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ABSTRACT

The report 40 p., 17 figures, 2 tables., 22 sources., 2 append.
CONDUCTYVITY, SPIN-COATING, EXITON, MOBILITY, FORMAMEDIN, CONCENTRATION
The purpose of the project: development of a technology for manufacturing a perovskite solar cell with increased thermal stability and service life, by replacing methyl ammonium iodide with formamidinium iodide and using inorganic materials as hole and electronic layers, as well as the use of an invert structure.
The purpose of the work in 2020 was the manufacture of perovskite solar cells with a heterojunction invert structure and the study of photovoltaic characteristics.
The novelty of the project: To create a multilayer structure of the MOSFET SC, the technology of centrifugation or spin-coating was used. For the perovskite, we chose a material with an organic part of formamidine. This is since the crystal structure of commonly used perovskites CH3NH3PbI3 changes at the operating temperatures of SC. At all possible SC temperatures under normal conditions (positive and negative), formamidine SC do not have a second-order phase transition, which is an extremely important property for the practical application of SC.
Brief description of the result: This work is devoted to the study of the structural and optoelectronic properties of perovskite films and layers with electron and hole conduction. The structural and optoelectronic properties of perovskite films and layers with electron and hole conduction are studied by X-ray diffractometry, optical spectroscopy, and by the method of measuring photoluminescence and photocurrent.
Applications: solar energy, solar cells, photonics, optoelectronics.
Methods and methods of the study: In the course of the work, measurements of optical spectroscopy were carried out with V-650 Research UV-Visible spectrophotometers. The structural properties of the films were studied with a Seifert 3000 PTS X-ray diffractometer.
Approbation bases: According to the research results, articles were published in scientific journals and an application for a patent of the Russian Federation and the Republic of Kazakhstan will be filed.
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NOTATION AND ABBREVIATION

  In this report, the following abbreviations and symbols are used
	DMFA
DMSO
ETM
EQE
FA
FF
HTM
	–
–
–
–
–
–
–
	dimethylformamide 
dimethylsulfoxide
electron transporting layer
external quantum efficiency
formamidine
fill factor
hole transporting material

	IQE
ISC
ITO
	–
–
–
	internal quantum efficiency
short circuit current
indium tin oxide

	MA
	–
	methylammonium

	PEDOT:PSS
	–
	poly(3,4-ethylenedioxythiophene) polystyrene sulfonate

	PCBM
	–
	phenyl-C61-butyric acid methyl ester

	PCE
SEM
SC
	–
–
–
	power conversion efficiency
scanning electron microscopy
solar cell

	VOS
	–
	open circuit voltage




INTRODUCTION

In the last ten years there has been a lot of activity in the research of metal halide perovskites, which are very promising for the creation of highly efficient solar cells, as well as electroluminescent and laser structures of the next generation, produced by inexpensive low-temperature thin-film technologies. In addition, metal halide perovskites have proven to be an excellent material for realizing low-threshold amplification and light generation, as well as electroluminescence in light-emitting diodes with an efficiency higher than 12%. However, despite the very rapid progress made over the past few years in improving the efficiency of photovoltaic and light-emitting devices based on perovskites, an understanding of the fundamental photophysical processes leading to such results is only beginning to emerge. This situation is due to the fact that photogenerated charge carriers in perovskite participate in a number of complex processes occurring on the same time scale, such as diffusion, capturing on shallow traps and detrapping in bulk, nonradiative recombination on deep traps in bulk, radiative recombination in volume, nonradiative recombination on the surface.
Particular attention is paid to the modification of the perovskite composition. By changing the composition of the perovskite, it is possible to control structural and optical properties. The band gap can be varied over a wide range with cations and halogens mixing. In this way most of the solar radiation spectrum can be covered. The most intensively studied are perovskites with an organic cation methylammonium or formamidine, inorganic cesium and perovskites with a mixed composition of cations.
Solar cells based on perovskites with organic cations have good optoelectronic properties which can achieve high efficiency values. However, these solar cells degrade in environmental. Fully inorganic cesium perovskite solar cells are very stable when exposed to external factors such as temperature and humidity. However, their optoelectronic properties are not ideal, for example, they have an inappropriate band gap.
To solve these problems perovskites with a mixed composition of cations and halogens are used. This approach allows combining the best qualities of organic and inorganic cations and leveling their disadvantages. Perovskite solar cells with a record and efficiency in recent years have a mixed composition of cations and halogens. In this case, organic cations improve the optoelectronic properties of perovskite, and the introduction of inorganic cations increases the stability of the perovskite lattice. Perovskite stability is important for reproducibility and is one of the key requirements for cost-effective large-scale production of perovskite solar cells.
This report shows the results of production technology stable perovskite heterojunction solar cells with an inverter structure with different composition of cations and halogens and investigation of their photovoltaic characteristics.
Information on the interim report of the previous year of the grant:
Report title: report on research (intermediate) / NC STE: supervisor Taurbayev T.I.; performer: Taurbayev Ye.T. – Almaty, 2018. – 38 p. – State registration №. 0118РК00405. – Inv. №. 0218РК00099
Report title: report on research (intermediate) / NC STE: supervisor Taurbayev Ye.T.; performer: Sekerbayev K.S. – Almaty, 2019. – 37 p. – State registration № 0218РК00099. – Inv. № 0219РК00325.


1 Manufacturing of perovskite solar cells with the heterojunction invert structure
[bookmark: _Hlk54634964]1.1 Perovskite solar cell architecture
Test perovskite solar cells (SC) have a planar inverted architecture with a p-type (HTM) and e- (ETM) conductivity layers (p-i-n structure) (figure 1) and the mirror electrode as the back contact. PEDOT:PSS mixture was used as a hole transporting material (p is the type of conductivity). Perovskite of formula ABX3 play the role of an intrinsic layer. PCBM was used as a electron transporting material (n-conductivity type).

[image: C:\Users\itsnt\Desktop\text5123.png]

Figure 1 – Schematic representation of the perovskite solar cell with a heterojunction invert structure

SC energy bands should be designed to provide drainage of charge carriers (electron and holes), formed in the perovskite upon absorption of a photon, which is illustrated in Figure 2. So, a material with p-type of conductivity passes positively charged holes, and material with n-type of conductivity negatively charged electrons. The contacts should also be selected so as not to impede the drainage of the charge. For the case of an inverted architecture the most appropriate variants are doped with indium tin oxide (ITO) as an anode and gold or aluminum as a cathode. Table 1 shows the values of the band gap, valence, and conduction bands of the used materials.
[image: C:\Users\itsnt\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Solar cell Bandgap.png]
Figure 2 – Band diagram of a perovskite solar cell

Table 1 – Values of the band gap (Eg), valence (Ev) and conduction bands (Ec) of the materials used

	Material
	Eg, eV
	Ec, eV
	Ev, eV

	ITO
	4.7
	---
	4.7

	PEDOT:PSS
	1.6
	5.1
	3.5

	NiOx
	3.9
	5.32
	1.46

	PCBM
	1.8
	6.0
	4.2

	ZnO
	3.4
	7.72
	4.35

	CH3NH3PbI3
	1.5
	5.43
	3.93

	CsPbI3
	1.7
	5.25
	3.55

	CsPbI2Br
	1.82
	5.58
	3.76



1.2 ITO substrate and hole transporting materials
Films of the p-i-n structure were deposited onto a glass substrate coated with a conductive indium-doped tin oxide. ITO has a band gap of 4.7 eV, which is higher than the valence band of perovskite and provides hole drainage [1]. Substrates have been precleaned with process, which consisted of sequential treatment of the substrates in an ultrasonic bath in deionized water, ethyl acetate, isopropyl alcohol for 10 minutes in each of the liquids. Then the substrates were treated by ultraviolet ozone cleaning for 10 minutes. UV lamp with emission bands of 185 nm and 254 nm was used as a radiation source. UV and ozone layer treatment improves the contact with the substrate allowing obtaining thin and continuous films. ITO substrates had good transmission (figure 3) about 80-90%.
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Figure 3 – Transmittance spectrum of a glass substrate coated with ITO

Then purified ITO substrate was coated with hole transporting material (PEDOT: PSS).
One of the used hole transporting materials was PEDOT:PSS (Poly (3,4-ethylenedioxythiophene)-poly(styrenesulfonate)), 1.3% aqueous dispersion, Sigma-Aldrich, PEDOT concentration 0.5%, PSS – 0.8%, with a band gap 1.6 eV, conductivity 1 S/cm. The valence band of the material is 5 eV, which is higher than that of perovskite [2]. This creates a barrier for electrons and allows holes to pass through. The hole material was coated on cleaned surface of the ITO substrate by spin-coating at 3000 rpm for 30 seconds. Then the film was dried at 100 °C for 10 minutes.
The morphology of the PEDOT:PSS films has been studied by scanning electron microscopy. The obtained thin films have a thickness of about 110 nm, the absence of pores and inhomogeneities is seen (Figure 4).
[image: C:\Users\itsnt\AppData\Local\Microsoft\Windows\INetCache\Content.Word\1.tif][image: C:\Users\itsnt\AppData\Local\Microsoft\Windows\INetCache\Content.Word\2_002.tif]

Figure 4 – Top view and cross-section SEM images of PEDOT:PSS films

1.3 Perovskite composition modification
Perovskite is used as a light-absorbing layer with its intrinsic conductivity type. In this layer, the generation of charge carriers (electron-hole pair) occurs. Modification of the composition of perovskite plays an important role in optimizing both the structural and optical properties of materials, which greatly affect the performance and stability of the device. For example, the band gap value of organometallic perovskite can be controlled by mixing different cations and halogens which leads to optical absorption in a wide wavelength range [3, 4]. A stable perovskite crystal (ABX3) can be obtained when the Goldschmidt tolerance factor t is 0.8 < t <1 [5,6]. This condition satisfies in perovskites with following composition Cesium – Cs+, formamidine (FA) – NH2CHNH2+ and methylammonium (MA) CH3NH3+ may be used as cation A. Cation B is Sn2+ and Pb2+. Halogens Cl–, Br– and I– are used as the X anion. We examined organic perovskites CH3NH3PbI3, inorganic CsPbIxBr3-x or mixed triple cation perovskites CsFAMAPbIBr.
Organic perovskites CH3NH3PbI3 were prepared by two-step deposition. For the deposition of perovskite layers CH3NH3I and PbI2 solutions were prepared. Lead iodide was dissolved in dimethylformamide (DMF) at a concentration of 460 mg/ml. Methylammonium iodide was dissolved in isopropyl alcohol at a concentration of 50 mg/ml. Then the solutions were kept at a temperature of 70 °C for a day to completely dissolve the powders.
The perovskite layers themselves were synthesized directly on a hole transporting material by two-step deposition method using spin-coating. The first solution to be precipitated was PbI2 in DMF, rotation parameters 3000-3500 rpm with a rotation time of 35 seconds. The film is then dried for 10 minutes at 70 °C. A second precipitated solution was CH3NH3I in isopropyl alcohol 3500 rpm for 35 seconds. This was followed by annealing procedure at 100 ° C for 90 minutes. Annealing of the films is required for the crystallization of perovskite. All processes took place in a dry box filled with nitrogen.
To study the morphology of the perovskite films measurements were carried out by scanning electron microscopy. SEM images (scanning electron microscopy) are shown in figure 5. It is shown that the perovskite films are continuous and completely cover the hole conducting material. The layers have no pores or holes.

[image: C:\Users\itsnt\AppData\Local\Microsoft\Windows\INetCache\Content.Word\3_001.tif]

Figure 5 – Cross-section SEM image of hole transporting material and perovskite deposited

Despite the good optoelectronic properties SC with organic cations unstable at high temperatures and humidity.
Fully inorganic cesium perovskite solar cells represent a new strategy for producing next-generation low-cost, efficient, and highly stable solar cells. However inorganic perovskites based on Cs have low values of the t-factor, which indicates poor phase stability, and their wide band gap limits the further improvement of SC based on them [7]. Inorganic perovskite SC based on cesium were first described in 2015 in [8]. It was produced inorganic solar cells based CsPbBr3 with the device structure glass/FTO/TiO2/CsPbBr3/spiro-OMeTAD/Au. The organic cation MA of organic perovskites MAPbX3 can be replaced by inorganic cations (e.g., Cs+) to increase the stability and open circuit voltage (VOC) of the solar cell. VOC is an important metric for solar cells as it is a measure of the maximum voltage available from a device. In 2016 this group also reported that SC based on CsPbBr3 showed higher efficiency and thermal stability than SC based on MAPbBr3 and were stable for two weeks in dry air at room humidity, constant illumination without encapsulation [8]. However, the organic hole transporting material used in these devices are quite expensive and unstable to moisture and heat, which hinders the mass production and practical deployment of perovskite SC. Inorganic perovskites CsPbBr3 are more stable than organic-inorganic hybrid SC. Despite the reports on the improvement of the characteristics of SC based on CsPbBr3 [9], the recombination of carriers in these perovskite films is still high due to the presence of defect states associated with grain boundaries and the low lifetime of charge carriers in the film. To overcome such problems, the decisive factors for maximizing the output power are increasing the grain size of the crystals and ensuring a long lifetime of carriers in the film.
Devices with perovskite layer as a compound with bromine (CsPbBr3) show lower efficiencies than the organic-inorganic hybrid perovskite SC due to a large bandgap (Eg = 2.3 eV). Inorganic perovskites based on iodide compounds, namely: CsPbI3, are more suitable for SC, since they have a narrower band gap of 1.73 eV; however, it is impossible to manufacture and operate these materials in the surrounding atmosphere due to the rapid degradation of the cubic perovskite phase (α - CsPbI3) to the non-perovskite orthorhombic phase ( δ - CsPbI3). Adding a small amount of HI to a solution of a precursor CsPbI3 stabilizes the cubic perovskite phase CsPbI3 [10], which exhibits pronounced crystallinity at a low temperature of 100 °C. They also suggested that these inorganic perovskites have a long diffusion length of charge carriers and the hysteresis in the I–V curves of the SC is not a consequence of the ferroelectric properties, since CsPbI3 does not exhibit ferroelectric polarization properties. The main role of the iodine-based (HI) precursor was to form a stable “black” phase of CsPbI3 at low temperatures which was characterized by the formation of fine crystals. These smaller CsPbI3 crystals caused a phase transition at low temperature due to the generation of lattice deformations which partially stabilized the α-CsPbI3 phase.
Mixing of halides is the simplest method for overcoming the structural and further the thermal instability of perovskite SC. At the beginning of 2016 [11] by inorganic perovskite CsPbI3 modifying CsPbI2Br was obtained by varying the ratio of I– and Br–. Partial inclusion Br in CsPbI3 stabilizes the cubic phase even in conditions of contact with air. The absorption and photoluminescence spectra of CsPbI2Br showed that the band gap can be appropriately controlled by varying the ratio of I and Br. The optical band gap of the inorganic perovskite CsPbI2Br was 1.92 eV, which made it suitable for the manufacture of tandem solar cells based on c-Si. At the same time Beal et al. used a similar approach to form homogeneous compositions of CsPb(BrxI1-x)3 perovskites with low Br concentrations [12]. They also changed the band gap of inorganic perovskites to 1.9 eV by replacement CsPbI3 with 33% Br in the lattice. The addition of Br also significantly improved optical and thermal stability.
Long term stability and adequate characteristics of CsPbI2Br perovskites inspired the development of many different approaches to the production of films from this material. Obtaining pore-free perovskite films with homogeneous grains and a high degree of crystallinity is a key strategy in the development of inorganic perovskite SC based on CsPbX3. It is noteworthy that inorganic perovskites CsPbX3 require high-temperature processing which limits their use in multilayer or flexible solar cells. A known method of annealing in a solvent at room temperature to control the dynamics of perovskite crystallization using dimethyl sulfoxide a (DMSO) which led to the production of very homogeneous CsPbI2Br films without pores at a low temperature of 120 °C [13]. This method effectively removed DMSO with its high boiling point and caused the formation of homogeneous perovskite films without pores. The incorporation of CsI into PbI2 removes DMSO molecules and forms the cubic phase of the CsPbI2Br perovskite. SC based on CsPbI2Br (with an invert planar structure) reached a maximum PCE of 6%. After the preparation of these films, an additional stage of annealing was applied with the perovskite grain size increasing with increasing temperature (from 50 to 300 °C). The relatively low annealing temperature of 120 °C was optimal to ensure uniform grain growth resulting in a maximum device efficiency of about 10.4%. Due to low-temperature treatment efficient flexible SC based on CsPbI2Br were obtained, the maximum efficiency of which was 7.3%. In this case, it is necessary to accurately control the technical ratios of the precursors in the CsPbI3-xBrx films considering the hygroscopic nature of CsI and CsBr.
Based on the analysis of published data it was decided to synthesize cesium perovskite SC of two compositions: CsPbI3 and CsPbI2Br. First a mixed solution of DMF and DMSO (1:1) was prepared and stirred for 30 min at room temperature. A solution of precursor CsPbI3 (0.8 M) was prepared by dissolving stoichiometric amounts of CsI and PbI2 in a solution of DMF and DMSO and stirred at 90 °C for 1 hour. A solution of the precursor perovskite spin-coated on hole-conductive material and annealed to form a film CsPbI3. Another series of perovskite films with different iodine/bromine ratios were synthesized by varying the percentage of PbI2 and PbBr2. The results of X-ray diffraction (figure 6) confirmed the formation of films with the corresponding perovskite crystal lattice.
[image: ]
Figure 6 – X-ray diffraction pattern of films of inorganic cesium perovskite 
with different composition of halogens

1.4 Triple cation perovskites of mixed composition
Although inorganic cesium perovskites exhibit excellent thermal stability, they have several disadvantages. Thus, CsPbBr3 have not ideal bandgap for the SC. On the other hand, the perovskite phase of CsPbI3 has a more suitable band gap of 1.73 eV [14]. Unfortunately, CsPbI3 crystallizes photoactive orthorhombic phase ("yellow phase") at room temperature, and photoactive phase perovskite ("black phase") is stable only at temperatures above 300 ° C. Hence, pure perovskite compounds do not work mainly due to thermal or structural instability. Therefore, mixing of cations and halides to obtain perovskite compounds with improved thermal and structural stability has become an important design principle.
Perovskites with record coefficients of performance (efficiency) are composed of mixed cations and halogen [15]. By sequencing of different cations, it is possible to take advantages of the components while avoiding their disadvantages. The recent success of MA/FA blends demonstrates that a small amount of MA is already sufficient to induce preferential crystallization into the photoactive phase of the FA perovskite, resulting in a more thermally and structurally stable composition than pure MA or FA compounds . This shows that MA can be considered as a "crystallizer" (or stabilizer) of the black phase of FA perovskite. And using smaller cations such as MA plays a key role in the formation of a structurally stable black phase FA perovskite. However, even in the presence of MA, it is still difficult to obtain FA perovskite without traces of the yellow phase, which is often observed even for very efficient SCs [16, 17]. It’s required to avoid these impurities yellow phase since even small their number affect the growth and morphology of crystals of perovskite, preventing the efficient collection of charge and thus limiting device performance.
Inorganic cesium (Cs) has ion radius 1,81 Å which is much smaller than MA (2,70 Å) or FA (2.79 Å) [17]. The incorporation of small amounts of Cs into the structure of MAPbI3 can lead to a stable perovskite film reaching 8% efficiency [17]. Mix of Cs/FA demonstrate enhanced stability at high temperatures and humidity with efficiency 16,5% [19]. The increased structural stability is explained by the fact that Cs is effective in promoting the crystallization of the black phase of perovskite FA through entropy stabilization [20]. In that work halides (Br and I) are also mixed resulting in an efficiency of up to 18%. It was also found that a similar composition with a shifted band gap is especially suitable for tandem perovskite-silicon SC [21]. The effective ionic radius of the Cs/FA cation can be used to tune the Goldschmidt tolerance factor to more structurally stable regions [7]. From this it is evident that Cs is highly effective in "pushing" FA into the useful black phase of perovskite due to the large size difference between Cs and FA. MA, on the other hand, also causes the FA perovskite crystallization but at a much slower rate (i.e. MA is only slightly smaller than FA), which allows a considerable part of the yellow phase retained. MA/FA composites already show impressive efficiency and thus development of these compounds is the probable direction of perovskite solar cells in general. In this light, a promising strategy for using a mixture of ternary cations Cs/MA/FA where Cs is used to further improve the MA/FA compounds of perovskite. A small amount of Cs is sufficient to effectively suppress the yellow phase impurities, which makes it possible to obtain cleaner, defect-free perovskite films. And the use of all three cations, Cs, MA, and FA provides additional versatility. This enables to accurately tuning light properties and high-quality films of perovskite which may give stable efficiency [22]. Three cationic perovskite films thermally more stable and unaffected by exposure of temperature, solvent vapor, or heating mode. This reliability is important for reproducibility which is one of the key requirements for cost-effective large-scale production of perovskite SC.
CsFAMAPbIBr triple cation perovskites were synthesized by a one-stage precipitation by spin-coating. The precipitated solution of perovskite salts was prepared by dissolving 1.1 M PbI2, 1 M FAI, 0.2 M PbBr2, and 0.2 M MABr in a mixture of DMF and DMSO (4:1). Then 1.5 M CsI was added to this solution. The resulting solution perovskite precipitates on the hole transporting material and annealed for one hour at 105 °C.
X-ray diffractometry measurement (see figure 7) confirmed formation of CsFAMAPbIBr triple cation mixed perovskite. The morphology of the perovskite SC was checked by scanning electron microscopy (figure 8). The images showed the uniformity and good quality of the planar structure of the SC.
The next step was to apply an ETM layer to the perovskite layer according to the architecture shown in Figure 1. Phenyl-C61-butyric acid methyl ester (PCBM) material was used as ETM. PCBM was coated by spin-coating.



Figure 7 - X-ray diffraction pattern of CsFAMAPbIBr triple cation 
mixed perovskite films

[image: ]

Figure 8 – SEM images of a perovskite solar cell with CsFAMAPbIBr composition
At the final stage, an aluminum mirror electrode was applied by thermal evaporation. In SC with specular reflection of light from the back contact, interference effects appear, which contribute to an increase in the conversion efficiency.
Thus, were obtained perovskite solar elements with p-i-n architectures. Were investigated perovskites of various compositions of the organic cations, inorganic and mixed. The properties of the layers are studied by methods of X-ray structural analysis, scanning electron microscopy, and optical spectroscopy.


2	Research of the photoelectric characteristics of the received solar cells
2.1 Photovoltaic characteristics of solar cells based on perovskites with organic cations
They were investigated photovoltaic characteristics perovskite SC with compositions CH3NH3PbI3 and NH2CHNH2PbI3 prepared according to the procedures mentioned section 1.3. Figure 9 shows the images of the studied perovskite SC CH3NH3PbI3 with aluminum contacts deposited on them with the ITO/HTM/perovskite/ETM/Al structure.

[image: ]

Figure 9 – Images perovskite solar cell with the structure glass/ITO/PEDOT:PSS/perovskite/PCBM/Al

The current-voltage characteristics of organic perovskite SC with different compositions of the cation CH3NH3PbI3 (MAPI) (figure 10) and NH2CHNH2PbI3 (FAPI) (figure 11) were measured. Current-voltage characteristics of solar cells both compositions have hysteresis. Formamidine perovskite FAPI showed greater efficiency in comparison with methylammonium, 6.5 % and 5.4 %, respectively. SC perovskites based on FAPI have higher short-circuit current (Isc), fill factor (FF) and efficiency. Despite good optoelectronic properties samples degrade rapidly when exposed to temperature and moisture.


Figure 10 – Current-voltage characteristic of perovskite solar cell with the CH3NH3PbI3 composition with an efficiency of 5.4 %



Figure 11 – Current-voltage characteristics of perovskite solar cell with NH2CHNH2PbI3 composition with an efficiency of 6.5 %
2.2 Photovoltaic characteristics of solar cells based on inorganic cesium perovskite
We were also investigated photoelectric characteristics of inorganic perovskite SC with CsPbI3 and CsPbI2Br compositions obtained by the procedures referred to in section 1.3. Figure 12 shows one of the samples under study: a solar cell based on inorganic perovskite CsPbI3.

[image: ]

Figure 12 – Image of perovskite solar cell with the structure glass/ITO/PEDOT:PSS/perovskite/PCBM/Al

Current-voltage characteristics of cesium inorganic perovskite SC with different composition halogens CsPbI3 (figure 13) and CsPbI2Br (figure 14) were measured. Cesium SC showed the presence of hysteresis, and perovskites with a mixed composition of halogens exhibit a stronger hysteresis. Efficiency of both compositions was at 1.5 % CsPbI3 for CsPbI2Br and 1.8 %.
[image: ]
Figure 13 – Current-voltage characteristic of the perovskite solar cell CsPbI3 
with an efficiency of 5.7 %

[image: ]
Figure 14 – Current-voltage characteristic of the perovskite solar cell CsPbI2Br 
with an efficiency of 4.4 %
SC based on mixed perovskites have higher short-circuit current (Isc), fill factor (FF) and efficiency. Samples are stable to temperature and humidity. However, the efficiency of completely inorganic cesium perovskites is lower than that of standard methylammonium and formamidine perovskites.

2.3 Photovoltaic characteristics of solar cells based on triple cation mixed perovskites
Figure 15 shows the most promising solar cell based on the mixed perovskite CsFAMAPbIBr obtained according to methods mentioned in section 1.4. Solar cells based on triple cation perovskites CsFAMAPbIBr was studied by methods of quantum efficiency measuring and current-voltage characteristics.

[image: ]
Figure 15 – Images of perovskite solar cell with the structure glass/ITO/PEDOT:PSS/perovskite/PCBM/Al

Triple cation mixed CsFAMAPbIBr perovskite SC external (EQE) and internal (IQE) quantum efficiency spectra were measured (figure 16). CsFAMAPbIBr perovskite has a high quantum efficiency in the range from 400 nm to 800 nm which covers almost the entire solar spectrum. The maximum falls on the region 500 nm and coincides with the peak of the solar radiation spectrum.


Figure 16 – SC external (EQE) and internal (IQE) quantum efficiency

Measurements of current-voltage characteristics showed that the efficiency CsFAMAPbIBr perovskite SC equal to 7.6%. The current-voltage characteristics of the samples exhibit hysteresis (figure 17).



Figure 17 – Current-voltage characteristics of a perovskite solar cell based on CsFAMAPbIBr with an efficiency of 7.6%
The photoelectric characteristics of the CsFAMAPbIBr sample are given in Table 2. SC based on the CsFAMAPbIBr perovskite have VSC 1.16 V, IOC 15 mA, and a filling factor of 42%.

Table 2 – Photoelectric characteristics of the CsFAMAPbIBr perovskite solar cell
	Branch
	VSC, V
	IOS, mA
	FF
	PCE, %

	Direct
	1.1686
	15.7623
	41.3183
	7.6106

	Reverse
	1.1604
	15.1727
	42.7829
	7.5325



SC based on triple cation CsFAMAPbIBr perovskite showed a higher light conversion efficiency in comparison with inorganic cesium in perovskites while remaining stable when exposed to high temperatures and humidity.


CONCLUSION

In accordance with the objectives of the project and the planned schedule in 2020-year perovskite solar cells with an inverter heterojunction structure have been made. Photoelectric characteristics of the obtained solar cells were investigated.
Perovskite solar cells with invert configurations with various compositions of cations and halogens have been manufactured. In the inverted p-i-n-configuration the hole transporting layer (photocathode) is usually a PEDOT:PSS layer. When fabricating this solar cell configuration, the processing temperatures of the components are close to room temperature. SC based on perovskites with the following compositions have been investigated: organic perovskites CH3NH3PbI3, inorganic CsPbIxBr3-x, or mixed triple cation perovskites CsFAMAPbIBr. The properties of perovskite SC were investigated by X-ray structural analysis and scanning electron microscopy. Studies of the structural properties of SC showed a good morphology of the films in the device and their correspondence to the planar structure. X-ray diffraction analysis confirmed the correspondence of the crystal lattices to the perovskites of this composition.
Photovoltaic solar cell properties were investigated by measuring the current-voltage characteristics and external and internal quantum efficiency. Organic perovskites exhibit excellent photovoltaic properties but are unstable when exposed to environmental influences such as humidity and temperature. SC based on FAPI perovskites have a higher short-circuit current, filling factor and efficiency. Despite good optoelectronic properties, samples degrade rapidly when exposed to temperature and moisture. Inorganic perovskites are very stable under external conditions. But solar cells based on them have an efficiency of only about 5 %. Solar cells based on cesium perovskites have larger short-circuit current, fill factor and efficiency. Samples are stable to changes in temperature and effects of humidity. However, the efficiency of completely inorganic cesium perovskites is lower than that of standard methylammonium and formamidine organic cation perovskites.
Triple cation mixed perovskites combine the best qualities of organic and inorganic perovskites, stability, and high productivity. SC based on CsFAMAPbIBr perovskite in our work achieved an efficiency of 7.6% at an open circuit voltage of 1.16 V and a short circuit current of 15 mA. The measurements of the external and internal quantum efficiency showed that the CsFAMAPbIBr perovskite has a high quantum efficiency in the range from 400 nm to 800 nm, which covers almost the entire solar spectrum. The maximum falls on the region of 500 nm and coincides with the peak of the solar radiation spectrum.
Thus, highly efficient perovskite solar cells with an efficiency of 7.6% were fabricated. The study of photoelectric characteristics showed that SC based on triple cation perovskite CsFAMAPbIBr have the highest light conversion efficiency while not being degraded under conditions of high temperatures and humidity.
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