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Abstract Perovskite solar cell is a kind of revolutionary
investigation in the field of renewable energy which is
capable of mitigates the deficiencies of silicon solar cell
and its uprising efficiency can bring blessing to society.
The presence of lead (Pb) in perovskite solar cell can
make worst and negative impact on environment and is
not desirable for our society. In this paper, general plans
are anticipated by replacement of Pb with tin (Sn) in
open atmosphere to fabricate the CH;NH;SnCl; photo-
voltaic cells in chlorine (Cl)-rich environment. Excess
uses of Cl has positive influences on morphological
growth of the film and it also suppresses the oxidation
tendency of tin (Sn) with existing oxygen in atmosphere
and maintains same chemical atmosphere as bulk. Var-
ious characterization tools like X-ray diffraction, scan-
ning electron microscope (SEM) have been used to
study the effect of annealing temperature on crystal
stricture, phase formation, impurities, and morphologies
of the film. Finally, photovoltaic performance was re-
ported using the solar simulator under 1.5 sun
illumination.
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Introduction

Silicon solar cell is tagged as most effective alternative
energy source over the past few decades but an extraor-
dinary new material, called perovskite, poised to
completely change the face of the alternative energy
sector. The efficient, versatile, inexpensive, light-
sensitive perovskite materials have that immense poten-
tial to replace all existing alternative energy sources to
date. The recent auspicious growth of thin-film organic-
inorganic halide hybrid perovskite solar cells,
CH;3NH;3PbX; (X'=1/Cl/Br) has addressed extensive at-
tention in both scientific and industrial groups, largely
owing to the massive power conversion efficiencies
(PCE) together with a relatively low cost and scalable
processing methods (Nayak and Cahen 2014; Lyu et al.
20164, b; Lotsch 2014). The elongated carrier diffusion
length, a high value of absorption coefficient, direct
bandgap properties, and high carrier mobility make this
material fittest as solar energy harvester (Stranks et al.
2013; Ananthajothi and Venkatachalam 2016; Dey et al.
2016). Perovskite solar cells have been boosted the
power conversion efficiencies from 3.8% at its first
appearance in 2009 (Kojima et al. 2009) to more than
20% in recent time (Dey et al. 2017; Green et al. 2014;
Kumar et al. 2015; Grétzel 2014; Lee et al. 2012). These
organic-inorganic halide hybrid combinations are the
member of the ABX; perovskite group. Perovskite fam-
ily makes a structure of material of corner-sharing
(BX3)~ octahedra, where the B (usually Pb** or Sn**)
is a divalent metal cation, X (typical halides of Cl', Br ,
or I') is a monovalent anion; and the monovalent cation
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A could be Cs* or a minor molecular groups such as
methylammonium or formamidinium (Borriello et al.
2008; Lyu et al. 2016a, b; Kagan et al. 1999). Defect-
free light-absorbing perovskite thin film with precise
grain structure, stable crystalline phase, dense surface
coverage, and little to no surface roughness gives the
pleasing performance in the crucial area of a coveted
perovskite solar cell (Docampo et al. 2013; You et al.
2014; Liang et al. 2014). Perovskite, especially
CH;NH;Pbl;, have already been attended breakthrough
efficiency but a serious and hazardous drawback is
associated with it, i.e., presence of lead (Pb). Lead
poisoning is very baneful and deadly to many organs,
and it has a costly impact to the environment (Gidlow
2004). Nontoxic element tin (Sn) is present at the same
group in the periodic table with Pb, and it would be
exciting to study the effects of substituting Pb in
CH;3;NH;PbX; with Sn. Lead-free organic—inorganic
perovskite solar cell’s optical, structural, and photovol-
taic performances should be comparable with the lead
counterpart to achieve efficient solar cell (Hao et al.
2015; Dong et al. 2016). It has been affirmed that the
lead-free CH3NH;Snl; could work as a light-harvesting
material, and power conversion efficiency in the range
of 5-6% have already been achieved (Hao et al. 2015;
Moyez et al. 2017). It was reported that lead-free perov-
skite shows a low PCE due to the instability of the Sn.
Sn changes its oxidation state from Sn”* to Sn** (Moyez
et al. 2017) as quickly as come in contact with the
ambient oxygen. Poor consistency, defect-effect on
crystallinity and non-homogeneous coverage of
CH;NH;Snl; film layer are another warning factor
which constrains the device performance to a limiting
factor (Dong et al. 2016). The reaction rate is recognized
to be higher for the Snl, and CH;NH;I (Sarkar et al.
2017) and it leads to a low-quality film with enormous
pin holes (Hao et al. 2014). Though the fabricated film
shows less quality, but the density of the carrier for
CH;NH;Snl; is larger by one order of magnitude than
that of the Pb-based perovskite, CH;NH3Pbls, and the
recombination lifetime in both cases are equivalent (Hao
etal. 2015). In case of CH3;NH;SnX5, some disordering
appears due to the (CH3NH;)" cations and distortions of
(SnX3) octahedra at limited annealing temperature
(Borriello et al. 2008; Yamamuro et al. 1990; Stoumpos
et al. 2013). It was also reported that CH;NH3SnXj3
exhibits monoclinic and tetragonal phase transitional
behavior during low temperature and room temperature,
respectively (Dong et al. 2016, Chiarella et al. 2008).
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Temperature plays a crucial role as it regulates the
crystallinity, crystallite size, crystalline alignment, and
the film morphology (Moyez et al. 2016; Roy et al.
2015; Han et al. 2013). The incorporation of chlorine
into the CH3;NH;PbI; have also been of interest because
it increases crystallite size, electron mobility, diffusion
length, charge transportation rate, and it decreases the
charge recombination rate (Stranks et al. 2013; Edri
et al. 2014; Colella et al. 2013; Ball et al. 2013; Mosca
etal. 2011).

In this research work, an attempt has been made to
replace the hazardous lead (Pb) of the perovskite solar
materials by tin (Sn) to fabricate lead-free perovskite
solar cell (CH3;NH;SnCl3), and the effect of annealing
temperature (room temperature (30 °C), 70 °C, 80 °C,
and 110 °C) on crystal structure has been described. We
also studied the structural and optical behavior in pres-
ence of excess chlorine (Cl) to suppress the oxidation
effects of instable tin (Sn). Interestingly, it was observed
that the effects of excess Cl and different annealing
temperature have had positive influences on many im-
portant parameters. Hence we perform a stimulating
research on Cl-based perovskite solar cell with varying
annealing temperature at open atmosphere. The influ-
ence of the annealing temperature on the film morphol-
ogy, optical behavior, and structural fundamental and
finally photovoltaic device performance were reported
systematically.

Experimental

The normal ambient condition was little bit hot and
humid during the experiment conducted (temperature
30 °C, relative humidity 70%, wind speed 14 km/h,
wind direction south-east facing). Lead-free hybrid pe-
rovskite solar cells, CH;NH;SnCl;, were prepared at
open atmosphere in presence of excess Cl by the fol-
lowing methods:

First, some part of fluorine-doped tin oxide (FTO)
glasses were etched by using hydrochloric acid (37%
HCI aqueous solutions in H,O) and Zn powder for
making a bottom electrode. This etched FTO-glasses
were cleaned using ultra-sonication with adding soap-
water, deionized water, acetone, and finally with ethanol
for 15 min each. As-prepared titanium nanoparticles sol
was used to deposit the thin layer of titanium oxide by
spin coating (model spin NXG-P1, Apex Instruments
make) at 3000 rpm for 30 s on the top of this cleaned
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FTO-glass substrate (15 2/cm, Pilkington) followed by
the reported literature (Malliga et al. 2014). The coated
titanium layer was inserted into furnace and kept at
450 °C for 30 min to the desire TiO, phase formation
and to remove the organic part. Then, 1.3:1 M ratio of
CH;NH;C1 and SnCl, were dissolved in N,N-
dimethylformamide (DMF) organic solvent to prepare
CH3NH;SnCl; solution and the mixture was spin-
coated at 3000 rpm for 30 s on the compact TiO,-coated
FTO-glass substrates. This substrate with multilayers
coating were annealed at 30 °C, 70 °C, 80 °C, and
110 °C systematically for 60 min followed by copper
thiocyanate (CuSCN) deposition as a hole transport
materials (HTM) (Zhao et al. 2015). To finish the device
fabrication, two contacts were created using an Ag-paste
electrode which was applied on the top of the dried
multilayers film and bottom of FTO-(etching part) glass.
The schematic view of fabricated perovskite solar de-
vices with FTO-glass/TiO,/CH;NH;SnCl;/HTM/Ag
multilayers structure is shown in Fig. 1. Morphological
pattern of different films with different annealing con-
dition was evaluated by scanning electron microscopy
(SEM). Optical properties were tested under UV-Vis
spectrophotometer and structural analysis was evaluated
by Rietveld refinement using X-ray diffraction (XRD)
data. Finally, current density-voltage characteristics (J-
V) were carried out in ambient conditions using a pro-
grammable Keithley 2450 source meter under AM 1.5G
solar irradiation at 100 mW/cm? using Zolix HPS-
300XA light source.

Results and discussion
Scanning electron microscopy

Surface morphology accomplishes an important role on
thin film photovoltaic performance. The influence of the
annealing temperature on the morphology and structure
of the perovskite thin film deposited on FTO-glass had
been carried out through SEM. Figure 2 shows the
morphology of the CH3NH;SnCl; films annealed at
different temperatures. The growth studies of the lead-
free perovskite thin film, CH3;NH;SnCl;, as a function
of annealing temperature exhibit significant surface
morphological changes.

The qualitative morphology pattern of the film pre-
pared at normal room temperature is present in Fig. 2a. It
reveals that film has a flowering structure with many

micron-sized rod-like petals are allied with it. It also
indicates that the available thermal energy at room tem-
perature driven the nucleation but it is confined to the
petal direction only because the thermal energy is more
active to that particular direction. The petal growth is
almost vertical or perpendicular instead parallel to the
substrate surface and hence the big gaps exist in the film.
These existing gaps are also exhibiting the incomplete
formation of the perovskite from precursor solution due
to lack of reaction driven energy. Further increasing
annealing temperature to 70 °C brings a vast change
immediately on film growth model; especially it en-
hances the film surface coverage as shown in Fig. 2b.
Relatively higher thermal energy at 70 °C has that capa-
bility to control the nucleation of the perovskite formation
in a wide range but the overall surface is showing a scatter
orientation of the leaf with a wide existing gap and many
tiny gaps between the leaves. This leaf orientation reveals
that initiation of film growth has been stopped after
nucleation started from a mid-point of the leaf. This
shows that at 70 °C annealing temperature also bearing
insufficient thermal energy for the formation of the desir-
able film and hence discontinuity and an enormous num-
ber of a sleazy channel created in the film. Drastic chang-
es appeared on the surface morphology as the annealing
temperature reaches at 80 °C (see Fig. 2¢). The perovskite
film formed square nanoparticles in the range of 30—
40 nm over the whole surface. The underneath of the
square nanoparticles are full of the homogenous thin layer
of desired perovskite materials (see “X-ray diffraction”
also). It was also observed that the high heat energy at
80 °C leads the precursor solution towards establishing a
complete reaction; hence, the high annealing energy helps
to form the comparable higher quality, dense film. Upon
annealing at 110 °C, the film changed its nature to pie-
crust flake-like structure as shown in Fig. 2d. This film
has inhomogeneous morphology even though the film
formed at higher thermal energy due to thermal molecular
diffusion.

X-ray diffraction

The phase analysis of the synthesized CH3;NH3SnCl;
alone was carried out using a rapid analytical technique,
X-ray diffraction (XRD) tool [model Miniflex—
ZD06184, Rigaku make], equipped with a graphite
monochromator with Cu Ko (A = 1.54 A). The obtained
experimental X-ray diffraction profiles of CH;NH;SnCly
are presented in Fig. 3. The experimental XRD data were
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Fig. 1 Schematic view of
fabricated perovskite solar
devices

Silver Contact

CuSCN (HTM)
< CH;3NH;SnCl; thin film

«<——Ti0, buffer layer

<——FTO coated glass

analyzed with standard XRD profile using Rietveld re-
finement to confirm the purity of CH;NH;SnCl; phase.
Figure 3a shows the presence of extra peaks at 11.80 and
24.27 (26) degree which are SnCl3(OH)(H,O) and SnO,,
respectively. It stating that lower thermal energy for the
film fabricated at room temperature, 30 °C, is unable to
drive the precursor liquid completely from the thin film to
form perovskite-rich solid uniform thin film due to lack
of sufficient thermal energy at room temperature. The
unstable Sn oxidized with the oxygen present in the air
easily and unwanted SnCl, hydrated with the air mois-
ture. This kind of phenomenon indicates the insufficient
thermal energy, at room temperature, is unable to vapor-
ize the precursor liquid completely and incomplete nu-
cleation constraints the desired perovskite phase
formation.

It was observed that further heating beyond the room
temperature i.e., at 70, 80, and 110 °C is quite able to dry
the solid film completely to form the pure perovskite
phase CH3NH;SnCl; as reported earlier (Hao et al.
2015; Ogomi et al. 2014). High thermal energy at 70,
80, and 110 °C leads to grow pure and complete perov-
skite formation which is the evidence by peaks forma-
tion at 15.46, 31.40, and 47.9 (20) degree. The newly

Fig. 2 SEM images of
CH3NH;3SnCl; thin films at
different annealing temperature at
a 30 °C (room temperature), b
70°C, ¢80 °C,and d 110 °C

@ Springer

appear peak at 31.40 (26) degree has higher intensity for
the film annealed at 80 °C compare to the 70 and
110 °C. The reason behind the higher intensity at
80 °C is due to crystallite size and their crystalline
structure orientation. The refinement study clearly indi-
cates that different annealing temperature has crucial
influences on the crystal formation of CH;NH;SnCl;
because thermal energy is the only external influencing
factor which is affecting the crystalline system of the
CH;3;NH;3SnCl; at their atomic level. Figure 4 depicts the
orientation of crystalline system based on their anneal-
ing temperature. The role of the annealing temperature
is to vaporize the organic liquid from the precursor
solution and monitoring the controllable growth of the
perovskite phases in the solid film. MASnX; (X =1, CI,
and Br) exhibit phase transition tendency as a function
of temperature already reported before (Chiarella et al.
2008; Roiati et al. 2014). It may notice that the
CH3NH;SnCl; changes its crystalline structure from
triclinic to rhombohedral with increasing annealing tem-
perature from room temperature to 110 °C. The less
symmetric triclinic crystalline structure is formed at
lower temperature due to insufficient thermal energy.
The triclinic crystalline structure reorganized to the
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Fig. 3 X-ray diffraction of
CH3NH;3SnCl; thin films treated
with different annealing
temperature at (a) room tempera-

ture 30 °C, (b) 70 °C, (c) 80 °C,
and (d) 110 °C
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monoclinic structure at 70 and 80 °C annealing temper-
ature but the much higher temperature at 110 °C
established a rhombohedral structure. This reorganizing
crystal structure transformation indicates that the low
temperature is not sufficient to vaporize the precursor
liquid and accelerate the complete nucleation properly;
hence, a little amount of residual stress remains presents
in the crystalline structure. The remaining residual stress
creates a crystalline depression (internal stress) in the
structure and the depressed crystalline perovskite struc-
ture finds a way to achieve a better symmetry. The
crystalline depression or the present residual stress is
suppressed with increasing temperature to the 70, 80, or
110 °C and a better crystalline stability achieved. But
further increments of the temperature beyond the 80 °C,
at 110 °C, have had an adverse effect on crystalline
stability due to an octahedral distortions of (SnClz)"
and disordered arrangement of (CH3NH;3)" cations
which are the primary responsible for the phase transi-
tional activities of CH3;NH;SnCl;. A symmetrical ori-
entation occurs for the (SnCls)™ octahedral unit in case
of the high-temperature rhombohedral phase heated at
110 °C which makes a complete disorder orientation of
the (CH;NH;)* cations. This disordered orientation of
the (CH3;NH;)* creates an internal inhomogeneous
jerking in the crystalline structure. Due to the distorted
structural formation and crystalline disturbance the 104
peak of CH3;NH3SnCl; at 47.9 (26) degree is missing for
110 °C annealing film. At 70 or 80 °C fabrication
temperature, the (SnCls)  octahedral lost its symmetrical

orientation (Fig. 5) and a regional potential barrier build
against the (CH3NH3)" cation because of tilting and
distortion of the (SnCls)™ octahedral which destroying
the disorder orientation of (CH3;NH;)" cations and re-
lease the unwanted crystalline depression (residual
stress). Accordingly, the lower symmetry
CH;3;NH;3SnCl; crystalline structures, formed at 70 and
80 °C compared to the 110 °C, have more ordered
orientation, stable crystalline structure and systematic
order of (CH;NH;)* cations.

Experimentally, extracted lattice parameters of 70
and 80 °C in Table 1 are clearly indicating that the unit
cell formed at the 80 °C has shrinkage in the “a”
direction (6.5%) an obvious expanding tendency occurs
in the “b,” and “c” directions. The unit cell formed at
80 °C releases its existed excessive residual stress or
crystalline depression towards the “a” lattice direction
and at the same time a distortion of the (SnCl;) octa-
hedral started to produce due to shrinkage of the “a”
which weakens the disordered arrangement of the
(CH;3NH3)* cations. The monoclinic crystalline struc-
ture at 80 °C compare to the 70 °C achieved more
symmetrical orientation by releasing the excess residual
stresses (or crystalline depression) and (CH;NH3)" cat-
ions fitted best at its convenient position. Nevertheless,
the same theory could not be applied for all cases in this
experiment because different crystalline structure for-
mation happens for others case. So, this conclusion
could be drawn exclusively from these two cases only
since both systems have the same crystalline structure.
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Fig. 4 Different crystalline
structure formation of the
CH3NH3SnCI3 at a 30 °C (room

temperature), b 70 °C, ¢ 80 °C,
and d 110 °C
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Tin (Sn) also plays an another important role beside
the orientation of the (CH3NH3)" cations and (SnClz)~
octahedra. Sn** gets easily oxidize to the Sn™ with
existing oxygen in the open environment. Especially
the Sn present at the surface gets easily affected in this

juncture. So a rigorous controlling of oxygen is required
to defend the oxidation tendency of Sn for which the
surface of the thin film is unable to form (SnCl;)"
octahedral due to insufficient Cl present; hence, a Cl-
rich environment is required to suppress the oxidation
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Table 1 Extracted data of lattice parameters after refinement of CH;NH;3SnCl; perovskite materials annealed at different temperatures

Annealed a b c Q@ 6 5 Cell vol. (A%) Crystal
temperature (A) (A) (A) ©) ©) ©) structure
Room temp 5.781 8.133 7.849 90.82 93.18 89.98 369.04 Triclinic

70 °C 5.720 8.064 7.690 90 92.94 90 354.71 Monoclinic
80 °C 5.346 8.357 7.871 90 91.17 90 351.65 Monoclinic
110 °C 8.365 8.365 9.185 90 90 120 642.70 Rhombohedral

effect of the Sn. Maintaining the excess Cl-ion environ-
ment, the surface-Sn form the desire (SnClz) octahedral
and an inert chemical environment established same
environment as the bulk CH3;NH;SnCl; (Yin et al.
2014; Frost et al. 2014).

The previous study reported that the fundamental
bandgap and volume of the unit cell of the hybrid perov-
skite solar cell are directly proportional (Frost et al. 2014;
Feng and Xiao 2014). In this experiment, the unit cell
volume of the film fabricated at 80 °C, 70 °C, room
temperature, and 110 °C have ascending order (Table 1)
and the experimental bandgap also obeyed this ascending
manner which is fully satisfied the previous work (Feng
and Xiao 2014). The achieved lower bandgap value for
the film fabricate at 80 °C has had a positive role beside
the higher crystalline stability towards the formation of
the CH3NH;3SnCl; perovskite photovoltaic.

Ultraviolet-visible spectroscopy
Absorbance and absorption coefficient

The in-depth analysis of the UV-visible spectroscopy
especially the absorbance, reveals the light interaction

fundamental, light absorbing behavior and unlocks
some basic outline of semiconducting properties of a
photovoltaic material. Absorption coefficient (o) de-
scribes the light absorbing strength of a material by the
given Kubelka-Munk, Eq. 1,

(1-R)?
a=-"p (1)

where R is the reflected percentage of light and « is the
absorption coefficients. From UV-Vis spectroscopy, a
primary conclusion about a material’s applicability in
the photovoltaic system could easily be drawn.
Figure 6a represents the absorbance plot against the
wavelength, and Fig. 6b describes the corresponding
absorption coefficient with respect to the photon energy
of these perovskite multilayer films under at different
annealing conditions. These figures show that extremely
low absorbing tendency occurs for the film prepared at
room temperature (30 °C) due to phase impurities and
incomplete conversion of CH;NH;SnCl; from precur-
sor solution. The corresponding absorption coefficient
value (o), Fig. 6b, indicates extremely low absorption
coefficient in the order of 10° cm ™' (Table 2) for the film
prepared at room temperature due to less interaction of
light with the film. In the case of high annealing
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Fig. 6 Optical properties for CH;NH;SnCl; perovskite thin films at different annealing condition. a The absorbance vs wavelength (nm)
spectra and b variation of optical absorption coefficient «(\) as a function of wavelength (nm)
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Table 2 Value of the absorption coefficient («v), direct bandgap energy (E), Urbach energy (Ey), and the constant (cv) are extracted from

the UV-visible spectroscopy

Annealing temp. « (maximum) Bandgap, E, Urbach energy, Ey The constant (cv)
(°C) (em™) (eV) (meV) (em™)

Room temperature 29x10° 2.30 250 90

70 °C 38x10* 2.18 67 121

80 °C 49 % 10* 2.15 64 148

110 °C 26 < 10* 2.70 80 74

temperature at 70, 80, and 110 °C, a handy improvement
in absorbance and absorption coefficient, in the order of
10* cm !, was found which could be well fitted for
photovoltaic and others photonic application. The peak
value of the optical parameters was achieved at 80 °C
but the further increment of annealing temperature to
110 °C shows a declining tendency on both absorbance
and absorption coefficient (). Highest degree of ab-
sorption and large absorption coefficient value, v, in the
order of 10* cm ! (Table 2), was found at 80 °C. Decent
optimized optical properties have occurred across the
entire spectral range for the film annealed at 80 °C
compared to the film fabricated at room temperature,
70, and 110 °C due to highly oriented, smooth and well-
organized film with fewer defects. This optical phenom-
enon reveals that different annealing temperature plays a
crucial role for the formation of desired light sensing
CH;NH;SnCl; perovskite material. At room tempera-
ture and 70 °C, the partial formation of CH3;NH;SnCl;
perovskite occurred and hence, wild grain gaps and
defects are present in these films due to improper phase
formation which supports the SEM analysis (Fig. 2).
Excess SnCl, and CH;NH;* may also remain after the

Fig. 7 In(x) vs photon energy
(eV) of the lead-free,
CH;NH;SnCl, perovskite solar
material, prepared under various
annealing temperature

@ Springer

film annealing at room temperature due to insufficient
thermal energy. Figure 6 indicates that the absorbance is
quite low for the film annealed at 110 °C because of the
less symmetrical crystalline formation and high residual
stress present which is already discussed in the XRD
part. It may also be concluded that the high annealing
energy has had an adverse effect on the CH;NH;3SnCly
thin film formation as the high heat energy leads to the
instability of the CH;NH;SnCl; materials. It is obvious
from the figure that the film annealed at 80 °C has a
better aspect in terms of light absorbing tendency. In this
experiment, a little absorption edge appeared between
1.6 and 2.5 eV due to the presence of excess CH;NH;*
at the dried film because of the higher amount of
CH;3NH;CI used to maintain a Cl-rich environment,
and it will not hamper the energy band calculation of
the perovskite film anymore.

Urbach energy
The Urbach Energy, Ey, reflects the presence of defects,

disorders, impurities, and portrays the crystallinity na-
ture of the thin film. The Ey can be investigated from
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Fig. 8 The bandgap energy
determination of the
CH;NH;SnCl; perovskite film
fabricated at room temperature,
70, 80, and 110 °C

absorption spectra, and the width of the exponential tail
increases according to the density of defects and disor-
ders. Ey can be calculated from the inversion of the
slope of the tail part by plotting In(cx) against the photon
energy (hv) from the following Egs. 2 and 3.

h
a= aoexp% (2)
In(a) = In(ag) + ¥ (3)
Ey

where «, is a constant and Ey; is called Urbach energy,
hv is the photon energy.

The Ey; values of the annealed CH;NH;SnClj films at
30, 70, 80, and 110 °C, calculated from the tail part of
Fig. 7, are 250, 67, 64, and 80 meV, respectively. Though
these experimental values are slightly higher than that of
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reported Ey (15 meV for CH3NH;Pbls) [25], neverthe-
less, it has some great significance since the films were
fabricated at the open environment. The higher £y at
room temperature, 70, and 110 °C compare to the 80 °C
has been indicating that there may be higher degree of
defect presents in these films. The Ey values signify that
thermal energy at 80 °C maintains a smooth and homo-
geneous nucleation throughout the whole film, but on the
other side, an inhomogeneous nucleation occurs for the
film fabricated at room temperature, 70, and 110 °C.

Optical energy gap determination

Perovskite materials, especially ABX;5 (A = CH3NH3/
Cs, B =Pb/Sn, X = I/CI/Br), could efficiently be used as
photovoltaic since it has the bandgap in the range of 1.5

Fig. 9 J-V characterization of 16

CH3NH3SnCI3 carried out under ] ——RT

AM 1.5G illuminations 14- —O—170°C

(100 mW cm?) ] —/—80°C
12 ——110°C

10

Current Density, J (mA/cm?)
(-]
1

—T— T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65

Voltage (V)
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Table 3 Photovoltaic parameters generated from J-V characterization. The illuminated areas of all devices were 1.2 cm?

Annealing temperature Voc (mV) Jsc (mA cm ?) Pax FF Efficiency (%)
Room temperature 377 9.94 1.93 0.51 1.61
70 °C 551 12.09 3.59 0.53 3.00
80 °C 576 12.89 4.10 0.55 3.41
110 °C 515 9.60 2.76 0.55 2.30

to 3.5 eV. The bandgap of the CH3;NH;SnCl; could
easily be calculated by following Tauc’s relationship,
Eq. 4, using the optical absorption data.

ohv = ap(hv—Eg)" (4)

where oy is a constant, and E, is the optical energy gap
or bandgap. n = in case of direct allowed so the Eq. 4
turns to Eq. 5 for perovskite materials.

(ahv)? = ao(hv—Eg) (5)

It is necessary to plot (othv)? versus against photon
energy (hv) to determine the energy bandgap value from
the experimental optical absorption data, as shown in
Fig. 8 and Table 2, and prolong the existing straight line
up to (xhv)” = 0 to hv axis. The experimentally extract-
ed bandgap values, from Fig. 8, are lowering with
temperature enhancement up to 80 °C but it suddenly
enhanced at 110 °C temperature. The film fabricated at
80 °C is capable of absorbing higher amount of visible
spectrum than the rest of the cases and it generates
higher amount of photo exciton carrier.

Photovoltaic performance

The current density-voltage (J-V) measurement of
CH;NH;SnCl; was carried on 1.2 cm? active device
area for each case under AM 1.5G standard illumina-
tion, using Keithley 2450 source meter and Zolix light
source of 100 mWcem 2, are presented in Fig. 9 and the
equivalent data are furnished in Table 3. The device
annealed at 80 °C generates the maximum power con-
version efficiency (PCE), 3.41%, with maximum open-
circuit voltage (Voc) of 576 mV, and highest short-
current density (Jsc), 12.89 mA cm 2 whereas the de-
vice fabricated at room temperature, 70, and 110 °C are
comparatively less efficient. They generates 1.61, 3.00,
and 2.30% efficiency along with 377, 551, and 515 mV
open-circuit voltage (Voc) and 9.94 mA cm 2,
12.09 mA cm 2, and 9.60 mA cm 2 short circuit current
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density (Jsc), respectively. Incomplete perovskite con-
version occurs for the device fabricated at room temper-
ature leads to minimum efficiency. The extracted effi-
ciency of CH3NH;SnCl; exhibiting a reverse tendency
with annealing temperature up to 80 °C from room
temperature and an efficiency dropping occurs for
110 °C. This tendency can be described by the wider
bandgap formation, scattered morphological orienta-
tion, and higher amount of residual stress present at high
temperatures, at 110 °C, which is well fitted with UV-vis
and the XRD measurements data, respectively. The film
fabricated at 80 °C has nano-square formation which
exposed and absorb more photon energy and capable of
producing the higher amount of excitons, as the nano-
particle has the highest surface to volume ratio, which
generates higher efficiency. The presence of more ob-
jectionable exciton trapping states hampering the device
performance and device quality for the film fabricated at
room temperature, 70 °C, and it shows less performance
than the film annealed at 80 °C. The fill factor (FF) of
the device prepared at room temperature 70, 80, and
110 °C, are 0.51, 0.53, 0.55, and 0.55, respectively.

Conclusion

The present work focused on improving the perfor-
mance of the lead-free CH3NH;SnCl; perovskite to
fabricate the highly efficient photovoltaic device by
reducing the defect density, crystalline depression, and
instability of Sn. In this experiment, we have explored
the critical impact of annealing temperature on the opti-
cal properties, surface morphology, and structural be-
haviors of lead-free perovskite CH3;NH;SnCl;, which
was synthesized by the one-step method from precursor
solution of SnCl, and CH5NH;CI (1:1.3 M ratio) in
DMF solvent. The influences observed by annealing
temperatures on crystalline structure, optical behavior,
and morphology have a clear correlation with photovol-
taic performance. Surface morphology study, structural



J Nanopart Res (2018) 20: 5

Page 11 of 13 5§

behavior, optical analysis, and photo conversion effi-
ciency suggests that 80 °C is the optimized and satis-
factory temperature to assemble the CH3;NH;SnCl;
perovskite-based photovoltaic device. The insufficient
thermal energy at room temperature leads to incomplete
perovskite conversion and incomplete nucleation which
constrain the undesired light-harvesting perovskite
phase formation. An improper morphology constructed
at room temperature due to the lower thermal energy
produces more recombination states where the exciton
get neutralized, and it is unable to generate satisfactory
exciton. The film fabricated at 70 °C annealing temper-
ature has photovoltaic performance marginally lower
than 80 °C because of more defects, higher recombina-
tion centers, slightly higher bandgap (E,), and large
crystalline depression (residual stress). It was observed
that the device quality enhanced with increasing thermal
energy up to 80 °C and again the performance dropped
beyond that temperature, at110 °C. The film annealed at
80 °C has less-distorted and well-balanced crystallized
structure with well-organized nano-square rich mor-
phology which shows the highest absorbance with less
defects leading to the high-performance photovoltaic
device. But at higher temperature more than 80 °C,
device quality degrades which affects the device perfor-
mances. At higher annealing temperature, for 110 °C,
the crystalline instability increases due to higher distor-
tion and internal stress, enhancement of bandgap (E,),
and defects in film surface. This blending effect brought
an overmuch reduction in film quality which limited its
overall photovoltaic performance.
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