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Abstract The inner transition metal (ITM) neodymium
(Nd)-doped tin sulfide (Nd:SnS) thin films with various Nd
concentrations were coated by nebulizer spray pyrolysis
(NSP) technique at 350 °C. All the coated films were
analyzed for their structural, optical and photoelectrical
properties. X-ray diffractometer (XRD) study showed
(111) direction as the highly preferred orientation with
orthorhombic crystal structure for all the films. The
intensity of the peaks was found to increase until 5 at% Nd
doping and then reduced for higher (7 at% Nd) doping
concentration. Atomic force microscopic (AFM) images of
the films proclaimed an increase in the surface and line
roughness of the films by increasing Nd concentrations.
Optical analysis on the films showed a variation in energy
gap from 2.05 to 1.69 eV when the doping concentration
increased from 0 at% to 7 at%. At 5 at% Nd doping, the
photoluminescence (PL) spectra displayed a single strong
emission peak at 723.1 nm with enhanced intensity corre-
sponding to near-band-edge emission. All the SnS thin
films exhibited p-type behavior with the lowest resistivity
of ~ 4311 Q-cm and high carrier concentrations
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of ~ 1.441 x 10" cm™ for 5 at% Nd doping level as
observed from Hall effect studies. Furthermore, fluorine-
doped tin oxide (FTO)/n-CdS/p-Nd:SnS hetero-junction
solar cells were prepared and the current—voltage curve in
dark and light condition was obtained for the device. An
efficiency of 0.135% was observed for the solar cell fab-
ricated with 5 at% Nd-doped SnS thin film.

Keywords Rare earth doping; Neodymium; SnS thin
films; Nebulizer spray; Optical studies; Solar cells

1 Introduction

Tin sulfide (SnS), a semiconductor compound, classified as
IV-VI group, has good electro-optical stuff for solar cells
[1]. It has orthorhombic crystal structure, p-type electrical
conductivity [2] and high absorption coefficient greater
than 1 x 10* cm ~' [3]. These properties make it an
excellent light-absorbing material to manufacture hetero-
junction solar cells. The elemental constituents of SnS are
also non-toxic, cheap and adequate in nature, and these are
the added advantages of this material. Deposition of SnS
films could be done by many methods, such as vacuum
evaporation [1], chemical bath deposition (CBD) [4], dip
deposition [5], rf-sputtering [6] and spray pyrolysis [7].
Among all the methods, the nebulizer spray pyrolysis
(NSP) method is a feasible technique which can give films
of uniform deposits without pinholes in required thickness
with large area at low cost [8]. For a potential photovoltaic
cell, the absorber layer should have an optimal energy gap
(E,) and high absorption (o) coefficient [9]. As tin sulfide
has these properties, it can suitably be used in solar cells.

The electrical conductivity of p-type SnS materials can
be controlled by doping the elements such as Al, CI, Sb, N
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and Ag [10, 11], whereas the physical properties of SnS
materials can be enhanced by adding Se [12], Bi [13], Fe
[14], Ag [15], In [16] and Cu [17] as dopants. From our
literature survey, we did not find any reports on Nd-doped
SnS thin films. Hence, in this work, we prepared Nd:SnS
films through NSP method and characterized to see the
persuasion of Nd dopant on key optoelectronic properties
chattels. The systematic investigation of dopant concen-
tration variation on the various physical characteristics of
SnS films was reported.

2 Experimental
2.1 Materials and methods

Analytical reagent (AR)-grade tin (IV) chloride
(SnCl,-2H,0), thiourea (CS(NH,),) and neodymium (III)
acetate (Nd(O,C3H3)3-xH,O) were used as starting mate-
rials for tin, sulfur and neodymium precursors, respec-
tively, to prepare Nd-doped and undoped SnS thin films on
glass substrate. Blue star soda lime glass substrates were
systematically cleaned and used to deposit the films. A 3:1
molar ratio proportion of tin and thiourea was liquefied in
10 ml of distilled water, in which few drops of HCI were
also added for total solubility of the salts. In the nebulizer,
spray-condensed air was preferred as a gas hauler for the
formation of fumes. Keeping the substrate temperature at
(350 % 5) °C accuracy, the prepared solution was sprayed
onto the substrate. For the preparation of Nd-doped films,
different concentrations of neodymium (III) acetate (1 at%,
3 at%, 5 at% and 7 at%) were used. The substrate-to-spray
nozzle distance was set at 50 mm. After spraying the
solution, the substrate was left to cool down to room
condition, and then, the prepared SnS films were removed
from the heater and taken to various characterization
studies. CdS film was also prepared in the same manner
using the precursors cadmium chloride and thiourea at
310 °C.

2.2 Characterization techniques

The thickness of the prepared SnS thin films was measured
using a stylus profilometer. X-ray diffractometer (XRD,
JEOL JDX—803) was used to examine the structural
properties of pristine and Nd-added SnS films. For this
XRD characterization, the prepared samples were scanned
in the steps of 0.02 (°)-min~" in the 20 range of 10°-80°
continuously. Princeton Acton SP 2500 Raman instrument
was used at room temperature for the structural identifi-
cation of the films. The surface topography and roughness
of the films were visualized by atomic force microscopy
(AFM, Nanosurf Easyscan 2 static mode). Optical
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properties were measured by an ultraviolet—visible (UV—
Vis) spectrometer in the wavelength range of 350-900 nm.
Photoluminescence (PL) spectrum of the samples was
obtained using a spectrofluorometer at room temperature
using 350-nm wavelength of excitation. Four-probe Hall
effect instrument was used to study the electrical proper-
ties. Keithley source meter with 100 mW-cm ™2 illumina-
tion was employed to record the variation of current
density and voltage (J-V) of the prepared soar cells using
p-type Nd-doped SnS films. For optical illumination, the
solar cell light was focused onto the fluorine-doped tin
oxide (FTO) glass side.

3 Results and discussion
3.1 XRD analysis

Figure 1 illustrates XRD patterns of inner transition metal
neodymium (Nd)-doped tin sulfide (Nd:SnS) thin films
coated with different Nd concentrations (0 at% to 7 at%)
on glass substrate at 350 °C. It confirms the polycrystalline
nature of the coated films according to the JCPDS card No.
075-2115 of SnS. Irrespective of the difference in Nd
doping concentration, all the films displayed a major peak
along (111) plane, indicating the most favored orientation
and phase purity of SnS. A similar single phase of crys-
talline SnS films was reported using a chemical spray
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Fig. 1 XRD patterns of undoped and Nd-doped SnS films with
different Nd doping contents
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method [18] and CBD method [19]. As the doping con-
centration increases from 0 at% to 5 at%, the intensity of the
orientated peak also increases, which might be due to the
reduction in stress in deposited films doped with higher ionic
radius element Nd** (0.0995 nm) than that of Sn>"
(0.0930 nm) [16]. No detection of impurities or other neo-
dymium (Nd)-related peaks is seen in XRD measurement.

Since the ionic radius of Sn** (0.0930 nm) is lower than
that of Nd** (0.0995 nm), the substitutional incorporation
of Nd** in SnS induces notable changes in crystalline size
and lattice constant [20]. The lattice distance (d},;;) between
the adjacent planes increases when a higher-radius ionic
element is substituted with a lower-radius ionic element.
The valence state difference and its adverse effects of Sn>"
and Nd** were also previously reported in Al-doped SnS
[20] and Cu-doped SnS [21]. Hence, the extra Nd atoms
incorporated at interstitial sites for higher Nd doping con-
centration (5 at%) lead to the lattice expansion.

The size of crystallites (D), dislocation density (0),
microstrain (g), number of crystallites (n.) and a texture
coefficient (TCy;)) calculated using Scherrer’s relations
[17, 22] are summarized in Table 1.

- ﬁ(lc?: 0 (1)
b= )
_ p c;)s 0 3)
ne=s )
TC ) = Jw/Town (5)

B %Z I(hkl)/lo(hld)

where k is shape factor (k=0.9), A is wavelength
(2 =0.15406 nm), f is full width at half maximum
(FWHM), 0 is Bragg’s angle, t is thickness, I(;;;) is stan-
dard intensity, Io(;x) is measured intensity and n is
reflection number. The crystallite size (D) is found to
increase from 17 to 41 nm when Nd doping concentration

increases from O at% to 5 at%, as shown in Table 1.
Crystallinity of the films is enhanced by increasing Nd
doping concentration from 0 at% to 5 at% because of the
regular arrangements of atoms in the crystal lattice. With
further increase in doping concentration to 7 at%, the
crystalline size decreases to 10 nm because of the increase
in dislocation density, strain and number of crystallites.
This result attributes to the adverse effect of higher doping
concentration on new nucleation, leading to poor crys-
tallinity of the film for 7 at% Nd doping [17, 23]. The
crystallite size variation may also be due to lattice dilata-
tion of SnS. This similar effect was also published by
Damian et al. [24]. The 6, ¢, n. and TC values of films
calculated using the above relations decrease progressively
as the concentration of Nd doping increases, as shown in
Table 1. The increase in Nd doping concentration from
0 at% to 5 at% results in the enhancement in the crys-
tallinity of films because of the improvement in regular
arrangements of atoms in the crystal lattice. For further
increase in doping concentration from 5 at% to 7 at%, the
0, ¢ and n. values are enhanced. These outcomes feature
the adverse effect of increase in doping concentration
(> 5 at%) on the crystalline quality deterioration of the
films [25].

3.2 Raman analysis

The chemical and structural information of the prepared
Nd-doped SnS materials was examined using Raman
instrument in the wavenumber range of 0-500 cm™'. The
Raman spectra obtained on the surface of the film as well
as from the spots are given in Fig. 2. The SnS materials
with orthorhombic crystal structure basically have 24
vibrational modes. The vibrational modes at the center of
Brillouin zone could be specified as:

I =4A, + 2By, + 4By, + 2B3, + 2A, + 4By, + 2B,
+ 4B3u

(6)

Among the 21 phonon modes, two (2A,) are inactive
modes, 12 (4A,, 2B;,, 4B, and 2B3,) are Raman-active

Table 1 Microstructural parameters of undoped and Nd-doped SnS thin films

Nd doping 20/(°) FWHM/ Crystallite Dislocation density/ ~ Microstrain/ Number of Texture Thickness/
content/at% ©) size/nm (1015 lines~m72) (1073 crystallites/(lOI7 coefficient nm

lines?>m™*) lines-m~2)

0 31.5714 0.4920 17 3.6350 2.059 1.53 1.091 750

1 31.5712 03436 24 1.7730 1.438 0.57 1.117 785

3 31.5864 0.2562 32 0.9860 1.072 0.53 1.138 830

5 31.5851 0.1998 41 0.5995 0.837 0.13 1.279 870

7 31.6040 0.8400 10 10.5960 3.516 7.23 1.032 723
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Fig. 2 Raman spectra of undoped and Nd-doped SnS with different
Nd doping contents

modes, and seven (3B,,, 1B,, and 3B3,) are infrared-active
modes [26]. The observed Raman emissions at 46, 69, 96,
116, 174 and 218 cm ™" are associated with the SnS optical
phonon modes which agree with the earlier report by
Srinivasa et al. [27]. The availability of various modes is
due to the collision and scattering of light and even by the
electrical polarization induced due to the scattered and
incident photons [28]. Raman emission at 96 cm™' is

related to transverse optical mode A, (TO), whereas the

y/pm

y/um

y/ um

0 6.02
x/ um

longitudinal optical mode A, (LO) is found at 218 em ™.

Also, the emissions at 46, 174 and 69 cm ™! are allocated to
B3, and By, or Bj, modes [29]. This Raman result confirms
the formation of SnS thin films without any impurities such
as SnS, and Sn,S; whose intense peaks are roughly at 308
and 312 cm™ ', respectively [30].

3.3 Micrograph and compositional analysis

Morphology of the films was characterized by AFM in
6 um x 6 pm area for two-dimensional (2D) and three-
dimensional (3D) images; the surface topography of the
films is shown in Fig. 3a—e. It illustrates the 2D and 3D
AFM micrographs of SnS films of various Nd (0 at%,
1 at%, 3 at%, 5 at% and 7 at%) doping concentrations.
The figures of pure SnS films illustrate the clear and
smaller triangular-shaped grains with a larger number of
grain boundaries displaying sand-like structure. The sub-
strate’s surface has a complete coverage with island-type
arrangements. The increase in Nd doping concentration
from 0 at% to 5 at% increases the surface roughness and
grain size, showing uniform coverage on films surface. It is
observed that the 0 at% doped film surface roughness value
is about 7 nm and the grain size is 23 nm. But, the incor-
poration of Nd ions into the SnS films attributes an increase
in grain size, as shown in Table 2. This similar effect of

6.030

Fig. 3 2D and 3D AFM images of undoped and Nd-doped SnS thin films: a 0 at%, b 1 at%, ¢ 3 at%, d 5 at% and e 7 at%
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Table 2 Surface area, grain size and energy gap values of undoped and Nd-doped SnS thin films

Nd doping content/at% Surface roughness/nm

Grain size/nm Energy gap/eV

0 7 23 2.01
1 11 37 1.89
3 21 43 1.82
5 32 59 1.69
7 5 18 2.05
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Fig. 4 EDX spectra of undoped and Nd-doped SnS thin films: a 0 at%, b 1 at%, ¢ 3 at%, d 5 at% and e 7 at%

roughness increase for bismuth-doped SnS film was also
observed previously [31]. The same increasing trend of
roughness with Sb-doped SnS [32] thin films has been
already reported. It is evident that the size of the grain
increases with the rise in Nd doping concentrations. With
the further increase in doping concentration to 7 at%, the
particle size of films decreases, as seen in Table 1. More-
over, the doped films are found to be denser with large
number of uniform triangular granular grains. The increase
in roughness of 5 at% Nd-doped sample indicates the
merge of smaller grains, forming bigger grains, increasing
the crystallinity of the film as projected by XRD analysis
[27]. When Nd doping concentration is less, the nucleation
of atoms gets reduced and the surface mobility becomes
low for the deposited atoms. A sufficient doping material
(5 at% Nd) needs to be provided for the atoms to coalesce
and form larger grains on the substrates. Therefore, it is
apparent that the Nd doping concentration has a reasonable
effect on the surface smoothness and the size of grain of
SnS films.

Rare Met. (2022) 41(5):1661-1670

The chemical composition of SnS thin films prepared
using NSP deposition was determined by EDX spectra.
Figure 4a—e illustrates EDX spectra of the films deposited
at 0 at% to 7 at% Nd doping concentration. The EDX
spectra show Sn and S peaks along with Nd peaks, con-
firming the presence of tin (Sn), sulfur (S) and (Nd) neo-
dymium in the samples, and the contents of these elements
are given in Table 3. The atomic ratio of S/Sn is nearly
stoichiometric in 0 at%-7 at% Nd-doped SnS films. It has
been observed that upon increasing the Nd concentration,
the content of Sn in the films decreases slightly, whereas
the content of S is almost constant. It would be presumed
that Nd doping in the films is substitutional. Additional
peaks in EDX except Sn, S and Nd peaks are for O, Si from
substrate and solvent of the precursor solution.

3.4 Optical properties
The wavelength (1) versus transmittance (7) and absorption

coefficient (a) plots of SnS thin films prepared with various
Nd doping concentrations are seen in Figs. 5, 6. It is

@ Springer
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Table 3 Elemental analysis of undoped and Nd-doped SnS thin films

Nd doping content/at% Content/at% Nd/Sn atomic ratio
Sn S Nd

0 5098 49.02 0 -

1 4978 49.58 0.64 1.28

3 48.48 49.77 1775 3.6l

5 4732 49.62 3.06 6.47

7 46.21 48.64 5.15 11.14

Transmittance / %

350 400 450 500 550 600 650 700 750 800 850 900
Wavelength / nm

Fig. 5 Transmittance spectra of Nd:SnS films with different Nd
doping contents
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Fig. 6 Absorption coefficient spectra of Nd:SnS films with different
Nd doping contents

observed from the plots that the optical transmittance of
SnS films increases with the increase in incident wave-
length but decreases with the increase in Nd doping con-
centration up to 5 at% beyond which it starts to increase. In
the visible spectral region, reflection decreases during
transmission which signifies that light is reduced due to
scattering [33]. Therefore, the absorption edge of the Nd-

@ Springer
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Fig. 7 (ohv)? vs hv of Nd:SnS films with different Nd doping
contents

doped SnS thin films is shifted toward the higher wave-
length (red shift). The lesser transmittance value of 5 at%
Nd-doped SnS films signifies the absorption of light.
The absorption coefficient (x) was obtained using the
equation as follows:
. In(1/T) )
t
where ¢ is film thickness and T is temperature.
Absorption spectra obtained for the wavelength range of
350-900 nm is shown in Fig. 6, it demonstrates a
notable rise in the absorption of the films fabricated with
the Nd doping concentration increasing from 0 at% to
5 at%. For the further increase in Nd doping concentration
(7 at%), the absorption of the film decreases. The optical
bandgap (E,) of the semiconductor thin films was evaluated
[34] using Eq. (8).

(ahv)? = A(hv — Ey) (8)

where ahv is absorption coefficient in terms of energy, hv is
photon energy and A is proportionality constant. The plot
drawn between (ahv)? and hv was used to find the energy
bandgap value of the materials. The bandgap calculated
from Fig. 7 shows a decrease from 2.05 to 1.69 eV with Nd
doping content from 0 at% to 7 at%, as shown in Table 2.
This decrease in bandgap indicates the improvement in
crystallinity with the increase in Nd concentration, denot-
ing a variation in localized density states in the energy gap.
Also, the reduction in E, may be from the band shrinkage
effect occurred due to the enhancement in the level of
charge carriers [34].

3.5 PL studies

Figure 8 shows the photoluminescence spectra of the films
measured in the range of 400-900 nm using an excitation

Rare Met. (2022) 41(5):1661-1670
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Fig. 8 PL spectra of undoped and Nd-doped SnS thin films with
different Nd doping contents

of Jexe = 350 nm. The intensity of prominent emission
peak observed at 723.1 nm increases with the increase in
Nd doping concentration up to 5 at% and then decreases
for further doping level. The peak position is shifted along
higher A side related to pure SnS film, and intensity vari-
ations are attributed to the density of free excitons and
concentration quenching mechanism. The E, value
obtained from UV-Vis spectra is low in comparison with
the emission peak at 723.1 nm [35]. There are two addi-
tional minor peaks found for Nd-doped SnS films. The first
major intense peak attributes to blue emission between
465.2 and 474.7 nm, and the second major peak is obtained
for the yellow emission of 574.8 and 583.6 nm. The peak at
474.7 nm signifies S~ and Sn™ vacancies with high den-
sity, as well as the impact of various imperfections such as
interstitial, stacking faults [26]. The peak at 583.6 nm for
yellow emission is associated with the crystal defects or
impurities [36]. It has an agreement with the former reports
of 760 nm for bulk SnS [37] and 725 nm for SnS films
[38]. The Nd doping enlarges the band edge emission peak
intensity which is strongly coherent with the XRD pattern
for the increase in Nd doping concentration.

3.6 Electrical properties

Electric performance determines the suitability of films to
use in solar cell applications, and those were studied
through Hall effect. Variation in resistivity, mobility and
concentrations of carriers with the change in Nd doping
content is shown in Fig. 9. The electrical parameters
recorded using the Hall effect measurements are tabulated
in Table 4. All the films show p-type conductivity. Extre-
mely improved electrical properties are observed for Nd-
doped SnS thin films compared with undoped SnS thin
film. The low resistivity, high Hall mobility and high car-
rier concentration are observed at 5 at% Nd-doped SnS

Rare Met. (2022) 41(5):1661-1670
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Fig. 9 Variation of resistivity, carrier concentration and mobility of
undoped and Nd-doped SnS thin films

Table 4 Variation of resistivity, carrier concentration and mobility
of Nd-doped SnS thin films

Nd doping  Resistivity/  Carrier Hall

content/at%  (Q-cm) concentration/ mobility(cm2~V7 Ls™h
cm

0 4818 x 10> 3.052 x 105 4.245

1 2,612 x 10> 4.021 x 10" 5943

3 7.981 x 10" 1.103 x 10'®  7.090

5 4311 x 10° 1.441 x 107 10.048

film. The resistivity of prepared films decreases due to the
replacement of divalent element by trivalent element in the
host lattice site, and it leads to the increase in carrier
concentration and Hall mobility. For a doping concentra-
tion of more than 5 at%, the resistivity again increases,
while carrier concentration and Hall mobilities decrease.
The same trend in the variation of carrier concentration and
hole mobility is reported on bismuth doping [31] and Ag
doping [34] in SnS films deposited using spray pyrolysis
technique. There are two reasons for the increase in
resistivity, i.e., lattice disorder and Nd which acts as sur-
face acceptors on SnS surface and increases the Schottky
barrier [34, 39]. From the analysis of the present work, the
authors confirm that the optimum dopant concentration to
get good electrical properties is 5 at%.

3.7 Photovoltaic (PV) studies

SnS-based PV cell was constructed using 5 at% Nd-doped
SnS film with CdS layer on FTO substrate. The /-V nature
of the inverted FTO/n-CdS/p-Nd:SnS/Al device illumi-
nated with a light source of 100 mW-cm™2 is revealed in
Fig. 10. Dark -V (inset of Fig. 10) and illuminated
I-V solar cell curves are shown in Fig. 10. In the dark, it
gives a minimum value of current which is attributed to the
minority carriers. After illuminating, the current is raised
due to the charge carriers produced by incident photons.
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films and inset being dark /-V characteristics of FTO/CdS/Nd-SnS
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0
- Ve
ook Vaw=170mv /
—0.4r
T 06 1,,=0.792mA
5 —0s8f
=
é -1.0r
T -12F J.=1.727mA
514t = 322mV
3 16k FF=242%
=0.1359
18l 7=0.135%
2.0

0 0.05 010 0.15 020 025 0.30 035 040
Voltage / V

Fig. 11 Illuminated -V characteristics of FTO/n-CdS/p-Nd:SnS
heterostructure with 5 at% Nd under illumination

The forward current increases with applied voltage, while
the reverse current shows very little increment. It confirms
the formation of the p—n photoactive hetero-junction at the
interface of CdS and Nd-SnS and is consistent with the
p-type and n-type conductivities of Nd-SnS and CdS,
respectively.

Under the illumination, the photocurrent is perceived
and its characteristic curve is seen in Fig. 11 with regard to
open-current voltage (V,.) and short-circuit current (). A
power conversation efficiency () of 0.135%, a V,. of
322 mV and short-circuit current density (Jy.) of
1.727 mA-cm™? are obtained for the doping of 5 at% Nd.
The efficiency (1) was calculated using the following
Egs. (9) and (10):

@ Springer

FF — Vmax Imax (9)

Voe Jse

o FF Jsc Voc
P in

(10)

Where FF is fill factor, J,. is short circuit current density,
V,e 18 open circuit voltage, P;, is inputpower, V. is
maximum voltage and /,,,, is maximum current density.
Though the device shows asymmetric level of currents both
in forward and reverse, it shows a linear variation of cur-
rent both in forward and reverse. This may be due to the
formation of poor interface and thus p—n junction. Thus,
the photovoltaic effect of the CdS/SnS cells through NSP is
weaker than that of CdS/SnS cells by spray pyrolysis
technique [38]. The major criteria for the low efficiency of
the device are due to the various types of loss mechanisms
involved during the processing of the film. The prepared
SnS film mostly contains small grains which produced
more grain boundaries, so there are more recombination
sites for the minority carrier [40].

4 Conclusion

Influences of Nd doping concentration on structural, mor-
phological, optoelectronic and photovoltaic characters of
SnS films coated by NSP method were analyzed. XRD
studies imparted the growth of polycrystalline films with
(111) orientation and orthorhombic structure of films. Size
of crystallites was improved from 17 to 41 nm depending
upon the Nd concentration. Nd-doped SnS was clearly
confirmed by Raman analysis. The surface roughness of the
films increased from 7 to 32 nm with the increase in Nd
concentration. The films showed transmittance value of
more than 62% in the visible region, the energy gap (E,)
decreased from 2.05 to 1.69 eV by increasing the doping
content. The PL. measurements indicated a considerable red
shift, since there was a modulation in the bandgap on Nd
doping. The incorporation of Nd into SnS was confirmed
from the electrical and optical studies also. The variation in
electrical resistivity and reduction in the optical bandgap
happened due to the successful incorporation of Nd*™ into
SnS lattice site. At 5 at% Nd doping, the obtained low
resistivity value was about 4.311 Q-cm, whereas a high
carrier concentration was noticed. So, neodymium doping
can alter the properties of the SnS thin films and can be
used in optoelectronic applications.
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