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Bromide-based perovskites have large bandgaps, making them attrac-
tive for tandem solar cells developed to overcome the Shockley—
Queisser limit. A perovskite solar cell architecture employs transporting
layers to improve charge extraction and transport. Due to the wide
variety of materials and preparation methods, it is critical to devise
fast screening methods to rank transporting layers. Herein, we evaluate
perovskite fluorescence quenching followed by time- and energy-
resolved photoluminescence (TER-PL) and analyse the intensity depen-
dence as a potential method to qualify charge-transporting layers
rapidly. The capability of the technique was evaluated with TiO,/
FAPbBr; and SnO,/FAPbBr;, the most commonly used electron trans-
porting layers, which were prepared using standard protocols to make
best-performing devices. The results revealed that TiO, is the most
effective quencher due to the higher density of states in the conduction
band, consistent with Marcus-Gerischer's theory. However, record-
performance devices use SnO, as the electron transport layer. This
shows that the relationship between photoluminescence quenching
and device performance is not bidirectional. Therefore, additional
measurements like conductivity are also needed to provide reliable
feedback for device performance.

Introduction

The current need for renewable energy has never been greater.
Mankind faces a climate crisis due to the massive amount of
greenhouse gases released into the atmosphere from burning
fossil fuels. This has led to global warming, rising sea levels,
and extreme weather events. Renewable energy sources such as
solar, wind, hydro, geothermal, and biomass have become
essential in the fight against climate change. They provide
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clean, abundant, and sustainable energy sources that can
replace fossil fuels and reduce carbon emissions. The transi-
tion to renewable energy is critical to securing a sustainable
future for ourselves and the planet. Significant research efforts
are underway to improve and develop photovoltaics and wind-
turbine technologies that can produce our electricity needs
(ca. 26000 TWh in 2020 and is forecast to grow 2.5-4%
annually).!

Solar cell technology has significantly advanced in recent
years, increasing efficiency and lowering costs. New materials
and manufacturing processes, such as perovskite solar cells
and thin-film technologies, are being developed to improve
performance further and reduce production costs. These devel-
opments make solar energy accessible and viable as a main-
stream renewable energy source.

Lead perovskites, especially hybrid organic-inorganic lead
halide perovskites, are promising materials for solar cells due
to their high efficiency and low production cost. In 2009,
Kojima et al.” introduced this class of materials as potential
active materials for photovoltaics, reporting a device with an
efficiency of around 9%, which has increased rapidly to more
than 25%° in a short amount of time compared to other
photovoltaic technology developments. Lead perovskites
exhibit unique optoelectronic properties, such as high carrier
mobility and tunable bandgaps, enabling the conversion of a
large portion of sunlight into electricity. However, lead perovs-
kites are also toxic materials, and their use poses environmen-
tal and health risks.® Scientists are researching alternative
materials that can replace lead and maintain the performance
of lead perovskite solar cells, making them safer and more
sustainable. There has been considerable progress in blocking
the lead leakage,” by introducing polymeric interlayers,®™°
engineering material dimensionality,""'> and using tin as an
alternative to lead.">"*

Iodine-based perovskites dominate the performance records
of photovoltaic cells. Still, bromide-based perovskites are gain-
ing interest"> " due to their high V,, good chemical stability in
ambient air,”>>* and larger bandgap (around 2.3 eV), making
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them promising candidates for top cells in tandem devices.
Perovskite solar cells utilise n-i-p or p-i-n architectures, in
which the perovskites are ‘sandwiched’ between two transport-
ing layers. Due to the variety of materials, developing fast
methods to rank them and guide device development is
paramount.

Transient and static photoluminescence quenching studies
are widely performed to investigate the radiative charge recom-
bination of light-absorbing materials. In the context of perov-
skite solar cell development, the photoluminescence quenching
efficiency of the perovskite by a transporting layer is then
correlated with photovoltaic performance.>>*® Commonly,
higher solar cell performances are obtained on devices with
higher quenching efficiencies.>” *° Indeed, Campanari et al.
showed recently that quenching of photoluminescence under
short-circuit conditions is an excellent parameter to assess the
device efficiency.*'

Invariably, photoluminescence quenching experiments are
performed at the end of the development cycle to rationalize
the obtained performance trends. This raises an important
scientific question: is the relationship between photolumines-
cence quenching and device performance bidirectional? In
other words, can photoluminescence quenching experiments
performed at the start of the development cycle be used to
predict device performance? An affirmative answer would offer
a powerful strategy to screen materials without the need for the
complex and labour-intensive process of device manufacturing.
Additionally, it would enable standardised protocols for mate-
rials screening, less reliant on the operator’s ability to make
devices.

In this work, we test the hypothesis of using time and
energy-resolved photoluminescence (TER-PL) with femtose-
cond pulse excitation studies.*’® As a proof-of-concept, we
used the two most commonly used electron transport layers
(ETLs), SnO, and TiO,, and FAPbBr; as the light absorber but
assumed that nothing was known about their performance in
photovoltaic devices. Quenching studies revealed that TiO, is a
better quencher, which aligns with Marcus-Gerischer’s theory
but does not reflect the solar cell performance records. There-
fore, we argue that TER-PL alone cannot be used as a predictor
and needs additional data like conductivity; thus, the relation-
ship is not bidirectional.

Experimental section
Preparation of perovskite samples

A colloidal dispersion of tin oxide (15% in H,O, Alfa Aesar) was
diluted with deionised water, and the volume ratio of water to
SnO, was 4:1. Deposition of the SnO, dispersion on the glass
slide was carried out using a spin coating method at 3000 rpm
for 30 seconds. The film was then annealed at 150 °C for
30 minutes, followed by UV/ozone treatment for 20 minutes.
The TiO, film was prepared on the glass slide using the spray
pyrolysis method. The precursor solution was made by mixing
600 pL titanium diisopropoxide bis(acetylacetonate) with

22608 | Phys. Chem. Chem. Phys., 2023, 25, 22607-22613

View Article Online

PCCP

400 pL acetylacetone in 9 mL ethanol solvent. The TiO, film
was finally annealed at 500 °C for 30 minutes.

FAPbBr; was fabricated using a two-step solution method.
1.1 M PbBr, solution was prepared in a mixture solvent of DMF
and DMSO with a volume ratio of 9:1 and stirred at 60 °C
overnight. The first step was spin-coating the PbBr, solution on
different substrates at 1500 rpm for 20 seconds, followed by
5000 rpm for 30 seconds. Then, the films were transferred to a
hot plate and annealed at 70 °C for 1 min. The second step was
depositing FABr (65 mg mL~" in methanol) solution over the
PbBr, films (2000 rpm, 30 s), and perovskite films were
annealed at 140 °C for 25 min in the air. Devices for measuring
the conductivity were fabricated on the FTO glass, and 100 nm
Ag was deposited by thermal evaporation as the electrode.

Characterisation of films

Time- and energy-resolved photoluminescence measurements
were performed using a 515 nm excitation wavelength gener-
ated from the fundamental 1030 nm laser (200 kHz, Jasper 10,
Fluence). The fluorescence was collected through a streak
camera detection system (C5680 + M5675, Hamamatsu). A
graduated neutral density filter adjusted the pump power.
And the angle of the excitation beam hitting the perovskite
side was 45°. After being transmitted through an extended pass
filter, PL emission was detected by the streak camera. The
temporal resolution of the camera is ca. 10 ps.

I-V curves for the conductivity experiment were obtained
using an Ossila Solar Cell I-V Test System. The applied voltage
range was from 1 V to —1 V, and the voltage increment was
20 mV.

Results and discussion

FAPDbBr; is a wide-band gap perovskite (around 2.2 eV) with a
cubic crystal structure after thermal annealing.’” Compared
with the FAPbI; perovskite, the FAPbBr; counterpart has a higher
exciton binding energy, ranging from 24 to 80 meV.*®*
Previously, we estimated our exciton binding energy to be ca.
60 meV.*” Therefore, with an excitation energy of 2.4 €V (ie.
515 nm), the coexistence of free charges and bounded excitons
in FAPbBr; is to be expected. This work focuses on energy-
resolved transient photoluminescence (PL) studies under vari-
able laser fluencies. The stability of FAPbBr; was evaluated by
exposing it to the highest illumination power for several hours.
There was no significant change in the shape of PL spectra (see
the ESL,t Fig. S1), suggesting that FAPabBr; has good stability
and can tolerate the laser condition employed in this study.
Additionally, there were no measurable differences in the
optical and structural data of the perovskite grown on glass,
TiO, and SnO,, suggesting that the light-absorbing material is
by and large the same, at least when it comes to its bulk.
Based on our previous study,’” deconvolutions of the PL
spectrum revealed two peaks resulting from the recombination
of free carriers (high energy emission, in the presence study
ca. 520 nm) and excitons (low energy emission, in the presence
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study ca. 550 nm) (Fig. 2a inset). There is a conversion between
free charges and excitons and equilibrium between these two
states. The binding energy and excitation density determine the
fraction of free charges and excitons. When the number of free
carriers increases, electrons have more chance to encounter
holes and, consequently, more excitons will be formed.
This behaviour can be described by the Saha-Langmuir
equation,*®*! which is

X2 1 2nukgT 3/2#
I—x a\ 2 e

where x is the ratio of free charges (electrons) over the total
excitation density, Ep is the exciton binding energy, % is the
Planck constant, T is the temperature, and kg is the Boltzmann
constant, and u is the reduced mass of the exciton. Four
binding energies, higher than the energy at room temperature
(25 meV), were chosen to simulate the Saha-Langmuir equation
(Fig. 1a). The dissociation of excitons into free charges tends to
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Fig. 1 The population of excited species in the FAPbBrs film under various
excitation densities. (a) Simulation of the free charge according to the
Saha-Langmuir equation with a binding energy Eg of 60 meV and a
reduced mass of exciton p of 0.15 me. (b) Simulation data calculated by
multiplying the species fraction with the excitation density and experi-
mental data of the exciton and free charge densities calculated from PL™®
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be less efficient in materials with higher exciton binding
energy, consistent with the simulated data.

Considering the exciton binding energy (60 meV) and
assuming a reduced mass of the exciton to be u = 0.15 m,,*?
it is possible to estimate the densities of free carriers and
excitons as a function of laser fluence (Fig. 1b). The increase
in laser fluency increases the proportion of excitons in the
material, consistent with what has been reported for other
perovskites.*"**** To see how well the simulated data represent
the experimental results, the PL™® signal was deconvoluted
and over-plotted on the simulated data (Fig. 1b). There is
considerable agreement between the simulated and experi-
mental data, supporting the values of exciton binding energy
and reduced mass used. Moreover, under the used excitation
energies, the (10" to 10" photons per cm®) excitons are the
dominant species in the perovskite material.

Before proceeding with the results and their discussion, two
important notes should be made. First, there are other pro-
cesses like the Auger process, exciton-exciton interactions and
electron-hole plasma that can affect the population of free
carriers and exciton in the material. To minimize their con-
tribution, the excitation wavelength was kept close to the
bandgap, and the laser fluencies below levels can induce non-
linear processes and multiple excitons per unit cell. Therefore,
it is reasonable to assume that these processes play a minor
role in the population of free carriers and bound excitons.
Second, free carriers are the preferred charges for extraction by
the transport material. Excitons form free carriers, so by
increasing the exciton population, one can study the transport-
ing layers’ true capabilities in charge extraction since free
carriers are not limiting.

Time- and energy-resolved PL (TER-PL) is a powerful tool to
investigate charge extraction since it analyses the changes in
radiative recombination induced by quenching of the light
absorber with a charge acceptor. The measurements of fluo-
rescent materials, such as perovskites, are very sensitive
because the radiative recombination is very high.*>*® As the
study deals with systems used in solid-state solar cells, the
quenching of the FAPbBr; perovskite was evaluated using TiO,
and SnO, semiconductors, the most widely used materials in
the electron transport layer, which quench the PL by acting as
electron acceptors. Following the generation of free charge
carriers or excitons, charge carriers are transferred to the
electron transport layer, decreasing the PL intensity from the
perovskite material.

The rising edge on the transient part of the data showed
little to no difference between the two studied systems, suggest-
ing that quenching occurs faster than our temporal resolution
(ca. 10 ps), and thus cannot be used to discriminate the
systems. Conversely, the decays require complex deconvolu-
tion, as shown elsewhere, limiting their use for rapid screening.
Therefore, this work focus is to evaluate if the energy-resolved
intensity profiles can be used as predictors.

Fig. 2 compares the PL quenching efficacy of SnO, and TiO,
at different laser fluencies. We studied the transient PL of the
FAPDbBr; thin film on different ETLs using a planar structure
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Fig. 2 The integrated TER-PL spectra (1000 ps) of the FAPbBrs/ETL films
under various excitation densities were normalised by the exposure time
and the scan number. (a) ~1.4 x 10Y photons per cm?®, (b) ~1.4 x 10'®
photons per cm®, and (c) ~1.4 x 10 photons per cm?®. Inset figure (a)
shows the deconvolution of the integrated TER-PL spectra (1000 ps) of the
FAPbBrs films under an excitation density of 1.4 x 10% photons per cm?®.

(i.e. compact ETL layer) to enable direct comparisons. The
integrated PL spectra after 1000 ps show a higher quenching
efficiency of TiO,, especially at lower fluencies. This becomes
even more apparent in the ratio between the unquenched PL of
the perovskites (Fig. 3). It is also noticeable that the differences
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Fig. 3 The ratio of PL intensity from the unquenched perovskite layer as a
function of laser fluencies.

in quenching efficiencies narrow as the laser fluencies increase,
which indicates some saturation of both materials. The first
1000 ps of the PL decay encompasses the charge transfer from
perovskite to ETL, which one is trying to evaluate if it is a good
predictor of material performance in solar cell devices.
Higher PL quenching reflects the more efficient charge
transfer process, often used as an indicator for higher solar cell
performance.*”*®* However, it is widely known that SnO,
devices’ performance*>®® is rationalised based on the better
band alignment and higher conductivity (Fig. 4). A larger band
offset, as observed in the FAPbBr;/SnO, system, provides the
additional driving force for electron transfer. The rate of
electron transfer reactions, the rate at which an electron can
move or jump from one chemical species (called the electron
donor) to another (called the electron acceptor), is described by
Marcus’ theory, for which he received the Noble prize in
Chemistry in 1992.°" The energy difference between the donor
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Fig. 4 Dark /-V curves for the FTO/ETL/Ag (100 nm) devices. When
measured in this configuration, the ETL conductivity can be extracted
from the curve slope in accordance to what has been published
elsewhere. >®
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and the acceptor in these reactions drives electron transfer.
This energy difference is quantified by the Gibbs free energy of
the reaction (AG). According to Marcus’s theory, the rate of an
electron transfer reaction depends on the electronic coupling
between the donor and acceptor, the reorganisation of the
solvent and the energy difference between the donor and the
acceptor.”® Since our systems are solid-state, solvent rearrange-
ment does not play a role.

While the theory was developed for molecular systems, the
approach can be adapted and applied to solid-state systems, the
so-called Marcus-Gerischer model.>* For example, the Marcus
theory successfully described electron transfer from the quantum
dot to metal oxide.>® Considering the conduction band offsets (the
conduction band edge of SnO, is 0.2-0.3 eV lower than that of
Ti0,),*® a significant difference in the driving force between the
systems is not expected. Therefore, the explanation for a higher
transfer rate must be related to the electronic coupling between
the donor and the acceptor and the density of states (DOS). The
system with a higher DOS should be the one with higher transfer
rates. The theoretical calculation has revealed that these two
n-type semiconductors have different band-edge structures. TiO,
has a higher DOS from the onset of the conduction band edge.>”
This justifies TiO,’s higher quenching rate compared to SnO,.
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Fig. 5 Normalized PL spectra of the FAPbBrs/ETL films under various
excitation densities: (a) FAPbBrz/SnO, and (b) FAPbBrs/TiO,.
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SnO, proficiency is related not only to the number of electrons
it extracts from the perovskite but also to what it does with the
ones that extract. The higher conductivity, as revealed by the
higher slope in the I-V curve,*® points to more efficient charge
transport and, consequently, lower interfacial recombination.
This has also been reported for other systems, such as plasmo-
nic/semiconductors interfaces. More importantly, the reported
result shows that PL quenching measurements must be consid-
ered carefully as predictors of solar cell efficiencies.

Having established the motives for differences in quenching
efficiencies, the accumulated time-resolved PL spectra after
1000 ps were carefully analysed to evaluate the difference
between TiO, and SnO, when it comes to extraction of free
carriers and bounded excitons. As mentioned, the free carriers
have PL and bounded excitons at lower energy. Therefore, the
analysis of the normalised PL band edge shifts should indicate
the proportion of carrier extraction and provide information if
free carriers have higher selectivity than bounded excitons.
Fig. 5 shows that the PL band edges shift asymmetrically with
increased laser fluency, confirming the hypothesis’s validity.

With the increment of excitation density, PL peaks in
both systems become broader, with the FAPbBr;/SnO, system
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Fig. 6 Edge shifts of the FAPbBrz/ETL films at various excitation densities
and the reference sample was measured under the lowest excitation
density: (a) Left edge and (b) right edge.
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showing broader peaks. Fig. 6 shows the differences in the
asymmetric shifts. Starting with the lower energy region (bounded
excitons), there is no significant difference in their proportion
between the two systems. This indicates that exciton quenching,
either directly or through their dissociated free carriers, is rela-
tively the same in both systems and, thus, not the culprit for the
quenching rate differences. This is, however, contrasted with what
is observed in the high energy region (free carriers), where SnO, is
less effective in their quenching (ie., higher band edge shift)
compared to TiO,. This is once more consistent with the hypoth-
esis that higher DOS provides a better overlap and, thus, higher
transfer rates between the donor and the acceptor.

Conclusions

In conclusion, the transfer rates from FAPbBr; to SnO, and
TiO, were studied by time- and energy-resolved PL at various
illumination intensities as a means of evaluating if the relation-
ship between photoluminescence quenching and device effi-
ciency is bidirectional, which would enable PL to be used as a
performance predictor. The transient part of the data did not
provide a quick way to discriminate between systems, and thus
one needs to focus on evaluating the energy-resolved intensity
profiles. From these, it was possible to establish that the
electron transfer rate was higher for TiO,, which was surprising
considering that SnO, performs better as a solar cell electron
transporting layer. The result is, however, well understood
based on Marcus-Gerischer theory and related to the higher
DOS of TiO,, which improves the overlap between the donor
and the acceptor. The proficiencies of SnO, are related to better
use of the charge injected because of its higher conductivity.
The result shows that PL alone is not a good predictor of solar
cell performance, and thus the relationship between photolu-
minescence quenching and device efficiency is not bidirec-
tional. Consequently, PL analysis alone at the start of the
device development cannot be used as a device performance
predictor. Finally, analysis of PL peak asymmetric broadening
is an excellent approach to determine what carriers are being
transferred and how they change with excitation fluency.
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