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Abstract. A rapid progress in the development of solar cells based on hybrid organic-inorganic
perovskites CH3NHsPbl; (MAPbIs) is observed in recent years, and power conversion
efficiency as high as 22.1 % has been reported. However, a low stability is the main drawback
of these materials, which impedes their practical use for solar energy conversion. This work is
devoted to the synthesis of CHsNHsPbls films from CHsNHszl and Pbl, precursors and
spectroscopic investigation of their stability under high-intensity laser illumination.

1. Introduction.

The first successful attempt to prepare semiconductor organic-inorganic perovskite MAPbl; (MA =
CHsNHs3) for solar energy conversion has been reported in 2009 [1]. This class of semiconductors has
attracted a lot of attention due to high light absorption, band gap energy close to the optimal value,
sufficiently large lifetime of non-equilibrium charge carriers (up to 1 us), possibility of solution based
synthesis [2]. Solar cells based on ABX; perovskites have reached power conversion efficiency of
22.1 % for a short time [3].

Low-temperature wet methods (spin-coating, drop casting, dip coating, doctor blading, screen-
printing, spray methods) are used most commonly to synthesize perovskite materials [4]. Solution
based methods of synthesis of MAPDI; thin films can be divided into one- and two-stage. In the first
case, the films are formed by mixing of methylammonium iodide (MAI) and lead iodide Pbl,
solutions. The two-stage approach includes deposition of Pbl, layer at the first stage, which is
followed by its transformation to MAPDI; by MAI intercalation. Morphology and quality of the films
prepared using the one-stage method are determined mainly by the film shrinkage during the
perovskite crystallization and removing of the solvent. The main problem of the two-stage method is
expansion of Pbl; film during intercalation of MAI [5].

A low stability of hybrid organic-inorganic perovskite films is known as the main impediment for
their practical use in photovoltaics [4]. This makes extremely important revealing degradation
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mechanisms and looking for the ways to reduce it. In this work, we analyze transformation of optical
properties of CH3NH3Pbl; films under influence of optical illumination with different power density.

2. Experimental

2.1 Film preparation
CHsNHsPbl; films were prepared using Pbl, and CH3NH;l precursors according to the previously
described procedures [6-11]. All reagents were purchased from Sigma Aldrich.

One-stage method. 0.395 g of CH3sNHal and 1.157 g of Pbl, (99%) were dissolved in 2 ml of N,N —
dimethylformamide (DMFA, CsH;NO). The obtained solution was stirred with a magnetic stirrer for
12 h at 60 °C and then spin-coated on the cleaned FTO glass substrate (25x25 mm?) under normal
conditions. Rotating speed was 500 RPM for the first 10 s, 2000 RPM for the second 10s and
5000 RPM for the last 20s. To avoid crystallization of lead iodide, the working solution was
maintained at the temperature from 60 to 80 °C before deposition. The obtained films were annealed
for 30 min at 100 °C on a hot plate, which resulted in formation of CH3NH3Pbls.

Two-stage method. To obtain Pbl, solution, 1 g of Pbl, was dissolved in 2 ml of DMFA (purity
better than 99%) and stirred at 120 °C for 1 h. The prepared solution was kept at 80 °C until its
deposition. 40 ul of solution was spin-coated on FTO glass substrate (500 RPM for 10 s, 2000 RPM
for 10 s, and 4000 RPM for 20 s). The obtained Pbl; film was annealed for 15 min at 70 °C on a hot
plate.

CHsNHjsl solution was prepared immediately before its use by a careful stirring of CH3NHsl in
anhydrous isopropyl alcohol (purity better than 99%, 10 mg/ml) for 15 min at room temperature.

The prepared Pbl, film was dipped into CHsNHgsl solution for 60 s, washed with anhydrous 2-
propanol to remove unreacted CHsNHzsl and finally annealed for 30 min at 80 °C on a hot plate.

Since prepared CHsNHsPbls films demonstrate well-known fast degradation during ambient
storage (Figure 1a), they were covered by a thin (0.15 mm) glass coverslip with a thorough sealing of
the end faces with a silicone hermetic immediately after synthesis.

2.2 Characterization

X-ray diffraction analysis was performed with an Empyrean diffractometer (PANalitical, Cu Ko
emission). UV-Vis-NIR transmission spectra were measured in the 400 — 1100 nm range with an
UNICO 2804 (UNICO, USA) single-beam spectrometer.

Raman and photoluminescence (PL) spectra were measured at room temperature using a
Nanofinder HE confocal spectrometer (LOTIS TII, Belarus-Japan) with 532 nm DPSS laser as an
excitation source. Back-scattered light without analysis of its polarization was dispersed with a
spectral resolution of 2.5 cm™ (0.1 nm) and detected with a cooled CCD-matrix. 50x Olympus lens
(numerical aperture of 0.8) was used to focus laser beam on the surface of CHsNHsPbls film. Spectral
calibration was done using a built-in gas-discharge lamp providing accuracy better than 2.5 cm-
1(0.1 nm).

PL decay kinetics were measured in the time-correlated single photon counting mode. PDL 800-B
laser with LDH-P-C-470 laser head (PicoQuant, Germany) was used providing excitation at
wavelength of 467 nm with pulse duration and frequency of 73 ps and 10 MHz, respectively. Low
power density in these experiments (10 W/m?) ensured their non-destructive character. PL decay
detection system included PMA-182 photodetector with TimeHarp200 device (PicoQuant, Germany)
for time-correlated single photon counting measurements. The obtained kinetics were analyzed taking
into account that the measured PL intensity I(t) is the convolution of the instrument response function
(IRF, g(t)) and “true” PL decay function F(t):

I(t)=g(t)®F(t)= jg(t’)F(t ~t')at’ 1)
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3. Results and discussions

Our experiments have demonstrated that two-stage method is preferable to prepare CHsNHsPbls films,
because it provides better control of their properties and better uniformity. Therefore, the films
prepared using two-stage method were chosen for investigation of optical properties.

XRD analysis at room temperature demonstrates the tetragonal crystal structure of CHsNH3Pbls
films (Figure 1). Differential scanning calorimetry reveals a transition from tetragonal to cubic phase
at 53-57 °C.

Typical absorption spectra of Pbl, (reference) and CHsNHsPbls films are presented in Figure 1b.
Pbl; films demonstrate a pronounced absorption edge at 515 nm, which corresponds to the band gap
energy of 2.4 eV [13]. Transformation of Pbl, to CH3NHsPbls results in a shift of absorption edge to
appr. 780 nm in agreement with [14,15]. Absorption spectra of CHsNHsPbls films point to a
significant light scattering related to formation of large CH3NH3Pbls crystals [13]. Spectra plotted in
the absorbance — energy coordinates (inset in Figure. 1b) allowed determination of band gap energy of
CHsNH3Pbl; (=1.50 eV), which is in a good agreement with literature data [16,17].
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Figure 1. XRD pattern of unsealed CH3NHsPbl; film (a); UV-Vis-NIR absorption spectra of
CH3NH3Pb|3 and Pb|2 films (b)

The prepared CHsNHsPbls films reveal an intensive PL peak with maximum at appr. 0.77 um
(Figure 2a), which corresponds to interband radiative charge recombination [16,18].
Measurements of PL decay kinetics enabled one to determine the lifetime of non-equilibrium

charge carriers equal to 25 ns (Figure 2b).
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Figure 2. Room temperature PL spectrum (a) and decay kinetics (b) for CHsNHsPbls film.
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It is a matter of common knowledge that the intensity of interband radiative recombination
decreases with increasing imperfection degree of material due to the increased probability of
competing non-radiative recombination channel. Spectral position of PL maximum is determined by
the electron density of states (DOS). In particular, the presence of pronounced tails of DOS (a large
Urbach energy) leads to a red shift of PL maximum, which was observed for perovskites by many
authors [19,20]. Hence, analysis of PL intensity and peak position enables one to track variation of
perovskite film quality under influence of different impacts. Available literature data regarding Raman
spectroscopy of CH3NHsPbl; are rather contradictory, and there are some discrepancies between the
theoretical and experimental data [18]. Nevertheless, Raman spectroscopy makes it possible to detect
Pbl; as the degradation product of CH3NHsPbls layers.

In our experiments, optical exposure of the films was carried out in the following sequence. It is
known that illumination of the CHsNHsPbl; films can give rise to increase in intensity of their
photoluminescence, which is usually related to change in the charge state of defects acting as centers
of non-radiative recombination [21]. Therefore, the films were subjected to light soaking using a low-
intensity illumination prior to study of influence of high-power light exposure on their properties. For
this purpose, fifty PL spectra were measured sequentially with the focusing of the laser beam at the
same point on the film surface. The signal acquisition time in each measurement was 5 s at the optical
power of 0.6 uW. The experiments have shown that such exposure leads to a gradual two-fold increase
in PL intensity with subsequent attainment of saturation. Then the film was subjected to a high-
intensity optical exposure for 30s, and PL spectrum was measured again. The power of each
subsequent optical exposure was increased, whereas the mode of PL spectrum measurement after each
exposure was the same (signal acquisition time of 5 s and optical power of 0.6 yW). Maximum optical
power used was 600 pW.

Figure 3a presents PL maximum position and intensity for the CH3sNHsPbls film depending on the
power of preceding optical exposure. As is seen, dependence of peak position is characterized by a
pronounced minimum. It means that exposure of the films with a relative low power does not
deteriorate, but even improves the quality of the material. At the same time, exposure with a greater
power makes material more defective, which correlates with the decrease in the PL signal intensity
and appearance of the bands corresponding to Pbl; in the Raman spectra (Figure 3b).
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Figure 3. (a): PL maximum position and intensity for the CH3;NHsPbls film depending on power of
preceding optical exposure; lines are given for convenience; (b): Raman spectra of CHsNHsPbl; film
subjected to 60 pW / 30 s optical exposure and reference Pbl; film.
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There are different hypotheses regarding mechanisms of light soaking induced improvement of
properties of CH3NHsPbl; films. In particular, it was reported that illumination can result in a
reversible structural transformation of CHs;NH3Pbl; lattice [22]. However, taking into account high
densities of optical power in our experiments, one can suppose that the observed effect is related rather
to optical annealing of the film.

Knowing the diameter of the light spot on the sample surface during measurement of PL spectra
(=0.8 um), one can estimate the ranges of optical power density corresponding to the observed
changes in film properties. So, the quality of the CH3;NHsPbls film deteriorates only when power
density exceeds 108W/m?, whereas the optical impact on the films with power density less than
4-10" W/m? improves their quality.

4. Conclusion

CHsNH3Pbl; films were characterized with different spectroscopic techniques. It was revealed that
exposure of the CH3NHsPbl; films with a monochromatic light (A = 532 nm) with intensity less than
4-10" W/m? results in a blue shift of interband photoluminescence, which is related to decrease in the
Urbach energy and points to improvement of film perfection. At the same time, film exposure at a
power density more than 102 W/m? leads to decrease in intensity of PL band, its red shift and
appearance in the Raman spectra of bands corresponding to Pbl, phase. Thus, the ranges of light
intensity corresponding to both degradation and improvement of the CHsNHsPbls films quality are
determined.
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