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Abstract: The phase transition of MAPbIs during the annealing process has been extensively reported,
but there is a lack of research on the preformation of resulting perovskite solar cells (PSCs). Here, we
systematically investigated the impact of annealing temperature on the crystal structure of MAPbIs.
Our findings reveal that an optimal annealing temperature of 100°C yields high crystallinity and a
mixture of tetragonal and cubic phases. Deviating from this temperature range results in incomplete
conversion to perovskite material at lower temperatures or formation of only cubic crystal structure
above 100°C, leading to degradation at higher temperatures. Theoretical calculations also indicate
that the conduction band energy level for the cubic phase is approximately 154 meV lower than that
for the tetragonal phase, creating an electron extraction barrier between perovskite and TiO:. Solar
cells fabricated with mixed-phase films annealed at 100°C exhibit superior performance with a
conversion efficiency of 22.01%, attributed to both energetically favourable crystal structure and
excellent crystallinity.

Keywords: perovskite solar cells; phase transition; morphology; methylammonium lead halide;
annealing temperature

Perovskite solar cells (PSCs) have attracted significant attention due to their impressive
efficiency achieved using cost-effective and low-temperature solution-processing methods.[1-9] In a
PSC, the perovskite material absorbs photons and then generates electron-hole pairs in the material.
Methylammonium lead halide (MAPDbI3), most widely studied perovskite absorber, is a temperature
sensitive material due to the phase transition and thermal decomposition that can occur during the
annealing process.[10] There are two approaches to deposit the MAPbX3 perovskite light absorbing
film: a one-step method where a precursor solution containing PbX2 and MAX in organic solvent is
used for the film deposition [11] and two-step method where the PbX2 and MAX precursors are
deposited separately to form the MAPbX3 compound.[12] An annealing step following the film
deposition is generally required to remove the organic solvent and to crystallize the perovskite
film.[13]

Crystallographically, the perovskite MAPbI3 can exist in three crystalline phases: cubic;
tetragonal; and orthorhombic. The phase transition occurs at relatively low temperatures (55°C for
tetragonal to cubic) [14, 15] The phase transition may also be related to the different interface between
the organic and inorganic components. The CH3NH3I and PbI2 components in the compound
interact through hydrogen bonding between the amino group and the halide ions, whereas the weak
Van der Waals interactions exists among the organic components. Since phase transformation of
MAPDI3 films is expected to influence on performance of corresponding solar cells,[16] an in-depth
understanding the correlation between the material structure of MAPbI3 and the performance of PSC
is important to optimize the experimental conditions for improving the device efficiency.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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To give an insight into correlation of the component of MAPbI3 with the performances of PSC,
here we present a study on the effect of different crystal structure and the morphology induced by
the annealing temperature and the performance of corresponding solar cells. Theoretical calculations
based on density function theory (DFT) were also undertaken to determine the relative energy levels
and bandgap of different MAPDbI3 crystal structures. The lower conduction band of the MAPbI3 cubic
phase relative to that of TiO2 results in unfavored charge transfer from the perovskite light absorber
to TiO2, leading to a lower energy conversion efficiency of the PSC.

Experiment

First, laser-patterned, FTO-coated glass substrates (Tecl5) were cleaned by ultra-sonication in
an alkaline, aqueous washing solution, rinsed with deionized water, ethanol and acetone, and heated
to 5100C to remove the residual organic material. An 80 nm-thick TiO2 compact layer was then
deposited on the substrates by aerosol spray pyrolysis at 5000C using a commercial titanium
diisopropoxide bis(acetylacetonate) solution (75% in 2-propanol, Sigma-Aldrich) diluted in ethanol
(0.2 mol/L). After cooling to room temperature, the substrates were treated in 0.05 M aqueous solution
of TiCl4 for 30 min at 70 oC, rinsed with deionized water and dried at 5000C for 20 min. The
mesoporous TiO2 layer composed of 20 nm sized particles was deposited by spin coating at 5000 rpm
for 30 s using a commercial TiO2 paste (Dyesol 18NRT) diluted in ethanol (2:7, weight ratio). The
TiO2 films were gradually heated to 510°C, baked at this temperature for 15 min and cooled to room
temperature. Prior to their use, the films were again dried at 5000C for 30 min.

The deposition of perovskite materials and PSC device fabrication were carried out in an Ar-
filled glove box with oxygen content < 0.1 ppm, H20 content < 0.1 ppm. PbI2 was dissolved in N,N-
dimethylformamide at a concentration of 462 mg/ml under stirring at 700C. The solution was kept at
700C during the whole procedure. The mesoporous TiO2 films were then infiltrated with PbI2 by
spin coating at 6500 r.p.m. for 90 s and dried at 700C for 30 min. After cooling to room temperature,
the films were dipped in a solution of CH3NH3I in 2-propanol (10 mg/ml) for 20 s, rinsed with 2-
propanol and dried at different temperatures (500C, 700C, 1000C, 1200C and 1400C) for 30 min. The
hole transfer material (HTM) was then deposited by spin coating at 4000 r.p.m. for 30 s. The spin
coating formulation was prepared by mixing 723 mg 2,29,7,79-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9-spirobifluorene (spiro-MeOTAD), 28.8 ml 4-tert-butylpyridine, 17.5 ml of
a stock solution (520 mg/ml lithium bis(trifluoromethylsulphonyl)imide in acetonitrile) and 1 ml
chlorobenzene. Finally, 80 nm of gold film with geometry of 4 mm x 4 mm was thermally evaporated
on top of the device to form the back contact.

The UV-visible spectrum and diffuse reflectance spectroscopy of the material were recorded on
a UV-Vis spectrometer with an integrating sphere (Cary 5000). The surface and cross-section
morphology of the MAPDI3 films were imaged using a field emission scanning electron microscope
(FESEM,, JEOL 7001F) at an acceleration voltage of 10.0 kV. The high resolution transmission electron
microscope (HRTEM) measurement and selected area electron diffraction patterns of the HTM
composite were performed with a JEOL 2010 transmission electron microscope with an accelerating
voltage of 200 keV. Electron microprobe (JEOL JXA-8530F) was used to measure the atomic
percentage of the film in the condition of 7 kV, 20 nA, probe diameter is 5 um. The data has been
analysed by Electron probe micro-analyser. The photocurrent density-voltage (J-V) plots of the solar
cells were measured by recording the current as a function of applied voltage under the radiation of
100 mW/cm2 (AM1.5) provided by a Xe lamp (150 W) based solar simulator (Newport). The cell was
scanned from short circuit to open circuit. The illumination intensity of the solar simulator was
calibrated with a monocrystalline reference silicon solar cell (Fraunhofer ISA). The active area of 0.09
cm?2 of each cell was controlled using a black mask (3 mm x3 mm) which was placed opposite to the
gold contact.

Result and discussion
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Figure 1 shows the SEM images of the deposited MAPDI3 films annealed at different
temperatures. The SEM image of the film annealed at 500C is obscure, it is most likely caused by the
poor conductivity and crystallinity of the films arising from the the low annealing temperature, which
could not fully convert the PbI2 into CH3NH3PbI3 perovskite crystal (Figure 1a). In contrast, a clear
and smooth homogeneous surface consisting of nanoparticles is observed with the sample annealed
at 70°C (Figure 1b), and the film annealed at 100°C shows a surface consisting of compact grains
which closely connect with each other (Figure 1c). Annealing the film above 1000C, such as 1200C
and 1400C (Figure 1d and 1e, respectively), leads to the formation of nano-sheets of perovksite.

To further study the evolution of the crystal structure and crystallinity of the MAPDbI3 films
annealed at different temperatures, high resolution transmission electron microscopy (HRTEM)
(Figure 2) and selected area electron diffraction (SAED) pattern (inset) were employed. Figure 2a
shows the HRTEM image of the MAPDbI3 film annealed at 500C, the lattice fringes with a separation
of 0.28 nm matches the inter-planar spacing of the (114) plane of tetragonal MAPbI3 structure, while
the lattice fringes at 0.18 nm is attributed to the inter-planar spacing of the (023) plane of PbI2 (PDF
ref. code: 96-900-9141), indicating that the MAPDI3 film annealed at 500C contains both tetragonal
MAPDI3 and a small amount of unreacted PbI2. For the film annealed at 700C (Figure 2b), the lattice
spacings of 0.31 nm and 0.25 nm are assigned to the (220) and (024) space planes of tetragonal phase
of MAPDI3,[17] The lattice fringe spacing of 0.34 nm is assigned to the (100) plane of cubic
MAPDI3,[18] inferring that the 700C deliver the mixture phase of tetragonal and cubic crystal of
MAPDI3. A Similar mixture of crystal structures is also found while annealing the perovskite film at
1000C, while the perovskite high crystalline from the SEAD results (Figure 2c). Increasing the
annealing temperature to 1200C, only a lattice fringe spacing of 0.34 nm was found, which is due to
(100) plane of the cubic structure (Figure 2d). Figure 2e shows the HRTEM image of perovskite film
annealed at 1400C, a clear lattice space 0.233 nm which is attributed to (006) lattice plane of PbI2 was
observed. The SEAD patterns from (006), (016) and (027) lattice plane of PbI2 are also observed,
confirming the existence of Pbl2, this could be due to the decomposition of perovskite film at higher
temperature.

200 nm
—

Figure 1. Scanning electron microscopy (SEM) images of MAPDIs film annealed at (a) 50°C (b) 70°C (c) 100°C (d)
120°C (e) 140°C.

Combining the SEM and HRTEM results, we deduce that the perovskite film annealed at low
temperature (500C, 700C) has poor crystallinity, and especially at 500C, the precursor of
PbI2/CH3NH3I has not been fully converted into CH3NH3PbI3. At 700C, the perovskite films shows
evidence of two crystal structures, tetragonal and cubic phase. Increasing the annealing temperature
of perovskite layer to 1000C, the perovskite film also shows two crystal structures, but the
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crystallinity of the MAPbI3 material is significantly improved, and a dense and high crystallinity of
perovskite film has been formed. However, further increasing the temperature to 1200C, although
the film still shows high crystallinity, nano-sheets of perovskite film has been formed, the film
contained a lot of pinholes, which will not be good for the device performance. By further increasing
the annealing temperature to 1400C, the perovskite was further degraded into Pbl-.

/ 0.31 nm
; DQI_ i

0.28nm

Figure 2. High resolution transmission electron microscopy images (HRTEM) of MAPDI; film annealed at (a)
50°C (b) 70°C (c) 100°C (d) 120°C (e) 140°C. (Inset: corresponding selected area diffraction patterns of each

sample).

The absorption properties of the perovskite films were studied by the UV-vis absorption spectra.
From Figure 3a, it is found that the absorption peak intensities increase with annealing temperature
until 1000C, further increasing of the annealing temperature to 1200C leads to the decrease of light
absorption intensity of the film. Under lower annealing temperature, the film absorption increase
could be due to increased perovskite crystal formation and also the increase crystallinity, while
reduced the absorption is likely due to the degradation of the perovskite layer.

The optical bandgap of the MAPDbI3 film annealed at different temperatures can be determined
(Figure 3b) using the transformed diffuse reflectance technique according to the well-known
Kubelka-Munk theory. [19] The bandgap, Eg, can be obtained by regression fitting the linear part of
the plot to the axis of the abscissa. The bandgap of the MAPbI3 films annealed at 500C, 700C, 1000C,
1200C and 1400C are 1.59 eV, 1.57 eV, 1.56 eV, 1.54 eV, and 1.52 eV, respectively, which fall in the
range of bandgap of MAPbX3 (1.5~1.65 eV) reported in literature.[20] It is found that the bandgap
decreases with the increase of the cubic phase in the material as the annealing temperature increases.
This trend is consistent with the theoretical predication. [21]
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Figure 3. (a) UV-vis absorption spectra of MAPbI3/TiO: films and (b) converted Kubelka-Munk plots showing
the bandgap of MAPDI: film annealed at different temperatures.

To explain why the perovskite bandgap shifts while annealing the perovskite film under
different temperature, density functional theory (DFT) calculations using the projector augmented
wave method with the PBE exchange correlation function implemented in the plane-wave basis
Vienna Ab-initio Simulation Package (VASP) code.[22] A damped van der Waals correction is
incorporated based on Grimme’s scheme to account for the non-bonding interaction. The energy cut-
off for plane waves is chosen to be 500 eV and the convergence of tolerance force on each atom during
geometry optimization is set to 0.005 eV/A. In Figure 4, we present the calculated band structures for
the cubic and tetragonal polymorphs of MAPDbI3, respectively.
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Figure 4. Calculated band structures of MAPbIs along the high-symmetry lines in the first Brillouin zone for the
(a) cubic, (b) tetragonal, respectively. The Fermi level is set to zero. Calculated electronic energetic properties of
two different crystal of MAPbIs. (c) The band alignment of TiO2 with tetragonal and cubic perovskite. (d) J-V
plots of perovskite solar cells with MAPbIs films annealed at different temperatures.

The cubic phase has a well-defined direct band gap, Eg, of 1.445 eV at the E point (Figure 4a).
Compared to the Eg determined by the Kubelka-Munk plot (1.54 eV), the slightly lower Eg value is
attributed to the defects in the bulk film. The tetragonal phase with the tilted Pbl6 octahedron around
the ¢ axis will move the band to the I point due to the lowering of the lattice symmetry and the band
gap is slightly increased to 1.580 eV (Figure 4b). The above theoretical results are in good agreement

with existing theoretical and experimental value[23].
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The calculated electronic energetic properties of different crystal MAPDbI3 phases are
summarized in Figure 4c. Comparing with the tetragonal phase of MAPDI3, the cubic phase band
has been shifted down about 0.15 eV. Considering that the conduction band (Ec) of MAPDbI3 with
tetragonal structure is only 0.07 eV higher than that of TiO2 which provides the driving force for
electron extraction,[24] the deeper EC of the cubic phase compared to the tetragonal means that the
electron extraction from the perovskite material to TiO2 is not very energetically for the solar cell
based on the MAPDI3 film annealed at 1200C.

The representative photocurrent density-voltage (J-V) plots of the solar cells using MAPDbI3 films
annealed at different temperature are shown in Figure 4d. It is obviously that annealed at 1000C
showed the highest cell efficiency (22.01%). The cells based on the film annealed at 500C, 700C and
1200C produced conversion efficiency of 15.73%, 18.03% and 12.14%, respectively. In contrast, further
increase the annealing temperature to 1400C damaged the device with efficiency only 5.02% and
short circuit current density (Jsc) of 9.35 mA/cm?2. The drastic decrease of the cell performance should
be due to the decomposition of the MAPDbI3 thin films.[25] The detailed device performance for the
perovskite annealing at different temperature are summarized in Table 1.While the annealing
temperature increasing from 500C to 1000C, it can be seen the open circuit voltage (Voc) clearly
increase, indicating that charge recombination has been reduced as the crystallinity improves. While
further increasing of the temperature led to a decrease of the Voc, and a massive reduction in the fill
factor, most likely due to the increasing porosity of the large crystals leading to increased resistance.
PSCs annealed upon 1000C delivers the highest short circuit current. Theoretically Jsc of a perovskite
solar cells is controlled by two critical processes: (1) the light harvesting efficiency of MAPbI3, and
(2) the electron extraction efficiency which is controlled by the energy offset between MAPbI3 and
TiO2. As illustrated in Figure 3a, the light absorption intensity of the perovskite films shows the
absorption harvest efficiency is 1000C >1200C >700C >500C. Consistent with the absorption results,
the 1000C annealed film showed the highest short circuit current. However, the Jsc of the perovskite
film annealed at 1200C is significantly lower than that of the film annealed at 700C, even though the
former shows higher light absorption. This inconsistency between short circuit current and light
harvesting efficiency could be due to the difference in charge extraction efficiency. As well known,
the charge extraction efficiency is mainly controlled by the energy offset between the light absorber
and TiO2, which provides the driving force for photo-generated electron injection. Since the energy
driving force for electron injection from tetragonal MAPDI3 to TiO2 is only around 0.07 eV,[24] the
Ecb of cubic phase MAPDbI3 is 0.15 eV lower than tetragonal counterpart means that the conduction
band of cubic MAPDI3 is lower (more positive) than the Ecb of TiO2. This unfavorable energy band
alignment means that electron charge extraction from the cubic MAPbI3 to TiO2 is not favorable.
Therefore, the loss of charge transport pathway via TiO2 is mainly responsible for the lower Jsc of
the sample annealed at 1200C.
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Table 1. Photovoltaic parameters of perovskite solar cell based on MAPbIs annealed at different temperatures.

femperature Ve (V) - FF 1 (%)
(°C) (mA cm?)
50 1.09 20.35 0.70 15.73
70 1.16 21.69 0.71 18.03
100 1.19 22.58 0.81 22.01
120 1.08 19.57 0.57 12.14
140 0.98 9.35 0.54 5.02
Conclusion

In conclusion, the effects of annealing temperature on the crystal structure and crystallinity of
MAPDI3 film as well as on the corresponding solar cell performances have been systematically
investigated. It has been found that the film annealed at low temperature showed poor crystallinity
with tetragonal crystal structure, and the perovskite film contained un-reacted PbI2. The tetragonal
and cubic mixed crystal structure are both found whiling annealing the perovskite at 70°C, 100°C.
Higher temperature annealing will lead to the nanoplate crystallinity or the decomposition of
perovskite. Theoretical calculation based on DFT simulation has predicted the conduction band of
the cubic structure is energetically unfavorable for charge injection from the perovskite material to
TiO2, which is responsible for the reduced performance of the solar cell with the film annealed at
higher temperature. The highest performance was obtained while annealing the perovskite at a
temperature (1000C) due to the better crystallinity and favourable crystal structure, as well as the
suitable composition. These results will provide new insights into the correlations of properties of
halide perovskite with the performance of solar cells, which will be helpful for fabricating highly
efficiency PSCs.
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