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Abstract

The current research explores the outcome of europium doping on the structure, morphology, electrical conductivity and
optoelectronic characteristics of SnS, thin films deposited on glass substrates by nebulizer spray technique. X-ray diffraction
analysis substantiates the presence of hexagonal structure in both pure and Eu-doped SnS, thin films with the highly preferred
orientation diffracted from the plane (002). It shows the intensity of the predominant peak is highest for 2% Eu-doped SnS,
thin film. From the XRD data, the crystallite size was found to be highest for 2% SnS,:Eu, and same sample showed a less
dislocation density of 0.97 x 10'° lines/m? and microstrain of 0.081 x 10~/lines® m*. The crystallite size first increases with
increasing doping concentration of Eu (0-2%), then decreases for higher concentrations. The SEM and AFM micro images
reveal the agglomeration of grains at higher Eu concentration. The compositional analysis through EDAX studies supports
the presence of Eu, Sn and S. The SnS, optical band gap value is found to vary from 2.70 to 2.91 eV as the Eu doping is
increased from 2 to 6%. All the SnS, thin film samples manifest a n-type conductivity as authenticated from Hall studies
and a low resistivity of 4.34x 10~! cm with an elevated carrier concentration of 5.43x 10'” cm™, respectively, was observed
for SnS,:Eu (2 wt%). The same sample established a higher responsivity (41.64 x 10~ AW~!), competent external quantum
efficiency (97.24%), and a better detectivity (40.88 x 10% Jones). Hence, the 2% Eu-doped SnS, film is recognized to be best
suited for the fabrication of high-speed optoelectronic devices. This paper also discusses a putative mechanism for photo-
detector performance under air and UV radiation.
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1 Introduction

Metal-based semi-conducting chalcogenide thin films have
showed considerable promise in the production of opto-
electronic devices, solar cells, thermoelectric, and sensor
applications in recent years [1—-4]. The physical, chemical,
and optoelectronic features of sandwiched metal-based chal-
cogenide-related materials have been best revealed lately,
including excellent transparency, carrier mobility, superior
pliability, and high specific surface area. Layered semi-
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conducting transition-metal dichalcogenides such as WS,,
MoS,, SnS,, and WSe, materials have been reported to have
exceptional optical and electrical properties, making them
ideal for photo sensing applications [5—8].

SnS, is a significant optical semiconductor that can be
tuned to exhibit either n-type orp-type conductivity based
on the dominance of either tin or sulfur molar concentrations
[9]. Depending on the bonding properties of tin with sulfur,
the sulfide exists in a number of phases, such as SnS, SnS,,
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Sn;S,, and Sn,S; [10], where the oxidation number of tin can
be 11+ and/or IV+, while those of sulfur is II—. Tin disulfide
(SnS,) is one of those semiconductors that had received a
considerable attention because of its favorable structural and
optical features [11]. Tin disulfide (SnS,) is a semiconduc-
tor having a band gap in the range of 2-3 eV and having
a CdI,-type structure, composed from SnS interconnected
octahedra layers [12, 13]. The photo conductance is caused
by its broad band gap [14, 15], which allows it to be used in
optoelectronic and solar cell devices [16]. Dielectric mate-
rials having an insignificant loss, high dielectric constant
and thermal stability are required for microelectronic pack-
aging applications [17-19]. Due to oxygen vacancies, tin
disulfide oxide thin films have a very high electron density
of 10'* cm™ [20]. Due to its photoactive nature, it can also
serve as the premier host material for rare earth elements
which are optically active. Eu** ions have excellent lumi-
nescence capability in the red spectral region and hence they
are the highly preferred dopant among rare earth ions for
usage in light emitting devices. Thermo luminescence, photo
luminescence, and cathode luminescence characteristics of
Eu-doped SnO, are all outstanding [21-25].

Chemical vapour deposition (CVD) [26], electron beam
induced deposition, spray pyrolysis [27], vacuum evapora-
tion [28], reactive evaporation [29], dip coating [30], and
chemical bath deposition [31] are more commonly used to
manufacture SnS, thin films. Most of the approaches needed
to produce an efficient film necessitate either a very high
temperature environment or specialized reactors. Every tech-
nique used to form a thin film has its own set of benefits and
drawbacks. However, researchers are interested in the Spray
approach, due to its cost-effectiveness, viability for massive
area deposition, and capability of producing homogeneous
and well-adhered thin coatings on the substrate. The nebu-
lizer spray pyrolysis (NSP) technique is a very simple, inex-
pensive and practical alternative to existing thin film synthe-
sis technologies. To our knowledge, no convincing data on
the structural, morphological, and opto-electronic character-
istics of Eu rare earth ion-doped SnS, thin films deposited
by the NSP approach are known. A systematic examination
of the effect of Eu doping in the SnS, thin films using the
NSP process has been undertaken in this work. The size of
sprayed droplets can be varied to give a smooth-surfaced
thin film after optimizing other coating parameters in spray
pyrolysis process. The nebulizer spray pyrolysis approach
produces a flat surface coating suitable for optoelectronic
devices. In the nebulizer spray pyrolysis technology, car-
rier gas pressure is the most important control parameter for
producing a high-quality film. Spray factors such as substrate
temperature, solution flow rate, solution concentration, film
growth rate, droplet residing time, bulk and surface diffusion
processes can all be optimized to enhance the quality and
properties of the fabricated thin films.
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In the present study, SnS, thin films were produced under
varied doping concentrations of Eu (0-6 wt%) to improve
its optoelectronic capabilities. NSP experimental procedures
were used to probe the impact of doping concentration on
the inherent properties of SnS, thin films. Finally, a SnS,
thin film-based photodetector device was fabricated with Ag
paste as contact electrode (SnS,/Ag) which demonstrated
97% external quantum efficiency (EQE).

2 Experimental procedures
2.1 SnS, films preparation

A nebulizer was used to convert the precursor solution into
an aerosol consisting of nozzle-generated micro droplets sus-
pended in air. Europium(III) chloride from Sigma Aldrich
with a purity of 99.9% was used as dopant. Tin disulfide thin
films doped with different Eu ion concentrations (2, 4 and 6
wt%) were formed on bare glass substrates through nebulizer
spray pyrolysis method keeping the substrate temperature
constant at 325 °C. Nebulizer spray pyrolysis is a relatively
simple and economic method to create SnS,:Eu thin films.
The initial precursor solution was made utilizing highly
purified stannic chloride pentahydrate SnCl,.5H,O (Sigma
Aldrich, 98%), and thiourea (Sigma Aldrich, 99.99%) was
dissolved discretely in a mixed solution having isopropyl
alcohol and de-ionized water in a ratio 3:1. Tin tetrachlo-
ride pentahydrate and thiourea solutions were utilized in the
molarity ratio of 1:2. For a thorough dissolution, concen-
trated hydrochloric acid is added in drops. These two solu-
tions were mixed in equal parts, taken in the pocket nebu-
lizer and sprayed over the glass substrate with the carrier
gas pressure set at 1.5 kg/cm?. The glass nozzle is fixed at
5 cm above the substrate. The volume of the precursor solu-
tion was 10 ml with the solution flow rate set to 0.8 ml/min
during spraying. After being deposited, the as synthesized
film was enabled to cool until it reaches room temperature.

2.2 Characterization analysis of Eu-doped SnS, thin
film

Structural analysis of the Eu-doped SnS, film was done using
XRD spectrum recorded through PAN analytical X’ Pert
PRO having CuK, source within a Bragg angle of 10°-80°.
The thickness of Eu-doped SnS, thin films were stud-
ied using Mitutoyo SJ-301 type profilometer. The surface
roughness and topology of the grown films were analyzed
through an atomic force microscope supplied by ZEISS. An
EVO 18 ZEISS model Scanning electron microscope with
an energy dispersive X-ray analyzer was utilized with the
range of energy from 0.5 to 10 eV to obtain the surface
morphology. The optical characteristics were obtained using



Photosensitivity properties of Eu-doped SnS, thin films deposited by cost-effective...

Page3of 14 364

a double-beam Lambda Perkin—Elmer UV-Vis—NIR spec-
trophotometer within the wavelength range of 300—1100 nm.
On the point probe hall effect system, the electrical parame-
ters were recorded using Keithley source meter. The samples
were illuminated with a 405 nm laser, and the studies were
also conducted in the dark at night to eliminate the common
electromagnetic wave influence on the Ag scattering within
the prepared film. Using a Xenon lamp as a photometer and
a Keithley 2450 source meter, the photo-electric responses
of the fabricated films were carried out.

3 Results and discussion

3.1 Structural examination of Eu-doped SnS, thin
film

Figure 1 presents the XRD patterns of pure and Eu-doped
SnS, films deposited with varying Eu doping ratios (0-6 at
%) on the glass substrate maintained at 325 °C. The hexagonal
structured single crystal nature of SnS, was established from
the X-ray diffractograms which agree well with the JCPDS
card numbered 23-0677. Regardless of the variation in Eu
doping ratio, all the samples exhibited a predominant peak
along (001) plane revealing the preferential growth orientation
and purity of phase in the grown SnS, films. Similar kind of
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Fig. 1 XRD patterns of undoped and Eu-doped SnS, films with dif-
ferent Eu doping contents

single-phase crystallite structure was reported for SnS,, ultra-
sonic spray technique [32], and chemical method [33]. The
peak intensity of the (001) plane is increased proportional to
the Eu doping concentration as it was varied from 0 to 2%
because of peak width reduction and stress reduction in the
deposited films [34]. The observed peak intensity is reduced
for 4% and 6% Eu-doped films, which may be attributed to
the following reasons: (1) saturation level attained at higher
doping concentration, (2) increased crystal defect due to the
disorder in adherence of the ions on the substrate. This is due
to increase in the number of ions, which do not get enough
time and space to adhere on to the substrate and leads to quick
precipitation. Moreover, no other peaks corresponding to any
other impurity or Europium (Eu)-related crystalline phases
were found in X-ray diffractograms. As the radius of Sn** ion
(0.69 A) is lower than the radius of Eu**ion (0.947 A), the
incorporation of Eu®* as substitution ion for SnS, in the lat-
tice, induces significant change in the size of the crystallites
and lattice constant. The difference in the valence state of Sn**
and Eu* ion and its adverse effects were reported earlier for
Mg-doped SnS, [34] and Zn-doped SnS, [35]. When the ionic
radius of the element doped (Eu**—0.947 A) is higher than
Sn** (0.69 10\) at the interstitial site of SnS, crystal lattice, the
lattice distance (d,) of adjacent planes will get increased due
to increase in the cell volume [34]. Thus, from Bragg’s law
(nA=2d,; sinf), shifting of XRD peaks towards lower angles
of 26 values, will ascribe the d-spacing to increase [36]. The
determined value of thickness of the films with different levels
of Eu doping concentration is shown in Table 1. The thickness
is observed to increase with increase in Eu doping concentra-
tion. The increment in the thickness of the films with increas-
ing Eu doping can be ascribed to the increase in the lattice
distance (d,;,) between adjacent planes.

The average crystallite size was estimated for the plane
(001) by applying Scherer’s equation for the SnS, thin film
capped with Eu [37, 38]:

094
"~ Pcosd’ 1)

Table 1 Micro-structural parameters of undoped and Eu-doped SnS,
thin films

Eu doping Thickness Crystallite Disloca- Strain

concentration (nm) size (nm)  tion density  (eX 107/

(%) (6x 10 lines?
lines/m?) m*)

0 349 24 1.73 1.82

2 380 32 0.97 0.81

4 428 21 2.26 2.21

6 446 19 2.77 2.68
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where 4, f and 6 are the wavelength X-ray source, full
width at half maxima (FWHM) of the predominant peak
and the Bragg diffraction angle, respectively. Using the
above formula, the calculated size of the crystallites was
found to range between 32 to 19 nm as the Eu doping level
is increased from 2 to 6%. The films showed an enhanced
crystallinity from O to 2%, as the arrangement of atoms is
regular in the crystal lattice might be due to the stabilization
of the SnS, sheet structure for low dopant concentrations.
However, when the Eu doping concentration was increased
to 4% and 6%, the crystallite size starts decreasing, owing
to the increase in the dislocation density and micro strain in
the films. This result features the unfavorable effect of higher
doping concentration on new nucleation routing to poor
crystallinity of the film for 4% and 6% of Eu doping [39,
40]. Variation in crystallite size is due to the expansion of
SnS, lattice. Similar result was also exposed by Wojcieszak
etal. [41].

The more common structural parameters such as micro-
strain (&) and dislocation density (6) were estimated using
the below given equations [38, 42]:

e = /}:LSQ @)
1
0= E 3)

The dislocation density and micro strain values
increases gradually as the Eu doping increases from 2
to 6%, as shown in Table 1. The 2% Eu-doped SnS, film
has a largest crystallite size of 32 nm when compared to
other doping concentrations proving the improvement in
the crystallinity of the films due to the enhancement in
the arrangement of atoms in the regular crystal lattice
sites. In addition the increase in the Eu ion concentration
from 4 to 6 at%, boosted the dislocation density and micro

strain values. The observed upshots mark the unfavorable
effect of increase in doping concentration (> 2 at%) on
the crystallinity leading to decline in the quality of the
films [42]. Table 2 presents the comparison made on the
effect of different dopants on crystallite size, dislocation
density and strain.

3.2 Surface morphological studies of Eu-doped
SnS, film

3.2.1 Eu-doped SnS, film surface characteristics using SEM

Figure 2a—d shows the SEM micrographs of Eu-doped SnS,
films. SEM image present both individual and clustered par-
ticles which make the surfaces non-uniform and inhomoge-
neous. It can be also be seen that, there is no evidence of
cracks and pinholes in the films except the film 2a without
dopant. Increase of Eu concentration cause a major impact
on the morphology of the film surface as can be seen in
Fig. 2d for the film with highest dopant concentration. It is
noted from Fig. 2a, that the sample grown with 0% doping
has crystallites of both rounded and irregular shape, while
the SEM micrographs given in Fig. 2b, ¢ for samples pre-
pared at 2% and 4% of Eu doping shows spherical grains
with uniform coverage on the glass substrate. The 2% Eu
doping showed by Fig. 2b establishes a flat and uniform
surface filled with (sub) micronic spherical grains, many of
them joining to form bigger agglomerations, and seems to
have few very small particles which is quite dissimilar from
the films coated at 0% and 4%. The mobility and diffusion
of atoms on the film surface were found to be increased at
2% Eu concentration resulting in the development of clus-
ters leading to agglomeration [44]. The amalgamation of
agglomerated grains paves way to the formation of larger
grains with improved crystallinity as witnessed from XRD
analysis. The 6% Eu-doped SnS, film in Fig. 2d appears to
have small islands of particles. Increase of Eu doping from

Table 2 Influence of different

Dopant Atomic % Crystallite size  Dislocation density Strain (x 107/ References
dopants on the structu.ral (nm) (x 10" Tines/m?) lines? m*)
parameters of SnS, thin films
Sb 0 15 4.40 2.30 [32]
2 17 3.40 2.10
4 24 1.70 1.40
6 28 1.20 1.20
8 15 4.40 2.30
Nd 0 22 2.06 1.16 [43]
2 26 1.47 1.02
4 28 1.26 0.92
6 20 2.51 1.34
Eu 0 24 1.73 0.18 This work
2 32 0.97 0.08
4 21 2.26 0.22
6 19 2.77 0.26
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Fig.2 SEM images of SnS, thin films a undoped, b 2%, ¢ 4% and d 6% Eu doped SnS, films

0 to 2% has increased the size of grains which seems to  3.2.2 EDAX Studies of Eu-doped SnS, films

indicate that relative low levels of Eu doping promotes the

grain growth in the films. The chemical composition analysis of the Eu-doped SnS,
thin films deposited through nebulizer spray method was
done through EDX spectrum. The EDX spectra of the films
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deposited at 0% and 2% of Eu-doping is shown in Fig. 3a,
b respectively. The peaks in Fig. 3b clearly confirms the
existence of tin (Sn), sulfur (S) and (Eu) Europium in
the sample under near stoichiometry with Sn=36.17 and
S=59.32 and Eu=2.51 atomic percent. No other additional
peaks were found in the EDX spectrum other than Sn, S and
Eu peaks.

3.3 AFM analysis of Eu-doped SnS, films

From the AFM measurements the surface topographies
of a film such as size of grains and surface roughness can
be analyzed quantitatively. Figure 4a—d illustrates the 3D
AFM images of SnS, films for varying Eu concentrations.
To acquire the morphological details of the film surface,
the prepared films were probed by selecting an area of
2.5 pm X 2.5 pm. The film surface of pure SnS, film with
0% doping (Fig. 4a), shows clusters of spherical shaped
particles with uniform coverage over the substrate. It is
appealing to note that, the SnS, films grown with 2% and
4% doping concentration (Fig. 4b, c) presents a distin-
guishable change in the nucleation of film, indicating an

island-type formation, as a result of the aggregation of
smaller grains explained by Volmer—Weber growth mecha-
nism [45]. In addition, it can be seen that increase in the
doping concentration increases the grain size. However,
when the Eu doping is increased to 6%, it causes a reduc-
tion in the grain size. The roughness value of the film is
higher for 2% Eu doping. With additional increase in dop-
ing concentration to 4% and 6%, the roughness decreased,
similar kind of behavior is observed in the earlier report
also [46]. The effect of Eu doping on SnS, films can be
ascertained by the response in the grain size and surface
roughness of the deposited films. Dense and more or less
of uniform coarse grains with increasing adhesion are
found in Eu-doped SnS, thin films. The nucleation and
the mobility of atoms on the surface get reduced when
the Eu doping percentage is less. Hence, adequate doping
percentage of atoms must be provided (2% Eu) to combine
and create larger grains on the substrates [47] rather than
forming islands. It is evident from the AFM analysis that
the Eu doping in SnS, film has an acceptable effect on the
grain size and the surface roughness.

Fig.3 EDAX spectrum of a
undoped and b 4% Eu doped

SnS, films
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Fig.4 3D AFM images of a undoped, b 2%, ¢ 4% and d 6% Eu doped SnS, films

3.4 Analysis of optical properties

The transmittance (7) and absorption coefficient (A) plots
of Eu-doped SnS, thin films with various concentrations are
shown in Figs. 5 and 6. As witnessed from Fig. 5, the trans-
mittance of SnS, films shows an increase when wavelength
is increased up to around 650 nm beyond which the transmit-
tance stays almost constant. When Eu doping concentration
is augmented to 4% and 6%, the transmittance is observed
to be little less. The surface of the film must be smooth,
which is evident from the emergence of multiple interference
fringes in the transmittance spectrum. The absorption spec-
tra in Fig. 6 display a rapid decreasing trend in wavelength
to 500 nm then it further slowly decreased to 600 nm and
remains constant, exhibiting an enhanced crystalline nature
of the films. The absorption value increases with escalating
the concentration of Eu from 0 to 2%. With further increase
in Eu doping concentration from 4 to 6%, the absorption of
the film is decreased.

The critical metric that defines the film's absorption
capacity and also offers key information about the film’s

100
80 -
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§ 60 |

£ —=—0% Eu

E —e—2% Eu
40

& 7 —a—4% Eu

[‘_é —v—6% Eu
20

T T T T T
400 500 600 700 800 900
Wavelength (nm)

T
1000 1100

Fig.5 Optical transmittance spectra of Eu-doped SnS,thin films
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Fig.6 Optical absorbance spectra of Eu-doped SnS,thin films

band structure is the absorption coefficient. The following
relation [48] was used to calculate the value of ‘a’:

_ Film absorbance
Film thickness

“

For all of the films, the ‘@’ value dropped with wave-
length, indicating that the films have lower absorption and
increased transmittance in the higher wavelength region.
With different doping concentrations, the films absorption
capacity varies. The value of ‘a’ found from the above rela-
tion was used to compute the extinction coefficient ‘k” [49]:

k_a/l

=

&)

where a represents absorption coefficient and 4 is the wave-
length of incident light. When an electromagnetic wave
passes through a material, the value of & reflects the degree
of attenuation of the wave due to absorption or scattering
or both.

The direct bandgap has been calculated from Tauc’s rela-
tion [50, 51]:

ahv = B(hv — E,)", (6)

where ho is the energy of incident photon, E, is the opti-
cal bandgap and » is a constant. The plot (Fig. 7) between
(ahv)? and hv can be used to estimate the value of bandgap
of pure and Eu-doped SnS, thin films deposited through low
cost NSP method. The calculated band gap value increased
from 2.70 to 2.91 eV as the concentration of the Eu dopant
is varied from O to 6%. This increase in bandgap may be
rationalized due to: (1) increment in thickness of the films
and grain size, (2) variations of localized density of states in
the energy gap, (3) change of barrier height at grain bounda-
ries, (4) decrease of strain and increase in lattice constant

@ Springer
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[52] and (5) tight bonding of atoms to each other. When
compared to the bulk value (~2.00 eV), the observed band-
gap range of the prepared films was found to be relatively
higher. The bang gap was found to increase up to 2.91 eV,
when Eu was made to 6 wt %, which might be due to the
change in crystallinity. The observed consequences for the
prepared SnS, thin films agrees well with the reported direct
band gap values utilizing different fabrication methods [53,
54]. The following relation can be used to compute one of
the optical constants, refractive index (n) of the prepared
SnS, thin films [55]:

1

1+R 1+R\> , 2
= LR (RN 2] 7
" 1—R+[<1—R> +] @

where R is the reflectivity and k is the extinction coeffi-
cient. Figure 8 shows the change of refractive index (n) and
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Fig.8 Refractive index (n) and extinction coefficient (k) of Eu-doped
SnS, thin films
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extinction coefficient (k) for various Eu-doped SnS, films.
The prepared films show a decrease in the refractive index
from 1.96 to 1.72 for increasing the Eu doping concentra-
tion from 2 to 6%, while the undoped film shows a 1.84
value of refractive index. As evident from the figure, when
the concentration of the Eu dopant is increased in limited
amount (up to 2%), light propagation through the film will
be obstructed because of dense packing of particles, leading
to a raise in the value of refractive index [52]. Whereas, the
extinction coefficient is found to increase from 0.30 to 0.36
when the Eu doping is increased from 2 to 6% However, with
higher dopant concentration which induces high density of
defects, the refractive index decreases and this behavior can
be explained by poor packing density similar with the cases
of SnS films growth at lower temperatures by chemical bath
deposition method [56].

3.5 Electrical Hall measurement in deposited SnS,
films

Hall effect measurements were performed to compute the
carrier density, electrical resistivity and mobility of a semi-
conductor. The calculated Hall coefficient acknowledges that
the films had n-type conductivity. Table 3 summarizes the
results of electrical resistivity, mobility, carrier concentration
and type of conductivity of SnS, thin films prepared at vary-
ing Eu doping concentrations as established by Hall Effect
probe. The carrier concentration and mobility are consid-
ered to be the two main factors that govern the carrier trans-
port properties in semiconductor thin films. In this study,
the highest carrier concentration value of 5.43 x 10'7 cm™
and a highest carrier mobility of 3.64 x 10? cm?/Vs was
observed for 2% of Eu doping concentration with an asso-
ciated resistivity of 4.34 x 107" Q cm. The Eu ions act as
n-type dopants that increase the amount of free electrons in
SnS, and thus the conductivity and the Fermi energy of SnS,
is shifted upward after doping with Eu due to the increase
in the amount of oxygen vacancies on the surface of SnS,,
[26] which will result in an increased carrier concentration
[57], resulting in reduced resistivity. For 4% of Eu doping,
the values of carrier concentration 5.19 x 10> cm™3, carrier
mobility 2.89 x 10> cm?/Vs which were found to decrease
and a higher resistivity of 1.18x 10*! Q cm when compared

to 2% of Eu doping concentration. Further increasing the
Eu doping concentration to 6%, the values of carrier con-
centration, carrier mobility were decreased and resistivity
1.66x 10*? Q cm was enhanced. This decrement in carrier
concentration, carrier mobility and increment in resistivity
may be accredited because of the following reasons (1) dif-
ference in the ionic radii between Eu** and Sn**, (2) higher
doping concentrations (4% and 6%), causing an excess of
Eu atoms which leads to the creation of more number of
interstitial and point defects in the SnS, lattice site lead-
ing to an increase in the scattering mechanism by phonon
and ionized impurity. Thus, it can be concluded that, as the
concentration of Eu dopant increases to an optimum value,
higher values of carrier concentration is expected as the dop-
ing stimulated charges increases along with the improvement
in the size of the crystallites in concordance with the XRD
results. Similar kind of behaviour is observed when SnS is
doped with bismuth [47] and Ag [58] deposited using spray
pyrolysis technique.

3.6 Photosensitivity studies

The photosensing capabilities of the produced SnS, films
were investigated under illumination with 405 nm laser using
various power intensities. The manufactured SnS, films were
endowed with silver paste contact electrodes to make vis-
ible radiation photo detectors. Figure 9 depicts the current
fluctuation under dark condition and when illuminated with
405 nm laser light vs. bias increasing forward (from O to
5 V) and reversed voltage (from O to — 5 V). Furthermore,
as shown in Fig. 9, the current is marginally increased as the
Eu doping concentration (0-2%) is increased. This increase
in current value could be due to the improvement in the
thickness of the film, grain size, energy band gap, and carrier
concentration, as well as a larger light absorbing surface that
would result in more photo-generated carriers when exposed
to laser light. The above findings are supported by structural,
optical, and electrical studies also.

However, 6% of Eu-doped SnS, films have lattice defects
or sulfur vacancies, as well as poor crystalline quality (as
determined by XRD), resulting in a maximum reduction in
the current under both light and dark conditions. However,
these lattice flaws may help to boost the current level when

Table 3 Electrical properties of

doved hin il Eu doping concentra- Resistivity (Q cm) Carrier concentration Mobility (cm?/ Type of
Eu-doped SnS, thin films tion (%) (fem?®) vs)x 107 conduc-
tivity
0 9.32x10™! 2.80%10'° 3.38 N
2 4.34%107! 5.43x 10" 3.64 N
4 1.18x 10™! 5.19x 10V 2.89 N
6 1.66x 10*2 1.29%x 10" 2.90 N
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Fig.9 I-V characteristics of a
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illuminated with light for samples which are moderately . A
doped. The growing/decreasing pattern of light/dark current D" =R 2elpe’ (10)

(Lign/Inc) with increasing forward and reverse bias voltage
is shown in Fig. 9. Furthermore, the photocurrent (/pc) of
illuminated Eu:SnS, films progressively increases with bias
voltage, following the same fashion as under dark condition
(Ine)- Ipc =lyigne — Ipc [59], where Iy, is the current when
illuminated with light at 405 nm which is used to calculate
the photocurrent (Ipc).

3.6.1 The specific detectivity (D¥), external quantum
efficiency (EQE) and responsivity (R)

The responsivity (R), detectivity (D*), and external quan-
tum efficiency (EQE), the three most sought photo-detector
parameters, were also investigated. The ratio of photocurrent
(I,) to power density (P;,) of incident light and area of the
detector can be used to compute the responsivity using the
formula below:

®)

P XA

in

To calculate D* and EQE from R value, the following
formulas were used:
he

EQE =R=

e ©

@ Springer

where e is the charge of electron, % is Planck’s constant, and
c represents velocity of light in vacuum. Figure 10 depicts
the changes in R, D*, and EQE for SnS,:Eu photodetector.
In addition, Fig. 11 represents the photoresponse proper-
ties of the Eu:SnS, thin films under NIR illumination at
various bias voltages. All of the photo-detector properties
were observed to gradually rise with the increase in the

1404 v 3
> [ Responsivity x10™ (A/W)
£ 120 I =aE x10" (%)

[0)

8 1004 I Detectivity x108 (Jones)
o3

L _

Ie] 80

L

> 60+

=

1)

S 404

Q.

3

¥ 204

2% Eu
Samples

0% Eu 4% Eu 6% Eu

Fig. 10 The differentiations of specific detectivity (D*), EQE, and
responsivity (R) of undoped and Eu doped SnS, films
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Fig. 11 Photoresponse properties of the Eu:SnS, thin films under NIR illumination at various bias voltages

concentration of Eu dopant. For pure SnS, to SnS,:Eu with
2% doping, the R value increases from 11.14x 10> AW~ to
41.64%x1073 AW, Furthermore, the R value reduced when
the doping concentration was increased, such as 4 and 6%
of Eu metal into SnS,. Reddy et al. [60] recently reported a
maximum responsivity value of 0.43x 10~ AW~ for SnS-
based detector under light in the visible region. The R value
achieved by us for the SnS,:Eu (2%) detector under same
conditions is significantly greater than the reported value. In
the prepared SnS,:Eu detector, this would specify the maxi-
mum ratio of I and Ip. Furthermore, as shown in Fig. 10,
both detectivity and external quantum efficiency values fol-
low the similar trend as R, increasing with increase in the
doping concentration and reaches a maximum value for the
2% deposited SnS,:Eu detector. As a result, the maximum
values of D* and EQE was found to be 40.88 x 10® Jones
and 97.24%, respectively, which are substantially improved
values for the Eu-doped SnS, photo detector. It is worth

mentioning that our D* for the SnS, visible photo detector
is larger than the prior result (D* =7.1x 10’ Jones) [60].
In conclusion, we found that a 2% doped SnS,:Eu thin film
has improved photo-detecting capabilities when compared to
pure SnS, sample, and is significantly superior to the previ-
ously reported results.

3.6.2 Photodetector mechanism

To best learn the mechanism of photocurrent production in
Eu-doped SnS, detectors, we need to consider the energy
band level before and after light irradiation, as shown
in Fig. 12. In general, the Ag metal contact work func-
tion (4.30 eV) should be closer to the SnS,work function
(4.81 eV), and it should be greater than the electron affin-
ity of SnS, (4.16 eV) for creating ohmic or non-rectifying
junctions. Silver (Ag) was chosen as the contact mate-
rial in this investigation, since it meets all of the criteria.
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Before Light

Glass Substrate

After Light

Fig. 12 Schematic representation of Eu doped SnS, thin film photo sensing mechanism under dark and light illuminations

Devika et al. [61] investigated the ohmic behavior of
metal SnS interfacial structures with various metal con-
tacts (M= Al, In, Ag, and Sn) and discovered that, when
compared to other metal SnS interface, the Ag—SnS inter-
face only displayed an Ohmic trend from O to 6 V. Ag
ions may diffuse into the film during the production of Ag
metal contacts on the surface of the film, increasing the
net concentration of hole and reducing bending of band at
the surface, leading to the formation of ohmic contacts as
reported by Jang et al. [62].

In the presence of free electrons, adsorbed oxygen mol-
ecules on the surface of the film interact with them to gen-
erate ionised oxygen, resulting in the formation of a sur-
face depletion layer [63]. When the energy of the incident
photon (3.06 eV) is higher than the optical band gap of
Eu:SnS, (2.70-2.91 eV) under illumination with visible
light (405 nm), the creation of electron—hole pairs increases.
These photo-generated electrons could increase the num-
ber of carriers in the conduction band, which increases the
photocurrent under this circumstance (band-to-band optical
excitation). Furthermore, when the Eu-doped SnS, film sur-
face is irradiated with a 405 nm laser, the oscillating elec-
trons (hot electrons) can be transferred to a higher energy
level, allowing electrons to flow between the Eu:SnS, and
the metal (Ag) contact. The electron density in the Eu:SnS,
conduction band increases as a result of this electron trans-
fer. Electron—hole pairs are created and collected at the

@ Springer

Table 4 Photosensitivity properties of Eu-doped SnS, thin films

Eu doping Responsivity  Detectivity  External quantum
concentration (AW~ x 107 (x 108 Jones) efficiency (EQE) (%)
(%)

0 11.44 20.12 26.7

2 41.64 40.88 97.24

4 18.24 25.86 56.24

6 11.90 16.25 27.80

electrodes when highenergy photon is allowed to illuminate
the surface of the semiconducting film (Table 4).

4 Conclusions

The NSP process was used to successfully generate SnS,:Eu
thin films with different doping concentrations from pure
to 6% Eu doping for photo-detector applications. From the
structural characterization of the prepared thin films, the
pure SnS, samples were ascertained to have hexagonal struc-
ture and an increased crystallinity was observed when SnS,
is doped with 2% Eu, whereas at higher doping levels (4
and 6%) it diminished due to the increasing of defects num-
ber. The SnS,:Eu thin films have a consistent 2-D spheri-
cal grains, according to morphological investigation. The
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optical measurements revealed that the SnS,:Eu sample
doped at 2% had a higher absorption and a lower bandgap
value of 2.72 eV. According to the photo-sensing results, the
2% SnS,:Eu thin film photo-detector had a higher respon-
sivity, external quantum efficiency, and detectivity val-
ues of 41.64x 10~ AW™', 97.24% and 40.88 x 10* Jones,
respectively. The obtained results indicated that SnS,:Eu
thin films could be used in photo-detector applications.This
work reveals that SnS,:Eu is a potential choice for visible
area photo detector and nebulizer assisted spray pyrolysis is
an ideal technique for the fabrication of sophisticated and
integrated thin film-based semiconductor devices, as well
as providing a reasonable and economic synthesis approach
for producing metal chalcogenide thin films.
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