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Abstract

The application of luminescent down shifting (LDS) layers as alternative UV filters for
CH3sNH3Pblsa-Clsx perovskite solar cell (PSC) devices is reported. A combination of photo-
absorption measurements and of device decay measurements during light soaking are used to
verify the stability. The application of a UV filter or LDS layer was able to significantly retard
photo-induced degradation with ~18% drop in device power conversion efficiency (PCE)
observed over 30 hours for non-encapsulated devices, which is compared to ~97% for an un-
filtered device, also without encapsulation. Whilst the PCE of the PSC device decreases with the
application of the LDS layer, the drop is not as significant as when a commercial UV filter is
used. Considering that UV filters will be essential for the commercialization of PSCs, the work
provides evidence that the LDS layer can act as an alternative UV filter in PSCs and can limit the
drop in PCE that can be expected from the inclusion of a UV filter, thus providing an added

benefit over commercial UV filters.
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1. Introduction

Perovskite based solar cells (PSCs) have attracted significant attention of PV researchers over the
past seven years™, primarily by the simplicity of manufacture and rapid advancement of the
power conversion efficiency (PCE), which has risen from 3 to 22.1%°. Perovskites-based
absorbers within PSCs have the general formula ABXs ®, where A is an organic cation, typically
methyl ammonium (CHsNHs3); B is an inorganic cation, usually lead (I1); and X is a halide (I, Br
or Cl)’. Several studies have shown that using mixed halides, resulting in compositions like
CH3sNH3Pbl,Bri.x or CHsNHsPbI,Cli.x, may lead to improvement in the electronic properties of
the films and in the device performance®*!. For example, the carrier diffusion length increases an
order of magnitude with the addition of chloride, which is associated with a lower amount of
structural defects in the compound*?.

Despite the high performance demonstrated by the PSCs, they have been shown to
possess poorer long term stability compared to other PV technologies. The degradation of the
devices is caused by a number of environmental factors including intensity of UV and visible
light, humidity and temperature'*'®, These processes can be mitigated by a number of preparation
techniques including addition of environmental barrier layers and UV filters”’, as well as by
optimizing active layer materials to develop more robust absorbers® or control of grain size in
the films'®®, This second strategy requires a careful study of the changes in the optical and
morphological properties of the films caused by the action of stressors.

Various solar cells technologies make use of luminescent materials to improve the device
PCE?*%, In particular, some materials make use of the Luminescence Down Shifting (LDS)
effect, that concerns the absorption of photons with higher energy and the subsequent energy
downshift through their emission by photoluminescence. For better results, the materials must
have a high emission efficiency, and its optical absorption band should not overlap with the
absorption of the active layer in the device. Thus, LDS layers absorb higher-energy photons and
convert the wavelength to one that is closer to the maximum external quantum efficiency (EQE)
of the solar cell. In PSCs, previous reports have employed phosphor materials to improve the
performance of PSCs by the LDS effect?® 2% %0, |n addition to the PCE enhancements, since LDS
layers absorb photons of higher energy, it is possible to select luminescent materials whose optical
absorption is in the UV region of the solar spectrum. In this way, LDS could also impact the long-
term stability by reducing harmful UV absorption in the active layer. Whilst the same role could
be fulfilled by a UV filter, the LDS layer does not block the incident UV light and ‘recycles’ it to

be used as for photocurrent generation.

This work investigates the impact of photo-degradation of CHsNH3sPblz-xClax films
and solar cells made on their basis, under illumination of simulated sunlight (1 sun, AM1.5G).

The degradation Kinetics was evaluated with and without UV filters and the effectiveness of a



LDS layer for UV-filtering was assessed. The LDS material was selected to ensure the
luminescent emission occurs at wavelengths where the perovskite cell has a high EQE. The

performance and stability of the PSCs made using the LDS layer are reported.

2. Experimental

2.1 LDS layer and UV filter

A series of luminescent materials were evaluated from a previous study according to an

optimization process reported by Fernandes et al.*

. These included a range of 10 LDS materials,
from metal complexes to organic dyes. The relevant aspects to considering the LDS application
of the materials were their optical properties, processability, commercial availability and
cheapness. The material selected for this work was Kremer fluorescent blue (KB), which is based
upon a Triazine-toluene sulfonamide-paraformaldehyde-based resin. The LDS material was
dissolved with PMMA into anisole at a concentration of 8% by weight. The layers were deposited
by spin coating onto the top facing side of a fused silica substrates and annealed for 15 minutes
at 60 °C. The average film thickness was measured to be 300 nm. Table | shows the values for
the figures of merit (FOM) calculated for PMMA:KB films. The detailed definition of the

parameters listed in Table | was given in a previous work®!,

Figure of Merit (FOM) RO | ASM ESM PA | PLQY uv

Value (%) 9.2 |40 78.2 87 |57 12.2

Table | — Figures of merit for PMMA:KB luminescent layer. RO: radiative overlap; ASM:
absorption spectral matching; ESM: emission spectral matching; PA: parasitic absorption;

PLQY: photoluminescence quantum yield; UV: UV coverage.

The calculations of the FOMs were based on absorbance and photoluminescence (PL)
spectra of the PMMA:KB layer, and on the External Quantum Efficiency (EQE) curve of the
perovskite-based device, as shown in Figure 1. PL was measured with a Horiba Scientific
Fluoromax 4 spectrofluorometer, with excitation at 375 nm (at the maximum of optical absorption

of the layer). EQE spectra were recorded using a Bentham TMC300 monochromator, with



measurements taken every 1 nm using a Stanford Research System SR830 lock-in amplifier. As
seen in Fig. 1, the optical absorption of the PMMA:KB layer is between 350-420 nm, so this

should prevent any UV light in this region entering the absorber layer.

For control, a UV filter was supplied from Solaronix (Switzerland), which cuts off light

with wavelengths less than 390nm.
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Figure 1 — Normalized absorbance (blue line) and photoluminescence (black line) of PMMA:KB

layer, and EQE curve of a CHsNH3PblzxClax -based photovoltaic device (red line).

2.2 Perovskite film and solar cell preparation

Methylammonium lodide (MAI, code 14965-49-2) and Lead (II) Chloride (PbCl,, code
7758-95-4) were purchased from Lumtec (Taiwan) with 99.999% purity. Dimethyl sulphoxide
(DMSO, code 67-68-5) and Isopropyl alcohol (IPA, code 67-63-0) were purchased from Sigma-
Aldrich (UK). Anisole (#495 A8) was supplied by MicroChem. All products were used as

received.

For photo-degradation studies, glass substrates were cleaned in ultrasound bath by
immersion for 5 minutes in deionised water, acetone and finally IPA. Lastly the substrates were
dried under nitrogen flux and oxygen-plasma treated for 5 minutes. Methylammonium iodide
(MAI) solution was prepared by dissolving the solid in IPA with proportion of 30 mg/ml, and
stirred for 15 min in ambient temperature. PbCl, was dissolved into DMSO at a concentration of



300 mg/ml and stirred at 70 °C for 20 min. The absorber deposition was undertaken in a glove
box (with water and oxygen concentrations below 0.1 ppm) using the two-step sequential
deposition method. The PbCl; solution was spin-coated at 6000 rpm and dried for 20 min at 90
°C. After drying the substrates were left to cool down to room temperature before the next layer
was deposited. A solution of MAI was then spin-coated at 6000 rpm, after which the samples

were again placed on a hotplate set to 90 C and annealed for 20 min.

The devices analysed in this work were manufactured onto indium-tin oxide (ITO)
coated glass substrates which were coated with a layer of PEDOT:PSS (Al4083). Subsequently,
the absorber was deposited inside a glove box by spin-coating using the two-step procedure
described above. The acceptor was 6,6-phenyl-C71-butyric acid methyl ester (PC7:BM) dissolved
in chlorobenzene (30 mg/ml). Finally, thermal evaporation of 100 nm of silver (Ag) was deposited

to form the cathode of the device.

2.3 Photo-degradation and device characterisation

All measurements were undertaken in an air-conditioned room with relative humidity of 35
+5 % and ambient temperature of 20 = 5 ‘C. For photo-degradation studies, samples were kept at
a constant temperature of 60 ‘C whilst simultaneously exposing to a Solar Simulator with an
output power of 100 mW/cm2 and AM 1.5G spectrum (calibrated using a silicon reference cell

from RERA, Netherlands). Absorbance measurements were taken every 10 min.

The PSC current density-voltage (J-V) curves were measured for six devices illuminated by
the same solar simulator. For this work, three configurations were used whereby the light facing
side of the device was covered with a UV filter, PMMA:KB LDS layer or without filtration. For
stability tests, the devices were constantly light soaked illumination interrupted for the J-V

measurements made every 5 minutes. The test corresponded to the 1ISOS-L-2 protocol®.

3. Results and Discussion

3.1 Photo-degradation of absorber layers

Figure 2 shows the evolution of the UV-Vis light absorption of the non-encapsulated
photoactive perovskite layer under illumination by 1 sun irradiance at ambient atmosphere.
Initially the spectrum had the typical characteristics of optical absorption of lead iodide-chloride
perovskites®. However, with the continuous sunlight exposure, a loss of absorbance in the region

between 540-780 nm and the emergence of an absorption shoulder around 520 nm are in evidence.
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This is related to the formation of Pbl, compound, as shown by Manser et al®**. Hu et al.*® also
indicated that this absorption peak is due to the emergence of Pbl; as the main by-product of
MAPbI, degradation””, which was corroborated by O'Mahony et al. who showed that the
combined effect of light and oxygen plays a major and significant role in the degradation

process™,
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Figure 2 — Evolution of the UV-Vis light absorption of the unencapsulated MAIPbCI; film under
AML1.5G illumination as a function of the irradiation time. The temperature of the sample was

maintained at 60 °C during all measurements.

Recently a quantity called Absorption Degradation State (ADS), which is equal to the
ratio of the number of absorbed solar photons (from the AM 1.5G spectrum) for the degraded
sample to that of the fresh sample was introduced to quantify the degradation of the optical
absorption spectra of organic®%" and perovskite-based® photovoltaic materials. Here, the ADS
values were calculated over the 400-800 nm range of the absorbance spectra. Figure 3 shows the
ADS variation for the films exposed to simulated sunlight. For samples where no UV filtration
was undertaken (square symbols), degradation was rapid with absorption values decreasing to

10% of the original value recorded after four hours of exposure.
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Figure 3 — Evaluation of the Absorption Degradation State (ADS) parameter in the range of 400-
800nm for non-encapsulated film (squares), and for films with UV filter (circles) and with
PMMA:KB luminescent layer (triangles). The temperature of the samples was maintained at 60

°C during all measurements.

The stability issue has been addressed by several recent reviews™ 2% In all these
works, the relevant factors that are indicated to lead to perovskite film deterioration are moisture,
oxygen, UV radiation, and temperature. All of these factors were present in the experiment related
to the sample without UV filtration, which can explain the fast degradation of the film observed
by its decreased absorbance along all visible spectrum.

However, by using UV filtration (by a commercial source, or with the PMMA:KB LDS
layer), it is clear that degradation is significantly reduced. After 240 min of irradiation, the ADS
of the film under with UV filter drops to only around 90% of the original value, thus, providing
evidence that the use of UV filters can be an effective strategy to increasing the lifespan perovskite
absorber layers.

The effectiveness of the UV filtering may affect the retarding degradation pathways.
Firstly, it can reduce the formation of oxygen atom radical and/or ozone which attack the
perovskite layer®. In this case, the light and oxygen induce the formation of halide anions through
donation of electrons to the surrounding oxygen. The anions generate free radicals that
deprotonate the methylammonium cation and form the highly volatile CH3NH, molecules that
escape and leave pure Pbl, behind*.. This degradation pathway is supported by the data in figure

2, where the formation of Pbl.is seen with the absorption peak. Secondly, UV excitation is known



to lead to photolysis which creates organic breakages. Last but not least is the protection provided
by the layers (commercial UV filter and PMMA:KB film) against moisture ingress in the
perovskite absorber. Habisreutinger et al. showed the role of a PMMA layer on the top of a
CH3NH3Pbls«Cly film under thermal stress to preserve its optical properties®. It is likely that both
affects are being retarded by the use of an LDS filter in this instance.

The benefit of the LDS filter for the PSCs performance needs to be evaluated. As
observed by Kettle et al.*, commercial UV filters are generally composed of inorganic oxide
compounds with relatively high refractive index. The difference in the refractive index between
the filter material and the substrate of the photovoltaic device may result in significant losses
(around 20%) in the device performance. However in the case of the LDS layer, the refractive
index is primarily determined by the PMMA, which is approximately the same value as the glass
substrate.

3.2 Effect of the LDS layer on efficiency and stability of perovskite-based devices

In order to evaluate the photo-degradation effects on devices, PSCs were manufactured
in accordance with the experimental procedure. Figure 4 shows the current density-voltage curve
of PSCs under AM1.5G simulated sunlight with 200 mW/cm? of irradiance for devices without
UV filtration, with the LDS layer and with the commercial UV filter.

Current Density (mA/cm?)

o
1
1

T T
0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

Figure 4 — Current density-voltage plots for perovskite-based devices under 100 mwW/cm?
AML1.5G simulated sunlight: without filtration QEF]), i.e. without filters (squares), with UV filter
(circles), and with PMMA:KB (FB) luminescent layer (triangles). The temperature of the devices
was maintained at 60 °C during all measurements.
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The values for the electrical parameters of the cells are shown in Table Il. As can be
seen, the use of UV filter or LDS layer led to a slight decrease in the Jsc value of the cell, which
resulted in lower PCE when compared to with the device without UV filtration. The drop in
performance when compared to the reference device is to be expected as the CHsNH3Pbl31-xClax
PSC has a high spectral response between 300 and 800nm, as presented in Figure 1. Therefore,
the application of a UV filter will limit the photo current that is generated in the UV region in an
unfiltered cell and this accounts for the drop in PCE as seen in Table II. Likewise, the absorbance
of the LDS layer is mainly restricted to the UV region (see Figure S2 in the supplementary
material) and the absorption will reduce the photo-generation in the 300-400nm region of the
spectrum, as is the case for the UV filter. However, the luminescence of the LDS layers occurs
randomly in all directions and therefore light will be also lost in the direct opposite to the active
layer and also towards the edges of the device. In addition, losses will occur as the PLQY of thin
films is much less than 100%. So even though the photoluminescence of the LDS layer will
generate additional carriers, due to the losses, the photocurrent should not increase relative to a
non-filtered PSC. However, it is evident from the data in Table Il that LDS layer resulted in better
Jsc and PCE values when compared with devices made with a commercial UV filter. Therefore,
there is still an added-value of using an LDS layer as the performance drop in UV filtering is not

as severe as the application of a commercial UV filter.

Table Il — Electrical parameters of cells exposed to 1 sun irradiance without spectral filtration,
with a commercial UV filter and with the PMMA:KB LDS layer. The results are an average value

from six devices.

Despite some reduction in the PSC performance from adding an LDS filter, the stability
should be enhanced as a result of UV filtration. Fig. 5 shows the evolution of the electrical
parameters (lsc, Voc, FF and PCE) with the exposure time under AM1.5G illumination. It is clear
that both UV filtering using the commercial filter or PMMA:KB layer significantly improves the
longevity of the devices. For example, after 30 hours of exposure without filtration to the sunlight,
the PCE of unfiltered device decreases to around 5% of the original value, whereas for the devices

with PMMA:KB layer the PCE value was around 65% of its initial value. In the timeframe of this

9

Parameter AM1.5G with UV filter with LDS layer

Ve (V) 1.022 1.021 1.033

Isc (MA) 0.856 0.723 0.764

FF 0.745 0.735 0.722

PCE (%) 931 7.76 8.14 | Commented [JK2]: You need to add s.d. to this table?
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test, there appears no difference between the stability of the cells with the commercial UV filter
and the LDS layer. This result shows an improvement on the data reported recently by Cui et al.,
who used a magnesium based luminescent compound®. Thus, by using figure of merits, as
described in the experimental section, to better identify suitable LDS layers, improved stability
can be found. Organic dyes such as KB are cheaper and commercially available, which makes

them a very promising option for use both as LDS layer and as UV protective layer in PSCs.
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\Figure 5 — Evolution of electrical parameters with irradiation time (AM1.5G) for devices without
filtration to sunlight, with a commercial UV filter and with the PMMA:KB LDS layer: (a) open
circuit voltage, (b) short-circuit current, (c) fill factor and (d) PCE. The values are the mean
obtained of three devices, and were normalized for better comparison. The temperature of the

devices was maintained at 60 °C during all measurements. ] Commented [JK3]: | would add error bars to these graphs
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Conclusion

In this paper, we present a study of the application of LDS/UV filters to improve the photo-
stability of perovskite absorber films which were produced by a two-step deposition method using

CH;sNHgl and PbCl.. Stability tests were carried out at 60 ‘C for non-encapsulated films and
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devices under standard AM1.5G solar spectrum irradiation. Both a commercial UV filter and a
fayer-of luminescent down shifting (LDS) layer of Kremer Blue dispersed in PMMA matrix were
used in order to protect the perovskite film from UV-induced degradation and were able to
significantly retard the photo-induced degradation process. This layer was subsequently used in
PSC devices utilizing the beneficial effect of LDS, which led to an improvement in the
photocurrent produced by the solar cell as compared with devices under UV filter. Because they
are cheaper and commercially available, organic dyes such as Kremer Blue dispersed in PMMA,
which have strong optical absorption in the UV region of the electromagnetic spectrum, may be
a promising alternative for the preparation of protective layers and for use of the LDS effect in

solar cells based on perovskite thin films.
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S1- Transmittance of the commerical UV filter (Solaronix - Switzerland)

15



100 T T T

— UV filter

Transmittance (%)

0
300 400 500 600 700 800 900

Wavelength (nm)

Figure S1 — Absolute transmittance of the commercial UV filter from 300-900nm

S2- Absorption of the LDS filter consisting of Kremer blue dispersed into PMMA a
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Figure S2 — Absorbance of PMMA:KB film used as LDS layer in this work.
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