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This work investigates non-rare-earth phosphor (Sr4Al14O25:Mn4+, 0.5%Mg) with intensively red luminescence as a 

luminescent down-shifting layer for perovskite solar cells. The power conversion efficiency of the fabricated device with a 

structure of NiO/CH3NH3PbI3/[6,6]-phenyl C61-butyric acid methyl ester/Au coated with phosphor layer shows a 10% 

increase as compared with that of the control devices. Importantly, the phosphor layer coating can realize UV-protection as 

well as waterproof capability, achieving a reduced moisture-degradation of CH3NH3PbI3 perovskite upon applying an UV 

irradiation. Therefore, perovskite devices using this luminescent coating show a combined enhancement in both UV down-

shifting conversion and long term stability. This can be expanded as a promising encapsulation technique in the perovskite 

solar cell community.  

 

A significant progress has been achieved over the past few years for the development of solar cells using hybrid lead 

halide perovskite as next generation light harvester.1-4 Currently, the certified power conversion efficiency (PCE) for the 

perovskite solar cells is dramatically increased over 22.1% for the lab-scale devices.5 In addition to the high PCE, the 

perovskite solar cells take advantages of low cost and solution processability, making them as a promising photovoltaic 

technology till date.6,7 At present, excellent solar cell performance has been achieved for devices based on inorganic-organic 

hybrid lead perovskites. However, a number of obstacles limit its commercialization, including long-term device stability in 

operation conditions with oxygen, humidity/rain/ice, heat, and ultra-violet (UV) light exposure. Previous works have pointed 
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out that perovskite solar cells with particular device structures can be stable when devices are kept in dark and dry air 

atmosphere at room temperature.8-11 The instability of devices in operation conditions mainly comes from the degradation of 

perovskite materials.12-14 Moisture, UV light, and temperature are susceptible to cause degradation of organic-inorganic 

perovskite. Kelly et al. reported a quantitative and systematic investigation of perovskite degradation processes by using in 

situ absorption spectroscopy and in situ grazing incidence X-ray diffraction (XRD) to monitor phase changes in a controlled 

relative humidity of an environmental chamber.15 They demonstrated the formation of a hydrated intermediate containing 

isolated PbI6
(4-) octahedra as the first step of the degradation mechanism. Therefore, it is highly desirable to find suitable 

strategies to develop stable perovskite devices for future application, which should be inert moisture-sensitive, especially 

when elevated temperature and/or electrical bias are applied.15-18 Material engineering has been considering as one of the 

promising strategies to enhance the stability of inorganic/organic halide lead perovskites. Iodide-chloride mixed halide 

perovskite MAPbIxCl3-x was reported to be more stable than single-halide perovskite MAPbI3 in ambient atmosphere.19 The 

stability of MAPbI3 in humid air could be significantly improved by doping with bromide.20 Tuning the tolerance factor is 

also an effective way to stabilize perovskite structure for solar cell applications. Extensive researches have been done on 

formanidinium methylammounium lead iodide (FAPbI3) due to its broad light absorption and good thermal stability.21,22 

Despite of the significant improvements have been evidenced by carefully controlling of components in perovskite solar 

cells,24-26 the stability of organic-inorganic hybrid lead perovskite solar cell devices is still unsatisfactory, particularly their 

outdoor stability and long term performance in the presence of moisture and light illumination. For example, most of 

investigation have found this degradation process could be easily accelerated by UV light exposure in TiO2-based perovskite 

solar cells.23 The UV-degradation in these cells were generally suffered from a deep trapping of injected electrons within 

newly available sites in the TiO2 nanocrystal semiconductor. This instability of perovskite solar cells under an UV exposure 

can be rectified by removing TiO2 scaffold.  

Likewise, coating the photovoltaic devices  with antireflection and self-cleaning function layers has been designed for 

silicon and polymer solar cells to increase their power conversion efficiency as well as ultraviolet light stability.27-29 Griffini 

et al. reported on the conversion and manipulation of light via luminescent down-shifting (LDS) by an elegant combination 

of lanthanide-doped polymer-derived ceramics incorporated with versatile nanopatterns for advanced optoelectronics, 

showing distinctively enhanced PCE and lifetime mainly attributed to the nanopattern assisted strong LDS property.30 

Chander et al. reported a transparent LDS YVO4:Eu3+ nano-phosphor layer to mitigate UV degradation in the TiO2-based 

perovskite solar cells, showing an improvement in stability under prolonged illumination and photocurrent due to LDS of 

incident UV photons into additional red photons.31 Therefore, it’s worth to address the importance of UV protection with 
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functional coating for the inverted planar perovskite solar cells without using TiO2.
 Herein, we investigated a multifunctional 

coating for the NiO-based inverted perovskite solar cell devices, which incorporates an combined ability of LDS and UV-

screening as well as waterproof. This coating layer uses a non-rare-earth phosphor (Sr4Al14O25:Mn4+, 0.5% Mg, SAM, 

hereafter) particles embedded in PMMA (polymethylmethacrylate). Such a phosphor exhibits higher intense red 

luminescence than that of the commercial Mn4+ phosphors due to the inclusion of Mg2+.32 Fig. 1a depicts the device 

architecture for the NiO-based CH3NH3PbI3 solar cell with coating on the top of FTO glass and the corresponding molecular 

structure of SAM. The MAPbI3 films were directly deposited onto the substrates pre-coated with the NiO using a one-step 

spin-coating method. Fig. 1b shows the absorption (left ordinate) and emission spectra (right ordinate) of SAM/PMMA films 

at room temperature. A broad excitation band appears in the range from 290-520 nm, which implies that this phosphor is 

suitable to be excited with an UV light. As a proof of concept, when the SAM/PMMA film is excited with UV-light (=320 

nm), a strong red emission peak between 625 and 670 nm with a sharp peak at about 650 nm can be observed in the emission 

spectrum of the phosphor (Fig. 1b). This is attributed to the typical emission of Mn4+.32,33 The internal quantum efficiency 

was measured to be 38 and 35% for the excitation wavelengths of 380 and 470 nm, respectively, for the SAM film.32  The 

inset of Fig. 1b shows an optical image of a phosphor film (on quartz) illuminated by UV light at  λ~360 nm, exhibiting a 

uniform red emission over the entire area. In brief, the SAM/PMMA LDS film can efficiently convert ultraviolet light to 

visible light. We expect this certainly develops functionality for harvesting ultraviolet light and thus reduces a direct 

absorption of the CH3NH3PbI3 active layer in the ultraviolet region. Fig. 1c compares the optical transparency for the FTO 

glass deposited with SAM/PMMA films, showing that the transmission decreases as the amount of SAM increases in the film. 

In this work the FTO glass coated with a 1.2 mg mL-1 SAM/PMMA layer was selected for further experiments.  

To reveal the impact from UV-light on degradation, we first compared the CH3NH3PbI3 films coated with/without (W/O) 

SAM/PMMA exposure to irradiation in different atmospheres (see the scheme in Fig. 2a). The fresh prepared bare 

CH3NH3PbI3 perovskite films were deposited upon FTO glass substrates. During the test, sample A was completely kept in 

dark. Sample C was coated with SAM/PMMA onto the FTO glass and exposed to light illumination. For comparison, sample 

B was directly exposed to the UV-light via the CH3NH3PbI3 film. Fig. S1 (in the supplementary information) shows images 

of the experimental instruments. The measurements were performed under UV light (λ~360 nm, 12 W) or yellow light 

(λ~575-595 nm) for 15 hours in ambient air (30-50% relative humidity, RH) or dry air (H2O<0.1 ppm), respectively. 
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FIG. 1 a) Schematic of perovskite solar cell structure with SAM/PMMA down-shifting layer coated on the FTO glass surface. b) 
Absorption (left ordinate) and emission (right ordinate) spectra of SAM/PMMA film. Absorbed UV light is down-shifted to the red light 
region (around 650 nm). Insert shows a photograph of a 1.2 mg mL-1 doped SAM/PMMA layer coated glass substrate recorded under 
ultraviolet (λ~360 nm) illumination. c) Transmission of FTO glasses coated by SAM/PMMA layer with varying SAM phosphor 
concentration. 
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FIG. 2  a) The schematic for the degradation monitoring and optical images of CH3NH3PbI3 films after test in different atmosphere; b) 
XRD patterns of CH3NH3PbI3 films of different samples under ambient air condition with UV irradiation for 15 hours; c) the 
CH3NH3PbI3/PbI2 ratio calculated from the integrated intensities of CH3NH3PbI3 and PbI2 peaks appearing in XRD patterns for different 
samples.  
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 Fig. 2a also shows the optical images of films after irradiation test. We observed that, when testing in ambient air with 

UV-irradiation, sample B showed mostly obvious color change. This result was further testified with UV-visible absorption 

spectroscopy measurements as presented in Fig. S2. Compare to films tested in dark (for sample A) or covered by 

SAM/PMMA coating (for sample C), the sample B with perovskite exposed to UV-light showed very much decreased light 

absorption after the irradiation test. PbI2 are mostly suggested as the product for the degradation of CH3NH3PbI3 film in this 

case.15-18 In order to qualify the extent of degradation for the perovskite films, we calculated the ratio of CH3NH3PbI3/PbI2 to 

inform the effect from different atmosphere onto the degradation by integration the intensity of peaks appearing around 14.1 

and 12.7 in the XRD patterns collected from each sample after test (Fig. 2b). The peaks at 2θ angles of 14.1o along with 28.4 o 

and 43.1 o correspond to the tetragonal phase of CH3NH3PbI3, while the peak at around 2θ=12.7 corresponds to the pure 

crystal PbI2.
34 A higher CH3NH3PbI3/PbI2 ratio indicates slower CH3NH3PbI3 degradation. In this study, it was found that the 

ratio of CH3NH3PbI3/PbI2 for sample A (totally  in dark) decreased from about 6 in the case of dry air to ~4 in the case of 

ambient air. This result indicates CH3NH3PbI3 easily degrades into PbI2 in the presence of H2O even the sample is stored in 

dark. Furthermore, when the measurement was performed under exposure to UV-irradiation in dry air condition, the samples 

B and C unexpectedly remained their color. This implies the tolerance of CH3NH3PbI3 to the UV-irradiation if the 

atmosphere is free of moisture. The  negligible color change was further confirmed with XRD results (see Fig. S3a). As 

shown in Fig. 2c, the samples B measured in dry air kept a higher CH3NH3PbI3/PbI2 ratio (~6) than that in ambient air (<1) 

when exposed to UV-light. This result indicates that PbI2 content dramatically increases in presence of moisture and UV 

irradiation. Correspondingly, the color of sample B turned from black into yellow within 15 hours (Fig. 2a). We conclude that 

the UV irradiation accelerates the degradation of CH3NH3PbI3 material in the presence of moisture. This degradation can be 

largely reduced if a SAM/PMMA coating (sample C) was used onto the FTO side through which the irradiation gets into the 

perovskite layer. The CH3NH3PbI3/PbI2 ratio was estimated to be ~3 for sample C stored in ambient air in combination with 

UV expose. This result demonstrates that the SAM/PMMA coating could effectively retard the degradation of CH3NH3PbI3. 

This would benefit perovskite devices as discussed below. 

 Recently, Barnes et al. reported on degradation of perovskite with ellipsometry and XRD characterization and found the 

primary formation of a monohydrate phase for CH3NH3PbI3 in the presence of moisture.35 This product was observed in 

equilibrium with a small amount of the dehydrate phase, depending on the time and intensity of moisture exposure.35 

Evaporation of HI along with elevated temperatures accelerated this process as well.17 Since PbI2 can be found in the 

perovskite film after UV exposure in the presence of moisture, we propose that the monohydrate CH3NH3PbI3·H2O phase 

with loose bound characterization in the CH3NH3PbI3 films degrades with increasing incident high-energy photons and 
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eventually decomposes to PbI2. Fig. 3 schemes the CH3NH3PbI3 degradation process in the presence of moisture accelerated 

by UV light. We suggest that the presence of a long-term UV irradiation can greatly accelerate this process and thus shorten 

the degradation into several hours. To test this hypothesis, the samples B and C were irradiated with yellow light (λ~575-595 

nm) in ambient air (30-50% RH), and their XRD results and corresponding CH3NH3PbI3/PbI2 ratio are presented in Figs. 2c 

and S3. Both samples are much stable in ambient air under yellow irradiation compared to UV irradiation.  

H2O H2O

UV 

accelerated

CH3NH3PbI3�H2O (CH3NH3)4PbI6�2H2O CH3NH3PbI3  

FIG. 3 Schematic of the CH3NH3PbI3 degradation process in the presence of moisture accelerated by UV light. 
 

Photovoltaic characterization was performed with different amount of phosphor to estimate the possibility of enhancing 

light harvesting efficiency for the perovskite devices. Fig. 4a compare the photocurrent-voltage curves for the devices with 

and without coating. The photovoltaic parameters are JSC~19.6 mA cm-2, VOC ~ 1.04V, FF ~0.7, yielding a PCE ~14% for the 

perovskite solar cell with a SAM coating at a concentration of 1.2 mg mL-1. Under the same condition, the JSC of device 

without coating is about 18.2 mA cm-2 with a PCE of 12.6%. Therefore, there is a significant ~7.7% increase in the short 

circuit current density if the phosphor coating is used. This was confirmed by scratch coating off the FTO glass,  the JSC 

decreased to that of the bare device as shown in Fig. 4a. As shown in the inset, the devices with SAM/PMMA coating at a 

concentration of  0.3 mg mL-1 or 1.2 mg mL-1 showed higher photocurrents comparing to the control devices without coating. 

However, it was found a reduction of values of JSC for the device using coating containing higher concentration of  SAM (>3 

mg mL-1) due to an unbalanced transparency loss (the inset of Fig. 4a). Fig. 4b shows the IPCE curves (left ordinate) for 

devices with and without coating. Both of them exhibited similar spectral responses in the wavelength range from 500 to 800 

nm. However, it is noted that the device with coating  (1.2 mg mL-1) showed higher IPCE response in the shorter wavelength 

region. The ΔIPCE spectrum in Fig. 4b (right ordinate) was obtained by taking the difference in the IPCE spectra between the 

two devices. A broad band was observed in the wavelength region of 350-500 nm. This result agrees well with the measured 

absorption region of SAM material (Fig. 1b). The integrated current density of the enhanced IPCE value is calculated to be 

1.29 mA cm-2 (right ordinate), which can be contributed to the photocurrent enhancement. We expect that the JSC values 
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could be further increased by using phosphor of a size below 10 nm in terms of reduction of long wavelength scattering effect 

and transparency loss. The IPCE response depends on the efficiencies of charge injection, light harvesting ability and charge 

collection.36 Considering the high absorbance of CH3NH3PbI3 perovskite film (>2 in a wide wavelength range) and high 

photocurrent density of most reported devices (~20 mA cm-2), the latter two efficiencies are assumed to be unit for both 

devices in this study. As shown in Fig. 4b, the IPCE values for the device without coating are less than 60% in the range of 

340-500 nm, indicating that the charge injection efficiency is less effective in short wavelength region. This could be 

correlated to different hot-hole (electron) cooling mechanisms for lead-lodide perovskite excited by photons with different 

energy. Therefore, we suggest the observed improvement for the device with coating can be due to the LDS effect of the 

SAM/PMMA, which convert the short wavelength photons into long wavelength photons. 
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FIG. 4 (a) Current density-voltage plots measured under AM1.5 simulated sunlight of 100 mW cm−2 irradiance of the 
NiO/CH3NH3PbI3/PCBM perovskite solar cell devices with and without SAM/PMMA coating at a concentration of 1.2 mg mL-1. The 
inset shows the photocurrent density variation with SAM concentration in SAM/PMMA coating. (b) IPCE spectrum for the devices with 
and without coating. The integrated ∆J is contributed from the IPCE difference.  

Fig. 5a shows the variation of PCEs with time for the perovskite solar cell devices with/without the SAM/PMMA LDS 

coating under a relatively low light intensity of about 25 mW cm-2. A xenon lamp was used as a light source to simulate 

sunlight containing UV-lights. The low light intensity was selected in this study was due to a fast degradation of CH3NH3PbI3 

devices under full solar simulator irradiation in ambient air. The temperature was controlled in the range of 25-30 oC with a 

RH value below 30% during the measurement. The devices without SAM/PMMA coating showed dramatically degradation 

in PCE, which failed to work after 30 hours. The degradation for the control experiment could be due to an adsorption of 

oxygen/water by the PCBM (the PCBM layer itself can degrade in ambient air through adsorption of oxygen or water), 

and/or an incomplete coverage of the perovskite film by the PCBM, thus leading to a rapid chemical reaction between the Au 

electrode and the CH3NH3PbI3 when exposure to the ambient environment.37,38 The devices with SAM/PMMA coating at the 

FTO glass showed a better stability in terms of PCE. The efficiency of the device retains more than 55% of the initial values. 

The efficiency of these devices retained more than 55% of the initial values. By contrast, the control device lost completely 

its performance, mainly on the photocurrent (Fig. S4). It is quite evident that the perovskite devices with SAM/PMMA 
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coating are indeed considerably resilient to UV irradiation. As discussed above, the enhanced device stability could be 

contributed to the SAM/PMMA coating, which suppresses the CH3NH3PbI3 monohydrate phase degradation stemmed in the 

presence of moisture and full spectral sunlight irradiation. 
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FIG. 5 (a) The performance stability of the cells with and without SAM/PMMA LD coating. The cells were kept in a dry cabinet (< 30% 
humidity) at 25 mW cm-2 illumination provided by a solar simulator and measured in ambient air under AM1.5G.  (b) A photograph of a 
complete perovskite solar cell employing a SAM/PMMA LD coating encapsulation (left) under the water flow, compared with the none 
coated device (right). 

In order to monitor the long-term stability under visible-light soak, the device was encapsulated by a layer of 

SAM/PMMA on the back counter electrode in dry argon (Ar2) filled glove box. When exposed to a steady stream of running 

water, the encapsulated device (left) showed no sign of color change. However, the unsealed device (right) showed dramatic 

color change from dark black to white (Fig. 5b). Further investigation of stability under illumination revealed that devices 

with SAM/PMMA encapsulation layers at the front side (FTO glass) and back side (Au electrode) maintained ~80% of its 

initial values after 90 hours (Fig. 5a). Therefore, the “water-resistant” SAM/PMMA layer offers an enhanced protection of 

the solar cell, being served as an easy-cleaning protective coating. 

In summary, we have elucidated that in ambient air, applying UV irradiation rapidly accelerates the degradation of the 

perovskite material, leading to broking the reversible equilibrium of CH3NH3PbI3 monohydrate phase with the dehydrate 

phase, and eventually decomposing to PbI2. This effect has been largely overlooked, since light LEDs or UV filtered solar 

simulators are commonly employed. A multi-functional coating was developed in this work incorporating LDS with function 

of UV-screening and waterproof for utilization in NiO-based planar perovskite solar cell devices. This coating consists of 

room temperature-curable resin containing a non-rare-earth phosphor complex that acts as down-shifting material to convert 

UV photons into valuable visible light. The perovskite solar cell devices incorporating this functional coating system were 

found to show a 10% relative increase in power conversion efficiency as compared with control uncoated devices, mainly 

from an enhancement in photocurrent. Stability improvement of perovskite solar cells with SAM/PMMA coating were also 
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systematically demonstrated. The general approach presented in this study to simultaneously improve performance and 

stability of perovskite solar cell devices could be readily extended to a large variety of cost effective nano-phosphor and 

transparent perovskite solar cell systems, thus enabling fabrication of highly efficient and stable perovskite solar cell system 

in an easy and versatile approach. 

Supplementary Material: 

See supplementary material for the complete characterization experiment, experimental instrument images, XRD 

characterization results and photocurrent stability data. 
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