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A B S T R A C T

2D-PEA2SnI4 perovskite thin films were prepared by sequential physical vapor deposition (SPVD) technique. The 
effect of low substrate deposition temperature, annealing time, and PEAI thickness on structural, optical, and 
morphological properties of 2D-PEA2SnI4 thin films was investigated. The results show that early-stage crys
tallization of SnI2 films before subsequent evaporation of PEAI hinders the efficient interdiffusion of the 
perovskite precursors. Films deposited at low substrate temperature (~18 ◦C) exhibited ~300 % carrier lifetime 
improvement from 0.14 to 0.56 ns, suggesting a reduction of defect density and suppression of nonradiative 
recombination. FE-SEM micrographs revealed uniformly deposited films with densely packed grain size ranging 
from 92.50 to 453.1 nm and minimum pinholes. AFM results showed that surface roughness decreased from 
138.2 to 50.99 nm as annealing time increased from 0 to 60 min. Similarly, surface roughness increased from 
18.02 to 50.99 nm as PEAI thickness increased from 40 to 500 nm. XRD results revealed an improvement in 
crystallinity and average crystallite size as annealing time and PEAI thickness increased. This work suggests a 
way of improving the reaction between 2D-Sn-based perovskite precursors using the SPVD technique by con
trolling the substrate temperature and highlighting the role of substrate deposition temperature, film thickness, 
and annealing time towards crystallization of the perovskite.

1. Introduction

Perovskite materials have been dominated by three-dimensional 
(3D) organic-inorganic halide perovskites (OIHP), due to their suit
ability for applications in solar cells, photodetectors, light-emitting di
odes (LEDs), etc [1,2]. These materials exhibit a tunable band gap, high 
absorption coefficient, longer carrier diffusion length, longer carrier 
lifetime, and high electron and hole mobilities [3]. Despite their excel
lent optoelectronic properties, 3D perovskites exhibit poor long-term 
stability when exposed to moisture, light, heat, and electric fields, hin
dering commercialization [4]. In comparison, two dimensional (2D) 
perovskites consist of hydrophobic organic spacer cation which controls 
ion migration and improves moisture and thermal stability, inhibiting its 
degradation [5]. Among the widely studied 2D perovskites, is the 
Ruddlesden-Popper (RP) phase of the form A′2An-1BnX3n+1. Here, A′2 
represents a monovalent organic spacer cation such as phenethy
lammonium (PEA+), butylammonium (BA+) and 

fluorophenethylammonium cation (FPEA+), A is an intralayer small 
cation such as caesium (Cs+), methylammonium (MA+) and for
mamidinium (FA+), B is divalent cation such as Pb2+ and Sn2+, X is a 
halide anion such as chloride (Cl− ), bromide (Br− ), and iodide (I− ), and 
n is the number of layers within inorganic sheets [6]. Pure 2D (n = 1) 
perovskites have been used independently or in mixed dimensional 
hybrid 2D/3D to improve the stability of solar cells, and LEDs [7].

The extensively studied low dimensional perovskites are lead (Pb)- 
based which raises toxicity and environmental concerns [2]. In contrast, 
tin (Sn)-based perovskites have shown great potential as prospective 
replacements for Pb-based counterparts [8]. Moreover, they exhibit 
excellent optoelectronic properties, and the ionic radii of Sn (118 p.m.) 
is similar to that of Pb (119 p.m.) [9]. However, Sn easily undergoes 
oxidation from Sn2+ to Sn4+ leading to detrimental Sn vacancies and 
impurities in Sn-based perovskite films [10]. In addition, the 
fast-crystallization of Sn-perovskites during solution processing induces 
residual strain resulting in poor quality films, affecting device 
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performance [11].
Thermal evaporation is one of the well-established techniques that 

has been used to control crystallization in 3D Sn-perovskites, producing 
highly uniform thin films with good surface coverage [12]. It offers 
several advantages over solution-based methods such as ability to 
eliminate the use of toxic solvents, control over film thickness and yield 
good quality films [13,14]. The precursors are usually evaporated 
sequentially or co-evaporated (single-source or dual-source) to form 
perovskite films.

Yu et al. synthesized MASnI3 perovskite thin films by co-evaporation 
of SnI2 and MAI. They were able to control the crystallization of the 
resulting MASnI3 perovskite by regulating the evaporation rate of SnI2 
precursor [15]. High quality films were produced with uniform surface 
coverage and good crystallinity. However, reproducibility was a prob
lem since it was difficult to control the stoichiometry and thickness of 
the individual perovskite layers. La Place et al. reported the dual-source 
vacuum co-evaporation of 2D-PEA2PbX4 (X = I− , Br− or mixed I− and 
Br− ) perovskite films [16]. The deposited 2D films exhibited a high 
degree of crystallinity at room temperature before annealing. However, 
they observed unavoidable halide cross-contamination in their deposi
tion, suggesting a separate chamber for a given composition is necessary 
to improve the quality of the resulting films. Moreover, control of 
crystallization especially for Sn-based perovskites by co-evaporation 
may be difficult due to the fact that the perovskite precursors do not 
have the same physical and chemical properties.

On the contrary, SPVD offers the advantage of control over thickness 
of the individual layers which makes it more reproducible [17]. It is 
however noted that synthesis of 2D-Sn based perovskites by SPVD has 
rarely been explored, with a few of the available reports focusing on 3D 
Sn-based perovskites. Moghe et al. synthesized CsSnBr3 perovskite thin 
film by sequentially evaporating multi-layers of CsBr and SnBr2 with 
SnF2 additive [18]. The solid-solid interaction of SnBr2 and CsBr led to 
the production of films with good surface morphology and the resulting 
device exhibited an improved performance. Therefore, the extension of 
SPVD technique from 3D to 2D Sn-based perovskites integrated with 
crystallization control strategies can improve on reproducibility and the 
quality of the films.

In this study, 2D-RP PEA2SnI4 perovskite thin films were deposited 
by the SPVD. The effect of substrate temperature during the deposition, 
PEAI thickness, and annealing time on optical, morphological, and 
structural properties of the resulting 2D films was investigated. 
Lowering the substrate temperature below room temperature (~18 ◦C) 

helped to control SnI2 crystallization before PEAI was subsequently 
evaporated. This ensured that the grain growth rate does not surpass the 
nucleation rate resulting into large grains with good surface coverage. 
Films deposited at low substrate temperatures exhibited higher PL in
tensities and longer carrier lifetime (0.56 ns) compared to those 
deposited at slightly high temperatures (0.14 ns). The optical, 
morphological and structural properties of the films were also observed 
to greatly depend on annealing time and PEAI thickness. To the best of 
our knowledge, there are no reports on the role of substrate temperature 
on the synthesis of 2D (n = 1) Sn-based perovskites by SPVD. This study 
suggests a way of improving the reaction of the 2D Sn-based precursors 
using SPVD by substrate temperature control. It also gives an insight into 
the effect of annealing and film thickness on the performance of 2D 
PEA2SnI4 films synthesized by the SPVD.

2. Experimental

Materials: SnI2 (99.999 %) and PEAI (98 %) were obtained from 
Sigma Aldrich and used as received.

Substrate cleaning: FTO glass substrates of about 15 × 20 mm were 
cleaned using an ultrasonic bath with soap, acetone, isopropanol, and 
deionized water respectively for 15 min each. The substrates were then 
blow-dried with nitrogen gas and UV/ozone cleaned for 20 min.

PEA2SnI4 perovskite film deposition: Fig. 1 shows the deposition 
and annealing process of PEA2SnI4 perovskite thin films by SPVD. The 
resistive thermal evaporator chamber was first cleaned with extran so
lution to remove any possible contaminants. Clean glass/FTO substrates 
were mounted at a height of 22 cm from the boron nitride crucibles A1 
and A2 containing SnI2 and PEAI perovskite precursors, respectively. 
The chamber was evacuated to a pressure of 2 × 10− 5 mbar and then 
SnI2 was deposited (at a rate of 0.3 Å/s), followed by PEAI (at a rate of 1 
Å/s). A quartz crystal monitor was used to measure the thickness of the 
films during the deposition. The thickness of SnI2 was maintained at 100 
nm while varying PEAI from 40 to 500 nm (40, 100, 300 and 500 nm). 
The temperature of the substrate was lowered to 18 and 25 ◦C by cooling 
and raised to 38 ◦C without cooling. Lowering the temperature of the 
substrate was achieved by placing ice sealed in a plastic bag at the top of 
the bell jar. The deposited films were then annealed at 100 ◦C in a 
furnace (Lindberg Hevi-duty tube furnace SB) with a continuous flow of 
high-purity nitrogen at a rate of 5 LPM. Annealing time was varied from 
0 to 120 min (0, 20, 40, 60, 80 and 120 min).

Film characterization: XPERT-PRO X-ray diffraction (XRD) 

Fig. 1. Schematic showing the growth process of PEA2SnI4 perovskite thin films using SPVD and the annealing process.
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spectrometer was used to characterize the structural properties of 
PEA2SnI4 perovskite films. 2θ was measured ranging from 5 to 35

◦

in 
steps of 0.008 using Cu K-Alpha radiation source with wavelength of 
1.5406 Å. The obtained spectra were used to study the structure, crys
tallinity, crystallite size, dislocation density and micro-strain by help of 
Origin Pro 2018 software. The optical absorption spectra of the films 
were obtained using ultraviolet–visible (UV–Vis) Cary 100 spectrometer 
within 300–800 nm wavelength range. Surface morphology of the films 
was studied using field emission scanning electron microscope (FE-SEM) 
Zeiss crossbeam 540. Grain size measurements on the obtained SEM 
images was performed using Image J software. FE-SEM Zeiss crossbeam 
540 equipped with energy dispersive X-ray spectroscopy (EDS) system 
was used for EDS analysis on the surface of the films. The surface to
pologies were examined using WITech alpha300 RAS + atomic force 
microscope (AFM). Analysis on AFM images was performed using the 
WITec Suite FIVE software to obtain the root mean surface roughness 
and 3D topological images. Steady-state photoluminescence (PL) and 
time resolved photoluminescence (TRPL) spectra measurements were 
carried out using a confocal microscope (Ti-E Motorized Inverted Mi
croscope, Nikon) with a 10 × /0.3NA (air) objective in an ambient 
environment. The lifetime measurements were performed using a 
supercontinuum pulsed laser with a pulse width of ≈67 ps and an 
average power of ≈836 nW operating at 20 MHz repetition rate (SuperK 
EVO, NKT Photonics) of which the excitation light was filtered to 525 
nm wavelength (SuperK VARIA, NKT Photonics, 10 nm bandwidth). 
TRPL data acquisition was performed using a Becker & Hickl GmbH SPC- 
130 EM TCSPC module. The fourier transform infrared (FTIR) spec
troscopy measurements were performed using JASCO FT/IR-4X spec
trometer in transmission mode.

3. Results and discussion

3.1. Structural properties

3.1.1. Effect of annealing and PEAI thickness on structural properties of 
PEA2SnI4 thin films

Fig. 2(a) shows the XRD diffractograms of PEA2SnI4 perovskite thin 
films with 100 nm SnI2 and 500 nm PEAI thickness annealed at 100 ◦C at 

different times. The crystal structure identified by XRD shows a typical 
2D perovskite with characteristic peaks located at 00l; l = 2, 4, 6, 8, 10, 
and 12, corresponding to 2θ angles at 5.50

◦

, 10.9
◦

, 16.3
◦

, 21.8
◦

, 27.4
◦

and 32.9
◦

, respectively [19,20]. The d-spacing value of the PEA2SnI4 was 
calculated based on Bragg’s law shown in equation (1) [21] and found to 
be 16.2 Å, in agreement with other reports [22]. 

nλ= 2dsinθ (1) 

where n is an integer, λ is x-ray wavelength, d is crystal layers spacing 
(path difference) and θ is the incident angle (angle between the incident 
ray and the scatter plane).

It can be observed that after 60 min of annealing, all the peaks 
describing a 2D perovskite appeared, while the SnI2 peak at 2θ = 12.8

◦

& 
25.7

◦

and PEAI peak at 28.7
◦

disappeared, indicating that the perovskite 
was fully formed and the reaction was complete. The intensity of the 
major 2D peak at 2θ = 5.50

◦

increased with annealing time, implying 
that the perovskite crystal was oriented along the (002) plane [23]. 
During the deposition process, the substrate temperature was lowered to 
~18 ◦C with the aim of keeping the first deposited SnI2 layer nearly 
amorphous to facilitate an efficient interdiffusion process with the PEAI. 
The amorphous nature of SnI2 increases the surface area for interaction 
with PEAI [24].

The appearance of 2D perovskite peaks upon annealing demonstrates 
that annealing was required to provide the activation energy needed for 
the interdiffusion of SnI2 and PEAI to form the 2D perovskite. Annealing 
the perovskite film for 80 min resulted in a decrease in the intensity of 
the peaks and PEAI peak appeared at 28.7

◦

, suggesting decomposition of 
the perovskite.

The crystallinity of the film was calculated using XRD data based on 
the integration method defined by equation (2) [25] in Origin Pro 2018 
software. 

%crystallinity=
Area under crystalline peaks

Area under all peaks
× 100. (2) 

Fig. 2(b) shows the plot of crystallinity of PEA2SnI4 against annealing 
time for the film with 500 nm PEAI thickness annealed at 100 ◦C. The 
degree of crystallinity was observed to increase steadily from 0 to 20 
min, then sharply from 20 to 60 min attributed to an increase in grain 
size. Further annealing of the film from 60 to 80 min resulted into a 
decrease in crystallinity [26]. The crystallite size of the film was 
calculated based on the Williamson-Hall plot defined by equation (3)
[27]. 

β cos θ=
kλ
D

+ 4ε sin θ (3) 

where D is the diameter of the crystallite, λ is wavelength of the x-ray 
used (copper kα = 1.5406 Å), K is Scherrer’s constant taken as 0.9 for 
spherical crystallites with cubic symmetry, ε refers to the macrostrain, β 
is the full wave at half maximum width (FWHM) and θ is half of the 
corresponding Bragg’s diffraction angle. The dislocation density ρ, was 

Fig. 2. (a) XRD diffractograms of the 2D PEA2SnI4 perovskite thin film with 500 nm PEAI thickness annealed at 100 ◦C for different times; (b) crystallinity; (c) 
crystallite size and dislocation density against annealing time for 500 nm PEAI thickness respectively.

Table 1 
Variation of crystallinity, crystallite size, dislocation density, micro-strain and 
average grain size with annealing time for PEA2SnI4 perovskite thin films.

Annealing 
time (min)

Crystallinity 
(%)

Crystallite 
size (nm)

Dislocation 
density ( ×
1010 cm− 2)

Micro- 
strain 
( ×
10− 2)

Average 
grain 
size (nm)

0 2.40 16.2 38.1 13.7 92.52
20 5.01 55.9 3.20 0.390 253.2
40 29.6 58.1 2.97 0.120 340.3
60 38.9 78.3 1.63 0.190 453.1
80 33.2 69.8 2.71 0.151 398.7
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determined using the Williamson and Smallman formula shown in 
equation (4) [28]: 

ρ= n
D2 (4) 

where n = 1 for minimum ρ and D is the crystallite size.
Fig. 2(c) and Table 1 show the variation of the crystallite size and 

dislocation density of 500 nm PEAI thickness film annealed at 100 ◦C at 
different times. The crystallite size of the film increased with annealing 
time (0–60 min) and then slightly decreased from 60 to 80 min, whereas 
an inverse trend was observed with dislocation density. The film 
annealed for 60 min showed the lowest dislocation density and largest 
crystallites suggesting low defects and trap states compared to the as- 
deposited film, which is beneficial for photovoltaic application [29]. 
Furthermore, Table 1 shows that the micro-strain decreased sharply 
upon annealing the film for 20 min. Annealing the film further resulted 
in a gradual decrease in micro-strain, which generally matched well 
with the increase in crystallite size.

The effect of PEAI thickness on the structural properties of the 
PEA2SnI4 was further investigated as shown in Fig. 3(a)–(c). Fig. 3(a) 
shows the XRD diffractograms of PEA2SnI4 films annealed at 100 ◦C for 
60 min with varying PEAI from 40 to 500 nm. The SnI2 peak at 2θ =

Fig. 3. (a) XRD spectra of the 2D PEA2SnI4 perovskite thin films for various PEAI thicknesses annealed at 100 ◦C for 60 min; (b) crystallinity; (c) crystallite size and 
dislocation density against PEAI thickness respectively.

Table 2 
Variation of crystallinity, crystallite size, dislocation density, micro-strain and 
average grain size with PEAI thickness for PEA2SnI4 perovskite thin films.

PEAI 
thickness 
(nm)

Crystallinity 
(%)

Crystallite 
size (nm)

Dislocation 
density ( ×
1010 cm− 2)

Micro- 
strain 
( ×
10− 4)

Average 
grain size 
(nm)

40 2.27 15.2 43.2 10.5 151.5
100 13.2 37.3 7.18 0.470 244.4
300 24.5 52.5 3.62 0.340 395.7
500 38.9 78.3 1.63 0.190 453.1

Fig. 4. (a) XRD spectra of the 2D PEA2SnI4 perovskite thin films with substrate temperature at 18, 25 and 38 ◦C during deposition; (b) crystallinity and (c) crystallite 
size against substrate temperature for as-deposited and annealed film; (d) Dislocation density and micro-strain against substrate for the films annealed at 100 ◦C for 
60 min.
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12.8
◦

and 25.7
◦

reduced with an increase in PEAI thickness, which dis
appeared completely at 500 nm, indicating a complete reaction. 
Therefore, the phase quality of PEA2SnI4 perovskite thin film improved 
with increase in PEAI thickness. Furthermore, the 2D perovskite peaks at 
(002), (004), (006), (008), (0010) and (0012) became more prominent 
with increasing PEAI thickness attributed to enhanced perovskite for
mation and reduction of residual SnI2 [30]. Similarly, the degree of 
crystallinity was observed to increase with PEAI thickness as shown in 
Fig. 3(b). Fig. 3(c) shows the variation of dislocation density and crys
tallite size with PEAI thickness. A high dislocation density at 100 nm 
SnI2: 40 nm PEAI (lower PEAI thickness) could be due to the existence of 
residual SnI2. Increasing PEAI thickness to 100 nm reduced the dislo
cation density sharply as small traces of residual SnI2 could be observed. 
Excess SnI2 in the film has been proven to be at times beneficial in the 
formation of 3D/2D perovskites [31] or to have negative impact on the 
crystallization of the films, resulting into poor film morphology [32]. 
These observed variations in dislocation density agree with the changes 
in crystallite sizes.

The micro-strain was also observed to decrease as PEAI thickness 
rose from 40 to 500 nm as depicted in Table 2. The high micro-strain 
observed at 40 nm PEAI thickness could be due to the presence of 
high residual SnI2 amounts in the film as observed from XRD in Fig. 3(a) 
and the reduced crystallite sizes [33,34].

3.1.2. Effect of substrate temperature on structural properties of PEA2SnI4 
thin films

The effect of substrate temperature on perovskite formation was 
investigated by lowering the substrate temperature below room tem
perature (25 ◦C) to ~18 ◦C (by cooling) and raising it above room 
temperature to ~38 ◦C (without cooling) during deposition as depicted 
in Fig. 4(a). No 2D PEA2SnI2 and SnI2 peaks were observed in the as- 
deposited film at 18 ◦C, suggesting that no reaction took place be
tween the perovskite precursors and SnI2 did not crystallize during 
deposition in the chamber. Keeping the SnI2 layer nearly amorphous 
before the introduction of the PEAI increases the surface area of inter
action between the perovskite precursors [32]. All the 2D perovskite 
peaks at a low substrate temperature appeared only after the film was 
annealed, suggesting that annealing provided the activation energy 
needed for the interdiffusion of PEAI into SnI2 to form pure 2D PEA2SnI4 
perovskite. On the other hand, the XRD diffractograms for the 
as-deposited film at room temperature and at a raised substrate tem
perature (38 ◦C) exhibited sharp peaks of SnI2, which was attributed to 
its fast crystallization at a slightly high temperature. These films showed 
low-intensity 2D perovskite peaks after annealing. Furthermore, it 
retained a high intensity of SnI2 peaks, implying that the SnI2 continued 
to crystallize and all of it did not react sufficiently with PEAI leaving 
residual SnI2 in the film.

Fig. 4(b) and Table 3 show the variation of crystallinity of PEA2SnI4 
film with substrate deposition temperature. The film grown at a low 
substrate temperature exhibited a high degree of crystallinity. On the 
other hand, the 38 ◦C substrate temperature resulted in low crystallinity 
due to enhanced stacking fault in the film [35] for both the as-deposited 
and annealed films. It can be observed from Fig. 4(c) that the 
as-deposited films at all substrate temperatures exhibited small crys
tallite sizes. Annealing greatly improved the crystallite sizes and it was 

observed to decrease with increase in substrate temperature. The film 
grown at 18 ◦C displayed the largest crystallites attributed to crystalli
zation control of SnI2 which favoured grain growth [35]. It can be 
observed in Fig. 4(d) that low substrate temperature deposition is 
associated with low dislocation density and reduced micro-strain further 
attributed to enlarged crystallites and the high film quality.

To further investigate the effect of substrate temperature on the 
degree of crystallization of SnI2, XRD measurments were carried out on 
the as-deposited SnI2-only films grown at substrate temperatures of 18, 
25 and 38 ◦C as shown in Fig. S2. SnI2-only films deposited with sub
strate temperature at 18 ◦C revealed a broad and very low intensity 
peaks, indicating very low crystallinity (neary amorphous). On the other 
hand, SnI2 films deposited at 25 and 38 ◦C exhibited high intense and 
narrow (001) and (002) crystalline peaks, demonstrating high degree of 
crystallinity in agreement with the XRD results in Fig. 2(a). Thus sug
gesting the need to reduce the substrate temperature below room tem
perature (25 ◦C) during deposition in order to control SnI2 fast 
crystallization. The crystallization of SnI2 at an excessively high tem
perature was further investigated by post-annealing treatment at 100 ◦C 
to assess its effect on perovskite formation. It is observed in Fig. S2 of 
supporting document information that the crystallinity of the SnI2 film 
greatly increased at an excessively high temperature (100 ◦C). The 
highly crystalline SnI2 layer will hinder its interdiffusion with the second 
sequentially deposited precursor, affecting perovskite growth. Similar 
findings of poor perovskite formation at a high substrate temperature 
has been reported by Zhang et al. using solution processing methods 
attributed to aggregartion of the nuclei leading to formation of islands 
[36]. On the other hand extremely low substrate temperatures have 
been reported by Lohmann et al. to greatly improve grain growth during 
co-evaporation process of 3D perovskites [37]. Their results revealed 
extremely low substrate temperatures of − 2 ◦C led to micrometer-sized 
grains while room temperature (23 ◦C) led to small sized grains (only a 
few nanometers). They attributed the difference in grain sizes to 
adsorption rate dependence on substrate temperature. However, unlike 
co-evaporation, with sequential evaporation process, we attribute the 
observed difference in the grain growth to not only the adsorption rate 
but also to the crystallization kinetics-substrate temperature depedence 
of the first SnI2 precursor layer.

3.2. Optical properties

3.2.1. Effect of annealing and PEAI thickness on the optical properties of 
PEA2SnI4 thin films

Fig. 5(a) and (b) show the UV–vis absorption spectra of 2D (n = 1) 
PEA2SnI4 perovskite thin films subjected to different annealing times. 
The films exhibited three absorption peaks assigned to intrinsic exciton 
absorption of the formed quantum well structure (607 nm), charge 
transfer transition between organic spacer cations and inorganic layers 
(525 nm), and high energy exciton transition (416 nm) which agrees 
with the literature [38,39]. The absorption peaks increase with 
annealing time from 0 to 60 min, consistent with the intensity of the 
XRD peaks in Fig. 2(a), and then decreases upon long time annealing of 
120 min.

A red shift in absorption onset was observed when annealing the film 
from 0 min (628 nm) to 60 min (636 nm) and a blue shift for the film 

Table 3 
Variation of crystallinity, crystallite size, dislocation density and average grain size with substrate temperature for as deposited and films annealed at 100 ◦C for 60 
min.

Substrate temperature (◦C) Annealing time (min) Crystallinity (%) Crystallite size (nm) Dislocation density ( × 1010 cm− 2) Average grain size (nm)

18 0 2.35 16.24 35.15 92.52
60 38.94 78.30 1.63 453.11

25 0 2.60 23.61 21.72 106.52
​ 60 34.6 62.3 2.42 332.84
38 0 2.61 26.71 14.03 170.63

60 12.89 49.34 4.11 290.17
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annealed for 120 min (632 nm), consistent with the bandgap results in 
Table S1 in supporting information determined from the Tauc-plot in 
Fig. 5(b). The band gap decreased from 1.991 to 1.970 eV for 0–60 min 
of annealing time, respectively. However, further annealing of the film 
for 120 min, led to an increase in the band gap as shown in Fig. 5(c). The 
decrease in band gap for 0–60 min of annealing time is attributed to the 

increase in grain sizes resulting from tensile strain in the film as shown 
in Fig. 5(d) [40].

PL and TRPL measurements shown in Fig. 5(e) and (f), respectively 
were carried out to further examine the effect of annealing on the optical 
properties of the films. A red shifting of the emission peak was observed 
when the film is annealed from 0 to 60 min and a blue shifting at 120 
min, which is consistent with the UV–Vis absorption results. The cor
responding emission peaks were at ≈623, 625, 629, 631 and 629 nm for 
0, 20, 40, 60 and 120 min of annealing time, respectively. In addition, 
the PL peak intensity increases with annealing from 0 to 60 min, sug
gesting the reduction of trap states and grain boundaries [41]. The trap 
states act as nonradiative recombination centers whereas a large number 
of grain boundaries can lead to oxygen and moisture permeation into the 
film, inducing Sn2+ oxidation. On the other hand, the low PL peak in
tensity at 120 min, is attributed to prolonged annealing which damages 
the film. Table 4 and Fig. 5(f) show that the average carrier lifetime of 

Fig. 5. (a) UV–Vis absorption spectra; (b) Tauc-plot; (c) and (d) variation of bandgap with annealing time and average grain size respectively; (e,f) PL and TRPL 
spectra of 2D PEA2SnI4 perovskite films annealed for different times at 100 ◦C with film thickness of 100 nm SnI2:500 nm PEAI.

Table 4 
TRPL carrier lifetime of PEA2SnI4 thin films for different annealing times.

Annealing time (min) τ1 (ns) τ2 (ns) τavg (ns)

0 0.06 0.32 0.12
20 0.39 0.39 0.39
40 0.48 0.49 0.47
60 0.56 0.56 0.56
120 0.46 0.46 0.46

Fig. 6. (a) UV–Vis absorption spectra; (b) Tauc-plot; (c) variation of bandgap of PEA2SnI4 thin films with PEAI thicknesses; (d,e) PL spectra showing shift in peak 
intensities and peak intensity variations respectively; (f) TRPL spectra of 2D PEA2SnI4 perovskite thin films deposited with varying PEAI thicknesses.
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the films improved with annealing time from 0.12 to 0.56 ns, which 
further confirms the reduction of defect density and grain boundaries 
within the films. The shorter carrier lifetime at 120 min, indicated that 
prolonged annealing created defects in the film, consistent with SEM 
results in supporting information document (Fig. S4(b)).

UV–vis absorption, PL and TRPL spectra measurements were further 
carried out to assess the effect of PEAI thickness on optical properties of 
PEA2SnI4 thin films. Fig. 6(a), shows the UV–Vis absorption spectra of 
2D PEA2SnI4 perovskite films with fixed 100 nm SnI2 but varying PEAI 
thickness from 40 to 500 nm. It is observed that for smaller PEAI 
thickness, the absorption almost mimics that of SnI2 film (Fig. S3 of 
supporting information) with low 2D absorption peak intensities. This 
implies that a very thin layer of 2D PEA2SnI4 was formed leaving excess 
unreacted SnI2 as confirmed by XRD diffractogram in Fig. 3(a). The 
formed thin 2D layer is good for 3D perovskite layer capping to suppress 
degradation of the perovskite for solar cell applications [31]. Further
more, absorption is seen to increase with PEAI thickness from 40 to 500 
nm with a red shift in the absorption onset. The high absorption 
exhibited by large thickness 2D perovskites (>300 nm) has been used for 
other applications such as photodetectors, LEDs, and Field-effect tran
sistors despite their poor conductivity [41,42]. It is observed in Fig. 2(b) 
and (c) (also in Table S2) that the band gap decreases from 1.983 to 
1.970 eV as the thickness of PEAI increased from 40 to 500 nm 
respectively attributed to the increase in crystallite size as shown in 
Fig. 3(c) [43,44].

The steady state PL spectra in Fig. 6(d) show a slight redshift of peak 
intensity as the PEAI thickness increased, which agrees with the 
observed small variations in the band gap in Fig. 6(c). A much stronger 
PL intensity was displayed when PEAI thickness increased from 40 to 
100 nm as shown in Fig. 6(e). Further increase of PEAI thickness to 300 
and 500 nm resulted in lower PL intensities. This implies that 100 nm 

PEAI thickness resulted in a film with suppressed nonradiative carrier 
recombination compared to thicker films. This was further confirmed by 
the longer carrier lifetime of 0.63 ns for 100 nm PEAI thickness film 
compared to 0.39 ns for 500 nm PEAI thickness film observed from the 
TRPL results in Fig. 6(f) and Table 5. This could be due to the low carrier 
mobility and short diffusion length characteristics of layered 2D pe
rovskites which make thicker films more susceptible to charge carrier 
recombination [45].

3.2.2. Effect of substrate temperature on the optical properties of PEA2SnI4 
perovskite thin films

Fig. 7(a) shows the UV–Vis absorption spectra of PEA2SnI4 perov
skite thin films with substrate temperature at 18, 25 and 38 ◦C. A low 
UV–Vis absorption is observed for the as-deposited films at all substrate 
temperatures. However, the annealed film deposited at 18 ◦C substrate 
temperature showed a high optical absorption compared to that 
deposited at 25 and 38 ◦C. This was attributed to the nearly amorphous 
nature of the SnI2 layer which provided a good surface area for inter
action between the inorganic and the organic layers forming a good 
quality film with high crystallinity, full surface coverage and enlarged 
grains after annealing [24,46]. The band gap band determined using the 
Tauc-plot equation at different substrate temperatures is shown in 
Table S3 of supporting document. The estimated band gaps for the 
annealed films increased from 1.970 to 1.972 eV as the substrate tem
perature increased from 18 to 38 ◦C as shown in Fig. 7(b). The small 
band gap observed at 18 ◦C is attributed to the increased grain sizes 
compared to that at 38 ◦C.

PL and TRPL spectra were further measured to compare the carrier 
dynamics of the films deposited with the substrate held at 18, 25 and 
38 ◦C as shown in Fig. 7(c) and (d) respectively. PL peak intensities for 
all the as-deposited films are lower than for the annealed films, further 
indicating the importance of annealing in suppressing defect density. 
The highest PL peak intensity and longest carrier lifetime (0.56 ns) was 
obtained with the annealed film deposited at a substrate temperature 
below room temperature as shown in Fig. 7(d) and Table 6. This suggests 
that reducing the substrate temperature minimized defect density, hence 
greatly suppressing nonradiative recombination within the film. The 
low defect density at low substrate temperatute is attributed to the 
controlled crystallization and grain growth, resulting into high quality 

Table 5 
TRPL carrier lifetime of PEA2SnI4 thin films for varying PEAI thicknesses.

PEAI thickness (nm) τ1 (ns) τ2 (ns) τavg (ns)

40 0.40 0.90 0.58
100 0.42 1.08 0.63
300 0.50 0.57 0.55
500 0.31 0.74 0.39

Fig. 7. (a) UV–Vis absorption spectra of 2D PEA2SnI4 perovskite films with substrate held at 18, 25 and 38 ◦C during deposition; (b) variation of bandgap of PEA2SnI4 
films with temperature of the substrate; (c,d) PL and TRPL spectra respectively for the resulting films; (e,f) FTIR transmission spectra for as-deposited and annealed 
films respectively at substrate temperature of 18 and 38 ◦C.
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films.
FTIR transmission spectra measurements were carried out on 

PEA2SnI4 perovskite thin films grown at different substrate temperatures 
to understanding the chemical interactions between the perovskite 
precursors and the effect of the synthesis environment for any possible 
residual water vapor contaminations. The FTIR spectra measured in the 
range 2400–3700 cm− 1 for as-deposited films at 18 and 38 ◦C in Fig. 7(e) 
displayed peaks at 2846.8, 2908.3 and 3018.1 cm− 1 belonging to either 
asymmetric or symmetric C-H stretching or bending bond vibrations. 
The peaks located at 3062.7 and 3152.8 belong to N-H stretching vi
brations which agrees with literature [28]. It was observed that the 
as-deposited films exhibit weak intensities of the peaks, further con
firming the poor interection between the perovskite precursors before 

the annealing process. It is worth noting that no characteristic peak in 
the range 3400–3700 cm− 1 corresponding to O-H stretching vibrations 
was observed in all the films. This suggested that the cooling synthesis 
environment did not result in residual water vapor contaminations that 
would impenge the perovskite film. Fig. 7(f) shows the FTIR measure
ments for annealed films at the different substrate temperatures. The 
annealed films displayed higher peak intensities compared to 
as-deposited films. Further more, the film deposited with substrate 
temperature at 18 ◦C displayed more intense peaks compared to that at 
38 ◦C, further suggesting the role of substrate temperature deposition in 
the interaction process of the perovskite precursors.

3.3. Morphological properties

3.3.1. Effect of annealing and PEAI thickness on the surface morphology of 
PEA2SnI4 thin films

FE-SEM was used to study the morphology of the as-deposited and 
annealed PEA2SnI4 films at different annealing times as shown in Fig. 8
(a–d). The as-deposited film exhibited small and non-compact grains as 
shown in Fig. 8(a). However, when the film was annealed, platelets 
consisting of multiple grains started forming whose compactness 
improved with increasing annealing time as shown in Fig. 8(b–d) [47]. 
The small and non compact grains for the as-deposited film is attributed 

Table 6 
TRPL carrier lifetime of PEA2SnI4 thin films at different substrate temperatures.

Substrate temperature 
(◦C)

Annealing temperature 
(◦C)

τ1 

(ns)
τ2 

(ns)
τavg 

(ns)

18 0 0.06 0.32 0.08
60 0.56 0.56 0.56

25 60 0.29 0.42 0.34
38 0 0.07 0.37 0.12

60 0.12 0.39 0.14

Fig. 8. (a–d) FE-SEM images of PEA2SnI4 Perovskite thin films at different annealing times. The inset indicates the magnified view of crystalline grains in the film; 
(e–h) AFM images for the films at different annealing time. The inset shows 3D lateral images of the films; (i) and (j) variation of average grain size and surface 
roughness, respectively with annealing time; (k) photo showing appearance of as-deposited and annealed films.
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to presence of PEAI at the surface of the film, due to poor interdiffusion 
process of the perovskite precursors. An improvement of film surface 
coverage and reduction of grain boundaries was observed with increase 
in annealing time attributed to better crystallization of the 2D perovskite 
in agreement with increasing intensity of XRD peaks in Fig. 2(a). The 
estimated average grain sizes were 92.52, 253.2, 340.3, 453.1 and 
398.7 nm corresponding to 0, 20, 40, 60, and 80 min of annealing time 
respectively as shown in Table 1. The observed trend of increase in 
average grain size with annealing time as shown in Fig. 8(i) was 
attributed to better interdiffusion process occurring between perovskite 
precursors [48]. It can be observed that annealing the film for 80 min 
resulted in reduction of average grain size (Fig. S4(a)) and extended 
annealing time of 120 min (Fig. S4(b)) led to grain destruction.

AFM was used to further analyze the effect of annealing on the 
morphology of the films. Fig. 8(e–h) shows AFM images of as-deposited 
and films annealed for 20, 40 and 60 min with corresponding measured 
root mean square roughness (RMS) of 138.2, 97.23, 52.84, and 50.99 nm 
respectively. It can be observed that RMS decreases with increase in 
annealing time (Fig. 8(j)). The generally observed high RMS values 
could be attributed to the highly oriented crystal structure nature of the 
2D perovskites. Additionally, the high reactivity and affinity of the 
precursors could result in the grain growth rate occurring faster than the 
nucleation rate, producing films with high surface roughness [47]. The 
color image of the films in Fig. 8(k) shows that brownish color of the 

as-deposited film turned dark upon annealing suggesting a trans
formation from SnI2-rich to SnI2-deficient perovskite film.

FE-SEM was used to investigate the influence of PEAI thickness on 
the morphology of PEA2SnI4 thin films as shown in Fig. 9(a–d). The 
insets represent a magnified view of the SEM images. It can be observed 
in Fig. 9 (a), that the film with 40 nm of PEAI is smooth with smaller 
grains which could be attributed to excess SnI2. As PEAI thickness 
increased, grain growth improved and platelets made up of multiple 
grains were observed particularly for large PEAI thicknesses as shown in 
Fig. 9(c) and (d). The estimated average grain sizes were 151.5, 244.4, 
395.7, and 453.1 nm corresponding to 40, 100, 300 and 500 nm of PEAI 
thicknesses as shown in Table 2. It is however observed that the average 
grain size of the films grown by SPVD technique is smaller than the 
solution-processed PEA2SnI4 perovskites which is of a few micrometers. 
This is attributed to the substantial morphological advancements in 
solution-processing techniques which involve the use of solvents such as 
dimethylsulfoxide (DMSO) and other additives which slown down the 
reaction rates and control the crystal growth resulting into large grain 
sizes. The average grain size increased with PEAI thickness as observed 
in Fig. 9(h). The grain size dependence behavior on thickness is 
consistent with the trend observed in 2D Pb-based perovskites prepared 
by drop-casting [49]. Despite the enlarged grains exhibited by thicker 
2D perovskites, they have been found to badly affect the solar cell pa
rameters thus suitable for other application such as photo detectors and 

Fig. 9. (a–d) FE-SEM images of PEA2SnI4 perovskite thin films with varying PEAI thicknesses of 40, 100, 300 and 500 nm respectively. The inset indicates the 
magnified view of crystalline grains in the film; (e–g) AFM images for different PEAI thicknesses of 40, 100 and 500 nm respectively. The inset shows 3D lateral 
images of the films; (h) and (i) variation of average grain size and surface roughness, respectively with PEAI thickness.
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LEDs.
Fig. 9(e–g) shows AFM images of PEA2SnI4 films and the corre

sponding 3D lateral images as insets for varying PEAI thicknesses of 40, 
100 and 500 nm. The calculated RMS values were 18.02, 25.08 and 
50.99 nm for 40, 100 and 500 nm of PEAI thickness respectively. It can 
be observed from Fig. 9(i) that the surface roughness increases with 
PEAI thickness. The low surface roughness for smaller PEAI thickness of 
40 nm further confirms the suitability of thinner 2D perovskites as a 
capping layer for 3D perovskites and providing a good interface with 
hole transport layers (HTLs) or electron transport layers (ETLs). The 
higher surface roughness exhibited at 500 nm of PEAI thickness could be 
due to formation of large platelets of which some are seen to be oriented 
vertically.

3.3.2. Effect of substrate temperature on surface morphology and 
stoichiometry of PEA2SnI4 thin films

SEM images of as-deposited and annealed films with slightly low 
substrate temperature (18 ◦C), room temperature (25 ◦C) and slightly 
high temperature (38 ◦C) are shown in Fig. 10(a–f) with insets repre
senting the magnified view of the crystalline grains. The as-deposited 
film at 38 ◦C exhibits poor surface coverage with small grains as illus
trated in Fig. 10(a). Upon annealing the film, a non-uniform grain 
growth with the film dominated by several small grains was observed as 
shown in Fig. 10(d). In addition, the film showed a characteristic of fast 
grain growth from a few nucleation sites leading to formation of voids 
attributed to the fast crystallization of SnI2 before interdiffusion with 
PEAI rendering reduced nucleation sites [50]. On the other hand, the 

as-deposited film in Figure (b) and (c) at a lower substrate temperature 
(25 and 18 ◦C) exhibited small and randomly oriented grains which 
resulted into platelets consisting of closely packed enlarged grains upon 
annealing as shown in Fig. 10(e) and (f).

The average grain size greatly increased from 290.2 nm to 453.1 nm 
as the substrate temperature reduced from 38 to 18 ◦C as shown in 
Fig. 10(g) and Table 3. Lowering the substrate temperature below room 
temperature slowed down SnI2 crystallization during deposition which 
helped to ensure that grain growth does not surpass the nucleation rate 
resulting into large grains with good surface coverage. To further un
derstand the effect of substrate temperature on morphology of SnI2, FE- 
SEM images of the SnI2-only film subjected to different temperatures 
were obtained as shown in Fig. S5 of the supporting information docu
ment. It is observed that the SnI2-only film with substrate temperature 
held at low temperature (18 ◦C) shows small and poorly distinct grains 
further confrming its poor crystallization which agrees with XRD results. 
The film at 25 ◦C is more crystalline with distinctive and enlarged grains 
compared to that at 18 ◦C which further confirms the advantages of 
having to lower the substrate temperature below room temperature for 
efficient SnI2-PEAI interdiffusion process. Films deposited at 38 ◦C show 
clear, large and fully crystallized grains. The large grains and highly 
crystalline film exhibited by the SnI2-only film at 38 ◦C affect PEAI 
interdiffusion. On the other hand, the film at an excessively elevated 
temperature of 100 ◦C (Fig. S5(d) of supporting information document) 
resulted into more compact and enlarged grains compared to all the low 
substrate temperature SnI2-only films which is more likely to hinder the 
interdiffusion between the inorganic and the organic perovskite 

Fig. 10. FE-SEM images of as deposited and annealed PEA2SnI4 perovskite thin films at a substrate temperature of (a,d) 38; (b,e) 25 and (c,f) 18 ◦C; (g) variation of 
average grain size with substrate temperature for annealed films; (h,i) EDS spectra acquired in SEM at the surface of annealed films at 38 and 18 ◦C substrate 
temperatures respectively.
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precusors.
Fig. 10(h) and (i) shows the Sn and I elemental compositions of 

annealed PEA2SnI4 perovskite thin films deposited on FTO-coated glass 
substrates held at 38 ◦C and 18 ◦C, respectively measured by energy 
dispersive X-ray spectroscopy (EDS). The estimated atomic ratios of Sn:I 
from the inset of Fig. 10(h) and (i) are 0.94 and 0.29 at substrate tem
peratures of 38 and 18 ◦C respectively. It can be observed that the ratio 
of Sn:I for a low substrate temperature is much closer to the stoichi
ometry of the PEA2SnI4 (0.25), than when the substrate is held at a 
slightly higher temperature. This indicates that low substrate tempera
tures favoured the formation of pure-phase PEA2SnI4 perovskite by 
SPVD.

Fig. 11(a–d) shows the EDS elemental mapping (including oxygen) 
for PEA2SnI4 thin films grown with the substrate temperature at 18 ◦C. It 
was observed that the elements Sn and I are uniformly distributed with 
traces of oxygen which could be as a result of exposure to air during 
preparations of the films for measurements. Moreover, majority of the 
oxygen is seen to segregrate at the Sn site on the grain interface as shown 
in Fig. 11(e). Sn perovskites are known to easily get oxidized from Sn2+

to Sn4+ in presence of oxygen and moisture, thus the high concetration 
of oxygen at the Sn site could be the source of fast degration of the 
perovskite. Some oxygen is also seen at the grain boundaries which act 
as permeation centers for deep penetration into the film. It should be 
noted that low magnifications were used during EDS elemental mapping 
measurments due to high sensitivity of the films, thus contributing to the 
low observed counts.

4. Conclusion

We fabricated Ruddlesden-Popper PEA2SnI4 perovskite thin films 
from SnI2 and PEAI precursors using SPVD. Substrate deposition tem
perature, PEAI thickness and annealing time were found to have a 
notable influence on optical, morphological and structural properties of 
the resulting films. The temperature of the substrate during deposition 
was lowered slightly below room temperature (~18 ◦C) to control SnI2 
crystallization before the second precursor (PEAI) was subsequently 
evaporated. As a result, there was efficient interdiffusion process be
tween the perovskite precursors after annealing, resulting into pure 
phase PEA2SnI4 perovskite film with high degree of crystallinity and 
suppressed nonradiative recombination. Lowering the substrate tem
perature ensured that grain growth does not surpass the nucleation rate 
which resulted into large grains with good surface coverage. XRD results 
revealed an increase in crystallinity and crystallite size with PEAI 

thickness while dislocation density and micro-strain decreased with 
PEAI thickness. The film with 40 and 100 nm PEAI thickness exhibited a 
higher PL intensity compared to thicker 300 and 500 nm PEAI films, 
demonstrating more nonradiative recombination in large thickness 2D 
films. AFM results showed that RMS decreased with increase in 
annealing while an inverse trend was observed with PEAI thickness. The 
findings of this work demonstrate the potential of using SPVD to deposit 
2D Sn-based perovskites capable of being used as a capping layer for 3D 
perovskites or other optoelectronics applications and emphasizing the 
role played by substrate deposition temperature, film thickness and 
annealing towards crystallization dynamics of the perovskite.
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