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Methylammonium tin triiodide (MASnl3) films were grown through Sequential Physical Vapour Deposition
(SPVD) without breaking the vacuum and optimized by varying MAI thickness and annealing time while keeping
Snly thickness constant. The film’s crystallinity increased with MAI thickness and annealing time. Optimal
bandgap was attained for the film with 500 nm MAI annealed for 20 & 40 min. FE-SEM revealed densely packed,

large grains, increasing in size with MAI thickness and on annealing from 0 to 40 min and decreasing at 80 min.
The film with 300 nm MAI thickness annealed for 40 min showed the strongest PL intensity suggesting reduced
carrier recombination losses. Trap densities reduced with annealing time and MAI thickness due to improve-
ments in films’ crystallinity, grain sizes and reduced grain boundaries which act as carrier trapping sites. Hence,
films prepared through SPVD, exhibit excellent structural, optical, and morphological properties, suitable for

photovoltaic applications.

1. Introduction

Recent years have seen a greater research interest in organic-
inorganic halide perovskite (OIHPs) materials because of their
outstanding optoelectronic properties, including long carrier diffusion
length, strong light absorption, tunable bandgap, and prolonged carrier
lifespan. The power conversion efficiency (PCE) of OIHP solar cells has
risen dramatically from 3.80 % to about 26.00 % for over a decade [1].
However, their commercialization and large-scale production are
inhibited by toxic lead (Pb), amongst other factors, including instability
and reproducibility [2]. The degradation of lead-based OIHP solar cells
can lead to environmental contamination of groundwater, soil, and air
[3]. Various elements such as germanium (Ge) [4], copper (Cu) [5], tin
(Sn) [6], bismuth (Bi) [7], and antimony (Sb) [8] have been explored as
possible alternatives to lead (Pb) in OIHPs solar cells. Amongst these, Sn
and Ge are considered the most suitable due to their comparable elec-
tronic configuration and ionic radii with that of Pb [9]. Moreover, Sn is
less toxic than Pb and Sn-based perovskites’ optical bandgap ranges
from 1.20 to 1.40 eV which nears the optimum bandgap of 1.34 eV
provided by the Shockley—Queisser (SQ) limit under the 1.50 a.m. solar
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spectrum [10]. Their theoretical efficiency can exceed 33 % at an ideal
open circuit voltage (Vo) of 1.1 V [11]. Hence tin-based perovskites are
considered promising candidates for efficient photovoltaic application.

Many successful ways to enhance the stability of Sn-based perovskite
solar cells have been established including morphology control [12],
device and compositional engineering [13] and introduction of reducing
reagents [14]. For instance, Ryu et al. [15] prepared Sn-based perovskite
with improved film morphology by the addition of ;—-Asparagine addi-
tive that enhanced the device PCE from 10.54 to 13.31 %. Sn-based
perovskite with triple cations of the form FAgss MAg4 Csoos
Sng ¢Pbo.4I3 was designed by Gunasekaran et al. [16]. The device dis-
played high stability and a PCE of over 22 % was obtained. Sanchez et al.
[17] demonstrated stability and efficiency improvement of Sn perov-
skite by incorporating dipropyl ammonium iodide and sodium borohy-
dride reducing agents in the precursor. The device showed a high PCE of
over 10 % and improved stability of over 13 h.

Despite the impressive advancements, Sn-based OIHPs still lag
behind their Pb-based counterparts due to their susceptibility to
oxidation, particularly from Sn>" to Sn**, generating films with high
electrical conductivity and large hole-doping concentrations, producing
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Fig. 1. Experimental set-up for sequential physical vapour deposition of Snl,
and MAI single layers.

poor photovoltaic performance and short-circuit behaviour [18]. In
addition, Sn-based perovskites tend to crystallize more quickly either
during spin coating or at room temperature, thus hindering the uniform
growth of the films. Films with randomly oriented growth are frequently
generated through the one-step spin-coating solution processing
method, which results in inadequate surface coverage [19]. Therefore,
there is a need to develop improved techniques for growing Sn-based
perovskites with superior-quality films [20]. The advantages of solu-
tion processing include simplicity and the ability to introduce additives
into the precursor [21]. On the other hand, thermal vapour deposition
uses non-toxic solvents [22], at times, it requires no post-annealing of
the films [23], and several layers of films can be deposited without
inflicting damage on them [24]. Among the thermal vapour deposition
methods, high vacuum SPVD has successfully been employed to deposit
perovskite films. SPVD offers control over crystallization, improved
surface coverage, and uniformity due to the capacity to regulate the
deposition rate and film thickness [25]. A few published works on
Sn-based OIHPs produced through physical vapour deposition (PVD)
have been reported. Arend et al. [26] prepared MASnI3 thin films
through SPVD where the rate of deposition was controlled by moni-
toring the Snl, current and MAI temperature. Although films produced
were of better morphology, reproducibility was difficult as a result of
changing deposition rate, due to highly volatile MAL Yu et al. [27]
prepared MASnI; films via co-evaporation, without annealing. Snl; and
MAI were deposited in the vacuum controlling the rate of Snl, while
keeping the pressure of MAI constant. This approach poses the challenge
of reproducing MASnI; stoichiometry due to difficulty in maintaining
controlled parameters throughout the deposition period. Other studies
have incorporated SPVD with solution method, whereby Snlj is evapo-
rated in a vacuum followed by spin-coating MAI. The resulting perov-
skite films displayed full surface coverage [28]. Very few reports exist in
literature about growing MASnI; films through SPVD, particularly
without breaking the vacuum which minimizes oxidation of Sn?* to
sn*** Moreover, to the best of our knowledge, there are no reports
illustrating the growth of MASnI;3 films and optimization of its thickness
and annealing time through SPVD. In addition, film reproducibility is
greatly enhanced because the thicknesses of the precursors are
controlled through a crystal monitor rather than relying on the rate of
deposition as reported in other studies. The results obtained in this work
provide the optimal film thickness and annealing time suitable to obtain
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superior structural, optical, and morphological properties for photo-
voltaic application.

2. Experimental
2.1. Materials

MAI (99.99 % purity) and Snly (99.999 % purity) powders were
purchased from Sigma Aldrich and used without additional purification.
PC70BM with 95 % purity and Tin IV oxide powder with 99.9 % purity
were purchased from Ossila and Sigma Aldrich respectively.

2.2. Perovskite film deposition

FTO glass substrates were sliced into 15 mm x 20 mm, and then
cleaned by ultrasonication in detergent, acetone, isopropanol and
deionized water for 20 min each and dried with nitrogen gas. The sub-
strates were then transferred to a UV-ozone cleaner for 15 min, to
remove surface contaminants and mounted inside the resistive evapo-
rator as shown in Fig. 1. Boron nitride crucibles, C1 and C2 were filled
with Snly and MAI powders, respectively. The system was evacuated to a
pressure of ~ 6x10~°> mbar at the start of Snl, deposition then reached
~107% mbar at the end of MAI deposition. Snl, and MAI layers’
sequential deposition was achieved using contacts A and B without
breaking the vacuum. Snl, was deposited at a rate of between 0.2 and
0.5 A/s while MAI at 0.6-1.5 A/s. The temperature of the chamber was
measured using a digital thermometer and was observed to rise from
25 °C at the start of Snly deposition to 28.5 °C at the end of MAI
deposition. The film’s thickness was regulated by a Quartz crystal
monitor. Snl; thickness was kept at 100 nm, and MAI was varied in steps
of 300 nm, 400 nm, and 500 nm. Annealing of the perovskite films was
done under the flow of nitrogen gas at 80 °C for varying times.

2.3. Electron-only device fabrication

To fabricate FTO/SnOy/perovskite/PC7o0BM/Au electron—only de-
vice, 100 nm of SnO, was deposited on clean FTO substrates in the
resistive evaporator and then annealed at 150 °C for 30 min. The sub-
strates were then ozone cleaned for 15 min and loaded in the resistive
evaporator where sequential deposition of Snl; and MAI was done. The
films were then annealed for 20, 40 and 80 min under nitrogen flow and
then returned inside the chamber where 70 nm of PC7¢BM and 80 nm of
gold (Au) were subsequently deposited.

2.4. Film characterization

Morphological properties of the prepared MASnI; films were char-
acterized using the field emission scanning electron microscope
(FE-SEM Zeiss Crossbeam 540 ultra). The grain sizes of the particles
were determined using the Image J software. The X-ray diffraction
(XRD) spectra of the films were measured by a Rikagu Smart H150-2100
diffractometer using the Cu Ka radiation with a wavelength of 1.5406.
The film’s optical absorption was obtained by a Cary 60 UV-Vis spec-
trometer from Agilent technologies. Photoluminescence (PL) emission of
the films was examined using indium gallium arsenide (InGaAs) R2658
Vis-NIR PMT detector with an excitation wavelength of 400 nm.

2.5. J-V characteristics

Electrical measurements were done using the ORIEL LCS-100 solar
simulator and Agilent B2912 source meter A.M 1.5 and 1 sun illumi-
nation (1000W,/m?) based on space the charge limited current (SCLC)
technique. Newport 91150 V silicon reference cell was used for
calibration.
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Table 1
lattice constants obtained at different MAI thickness.

MAI thickness (nm) a (A) b (A) b (A) Cell volume (A%)
300 8.76 8.76 12.38 951.15
400 8.76 8.76 12.45 955.10
500 8.78 8.78 12.45 960.61
Standard from COD 8.73 8.73 12.50 952.20

3. Results and discussion
3.1. Structural properties of MASnls

XRD measurements revealed diffraction peaks located at 20 corre-
sponding to 14.28°, 24.95°, 28.68°, 32.22°, 41.10°, and 51.06°, indexed
to (110), (202),(220), (222), (400) and (404) crystal planes, respec-
tively, and matched the tetragonal structure of space group I4/mcm
using the crystallographic database COD: 7015449 [18]. The lattice
constants of the crystal system were calculated based on equations (1)
and (2) [29] using peaks at 20 = 14.28° and 28.68°.
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Where n = 1 for first order diffraction, A = 0.15406 nm for Cu Ka
wavelength, h, k, 1 are Miller indices while a and c are lattice parameters.
The lattice parameters computed for films with varying MAI thickness
annealed at 80 °C for 40 min are consistent with earlier reported liter-
ature [30-32]. Table 1 shows the changes in lattice parameters in
relation to MAI thickness.

3.1.1. Effect of annealing and MAI thickness on the crystallinity of MASnIs
films

Fig. 2(a) and (b) shows X-ray diffractograms of MASnlI3 films ob-
tained for different annealing times and MAI thicknesses respectively.
The intensity of the peaks increased with annealing time and MAI
thickness. This indicates that the crystallization of the film was not
complete inside the deposition chamber due to the low temperature
measured at 28.50 °C, necessitating annealing. MASnI3 films prepared
showed a strong inclination along the (110) and (220) planes, in
agreement with reported work [26,28,29].

MASnI3 perovskite consisting of 500 nm of MAI thickness was
annealed for 0, 20, 40 and 80 min, to investigate how annealing time
affects crystallinity. It is observed in Fig. 2(a) that a pure MASnI3 crystal
structure of space group I4/mcm exists for the as-deposited film,
implying that the perovskite began to form inside the deposition
chamber, and annealing only improved its crystallinity. Additional
peaks due to the presence of Snl; were observed at 26 = 12.80° and
25.58° respectively, when the film was annealed for 80 min, depicted in
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Fig. 2. (a) XRD diffractogram of MSnl; films with 500 nm of MAI annealed at different times, (b) XRD diffractogram of MASnI; films with varying thickness of MAI

after annealing at 80°C for 40 min.
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Fig. 4. (a) Crystallite size variation of MASnI3 with 100 nm of SnI5:300 nm, 400 nm and 500 nm of MAI thickness, (b) crystallite size variation of MASnI; film with
100 nm of Snl, and 500 nm of MAI, annealed for 0, 20,40 and 80 min, (c) Variation of FWHM width along the (220) peak for MASnI; films at various annealing times.

Fig. 2(a). This is attributed to decomposition of MASnI3 due to the long
exposure heat. MASnl3 structure breaks down into its constituents,
where MAI evaporates leaving behind Snl, seen in the spectra. Similar
findings were reported by Ali et al. [33] Chen et al. [22] and Mehdi et al.
[34] who studied the effect of annealing of CH3NH3Pbl3 and found that
it decomposed upon heating at 130 °C, 120 °C and 110 °C, respectively.
Hence the perovskite was not annealed beyond 80 min. Fig. 2(b) shows
that the Snl, peak completely disappeared after annealing the film with
500 nm MAI thickness, indicating that a complete reaction of Snl; was
achieved at 500 nm of MAI thickness.

The film’s degree of crystallinity was calculated using XRD data in
Origin Pro 2018 software based on the integration method defined by
equation (3) [35].

Area under crystalline peaks

0 f
Yo crystallinity Area under all peaks

x 100 3

The degree of crystallinity increased with the thickness of MAIL the
highest being obtained at 500 nm as shown in Fig. 3(a). This was due to
an increased reaction between Snl, and MAI as more MAI was
consumed. A similar observation was made by Fru et al. [36] where
MAPbDI; films were synthesized via the SPVD technique.

Similarly, the crystallinity of the film was observed to increase with
the annealing time as shown in Fig. 3(b). This behaviour is linked to
improved interdiffusion of MAI into the Snl; layer as they get heated for
a longer time, increasing the film’s crystallization.

3.1.2. Effect of annealing and MAI thickness on the film crystallite size and
lattice strain

The crystallite size was calculated in Origin Pro 2018 based on the
Williamson-Hall (W-H) equation (4) [37].

ﬁcos€=%+4esin6 “@

where D refers to the diameter of the crystallite, k is Scherrer’s constant
taken as 0.9 for spherical crystallites with cubic symmetry, A is the
wavelength of the X-ray used, in this case, Cu ka = 1.5406 A, ¢ is the
microstrain, f is full wave at half maximum width (FWHM) value and 6
half of the corresponding Bragg’s diffraction angle. According to the
Williamson -Hall plot, the contribution to the total peak broadening in
XRD diffraction is due to microstrain and crystallite size [38]. In this
method, the y-intercept obtained from a graph of fcos0 against 4sin6,
gives the crystallite size while the microstrain component is the gradient
of the plot. The crystallite size and microstrain of MASnI; films increased
with MATI’s thickness, attributed to volume increase as MAI intercalates
into the film as shown in Fig. 4(a). These results are consistent with
those obtained by Kumar et al. [39] where the impact of crystallite size
and lattice strain on perovskite was assessed. They found that as crys-
tallite size increased, the lattice strain increased as well because the
particle-to—particle bond length decreased.

The crystallite size of the MASnI; film increased with annealing time
from O to 20 min and then decreased from 20 to 80 min, as shown in
Fig. 4(b). The reduction of the crystallite size is due to the broadening of
the peak along the (220) plane, as shown in Fig. 4(c), and in reference to
the famous Scherrer equation (5) [37].

K
" Dcosd

p ()

where f is the FWHM width, k is the Scherrer constant, D is crystallite
size, and M is the wavelength. From the equation, the crystallite size
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Fig. 6. (a) UV-vis absorption spectra; and (b) Tauc plot of MASnI3 Perovskite thin film with varying MAI thickness annealed at 80 °C for 40 min.

varies inversely with FWHM of the peak. The microstrain increased
slightly from O to 20 min annealing time and sharply increased from 20
to 40 min then decreased from 40 to 80 min. At 40 min annealing time,
the crystallite size decreased despite the increase in the lattice strain due
to the broadening of the peak along the (220) plane shown in Fig. 4(c).
Moreover, the reduction of crystallite size at 80 min could be due to the
decomposition of MASnlI3 as observed from the XRD peaks in Fig. 2(a)
due to long-time exposure to heat.

3.2. Optical properties

3.2.1. UV-vis absorption of MASnlIs films with varying MAI thickness and
at different annealing times

Fig. 5 (a) shows the UV-vis absorption spectra of MASnI3 perovskite
thin films subjected to different times of annealing. All films displayed
relatively strong absorption within the visible range. It was observed
that absorption improved with annealing time from 0 to 60 min, above
which it dropped. The increase in absorbance in the first 60 min of
annealing indicates that Snl; and MAI interdiffusion was incomplete in
the resistive evaporator, necessitating annealing to complete the reac-
tion process. The incomplete reaction was due to the low temperature in
the deposition chamber, measured at 28.50 °C. Bi et al. [40] investigated
the impact of annealing time on the interdiffusion process of two stacked
perovskite precursor layers of Pbl; and MAI, each initially dried at 70 °C
and 75 °C , respectively. Their studies revealed that the interdiffusion
process was completed after an hour of thermal annealing at 105 °C.

Thus, the increase in absorption from O to 60 min of annealing time
attributed to improvement in the interdiffusion of the layers, resulting in
improved crystallization, orientational growth and larger grain sizes.
Decreased absorption for the film annealed for 80 min is due to
decomposition of the perovskite as observed in XRD (Fig. 2(a)). The
optimal bandgap of 1.24 eV for MASnI;3 film was attained with the film
annealed for 20 and 40 min, as shown in Fig. 5(b). Fig. 6(a) shows the
UV-vis absorption spectra of the MASnl3 films with different MAI
thicknesses annealed for 40 min. The onset of absorption was red-shifted
and the absorbance intensity enhanced as MAI thickness increased from
300 to 500 nm. The band gap of the grown films ranged from 1.33, 1.30
and 1.24 eV for 300, 400 and 500 nm of MAI thickness, respectively as
depicted from the Tauc plot in Fig. 6(b). The band gap values obtained
for all the films agree well with those reported in the literature [27,32,
41], indicating that all the films exhibited a pure phase of MASnI;
structure. The red-shift and, thus, the narrowing of the band gap as MAI
thickness increase was due to the increase in the crystallite size, as
supported by XRD results in Fig. 5(a). D’Innocenzo et al. [42] demon-
strated that larger crystallites are associated with a smaller band gap and
longer charge carrier lifetimes, positive for photovoltaic applications.
Above 500 nm of MAI thickness, the perovskite film absorption
reduced and the band gap increased to 1.56 eV as shown in Figure S 1(a)
& (b)of the supporting information. Rahimi et al. [43] explored the ef-
fect of excessive MAI regarding the performance of the perovskite films
and devices prepared by spin coating. They found that having excess
MAI could cause the formation of vacancies in the structure and may
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min. (d) Plot of the average grain size against annealing time for the perovskite film with 500 nm MAI thickness.

liberate halide ions, which then act as dopants affecting the perovskite’s
band gap. This explains the band gap changes with MAI thickness and
poor optical absorption at 600 nm of MAI thickness. At 200 nm the film
absorption was much lower with a band gap slightly higher than the
optimal range of MASnI3 as shown in Figure S1 (a) &(b) perovskite.

3.3. Morphological properties

Fig. 7(a) shows FE-SEM micrographs of MASnl; film top surface
exhibiting minimal pinholes and uniform coverage. Incomplete crys-
tallization, poor film growth and smaller average grain sizes of 96.70 nm
were observed for the as-deposited film in Fig. 7(b). The interdiffusion
and reaction process of the perovskite layers improved upon the film’s
thermal annealing for 40 min, as evidenced by the enlarged grain sizes of
240.30 nm, depicted in Fig. 7(c). However, the average grain sizes were
slightly reduced to 212.0 nm upon annealing the film for 80 min, as
displayed in Fig. 7(d).

Wang et al. [44] illustrated that the film gets infiltrated with mois-
ture through grain boundaries; thus, the larger grain sizes that result
from annealing are likely to improve the stability of the films. It can
further be deduced that films with larger grain sizes degrade at a low
rate due to limited chances of moisture and oxygen permeation. The
slight decrease in the average grain size for annealing time at 80 min is
due to the decomposition of the perovskite.

FE-SEM images in Fig. 8 (a) and 8 (b) and 8 (c) show the film
morphology of MASnI3 perovskite thin films with MAI thicknesses of
300, 400 and 500 nm, respectively. All the films are densely packed,
homogeneous and exhibit minimum pinholes. The average grain size
increased with MAI thickness, as illustrated in Fig. 8(d), conforming
with previous literature on organic-inorganic halide perovskites [25].

The calculated grain sizes were 97, 109 and 240 nm for 300, 400 and
500 nm of MAI thickness, respectively which are bigger than those ob-
tained by co-evaporation [27]. However, the obtained grain sizes in this
study are still smaller than those reported for solution processing [29,
45]. The variation in the grain size for the different MAI thicknesses is
consistent with the crystallite sizes obtained in Fig. 4(a).

The grains are oriented randomly and of varying sizes within the
film, which is characteristic of polycrystalline materials. The primary
cause of the grain size increase with MAI thickness is the availability of
sufficient MAI to react with Snl, to form large MASnI3 grains. Hence, the
500 nm MAI thickness film exhibits few grain boundaries. When the
thickness of MAI was increased to 600 nm, the grain sizes reduced and
the film exhibited many pin holes as illustrated in Fig. S2(b) of the
supplementary information. At 200 nm of MAI thickness, the film was
observed to peel off the substrates.

3.4. Photoluminescence emission

Fig. 9(a) shows the PL spectra of MASnI; films with different MAI
thicknesses. It was observed that as MAI thickness increased from 300 to
500 nm, the PL intensity decreased. The peak wavelength for the film
with 500 nm was slightly blue-shifted as shown in Table 2. Although
more light absorption is expected in thicker films that could lead to
stronger PL, a very thick absorber leads to low charge collection effi-
ciency due to high rate of carrier recombination [46,47]. Hence,
explaining the reduction of PL intensity when MAI exceeds 300 nm.

Fig. 9 (b) shows the PL spectra for both as-deposited MASnI3 film and
those annealed at 80 °C for 20, 40 and 80 min with 500 nm of MAI
thickness. The peak wavelength for the as-deposited film was 963 nm,
while that of films annealed for 20, 40, and 80 min was 938 nm, 940 nm
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and 946 nm, respectively, as shown in.
Table 2 All the films showed varying emission intensity, with the one
PL emission wavelength for MASnI; film with varying MAI thickness and the annealed at 40 min being the highest. The reduction of the PL intensity
respective bandgaps. observed with the as-deposited film and the film annealed for 20 and 80

MALI thickness (nm) PL emission, A (nm) Band gap from PL (eV) min is linked to their smaller grain sizes, which increases grain bound-
300 950 1.31 aries, thus providing avenues for non-radiative recombination losses due
400 950 1.31 to shallow traps on the film surface. Dequilettes et al. [48] studied the PL
500 940 1.32 decay dynamics of MAPbI3 and found that PL intensity varied with
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Fig. 9. PL spectra of (a) MASnI3 with varying MAI thickness, (b) as-deposited MASnI3 thin films with 500 nm of MAI thickness and films annealed at 80 °C for 20
min, 40 min and 80 min.
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Table 3
PL emission wavelength and energy of MASnl; film with 500 nm of MAI
thickness annealed at different times.

Annealing time (min) PL emission, A (nm) Band gap from PL (eV)

0 963 1.29
20 938 1.32
40 940 1.32
80 946 1.31

different grains reducing at grain boundaries due to non-radiative
recombination. The photoluminescence spectra were blue-shifted as
the annealing time increased, as is typical of organo-metallic halide
perovskites [26]. The blue-shift of the band gap is a result of the charge
carriers filling the density of states as the films get annealed [49]. It can
be deduced from Tables 2 and 3 that all MASnI5 films with different MAI
thicknesses and those annealed at varying times had a broad emission
spectrum with a peak luminescence of ~1.30 eV which agrees with
previous studies [19,26,50].

3.5. Effect of MAI thickness and annealing time on trap state density

Fig. 10(a) and (b) show the dark J-V characteristics obtained for
MASnI; films with varying MAI thicknesses and those annealed for
different times respectively. The Inset of Fig. 10(a) shows the electron-
only device structure used to obtain the J-V measurements. The
graphs display a linear relation at low voltage bias indicating an ohmic
characteristic of the device at a lower bias voltage. The current rises
rapidly to a kink point which is the region where trap states are filled up
by injected carriers in agreement with literature [51]. The J-V charac-
teristics were used to examine the impact of perovskite thickness and
annealing time on the electron trap densities (Nt) based on equation (6)
[52].

_ 286‘0 VTFL

N== )

where ¢, €, Vqr, g and L refer to the vacuum dielectric constant (8.854
x1 O’IZCV’lm’l), Perovskite’s dielectric constant, taken as 65 from
literature [53], the value of the voltage at the onset of the trap-filled
limited (TFL) regime, elementary charge (1.602x10'%¢) and thickness
of the perovskite respectively. From equation (6), Nt depends on Vg,
value and the thickness of the film since other values are constants. It is
observed in Fig. 10(a) that the values of Vg, decreased as MAI thickness
increased from 300 to 400 nm implying a decrease in the trap state
densities. This phenomenon is due to the improvement of the crystal-
linity and grain size of the film with an increase in MAI thickness as seen
in the XRD and FE-SEM results, which reduces the grain boundaries and
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pin holes that act as trapping sites. The calculated trap state densities
were 5.878x10'® cm 3, 2.056x10'°cm~* and 1.3312x10'®em =3 for 300,
400 and 500 nm MAI thickness respectively. These results agree well
with those obtained by Fru et al. [25] where the trap densities of
MAPDBr; decreased from 1.89x10'® em™ to 1.4x10'® cm™2 when the
thickness of MABr increased from 400 to 500 nm.

There was a decrease in the values of Vg, as the film was annealed
from 0 to 40 min then slightly increased at 80 min. This translates to a
decrease in the trap state densities as the film was annealed from 0 to 40
min, then slightly increased at 80 min. Similarly, this observation is
attributed to the increase in grain size of the perovskite with annealing
as shown in FE-SEM images which reduces pinholes and grain bound-
aries. The result shows that thermal annealing suppresses charge
recombination losses. Computed Nt values were 2.106x1 0'% cm~3,
1.451x10%® cm~3, 1.331x10' em 3 and 1.394x10'® cm ™ for annealing
times of 0,20,40 and 80 min respectively. Abbasi et al. [54] investigated
the impact of annealing time on halide perovskite and found that an
optimal amount of time is required for the complete conversion of
precursors to high-purity perovskite and also found that overheating can
induce defects in the film. This explains why annealing MASnIj3 films for
80 min leads to a slight increase in trap states. Hence the results show
that 40 min is the optimal annealing time that leaves the film with
minimal defect density. All the Nt values obtained at different MAI
thicknesses as well as annealing times are in the range of those of halide
perovskite (10'°-10'7cm™3) [25,55,56].

4. Conclusion

In this work, the preparation of MASnI3 films through sequential
physical vapour deposition of Snl; and MAI has been demonstrated. Film
optimization was achieved by fixing the thickness Snl; layer at 100 nm
and varying MAI thickness and annealing time. The optical, structural
and morphological properties changed with the annealing time and MAI
thickness. The XRD diffractogram revealed a tetragonal structure with
space group I4/mcm. It was observed that the degree of crystallinity
increased with the thickness of MAI and annealing time. Crystallite size
and lattice strain determined from the W-H plot increased with MAI
thickness and annealing time from O to 20 min. The lattice strain
reduced at 40 and 80 min of annealing, corresponding to a reduction in
the crystallite size. The film showed strong absorption within the UV-vis
region. The optimal bandgap was realized with the film containing 500
nm of MAI thickness annealed at 80 °C for 20 and 40 min. FE-SEM im-
ages illustrated high-quality films with full coverage, minimal pinholes
and large grain sizes that increased on annealing. The largest grain sizes
of 240 nm were obtained with 500 nm thickness of MAI and annealing at
80 °C for 40 min. The film with 300 nm MAI annealed for 40 min showed
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Fig. 10. Dark J - V characteristics of (a) MASnI3 perovskite with different MAI thickness annealed at 80 °C for 40 min (inset is the electron-only device) (b) as-
deposited MASnI; films and those annealed for 20,40 and 80 min. Graphs obtained by plotting logJ versus logV.
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the strongest PL. Trap state densities are reduced with MAI thickness and
annealing time. The structural, optical, and morphological properties
depict that MASnlI3 made through the SPVD techniques is a good
candidate for photovoltaic application.
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