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Abstract

:

In this work, the performance of a new ethylene-vinyl acetate-based low temperature encapsulation method, conceived to protect perovskite samples from UV irradiation in ambient conditions, has been analyzed. To this purpose, perovskite samples consisting of a set of MAPbI3 (CH3NH3PbI3) films and MAPbI3 with an ETL layer were deposited over glass substrates by spin-coating techniques and encapsulated using the new method. The samples were subjected to an UV lamp or to full solar irradiation in ambient conditions, with a relative humidity of 60–80%. Microscope imaging, spectroscopic ellipsometry and Fourier-transform infrared spectroscopy (FTIR) techniques were applied to analyze the samples. The obtained results indicate UV energy is responsible for the degradation of the perovskite layer. Thus, the cut-UV characteristics of the EVA encapsulate acts as an efficient barrier, allowing the laminated samples to remain stable above 350 h under full solar irradiation compared with non-encapsulated samples. In addition, the FTIR results reveal perovskite degradation caused by UV light. To extend the study to encompass whole PSCs, simulations were carried out using the software SCAPS-1D, where the non-encapsulated devices present a short-circuit current reduction after exposure to UV irradiation, while the encapsulated ones maintained their efficiency.
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1. Introduction


Solar cells based on perovskite structures (PSCs) have registered a significant power conversion efficiency (PCE) increase in recent years, achieving a record of 25.7% for non-stabilized PSCs, 29.8% for perovskite/Si tandem (monolithic) [1] and 17.9% for perovskite modules [2]. These efficiencies have demonstrated PSCs as a promising candidate capable to compete in a silicon dominated solar cells market.



The degradation mechanisms for PSCs are mainly caused by exposure to moisture, oxygen, heat, UV light, light soaking, mechanical stress and reverse bias [3,4]. From all these, moisture is considered the most determining factor in the degradation of the MAPbI3 layer [4], mainly due to the hygroscopic nature of the amine salt [3,5]. Additionally, the composition of perovskite can be affected by defects, which can significantly change its properties depending on the radiation and temperature [6,7].



However, the stability of the achieved PCE remains a key issue to be solved in order to assure the lifetime and the durability of these kinds of technologies. Several research lines have been addressed to enhance stability, such as introducing variations on the structure composition of the perovskites [8,9,10,11,12], the inclusion of new layers, such as hydrophobic films [13,14,15,16], the replacement of the metallic electrode by carbon or a transparent conductive oxide to avoid problems with the hole transporter layer [17,18,19,20] or using encapsulation methods in order to isolate and protect the device from environmental agents [4,21,22,23].



1.1. Degradation Mechanisms


The degradation process in the MAPbI3 layer occurs when the methylamine group (MAI) is lost via sublimation and PbI2 is formed [3,24], according to Equations (1) and (2). MAPbI3−xClx and MAPbI3 present a similar moisture assisted degradation where methylamine group is lost via sublimation and PbI2 is formed. The highly hydrophilic property of perovskite allows the absorption of the water from the surrounding environment [3]. As a result, the perovskite layer, which is originally of a brownish color, gradually turns yellow [4]. Oxygen and ultraviolet radiation can further affect the stability of PSCs, as can be seen in Equations (3) and (4) [3,8], albeit to a lesser extent than humidity [25].



MAPbI3 is one of the most common forms in which the perovskite layer is manufactured. The degradation equations of the perovskite layer under moisture, oxygen and UV light are depicted below [25]:


  MAPb  I 3  ( s )   +    H 2  O     ↔     MAI   ( aq . )   +   Pb  I 2  ( s )  



(1)






  MAI ( aq . )     ↔     MA ( aq . )   +   HI ( aq . )  



(2)






  4 HI ( aq . )   +    O 2      ↔     2  I 2  ( s )   +    H 2  O  



(3)






  2 HI ( aq . )   +   h ʋ     ↔      H 2  ( g )   +   2  I 2  ( s )  



(4)







Additionally, under UV irradiation, the presence of oxygen and water molecules at the heterojunction between the electron transport layer (ETL) and the perovskite layer results in a redox reaction within their comprised elements, which leads to the decomposition of the perovskite, reducing the performance of the PSCs [8,26]. The characteristics of the ETL are related to the optoelectronic performance of the device. The long-term stability of the device is influenced by trivalent Ti ions, and oxygen vacancies are generated by the irradiation of TiO2 valence band electrons under ultraviolet (UV) light. The oxygen vacancies on the surface of TiO2 are able to adsorb oxygen and water molecules, accelerating the degradation of the perovskite layer [8].




1.2. Encapsulation of the Perovskites


The parameters that need to be controlled for any encapsulation material are the elastic modulus, the impermeability against water, the volume resistivity and the protection against UV irradiation.



In mechanical terms, the perovskite layer has a thermal expansion coefficient ten times higher than the glass substrate or than the transparent conductive oxide it sits upon, so the mechanical stresses caused by temperature changes results in delamination processes between these layers, accelerating their decomposition [27,28]. Therefore, it is important to choose an encapsulation material that has a low elastic module. Furthermore, as has been described previously, moisture quickly attacks the perovskite structure, so the encapsulation material of choice must have a low rate of water vapor transmission (WVTR) [4]. Additionally, PCSs have high voltages. These voltages increase considerably when they are used to produce modules. High voltage also activates degradation processes on the PCSs, producing chemical reactions that generate harmful by-products. Therefore, it is important to select an encapsulation material that has a high volume resistivity [4]. Finally, as has been described previously, UV irradiation starts degradation processes on the PCSs, which is triggered by photo-degradation [29]. Therefore, it is important to select an encapsulation material that prevents the passage of UV irradiation.



The first encapsulates tried were based on the use of thin layers, formed by either Al2O3 or inorganic/organic multilayers, applied together with an adhesive. This kind of encapsulation presented many advantages, such as having low deposition temperature requirements that prevented the evaporation of organic volatile compounds, and its low WVTR, below 10–5 (g/m2/day) [30,31]. However, the high elastic modulus caused delamination after several thermal cycles. Currently, these encapsulants are still in use with flexible devices [32]. These encapsulates must take special care in sealing the edges, since the humidity that penetrates through the sides of the encapsulation is sufficient to initiate degradation [33,34]. Some of these encapsulants are Teflon [35], Adamantane Nanocomposite [22], UV curable fluoropolymers [36], Al2O3/pv3D3 [32] or organosilicates [37].



Nowadays, the encapsulation of PSCs is based on designs that are used in CIGS and CdTe photovoltaic cells, since these cells have stability issues similar to those of PSCs, mainly in terms of humidity [38]. To solve these issues, glass is used as a cover material together with polymer layers and sealant materials applied at the edges [39]. The most common materials used for encapsulation are epoxy resin [40,41], ethylene-vinyl acetate (EVA) [42,43], surlyn [41,42,43,44,45], ethylene-vinyl-alcohol (EVOH) [46], poly (ethylene terephthalate) (PET) [41,47], poluisobutylene (PBI) [48], poly methyl methacrylate (PMMA) [41], UV-curable glue [49] and polyolefilm [43]. From all of these materials, EVA is the most widely used encapsulant in the photovoltaic industry, due to its low cost, high light transmittance (93%; freestanding EVA) and low curing temperature (140 °C) [4].




1.3. Aim and Scope


In this work, a new low-temperature encapsulation method, based on the use of EVA, has been developed to protect PSCs from UV irradiation and environment humidity. In order to analyze it, a research procedure has been carried out in three stages. The first one consists of the fabrication of four sets of samples: one composed of non encapsulated perovskite, one composed of non-encapsulated perovskite and ETL, one composed of encapsulated perovskite and one composed of encapsulated perovskite and ETL. In the second stage, all the samples were exposed to UV irradiation and full solar irradiation in humid environments. In the third and last stage, the samples were characterized in order to infer their degree of degradation.





2. Materials and Methods


2.1. Sample Preparation


All the fabrication processes were carried out inside an ISO7 cleanroom, operating at 23 °C and at a relative humidity (RH) from 30% to 40%. Due to the relevance and influence of the RH [50] and the temperature [51] on the fabrication procedures, these parameters were constantly monitored during fabrication steps.



Then, 25 mm × 25 mm and 2 mm thick soda line silica glass substrates were cleaned sequentially by ultrasonication in a 2% soap solution, deionized water, acetone and 2-propanol and dried with nitrogen [52]. After that, an ultraviolet–ozone (UVO) treatment was used to remove the contaminants from the surface of the samples in order to facilitate the interface between the substrate and the electron transport layer [53,54]




2.2. Synthesis and Sample Fabrication


The synthesis of the perovskite precursor solution was performed by stirring PbI2 (Lead (II) iodide, Sigma Aldrich 211168, St. Louis, MO, USA) and CH3NH3I (MAI 98%, TCI M2556) at a molar ratio of 1:1, using a mixture of N,N-Dimethylformamide (DMF 99.8%, Sigma Aldrich 227056) and Dimethyl sulfoxide (DMSO 99.9%, Sigma Aldrich 276855) with a 9:1 (v/v) ratio at 75 °C for 50 min and at room temperature overnight [55]. The obtained solution was passed through a 0.22 μm Polytetrafluoroethylene (PTFE) filter prior to deposition [56]. A volume of 100 μL of perovskite precursor solution was dispensed on top of glass substrates and then was subjected to a spin rate of 5000 rpm for 30 s. During the spinning, a 3:1 volume ratio of a non-polar solvent (chlorobenzene) was dropped over the substrate, achieving a layer thickness of 300 nm [55], and the RH inside the chamber was maintained between 8–10%, with a constant flow of clean dry air (CDA) [55]. Finally, the sample was annealed at 100 °C for 10 min inside a furnace to evaporate any residual solvent and to promote crystallization [57]. Samples were stored in a vacuum desiccator to avoid degradation [58,59].



The synthesis of the electron transport layer (ETL) was performed by dropwise adding a solution of 175 μL of Titanium (IV) isopropoxide (TTIP 97%, Sigma Aldrich 205273) in 1.25 mL of EtOH (Ethanol 99.9%, Merck 1.00983.2500, Kenilworth, NJ, USA) into a solution of 17.5 μL of 2 M HCl (Hydrochloric acid 37%, Labkem CHAC-0AA-2K5, Dukinfield, UK) in 1.25 mL of EtOH [60]. A 0.22 μm PTFE filter was used to obtain the solution. Finally, the precursor solution (150 μL) was dispensed on top of glass substrates, and then the samples were spin-coated at 2000 rpm for 60 s. To obtain a thickness layer of 80 nm, a double ETL was deposited using the spin-coating technique. After the deposition, the first layer was heated to 150 °C for 30 min, and the second layer was spin-coated and heated to 500 °C for 60 min.




2.3. Encapsulation of the Samples


The encapsulating process was performed by using temperature and pressure lamination techniques [61], in which a sheet of commercial EVA (Encapsolar PC-135 A, from Stevens Urethane, Easthampton, MA, USA) was placed between the perovskite layer and the cover soda lime silica glass. Because the assembled sandwich could lose its integrity during the thermal process, a thick steel plate was used to apply uniform pressure. In order to take into account the steel thermal inertia, the samples were cured at 100 °C for 165 min and cooled down for 125 min before removing the steel plate.



Two kinds of samples were encapsulated. The architecture of the samples type (a) consists of a perovskite thin film, deposited over a glass substrate and encapsulated with a layer of EVA and yet another glass. Type (b) also adds an ETL layer between glass and perovskite (Figure 1).




2.4. Characterization


A digital microscope (U500X by Unimake, Campo Mourão, Brazil) with a focus range from 15 mm to 40 mm and a magnification range of 50×–500× was used during the degradation processes to analyze the samples.



Ellipsometry measurements were carried out using the spectroscopic ellipsometer M-2000 from J. A. Woollam Co., Inc. (Lincoln, NE, USA), with a spectral range from 245 nm to 1000 nm, a laser light source (FLS) and a xenon arc lamp, with a spot of 500 µm. CompleteEASE software, from the same manufacturer, was used to analyze the optical properties of the layers, obtaining the refractive index (n) and the extinction coefficient (k), as well as the thickness of the layers from the reflectance measurements. On the other hand, the mobility range of the emitter unit and receiver unit, from 45° to 90°, allow transmittance measurements, which allows calculating the absorbance curves and obtain the bandgap [62,63].



Fourier-transform infrared spectroscopy was carried out using an IFS 66/S Bruker, (Bruker, Hanau, Germany) equipment with full spectral range coverage from the very far infrared (<5 cm−1) up to the vacuum UV (>55,000 cm−1), and a spectral resolving power of 100,000:1 or <0.1 cm−1 spectral resolution and peak to peak noise of less than 10−5 AU achieved within 1 min and 4 cm−1 spectral resolution. Spectra were used to establish the MAPbI3 characteristic functional groups by localizing their indicator peaks and to observe their evolution as the degradation processes took place.




2.5. Degradation of the Samples


To evaluate the light induced degradation of the perovskite films due to UV irradiation, two different setups were used. First setup consisted in a UV Lamp of 24 W (365–395 nm), placed at 90° over the samples. In the second setup, the samples were placed outdoors at the Technological and Renewable Energy Institute in Canary Islands (28.071402518377827, −16.514065045493652) on a support inclined at 30 degrees above the horizontal and oriented to the south in order to receive full solar irradiation.



To study the evolution of the degradation process due to UV irradiation, the encapsulated and non-encapsulated MAPbI3 samples were exposed to both irradiation sources, varying the irradiation time from 50 min to 70 min. The total irradiation supplied to the samples was 34,157 W/m2 (50 min) and 47,820 W/m2 (70 min) for the UV lamp and 34,872 W/m2 (50 min) and 50,431 W/m2 (70 min) for the full solar exposure. Additionally, the encapsulated MAPbI3 samples were further exposed to full solar irradiation (6051 kW/m2, 350 h) in order to analyze their stability over a longer period of irradiation time. Finally, to assess the influence of the ETL film during the UV degradation process, the encapsulated and non-encapsulated MAPbI3 with ETL samples were exposed to 47,820 W/m2 (70 min) by using the UV Lamp.





3. Experimental Results


3.1. Transmittance and Visual Analysis


Figure 2 shows a spectral transmittance study performed on the glass and the EVA material used to encapsulate the samples. These data are shown together with the spectrum of the full solar irradiation (AM 1.5 G) and of the UV lamp used in the degradation processes. As is shown, the encapsulant built of glass and EVA acts as an effective UV block agent below 400 nm.



Figure 3 shows the transformation observed on the MAPbI3 and MAPbI3 with ETL samples, encapsulated and non-encapsulated, during the degradation process, starting from their pristine stages (Figure 3a,d,g,i,k). As can be seen, the non-encapsulated MAPbI3 samples show a similar visual degradation when exposed to both full solar irradiation and UV lamp irradiation. The non-encapsulated samples present decoloring into a dull brown color after 50 min of exposure (Figure 3b,e), turning to a yellowish shade after 70 min (Figure 3c,f). These results are attributed to a degradation mechanism triggered by UV irradiation in a humid environment [4,46,64,65,66]. However, the visual appearance of the encapsulated MAPbI3 samples remained stable above 350 h under full solar irradiation (Figure 3g,h). Additionally, although the non-encapsulated samples of MAPbI3, with and without the ETL layer, show a similar degradation, the ones with ETL acquire the characteristic yellowish shade after 70 min of UV irradiation (Figure 3j), indicating that the ETL layer somehow delays the degradation. In addition, the encapsulated MAPbI3 with the ETL layer sample remained stable after 70 min exposure (Figure 3l).




3.2. Spectroscopic Ellipsometer


The spectroscopic ellipsometer was used to obtain the absorbance curves for the produced samples according to their composition.



3.2.1. Precursors, Solvents and MAPbI3


According to Equation (1), the decomposition of perovskite results in the appearance of PbI2 and CH3NH3I. Therefore, absorbance curves were performed to fresh deposited layers of MAPbI3, PbI2 and CH3NH3I in order to obtain their characteristic peaks (Figure 4). Thus, the PbI2 absorbance spectrum presents three characteristic peaks, centered in 330 nm, 420 nm and close to 500 nm, while the CH3NH3I only presents absorbance in the UV range of the spectrum, with a peak at 300 nm. The MAPbI3 sample shows broader absorbance bands, in comparison with PbI2, although its characteristic peaks are shifted 50 nm to longer wavelengths. Furthermore, a band gap of 1.6 eV was calculated from the absorbance spectrum of the MAPbI3 sample [62,63].




3.2.2. Non-Encapsulated and Encapsulated MAPbI3 Samples


The absorbance measurements were made to the MAPbI3 encapsulated and non-encapsulated samples, before and after subjecting them to the degradation processes.



The absorbance spectra of the encapsulated and non-encapsulated samples after being subjected to full solar irradiation and UV lamp are shown in Figure 5a. As can be seen, the absorbance of the encapsulated and non-encapsulated layers is similar, independently of the light source used. Therefore, the degradation mechanisms involved could be similar under both irradiation methods. In relation to the pristine samples, the absorbance curves of the non-encapsulated MAPbI3 samples show a decrease between 400 nm and 500 nm after 50 min of irradiation. This decrease is extended to 760 nm after 70 min, the moment at which the absorbance curve becomes similar to the PbI2 one. Additionally, the band gap increases from 1.6 to 2.2 eV. Since the degradation experienced by MAPbI3 was the same under both kinds of irradiation sources, it can be deduced that it was caused solely by the UV part of the spectrum [67,68,69].



Furthermore, in order to analyze the effect of the encapsulation on the stability of the MAPbI3 samples, they were exposed to 350 h of full solar irradiation. It must be taken into account that the study of the encapsulated samples should start from 400 nm due to the absorption of the EVA sheet in the UV range. As can be seen, in relation to the pristine samples, the absorption spectra of the exposed samples present only a slight decrease of around 450 nm due to the encapsulation procedure (Figure 5b).




3.2.3. Non-Encapsulated and Encapsulated MAPbI3 with ETL Samples


Absorption curves were determined from non-encapsulated and encapsulated MAPbI3 with ETL samples before and after being subjected to the degradation process. Additionally, an absorption curve was determined by a pristine sample made of ETL deposited on a glass substrate.



If the absorption curves of the pristine samples are compared with the encapsulated and non-encapsulated samples after subjecting them to 70 min of UV irradiation, it can be seen that the non-encapsulated samples show a reduction in the absorbance curve between 400 and 500 nm (see Figure 6). However, the encapsulated ones keep their absorption curve unaltered. In both cases, the calculated band gap remained the same (1.6 eV).



Furthermore, considering only the non-encapsulated samples that went through the degradation process, by comparing Figure 5 and Figure 6, it is possible to infer that the addition of the ETL layer resulted in a reduction in the MAPbI3 degradation, as can be seen at 470 nm (29.68%), at 500 nm (25.35%) and at 750 nm (19.69%). In the same line, non-encapsulated samples without ETL show a similar behavior with a further decrease in the absorption intensity at 470 nm (37.20%), at 500 nm (37.00%) and at 750 nm (28.15%). Therefore, both samples have a similar shift trend, but when the ETL layer is introduced, the absorption intensity peaks show a minor decrease. These results are attributed to the ETL layer effects, which protect the perovskite and EVA layers from degradation by UV irradiation. The ETL layer absorb a fraction of the UV irradiation (from 200 to 350 nm), as shown in Figure 6, therefore reducing the total UV irradiation interacting with the perovskite.





3.3. Fourier-Transform Infrared Spectroscopy (FTIR)


3.3.1. Precursors, Solvents and MAPbI3


PbI2, CH3NH3I as precursor of perovskite and DMF, DMSO as the solvents used for the solution, together with MAPbI3 samples, were analyzed by Fourier-transform infrared spectroscopy in order to compare their characteristic functional groups.



The FTIR spectra for DMF and DMSO solvents (Figure 7A) show that the C=O bond strength are situated at 1671 cm−1 in DMF [70,71], and that the stretching vibration of S=O is located at 1045 cm−1 in DMSO [71,72]. Furthermore, the DMF spectrum shows a symmetrical and asymmetrical C-H bending vibrations related to the two bands located at 1457 cm−1 and 1388 cm−1, respectively [70]. As can be seen, all these bands disappear from the FTIR spectra obtained from the MAPbI3 sample.



The PbI2, CH3NH3I and MAPbI3 FTIR spectra are shown in Figure 7B. The 1480 cm−1 (symmetric NH3+ bend), the 906 cm−1 (NH3+/CH3 rock) and the 3081 cm−1 (N-H stretch) correspond to CH3NH3I [29,73]. The peaks located at 755 cm−1 and 613 cm−1 could be attributed to PbI2 vibration modes [74].



As can be seen, the characteristic peaks identified for the precursors contribute to define the ones seen in the perovskite FTIR spectra.




3.3.2. Non-Encapsulated and Encapsulated MAPbI3 Samples


Non-encapsulated and encapsulated MAPbI3 samples were prepared and subjected to the degradation process. Fourier-transform infrared spectroscopy analysis was performed to the samples before (pristine) and after the degradation process.



By comparing the FTIR spectra of the perovskite samples before and after subjecting them to the degradation process, it is possible to observe the existence of vibration modes clearly defined in the pristine perovskite, which disappear after the degradation process takes places. These are at 3181 cm−1 (N-H stretch), 3124 cm−1 (N-H stretch) and 1465 cm−1 (symmetric NH3+ bend) [73]. In fact, having exposed the samples to full solar and UV lamp irradiations, a slight decrease in these peaks happened after 50 min degradation, and they completely disappeared after 70 min degradation, as can be seen in Figure 8A. Since this phenomenon turned out to be the same in both cases of degradation, it is possible to infer that the UV range of the spectra was the agent responsible for said degradation. This hypothesis was also supported by the FTIR spectra performed to the encapsulated samples that were subjected to 350 h of full solar irradiation, where the observed vibration modes remained stable due to the UV-cut properties of the EVA material applied (see Figure 8B).



Finally, it is important to notice that the intermediate complex sensitive to hydration, which lies at 1660 cm−1 [75], was not observed in any of the samples. Therefore, no degradation due to humidity was apparent, despite performing all the tests in ambient conditions.




3.3.3. Non-Encapsulated and Encapsulated MAPbI3-ETL Samples


The degradation of the MAPbI3 layer was also evaluated in terms of its interaction with an ETL layer, due to being exposed to UV irradiation. In Figure 9, a reduction in the characteristic peaks can be observed at 3181 cm−1 (38.71%), at 3124 cm−1 (36.20%) and at 1465 cm−1 (40.79%). The observed intensity reductions in the degraded MAPbI3 samples for these peaks were 73.73%, 72.91% and 69.79%, respectively. This difference suggests that the degradation of the MAPbI3 with ETL samples is lower than that of MAPbI3 ones. Finally, no degradation was observed in the encapsulated samples.






4. Simulations


4.1. Parameters Used in the Simulation


In order to evaluate the effect of the degradation of the perovskite layer on the device performance, the SCAPS-1D simulation software, developed by the Department of Electronics and Information Systems (ELIS) of the University of Ghent (Belgium), which has been widely used for the study of PSCs [73,74,75,76,77,78,79], was applied.



For the purpose of the simulation, a planar structure device made of glass/FTO/ETL/MAPbI3/HTL (Figure 10) was implemented using the parameters listed in Table 1.



The absorption coefficient, the thickness and the band gap values of the layers were obtained from experimental measurements made with the spectroscopic ellipsometer adjusted with the theoretical models proposed by the CompleatEase software [18]. All other parameters have been obtained from the literature.



Knowing how the band gap and the absorption coefficient curves of the device’s layers vary due to the exposure to UV irradiation, an extrapolation of its degradation can be obtained by using the SCAPS 1-D software in terms of its short-circuit current (Jsc), open circuit voltage (Voc), fill factor (FF) and energy efficiency (PCE).




4.2. Simulation Results


4.2.1. Non-Encapsulated MAPbI3 Samples


The IV curves obtained by the simulation software for the non-encapsulated MAPbI3 samples, before and after the irradiation process, are shown in Figure 11. These results indicate an efficiency decrease taking place in the samples. This decrease is slightly higher in the samples exposed to solar irradiation than in the ones exposed to the UV lamp. These results are mainly due to exposure to higher levels of irradiation after 70 min: 50,432 W/m2 under full solar irradiation versus 47,820 W/m2 under UV lamp. In particular, it can be seen that the degradation affects the current intensity of the device, showing a notable reduction in the short-circuit current, going from 21.66 mA/cm2 (pristine) to 19.07 mA/cm2 (exposed to UV lamp) and 19.28 mA/cm2 (exposed to full solar irradiation), while the open circuit voltage remains constant, around 1.08 V (Table 2).




4.2.2. Encapsulated MAPbI3 Samples


The effect of the encapsulation on the devices’ performance has also been evaluated after 350 h of exposure to solar irradiation (Figure 12). During the encapsulation process, a slight reduction of 0.87% in the PCE was observed, remaining constant from that moment and until complete 350 h, corresponding to a total irradiance of 6051 kW/m2.



Table 3 shows that the observed reduction was mainly due to the decrease in the open circuit current, going from 21.66 mA/cm2 (non-encapsulate pristine sample) to 20.61 mA/cm2 (encapsulated pristine sample) and to 20.58 mA/cm2 (encapsulate sample exposed to full solar irradiation). However, the open circuit voltage remained constant (around 1.09 V).






5. Conclusions


The performance of a new encapsulation method to protect perovskite solar cells from external agents such as moisture, oxygen, heat and UV light has been tested by monitoring the degradation of the perovskite layer due to full solar irradiation and UV light under normal humidity conditions. In these conditions, the MAPbI3 perovskite samples that were not encapsulated showed visual and optical degradation after they were subjected to UV irradiation.



Thus, optical ellipsometry analysis of non-encapsulated MAPbI3 samples showed a decrease in the absorbance of the samples from 400 nm to 700 nm, whereas the band gap increased from 1.6 eV to 2.2 eV, requiring more energy to generate the electron hole pair. Moreover, the FTIR analyses showed an intensity reduction in the functional groups of ammoniums, defined by the vibration modes located at 3181 cm−1 (N-H stretch), 3124 cm−1 (N-H stretch) and 1465 cm−1 (symmetric NH3+ bend), which can be used as indicator peaks marking the degradation of perovskite caused by the UV light.



However, the encapsulated samples endured UV irradiation, keeping the absorbance curves (by using a spectrometer) and the intensity of the characteristic peaks of the ammonium functional groups (by using FTIR techniques) constant after 350 h of continuous irradiation. Furthermore, the intermediate complex found at 1660 cm−1, which is sensitive to hydration [75], was not observed in any of the samples. All these results indicate that the new encapsulation method used in this study, protects the perovskite layer from degradation due to UV irradiation at ambient conditions.



Additionally, the results obtained from optical ellipsometry and FTIR measurements indicate that the addition of an ETL layer does not affect the device light absorption characteristics and keeps the band gap stable. Interesting enough, the results also indicate that the addition of an ETL layer to the non-encapsulated samples delays the degradation process due to a decreased UV absorption by the perovskite and EVA layers, since the ETL layer acts as a shield, absorbing part of the incident UV irradiation. However, studies regarding longer periods of exposure are still necessary in order to fully characterize this phenomenon.



Finally, the parameters measured on the pristine samples and the ones that were subjected to UV irradiation at ambient conditions, together with other parameters obtained in the literature, allowed us to run SCAPS-1D simulations in order to estimate the performance of their corresponding PSCs. The results obtained also confirm that encapsulated devices remained stable under different solar conditions, while the non-encapsulated ones showed a remarkable reduction in their short circuit current due to UV irradiation.
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Figure 1. Schematic representation of the two kinds of encapsulated sample architectures: without ETL (a) and with ETL (b). 
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Figure 2. Transmittance of the glass and EVA (Y-axis on the left) against the irradiance of the AM1.5 spectrum and the UV lamp (Y-axis on the right). 
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Figure 3. Microscope images (500×) of the samples during the degradation process. 
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Figure 4. Absorbance curve of the MAPbI3, PbI2 and CH3NH3I pristine samples. 
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Figure 5. (a) Absorbance curve of non-encapsulated MAPbI3 samples after 50 min and 70 min under the solar spectrum and the UV irradiation lamp. (b) Absorbance curve of MAPbI3 + EVA before and after 350 h under solar spectrum. 
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Figure 6. Absorbance curves of ETL and ETL + MAPbI3 before degradation process and the absorbance curve of ETL + MAPbI3 and ETL + MAPbI3 + EVA after 70 min under UV irradiation lamp. 
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Figure 7. (A) FTIR spectrum of MAPbI3 versus DMF and DMSO solvents and (B) FTIR spectrum of MAPbI3 versus PbI2 and CH3NH3I. (* is used to appoint the maximum peaks). 
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Figure 8. (A) MAPbI3 before and after 50 min and 70 min under the solar spectrum and the UV irradiation lamp and (B) MAPbI3 + EVA before and after 350 h under solar spectrum. (* is used to appoint the maximum peaks). 
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Figure 9. FTIR spectrum of ETL and ETL + MAPbI3 before degradation process against FTIR spectrum of ETL + MAPbI3 and ETL + MAPbI3 + EVA after 70 min under UV irradiation lamp. (* is used to appoint the maximum peaks). 
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Figure 10. Energy diagram of the simulated device. 
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Figure 11. IV curve of the non-encapsulated MAPbI3 samples before and after the degradation process with UV lamp and full solar irradiation. 






Figure 11. IV curve of the non-encapsulated MAPbI3 samples before and after the degradation process with UV lamp and full solar irradiation.



[image: Applsci 12 05228 g011]







[image: Applsci 12 05228 g012 550] 





Figure 12. IV curve of non-encapsulated pristine sample (black line), encapsulated pristine sample (orange line) and encapsulated sample, after 350 h exposed to full solar irradiation (red line). 
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Table 1. Parameters used for device simulation in SCAPS-1D software.
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	Parameter
	FTO
	TiO2 (ETL)
	CH3NH3PbI3 (Absorber Film)
	Spiro-OMeTAD (HTM)





	Thickness (nm)
	354.19
	89
	439.07
	136.50



	Bandgap (eV), Eg
	3.89
	3.4
	1.59
	3.17



	Electron Affinity (eV), λ
	4 [76,77,78]
	4 [76,79]
	3.9 [76,80]
	2.05 [76]



	Dielectric Permittivity (relative), ɛr
	9 [76,77,78]
	9 [76,79]
	6.5 [76,77]
	3 [76]



	Effective Conduction Band Density (cm−3), CB
	2.2 × 1018 [76,78]
	1.0 × 1019 [76,79]
	1.8 × 1018 [76]
	1.0 × 1021 [76]



	Effective Valence Band Density (cm−3), VB
	1.8 × 1019 [76,78]
	1.0 × 1019 [76,79]
	1.8 × 1019 [76]
	1.0 × 1021 [76]



	Electron thermal velocity (cm/S)
	1.0 × 107 [77]
	1.0 × 107
	1.0 × 107 [77,80]
	1.0 × 107 [80]



	Hole thermal velocity (cm/S)
	1.0 × 107 [77]
	1.0 × 107
	1.0 × 107 [77,80]
	1.0 × 107 [80]



	Electron Mobility (cm2/V·S), μn
	20 [76,77,78]
	0.02 [76,79]
	0.5 [76]
	2 [76]



	Hole Mobility (cm2/V·S), μp
	10 [76,77,78]
	2 [76,79]
	0.5 [76]
	0.01 [76,80]



	Donor Concentration ND (cm−3)
	2.0 × 1019 [76,78]
	1.0 × 1019 [76]
	0 [80]
	0 [80]



	Acceptor Concentration NA (cm−3)
	0
	0 [79]
	1.0 × 1016
	1.0 × 1019 [76]



	Capture Cross Section for Electrons and Holes (cm2)
	
	
	1.0 × 1013 [80]
	1.0 × 1015 [80]



	Defect density (cm−3)
	1.0 × 1013 [76]
	1.0 × 1016 [76]
	1.0 × 1018
	1.0 × 1013 [76]
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Table 2. Non-encapsulated MAPbI3 samples results before and after the irradiation process.
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	ID
	Voc (V)
	Jsc (mA/cm2)
	FF (%)
	PCE (%)





	MAPbI3
	1.09
	21.66
	68.3
	16.18



	UV Lamp (47,820 W/m2)
	1.08
	19.07
	65.0
	13.47



	Full solar irradiation (40,432 W/m2)
	1.08
	18.28
	64.7
	12.83
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Table 3. Simulation results: non-encapsulated pristine sample, encapsulate pristine sample and encapsulate sample, after 350 h exposed to full solar irradiation.
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	ID
	Voc (V)
	Jsc (mA/cm2)
	FF (%)
	PCE (%)





	MAPbI3
	1.09
	21.66
	68.3
	16.18



	MAPbI3 + EVA
	1.09
	20.61
	68.0
	15.31



	MAPbI3 + EVA

(full irradiation 6051 kW/m2)
	1.09
	20.58
	67.8
	15.23
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