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Abstract. In this work, a study was done on the structural, optical and dielectric properties of lead tin sulphide
(PbSnS) nanocrystals and their thin films, which have got wide range of applications in photovoltaic systems.
The nanocrystals of PbSnS were prepared by employing colloidal synthesis technique in which cubic PbSnS were
obtained apart from the commonly found orthorhombic form. Nanocrystals of 5.84 nm were obtained which had
a high band gap of 3.76 eV and Urbach energy of 0.163 eV. Almost 100% transmittance in the wavelength range
of 300–800 nm was found. Nanocrystal thin films of PbSnS were prepared using successive ionic layer adsorption
and reaction (SILAR) technique. The preparation of thin film samples by varying the amounts of complexing agent
has been investigated. By varying the amount of complexing agents, the crystalline phase changed from cubic
to orthorhombic. The lattice strain and dislocation density were found to be lower for the cubic phase. All the
samples had high absorption coefficient in the ultraviolet region confirming that the thin films were composed of
nanocrystals. There was an increase in transmittance from 60% to 80% with the increase of complexing agent.
All the samples had high band gap, high refractive index and large surface roughness which make these PbSnS
nanocrystal thin films suitable materials for window layer of solar cells. The cubic and mixed phase structured thin
films behaved as polar dielectrics which can find potential applications in the design of efficient capacitors too.
Keywords. Lead tin sulphide; quantum dots; thin films; triethanolamine; window layer; solar cells; polar
dielectrics.
PACS Nos 84.60.Jt; 81.05.Hd; 81.15.–z; 78.20.Ci

1. Introduction
Intensive research is going on in the field of photovoltaics to replace the conventionally used silicon solar
cells by cost-effective and efficient materials. Binary
chalcogenides of copper and lead were studied in this
direction. Much studies on PbS and SnS have been
made for their photovoltaic properties [1,2]. Techniques
such as successive ionic layer adsorption and reaction (SILAR) [3], pulsed laser deposition [6], feasible
nebulizer spray technique [4] etc. were used for the
synthesis of PbS thin films. Studies on the effect of triethanolamine (TEA) on the structural, morphological
and electrical properties were made by Hone and Dejene
where the amount of TEA used had direct relation with
the material properties [5].
Recently, there have been studies on the doping of
tin in lead sulphide to form ternary lead tin sulphide.
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Combinations of lead tin sulphide with binary lead tellurides are used as efficient thermoelectric materials
[7,8]. Kane Norton et al used metal dithiocarbamate
to produce bulk Pb1−x Snx S crystals and liquid phase
exfoliation was done to get 2D layers of Pb1−x Snx S for
important optoelectronic applications [9]. The electrical
conductivity of vacuum-evaporated PbSnS3 thin films
seems to remain unaffected after doping with chlorides
and iodides of cadmium, lead and copper. Conductivity values of 10 −5 S cm−1 were obtained at room
temperature which gradually increased at higher temperatures [10]. Annealing of thin films of orthorhombic
Pbx Sn1−x S synthesised by hot wall vacuum deposition
method was found to have lower lattice strain owing
to the increase in crystallite size. Sulphur-deficient
films showed p-type conductivity while sulphur-rich
films showed n-type conductivity [11]. Nanocrystals
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of PbSnS3 in the size range of 3–12 nm were synthesised by mechanical alloying where the elemental
precursor powders were mechanically alloyed for 40 h
[12]. Thin films of orthorhombic PbSnS2 prepared by
spray pyrolysis technique were found to be polycrystalline and showed p-type conductivity [13]. Salem et
al synthesised PbSnS3 thin films using chemical bath
deposition technique in which the films were amorphous
which became crystalline orthorhombic upon annealing
[14]. Cubic nanocrystals of Pb2−x Snx S2 were synthesised using hot injection colloidal synthesis method and
the nanocrystals were of cubic NaCl type structure apart
from the orthorhombic form [15].
The pH of the chemical bath is a determining factor
for the formation of a particular crystal. It also determines the phase of the crystal structure formed [16,17].
This pH is contributed by several factors including the
chemical precursors used, the complexing agents, capping agents etc. Complexing agent plays an important
role in determining the phase of the crystal structure and
there are a few works from literature to cite. The effect
of triethanolamine in transforming the morphology of
ZnO nanoparticles from the hexagonal nanorods was
investigated in [18]. Ming Du et al studied the change
in morphology of tin sulphide prepared by chemical bath
deposition. The morphology changed from nanoflakes
to continuous nanoflake films to solid nanospheres at
low, medium and high concentration of triethanolamine
[19]. Studies on photovoltaic properties of lead tin sulphide (PbSnS) are rare in literature [13]. Also a study
on the effect of complexing agent on PbSnS nanocrystals has not been made so far and so this paper intends
to analyse the photovoltaic properties of PbSnS and
also the change of crystal structure using complexing
agent. In the present work, we investigate the effect
of the complexing agent, triethanolamine, in changing
the phase of PbSnS nanocrystal thin films. We also
describe an economic and simple synthesis technique
for the preparation of PbSnS nanocrystals and their thin
films.

2. Experimental
For the preparation of PbSnS nanocrystals, millimolar
solutions of lead acetate (Pb(COOCH3 )), tin chloride
(SnCl2 ) and sodium sulphide (Na2 S) were used as the
precursors. Triethanolamine (TEA) was used as the
complexing agent and cetyl-trimethylammonium bromide (CTAB) was used as the capping agent. The
precursors of lead and tin were mixed with constant stirring and CTAB was added to the mixture followed by
the addition of sulphur source. The mixture was mixed
well and the colour of the solution turned pale brown
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upon stirring. The solution so formed was decanted to
remove the unreacted precursors and larger aggregates
of the material. The solution containing nanocrystals of
PbSnS was centrifuged multiple number of times to get
a gel which was dried and then grinded well. The resultant powder was used for further characterisation. The
sample was named ncPTS.
For the preparation of PTS thin films, 60 ml each
of millimolar solutions of lead acetate (Pb(COOCH3 )),
tin chloride (SnCl2 ), sodium sulphide (Na2 S) and cetyltrimethylammonium bromide (CTAB) were taken separately in beakers alternated by beakers with distilled
water. Well cleaned soda lime glass substrates were used
for coating. The complexing agent, TEA, was added to
each of the cation precursors. Good quality thin films
of PbSnS were formed after 20 SILAR cycles. The
dipping and rinsing time were set as 5 and 2 min respectively. Three sets of samples were prepared in which the
amount of TEA was varied from 1 to 3 ml in steps of
1 ml and the samples were named as PTS1, PTS2 and
PTS3.
Structural analyses of the thin film samples were made
using Bruker AXS D8 Advance X-ray diffractometer
having Cu Kα of wavelength 1.5406 Å. Optical studies
were made by Cary 5000 UV-VIS-NIR spectrophotometer. Morphological and compositional analyses were
done by a Scanning Electron Microscope of JEOL
Model JSM-6390LV. The filament used was tungsten.
The thickness of the thin films and other dielectric
constants were determined using Variable Angle Spectroscopic Ellipsometric technique (VASE) of Woollen,
USA.

3. Results and discussion
3.1 Structural, optical and morphological analyses of
PbSnS nanocrystals
In general, doping of Sn in PbS crystals gives ternary
PbSnS crystals which crystallise in orthorhombic phase.
Cubic nanocrystals of rock salt crystal structure can
be obtained with the modification of the experimental method used. The stoichiometry corresponding to
this structure is PbSnS2 [15]. The XRD pattern of our
nanocrystals synthesised using colloidal technique has
been found to match well with the cubic form of PbSnS
nanocrystals as shown in figure 1. The structural parameters of PbSnS nanocrystals have been tabulated in
table 1. The crystallite size is calculated using Scherrer
formula (eq. (1)) [20], from the three major peaks corresponding to (111), (002) and (022) diffraction planes
and its average value is calculated to be 5.84 nm. The
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ductor, the band gap (E g ) is found by drawing a tangent
from the absorption edge to the x-axis and then converted the value to energy as follows:
hc
(5)
λ
where h is the Planck’s constant, c is the velocity of
light and λ is the wavelength indicated by the tangent.
According to this, two wide band gaps of 3.76 eV and
4.88 eV were obtained, corresponding to 1Se–1Sh and
1Pe–1Ph transitions respectively. Band gaps can also be
found from Tauc plots where tangents indicated from
linear portions of (αhν)2 −hν graphs are used to find
the energy gap. Almost 100% constant transmittance
has been found for these nanocrystals in the ultraviolet, visible and near infrared regions, particularly in the
region 300–800 nm. Urbach energy is a measure of low
crystallinity and disorder in the crystalline material. The
Urbach plot for PbSnS nanocrystals is shown in figure
2c. The exponential part near the first excitonic peak in
the low energy region was considered for the plot. The
slope of the linear region gave Urbach energy of 0.163
eV. The equation for calculating Urbach energy is shown
as follows:


hν
α = α0 exp
,
(6a)
EU
hν
,
(6b)
ln α = ln α0 +
EU
Eg =

Figure 1. XRD pattern of ncPTS.

Scherrer formula for calculating the crystallite size is
given by
D=

Kλ
,
β cos θ

(1)

where K is a constant which is taken as 0.9, λ is the
wavelength of X-ray used, β is the full-width at halfmaximum in radians and θ is half of the diffraction
angle. The calculated value of crystallite size is within
the range of Bohr radius [12,15,21] and so the synthesised particles are nanocrystals. The lattice constant is
calculated to be 5.93 Å from the formula for cubic crystals using the values of hkl and d-spacing (eq. (2)) [22]
which is written as follows:
a
d=√
,
(2)
h2 + k2 + l 2
where d is the interplanar spacing, a is the lattice constant, h, k and l are the Miller indices. The lattice strain
(ε) is calculated using eq. (3):
ε=

β
.
4 tan θ

where α and α0 are absorption coefficients, h is the
Planck’s constant, ν is the frequency of incident radiation and E U is the Urbach energy. α0 is the intercept
and E U−1 is the slope of the graph.
Scanning electron microscopy (SEM) images of
PbSnS nanocrystals in powder form at two different
magnifications of 645× and 1.4k× are shown in figure 3. As the nanocrystals are found to be agglomerated,
the size of the particles cannot be determined from SEM
images and rather particle morphology can be seen.

(3)

3.2 Structural and optical analyses of PbSnS thin films

The dislocation density has been calculated using the
formula [23]

The XRD patterns of PTS1, PTS2 and PTS3 are shown
in figure 4. There has been a mixture of phases and also
a change in phase of PbSnS crystals with the addition
of TEA. In PTS1, the XRD pattern matched well with
cubic PbSnS [15], with one peak due to the diffraction from (212) plane corresponding to orthorhombic
PbSnS2 (shown in asterisk). With further addition of
TEA, in PTS2, two peaks from orthorhombic PbSnS2
nanocrystals (JCPDS 14-618) have been observed corresponding to diffraction from (112) and (212) planes
(shown in asterisk) while the rest of the diffractions are
from cubic PbSnS. With the addition of greater amount

Dislocation density =

1
,
D2

(4)

where D is the crystallite size.
The absorption and transmittance spectra of PbSnS
nanocrystals are shown in figure 2. The absorption spectrum indicates direct band-gap nature of the nanocrystals
[15] with high absorption in the ultraviolet region. Being
a nanocrystal, due to quantum size effect, two excitonic
peaks are found. Since it is a direct band-gap semicon-
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Table 1. Structural parameters of the PTS nanocrystals.
2θ (◦ )
25.95
30.16
43.17

hkl
(111)
(002)
(022)

FWHM

D (nm)

d-spacing (Å)

Lattice constant (a) (Å)

Lattice strain

Dislocation density (nm−2 )

3.141
3.526
2.232

5.19
4.67
7.65

3.431
2.961
2.094

5.942
5.922
5.922

0.029
0.028
0.012

0.037
0.045
0.017

Figure 2. (a) Absorbance and (b) transmittance spectra of ncPTS. (c) Urbach plot for ncPTS.

of TEA, the phase of the PbSnS nanocrystals completely
changed from cubic phase to purely orthorhombic phase
as seen in the XRD pattern of PTS3. All the peaks
matched well with the orthorhombic phase of PbSnS3
nanocrystals [12]. The addition of TEA also affected
the crystallinity of the thin film samples. Minimal use
of TEA retained the crystallinity of the nanocrystals
while use of additional amount of TEA decreased the
crystallinity of the sample to a considerable extent. It is
assumed that, with further addition of TEA, the samples
might become amorphous.
The structural parameters of PTS1, PTS2 and PTS3
thin films are tabulated in table 2. The second set of
diffraction angles are those of the orthorhombic phase.
PTS1 has an average crystallite size of 44.5 nm, except
for the (212) peak which belongs to the orthorhombic
phase and has a higher value of crystallite size. Lattice strain is higher for the cubic phase than for the

orthorhombic phase due to the smaller value of crystallite size for the former. The same is the case with
the values for dislocation density. The crystallite size
of PTS2 is lower than that of the cubic crystals, with
an average value of 31.5 nm, as the increase in alkalinity of the reaction medium with the addition of TEA
decreased the average particle size. However, the size of
the cubic crystals in the mixed phase is lower than that of
the orthorhombic ones. Consequently, the lattice strain is
larger for the cubic crystallites than for the orthorhombic
ones. In PTS3, the crystallite size is smaller (compared
to PTS1) due to the increase in alkalinity of the reaction
medium but the crystallinity of the sample has decreased
much. As the size of the nanocrystals is less, the lattice
strain is considerable in this sample and also dislocation
density. The difference found in the values of crystallite
size for PTS2 and PTS3 is probably due to the change
in crystal structure. Generally speaking, the cubic form
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transitions and these are tabulated in table 3. Band gaps
are lower for the cubic phase and still lower for the
orthorhombic phase while the mixed phase is found to
be of higher band gap. All the three samples are transmitting in the visible and near infrared regions as shown
in figure 6b. The transmittance becomes higher and constant with the further addition of TEA.
The Urbach plots of the three samples were also plotted as shown in figure 8. The Urbach energies of the
samples were determined from their slopes. For PTS1,
the Urbach energy was found to be 0.648 eV while
that of PTS2 was 0.778 eV and PTS3 was 0.343 eV.
Since the Urbach energy is related to the disorder in
the crystalline system, it can be concluded that PTS2
is comparatively more disordered than PTS1 and PTS3.
Higher value of Urbach energy shows how disordered
the crystalline system is. This finding agrees closely well
with the lattice strain and dislocation density found for
PTS2 in the XRD analysis. There is a slight discrepancy
in the case of PTS1 and PTS3. This discrepancy arises
because band tailing found in PTS3 is less than that in
PTS1 leaing to the decrease in Urbach energy value for
PTS3.
Thin film parameters such as film thickness, dispersion of dielectric constant and surface roughness can
be determined with the help of an ellipsometric technique called variable angle spectroscopic ellipsometric
(VASE) technique. The optical parameters are obtained
by measuring the change in polarisation of the incident
wave and also the phase change as it reflects off the
sample surface. The fundamental relation used here is
Figure 3. SEM images of ncPTS at magnifications of (a)
1.4k× and (b) 645×.

of PbSnS is more stable than the orthorhombic form,
although the orthorhombic form is commonly found.
A graph illustrating this general behaviour is plotted in
figure 5.
The absorption spectra of PTS1, PTS2 and PTS3 are
shown in figure 6a. PTS1 and PTS2 have absorptions in
the ultraviolet and visible regions but the absorption of
PTS3 is restricted in the ultraviolet region alone. Only
the absorbing regions have changed with the addition of
TEA while the absorbance remained almost the same in
the three samples. The band gaps of the three samples
are found from their absorbance plots which are shown
in figure 7. All three samples have sharp absorptions
indicating the presence of direct band gap for these materials. So the band gaps have been determined by drawing
tangents to the x-axis and then finding their corresponding energies. Due to the formation of nanocrystals, there
are multiple band gaps due to 1Se–1Sh and 1Pe–1Ph

ρ=

Rp
= tan ei ,
Rs

(7)

where R p and Rs are the intensities of the p and
s components of the incident wave, p and s are the
polarisation states of the incident wave, where p is the
component parallel to the plane of incidence and s is
the component perpendicular to the plane of incidence.
The amplitude change upon reflection is tan and is
the phase shift. The thin film samples were analysed for
optical parameters using VASE technique. The dependence of psi ( ) and delta ( ) with wavelength is plotted
in figure 9. The optical parameters obtained are tabulated in table 4. PTS1 with cubic phase is found to have
larger film thickness while PTS2, with mixed phases of
cubic and orthorhombic has lesser film thickness and
then the film thickness increases for PTS3 which has
purely orthorhombic phase. The band gap is related to
the thin film thickness of the material as thinner films
have smaller grains and thicker films have larger grains.
So, PTS2 has higher band gap than PTS1 and PTS3.
The thickness of the films can also be simultaneously
related to the lattice strain experienced by the crystals.
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Figure 4. XRD spectra of (a) PTS1, (b) PTS2 and (c) PTS3.

The samples with larger film thickness such as PTS1 and
PTS3 were found to have lower strain values than that
for PTS2 which has lower film thickness. Surface roughness is found to be the least in the case of PTS3 while
the other two samples have quite large surface roughness, probably due to the lack of secondary phases in
PTS3.
At high frequencies, refractive index and permittivity
are related as follows:
n=
n=

c
,
v


με
,
μ0 ε0

(8a)
(8b)

where n is the refractive index, μ and μ0 are the permeabilities of the material and vacuum respectively, ε
and ε0 are the permittivities of the medium and the free
space respectively. Without considering the magnetic
field effects, the equation for the refractive index can be

rewritten as


ε
,
ε0
√
n = κ,

n=

(9a)
(9b)

where κ is the dielectric constant which is the ratio of
permittivities in the medium and in vacuum. Refractive index is higher for the mixed phase system of PTS2
while PTS3 has altogether different refractive index due
to the difference in the atomic arrangements. Surface
roughness has an important role to play in the absorption, scattering and reabsorption of incident light. PTS1
and PTS2 have higher surface roughness enabling reabsorption of incident light upon scattering from the
uneven surfaces, thereby decreasing the amount of light
lost due to surface reflection.
The plots of dielectric constant with wavelength for
all the three samples are shown in figure 10. The wavelength dependence of both real (e1) and imaginary (e2)
components are plotted separately. All the samples show
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a = 8.988, b = 3.814, c = 12.818

5.860

5.865

3.386
2.640
3.383
3.081
3.386
44.526
55.290
31.500
50.849
37.778
0.183
0.150
0.259
0.161
0.216
(111)
(212)
(111)
(112)
(111)
PTS3

PTS2

PTS1

26.3
33.93
26.32
28.96
26.3

FWHM

D (nm)
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Figure 5. Graph comparing lattice strain and dislocation
density of the three samples.

hkl
2θ (◦ )
Sample

Table 2. Structural parameters of PTS1, PTS2 and PTS3.

d-spacing (Å)

Lattice constant (Å)

Lattice strain

Pramana – J. Phys.

Figure 6. (a) Absorption spectra and (b) transmittance spectra of PTS quantum dot thin films.

dielectric dispersion. The variation for each of the sample is different due to their structural changes. The real
part of the dielectric constant is directly related to the
polarisability of the sample while the imaginary part is
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Table 3. Band gaps of PTS samples.
Sample

Band gaps (eV)
1Se–1Sh transition

1Pe–1Ph transition

1.915
2.176
1.55

3.355
3.541
3.869

PTS1
PTS2
PTS3

coincide. Here the polar molecule which creates such
an environment is the –OH group from TEA. The
–OH group creates polarity within the film and with the
application of electric field, the dipoles reorient themselves and give higher permittivity. PTS1, which has
just 1 ml of TEA, behaves as a polar dielectric but at
very high frequencies, due to higher dielectric loss (heating effect), the dipoles disorient themselves leading to a
drop in permittivity values. PTS2, when there is higher
concentration of TEA, behaves like a polar dielectric
and drops off only at a very low wavelength of 400 nm.
The case of PTS3 is quite different from the previous
two cases because of the drastic change in crystal structure from cubic to orthorhombic. The lower value of
permittivity is indicated by the lower value of refractive indices for PTS3. The dispersion of PTS3 has to be
considered entirely different from the other two samples because PTS3 is purely orthorhombic in nature.
Apart from the effect of –OH group from TEA, the
lower refractive index of PTS3 is primarily due to lower
thin film density. Considering mass and area of the thin
films to be constant, the thickness of PTS3 thin film is
greater (not considering PTS1 due to cubic structure),
owing to orthorhombic structure formation, and so the
density is lower for PTS3. Materials with lower density
tend to have lower refractive indices. Similar relation
between thickness of the film and the refractive index
are found to be true for PTS1 and PTS2 also. However,
the dielectric loss for PTS3 approaches zero at these
frequencies.
4. Conclusion

Figure 7. Band gaps of (a) PTS1, (b) PTS2 and (c) PTS3.

related to the dielectric loss or the amount of energy lost
as heat. The samples show increase in polarisation with
the increase in frequency of incident radiation which is a
clear case of polar dielectrics. A semiconductor behaves
as a polar dielectric when it consists of polar molecules
whose centres of positive and negative charges do not

Through this work, we have achieved the synthesis of
nanocrystals and nanocrystal thin films of lead tin sulphide (PbSnS) by economic preparation techniques. An
investigation on the effect of varying amount of complexing agent on the structural, optical and dielectric
properties of PbSnS thin films has also been made.
The nanocrystals of PbSnS were found to be cubic in
nature while the nanocrystal thin films showed cubic,
orthorhombic and mixed phases with the addition of
complexing agent. With high band gap, high refractive
index, high and constant transmittance (>80%) and high
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Figure 9. (a) Psi and (b) delta curves of PTS thin films at an
incident angle of 70◦ .

Table 4. Optical parameters of PTS1, PTS2 and PTS3.
Sample

PTS1
PTS2
PTS3

Figure 8. Urbach plots of (a) PTS1, (b) PTS2 and (c) PTS3.

Thin film
thickness
(nm)

Surface
roughness
(nm)

Refractive
index

67.32
12.45
57.42

45.84
50.00
10.74

2.056
2.439
1.489

surface roughness (45–50 nm), these nanocrystals can
be potentially used as good transmitters of incident radiation for the efficient absorption of light in solar cells.
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Figure 10. (a) e1 and (b) e2 of PTS thin films at an incident
angle of 70◦ .
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