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Keywords Abstract: Saccharin which so-called as benzoic sulfimide is an artificial sweetener.

Surface rOl}thESS» In this paper, nanostructured lead sulfide (PbS) thin films were produced in the

Igeadhsu!phlde, presence of additive known as saccharin via chemical bath deposition (CBD). Effect
accharin,

of the saccharin content on the morphological, optical and structural properties of
the films has been investigated. Lead sulfide (PbS) films that included additive
were prepared at five different concentrations of saccharin (from 0 to 5%). The
fabricated samples were characterized by surface roughness, scanning electron
microscopy (SEM), X-Ray diffraction and UV-vis spectroscopy. It was found that
the presence of saccharin highly affected the optical and structural properties of
PbS thin films. According to the X-Ray diffraction results, crystallite size values of
the films decreased from 12.88 to 5.25 nm with increasing of saccharin content.
UV-vis measurements showed that both the band gap and transmission properties
of the films increased as a result of increasing saccharin concentration. Further,
Surface roughness measurements exhibited that average surface roughness was
diminished with increasing saccharin content. As a result, it has been found that
the presence of saccharin in growth solution played a significant mission in
adjusting the main physical properties of the samples.

Chemical bath deposition

Sakarin Ilavesiyle Cam Althiklar Uzerine CBD ile Biiyiitiilen PbS Filmlerin Morfolojik,
Yapisal ve Optik Ozelliklerinin Modifikasyonu

Anahtar Kelimeler
Yiizey piirtzliligy,
Kursun siilfiir,

Sakarin,

Kimyasal banyo depolama

Ozet: Benzoik siilfimid olarak da bilinen sakarin yapay bir tatlandiricidir. Bu
makalede, nanoboyutlu kursun siilfiir (PbS) ince filmler sakarin olarak bilinen
katki maddesi varliginda kimyasal banyo depolama (CBD) ile iiretilmistir. Sakkarin
miktarinin filmlerin morfolojik, optik ve yapisal 6zelliklerine etkisi arastirilmistir.
Katki maddesi igeren kursun siilfir (PbS) filmler sakarinin bes farklh
konsantrasyonunda (%0 dan %5’e) hazirlanmistir. Uretilen numuneler yiizey
piirtizliiliigli metodu, taramali elektron mikroskopisi (SEM), X-Isin1 kirinimi ve UV-
vis spektroskopisi ile karakterize edilmistir. Sakarin varliginin PbS ince filmlerin
optik ve yapisal 6zelliklerini oldukca etkiledigi bulunmustur. X-Isimn kirmim
sonuglarina gore, filmlerin kristal boyutu degerleri sakarin igeriginin artmasiyla
12.88 nm'den 5.25 nm'ye dilsmiistir. UV-vis o6l¢iimleri artan sakarin
konsantrasyonunun bir sonucu olarak hem filmlerin bant aralifinin hem de
gecirgenlik ozelliklerinin arttigini  gostermistir. Ayrica, yilizey purizliligi
o6lciimleri sakarin miktarinin artmasiyla ortalama ytizey piirtzliligiiniin azaldigini
gostermistir. Sonug olarak, biylitme ¢ozeltisinde sakarin varliginin numunelerin
temel fiziksel dzelliklerini ayarlamada dnemli bir gérev iistlendigi tespit edilmistir.

1. Introduction films can be made inexpensively and simply [2].

Among the various semiconductor nanostructures,

Metal chalcogenide films have received great interest
in recent years because of their use as
semiconducting materials for solar cell applications
[1]. Preparation of polycrystalline metal chalcogenide

*Corresponding author: yyucel@mku.edu.tr

lead sulfide which is an important member of the
chalcogenides has high absorption coefficient, high
photosensitivity and high carrier mobility [3]. Also
lead sulphide desirable and attractive for various
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applications such as infrared detection [4]
photovoltaic applications [5] and biosensors [6]
because of its high chemical stability, excellent
photosensitivity, a large exciton Bohr radius (18 nm),
wide range band gap variation and abundance in
nature. Also, lead sulfide (PbS) which is a p-type
semiconductor material can use as a buffer layer [7].

Various methods were used to deposit PbS
chalcogenide films including CBD [2], sol-gel [8],
electrodeposition and SILAR etc. [9]. Among
techniques used to fabricate PbS thin films, CBD
offers many advantages such as easy processing,
quick, low temperature and little cost. Crystal
structure, surface morphology and particle size which
are all influenced by processing conditions and bath
composition, have a significant effect on the
photovoltaic behaviour of the nanostructures. It is
mentioned in the literature that during the growth
process, it is possible to modify and control the
surface morphology and the crystalline size with the
use of additives [10, 11].

Generally, it is known that additive agents are added
to the reaction medium to enhance the general
quality or to counteract undesirable properties.
Saccharin which is an organic chemical compound is
one of the additives mentioned in the literature. It is
known that saccharin which so-called as benzoic
sulfimide is an artificial sweetener. Saccharin has
been used as an additive agent in the reaction
medium in order to improve the characteristics of
nanoparticles [10-12]. We aimed in this submission
to show the influence of saccharin level on the crystal
structure, particle size, optical properties and surface
roughness of the PbS thin films. Thus, we have
decided to use the saccharin as an additive material
in the growth process due to the potential to enhance
the physical properties of PbS nanostructures of the
saccharin. According to our knowledge, there is no
report so far about the effects of saccharin on the
surface roughness, morphological, structural and
optical feature of lead sulfide (PbS) films. In order to
understand characteristic properties of PbS films
produced by saccharin addition, we investigated the
surface roughness, optical, structural properties and
surface morphology of the PbS coatings as a function
of saccharin level in this novel research.

2. Material and Method
2.1. Substrate cleaning

In the study, PbS films produced by saccharin
addition and pure PbS films were coated on
commercial quality glass substrates (75 mm x 25 mm
x 1 mm) by CBD method. Prior to the deposition
process, the substrates were cleaned with distilled
water, acetone and dilute HNOs solution (20% v/v)
for 10 min respectively. Then, the glass substrates
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were washed again with deionized water and dried
with a hair drier prior to a deposition process.

2.2. Sample preparation

All chemicals used in the experiment were analytical
grade and purchased from Merck. Deposition of the
samples (pure or containing saccharin) was done in a
beaker which is included the reactive solutions. The
reactive bath containing 0.5 M Lead (II) acetate
trihydrate  (Pb(CH3C00)2.3H20), 1M thiourea
(NH2CSNH32), 1M triethanolamine (CsH1sNO3) and 1M
tri-sodium citrate (CsHsNasO7) was used for the
deposition of PbS films. The pH of the reactive
solution was fixed at 12.5 using NaOH solution. In
order to obtain the saccharin containing baths, the
main solution was poured into six different beakers
and as the required amount of additive reagent (0, 1,
2, 3, 4 and 5 at. % of saccharin) was added to the
starting solutions. Soda lime glass slides were
immersed as vertical in the chemical solution at 303K
and the substrates were removed from the solution
after the deposition time of 18 h as reported
elsewhere [2]. After the deposition process, the
colour of the chalcogenide films was dark gray and
their appearance was like mirror. The reaction
mechanism for the fabrication of PbS films is as
follows [5]

Pb(AC),.3H,0 + TEA 2 Pb(TEA)** + 2(AC™) (1)

Pb(TEA)** 2 Pb** + TEA (2)
[(H,N),CS] + OH™ — CH,N, + H,0 + HS~  (3)
HS™ 4+ OH™ 2 H,0 + S*~ 4)
Pb%** + 527 > PbS (5)

2.3. Sample characterization

Rigaku Smart Lab model X-ray diffractometer was
used to determine the crystal structure of the films.
Surface morphology of pure and saccharin-added
samples was studied using EVO40-LEO model SEM.
Measurements of surface roughness (Ra value) of the
fabricated films was made by using a Surface
roughness tester (Taylor Hobson Surtronic 25).

Optical properties such as band gap and
transmittance were measured using Thermo
Scientific Evolution 160 UV-visible
spectrophotometer.

3. Results

3.1. Structural properties

XRD patterns of lead sulfide (PbS) nanostructures
grown at different molar concentrations of saccharin
are shown Figure 1. The pattern of pure PbS thin film
(without saccharin) was also illustrated in the figure.
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For PbS chalcogenide films, there were the peaks at
20~25.90°, 30.00°, 42.95° 50.90°, 53.33°, 62.43°,
68.85°, 70.83° 78.78° and 84.69° corresponding to
the reflected planes of (111), (200), (220), (311),
(222), (400), (331), (420), (422) and (511) of lead
sulphide. XRD patterns of the nanostructures
indicated that the samples are polycrystalline with
cubic structure (JCPDS: 05-0592). The main peaks at
25.90° and 30.00° corresponding to (111) and (200)
planes proves the preferred crystallization. Other
observed peaks are less intense as compared to (111)
and (200). Also, the XRD patterns do not show any
other peaks related to impurity. As can be seen from
XRD results that the intensity of the peaks
corresponding to (111) and (200) planes reduces
with increasing the concentration of saccharin in the
growth solution.
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Figure 1. X-ray diffraction patterns of the PbS films as a

function of Saccharin amounts in the growth baths.

This result can be attributed to additive induced
some structural disorder in the films. Moreover, the
broadening of the peaks was observed with
increasing saccharin level in the growth bath. The
reason for the broadening may be associated with the
reduce in the crystalline size. The decrease of
crystalline size may result in an increase in the grain
boundaries and so increase the amount of defects in
the structure [2, 13]. The recorded (200) and (111)
peak intensities of the coatings are shown in Table 1.

Texture can be explained as the distribution of
crystallographic orientations of a polycrystalline
sample. The values of the texture coefficient TCu) for
four different planes are shown in Table 1. The
addition of additive agent in the bath may induce the
change of diffusion rate of cationic and anionic
precursors at the surface during coating operation
and this behaviour leads to a change of preferred
orientation. In order to investigate a probability of
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Table 1. Surface roughness parameters (Ra), recorded
peak intensity and Tcky values of the PbS coatings as a
function of Saccharin content.

S5 . o Recorded

é 2 g i _ L." Peak Tenkn

%‘ ‘E’ *50_8 é g ;\; Intensity

S 3v 23 - —~ —~ —~ —~ —~ —~ —~

& 2 F=Rrs] ) =) — =) — o —
o o 1%} w (=] i (==} i N i
o = = g - o 2 g )
0 0.56+0.01 1.79 21511605 1.65 1.23 0.68 0.43
1 0.48+0.02 4.17 14971357 1.45 1.31 0.73 0.51
2 0.40+0.02 5.25 1250 972 1.58 1.23 0.68 0.52
3 0.36£0.03 7.06 10581033 1.44 1.41 0.65 0.50
4 0.30+0.02 6.67 969 924 1.44 137 0.66 0.53
5 0.28+£0.02 5.52 882 854 1.41 1.36 0.70 0.52

a Average of three values * Standard deviation , RSD: relative

standard deviation

the preferred orientation, texture coefficients
corresponding to (111), (200), (220), and (311)
planes have been calculated in all the films from the
XRD spectrum according to the following formula
[14].

Ly / o niery
N=2¥N Iy /o nieny

TC(hkl) = (6)

where Ixky is the measured intensity of hkl plane,
locwkny is the intensity of hkl plane on a completely
random sample taken from a powder diffraction file
(PDF) card, and N is the number of diffraction peaks
considered in the analysis. The (200) plane has the
highest value (1.65) of texture coefficient TCuk) for
the whole films. This result indicates that majority of
the grains are crystallized in (200) plane. It is known
that if texture coefficient is equal to 1 or less than 1
the crystallites are considered to be randomly
oriented [14]. From the Table 1, it can be seen that
for all the films texture coefficients along (200) and
(111) planes are maximum and more than 1, whereas
for other planes it is either less than 1. We can say
that (200) plane is the preferred orientation of all the
samples.

The crystallite size of the coated samples is calculated
via Scherrer equation [13].

D =0.94 1/BcosO (7)
where A is the wavelength of X-ray radiation, 0 is the
Bragg angle of the peak and B is the full width and
half maximum (FWHM) of the diffraction peak in
radians. FWHM, crystallite size, dislocation density,
band gaps and microstrain value of the samples as a
function of saccharin level are listed in Table 2. From
the Table, we can observe that crystallite sizes of the
coatings decreased from 12.88 nm to 5.25 nm with
increasing of additive level from 0% to 5%. The
existence of saccharin concentration in the growth
bath may affect nucleation process and consequently
the number of nucleation sites leading to the
formation of smaller crystals [15, 16].
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Figure 2. SEM micrographs of the PbS samples as a function of Saccharin levels in the baths.

Microstrain and dislocation density (p) values of the
samples are determined using the formulas given
below [13];

& = fcosb /4 8

and

p = 15¢/aD ()
where D is average crystallite size and a is the lattice
parameter.

According to Table 2, microstrain values of the
samples increased when saccharin amount was
increased from 0 to 5%. A Similar trend was also
observed for the dislocation density of the PbS thin
films. Both behaviour of microstrain and dislocation
density values of the PbS has reverse dependence
with the crystallite size values as expected. It is
known that the presence of any defect in a structure
such as micro strain, dislocations, crystallite size,
vacancies, vacancy clusters and residual internal
stress lead to the excess free volume at the grain
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boundaries. The decrease of crystalline size may
result in an increase in the grain boundaries and so
increase the amount of defects in the structure [17].

Table 2. FWHM, crystallite size, thickness, microstrain,
dislocation density and band gaps of the PbS coatings as a
function of Saccharin level.
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0 0.0116 12.88 853 2.81 0.55 1.92
1 0.0169 8.88 847 4.07 1.16 2.00
2 0.0198 7.57 845 4.78 1.59 2.15
3 0.0218 6.87 835 5.27 1.94 2.33
4 0.0233 6.44 833 5.62 2.20 2.44
5 0.0285 5.25 830 6.88 3.31 2.57
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3.2. Morphological properties

It is known that additive level plays a crucial role in
the deposition process. Additive content not only
affects the reaction rate but also the morphology of
the fabricated nanostructures. The morphological
analysis of the film deposited absence of saccharin
and PbS thin films deposited from the solution
containing different concentrations of saccharin were
examined with SEM images. SEM images of PbS
nanoparticles that fabricated absence and presence of
the saccharin are shown in Figure 2. It can be seen
from the figures that surface change of up to 3%
adding level was clearly observed. It is clear that the
crystalline size of the samples was decreased with the
increase of an amount of saccharin in the bath. With
further increase in additive concentration, the surface
change appears little differences. On the other hand
higher saccharin addition did not have a significant
effect on the surface appearance of the lead sulfide
(PbS) nanoparticles.

It is obvious that surface roughness of the fabricated
films can be affected the presence of the additive in
the growth solutions. We have used Arithmetic Mean
Roughness (Ra) value to explore the effect of
saccharin content on the surface roughness. The
results indicated that surface roughness (Ra) of the
coatings influenced considerably by the additive rate.
Ra values of the PbS chalcogenide films fabricated
with or without saccharin were tabled in Table 1. The
effect of the additive concentration on the surface
roughness of the chalcogenides is also displayed in
Figure 3. It can observe from Table 1 that
measurement of each sample was done in triplicate
and surface roughness parameters are expressed as
an average of three determinations and standard
deviation value. From Table 1, Ra values of the
chalcogenide films are measured as 0.56 (without
additive), 0.48 (1% saccharin added), 0.40 (2%
saccharin added), 0.36 (3% saccharin added), 0.30
(4% saccharin added) and 0.28 pm (5% saccharin
added) respectively. These values show that
concentration of saccharin in the growth solutions
play an important role in the roughness of PbS
coatings.

We have calculated percentage relative standard
deviation (%RSD) of the Ra data to the indicate
precision of the measurements. It is known that RSD
represents the precision and it should be less than
10%. In this work, repeatability of the measurements
was found to be satisfactory for the samples with RSD
% values between the ranges of 1.79% and 7.06%.
Precision did not exceed 10% in any case indicating
the acceptable repeatability of the procedure.

3.3. Optical properties

The optical absorption and transmittance spectrum
for the films fabricated without and with saccharin
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Figure 3. Surface roughness parameters of PbS coatings as
a function of Saccharin levels in the baths.

addition were studied via spectrophotometric
method. Eg values were calculated via Tauc formula
[18]. High absorption region was used to calculate
band gap by assuming a direct transition between
valence and conduction bands. Eg of a direct band gap
semiconductor can be obtained from the plot of
(ahy)? versus hy by extrapolating the straight line
portion of the absorption edge to (ahy)=0. Figs 4 and
6 shows that E; and transmittance results of all
coatings (depending on the different level of
saccharin in the growth solutions).

As seen from Figure 4, the band gaps of the films
prepared at various additive content were found to
be 192, 2.00, 2.15, 233, 2.44 and 2,57 eV
respectively. The results show that the Eg values
increase gradually with increasing additive level in
the bath solution though the sample are in same
range of thickness. The decrease of crystallite size of
the films deposited at different saccharin
concentrations is believed to be the main reason for
the blue shift of optical band gap. It can also be seen
from Figure 5 that variation between crystallite size
and band gap as a function of saccharin content has
reverse behaviour. It was observed that with
increasing of the additive level, the crystallite size of
the PbS coatings reduced (from 12.88 to 5.25 nm)
and Eg value of the nanostructured films increased
(from 1.92 to 2.57 eV). This may be related to the
effect of quantum confinement. The quantum
confinement effect is highly related to the exciton
Bohr diameter. Metal chalcogenide semiconductor
PbS has a large exciton Bohr diameter (~36 nm)
which shows quantum confinement effects. If
electron and hole motions are confined in three-
dimensional spaces, this phenomenon leads to
quantum confinement effect. This effect is observable
if the particle size of the nanostructured thin films is
comparable or smaller than its Bohr exciton diameter
which acts as a natural length scale of the electron-
hole pair [2, 12].
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as a function of Saccharin concentrations in the growth
solutions.

It was observed from Figure 6 that the optical film
transparency increased with increasing saccharin
addition in the growth baths. According to the figure,
the transmittance in the wavelength range 650-950
nm of the samples was found to be ~12.9, ~15.0,
~19.2, ~40.4, ~34.6 and ~34.2% as a function of
saccharin additive contents respectively. It is clearly
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Figure 6. Optical film transparency depending on saccharin
level in the baths.

suggests that the transmittance was affected by
saccharin level added in the growth solution. This
increase in optical transmittance may be related to
changing of the surface properties.

Furthermore, it is clearly seen from the optical
transmittance spectra that the absorption edge is
between 420 nm and 620 nm for all films.
Additionally, it can be observed that the absorption
edge shifts towards shorter wavelength side as the
saccharin concentration increases. This blue shift of
the absorption edge indicates a decrease of the
crystallite sizes and increase of optical band gap of
the samples also presence of quantum confinement
effect [19].

4. Discussion and Conclusion

Lead sulfide (PbS) chalcogenide films were
synthesized as a function of saccharin content by
chemical bath deposition. The influences of the
additive on surface roughness, surface morphology,
optical and structural properties of the coated films
were investigated. The results observed that addition
of saccharin in the growth process plays an important
role in the structural, morphological and optical
properties of the films. Crystallite sizes of the
nanostructures were found to be in the range of
12.88-5.25 nm. The optical absorption result showed
that Eg value of PbS thin films increased with
increasing saccharin content. Additionally, obtained
optical transmittance results indicated that saccharin
added chalcogenide PbS coatings are more
transparent than the PbS nanostructures without
saccharin. Blue shift in the absorption edge and
widening of the band gap of PbS thin films were
achieved by coumarin addition. Morphological results
displayed that surface roughness value of the PbS
films seems to depend on the saccharin addition. The
surface roughness of chalcogenides decreased
substantially depending on additive level. Finally,
these results indicate that saccharin addition in the
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growth baths is an important factor for the
morphological, structural and optical properties of
coated chalcogenide films and due to its good optical
properties saccharin added PbS thin films may be
suitable for use as the buffer layer of thin film solar
cells.
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