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Perovskite films were prepared using single step solution deposition at different annealing temperatures and annealing

times. The crystal structure, phases and grain size were investigated with XRD, XPS and SEM/EDX. The prepared films show

a typical orientation of tetragonal perovskite phase and a gradual transition at room temperature from the yellow

intermediate phase to the black perovskite phase. Films with high purity were obtained by sintering at 100 °C. In addition,

the chemical composition and crystal struture of intermediate phase were investigated in detail. FTIR, UV-vis and NMR

spectra revealed the occurance of DMF complexes. Interestingly, the intermediate phase could be transformed to the

black perovskite phase upon X-ray irradiation. In addition, the recovery of the aged perovskite films from a yellow

intermediate phase back to the black perovskite was shown to be viable via heating and X-ray irradiation.

1. INTRODUCTION

Recently, organic—inorganic hybrid semiconductor materials
with perovskite structure have attracted attention as light
sensitizers for solar cells due to their superb photovoltaic
characteristics [1-3]. This class of materials is advantageous for
respect to their
relatively low processing cost and high energy conversion
efficiencies [4-6], with a certified power conversion efficiency
(PCE) of 20.1% reported in 2014 by Seok et al. [7]. These
organic—inorganic hybrid semiconductors can be fabricated

solar cell applications particularly with

from relatively inexpensive materials by a simple solution
process with low annealing temperatures and their cost can be
reduced with mass production [8-11]. Moreover, solar cells
based on these compounds possess several advantages such
as excellent optical properties with a wide range of light
absorption that is tunable by managing the chemical
composition, ambipolar charge transport, high charge carrier
mobility and long electron-hole diffusion lengths [12-16].
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These perovskites are easy to process and can be versatile
alternative light absorbers for solar cell applications.

Organic—inorganic hybrid perovskites are metal-halide-based
semiconductors with the general formula (RNH3) MX; (R =
C.Hn:1; X = halogen |, Br, Cl; M = Pb, Sn, Ge etc.) [17-22] and
they can have diverse structures. At high temperature, they
have a cubic perovskite structure (space group Pm3m), which
can be represented by the simple building block ABX3, where B
is the metal cation and X is a halide anion [23, 24]. This unique
combination makes transitions to different space groups and
different properties possible. The methylammonium ion,
CH;sNHs" (MA), located in a cage surrounded by four Pblg
octahedra, can move conditionally inside the cage [24]. The
spacing between the inorganic layers can vary according to the
occupation and orientation of the organic cations [24, 25].
With decreasing temperature, the perovskite undergoes two
phase transitions along with reorientation motions of MA,
which can be detected by variable temperature NMR [26, 27].
The first phase change from cubic to tetragonal occurs at
approximately T. = 330.4 K with decreased disordered states of
the MA cation [27]. The space group of the tetragonal phase is
confirmed to be /14/mcm [27], as shown in Figure 1A. When the
temperature is further lowered, the organic cations become
more localized and the tetragonal phase changes to an
orthorhombic structure with space group Pnma at T, = 161.4 K,
as shown in Figure 1B. Single crystal X-ray diffraction revealed
that with decreasing temperature the rotation angle of the
octahedra also increased monotonically [28]. All these
structural changes have a close correlation to the temperature
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suggesting a direct effect on the microstructures formed by
annealing under different conditions.
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Fig. 1 Schematic of A) the tetragonal perovskite CHs;NH;Pbl; and B) the
orthorhombic perovskite CH;NH;Pbls.

The effect of the annealing temperature on the preparation of
mixed halide perovskite films prepared using the spin coating
technique was studied by Gratzel and Snaith et al. [29, 30, 31].
For solution processed perovskites, the formation of
perovskite could occur in the temperature range of 40-160°C
[7]. Gratzel et al. [29] reported that annealing at 100 °C would
effectively reduce the time required for the complete
conversion of final perovskite film resulting in a uniform black
material with a stable absorption profile. The samples
annealed at temperatures lower than 100 °C exhibited
additional absorption shoulders at lower wavelengths while
the samples annealed at 100 °C showed the highest absorption
above the band gap energy. With increasing annealing
temperature (> 100 °C), despite a much faster conversion of
perovskite crystals (almost instantaneously at T > 150 °C), not
only did the absorption decrease but also the additional
absorption of Pbl, at 500 nm appeared indicating the
decomposition of the perovskite [29]. The structural and
optical properties of the perovskite prepared in a range of
compositions at temperatures from 40 to 190 °C for 30 min in
a dry nitrogen atmosphere have been investigated [32].
Experiments confirmed that 30 min was sufficient to complete
the reaction in the CH3NH3Pbl; (MAPbI;) thin films and at
temperatures higher than 150°C, methylammonium iodide
(MAI) vapor escaped from the film [32].

In this work, the CH3NHs3Pbls perovskite films prepared by
solvent evaporation under reduced pressure (12.7 torr) at a
range of temperatures around the transition point T= 54-57 °C
[27] were examined. The formation of intermediate phase of
Pbl,-MAI-DMF (N,N-Dimethylformamide) was also reported.
Jen et al. [33] have reported that different intermediates can
be involved in the perovskite film preparation via different
processing routes, which govern film and
morphology of the final microstructures. Seok et al. [12] have
brought forward the formation of intermediate phase of Pbl,-

evolution
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MAI-DMSO and obtained extremely uniform and flat
perovskite films via an intermediate film. However, there is
limited information on the phase transformation of perovskite
from DMF solvent. We propose that the intermediate phase
comes from the intercalation process of the CH3NH;" into the
inorganic cage during the solvent evaporation. We also define
the conditions at which an intermediate phase would be
expected, and how it can be traced with X-ray diffraction (XRD)
and X-Ray photoelectron spectroscopy (XPS) analysis. In
addition, the XRD analysis confirmed that phase degradation is

reversible and degraded perovskite can be recovered.

2. EXPERIMENTAL SECTION

2.1. Materials. Commercial Pbl, powder (99%, Sigma-Aldrich)
and DMF solvent (99.8%, Sigma-Aldrich) were used as
received. Methylammonium idodide powder was synthesized
by reacting hydroiodic acid (57 wt%, Sigma-Aldrich) with
methylamine (33 wt% in methanol, Sigma-Aldrich) in an ice
bath for 2 h with stirring. The mixture was dried at 65 °C for 30
min using a rotary evaporator. The precipitant obtained was
washed three times with diethyl ether and dried in a vacuum
oven at 60 °C for 24 h.

2.2. Synthesis of MAPbI; and complexes. MAPbI; perovskite
films were prepared by drop casting a 25 wt % mixture of Pbl,
and MAI with a molar ratio of 1:1 dissolved in N,N-
Dimethylformamide. MAPbI; perovskite films were heated at
temperatures from 40-80°C and 100°C at time intervals 15
min, 30 min, 45 min, 60 min on a glass substrate to evaporate
the DMF solvent. 461 mg of Pbl, and 160 mg MAI were
dissolved in 1 ml of DMF to prepare the 1M perovskite
precursor solution. 1M precursor solution of Pbl, in DMF was
used as a control. The precursor was drop-casted onto a glass
substrate and dried under reduced pressure (12.7 torr) to form
a complex, which was used for infrared (IR) spectroscopy and
UV-Vis absorption measurement. Both precursors were used
for UV-vis spectroscopic study.

2.3. Materials Characterization. X-ray diffraction patterns
were obtained using a Rigaku MiniFlex instrument Cu Ka beam
(A= 1.54 A). Surface composition analysis was performed using
PHI Versaprobe 5000 Scanning X-Ray Photoelectron
Spectrometer with a Al Ka beam (A= 8.34 A). The
monochromatic Al Ka radiation (1486.6eV) was used to excite
photoelectrons under ultra-high vacuum. 500 MHz Bruker
Ascend Avance Il HD Spectroscopy was used for Nuclear
Magnetic Resonance (NMR) analysis. A Thermo Nicolet NEXUS
870 FT-IR spectrometer was used to collect the FT-IR spectral
data for DMF (liquid phase), Pbl,-DMF complex, Pbl,-MAI-DMF
complex and MAPbI; in the 600 cm™ - 4000 ecm™ range. The
UV-visible spectrum was recorded on a Cary 50 Bio UV-visible
spectrophotometer. Scanning electron microscopy (SEM)
images and energy-dispersive X-ray spectroscopy (EDX) spectra
were acquired with a Phenom ProX.

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 8



Page 3 of 8

3. RESULTS AND DISCUSSION

3.1. Effect of Heat Treatment

The synthesis of hybrid halide perovskite was first carried out
by sintering at 70 °C for 15, 30, 45, and 60 min. The XRD
patterns of 4 different samples were labeled for comparison
with the calculated XRD data using MDI Jade software (see
Table S1-S2), and the results are shown in Figure 2.
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Fig 2. XRD patterns of perovskite films prepared at 70 °C for 15, 30, 45, and
60 min at 12.7 torr. In all cases the intermediate phase is still present.

The typical peaks at 14.10°, 23.47°, 28.42°, 30.89° correspond
to (110), (211), (220), (213) of the tetragonal phase perovskite,
and are shown respectively. There are unidentified peaks at
10.24°, 11.42°, 13.01°, 16.80°, etc. (indicated by black
diamonds in Figure 2). The unidentified peaks did not match
either the pure Pbl, or MAI tetragonal phase, which was stable
at room temperature. This suggested that hitherto there has
existed a not well described intermediate phase, which might
be a complex of Pbl,-DMF, complex of Pbl,-MAI-DMF, or
hydrate compound (CH3NH3)4Pblg-2H,0 [34]. With increasing
annealing time at 70 °C, the intensity of intermediate phase
peaks did not change significantly, indicating that a stable
intermediate phase existed at this temperature.
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Fig 3. XRD patterns of perovskite films prepared at 40 °C, 50 °C, 60 °C, 70 °C,
80 °C for 60 min at 12.7 torr. Increased sintering temperatures led to
increased perovskite purity.
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In order to investigate the effect of heat treatment at different
temperatures, a second set of experiments was conducted at
40 °C, 50 °C, 60 °C, 70 °C, and 80 °C for 60 min. The indexed
XRD patterns of the 5 samples prepared at different
temperatures are shown in Figure 3. With increasing
temperature, the peaks of the intermediate phase decreased
implying that a purer perovskite film was obtained. In addition to
perovskite and the intermediate phase, the prepared films also
produced a preferential orientation of (110) and (220) planes.

The average grain size was estimated using the Halder-Wagner
method (see Table S5). With increasing annealing time at 70 °C,
the mean grain size tended to increase. Grain size of the samples
annealed at increasing temperatures only showed an increasing
trend on the whole except for an anomaly for the samples
heated at 50 °C, possibly due to abnormal grain growth with the
phase transition occurring during the annealing process. At a
temperature close to the transition point, the energetically more
favored cubic phases nucleate at the grain boundary of the
tetragonal matrix and the lattice distortion is induced by incoherent
interfaces between these two phases. This distortion provides an
additional driving force for secondary grains to grow abnormally at
the expense of neighboring grains. At temperatures higher than
330 K, the phase transformation has nearly gone to completion and
the observed continuous grain growth in the single cubic phase
region is mainly driven by a higher thermally activated nucleation
rate and diffusion-facilitated migration of the grain boundaries. The
continued grain growth at higher temperatures also promotes the
growing along the preferentially oriented direction <110> and
generates non-spherical grain shapes such as wires, polyhedron or
dendrite structures. The sharper and more symmetric XRD peaks
obtained with increasing temperatures also indicate a better
crystallinity of grains with less defects. Furthermore, the higher
evaporation rate of solvent and enhanced transformation from the
metastable intermediate phase offers resources for further grain
nucleation and growth at increasing temperatures.

3.2. Intermediate Phase Investigations

The perovskite film prepared at 70 °C was investigated with a
shorter heating time of 10 min in order to observe the intermediate
phase. A portion of the film stayed yellow after sintering under
vacuum (12.7 torr) which was the intermediate phase and gradually
turned black after being placed into a desiccator at room
temperature for several hours as shown in Figure 4. The XRD
patterns of the sample before and after 4hrs storage are also shown
in Figure 4A and 4B. The peaks with increasing intensity are located
at 14.01°, 19.6°, 28.66°, 30.12°, 31.78°, 32.78°, 45.25° which agree
well with the tetragonal perovskite phase. Peaks with decreasing
intensity are located at 10.24°, 11.42 °, 13.01°, 22.56°, 24.12°,
26.26° which correlate with the observation of the intermediate
yellow phase. By a comparison with the calculated XRD data of Pbl,-
DMF complex and (CH3NH;3),Pblg:2H,0 (Table S3-S4), there is a
typical peak at 13.01° that is not present in the Pbl,-DMF or the
hydrated complex. This implies a high possibility of an intermediate
phase of Pbl,-MAI-DMF complex. A sample of Pbl,-DMF complex
was prepared for comparison and the XRD pattern shown in Figure
S3 gives a clear difference between the Pbl,-DMF complex and the
intermediate phase. After ruling out the perovskite peaks, the
spectrum can be identified as a monoclinic structure (See Table S6).

J. Name., 2013, 00, 1-3 | 3
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Fig 4. XRD patterns of perovskite films A) heated at 70 °C for 10 min (red)
and B) 4 hrs after the heating took place (blue), showing continued
transformation of intermediate phase into tetragonal perovskite. The insets
show photographs of the corresponding samples.

The intermediate phase was apparent in the perovskite films
sintered in the temperature range between 40 and 80 °C implying
that the intermediate phase was both thermodynamically and
kinetically metastable. It was also found that the sample annealed
at room temperature for 30 min under reduced pressure (12.7 torr)
was composed of intermediate phase in Figure $3. Comparing this
sample with the XRD pattern of the sample annealed at 70°C for 10
min under 12.7 torr, the intermediate phases in both samples have
almost the same pattern except for different peak intensities due to
different orientations. The pure intermediate phase is hardly seen
due to the transformation into perovskite during the XRD

measurement.
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Fig 5. XRD patterns of perovskite films prepared at 100 °C at 4 durations of
15, 30, 45, 60 min at 12.7 torr, indicating almost complete transformation
into tetragonal perovskite with high purity.

In order to obtain the perovskite with a higher purity, the synthesis

conditions under which the intermediate phase can undergo a
complete transition to the perovskite need to be investigated.

4 | J. Name., 2012, 00, 1-3

Consequently, the heat treatment at 100 °C in four different time
scales 15, 30, 45, 60 min were explored. The XRD patterns of
samples, prepared at 100 °C at 4 different durations are shown in
Figure 5 and are labeled for comparison with the calculated
diffraction patterns of perovskite phases.

The samples heated for 15 and 30 min showed a common peak at
12.6° indicating the existence of Pbl, resulting from the
decomposition of the intermediate phase which itself might be a
complex of Pbl,-MAI-DMF. The perovskite films prepared at 100 °C
had a higher purity. The intermediate phase converted almost
completely into the perovskite at this temperature and there was
very little intermediate phase left as shown from the XRD data. A
preferred orientation along the (110) direction was observed in the
samples prepared at 100 °C and the longer heating times positively
impact the formation of oriented perovskite film.

1
H\ /CH
4
//c—u HiC——NH;*
CHgy
3
3
2
! ‘
(Al
: e
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 -2 ppm

kil
3200
3166
78
273

Fig 6. The 'H NMR spectrum of sample annealed at 100°C for 60 min. The
chemical shift of peak 1 at 8.02 ppm, peak 2 at 2.96 ppm and peak 3 at 2.89
ppm corresponding to the different types of protons in DMF as labeled. Peak
4 at 1.54 ppm and peak at 7.26 ppm result from the proton of the MA group
in the perovskite and deuterated chloroform, respectively.

To verify the existence of DMF in the intermediate phase, powders
from the sample annealed at 100 °C for 60 min was used for 'y
NMR analysis shown in Figure 6. The chemical shift of peaks at 8.02
ppm, 2.96 ppm and 2.89 ppm confirmed the presence of DMF.
Although the bulk perovskite powders remain insoluble in
chloroform, a small amount of MA and DMF molecules from
intermediate phase can be dissolved. By comparing the integrated
peak intensities, the ratio of residual DMF to dissolved MA
molecules is around 1:7.5. This confirmed that a small amount of
DMF from the intermediate phase existed in the purer sample
annealed at 100°C, and thus also resides in samples with
intermediate phase annealed at lower temperature or at short
annealing times.

The composition of the intermediate phase was then investigated,
and the sample prepared at 70 °C for 10 min was measured by X-ray
photoelectron spectroscopy. The XPS survey spectra from the
yellow intermediate region and the center dark region are shown in
Figure 7A. The XPS spectrum showed that the chemical
composition of both yellow color region and black color region of
the perovskite film contained the same elements C, N, |, Pb, O but
in different amounts. The yellow intermediate phase had a higher
amount of carbon and oxygen than the black phase. By an analysis

This journal is © The Royal Society of Chemistry 20xx
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of atomic concentrations from the peak area and relative sensitivity
factor (R.S.F.) in table S7, the intermediate phase was comprised of
55.9% C 1s, 17.4% | 3d5, 9.7% O 1s, 9.4% Pb 4f, 7.6% N 1s while the
black phase was composed of 39.0% | 3d5, 27.3% C 1s, 16.8% N 1s,
15.0% Pb 4f, 1.9% O 1s. The higher amount of oxygen and carbon in
the intermediate phase may arise from the DMF (C3H;NO) forming a
complex with MAI-Pbl, rather than (CH3NH3)4Pblg-2H,0 since the
spectrum of O 1s for intermediate phase showed two deconvoluted
peaks at binding energies of 532.0 eV and 531.0 eV which were
similar to the binding energy of C-O and Pb-O and were different
from the binding energy O 1s (532.5-532.8 eV) in H,0 molecules or
hydrates. It is possible that partial surface degradation occurred
during the XPS measurement, the concentration of N and | was
reduced as the decomposition of MAI into NH;3 vapor with C
leftover and sublimation of |, from the iodide [35]. The composition
of Pbl,-MAI-DMF complex could be determined roughly as
Pbl,-:3MAI-DMF or Pbl,-MAI-2MA-DMF based on the concentrations
of elements Pb, O and C (Pb: O: C=1: 1.03: 5.95) if the carbon
leftover was simply from MALI. There could also be a small amount
of intermediate phase in the dark sample region leading to minor
oxygen content shown in Figure 7B, or simply surface hydroxyl
groups. However, there is a higher possibility that the residual
oxygen was from the DMF since there were residual C 1s peaks
from DMF and the sample was under ultra-high vacuum in the XPS
chamber. In addition, the atomic ratio in the dark phase is C: N: Pb:
1 =1.22: 0.99: 1.00: 2.60, which is closer to the CH3;NH3Pbl; ratio
after excluding the excess carbon and nitrogen from the DMF which
have a ratio to oxygen 3:1 and 1:1 respectively.
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Fig 7. (A) XPS survey spectra of the sample prepared at 70 °C for 10 min
after XRD exposure. Inset shows the photograph of the corresponding
regions of yellow intermediate phase (red) and the center black phase
(dark). XPS spectrum of the yellow intermediate phase (red) and the black

This journal is © The Royal Society of Chemistry 20xx
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phase (black) B) in the energy range of the O 1s binding energy; C) Pb 4f
binding energy; D) | 3d binding energy; E) N 1s binding energy; F) C 1s
binding energy.

The binding energy of Pb 4f in the intermediate phase (137.2 eV) is
also smaller than the binding energy of Pb 4f in the pure PbO with a
value 137.8 eV. This implied that it would not be pure PbO.
Besides, the single maxima of symmetric Pb 4f peaks suggested that
only one major Pb valence state existed in the intermediate phase
eliminating the formation of PbO which could be converted from
Pbl, at high temperature. A pair of two faint peaks at 140.3 eV and
135.4 eV respectively next to the major peak pair indicated the
existence of the bridge O-Pb bond between the Pbl, and DMF. The
binding energy of Pb 4f in the dark phase showed a 0.2 eV up-shift,
indicating a stronger oxidized state of Pb after converting into a
high symmetry tetragonal perovskite from the monoclinic complex.
Correspondingly, the binding energy of | 3d in the intermediate
phase (618.1 eV) with a relaxed structure was 0.2 eV smaller than in
the dark phase (618.3 eV) with a close-packed structure. However,
both of them had a binding energy smaller than | 3d in the Pbl,
(619.5 eV) showing that the intercalation of organic cations
weakened the bonding strength between Pb and | in the Pbl,
inorganic cage. The spectrum of the intermediate phase in the
energy range of the N 1s in Figure 7E demonstrated that the
nitrogen shows two peaks at 401.0 eV and 399.5 eV corresponding
to two states of nitrogen in the methylamine and
dimethylformamide respectively. While only a single peak appears
in the spectrum of the dark phase at 401.5 eV indicating the state of
nitrogen in MAPbl;. The N 1s binding energy in amide is usually
around 399.7eV. The spectra were calibrated using the binding
energy of C 1s (284.6 eV) as a standard. According to the XPS data
of CH3NH;3Pbl; perovskite reported by Gao et al. [35], the N 1s in
their sample prepared by co-evaporation of Pbl, and CH3NH;l had a
binding energy of 401.81 eV. The different binding energies of N 1s
in these samples come from different chemical environments
formed by mixed phases or structural changes during the XPS scan,
as suggested in the XRD patterns in Figure S4. The C 1s spectra can
be fitted using three peaks by symmetric Gaussian-Lorentzian
function. The lowest one at 283.75eV in the intermediate phase
was assigned to HsC-N bonding in DMF. The other two peaks at
285.1eV and 286.6eV can be assigned to C-N in MAI and C-O
bonding in DMF. In the dark phase, all three peaks showed varied
positions indicating the chemical environment change after
conversion from intermediate to dark phase. The intensity of C 1s
peaks of DMF decreased significantly. The two peaks at 283.95eV
and 286.8eV from DMF with a 0.2 eV shift display the transition of
DMF from coordinated state to detached state while the peak at
285.45 eV with a 0.35eV shift results from the state change of MA"
from the relaxed Pbl,-MAI-DMF complex structure to the more
ordered MAPbI; perovskite.

The XRD patterns of the sample before and after XPS
measurements are shown in Figure S4. After the XPS measurement,
the sample was transformed to the black perovskite phase due to
the long X-ray exposure time (180 min). This result shows that upon
X-ray irradiation, a transformation from the intermediate phase to
the black perovskite phase occurs for the solid state ingredients.
From the XRD patterns shown in Figure 4 and S4, the peaks at the
same positions were found but with different intensities. This might
be due to different orientations of the intermediate phase formed
during the solvent evaporation.

J. Name., 2013, 00, 1-3 | 5
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Fig 8. The FTIR spectrum of pure DMF (magenta), Pbl,-DMF complex (blue),
Pbl,-MAI-DMF complex (red) and MAPbI; (black).

Confined interactions of DMF with Pbl, as well as DMF with both
Pbl, and MAI were also verified by IR spectroscopy and the results
are shown in Figure 8. The stretch vibration of the C=0 bond
appeared at 1665 cm™ for the pure DMF, but shifted to lower
wavenumber 1614 cm™ for the Pbl,-DMF complex and 1631 cm™
for Pbl,-MAI-DMF complex. It is expected that the C=0 bond
strength in the Pbl,-MAI-DMF complex should be decreased with
MA" addition due to interaction with the Lewis acids MA and Pb>".
The addition of MAI weakens the interaction between DMF and
Pbl, by intercalation into a closer position to the Pbl, framework.
With the transformation of Pbl,-MAI-DMF complex to perovskite by
annealing at 100 °C for 60 min, the C=0 bond from DMF has almost
disappeared and the N-H bond red shifts to a lower wavenumber
suggesting stronger interaction with [Pbls]4' in the compact MAPbl3
perovskite lattice. It also shows that there was no O-H bond around
3500 cm™ in both complexes suggesting no hydrated or adsorbed
water existed while the N-H bond only appeared in the Pbl,-MAI-
DMF complex.
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E £
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o o
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z z
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Fig 9. Tauc plots of optical absorption coefficient (ahv)’ vs. photon energy

(hv) for (A) Pbl,-MAI-DMF solution, (B) Pbl,-DMF solution, (C) Pbl,-DMF
complex and (D) Pbl,-MAI-DMF complex.
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The differences between Pbl,-MAI-DMF complex and Pbl,-DMF
complex can also be observed in the UV-vis spectrum of their
solution and dry complex in Figure S5. When both were in the
solution state, a sharp absorption manifested a well-ordered
solvated structure formed by Pbl, and DMF (slope=-0.1234) and by
Pbl,, MAI, and DMF (slope=-0.1298) although the absorption onset
red-shifted from 476 nm to longer wavelength 494.3 nm with the
addition of MAI in the Pbl,-MAI-DMF solution. After drying, both
crystalline complexes exhibited a plain absorption suggesting a
broad distribution of density of states in the valence band (slope=-
0.0152 for Pbl,-MAI-DMF complex and -0.0103 for Pbl,-DMF
complex). The absorption onset of both complexes cannot be
estimated directly due to a slightly rising slope of baseline.
However, their optical band gap E; can be determined from the
extrapolation of the linear part of a Tauc plot in Figure 9. The
bandgap values were 2.01eV for Pbl,-MAI-DMF and 2.05eV for Pbl,-
DMF solid film complexes. The solvated complexes showed
increased band gaps of 2.52eV and 2.61eV respectively. The lower
band gap of the Pbl,-MAI-DMF complex versus the Pbl,-DMF
complex is caused by interactions of MA® in the complexed
structure.

4. Conclusions

We demonstrated that the perovskite film prepared at
increasing temperatures had a preferential (110) orientation
and increasing grain sizes. An intermediate phase was
reported in the temperature range of 40 to 80 °C. At higher
temperatures of > 100 °C, the prepared films manifested a
higher purity. The composition of the intermediate phase was
investigated by XPS technique and the analysis of the spectra
indicated the formation of Pbl,-MAI-DMF complex in the
intermediate phase rather than the hydrate compound
(CH3NH3)4Pblg:2H,0 and Pbl,-DMF complex. The FTIR spectra
revealed the interaction of DMF with Pbl, and DMF with both
Pbl, and MAI. The stretching vibration of C=0 had a shift to
lower wavenumber due to more interactions with Lewis acids
Pb>" and MA" for both Pbl,-DMF complex and Pbl,-MAI-DMF
complex in comparison with pure DMF. The UV-vis spectra of
both complexes shifted to a shorter wavelength when dried
from the solution state to the crystalline state and the
bandgap of Pbl,-DMF complex was further lowered with the
additions of MA" in Pbl,-MAI-DMF complex. Surprisingly, the
intermediate phase could be transformed to tetragonal
perovskite phase under the exposure of X-rays as a new path
of photo-irradiation induced synthesis of perovskites. A partial
recovery of degraded perovskite film via intermediate phase
was also demonstrated to be feasible. The DMF vapor can wet
the degraded film and allow for a more uniform film by more
evenly distributing the components. The sample undergoing
different stages in line with the recovery protocol is shown in
the supporting information.
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