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Abstract: Sn-perovskites are recently being considered as an alternative to toxic Ph-
perovskites for use in solar cells but are failing to offer similarly high efficiencies. The
use of additives can improve its performance, where SnFs is commonly used. However,
SnF, can cause phase separation so this study examines the effects of adding various
concentrations of the additive SnBry to a tin-based perovskite formamidinium triiodide
(FASnI;) for use in hot carrier solar cells. FASnI; has shown to have long lived hot carrier
light emission which contributes to higher solar cells efficiencies in an attempt to exceed
the Shockley-Queisser limit. It was found that although hot-carrier emission was present
in the samples with SnBr,, the additive did not significantly improve performance and
material quality of the perovskite. The photoluminescence, absorption spectra, scanning
tunneling microscopy, and X-ray diffraction were examined to determine the material
quality of each sample and it was found that the hot carrier lifetime was shortened by
the additive both in the 3D and 2D/3D regimes.
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1 Introduction

Solar cell research has been a large part of the green energy transition in an e ort to reduce
the negative environmental impacts of our energy usage. The material science behind solar cells
is key in trying to improve their performance. Many materials comprise a solar cell photovoltaic
(PV) but the fundamental materials of PVs are semiconductors. As seen in gufe 1.1, GsAs
and silicon have been the two highest preforming single junction PV devices over the past 50
years. Metal-halide perovskite solar cells (PSCs) are one branch of photovoltaics that are have
recently shown promise compared to other PV devices. In the last decade, however, perovskites
have reached as high as 25.7% for perovskite cells and 31.3% for perovskite/Si tandem cells
[1][2]. This impressive fast growth could surpass silicon PVs and allow for perovskites to become
the leading PV for solar cells in e ciency in the future. This trend is attributed to the fact
that metal halide PVCs have the ability to harness the excess energy absorbed by the material
to exceed the Shockley-Queisser limit by way of slowing the thermalization of highly excited
carriers. This limit in single junction solar cells is around 33%3].

Figure 1.1. The trends of power conversion e ciencies of various types of solar cells. PSCs fall under
the Emerging PV category and are denoted in red amongst other new PV cells. Taken frorl[2].

Metal-halide perovskites are de ned by containing a metal like lead, caesium, or tin, as
a cation and a halide as an anion with either an inorganic or organic cation in the chemical
makeup, which forms a cubic structure at room temperature. Lead-based perovskites have shown
the best power conversion e ciencies and have reached a record of 25.2§4]. However, lead is
toxic and is not a material that manufacturers are eager to work with due to the health risks and
environmental concerns associated with lead. A less toxic alternative is tin but unfortunately,
the highest recorded e ciency of tin based perovskites so far is 13.4% [5].

Although tin is widely considered less toxic than lead, the concerns about the toxicity of tin
are still being investigated. Speci cally the high absorption of the divalent form on tin, Si&,
contributes to toxicity by acidi cation which, as a result, causes gastric irritation in high doses
[6][7]. However, these e ects are nominal in smaller doses which makes it a safer alternative to
lead which is comparatively toxic in small doses.



Sn-perovskites have some downsides that inhibit their material quality and, as a result,
their power conversion e ciencies. Sn-perovskites are easily oxidised form?Sh Sr** and
have a tendency to self-dope, making it an unstable material to work with and deteriorates
rapidly when exposed to air. However, they still have potential, speci cally due to their high
absorption coe cient, excellent carrier di usion length, and low defect density, all properties
which contribute to higher power conversion e cienciesd]. With more research and development
to counteract the setbacks of these materials and enhance their potential, Sn-perovskites could
reach e ciencies comparable to that of Pb-perovskites. High e ciency lead-free perovskites
could lead the way for less toxic alternatives to PVCs.

The Sn-perovskite examined in this paper is formamidinium tin triiodide (FASnJ), which is
a 3D perovskite. Many methods to improve its performance have been previously studied. Some
studies have added solvents such as liquid formic acid or pyrazine to the precursor solution
during fabrication to improve crystalline growth and reproducibility [9][10]. Others have added
small amounts 2D perovskite and Snf~to improve material quality and performance 11][12].

To further explore which additives can bene t FASn} this study examines how SnBy a ects
this perovskite since it has shown to improve power conversion e ciency at 4.3% compared to
3.4% for Snk, and 3.9% for SnC] in the inorganic CsSn} [13].



2 Theory

2.1 The Shockley-Queisser Limit & Hot Carriers

The key parameter of a PSC is its e ciency. The e ciencies of solar cells are limited by
the Shockley-Queisser limit which puts the theoretical maximum e ciency of single junction
solar cells at around 33% and is dependent on the band g&). [This limit is caused by energy
loss from a number of di erent processes such as absorption losses due to photons with energy
lower than the band gap and the fact that excess energy above the bandgap is lost. This loss of
energy happens when the excited carriers relax to band edges and dissipate the potential energy
to heat. One of the ways to overcome this limit is to extract carriers with an excess energy,
so-called hot carriers, in the conduction band by slowing their thermalization.

These hot charged carriers which are generated when photons with energies higher than
the band gap are absorbedlf]. The "hot" description comes from the fact that they exceed
the mean thermal energykT [15]. The relaxation (sometimes referred to as cooling) of the
hot-carrier can happen through many di erent processes, which can happen simultaneously, and
fall into two categories; radiative and non-radiative recombination. The former is characterized
by the emission of a photon while the latter is most commonly characterized by the emission of
a phonon (loss of thermal energy through lattice vibration). Radiative recombination processes,
of relevance, can come in the form:

" (Free) exciton recombination (monomolecular);
" Band-to-band recombination (bimolecular).

The behaviour of these processes depends on the properties of the material, like the size and
type of bandgap.
Some of the relevant non-radiative recombination processes come in the form:

" Multiphonon emission (Fig. 2.1(a)) (higher order recombination);

" Non-radiative auger recombination (Fig. 2.1(b)) (higher order recombination).

Figure 2.1. Some non-radiative decay processes; (a) multiphonon emission, (c) non-radiative auger
recombination. The small arrows denote phonon decay while the longer arrows denote possible photon
transitions. Taken from [16].

Whether the process is monomolecular (involving one carrier), bimolecular (two carriers), or
of a higher order of recombination is relevant when it comes to excitation uence. The excitation
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uence of a laser refers to the energy delivered per unit area and is directly related to the power
of the laser. The uence or power of the laser scales di erently with the photoluminescence
intensity depending on what type of recombination; linearly for monomolecular, quadratically
for bimolecular, and so on.

Both the radiative decay time r and non-radiative decay time yg make up the total
lifetime of the charged carrier which is determined by

1 1 1
S e (2.1)
R NR

These lifetimes are used to determine the luminescence quantum e ciency as

— 1=,
B 1=, +1=

which is maximised at =1 for larger ., non-radiative lifetimes.

Establishing a connection between the lifetime of the hot carriers and the luminescence
quantum e ciency of the material gives insight into the material quality of the perovskite for
use in solar cells. Luminescence measurements can be made with the perovskite layer alone
without spending the time and resources to make a solar cell and measure its power conversion
e ciency.

Non-radiative decay is considered to be a result of exciton-phonon coupling, an interaction
between excitons and phonons that has an impact on the optical properties of a material. This
interaction traps the exciton within the lattice causing a local polarization in the lattice. The
resulting quasiparticle is referred to as a polaron. This polaron prevents the exciton and screens
other excitons from cooling and recombining sometimes creating a phonon bottleneck (depicted
in gure 2.2). As a result, the emission spectrum broadens. Studies on metal halide perovskites
have actually suggested that exciton-phonon coupling enables the slow cooling behaviour of hot
carriers because of the screening e ect and the phonon bottleneck [17][18][19].

6 1 (2.2)

Figure 2.2: The formation of a so-called phonon bottleneck. Hot carriers must cool to the edge of the
band before recombining and with other charged carriers in the way, the cooling is slowed down.

Another phenomenon that occurs in PVCs is band-edge lling where as carriers occupy the
edges of the bands increasing the density of occupied states. The e ect of this lling is the
apparent optical bandgap is widened which causes a blue shift in absorption and emission spectra



know as the Burstein-Moss e ect. This is an undesirable e ect as it reduces the spectrum of
light that a material can absorb which then, in turn, a ects its performance in a solar cell.

Band-edge lling and phonon bottlenecks are both formations where particles accumulate
at the edge of bands. The key di erence between the phenomena is the di erence in resulting
e ect; band-edge lling reduces absorption, a phonon bottleneck slows carrier cooling. The
former is an undesirable and the latter, desirable, for use in solar cells.

2.2 Perovskite Crystal & Electronic Band Structure

Perovskites are materials with the structure ABX where A and B are cations and X is an
anion. Figure 2.3 shows the cubic lattice of a perovskite. This paper concentrates speci cally
on metal-halide-perovskites where A is a monovalent cation, B is a divalent metal and X is
a halide. A can be organic like methylammonium or formamidinium, or an inorganic cation
like ceasium. B is most often lead, tin or germanium and X is a halide like iodide, bromide or
chloride. Perovskites are of interest to many because of their desirable bandgap, long hot-carrier
lifetimes, and high absorption coe cient [20]. As a result of these characteristics, the e ciencies
of devices with metal-halide-perovskites have jumped from 3.8% up to 25.5% in the last decade

[1].

Figure 2.3: Crystal structure of perovskite. For metal-halide-perovskites A is a cation, B is a metal
cation and X is a halide anion. Taken from [21].

Pb-based perovskites have taken the lead in terms of e ciencies of perovskite solar cells
(25.5%) but the toxicity of lead makes in undesirable to work with due to health and envi-
ronmental concerns. Sn-perovskites are a promising alternative to Pb since they have similar
optical properties, high charge carrier mobilities and long hot carrier lifetimes and desirable
bandgap (1.2-1.4 eV)22. One such Sn-perovskite is FaSgiwhich has shown signi cantly long
hot-carrier lifetimes, making it a promising candidate for hot carrier solar celldp]. Figure 2.4
shows both a closer look at the crystal structure and the band structure of FaSnl

The bond angles of FASH depend heavily on temperature which in turn a ects the bandgap.
At room temperature, FASnl; has cubic crystal structure but at lower temperatures can also
have tetragonal or orthorhombic structure 24][25]. Despite the dependency on temperature, the
bandgap, in any crystal con guration, is a direct bandgap. A direct bandgap is more desirable
for use in solar cells because it more readily absorbs photons compared to indirect bandgaps,
which require the absorption or emission of a phonon to absorb photons.

Perovskites can be formed in multiple dimensions. The repeating structure found in gure
2.4 forms a 3D perovskite. Thin layers of this structure with cation spacers between each layer
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Figure 2.4: The (a) crystal structure and (b) band structure of FASnl3. Taken from [23].

form a 2D perovskite. The spacer is formed when A is a large cation, so by adding a small
about of a large cation to the main perovskite, a 2D/3D perovskite can be made. In this case,
phenethylammonium (PEA), which is signi cantly larger than formamidinium (FA) is added to
the perovskite. 2D and 2D/3D peroskites have found to be more stable long-term and have
higher power conversion rates compared to 3D perovskites [26].

Since Sn-based perovskites have a tendency to self p-dope, the Burstein-Moss e ect often
shows up in it's absorption pro le [L2]. Doping can cause this excess concentration of one type
of charged carrier. This e ect can have adverse e ects on the material quality and it inhibits
absorption since only photons with more energy than this apparent bandgap can be absorbed.
Additives like SnF, have shown to reduce this e ect by mitigating the formation of tin vacancies
which reduces the hole density caused by doping [27].

2.3 Strategies to Improve Performance

Sn-based perovskites have some characteristics which negatively a ect their function in
solar cells; instability due to oxidation, poor crystalline quality, low solar cell e ciency etc 22].
Researchers try to achieve an ideal state of the material through a number of adjustments;
from adjusting the solvent composition 10| to changing the crystal dimension by adjusting the
chemical composition [12].

As Sr?* has the tendency to oxidise to St, SnF, is often used as an additive to combat
these problems, however, it can induce a phase separation on the surface of the perovskite if
there is an excesslf][28]. Due to the issue of phase separation, di erent and better additives
are needed. As previously mentioned, Hesi al found that SnF, similarly improves the material
quality of CsSnk. In fact, the study found that SnBr, is even more e ective in regards to
stability over time and high solar cell e ciency [13]. So this study makes an e ort to nd
whether SnBk can similarly bene t FASnl; as an additive.



3 Experimental Methods

To examine the e ect of SnBp on formamidinium tin-triiodide, two types of the perovskite
were made, a 3D and 2D/3D structure perovskite, each with di erent concentrations of SnBr
5%, 7%, 10%, 15%, and 20%. Due to the nature of the lengthy fabrication process, these
samples were made in two batches, one with 5%, 7%, and 10% of Sn&nd a second with the
pristine 3D perovskite and 15% and 20% of SnBr For comparison, each batch was made with
a pristine sample of a composition that is well studied, both as a fully 3D perovskite and a
2D/3D perovskite: FASnl; with 10% SnF, [12]. The whole fabrication process was done in a;N
lled glovebox and the samples were stored under Natmosphere.

3.1 Fabrication: Solution

Formamidinium iodide (Sigma Aldrich, anhydrous, 99%), phenethylammonium iodide
(Sigma Aldrich, 98%), tin (ll) iodide (Alfa Aeser, ultra dry, 999999, tin (II) uoride (Sigma
Aldrich, 99%), and tin (II) bromide (Sigma Aldrich, 554 594% Br basis) were the starting
precursors used, which were either in (crystalline) powder or bead form. They were measured
out using an electric balance and dissolved in 200pL solution of dimethylformamide (DMF)
and dimethyl sulfoxide (DMSO) in a ration of 4:1, DMF:DMSO. The solutions were stirred
overnight and spincoated the next day. Table 3.1 shows the molarity of each substance within
each sample of 3D perovskite and the nicknames for each sample. SnF refers to the pristine
sample.

Name| SnF | SnBr 5% | SnBr 7% | SnBr 10% | SnBr 15% /| SnBr 20%
FAI 1M 1M 1M 1M 1M 1M
Snl, 1M 1M 1M 1M 1M 1M
SnF, | 0.1 M - - - - -
SnBr, - 0.05 M 0.07 M 0.1 M 0.15 M 0.2 M

Table 3.1: Molarity of each 3D perovskite.

To create a 2D/3D structure, a small amount phenethylammonium iodide (PEAI) was
added to the solutions which otherwise went through an identical fabrication process as the 3D
perovskites. Table 3.2 shows the speci ¢ molarities of each material for each solution.

Name | SnF | SnBr 5% | SnBr 7% | SnBr 10%
PEAI | 0.08 M| 0.08 M 0.08 M 0.08 M
FAI 0.92M| 0.92 M 0.92 M 0.92 M
Snl, 1M 1M 1M 1M
SnF | 0.1 M - - -
SnBr, - 0.05 M 0.07 M 0.1 M

Table 3.2: Molarity of each 2D/3D perovskite.

3.2 Fabrication: Substrate cleaning procedure

Glass substrates (3x3cm) were rst manually cleaned with warm soapy water for 30 seconds,
3 times. Then the substrates were sonicated for 10 minutes, twice, in deionised water, acetone,
and isopropyl alcohol, respectively, refreshing the solvent each time. After this process, the
substrates were dried in an oven at40°C for 10 minutes.



3.3 Fabrication: Spin-coating

Before spincoating the substrates were treated in a UV-ozone oven for 20 minutes. This
treatment only stays in e ect for 15 minutes so special attention was paid to make sure the
samples were spincoated within 15 minutes of the treatmenLOOuL of perovskite solution was
placed on the substrate and was spun for 60s at 4000 rpm with a 2000 rpm ramp up. After 15s
of the 60s,500uL of antisolvent (diethyl ether) was dropped onto the sample without stopping
the spincoater. The samples were then annealed on at hotplate #3°C for 20 min. Figure 3.1
demonstrates this procedure.

Figure 3.1: The various steps involved in the spincoating precedure. Figure adapted from [29].

3.4 Absorbance Spectroscopy

Ultraviolet-visible (UV-vis) absorption spectroscopy was used to obtain the absorption
spectra of the various samples fabricated. A UV-vis absorption spectrometer compares the
absoprtion of a sample with that of a reference (in this case a glass slide) to nd the absorption
spectrum of the sample alone. A Shimadzu 3600 UV-vis NIR spectrometer was used to record
the absorption spectra between 400 nm and 1200 nm. Samples were held in a nitrogen lled
sample holder during the measurement. Table 3.3 shows the settings for each measurement.

Scan speed Medium | Detector Unit Direct
Sampling interval 10s Source Lamp Wi
Measuring mode Absorbance Time constant 0.1 s

Slit width 8.0 nm

Table 3.3: Settings used in the Shimadzu 3600 UV-vis NIR spectrometer.

3.5 Photoluminescence Spectroscopy

The samples were excited at 3.1 eV (400 nm) using the second harmonic of a mode-locked
Ti:sapphire laser, speci cally a Mira 900 series laser by Coherent. The spread of the excitation
beam was reduced by an iris and focused with a 150 mm focal length lenses. The intensity of the
laser was adjusted using a variable neutral density Iter. Achromatic doublets, 425 nm and 435 nm
longpass lters were placed in the collection beam path to collect the photoluminescence. Again
a nitrogen lled sample holder was used to prevent exposure to oxygen during the measurements.
Figure 3.2 shows the setup of the experiment. For high power laser measurements neutral
density lters were placed between the sample and the collimating lenses to protect the camera.
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Figure 3.2: A schematic of the optical setup for the PL measurements.

Two aspects of photoluminescence excitation were measured/determined: the Steady State
and the Time Resolved. Steady-state spectra were recorded with a Hamamatsu EM-CCD camera
(in the range of visible light) and are a measurement of the time-integrated intensity of the
uorescence under constant excitation. The Time-Resolved spectra measure the time-dependent
intensity of the of the uorescence immediately after excitation to determine the lifetime of
excited particles. Time-resolved spectra were taken with a set of Hamamatsu streak cameras
working in the visible range which has two modes: synchroscan (up to 2000 ps) and single sweep
(up to 1 ms), depending on the required time resolution. Since the single sweep has wider time
ranges, the time between each pulse needs to be wider. An optical pulse picker (represented in
Figure 3.2 by a pink box with a dashed outline) was used to adjust the repetition rate of the
exciting pulses in order to measure using the single sweep mode.

3.6 X-Ray Diraction

X-Ray Diraction (XRD) is used to obtain information about the crystal structure of
materials such as the lattice parameters and crystallographic planes. The sample is exposed
to X-rays which interact with the atoms within the structure of the sample and the resulting
di raction subsequently produces a characteristic X-ray spectrum. The setup in gure 3.3 shows
the orientation used in this experiment which is referred to as a Bragg-Brentano geometry. The
measurement taken is referred to as 2 scan. In this setup, the X-ray spectra are measured
as a function of the angle at which the detector is2 . The relationship between the order of
di raction n, wavelength , the lattice spacingd, and the angle of incidence is described by
Bragg's Law:

n =2dsin( ) (3.1)

2 scans allow us to identify the phases that are present in the material and determine
the out-of-plane lattice parameter. The di ractometer nds high intensity peaks at various
angles which denotes the presence of a crystal plane. Using Bragg's Law, the lattice spading
can be determined from the angle at these peaks. More information on the crystallographic
phases of the material can be found by comparirgywith the lattice constants of the structure.
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Spectra were measured on a Bruker D8 Advance X-ray di ractometer with a Cu Ksource
( =1.54 A) and a Lynxeye detector.

Figure 3.3: An XRD setup depicting the angle 2 that is recorded.

3.7 Scanning Electron Microscope

A Scanning Electron Microscope (SEM) is a microscope that uses a beam of electrons to probe
the surface of a sample to obtain an image of the surface of the sample. Using electromagnetic
lenses, a beam of electrons is focused onto the sample. High-energy backscattered electrons
and low-energy secondary electrons are then emitted from the sample. Depending on the
setup, there is either a backscattered electron detector and a secondary electron detector or
both. The detectors create an image of the topography from the intensity and position of the
scattered electrons. Samples must be conductive so silver paste was applied to the samples in
preparation for SEM measurements. The images were taken in air on a Nova NanoSEM 650 at
an accelerating voltage of 15 kV.

12



4 Results & Discussion
4.1 SEM

Figure 4.1 shows SEM images of two batches, one that was exposed to air and one that
was not. While the batches had di erent concentrations of SnBr examining them side by side
can present some interesting details on how the morphology of this perovskite is a ected by
exposure to air. The dark spots with outlines in white are pinholes while the grey shapes are the
crystallites. The bright white structures, apparent in SnBr 5%, SnF 10% (d), SnBr 15%, and
SnBr 20%, are precipitates that could possibly be due to phase separation from excess additive
since this is also an issue with high concentration Safn FASnl;. However, these precipitates
could also be fully bromide perovskite. Evidence for this is found in the SnBr 20% sample
(gure 4.1(f)) where there is a presence of lighter-coloured crystal formations surrounding the
precipitates. These lighter-coloured crystals could be a bromide perovskite.

a b c

Figure 4.1: SEM images for both batches; a-c was one batch accidentally exposed to air, d-f was a
second batch not exposed to air. Both batches include a pristine SnF 10% sample for batch-to-batch
comparison. Courtesy of Matteo Pitaro.

Pinholes are abundant in the SnF 10% air-exposed sample and are least numerous in the
SnBr 5%, despite the sample also being exposed to air. In fact, the SnBr 5% sample has the
optimum morphology, with the least number of pinholes, large grain size, and fewer precipitates,
all properties that improve electron and hole transport. These promising ndings could indicate
that SnBr, is a more bene cial additive to better resistance to ambient atmosphere compared
to SnF,. Pinholes and precipitates are undesirable features to have in a solar cell material as
they inhibit charge transport and could decrease the e ciency of the device. Larger grain size,
however, is indicative of the opposite; improved e ciency [30].
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4.2 Photoluminescence Spectra

Figure 4.2: Steady state (a,c) and time-resolved (b,d) for two batches of 3D perovskite. Single sweep
mode was used for b as Synchroscan was used for d, hence the di erent time scales.

Figure 4.2(a) shows the steady state photoluminescence of the batch with SnBr 5%, 7%,
10% with band gaps 1.364, 1.396, 1.395, and 1.41 eV respectively. There is an apparent blue
shift in the SnBr samples compared to the SnF control. In fact, the SnBr 10% has a band
gap of 1.41 eV, which reaches the limit of what is consider an ideal band gap for Sn-I-based
perovskites (1.2-1.4 eV)32). This blue shift could be as a result of the Burstein-Moss e ect
(which is inhibited by SnF,) or by contribution of the SnBr,. The bromide perovskite FASnBg
has a bandgap of 2.4 eV, a much wider bandgap, so bromide could be widening the bandgap of
FASnhI; [31].

Figure 4.2(b) shows the time-resolved photoluminescence of the rst batch of samples; 2.9 ns
for SnF, 852 ps, 936 ps, and 816 ps for SnBr 5%, 7% and 10% repectively. As is visible from the
graph, the lifetimes of the samples with SnBradded are signi cantly shorter than the lifetime
of just the SnF sample. A shorter lifetime indicates that the excited carriers lose the carrier
population very quickly and thus with a shorter lifetime the SnBr samples do not have as high
a quality as the Snk, as previously outlined in section 2.1.

In gure 4.2(c,d) similar results are shown for a second batch of samples with higher
concentrations of SnBr, where there appears to be a trend of the material quality worsening as
concentration increases. In Figure 4.2(d) the carrier lifetimes of the high concentration SnBr
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samples are so short that the measurement had to be taken in a smaller time frame, which
a ected the ability to accurately determine the carrier lifetime of the control SnF sample.

From these results it can be assumed that SnBr is not a better alternative to SnF but that
the optimal concentration of SnBp appears to be 7% as it has the longest lifetime of 936 ps.

a b

Figure 4.3: Steady state (a) and time-resolved (b) spectra for 2D/3D perovskites.

A similar result is found for the 2D/3D perovskites. Figure 4.3 shows that the samples
with SnBr have a blue shifted band gap and shorter carrier lifetimes. The steady state for the
2D/3D perovskites spectra show a similar trend of the band gap reaching 1.4 eV with higher
concentrations of SnBg. The time-resolved spectra again show shorter lifetimes for samples
with SnBr, but it also shows a shorter lifetime for the pristine sample with Snf~compared
to the pristine sample of the 3D perovskite. Previous studies have shown that this 2D/3D
structure perovskite o ers longer excited carrier lifetimesl2]. This may be an indication that
this speci ¢ batch of 2D/3D perovskites may have an lower material quality than is expected or
possible, however, it con rms that SnBg performs worse than Snk as an additive to improve
carrier lifetimes in FAsnls.
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4.2.1 Hot-Carriers

Figure 4.4: The (a) steady state spectra at a range of powers and (b) the max height at each
excitation uence (energy delivered per unit area) for the 3D SnBr 20% perovskite.

The time-resolved spectra measures the radiative lifetime of the excited carriers within the
material. However, it does not give direct information on the kind of carriers present and the
processes they go through. Examining the material response to a high power of the laser can
provide more information. Figure 4.4(a) shows that as power is increased the peak slightly shifts
to a higher energy.

Fang et al has shown this to be an indicator for the presence of slow hot carriers relaxation
[32]. This study has also shown that a linear relation of the power dependence is attributed to
recombination of excited electrons with the holes present due to the self-doping nature of the
FASnIl;. The slope of this linear relation is 1 suggesting that monomelecular processes dominate
the relaxation within the material. Fang et al also found that this slope doesn't extend to the
higher powers which was attributed to the presence of Auger processes which are higher order
processes. This change of slope is present in gure 4.4 suggesting that these higher order process
are present in samples with SnBrat high powers.

The SnBr 20% sample shows presence of hot carriers and the expected recombination
processes for FASnl The presence of hot carriers, however, are only seen at high powers which
Is not ideal for use in PSCs.
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4.3 Absorbance Spectra

a b

Figure 4.5: Absorbance spectra for the rst batch of 3D perovskites.

Figure 4.6: Absorbance spectra for the second batch of 3D perovskites.

The absorption of the 3D perovskites are shown in gures 4.5 and 4.6 and the 2D/3D
perovskites are shown in gure 4.7. There are unfortunately a number of artefacts within
the spectra that appear to be sharp onsets namely around 1.4eV and 1.6eV in gure 4.5(b)
and around 1.7eV in gure 4.7(b). These artefacts are a result of measurement errors in the
equipment.

The higher concentrations appear to have an e ect on the absorption onset that appears
around 1.5 eV in gures 4.5(b) and 4.6(b). This onset in the spectra is a result of suppression
of the Burnstein-Moss e ect B3]. The Burnstein-Moss e ect changes the apparent bandgap
of a material and occurs when states close to the band edges are populated (electrons in the
conduction band and holes in the valence band). It is an undesirable e ect at it can inhibit
certain energies of photons from being absorbed. Snis useful additive to suppress this but it
is unclear from the absorption spectra if SnBris also. In all the SnBr samples, the onset is
blue shifted, the shift being more drastic with higher concentrations. As before with the shift in
the PL spectra, the blue shift could either be as a result of the Burstein-Moss e ect or an e ect
of the wider bandgap of bromide itself. More research is needed to establish this di erentiation.
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