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Abstract

Degradation of hybrid lead halide perovskite by UV light is a crucial issue that limits the
commercialization of lead halide perovskite solar cells (PSCs). To address this problem, phosphor-in-
glass (PiG) is used to convert UV to visible light. Down-conversion of UV light by PiG dramatically
increases UV-stability of PSCs and enables PSCs to harvest UV light that is currently wasted.
Performance of PSCs with PiG layer does not change significantly during 100 hour-long UV-
irradiation, while conventional PSCs degrade quickly by 1 hour-long UV-irradiation. After 100 hour
long UV-irradiation, power conversion efficiency of PSCs with PiG is 440 % larger than that of
conventional PSCs. This result points a direction toward PSCs which are very stable and highly

efficient under UV light.
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1. Introduction

Hybrid lead halide perovskite solar cells (PSCs) have been intensively investigated over the past
several years as a next generation solar cells. Certified power conversion efficiency (PCE) of PSCs
has increased to 22.7 % that is the highest among emerging solar cells. [1-5] Additional strengths of
PSCs are low material cost and facile fabrication process. [6,7] However, PSCs degrade quickly by
exposure to UV light, humidity or heat. This degradation problem limits the commercialization of
PSCs. [8-10] Though the instability of PSCs by humidity and heat attracts a considerable amount of
interest, [11-13] the effect of UV light on TiO»-based PSCs has been relatively neglected. [14]
Current solutions to UV light problem are to remove UV light by inserting an additional UV filter or
replace photocatalytic TiO, with less photoactive semiconductor such as BaSnOs;. However, removal
of UV component reduces power of incident solar light and TiO; layer is still known the best electron
transport layer for high efficiency PSCs.

If UV component of solar light is converted to visible light, UV degradation of PSCs can be
addressed without sacrificing PCE of PSCs. Several groups have demonstrated down-conversion of
UV light to visible light by nanosize phosphors. [15-17] However, nanosized phosphors used in the
down-conversion have relatively lower photostability due to a change in an oxidation state by
excitation light. [18,19] This lowers a down-conversion efficiency of the phosphor layer. Phosphor-in-
glass (PiQG) is a composite consisting of phosphor particles and glass matrix. Phosphors in PiG convert
UV or blue light to green or yellow light, which is called down-conversion. In high-power light
emitting diode (LED) devices PiG covers an active part of LED and has a dual function of down-
conversion and encapsulation. [20-22] Since phosphor particles are well isolated from ambience by
thermally conductive glass matrix, the optical property of phosphor particles is well maintained in
harsh environment (i.e. strong UV light radiation and high temperature). Moreover, the
photoluminescence properties of PiG can be simply controlled by changing phosphors mixed in PiG.
It is expected that the efficiency and stability of PSCs are improved at the same time by applying the
mixture of up-converting and down-converting phosphors to PiG due to the ability of up-converting

phosphor which converts over 800 nm of light to valuable visible light. [23]



In this study, we report that the down-conversion ability of PiG improves the stability and PCE of
PSCs. Given that PiG is already mass-produced for LED industry, a thin PiG plate can easily replace a
glass substrate of PSCs or be attached to a glass substrate of PSCs. If such a solar cell with the thin
PiG is illuminated from a PiG side, UV light is converted to visible light before the photocatalytic
reaction of TiO, is activated. We chose PiG containing green LusAlsO,:Ce*" and orange-
SiAION:Eu*" phosphors, since this endures high light intensity and does not emit UV light at all.
Therefore, PiG prevents underlying PSCs from being exposed to UV light. It is found that the down-
conversion of PiG increases incident photon to current efficiency (IPCE) of fresh PSCs from 30 % to
53 % at the wavelength of 320 nm. After 100 hour-long UV light illumination, PCE of PSCs with PiG
at AM 1.5G illumination is 440 % larger than that of conventional PSCs. These results indicate that
implementation of PiG into PSCs is an effective way to protect PSCs from UV light without

deteriorating PCE.

2. Experimental
Materials

Commercially available PiG was provided by LED business, Samsung Electronics. Green
Lu3Als012:Ce*" and orange o-SiAION:Eu?" phosphors were embedded in the glass matrix. Phosphors
of average diameter 18 um were mixed with low temperature glass frits (YEK Glass Co., LTD.) with
a volume fraction of 1:9. A mixture was shaped into a plate through a tape casting method and

sintered at 600 °C in air.

Fabrication of perovskite solar cells

FTO substrate was cleaned in acetone, deionized (Di) water, and ethanol. TiO; blocking layer (bl-
TiO,) was spin-coated on FTO substrate by using prepared 0.5 M titanium diisopropoxide bis-
(acetylacetonate) in 1-butanol at 4000 rpm for 30 s. The mesoporous-TiO, nanoparticle (mp-TiO, NP)
as electron transport layer (ETL) was spin-coated onto the bl-TiO»/FTO substrate at 5000 rpm for 30 s

by using diluted TiO; paste in ethanol (1:5.5 wt%, sharechem). And then, the substrate was annealed



at 500 °C for 30 min. After cooling, the substrate was dipped into TiCl4 solution for 30 min at 70 °C,
subsequently, the substrate was rinsed with Di-water for 5 min and annealed in the box furnace at 500
°C for 30 min.

Perovskite (CH3:NH;3Pbls) layer was deposited by using adduct method, as previously reported. [24]
To prepared CH3NH;3IPbl,»DMSO solution, 1.0 M Pbl,, CH3NHsl, and DMSO (1:1:1 molar ratio)
was dissolved in N,N-dimethylformamide (DMF) solvent for 30 min. And then,
CH3NH3IPbl,eDMSO solution was deposited onto the mp-TiO»/bl-TiO»/FTO substrate at 4000 rpm
for 25 s and diethyl ether was dropped onto the substrate in 10 s. After that, the substrate was annealed
at 65 °C for 3 min and 100 °C 10 min. The hole transport layer was spin-coated onto the perovskite/
mp-TiO2/bl-TiO»/FTO by mixing of spiro-OMeTAD in chlorobenzene (36 mg ml ), 14.4 ml of 4-tert-
butylpyridine, and 8.8 ml of lithium-bis(trifluoro-methanesulphonyl)-imide salt (Li-TFSI) in
acetonitrile (360 mg ml"). Finally, Au as a top electrode was deposited by using e-beam evaporator

with 0.3 A s™! deposition rate.

Characterization of PiG and solar cells

Photoluminescence (PL) and decay time measurements were performed using spectrofluorometer
(QuantaMaster, PTI). Excitation and Emission spectra were measured at 350 - 500 nm and 450 - 680
nm, respectively. A scan rate was 1 nm s, Photostability of PiG was monitored at 560 nm under 365
nm of excitation. Reflectance and transmittance of PiG plate was examined using UV/Vis
spectrophotometer (Lambda-55, Perkin Elmer). An integrating sphere was used to measure diffuse
reflectance and transmittance. The J-V curve characteristics of the PSCs with active area of 0.14 ¢m?

were measured by using potentiostat (CHI660C, CH Instrument) under AM 1.5G illumination.

Stability Test
Figure 1 shows a schematic on the stability test of PSCs with and without PiG plate. Filtered UV
lamp (VL-215.LC, Vilber Lourmat) of 78 mW c¢m was used to accelerate the degradation of PSCs.

As shown in Figure 1, UV light of 365 nm wavelength was irradiated from the glass side of PSCs in



airwith 25-40 % of humidity. To convert UV light to visible light, 200 pm thick PiG plate was placed
on the surface of glass in a part of tested samples. Performance of UV-irradiated PSCs was measured

at AM 1.5G illumination as a function of UV irradiation time.

PIG/PSC PSC

UV light source

PIG/IPSC PSC

365 nm of irradiation

Figure 1. Top) a schematic on the stability test of PSCs with and without PiG plate; a PiG plate is
placed between UV light source and PSC, bottom) photos of PiG/PSC and only PSC under UV

radiation: emission of PiG is observed.



3. Results and Discussions

XRD patterns of PiG in Figure S1(a) testifies that Lu3sAlsO12 and a-SiAION phosphors are mixed in
PiG. The intensity of a-SiAION phase is relatively small due to the small amount in PiG (wt.% ratio
of LuzAls012:a-SiAION = 9:1). SEM images in Figure S1(b) show that PiG has smooth surface with
200 pm thickness. Figure S1(c) shows photoluminescence (PL) emission and excitation spectra of
PiG plate. Down-conversion of UV light to visible light by PiG is clearly observed in Figure S1(c). PL
excitation spectrum of PiG for the emission wavelength of 556 nm ranges from 300 to 500 nm.
Excitation intensity dramatically decreases as the excitation wavelength gets longer than 500 nm. PiG
emits broad yellow light and the emission spectrum ranges from 460 to 680 nm. Emission peak
wavelength is 560 nm and its full width at half maximum is 105 nm. Transmittance and reflectance
spectra of PiG plate are also shown in Figure S1(d). For red light (A = 600 nm) which PiG does not
absorb, transmittance and reflectance of 200 pm thick PiG plate is 85 and 15 %. Theoretical
reflectance (R) at normal incidence angle is calculated by Fresnel equation,
2

ni—n;

R =

(1)

ny+n,
where n; and n, are refractive index of air and PiG. Since the refractive index of PiG is 1.8, the
theoretical reflectance of smooth PiG surface is calculated as 8 %. A difference between measured
reflectance (15 %) and theoretical reflectance (8 %) is due to backward scattering at the interface
between phosphor particles and glass matrix. Light backscattering by embedded phosphor particles
was also reported in phosphor-converted white light emitting diode (pc-LED). When blue light was
incident upon Y3Als01,:Ce** phosphor layer, 12 % of power was reflected through backscattering. [25]

Figure 2(a) shows J-V curve of fresh PSCs with and without PiG at AM 1.5G illumination. Short
circuit current density (Jsc) of PSCs slightly decreases from 21.33 mA ¢m™ to 17.29 mA ¢cm™ when
PiG is added. Open circuit voltage (Voc) and fill factor (FF) are almost same. Given that total
reflectance at PiG plate surface and glass/phosphor interface is ~15%, Jsc is expected to decrease by
15 %. However, experimentally measured Jsc of PSCs with PiG is 81 % of that of PSCs without PiG.
This is because the internal quantum efficiency of the down-conversion process is less than 100 %.

Stokes shift process consumes a small portion of the incident energy and additional 4 % loss of Js¢



occurs. IPCE spectra of fresh PSCs with and without PiG are shown in Figure 2(b). While a small
portion of incident energy is lost in the visible region through the down-conversion process, PiG
clearly increases photocurrent of PSCs in the UV region. Generally, incident photon-to-current
efficiency (IPCE) of PSCs is almost zero for deep UV light (A < 300 nm). However, IPCE of PiG
added PSCs increases to 20 - 55 % in UV regime (200 nm < A < 320 nm), since PiG converts UV light

to visible light.
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Figure 2. (a) J-V curve of PSCs and (b) IPCE without PiG and with PiG.



To examine the effect of PiG on UV stability, PSCs with and without PiG plate are irradiated with
365 nm UV light in air and a change in photovoltaic performance is evaluated. Figure 3 shows
normalized efficiency, Jsc, Voc and FF of PSCs as a function of 365 nm UV light irradiation time. Jsc,
Voc and FF of PSCs without PiG plate decrease by 40 — 60 % and PCE of PSCs after 100 hr - long
UV irradiation is only 13 % of the initial PCE. In contrast, PSCs with PiG are stable under UV
irradiation and PCE of 100 hr irradiate PSCs is 70 % of the initial PCE. Color of PSCs without PiG
turns to pale brown after 100 hr-long UV irradiation, as shown in Figure 3(a). However, a color
change PSCs is not observed when a solar cell is irradiated through PiG plate. A main reason for a
decrease in PCE is decomposition of halide perovskite by UV light. TiO, is an excellent electron
transport material and most commonly used in PSCs. In addition, TiO, nanoparticles can extract
electrons from I" through a photocatalytic reaction when TiO> is exposed to supraband gap photons
(photon energy > 3.2 eV). Oxidation of iodide ion (I') subsequently causes decomposition of

CH;3NH;5™. Tto et al. proposed following decomposition reactions in UV light irradiated PSCs: [8]

21 & I, + 2e" [at the interface between TiO, and CH3NH3Pbls] 2)
CH3NH3" <> 3CH3NH, 1 + 3H" 3)
[+ +3H" +2¢ < 3HI 1 4)

Decomposition of CH;NH;" is accelerated by the continuous elimination of H" through evaporation of
HI in reaction (4). Consequently, CH3;NH3Pbl; transforms into Pbl, and gas byproducts (CH3NH,, HI).
[26] Since a small amount of Pbl, can passivate defects inside CH3;NH3Pbl; layer, FF of bare PSCs is
even higher than that of PSCs with PiG after 1 hour — long UV irradiation. [27] However, as PSCs are
irradiated with UV over 1 hour, more Pbl; is formed and the photovoltaic performance of bare PSCs
start to decrease quickly. Liu et al. demonstrated that the degradation of perovskite layer can be
accelerated by Pbl, under illumination due to the photodecomposition of Pbl,. [26] In contrast, high
UV stability is observed in PSC/PiG, since the down-conversion of PiG prevents the photocatalytic
reaction of TiO,. PCE of PSCs with PiG is 9.09 % after 100 hr - long UV light irradiation. This is

much higher than 2.05 % of bare PSC which is UV-irradiated without PiG plate for 100 hrs.
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Figure 3. Stability test results of PSCs exposed 365 nm light for 96 hours without and with PiG: (a)

efficiency and pictures of PSCs after test without (lower) / with PiG (upper), (b) Jsc, (b) Voc and (d)

FF.



Compared with down-converters in previous studies, we also find that PiG more effectively
protects PSCs from UV irradiation damage. When YVO;:Eu*" nanophosphors and Au/Y,Os:Eu®*
nanophosphors were used as a down-converter, PCE of PSCs decreased to 60 % and 40 % of the
initial PCE after PSCs were irradiated for 12 hour and 24 hour at AM 1.5G illumination (UV light
power: 9.2 mW c¢m?). [16,17] Given that UV light power (78 mW c¢m?) in this study is much higher
than UV light power of simulated solar light at AM 1.5G illumination, PiG shows much better UV
cut-off ability than nanophosphors of previous studies. This high down-conversion performance of
PiG is due to larger particle size and excellent photostability of PiG consisting of micrometer large
phosphor particles and glass matrix. Since the particle size of phosphors in PiG is much larger than
that of nanoparticle down-converters, PiG absorbs UV light more effectively than the nanohosphors.
[28] In addition, the photostability of PiG is better than that of nanophosphors, since the micrometer
larger phosphors of PiG has a smaller surface area and the glass matrix passivate the surface. The
oxidation reaction can occur on the surface of the phosphors in air. [18,19] Photodegradation of PiG
and YVO;:Eu*" nanophosphor under UV irradiation is shown in Figure 4. While PL intensity of PiG
drops only 4 % after 3 hour irradiation, PL intensity of YVO3:Eu*" nanophosphor decreases by 30 %.
During UV irradiation, the oxidation state of V" changes to V*". The reduction of transition metal
ions induces the formation of an interband defects that act as a luminescence quencher site. This, in
turn, decreases the quantum efficiency of nanophosphors. [29] Less effective down-conversion of UV
light by aged nanophosphors allows partial transmittance of UV light which weakens the stability of

PSCs.
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4. Conclusion

We demonstrate that PiG enhances stability of PSCs under UV light. 365 nm UV irradiation
decomposes CH3;NH3Pbl; into Pbl, and gas byproducts and dramatically degrades PCE of PSCs.
However, when UV light is irradiated through PiG plate first before reaching the perovskite layer,
PSCs maintain their photovoltaic performance for 76 hours. Since PiG converts UV light to visible
light, PSCs with PiG not only filters UV light but also harvest the energy of UV light. After 100 hr
long UV irradiation, PCE of PSCs with PiG (9.09 %) exceeds that of bare PSCs (2.05 %). In addition,
since the glass matrix of PiG passivates the micrometer size phosphor, UV absorption capability and
photostability of PiG are better than those of nanophosphor down-converters in literature. This
indicates that PiG is an excellent down-converter and an alternative glass substrate which enhances

the stability of PSCs under UV light without sacrificing their PCE.
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