller than the Bohr ex-
citon diameter, the quantum confinement effect is
observed [5, 19, 20, 26].

Figure 7 shows the transmittance graphs of PbS
metal-chalcogenide thin films fabricated surfactant-
free and surfactant-added. Optical transmittance
values were obtained as ~ 33%, ~ 42%, ~ 43%

(chvy. 10" em.eV)?

(ehvy 10" emeVE
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Optical band gap spectra of the PbS films at different SLES concentrations (a d).
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Fig. 6. Band gap and crystallite size variation as
a function of SLES concentrations in the growth
solutions.

and ~ 45% for 0, 1, 2 and 3% SLES added thin films,
respectively. High optical transmittance in the IR
wavelength region was obtained for all thin film
samples. It was observed that the optical transmit-
tance value of the 3% SLES added sample increased
by approximately 37% compared to the pure sam-
ple. In addition, according to Fig. 7, the shift of
the absorption edge of the samples to shorter wave-
lengths with the SLES addition indicates that the
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Fig. 7. UV-Vis transmittance spectra of the PbhS

films at different SLES concentrations.

optical band gap of the PbS films increases. All op-
tical examination results indicate that the adding
ratio of the surfactant SLES can determine the opti-
cal properties of PbS metal chalcogenide thin films.

4. Conclusions

Metal-chalcogenide PbS polycrystalline thin films
were successfully grown using surfactant with
a chemical bath deposition method. Variations in
the structural, morphological, and optical proper-
ties of PbS thin films after adding surfactant SLES
in the growth bath were investigated. By XRD anal-
ysis, it was obtained that the PbS thin films crys-
tallize well in a face-centered cubic structure with
a preferential orientation along the (200) and (111)
planes. The crystallite size of the PbS thin films
decreased with the addition of SLES. According to
the SPM results, the roughness values (Rq, Ry, Sa,
Sy) of the PbS thin films decreased with increas-
ing SLES amount in the growth solution. Based on
the optical measurements, the absorption of all PbS
thin films increased from the near-infrared (NIR) re-
gion to the visible (Vis) region. The band gap and
transmittance values of the samples increased with
the increasing surfactant SLES content. In general,
the addition of surfactant SLES as a capping agent
positively affected the surface morphology, and op-
tical and structural properties of PbS thin films.
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