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ABSTRACT

Photoluminescence (PL) spectroscopy is a valuable tool fordegradation studies of perovskite-based photovoltaic materials. The
wavelength-sensitive nature of the photo-induced processes implies a preference for sunlight as the photo-excitation source for
such PL studies. This study reports on the design and experimental validation of a new setup for the in situ study of PL degradation

in metal halide perovskites using concentrated natural sunlight in a wide range of solar concentrations and sample temperatures.

The system allows the sample to be excited with the entire solar spectrum while successfully filtering undesired reflected sunlight

using two orthogonal polarization filters. Depending on temperature and solar concentration, we observed three types of perov-

skite PL behavior: stable PL response, without degradation; reversible PL degradation with stable ultraviolet-visible light absorp-
tion; and nonreversible PL degradation accompanied with the variation of light absorption.

1 | Introduction

Since the first demonstration of applying metal halide perov-
skites (MHP) as a photovoltaic (PV) material in 2009 [1], solar
cells based on these novel semiconductors have shown remark-
able progress, achieving power conversion efficiency of up to
26.7% [2]. However, considerable improvement in the opera-
tional stability of these devices is needed for implementing this
technology [3, 4]. Photoluminescence (PL) spectroscopy [5, 6]
and imaging [7] are among the most powerful, potent, and wide-
spread tools to support progress in this direction.

One of the specific features behind the behavior of MHP cells is the
significance of slow (from seconds to hours) metastable and often
reversible processes such as ion migration and trap generation/

activation/deactivation. PL kinetics (i.e., the evolution of PL
intensity under laser excitation on various—usually minutes—
timescales) has been reported to study such processes [8, 9].
However, the details of the underlying processes and their connec-
tion to the structure of the perovskite material and fabrication
remain unclear. Both PL enhancement and deterioration were
observed in perovskites under light soaking [10]. Rising PL inten-
sity has been associated with trap filling by photogenerated elec-
trons that gradually reduces the availability of trap sites and hence
nonradiative recombination [11, 12]. It has been further reported
that the rise of PL is a combined effect of trap deactivation and
reversible photogenerated carrier lateral diffusion [13]. This was
also confirmed in perovskite devices [14]. In devices, each layer
may enhance or reduce the PL intensity and, therefore, change
the PL kinetics under the excitation light [9, 15, 16].
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Although trap filling explains the PL rise over the initial few sec-
onds, it cannot explain PL changes over minutes to hours. These
were explained in terms of a photochemical reaction of defect sites
that diffuse from the surface to the bulk of the crystal [17, 18], espe-
cially efficient in large crystals [19, 20] and further distinguished
between photo bleaching and photo blinking [21]. Migration of
iodide ions away from the illuminated area, confirmed via time-of-
flight secondary ion mass spectrometry [22], has also been reported
as an explanation of the PL rise over time. Using trap density cal-
culations, Mosconi et al. [23] suggested that photo-induced anni-
hilation of iodine Frenkel pairs may explain the change in PL.

PL is a valuable tool for MHP materials degradation studies in
addition to commonly used ultraviolet-visible (UV-Vis) light
absorption and structural methods. Although UV-Vis is an effec-
tive tool for screening the photo-induced decomposition of MHPs
[24, 25], it does not capture earlier degradation effects, which
only affect the material’s electronic properties. PL, therefore,
is a much more sensitive tool for monitoring MHP degradation
at its initial stages [26]. It was also reported that the excitation
wavelength has a significant effect on the observed degradation
of perovskite [27, 28]. A long-term decaying PL was reported
under UV excitation of MAPbI; films at 266 nm [29] as well
as 405 nm [30] and 457 nm [28] illumination.

Concentrated sunlight has already been demonstrated as a power-
ful tool for accelerated studies of the intrinsic degradation of
perovskite films [24-26, 31] and solar cells [32, 33]. The wave-
length-sensitive nature of the photo-induced processes implies a
preference for sunlight as the photo-excitation source for PL studies
of MHP PV materials and devices in all three research avenues
mentioned above: (a) short-term (seconds-minutes scale) transient
processes and instabilities, (b) long-term degradation (including

perovskite decomposition), and (c) probing dominant recombina-
tion mechanism(s). For these purposes, we have developed a novel
experimental setup and research methodology for in situ PL moni-
toring under excitation by concentrated natural sunlight. The topic
of the present paper is the description of this methodology and its
application to the in situ study of the accelerated degradation of
MHP thin films under concentrated sunlight.

2 | Results and Discussion
2.1 | Obtaining a Clear PL Signal

‘We have designed and realized a novel experimental setup in which
PL is excited by concentrated sunlight. The setup is based on a
“solar furnace” [24, 34-36] in which natural sunlight is transmitted
indoors and concentrated by a parabolic aplanat dish (Figure 1).
The main limitation of this experimental approach is overlapping
the perovskite PL emission line with an intensive reflection of con-
centrated sunlight. In the first generation of the system, to avoid
such overlapping, sunlight excitation with wavelength 2 > 690 nm
was filtered by dichroic and short-pass filters. Only sunlight with
340 nm < 4 < 690 nm was used for PL excitation. Figure 2a shows
a typical normalized-PL spectrum of an encapsulated thin film of
methylammonium lead iodide (MAPbI;) under filtered sunlight
excitation. The spectrum shape does not differ from that recorded
under a laser excitation, which proves viability of the concept.
However, part of the solar spectrum was filtered out from the exci-
tation which slightly undermines the purpose of the setup.

To use the entire solar spectrum, the system was upgraded to a new
version (Figure 3), which will be called the second generation
throughout the manuscript. Two orthogonally oriented polarization
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FIGURE1 | Schematic of the experimental setup in which PL is excited by concentrated sunlight. A tracking system is used to provide sunlight in the

lab area. The detail in the red frame shows the optical elements used for the excitation and collection of the PL of the MHP samples. MHP = metal halide

perovskite; PL = photoluminescence.
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Typical normalized PL spectra of MHP films excited by laser and sunlight. (a) A spectrum obtained using the first-generation system

(where part of the solar spectrum was filtered by dichroic and short-pass filters), while (b) one using the second-generation system (where the whole
solar spectrum is used and reflection is blocked using two orthogonally oriented polarization filters). Both approaches result in PL spectrum similar to
the one recorded in the laboratory setup using laser excitation. MHP = metal halide perovskite; PL = photoluminescence.
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FIGURE 3 |

Schematic of the second generation of the experimental configuration. PL is measured by a spectrometer, while reflected sunlight

is blocked with a system of orthogonal polarization filters in respect to each other. The sample is placed inside a cryostat with temperature control.

PL = photoluminescence.

filters were placed instead of filtering out part of the sunlight. The
new system allows the undesired reflected sunlight to be blocked by
up to three orders of magnitude in intensity (Figure S1, Supporting
Information). The typical PL spectrum of the MHP film obtained
with the new system is displayed in Figure 2b. Here and in
all experiments described below, the perovskite formulation was
(FAp22Cso.78Pb (Brgslpgs)s + MAPDCL;), sometimes referred to
as triple-halide [37]. The sample preparation and their layered
sequence are described in the Experimental Section.

2.2 | Independent Control of Light Intensity and
the Sample Temperature

The system allows variation and control of the incident intensity
of concentrated sunlight (P;,) by adjusting the opening of the

blinds between the two flat mirrors (Figure 1). For the complete
open blinds, the sample is illuminated by Pin up to 8000 suns. To
control the sample temperature (T) independently from the P;,,
the sample is placed inside a liquid nitrogen cryostat (Figure 3).
Throughout this article, ‘light intensity’ refers to the insolation
reaching the sample.

Figure 4 shows an example of the variation of the PL peak inten-
sity and PL spectra of the MHP film kept at T~ 80 K and exposed
to various Pj, (from 7 to 42 suns). PL peak intensity was found to
increase with Py, increase within this intensity range.

One initial concern was that the actual temperature inside the
encapsulated sample might become higher than its measured
value due to exposure to the high light intensity, since heat
removal in the cryostat is performed around the sample,
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FIGURE 4 | peak intensity of an MHP film at the constant tempera-
ture of about 80 K (with adjacent averaging smoothing with 20 points).
P;, was increased in steps to 1, 8, 14, 26, and 42 suns. For each step,
one representative point was selected (points a-d), and its PL spectrum
is presented in the inset graph. MHP = metal halide perovskite;
PL = photoluminescence.

and the temperature sensor is located behind it (opposite
to the illuminated surface of the sample). Figure 5 provides
unambiguous evidence of the constant temperature of the
sample illuminated by various solar concentrations. In this
case, we consider the PL peak energy position/MHP bandgap
as an additional measure of the cell temperature. Although the
MHP bandgap would increase with the temperature [38, 39],
neither the measured T (on the back of the sample) nor the
PL peak position was affected by the increasing P;, throughout
the measurement. This indicates that the light intensity and
the sample temperature can be varied independently in the
designed setup.
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FIGURES5 | Py, (black), temperature (blue), and PL peak photon energy
(green) of the sample during the experiment. Although the P;, was increased
in steps from 8 to 42 suns, both the measured temperature and the PL peak
photon energy remained constant, indicating that the sample did not heat
up. Adjacent averaging smoothing with 20 points was used on the tempera-
ture and peak photon energy series. PL = photoluminescence.
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FIGURE 6 | PL peak intensity (normalized to the value at 160 K) as
yellow squares and PL peak photon energy as green circles as a function
of temperature under illumination of constant intensity of 26 suns.
PL = photoluminescence.

Figure 6 depicts the results of the experiment in which the sam-
ple was exposed to constant P;, (26 suns in this case) at different
temperatures (from 320 to 160 K). Each exposure lasted for ~10
min. There were dark intervals of 10 min between the illumina-
tion periods when the temperature was stabilized at the new
level. The PL signal stayed stable throughout every illuminated
period. As expected, the PL peak exhibited a blue shift with
increasing temperature, indicating an increase in the material
bandgap with temperature [38, 40], while PL peak intensity
decreased with temperature due to the known thermal activation
of nonradiative recombination mechanisms [41-43].

2.3 | Reversible PL Degradation

In the experiments described above (Figure 4-6), the PL signal
was reasonably stable during the measurement. However, after
reaching certain thresholds in P;,, a degradation in PL can be
observed. In the scope of this work, we define PL degradation
as a gradual decrease in the PL intensity during the illumination
time. The threshold values of P;, for the onset of PL degradation
start can also depend on the sample temperature. This depen-
dence will be discussed below.

Figure 7a illustrates an experiment in which considerable PL
degradation was observed already at P;,, ~ 15 suns. PL peak inten-
sity decreased to around 45% of its initial value. Immediately
after the experiment ended (point f in Figure 7a), the UV-Vis
light absorption spectrum of the sample was measured (see
Figure 7b). The absorption spectrum did not differ significantly
from that measured for this sample before the PL experiment
started. This result suggests that: (1) there is no perovskite photo-
decomposition previously observed under highly concentrated
sunlight [25] (see also Section 2.4 below) and (2) PL degradation
originates from the generation of centers of nonradiative
recombination.

Previously, we observed that PL degradation can be reversible: PL
was found to restore in the absence of illumination [26]. A set of
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FIGURE7 | (a)PLofaMHP film exposed to increasing light intensities at 7= 210 K. The inset presents PL spectra during the degradation phase and

(b) the UV-Vis light absorption spectrum of the sample taken before and after the PL experiment. Adjacent averaging smoothing with 5 points was used
on the PL peak intensity series. MHP = metal halide perovskite; PL. = photoluminescence; UV-Vis = ultraviolet-visible.

further experiments was performed to study this behavior.
In these experiments, the perovskite samples were (1) exposed
to a combination of incident light and temperature until the
PL degradation was noticed, (2) then allowed to regenerate in
the absence of light, and (3) finally, the samples were brought
back to the same illumination conditions.

Figure 8 presents one such experiment. Following the procedure

described in Figure 7, the sample was allowed to recover in the
dark at room temperature for 3 days. Then, it was re-exposed to

25

—— 1st - The previous experiment
2nd - After rest of 3 days
3rd - After rest of 5 minutes

N N N
o (8] o
1 1 1

PL Peak Intensity (arb. units)

o
(4]
1
&
g
rg
>

0.0 -7 T T T T T T T T
0 1 2 3 4 5
time (min)
FIGURE 8 | MHP film PL intensity of three consecutive exposures to

P, =15sunsand T =210 K. The first one is the last part of the experiment
presented in Figure 7 and has been pre-exposed to 5 suns. The second
exposure was obtained after a rest period of 3 days in the dark, which
allowed for a complete recovery. The third one was obtained after an
additional 5 min rest period after the second, resulting in partial recovery
only. The PL peak intensity values are normalized with respect to the
maximum value of the first exposure. MHP = metal halide perovskite;
PL = photoluminescence.

light for the second time, and PL intensity reached high levels,
indicating that some regeneration took place during the dark
period. Also, the initial PL of the second curve is significantly
higher than that of the first curve (PL peak intensity reached
a level of 230% compared to the first exposure). This is due to
the initial pre-exposure to 5 suns and was experienced only in
the first exposure. Following this, the sample recovered in the
dark for 5 min and then subsequently exposed to sunlight for
the third time. The short rest allowed for limited recovery only:
PL peaked at 70% of its initial value. The same light intensity of
15 suns and temperature of 210 K was used in all three exposures.
Interestingly, despite the initial PL intensities of each exposure,
in all cases, PL quickly degraded and stabilized at around the
same level of 50% of its initial value after about 4 min. All the
values were normalized in relation to the PL peak of the first
exposure.

Additional experiments were performed, where, depending on
the time of the dark period, partial or complete PL recovery
was recorded. Figure S2, Supporting Information illustrates
the reversible PL degradation of a sample kept at 120 K and alter-
natively exposed to 40 suns and dark, where after short intervals
of light exposure, the PL intensity converges to the same level,
independent of the sample recovery status.

The in situ PL approach allows tracing dynamic transient effects
in perovskite materials (which are affected by the measurements
and storage history), contrary to when degradation and PL meas-
urements occur in different experimental setups.

Possible underlying mechanisms of reversible photo-induced
changes in MHP PL are widely discussed in the literature [44-47].
They include ion migration, formation of interstitial defects of
iodine and lead, as well as generation of other bulk and surface
traps and centers of nonradiative recombination, including those
formed at the grain boundaries’ vicinity. The degree of reversibility
depends on the perovskite environment [45], the grain size [46],
and the intensity of the excitation laser light [47]. Surface
trap states can promote long-range ion migration and charge
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accumulation, while bulk trap states are primarily responsible for
mobile ionic defects [48]. PL changes governed by the photoin-
duced halide phase segregation can also exhibit the reversible
character [49]. In our case, this mechanism can be excluded since,
in the above-described experiments, we did not observe the evo-
lution of the PL peak shape and energy position that are charac-
teristic of the halide phase segregation [50-52].

2.4 | Nonreversible PL Degradation

Further increasing the illumination intensity was observed to
shift reversible degradation pathways to nonreversible ones.

Figure 9 shows a characteristic result of PL degradation under
high illumination intensities. A sample was brought to 120 K
and exposed to ~30 suns while continuously measuring the sam-
ple PL. After some minutes, the P;, was rapidly increased to ~120
suns. As a result, the PL signal immediately increased and then
quickly degraded in less than a minute, reaching about 25% of the
initial PL peak intensity value.

It should also be noted that the PL spectra measured at the final
stages of the degradation (points b, c, and d in Figure 9) show a
changed shape with the appearance of the second peak shifted to
a higher wavelength (low photon energy). This can be explained
by phase halide segregation and the formation of iodide-reached
domains with lower bandgap, the so-called Hoke effect [49].

If the experiment was interrupted after 30s of illumination by
120 suns (the time of the most PL decline shown in Figure 9),
the UV-Vis absorbance spectra before and after illumination
were not substantially different (Figure S3a, Supporting
Information). This difference was increased after the prolonged
experiment (Figure S3b, Supporting Information).

After such exposure, the PL signal of this sample was never
restored to the initial value, even after resting in the dark for
8 days. This makes our findings different from the reversible
Hoke effect observed previously [49-52]. This may be explained
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by a difference between our ‘white’ solar excitation and the
monochromatic laser excitation used in the Hoke effect experi-
ments. Indeed, it has been shown, for example, that the kinetics
of the phase halide segregation varies with the energy of the exci-
tation source [53].

2.5 | PL Degradation Threshold Dependence on
Sunlight Intensity and Temperature

As discussed previously, the outcome of PL degradation depends
on both the temperature and the light intensity. Figure 10 sum-
marizes the experimental outcome of 90 experiments performed
during the study. Indeed, higher temperatures and light intensi-
ties favored the PL degradation. Finding the specific dependence
of the PL degradation threshold on the incident illumination
intensity and the sample temperature was beyond the scope of
the present study and may strongly depend on perovskite formu-
lation and sample preparation conditions. However, a general
pattern hints at the decrease of the light intensity threshold with
increasing sample temperature.

3 | Summary and Outlook

We designed, built, and experimentally validated a new, unique
setup for the in situ study of PL degradation in MHPs using con-
centrated natural sunlight. The setup can independently vary
sunlight concentration and sample temperature in a broad range.
The system allows the sample to be excited with the sunlight of a
natural spectrum while successfully filtering undesired reflected
sunlight (up to three orders of magnitude) using two orthogonal
polarization filters. We demonstrated the capability of the setup
to (1) characterize perovskite PL without damaging the material
(low T and/or Irradiance), (2) study transient effects during the
light and dark periods, and (3) trace the accelerated degradation
under high irradiance illumination resulting in the perovskite
decomposition. The designed setup unlocks the possibility of
mapping the dependence of the PL degradation threshold on
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FIGURE 9 | Nonreversible degradation of MHP film under P;, =120 suns and T=120 K. (a) The fast decrease in PL peak intensity following
exposure to high P;, and (b) some selected spectra during the fast degradation phase. MHP = metal halide perovskite; PL = photoluminescence.
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the incident illumination intensity and the sample temperature
for a variety of perovskite materials.

While PL degradation may strongly depend on perovskite formu-
lation and sample preparation conditions, it is undoubtedly
accelerated by higher temperatures and light intensities.
Increase in the sample temperature can decrease the light inten-
sity threshold of PL degradation. Additional research, with a rig-
orous methodology for sample preparation/characterization and
a clear definition of PL degradation, is required to accurately map
the dependence of the PL degradation threshold on the incident
illumination intensity and the sample temperature.

Our future studies will also include extending the range of perov-
skite materials as well as perovskite solar cells. In the latter case,
we are going to connect the accelerated degradation of perovskite
PL with the corresponding changes in PV performance. We will
also use an approach of voltage-dependent PL in an operating
solar cell [54, 55] that was recently proposed to identify the radi-
ative and nonradiative losses and investigate the loss mecha-
nisms. PL-based imaging could spatially resolve electrical
parameters and provide insights into recombination mechanisms
[56], including carrier collection losses [57].

4 | Experimental

Experiments in our lab target the study of PL of perovskite sam-
ples excited by natural sunlight. The setup is based on a “Solar
Furnace” (Figure 1) concentrating system [24, 34-36] in which
natural concentrated sunlight is transmitted indoors and concen-
trated through a parabolic aplanat concentrating system,
described in detail elsewhere [34].

A 2-axis heliostat is used to track the sun. It is moved by a stepper
motor, and often, even slight misalignments caused by the motor

action result in periodic oscillations in the intensity of the mea-
sured PL, as is evident in many of the presented results.

4.1 | First-Generation System Characterization

In the first-generation configuration, sunlight excitation was
filtered by an array of short wave-pass dichroic filters
(Edmund optics, 69-217, 650 nm) and a 4 x 4 IR-absorbing filter
(Edmund optics KG-1, 700 nm) so that sunlight between 340
nm < 1< 690 nm was used for excitation.

The PL was collected through a homogenizing truncated square
pyramidal light pipe and reflected to a single slit optical fiber
UV-Vis spectrometer (Avantes, ULS2040CL) through a
10x 10 cm Fresnel lens. The samples were mounted on a 75 x 60
x50 mm aluminum heat sink. The temperature of the films,
monitored by thermocouples, was kept within 25+ 3°C during
the experiments. The temperature stability was independently
confirmed by photo-luminescent thermometry presented else-
where [36, 58].

4.2 | Second-Generation System Characterization

The second-generation system is based on the previous one
(Figure 3), but instead of filtering out part of the sunlight, a sys-
tem of polarization filters (Wire Grid Versalight by Meadowlark)
placed orthogonally in respect to each other to block the unde-
sired reflected sunlight. The sample is placed in a cryostatic
chamber (Oxford Instruments Microstat) with a Mercury iTC
controller (80-500 K range). The PL was collected through a col-
limator and directed by a single slit optical fiber, carefully
aligned, to a UV-Vis spectrometer (Avantes, ULS2040CL).

A continuous flow nitrogen cryostat chamber (Oxford Instruments
MicrostatN) is used for temperature control, with a temperature
range from 77 to 500 K. The sample is mounted in a vacuum
on a copper heat exchanger and cooled by conduction. The sample
chamber is pumped continuously with a two-stage rotary pump,
while the cryostat is running. Optical access is available through a
window. The liquid nitrogen flows through the heat exchanger at
the bottom of the sample space, through the sample space, and out
of the cryostat to the pump. A thermometer and heater are
mounted on the heat exchanger, and these are used with a
Mercury iTC temperature controller to balance the cooling power
of the cryogen and to control the temperature of the gas before it
reaches the sample space.

4.3 | Metal Halide Perovskite Film Deposition

Glass/indium tin oxide substrates were cleaned in sonicating
bath, using H,O + soap, H,0, acetone and isopropyl alcohol.
All following steps were conducted inside inert nitrogen atmo-
sphere. For the hole transport layer, 3 mmol/l 2PACz dissolved
in ethanol was spin-coated at 3000 rpm for 20 s, following anneal-
ing at 100°C for 5 min.

The wide bandgap ‘triple-halide’ perovskite composition was
adapted due to its high Voc potential in silicon-perovskite
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tandem solar cells together with high phase stability [37]. First, a
1.4 M ‘FACs’ solution (FA, Cs, Pbl,, PbBr,; 22% Cs & 15% Br) in
4:1 dimethylformamide: dimethyl sulfoxide was shaken at room
temperature overnight. Next, it was transferred into another vial
that contained MACI and PbCl, powders and shaken for 1 h at
60°C before perovskite layer deposition, with a nominal molar C1
percentage of 5%. Exemplary amounts of chemicals for 1 ml of 1.4
M solution: 500 mg PbI,, 116 mg, PbBr,, 188 mg FAI, 80 mg CsI
(weighed into one vial) +4.7 mg MAC]I, and 19.5mg PbCl, (in
another vial). The precursor solution was spin-coated at 5000
rpm for 50 s (5 s acceleration). At 25 s after the start of the
process, 300 pL anisole as the antisolvent was applied. Finally,
the films were annealed at 100°C for 20 min. The films were
encapsulated using cover glasses and BLUFIXX SMART
REPAIR UV-cured glue outside of the measured area.

4.4 | Sunlight Characterization

The solar PL experiments were performed at Sede Boger (Desert
Negev, Lat. 30.8°N, Lon. 34.8°E, Alt.475m) during clear-sky peri-
ods around noontime, when the solar spectrum is very close to
the standard AM10.5 solar spectrum [59].

A system of blinds is used to control the incoming light intensity,
allowing light intensities in the focus spot from 0 (blinds
completely closed) to 8000 suns (blinds completely open).
When the blinds are completely closed, the sample is subjected
to negligible light intensities (in the order 10~ suns), as only dif-
fuse ambient light from inside the laboratory can reach it.

The incident light power on the sample was calibrated with a
thermal power-meter (Ophir, FL250A) placed at the focal point
of the parabolical dish (instead of the examined perovskite sam-
ples) and was controlled for real measurements with another
thermal power-meter- meter (Thorlabs, S425C).

4.5 | UV-Vis Absorption

UV-Vis absorption experiments were performed with a UV-Vis
and near-infrared spectrophotometer in the 175-3300 nm range
(Agilent Technologies, Cary 5000). For experiments where the
sample was exposed to repeated illumination sessions, the
UV-Vis absorption experiments were performed immediately
before and after placing the sample in the cryostat.
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