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Abstract
Organometal halide (OMH) perovskites are chemically unstable when exposed to

oxygen, heat, and moisture. The long term stability of organometal halide perovskite solar cells
(PSCs) may be enhanced by understanding two interactions. The first is between the perovskite
and the electron transport layer (ETL). The second is between the perovskite and the hole
transport layer (HTL). It has been reported that the ionic defects in the perovskite layer (for
example, iodine ions) may drift to and accumulate at the interfacial areas of the ETL and the
HTL over time, leading to extensive chemical degradation of PSCs. In this project, we adopt
ultraviolet-visible (UV-Vis) absorption and steady-state photoluminescence (PL) emission
spectra to investigate the degradation processes of two OMH perovskites, methylammonium lead
iodide (MAPbI3), and methylammonium lead bromide (MAPbBTr3) with the aim to understand
the exact effects of ion migration and accumulation at ETL and HTL on long term stability of
perovskites. Our research reveals that the interaction of the migrated ions with TiO2 ETL
significantly accelerates the degradation of both OMH perovskites, while the interfacial
interactions at spiro-OMeTAD (2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-
spirobifluorene) HTL yield lesser effect on the stability of perovskites. The results also suggest

ion accumulation at the ETL/HTL affects the interfacial charge transfer processes.



ACKNOWICAZEMENLS. ...\ttt e e e et e e e i

ADSITACT . ..ttt e I
TaDIE OF CONLENES. .. . ni ettt et e et e e e e e e e il
LSt Of B gUICS. ..ottt e e e v
Chapter ©1: INtrodUCHION. .. ...u ettt et e et et e et e et et e aeeereeereane e 1
1.1 Perovskite Solar Cells..........ouiieiieii i 2
1.2 Degradation of PerovsKites. ........c.oiiuiiieiii i e 7
0 ¥ ST o0 0] o1 9
Chapter 2: Materials and Methods ...........ooiiiiiiii e 12
2.1 Glass SUDSLIate PrePaATAtION. .. ...uueentt ettt ettt et e ettt et e e et e e et e eateeaeeeaeenneeannans 12
2.2 TIO2 Film Preparation. ..........c.ououiinieit ittt et e, 12
2.3 Spiro-OMeTAD Film Preparation............c.c.oiuiiiniiiiiiiec e, 12
2.4 MAPDI3 Film Preparation. ... .......c.ouiiuinitiii e e 12
2.5 MAPDBI3 Film Preparation...........o.itiiiiii e e 13
2.6 CharacteriZatioN. .. .....uuee ettt e et 13
2.7 Concentration and spinning method. ...t 14
Chapter 3: Investigating the degradation processes of MAPbI3 perovskite with UV-Vis

N 0105 4 0670 )2 P 18
Chapter 4: Investigating the degradation processes of MAPbBr3 perovskite with UV-Vis and PL
N 0103 4 0670 )2 26
4.1 UV-Vis abSOrDance SPECITOSCOPY ... uurtnttennttenttette et et eenteeaeeaneeanaeeaneeaaeanneans 26
4.2 PhotOIUMINESCOINCE. ...\ttt ettt ettt e et e e et et e e e e e et e et e eeeeaeeenaens 30
Chapter 5: ConCIUSION. .......uii e e e e e e eee e e eaeene s 40
LSS (5] (=) 1 o1 42



List of Figures

Figure 1: Diagram of the crystal structure of organometal halide perovskites............... 2
Figure 2: Device architecture of a PSC....... ..o 4
Figure 3: Band gap diagram of metals, semiconductors, and insulators....................... 5
Figure 4: Band gap alignment of layers within a perovskite solar cell........................ 6
Figure 5: A single layer MAPDI3 film with a high degree of surface roughness............ 14
Figure 6: UV-Vis spectrum of a sample made with the SCASP procedure................. 16
Figure 7: UV-Vis spectrum of a sample made with the Nishimura-Behera method....... 16
Figure 8: UV-Vis spectrum of a sample made with the conventional method.............. 16
Figure 9: UV-Vis spectrum of a sample made with the prenucleation method............. 16
Figure 10: Example of a UV-Vis spectrum of a good quality perovskite sample...........17
Figure 11: Layering order of experimental samples................oooiiiiiiiiiiiiiin. 18

Figure 12: UV-Vis absorption spectra of the MAPbIs single layer sample with different
aging times. The inset shows the change of absorbance values at wavelength of 500nm
for the MAPDI3 single layer sample with different aging times.................c.ooeinnn. 19
Figure 13: UV-Vis absorption spectra of the TiO2./MAPDbIz double layer sample with
different aging times. The inset shows the change of absorbance values at wavelength of
500nm for the TiO2/MAPbI; double layer sample with different aging times............ 19
Figure 14: UV-Vis absorption spectra of the MAPbI3/spiro-OMeTAD double layer
sample with different aging times. The inset shows the change of absorbance values at
wavelength of 500nm for the MAPbIs/spiro-OMeTAD double layer sample with different
Yo )0V 1 L2 20
Figure 15: UV-Vis absorption spectra of the TiO2/MAPbDIs/spiro-OMeTAD triple layer
sample with different aging times. The inset shows the change of absorbance values at
wavelength of 500nm for the TiO2/MAPDI3/spiro-OMeTAD triple layer sample with
different aging tlMeS. . ... .uie ettt e e 20
Figure 16: Normalized absorbance (at wavelength of 500nm) vs aging times for MAPbDI3,
MAPDI3/TiO2, spiro-OMeTAD/MAPDI3, and spiro-OMeTAD/MAPDI3/TiO,
respectively. To facilitate easy comparison, the absorbances at 0 hours are normalized to
1 for all four SAMPIEs. ......veiiii e 20
Figure 17: UV-Vis absorption spectra of the MAPbBr3 single layer sample with different
aging times. The inset shows the change of absorbance values at 500 nm wavelength for
the MAPDBI3 single layer sample with different aging times..................ccccceeeunni 26
Figure 18: UV-Vis absorption spectra of the TiO2/MAPbBr3; double layer sample with
different aging times. The inset shows the change of absorbance values at wavelength of
500nm for the TiO2/MAPDBTr3 double layer sample with different aging times..........26



Figure 19: UV-Vis absorption spectra of the MAPbBrs/spiro-OMeTAD double layer
sample with different aging times. The inset shows the change of absorbance values at
wavelength of 500nm for the MAPbBr3/spiro-OMeTAD double layer sample with
dIifferent aging tIMES. .. ..outiet ittt et et et et 27
Figure 20: UV-Vis absorption spectra of the TiO2/MAPbBr3/spiro-OMeTAD triple layer
sample with different aging times. The inset shows the change of absorbance values at
wavelength of 500nm for the TiO2/MAPbBr3/spiro-OMeTAD triple layer sample with
different aging tlmeS. ... ..ovuiiit i e 27

Figure 21: The change of absorbance values at wavelength of 500nm for figures 17-20.
To facilitate easy comparison, the absorbances at 0 hours are normalized to 1 for all four

S0 00010 [ 27
Figure 22: A diagram demonstrating different decay pathways for photoexcited electrons
NSside OMH PETOVSKItES. ... .uiitii e e e 32

Figure 23: PL intensity spectra of the MAPDBr3 single layer sample with different aging
times. The inset shows the PL peak intensity change at the different aging times for
MAPDBTr3. The PL peak intensity is normalized to 1 at 0 hours.............................. 32
Figure 24: PL intensity spectra of the TiO2/MAPbBr3; double layer sample with different
aging times. The inset shows the PL peak intensity change at the different aging times for
the TiO2/MAPDBTr3 double layer sample. The PL peak intensity is normalized to 1 at 0

Figure 25: PL intensity spectra of the MAPDbBr3a/spiro-OMeTAD double layer sample
with different aging times. The inset shows the PL peak intensity change at the different
aging times for the MAPbBr3/spiro-OMeTAD double layer sample with different aging
times. The PL peak intensity is normalized to 1 at O hours..................cooiiiiin.. 32
Figure 26: PL intensity spectra of the TiO2/MAPDBr3/spiro-OMeTAD triple layer sample
with different aging times. The inset shows the PL peak intensity change at the different
aging times for TiOo./MAPbBr3/spiro-OMeTAD triple layer sample with different aging

times. The PL peak intensity is normalized to 1 at O hours..................coviiiiiinn. 32
Figure 27: The change of intensity values at peak wavelength for figures 23-26. The PL
peak intensity is normalized to 1 at O hours...............oooiiiiiiiiiiiii 33
Figure 28: Normalized PL intensity spectra of the MAPDBTr3 single layer sample with
different aging times. .. ..o 38
Figure 29: Normalized PL intensity spectra of the TiO2/MAPbBTr3 double layer sample
with different aging times. ... ..ot 38
Figure 30: Normalized PL intensity spectra of the MAPDbBTr3/spiro-OMeTAD double
layer sample with different aging times............coooiiiiiiii e, 38
Figure 31: Normalized PL intensity spectra of the TiO2/MAPbBra/spiro-OMeTAD triple
layer sample with different aging times............coooiiiiiiiiii e, 38



Chapter 1: Introduction
Interest in perovskite materials has waxed and waned since their discovery in 1839. At

the time, the first perovskite discovered, calcium titanate (CaTiO3), was of interest to geologists
as a unique mineral. In the modern era, it can be reduced to provide titanium metal?. In the last
approximately fifteen years, interest in using perovskites as photovoltaic materials in solar cells
has increased significantly. The first paper to demonstrate that organometal halide (OMH)
perovskites were capable of converting visible light to electricity came from Miyasaka et al., in
2009. In Miyasaka, methylammonium lead iodide (MAPbI3), and methylammonium lead
bromide (MAPDBI3) are realized for the first time as “visible-light sensitizers” capable of
converting light into power, when organized on mesoporous TiO2. The photoelectrochemical cell
Miyasaka and colleagues built, using MAPbI3, had an efficiency of 3.8%?2. However, it was not
until 2012 that enough was known about the structure-property relationship to cause the
proliferation of research and published papers known to the field today. In 2012, researchers
discovered that the perovskite material would maintain its integrity in contact with a solid state
hole transporter, spiro-OMeTAD (2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-
spirobifluorene), making a solid-state photovoltaic cell possible and increasing device
efficiencies up to nearly 10%3. As of March 2025, perovskite solar cells (PSCs) have a record
certified efficiency of 27%*. Research into further device optimization continues, especially with

respect to stability and manufacturing.



1.1 Perovskite Solar Cells
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Figure 1: Diagram of the crystal structure of ABX3 perovskites. {1}

The key material in PSCs are the organometal halide perovskites which serve as light
absorbers. The OMH perovskites have ABX3 structure, where “A” is an organic
(methylammonium (MA) or formamidinium (FA)) cation, B is a metal (Pb, Sn, Bi) ion, and X is
a halide (I, Br, Cl), as shown in Figure 1. The “B” group sits inside an octahedron that is formed
with six halides, and the “X” group is located at the vertices. The “A” group rests between the
repeating octahedral unit. Perovskites can take on other crystal conformations as well; the most
common other structures are orthorhombic and cubic®.

OMH perovskites are direct bandgap semiconductors®, and so they have high light
absorption coefficient, making them ideal for solar applications. Compared to indirect bandgap

semiconductors, direct bandgap semiconductors are desirable because they can absorb a greater
2



number of photons with the same film thickness, increasing the efficiency of the overall
photovoltaic cell. Other promising properties include that the high efficiency with which
perovskite can convert sunlight into electricity, that perovskites have good electron and hole
mobility, that perovskite materials are relatively inexpensive compared to production costs for
silicon solar cells, and that perovskites have tunable bandgaps to further their efficiency. OMH
PSCs are an appealing alternative to traditional silicon solar cells because they can be solution
processed into thin films (via processes like spin coating) at much lower temperatures’ than
silicon wafers need to be processed at. In the Czochralski method of making silicon wafers,
processing temperatures are typically above 1400°C, which becomes expensive when it is part of
a long-term or continuous manufacturing process®.

lodine is the most common halide used in PSCs because of its small bandgap. Bromide
perovskites are popular for their improved chemical stability, although their bandgap is
somewhat wider than their iodine counterparts. Lead is a very common metal in ABX3
perovskite materials for solar applications. While lead-based perovskites boast impressive power
conversion efficiencies, the toxicity of lead to both humans and the environment pose
complications when considering fabrication and installation of a PSC®. Other metals considered
for a role in organometal halide perovskites for photovoltaic applications include tin (Sn) and
bismuth (Bi). Sn-based PSC efficiencies lag behind those of Pb-based PSCs by approximately
10-15%%°. Sn also has a low redox potential in the ambient atmosphere, which means that Sn?*
will rapidly convert to Sn**, destroying the perovskite crystal structure and any hope of
converting light into power. Sn-based PSCs fabricated with organic “A” group cations like MA

or FA are more sensitive to heat and moisture than their Pb-based counterparts. Sn?* carries



additional health warnings for human beings, for its ability to displace other divalent elements in
the body such as Zn, Cu, and Ca'l. Bismuth-based PSCs suffer from their raw materials being

considerably more expensive to obtain, and lower PCEs than Sn-based PSCs'?.
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Figure 2: Device architecture of a perovskite solar cell.{1}

A typical device configuration for PSCs is shown in Figure 2, where the organometal
halide perovskite, for example MAPDI3, is sandwiched by an electron transporting layer (ETL)
and a hole transporting layer (HTL), which are in direct contact with a cathode (for example,
fluorine-doped indium oxide (FTO)) and an anode (for example, Au or Ag), respectively. When
a PSC is exposed to light, electron and hole pairs are generated in the perovskite layer. Then the
electrons flow to ETL and are collected by the cathode, while the holes flow to HTL and are

collected by the anode.



In order for those electrons to flow between different materials, there is another material
property to consider. A band gap is the space between energy levels in a material, as shown in
figure 3. Below the band gap is the valence band, where electrons are involved in the bonds that
hold atoms together. Above the band gap is the conduction band, which are the lowest energy
empty atomic orbitals. When electrons are energized up to the conduction band by heat or light,
the material can conduct electricity. Semiconductors all have slightly different band gaps,
depending on what they’re made of. When different materials are joined together to conduct
electricity, the sites where their conduction and valence bands meet is called a heterojunction.
Materials in semiconductors are often carefully chosen for their “band gap alignment”, or careful

positioning of the edges of heterojunctions to ensure a steady flow of electrons.
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Figure 3: Band gap diagram of metals, semiconductors, and insulators. {2}

As shown in Figure 4, when incident photons enter at the perovskite layer, and those with

sufficient energy excite an electron into the conduction band, and an oppositely charged hole



stays in the valence band. They move in opposite directions; the electron moves towards the
ETL, and the hole moves towards the HTL. The HTL/Perovskite/ETL system is carefully chosen
for its band gap alignment, and so the photogenerated electrons and holes are separated and
transported efficiently. If the electrons or holes reach the cathode and anode, they can be sent to
either a device that requires power, or a storage device like a battery. During the transporting
processes, electrons and holes need to avoid the defects in the crystal which cause charge
recombination. Similarly, poor alignment where the perovskite material meets the HTL and ETL

can also cause recombination.
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Figure 4: Band gap alignment of layers within a perovskite solar cell. {3}
Spiro-OMeTAD (2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-
spirobifluorene) is a common and inexpensive HTL material used in the fabrication of PSC

devices. It is popular for the stability of its morphology, ease of solution processability, and good

electronic properties. Spiro-OMeTAD is not without its drawbacks, however. Post processing



migration of iodine atoms between the perovskite and spiro-OMeTAD can accelerate
degradation®®. Other drawbacks include low hole conductivity!4, and chemical sensitivity to
illumination, humidity, and temperature®. Many different species of dopants are being explored
as ways to improve the stability and hole mobility of spiro-OMeTAD. P-type dopants like
FK209 and t-BP are being explored for their ability to improve hole mobility** and dopants like
ferrocene, Zn(TFSI)2, and TBA-TFSI are being explored for their contributions to overall device
stability™®.

Titanium dioxide (TiO>) is a popular and inexpensive ETL material commonly used in
the study and fabrication of PSCs. TiO: has several qualities that make it an ideal ETL. TiOz is
chemically stable, and doesn’t degrade in the presence of moisture, heat, and ultraviolet
radiation. TiO2’s mesoporous structure increases the overall interfacial contact area with the
perovskite material, allowing for greater charge extraction and decreased recombination. TiO3 is
less environmentally harmful than other ETL materials like SnO., which also makes it easier to
incorporate into a large-scale manufacturing process. Finally, TiO» has easily tunable
morphology (brookite, rutile, anatase) that affect changes in its bandgap. This makes TiO;
accessible to multiple types of perovskites and devices. Electrons that travel through TiO; as an
ETL may do so either by continuous travel (provided the electron has sufficient energy) or by
quantum tunneling®. As far as its weaknesses, TiO, has a lower electron mobility than top-
performing materials like graphene and controlling for surface defects when depositing TiO2 s
difficult. These factors lead to increased recombination. Dopant materials like Sn and Ga are
being explored as possible ways to increase the electron mobility and decrease the incidence of

crystalline defects'” 18,



1.2 Degradation of Perovskites
Stability of the OMH perovskites (the ability to resist degradation) is one of the greatest

challenges in commercializing PSC technology. Because silicon solar cells are stable at much
longer timescales (up to 25 years), perovskites must compete on similar timescales. However,
perovskites are vulnerable to chemical degradation by several different methods: exposure to
moisture, oxygen, and heat; voids in the crystal structure including evaporation of
methylammonium; and instability from ion migration. One of the primary driving factors behind
this instability is that ions diffuse throughout the crystal structure, which creates both voids and
interstitials, leading to instability in the crystal structure over time. Research demonstrates
several strategies that contribute to improves PSC stability, including tuning the “A” group to
prevent the perovskite crystal from shifting between octahedral and orthorhombic configurations,
and providing sufficient encapsulation so that water and oxygen gas ambient in the atmosphere
do not react with the perovskite material®.

Methylammonium lead iodide (MAPDI3) has been the most widely researched perovskite
for solar cell applications. However, this iodide perovskite is sensitive to many environmental
factors like temperature, ultraviolet light, and humidity. It has access to both reversible and non-
reversible decomposition pathways as shown in McGovern:

Reversible: CH3NH3PbX3(s) = CHsNH:(g) + HX(g) + PbX2(s) 1)
Non-reversible: CHsNH3sPbXa(s) — NHa(g) + CHzX(g) + PhXa(s) (2)
Research has also noted that the bromide perovskite, MAPbBr3, has a few key

distinctions. It only experiences the reversible decomposition pathway noted in equation 1 above.
MAPDBr3 has a higher vacancy formation energy, which decreases instances of halide ions

migrating in the crystal lattice. The bromide perovskite also sterically inhibits MA* migration



due to having a smaller lattice because of the shorter length and greater strength of the Pb-Br
bond?®.

There is a large body of literature dedicated to strategies for increasing the stability of
perovskite materials. Some studies look at combining additives with the perovskite. For example,
researchers studied the addition of Lewis base molecules to form favorable crystals and bond
with Pb at the grain boundary to stabilize the crystal, decrease the number of defects and inhibit
ion migration?!. Other stability studies interrogate spin-coating or other processes involved in the
making of perovskite materials. In one such paper, Fie et al. spin-coated a thiourea precursor and
ethyl acetate anti-solvent onto their substrate. This treatment slows the rate at which MAPDI3
crystallizes on the substrate. The resulting larger grain size increases charge transport within the
perovskite material??. Other times, stability studies focus on the PSC device. Two dimensional
materials like transition metal disulfides, graphene, black phosphorus quantum dots, and metal-
organic frameworks have become of interest for use as HTI, ETL, or electrodes in PSC devices?3.

It is worth noting that OMH perovskite materials are mixed ionic-electronic conducting
materials. lons of all species, and the defects they leave behind, diffuse through the material,
driven by light or an electrical field. These ions will only reach beyond the HTL or ETL when
under significant stress, such as an applied voltage or illumination. Where an electrical or
thermal gradient is present in the crystal, ions may become permanently bound at interfaces to
the HTL or ETL, reducing the efficiency of the PSC because the halide ions no longer occupy
their place in the conducting lattice. There is research that has pointed out that the ion migration
and interaction with the interfaces might affect the long-term stability of perovskite solar cells

1.3 This Project



Most research on perovskite stability has focused on either the perovskite itself, or on the
PSC as a device. This project focuses on the interfacial chemistry within a PSC device, and aims
to determine whether or not the interfaces are contributing to degradation.

In this project, we use spiro-OMeTAD as the hole transporting layer (HTL),
methylammonium lead iodide and methylammonium lead bromide (MAPbI3z and MAPbBT3) as
the perovskite layers, and titanium dioxide (TiO>) as the electron transporting layer (ETL). To
explore the interfaces, samples of just the perovskite were prepared to understand its behavior in
the experimental conditions. Additionally, samples of the HTL/Perovskite and Perovskite/ETL
were prepared, to isolate those interfaces specifically, and a sample of all three layers,
HTL/Perovskite/ETL, to explore the interfaces as they would exist in a PSC. This project also
explored interactions with a second perovskite, MAPbBTr3.

For this project, building solid state layers of each component by spin-coating on top of a
clear glass substrate would achieve four integral objectives. First, it would reduce costs because
the lab wouldn’t have to purchase additional materials needed for building full solar cells.
Second, it would reduce the time needed to complete the project. Because a master’s degree is
typically two years long, and it can take two to three years to master building functional solar
cells, this was unlikely to produce quality results with the time available. Third, it would reduce
the chemical complexity of the system as we measured it, ensuring that what we observed was
interaction within the HTL/Perovskite/ETL system and not a chemical reaction with, for
example, housing, a dopant, or an electrical contact. Fourth, the clear glass substrate would

create ease of measurement for PL and UV-Vis spectroscopy.
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UV-Vis absorption spectroscopy was used to monitor the degradation processes of
perovskite samples, under the supposition that the change of absorption of the semiconductor
thin films indicates the degree of the degradation. Semiconductor materials absorb light where
the photon has energy greater than or equal to the bandgap energy. Absorbing light creates a
broad peak on the recorded spectrum. The absorption (absorbance) of the semiconductor is

calculated by the equation (3) for absorbance:

A = -logio(1/10) 3

Where 1 is the transmitted light intensity, and lo is the incident light intensity.

The edge of the absorbance peak corresponds to the bandgap via the Tauc equation (4):

(ahv)*™ = A(hv-Eq) (4)

Where a is the absorption coefficient, h is Planck’s constant, v is frequency in Hertz, Ais a
proportionality constant, n is the Tauc exponent, and E4 is the band gap energy in electron
volts?*, By taking UV-Vis spectra and observing the change in the material’s ability to absorb
light (for example, absorbance and band edge change), it is possible to reveal the crystallinity
and morphology change during semiconductor degradation.

In this project, steady-state photoluminescence (PL) spectroscopy has also been used to
further study the degradation mechanism of the perovskites. In PL spectroscopy, electrons are
excited with a light source, and photoluminescence is emitted when excited electrons emit a
photon as they relax to lower energy states. Photons emitted at different wavelengths may
indicate a change in bandgap. A larger band gap relaxation will emit a higher energy (short

wavelength) photon. The emitted electron’s light intensity and wavelength are measured by the

11



instrument and plotted on a spectrum. The PL intensity is significantly affected by the so called
“nonradiative recombination”, where a photoexcited electron recombines with a hole in the
ground state without releasing a photon. Nonradiative recombination is generally facilitated by
trap states (formed by the defects) in the perovskites?. In perovskite solar cells, however, the
majority of the excited charge carriers (electrons and holes) will be transferred to the ETL and
HTL, bypassing the radiative and nonradiative recombination. Therefore, by recording the PL
spectra of the perovskite and perovskite/E(H)TL thin films, and monitoring their PL intensity
and PL peak position change, it is possible to reveal the change of the defect density in the
perovskite thin films and the charge transfer efficiency at the perovskite/ETL and

perovskite/HTL interfaces during perovskite degradation.

Chapter 2: Materials and Methods
2. 1 Glass substrate preparation
Glass substrate from Thermo Scientific was prepared by cleaning with a 75% ethanol

solution, and then was placed in a UV-Ozone cleaner (BioForce Nanosciences Procleaner) for 15
minutes to remove a maximum amount of surface contamination and increase thin film adhesion
to the surface of the substrate.

2.2 TiO2 Film Preparation
0.0048 g of titanium dioxide paste (DSL 18NR-AO, Sun Coast) was dissolved in 5.00ml

terpineol and 5.00ml ethanol by manual agitation to form a 0.5M solution. Plates were annealed

12



at 500°C for 15 minutes, and appeared clear and colorless to the eye. TiO> films were spin-coated
at 4000rpm for 60 seconds, and annealed at 500°C for 15 minutes.

2.3 Spiro-OMeTAD Film Preparation
0.3165g of Spiro-OMeTAD powder (Sigma Aldrich) was dissolved in 5.00ml of

chlorobenzene and left to dissolve for 30 minutes to prepare a spiro-OMeTAD solution. Spiro-
OMeTAD films were spin-coated at 4000 revolutions per minute (rpm) for 60 seconds, and
annealed at 80°C for 10 minutes. The recipe of the Spiro-OMeTAD solution was adapted from
Mattiello®.

2.4 MAPDI3 Film Preparation
A recipe for MAPDI; solution was adapted from®® and prepared as follows:

0.1569g MALI, 0.4599g Pbl2, 0.318g DMF, 0.318g DMSO. Once the solution was prepared, it
could be spin-coated. Both perovskite films were prepared using the same spin coating method in
four steps. First, the plate is spun at 1000 rpm for 30 seconds. Second, it is spun at 6000 rpm for
40 seconds with 40 microliters of antisolvent dripped during the last 5 seconds. Third, a 10
second rest step. Fourth, the plate is spun at 6000 rpm for 10 seconds, with 40 microliters of
antisolvent dripped during the last 5 seconds. Plates were annealed for 2 minutes at 80°C.

In the spin-coating process, ethanol is used as an anti-solvent. An anti-solvent is a
solvent, typically used during spin-coating, that increases crystal size and decreases point
defects, to benefit the electronic properties of the perovskite®.

2.5 MAPDbBTr3 Film Preparation
0.0784g MABr was combined with 0.2305 PbBr; and 1:1 DMF:DMSO to prepare the

solution. The solution went on as a clear liquid, and annealed to an orange solid after spin-
coating.

2.6 Characterization
13



All the thin film samples were annealed on a Corning hot plate before placed under an
Oriel LCS-100 Small Area Solar Simulator for aging under a standard 1 sun solar radiation. UV
vis and PL spectra were taken for the samples at different aging times. UV-Visible spectroscopy
was conducted on a VWR UV-1600PC, UV/Visible Spectrophotometer and associated software.
UV-Vis spectra were measured over a wavelength range of 350-900 nanometers. This range was
selected based on the range of the spectrophotometer, and the expected range of absorption from
samples. PL spectroscopy was conducted on a Horiba Scientific FluoroMax-4
Spectrofluorometer and FluorEssence software. PL of the perovskite films were collected from
450-800 nanometers with an excitation wavelength of 400 nanometers.

2.7 Optimization of concentration and spinning method
One major obstacle to this project was combatting film roughness after spin-coating.

Figure 5: A single layer MAPDI3 film with a high degree of surface roughness.

For a uniform perovskite thin film with good crystallinity, its absorption spectrum
typically includes a broad peak in the shorter wavelength part of the spectrum, and for

specifically MAPDI3, a characteristic absorption peak near 500 nm*2. There is also typically low

14



absorption at wavelengths higher than the band edge, or above 780 nm. However, as shown In
figure 5 for the absorption spectrum of MAPbI s thin film fabricated by a one-step spin coating of
precursor solution, there are low absorbances where a peak for the perovskite ought to be, around
500 nm, and stronger absorbances above 800 nm, where little to no absorbance is expected. This
is a strong indication that the perovskite thin film formed by the conventional one-step spin
coating procedure is highly inhomogeneous.

On the rough surface of a perovskite thin film, the film covers imperfectly, leaving some
areas thin or uncovered, and others much thicker. In the thin regions, light will pass through with
some loss of energy. In the thick regions, the density is high enough to absorb almost all the
light. The spectra of thin films with a high degree of roughness do not necessarily correlate to the
material’s absorptivity, instead showing “constant optical density” across the range of
spectroscopic wavelengths®. Furthermore, a rough thin film surface will cause strong
wavelength-independent light scattering during the absorption measurement, and this effect also
contributes to the formation of a “featureless” spectrum as shown in Figure 5.

This project adopts a shorthand for estimating the roughness based on a film’s UV-Vis
spectrum: the absorbance of the film at 900 nm, divided by the absorbance of the film at 350 nm.
The smaller that ratio, the smoother the film is estimated to be.

To combat surface roughness, four spin-coating methods were adapted from the literature

and tested in the lab, to see if any of the methods could produce the quality of results desired.

Table 1: Comparison of spin-coating methods.

Spin Coating and Nishimura-Behera® | CASM?® Prenucleation
Anti-Solvent Method Method®’
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Procedure (SCASP)3*

1. 1000 rpm, 1.
10s, 1000
rpm/s

2. 4000 rpm,
30s, 1200
rpm/s. Last
10s, 100l of
antisolvent

6000 rpm,
50s, 2000
rpm/s. After
10s elapsed,
iml
antisolvent.

1. 1000 rpm for

10s, 1000
rpm/s

. 4000 rpm for

45s. Drip 80ul
last 20s.

w

1000 rpm,
30s, 1000
rpm/s.

6000 rpm,
2000 rpml/s,
40s, drip 40 pl
antisolvent
last 5s

0 rpm, 10s
6000 rpm,
2000 rpml/s,
10s. Drip 40
ul antisolvent
last 5s.

UV-Vis spectra of each sample were compared.

Figure 6: UV-Vis spectrum of a sample made ~ Figure 7: UV-Vis spectrum of a sample made

with the SCASP procedure.

Figure 8: UV-Vis spectrum of a sample made

with the conventional method.

with the Nishimura-Behera method.

Figure 9: UV-Vis spectrum of a sample made
with the prenucleation method.
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The primary differences between the four methods are the antisolvent amount and timing.
The role of an anti-solvent in a procedure like spin-coating is to remove the original solvent to
improve nucleation of a perovskite thin film. The amount of time the perovskite film is in contact
with the anti-solvent matters. The antisolvent amount also matters. Too long a contact time, and
defects will form in the crystal, and too much anti-solvent can alter the crystal morphology=8.
The SCASP procedure has 10s of contact time and 100ul of antisolvent. The Nishimura-Behera
method has 10s of contact time and 1ml of anti-solvent. The conventional method has 20s of
contact time and 80ul of antisolvent. The prenucleation method has two 40ul and 5s aliquots
spaced out throughout its procedure. The smaller amounts of anti-solvent and contact time were
likely why the prenucleation method gave the smoothest samples. We can also compare the
absorbances at 900 and 350 nanometers as an approximation of surface roughness. The SCASP
method, shown in figure 6, has a roughness of %5. The Nishimura-Behera method, shown in
figure 7, yields a roughness of ¥. The conventional method from Zhang et al. in figure 8 has a
roughness of 1/9. The prenucleation method, shown in figure 9 has a roughness of 1/10, proving

to be the method best suited for reducing surface roughness.
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Figure 10: Example of a UV-Vis spectrum of a good quality perovskite sample.

In figure 10, the absorption spectrum of a single layer perovskite film produced by the
prenucleation method with optimized solution concentration and film thickness, a gentle peak for
the perovskite at 500 nm is visible, and there are low absorbances above 800 nm, both desirable

qualities in UV-Vis spectra for this project.

Chapter 3: Investigating the degradation processes of MAPbI3 perovskite with UV-Vis
spectroscopy
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Methylammonium lead iodide was one of two perovskites selected for examination in
this project, due to it being highly common in lead halide perovskite solar cells, and for its
relatively high level of chemical stability under ambient conditions®?.

To examine interfacial effects on methylammonium lead iodide, four different types of
samples were made. First, a sample of only the perovskite (MAPDI3) on the glass substrate to
understand what its behavior was in the conditions of the lab without any interfaces. Second, a

layer of TiO2 underneath a layer of the perovskite, namely MAPDI3/TiO.. Third, a layer of the

perovskite underneath a layer of the spiro-OMeTAD (spiro-OMeTAD/MAPbI3). For this sample,

the order of the layer was changed because if the spiro-OMeTAD were underneath the

perovskite, it would dissolve in the solvents used in the perovskite solution, destroying the

sample before it could be measured. The fourth sample consisted of, in ascending order: the glass

substrate, a layer of TiO., a layer of perovskite, and a layer of spiro-OMeTAD (spiro-OMeTAD/

MAPDI3/TiIO2).

Spiro-
OMeTAD
MAPbI Spiro- MAPbDI3
OMeTAD
MAPDI5 TiQz MAPDIS Ti0z
Glass Glass Glass Glass

Figure 11: Layering order of experimental samples.
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The process of making the films starts with cleaning the glass substrate in 75% ethanol
solution, and cleaning it with the UV ozone cleaner for 15 minutes. Once the substrate was
ready, it was placed into the spin-coater, the solution added, and the spin sequence engaged.
Anti-solvent treatments took place during the spin-coating step. After spin coating, samples we
annealed for the prescribed time and temperature. If the sample required additional layers, it
would return to the spin coating step. If not, it would go into the spectrophotometer for
measurement. Once measurements were complete, the sample would be aged under 1 sun
illumination. The measurement and aging steps repeated up to 36 hours.

PL spectra of the MaPbls samples were not obtained due to its emission peak (around
780nm) being outside our spectrometer’s measurement range. The UV-Vis spectra of the

MAPbI3 samples are shown in Figure 12-15.

re

Figure 12: UV-Vis absorption spectra  Figure 13: UV-Vis absorption spectra
of the MAPDI; single layer sample with of the TiO,/MAPDI; double layer
different aging times. The inset shows  sample with different aging times. The
the change of absorbance values at inset shows the change of absorbance
wavelength of 500nm for the MAPDbI;  values at wavelength of 500nm for the

single layer sample with different aging TiO2/MAPDI; double layer sample with

times. different aging times.
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Figure 14: UV-Vis absorption spectra
of the MAPDIs/spiro-OMeTAD double

layer sample with different aging times.

The inset shows the change of
absorbance values at wavelength of

500nm for the MAPDI3/spiro-OMeTAD

double layer sample with different
aging times.

206
2

= 04
0.2

0
Dhours Ghours 1Zhours 1Bhours 24hours 30hours 36hours

— 1 | YT 2 Layer, TiO2 2 Layer

[, SPIM-OMETAD w3 Layers

Figure 16: Normalized absorbance (at
wavelength of 500nm) vs aging times
for MAPDI3, MAPDI3/TiO,, spiro-
OMeTAD/MAPbI3, and spiro-
OMeTAD/MAPDI3/TIO,, respectively.
To facilitate easy comparison, the
absorbances at 0 hours are normalized
to 1 for all four samples.

Figure 15: UV-Vis absorption spectra
of the TiO2/MAPbI3/spiro-OMeTAD
triple layer sample with different aging
times. The inset shows the change of
absorbance values at wavelength of
500nm for the TiO2/MAPbI3/spiro-
OMeTAD triple layer sample with
different aging times.

Figure 12 demonstrates the typical absorption spectra of MAPbIz which include an

absorption edge at around 780nm and a very broad absorption band at UV-visible range. It is also
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shown that the overall absorption intensity of the broad band in the UV-vis range decreases with
increasing aging time, suggesting degradation of the perovskite film. However, we don’t observe
significant change of absorption peak and absorption edge positions. Therefore, the typical
degradation products like hydroiodic acid (HI) and lead Il iodide (Pbl2) are not clearly identified.
This could be explained by the fact that the initial absorption band of the unaged perovskite sample
is quite broad and the peaks associated with the degradation products are within the broad peak.
Furthermore, as a direct band semiconductor, MAPbI3 has high absorption coefficient, which could
easily overpower the absorption of the decay products. As shown in Figure 12, there is a slight
increase of absorption in the range of 550-650nm which might be related to the degradation
products.

It is also shown in Figure 12 that the absorption of the perovskite does not solely decrease
with aging time. The absorption spectrum goes “up” and “down” with increase of aging time. The
inset in Figure 12 clearly shows an unsteady decay of the absorbance of MAPDIz perovskite film
at the wavelength of 500nm. This cannot be simply attributed to experimental errors since the
effect is consistently observed for all samples. Instead, this observation could be attributed to a
“light annealing” effect on the perovskite thin films®. It is well known that a spin-coated perovskite
thin film is amorphous and thermal annealing can significantly increase the crystallinity of the
film. Perovskite thin films with better crystallinity show stronger light absorption. It has been
reported that exposing the perovskite to light might have a similar effect as thermal annealing. The
unsteady decay of the absorbance of the MAPbI3 perovskite film during aging can be explained
by the two distinct effects from light exposure. First, light induced degradation deteriorates the

perovskite structure and reduces light absorption; Second, the light annealing effect increases the
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crystallinity of perovskite thin film and enhances light absorption. And the different dynamics of
the two opposite effects could lead to unsteady degradation of perovskite under light illumination.

Figure 13 shows absorption spectra of the MAPDI3/TiO> double layer thin film taken at
different aging times. The absorption spectra of MAPbI3/TiO double layer thin film is similar to
that of the MAPDI3 single layer sample, because the absorption of TiO> thin film is mainly in the
UV range (wavelengths shorter than 400 nm). Similar to the MAPDI3 single layer sample, there
is significant absorbance decrease during aging for the MAPbI3/TiO2 double layer thin film. It is
also shown in figure 13 (and inset) that the decay of absorbance is unsteady. It suggests the
interplay of the two light-induced effects also affects the degradation of the MAPDI3/TiO; double
layer thin film. However, we observe significantly greater reduction of absorption in
MAPDI3/TiO, compared with the MAPbIs single layer sample. For example, the absorbance at
500 nm for MAPbI3/TiO> double layer (as shown in Figure 16) after 36 hours aging is around
40% of its initial value, compared to around 90% for the MAPbI3 single layer. The greater
reduction in absorbance of MAPbIs/TiO2 double layer thin film suggests that the TiO2 layer can
actually accelerate the degradation processes of MAPbI3 perovskite top layer under light
illumination.

The effect of the TiO2 ETL layer on the degradation of MAPDI3 perovskite can be
explained by the ion migration mechanisms in perovskite thin films*. It is well known that
MAPbI; perovskite has a mixed electronic/ionic conducting nature due to low activation energies
for ion formation and migration, especially for I". It has also been reported that ion migration in
thin films can be facilitated by photon energy*. In a MAPbIs single layer film the ions migration

or diffusion is directionless. However, in a MAPDIs/TiO2 sample ions can selectively migrate
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towards the TiO> layer because the ions, mainly I7, can form a strong bonding with the
uncoordinated Ti* ions on the mesoporous TiO- surface*?. We hypothesize that continuous
diffusion of I" towards TiO- driven by photon energy and accumulation of them at the TiO>
interface through bond formation with Ti* accelerates the degradation process of MAPbI3
perovskite under light illumination.

Figure 14 shows the absorption spectra of the spiro-OMeTAD/MAPbI3 double layer thin
film at different aging times. The absorption of spiro-OMeTAD is in the UV range, between 305
and 385 nm depending on the solvent*3. Therefore, the absorption spectra of spiro-
OMeTAD/MAPDI; is fairly similar to the spectra of MAPbIz single layer sample in our recorded
wavelength range.. Like the MAPbI3s spectrum, there is absorbance decrease during the aging of
samples, though less pronounced than that of the TiO2/MAPDIs. As in the samples discussed
previously, the decay of the two layer MAPbIs/spiro-OMeTAD thin film is unstable. The
opposing light effects discussed earlier in this chapter also affect the degradation of the
MAPDI3/spiro-OMeTAD thin film. The MAPbI3s/spiro-OMeTAD thin film experiences greater
reduction in absorbance than the single layer MAPDI3 film, about 60% at 36 hours aging
compared to around 90% for the single layer MAPDI3 film, indicating that the presence of spiro-
OMeTAD may accelerate the degradation of MAPbI3 under illumination.

The effect of the spiro-OMeTAD HTL on MAPbIz degradation can also be explained by
ion migration in perovskite thin films**. MAPbI; is a mixed ionic and electronic conductor
because the material has lower energy thresholds for ion migration than other OMH perovskites.
In a two layer sample like MAPbI3/spiro-OMeTAD, the I"and MA* ions will form MAI* and

seek to diffuse into spiro-OMeTAD. The accumulation of I at the interface, and I diffusion into
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spiro-OMeTAD accelerates the degradation of MAPDbI5*. Unlike TiO2 ETL, which has a
mesoporous structure and therefore provides a large interfacial area, spiro-OMeTAD HTL has a
planar surface which provides less surface area for ion accumulation. It is also possible that the
association rate between 1-and OMeTAD" is lower than that between I and Ti*. As a result,
spiro-OMeTAD HTL has lesser effect on MAPbI3z degradation compared to TiOo.

Figure 15 shows the absorption spectra of the TiO2/MAPbIs/spiro-OMeTAD three layer
thin film at different aging times. The spectrum of the three-layer thin film has elements of both
the TiOy interface sample, and spiro-OMeTAD interface sample. Similar to the other samples,
figure 15 demonstrates overall loss of absorbance with intermittent gains in absorbance. Light
annealing and light degradation affect the three-layer sample in similar ways to the individual
interface samples. The three-layer thin film shows absorbance losses down to approximately
35% of its original value at 36 hours aging. These losses are most similar to the MAPbI3/TiO>
double layer thin film, which decayed to approximately 40% of its original absorbance after 36
hours aging.

The TiO2/MAPbI3/spiro-OMeTAD three-layer thin film does not experience any new ion
migratory effects. Because it experiences degradation effects at two interfaces, there is a greater
degree of degradation over the same aging time as the other samples. However, as we discussed
earlier, the overall degradation rate (at 36 hours) of the three-layer sample is similar to the TiO>
two-layer sample. This can be explained by a stronger light annealing effect on the three layer
thin film as demonstrated by strong absorbance recovery at 18 hours of aging time as shown in
figure 16. This may be attributed to the fact that the crystals are confined to a small space due to

having two material interfaces on either side of the perovskite layer. The physical confinement of
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the crystals may produce a stronger annealing effect, and decelerate the degradation processes of
the perovskite under light illumination.

In summary, light induced degradation of MAPDI3 is evident based on the UV vis
absorption spectra taken at different aging times. The presence of TiO. and spiro-OMeTAD
contribute to that degradation, TiO, more than spiro-OMeTAD. lodine ions may diffuse into
TiO2 more quickly because it has a mesoporous structure, providing more Ti* and surface area at
which to interact. The degradation of MAPDIs is related to iodine (and possibly lead) ions
accumulation at the material interfaces.The triple-layer sample, which possesses two interfacial
layers and both contribute the degradation of MAPDI 3, shows similar overall degradation rate as
TiO- double layer sample. This is possibly due to stronger light annealing effect on the confined
perovskite crystals in the three-layered sample, which partially counters the light degradation

effect.
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Chapter 4: Investigating the degradation processes of MAPbBr3 perovskite with UV-vis
and PL Spectroscopy
MAPDBYr3 is the second perovskite selected for this project. The primary difference

between MAPbBr3; and MAPDIs is that the bromide perovskite has a cubic crystal structure at
room temperature®. MAPbBTr3 has a slightly wider band gap than that of MAPDIs, 2.3 eV as
compared to 1.6 eV. The band gap is wider in the bromide OHMP because the greater bond
energy in the Pb-Br bond?° creates greater separation between the electrons bound in the
structure, and electrons free to move in the structure*®4’. MAPbBI3 is more resistant to
degradation factors like illumination, water, and oxygen. The UV-Vis peak of MAPbBTr3 is
located at approximately 520 nm, and the PL peak is located at approximately 540 nm*,

The MAPbDBT3 for this experiment was synthesized from MABr and PbBr». Following
similar procedures as MAPDI3, four samples including MAPDBr3 single layer, MAPbBrs/TiO>
double layer, spiro-OMeTAD/MAPbBr3; double layer, spiro-OMeTAD/MAPDBr3/TiO; triple
layer were fabricated and measured with both ultraviolet-visible absorption spectroscopy and

steady-state photoluminescence (PL) spectroscopy.

4.1 UV-Vis absorption spectroscopy
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Figure 17: UV-Vis absorption spectra
of the MAPDBT3 single layer sample
with different aging times. The inset
shows the change of absorbance values
at 500 nm wavelength for the MAPDbBTr;
single layer sample with different aging
times.

Figure 19: UV-Vis absorption spectra
of the MAPDbBr3/spiro-OMeTAD
double layer sample with different
aging times. The inset shows the
change of absorbance values at
wavelength of 500nm for the
MAPDBTrs/spiro-OMeTAD double layer
sample with different aging times.

Figure 18: UV-Vis absorption spectra
of the TiO,/MAPDBr3; double layer
sample with different aging times. The
inset shows the change of absorbance
values at wavelength of 500nm for the
TiO2/MAPDLBr3 double layer sample
with different aging times.

Figure 20: UV-Vis absorption spectra
of the TiO2/MAPbBr3/spiro-OMeTAD
triple layer sample with different aging
times. The inset shows the change of
absorbance values at wavelength of
500nm for the TiO2/MAPDBr3/spiro-
OMeTAD triple layer sample with
different aging times.
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Figure 21: The change of absorbance
values at wavelength of 500nm for
figures 17-20. To facilitate easy
comparison, the absorbances at 0 hours
are normalized to 1 for all four
samples.

Figure 17 demonstrates the typical absorption spectra of MAPbBr3 which includes an
absorption edge near 520 nm, a peak around 530 nm, and low absorbances beyond 600 nm*.
Figure 17 also demonstrates an absorbance increase with increasing aging time, which suggests
that the MAPDBr3 film quality is improving. This could be explained by the light annealing
effect discussed in chapter 3, and (recall back to chapter 1 of this thesis) the overall greater
environmental stability of MAPbBr3, which stands in contrast to the degradation of MAPbI3 over
36 hours of aging. The peak position of the MAPbBTr3 thin film does not change over the aging
time of the sample. The absence of a shift in the absorbance peak position does not conclusively
confirm the formation of expected degradation products, such as PbBr-.

However, the transition from hours 6 to 12 of aging in the MAPbBTr3 thin film clearly
shows an absorbance decrease. It is proposed that once the MAPbBTr; decays initially, after light

exposure the remaining mass reorganizes, increasing its crystallinity and absorbance. The
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unsteadiness in how the MAPbBr3 film absorbance behaves is accounted for by the interplay
between light driven degradation and light driven annealing.

Figure 18 shows absorption spectra of the MAPbBr3/TiO2 double layer thin film taken at
different aging times. The spectrum in figure 18 is similar to that of the single layer MAPDbBTr3
sample, except for stronger absorption in the ultraviolet part of the spectrum (wavelengths fewer
than 400 nanometers ) where TiO> absorbs. Unlike the MAPbBTr3 single layer spectrum, the
MAPDBTr3/TiO, double layer thin film displays steady absorbance decrease, indicating a
relatively steady degradation rate across the sample aging time. The two layer sample degrades
to approximately 75% of its original value at 36 hours aging time, whereas the single layer
sample gains to 110% of its original value over the same aging time. So apparently the TiO>
layer accelerates the degradation of MAPDbBr3 when illuminated, which is similar to the behavior
in the MAPbDIs/TiO2 double layer thin film.

Like in MAPDI3/TiO>, the behavior of the TiO> layer within the MAPbBr3/TiO2 double
layer thin film can be explained by ion migration toward the TiO: layer, and side reactions at the
interface. Br ions will migrate toward the interface with TiO. Under illumination, the TiO>
surface can also catalyze the formation of degradation products®. As a result, the light driven
diffusion of bromide ions to the TiO2 and accumulation at the interface accelerates the
degradation of MAPDbBr3.

Figure 19 shows absorption spectra of the spiro-OMeTAD/MAPDBr3 double layer thin
film. They are similar to the MAPDbBr3 single layer spectra except for stronger absorption in UV
due to additional absorption of spiro-OMeTAD in that part of the spectrum. The decay in

absorbance is unsteady in figure 19 and its inset. The sample demonstrates overall decay to
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around 90% of its original value, whereas the MAPbBTr3 single layer thin film increased
absorbance up to 110% of its original. Similar to the samples discussed in chapter 3, the
relationship between light annealing and light degradation explains the erratic increase and
decrease behavior of the sample. The loss of absorbance in the presence of spiro-OMeTAD
indicates that spiro-OMeTAD will contribute to the decay of a MAPbBr3 perovskite layer in the
presence of illumination.

The effect of the spiro-OMeTAD layer on the degradation of the MAPbBTr3 perovskite is
governed by the same mechanism as the interaction between spiro-OMeTAD and MAPbDI3. Of
note in the interaction between spiro-OMeTAD and MAPbBr3 are much slower reaction
Kinetics*,

Figure 20 is the absorption spectra of the TiO2/MAPbBr3/spiro-OMeTAD triple layer thin
film. Unlike the MAPDI3 triple layer thin film, the MAPDBTr3 triple layer thin film shows
absorbance recovery past its baseline measurement at 0 hours of aging. The light annealing effect
is more pronounced on the more stable MAPbBTr3 structure; the TiO2/MAPbBr3/spiro-OMeTAD
triple layer thin film keeps approximately 100% of its initial measurement after 36 hours of
aging. However, at 36 hours of aging, the sample has lost around 20% absorbance from its
maximum absorbance recorded at 18 hours. This absorbance loss demonstrates that the
TiO2/MAPDBTr3/spiro-OMeTAD triple layer thin film is still subject to the same degradation
mechanisms discussed earlier in this chapter, but more resistant to them over a longer timeframe.
The presence of TiO2 and spiro-OMeTAD accelerate the observed degradation, TiO2 more than
spiro-OMeTAD, as they provide similar results across both perovskites. And similar to the

TiO2/MAPDI3/spiro-OMeTAD, the interfacial behaviors of the TiO2/MAPbBrs/spiro-OMeTAD
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triple layer thin film can also be attributed to light-driven ion migration toward material
interfaces and potential side reactions at those interfaces that occur more slowly than the
degradation of MAPbIs. The interfacial interaction between TiO2 and the bromide OHMP
displays the most pronounced degradation, followed by the lesser, although contributing,
influence of the spiro-OMeTAD interface. However, the interfaces establish a structural
framework that facilitates increased crystallinity as a result of the light annealing effect; not all
interfacial effects yield negative outcomes for the crystal.

In summary, based on the UV-Vis absorption spectra we observe MAPbBr3 degrades at a
relatively slower rate than MAPbI3z. The presence of TiO2 ETL and spiro-OMeTAD HTL
accelerate the degradation. The triple-layer sample, which possesses two interfacial layers and
both contribute to the degradation of MAPbBIr3, shows very limited overall degradation due to
stronger light annealing effect. The observation on MAPbBrs; degradation under light
illumination further supports our hypothesis that ion migration and accumulation at the

ETL/HTL contributes to the degradation of perovskite solar cells.

4.2 Photoluminescence
A photoluminescence spectrum shows the radiative decay of electrons excited by

photons. As shown in figure 22, photoexcited electrons decay either radiatively or non-
radiatively. Radiative decay emits a photon with specific energy that displays on the recorded
spectrum with a specific wavelength and intensity. The more photons that participate in radiative

decay, the greater the PL intensity on the spectrum will be. As a result, high absorbance of
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perovskites often leads to high PL intensity because more electrons are excited. The opposite is
also true: the more photons participate in non-radiative decay, the lower PL intensity on the
spectrum will be. The nonradiative decay is often facilitated by the deep trap states located in the
band gap (as shown in figure 22). There are different types of defects in OMH perovskites,
including vacancies (a space where there should be an atom in the lattice), impurities (an atom of
the wrong species in the lattice), grain boundaries (misalignments between crystals), and surface
defects, etc. These defects may create energy levels within the band gap of the host material.
Shallow defects are located close to the conduction or valence bands within the band gap, where
deep defects are located further away from the conduction and valence bands in the bandgap.
Electrons trapped in shallow defects can escape those traps and recombine with the holes in the
valence band and emit a photon (radiative decay). But the photons emitted by shallow traps
generally have a slightly lower energy (longer wavelengths) than the photons emitted by
electrons in the conduction band. Deep defects tend to create non-radiative decay, and can trap
charge carriers, allowing the energy to dissipate as heat rather than light>:.

In perovskite solar cells, the OMH perovskite is sandwiched by ETL and HTL. Under
light illumination, the photoexcited electrons in the perovskite may not recombine with the holes
in the valence band. Instead, electrons could be transferred to ETL and holes transferred to HTL.
Efficient charge transfer is a critical process to achieve high efficiency of light-to-electricity
conversion in solar cells. Since charge transfer is a competing process for radiative
recombination of photoexcited electrons, successful electron transfer to the ETL or hole transfer

to the HTL will decrease the PL intensity of perovskite.
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Figure 22: A diagram demonstrating different decay pathways for photoexcited electrons inside
the OMH perovskites.

Figure 23: PL intensity spectra of the Figure 24: PL intensity spectra of the

MAPDBT3 single layer sample with TiO/MAPDLBr3 double layer sample

different aging times. The inset shows  with different aging times. The inset

the PL peak intensity change at the shows the PL peak intensity change at

different aging times for MAPDBT3. the different aging times for the

The PL peak intensity is normalized to  TiO2/MAPDbBr3 double layer sample.

1 at 0 hours. The PL peak intensity is normalized to
1 at 0 hours.

Figure 25: PL intensity spectra of the Figure 26: PL intensity spectra of the
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MAPDBr3/spiro-OMeTAD double layer TiO2/MAPbBrs/spiro-OMeTAD triple
sample with different aging times. The layer sample with different aging times.
inset shows the PL peak intensity The inset shows the PL peak intensity
change at the different aging times for ~ change at the different aging times for
the MAPDBI3/spiro-OMeTAD double  TiO2/MAPbBr3/spiro-OMeTAD triple
layer sample with different aging times. layer sample with different aging times.
The PL peak intensity is normalized to  The PL peak intensity is normalized to
1 at 0 hours. 1 at 0 hours.
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Figure 27: The change of intensity
values at peak wavelength for figures
23-26. The PL peak intensity is
normalized to 1 at O hours.

Figure 23 shows the PL spectra of MAPbBTr3 single layer thin film taken at different
aging times. The spectra of MAPDBr3 include a single emission band with peak wavelength at
around 540 nm. The inset of figure 23 clearly shows the PL peak intensity of MAPbBr3
fluctuates with increased aging time. As discussed earlier, the PL intensity is affected by light
absorption and trap-assisted nonradiative recombination. By comparing the inset of figure 23 and
the inset of figure 17, we find that PL intensity doesn’t show much correlation with absorbance.
For example, after the first 6 hours of aging, the absorbance increases slightly while the PL
intensity decreases significantly. Therefore, the PL intensity seems to be dominated by the

nonradiative decay, which is closely related to trap (defects) density. There are a variety of
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defects in perovskite thin films including point defects (for example, I°), grain boundary, and
surface defects (for example, dangling bonds). Those defects form either shallow or deep traps
for charge carriers (electrons and holes). A photoexcited electron trapped in shallow traps can
still undergo radiative decay and emit a photon with energy slightly smaller than band gap. From
the normalized the PL spectra shown in figure 27, we clearly observe that the emission band in
the PL spectrum at 6 hours is broader and the peak position is slightly red shifted compared to
the PL spectrum taken at O hour, which indicates more shallow traps are generated during the
first 6 hours of aging. Although the exact nature of the shallow and deep traps in perovskites are
not well understood, it’s fair to assume the depth of trap states maintain a certain distribution in
the band gap of perovskite. If there are more shallow traps in the perovskite after aging, there are
likely more deep traps. This is consistent with the fact that the PL peak intensity decreases from
0 hour to 6 hours because the deep traps generated during aging facilitate nonradiative
recombination and quench photoluminescence. This assumption is further confirmed by the PL
data collected at other aging times. For example, at 18 hours, when the PL intensity increases
(shown in the inset of figure 23), the PL emission band becomes narrower and slightly blue-
shifted (shown in figure 27), suggesting lower trap density over that aging period.

In summary, PL of MAPDbBr3 is dominantly affected by the trap density in the thin film.
As discussed earlier, light illumination will lead to two opposite effects on perovskite thin film.
First the light induced degradation will generate more defects, and second, the light annealing
effect will lead to better crystallinity and lower defect density. As a result, the defect density in
the perovskite thin film could fluctuate during different aging times and leads to fluctuating

photoluminescence intensity.
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Figure 24 shows the PL spectra of MAPDbBr3/TiO. double layer thin film taken at
different aging times, which have a similar emission band peaking at around 540 nm as the
spectra of MAPDBTr3 single layer because the mesoporous TiO; is not emissive under excitation
at 400 nm. The inset in figure 24 shows significant PL peak intensity fluctuation with increase of
aging time, which is also similar to the MAPbBr3 single layer thin film. As we discussed above,
the PL intensity is dominated by the deep trap-assisted nonradiative recombination and the
fluctuation of PL intensity for the MAPbBr3 single layer thin film is attributed to the fluctuation
of the trap density in the perovskite during different aging times. Here we also observe a similar
effect of trap density on PL intensity. For example, the PL intensity increases more than 4 fold
from 0 hours to 12 hours in figure 14. And during the same period of aging time the emission
bandwidth at 12 hours shows significant reduction compared to that of the 0 hours spectrum,
suggesting great reduction of trap density. However, the trap density doesn’t seem to play a
dominant role as it does for the MAPDbBr3 single layer. For instance, from 0 hours to 6 hours, we
observe nearly no PL intensity change, but an obvious increase of bandwidth, which suggests an
increase of trap density. Figure 18 shows that the absorbance MAPbBr3/TiO2 double layer thin
film steadily decreases over aging, which indicates absorption change is also not a significant
factor in determining the PL intensity. Here, we argue that charge transfer, another photophysical
process which is in close relationship with photoluminescence (figure 22), plays a significant
role in determining the PL intensity of MAPbBrs/TiO. Unlike in MAPbBTr3 single layer thin
film, there is a heterojunction interface formed between MAPbBr3; and TiO2 in the double layer
sample, and under illumination an efficient electron transfer from MAPbBr; and TiO; is

expected due to favorable energy band alignment. Since electron (charge) transfer is a competing
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process for radiative recombination, a reduction of charge transfer efficiency will enhance PL
intensity of the perovskite. As we have discussed earlier, the ions (like I") migrated to the TiO>
interface will accumulate in the interfacial area by forming a strong bond with TiO surface. The
accumulated ion layer could form a potential barrier for an efficient electron transfer from
perovskite to TiO., and hence increase the PL intensity of MAPbBrs/TiO2 double layer thin film.

To summarize, the PL spectra of the MAPbBr3/TiO, double layer thin film is affected by
both defect density and charge transfer. The relatively steady decrease of absorbance of the
sample, as shown in figure 18 likely indicates that absorbance is not a determining factor for PL
intensity. Fluctuations in the PL intensity throughout the aging time of the sample indicates
fluctuating defect density and charge transfer efficiency over the same time period. The
MAPDBr3/TiO, double layer thin film shows immense increase in the PL intensity at certain
aging times, suggesting ion accumulation at the TiO> interface can form a certain type of
physical barrier reducing the electron transfer rate from MAPbBrsto TiO..

Figure 25 is the PL spectra of spiro-OMeTAD/MAPbBr3 double layer thin film taken at
different aging times, and no emission from spiro-OMeTAD is detected under excitation
wavelength at 400 nm®.. The inset in figure 25 shows a fluctuating PL intensity, in a pattern
similar to the MAPbBTr3 single layer sample (figure 27). The maximum PL enhancement (around
100%) is not even close to what we observed for the MAPbBr3 /TiO; (around 360%). And the
normalized PL spectra shown in figure 29 shows change of bandwidth of emission band with
aging time. All the observations suggest that trap (defect)-assisted nonradiative recombination
plays a more dominant role than charge (hole) transfer in determining the PL intensity of spiro-

OMeTAD/MAPDBr3.
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Under light illumination, efficient hole transfer is expected from MAPDbBr3 to spiro-
OMeTAD due to a favorable energy band alignment as shown in Figure 22. Accumulation of
ions at the HTL interface may also form an energy barrier for the hole transfer and consequently
enhance PL intensity, just like the huge PL enhancement we observed for the MAPbBr3/TiO>.
However, the PL enhancement is much smaller for the spiro-OMeTAD/MAPbBrz sample
indicating that the ion accumulation effect isn’t as pronounced in this sample as in the
MAPDBr3/TiO, sample. This is consistent with our conclusion based on the UV-Vis absorption
spectroscopy results for the same double layer sample.

Figure 26 presents the PL spectra of spiro-OMeTAD/MAPbLBr3/TiO: triple layer thin film
taken at different aging times. The inset in figure 26 shows mild fluctuating behavior of the PL
peak intensity over the aging period. As shown in figure 27, this is the only sample which
doesn’t have any PL enhancement over the entire aging procedure. The normalized PL spectra
shown in figure 31 clearly indicates gradual bandwidth narrowing and peak position blue-
shifting over aging time, suggesting a strong light annealing effect which improves the
perovskite crystallinity and reduces defects density. This is consistent with the enhanced
absorption of the sample we observe in figure 20. However, the combination of an increased
absorbance and a reduced defect density does not lead to any PL enhancement for the triple-layer
sample. A reasonable explanation for this observation is that the improved crystallinity of the
perovskite due to light annealing facilitates the charge transfer at both ETL and HTL interfaces,
and even the ion accumulation at the interfaces seems not to slow down the transfers. As a result,

the more efficient charge transfer prevents any PL intensity enhancement occurring during aging.
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In summary, photoluminescence spectroscopy sheds light on a few key degradation
processes of MAPbBr3 samples. First, it corroborated what was observed about light degradation
and light annealing effects in the absorption spectra. The light degradation effect leads to high
defect density and quenches PL intensity by promoting nonradiative recombination; while light
annealing effect improves crystallinity of perovskite thin film and decreases defect density and
consequently enhances PL intensity by suppressing nonradiative decay. The interplay of the two
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effects during aging are manifested in all the four samples by a fluctuation of PL intensity and
changes of PL emission band width and PL peak positions. Second, PL spectroscopy provided
insight into how ion accumulation at interfaces affects charge transfer processes in different
samples. We observe that ion accumulation at TiO. (ETL) interface can partially block electron
transfer from MAPDBTr3 to ETL, which is supported by the large PL enhancement observed in
MAPDBTr3/TiO, double layer sample. However, the ion accumulation effect on charge transfer is
much weaker in spiro-OMeTAD/MAPDBTr3 double layers and spiro-OMeTAD/MAPbBr3/TiO>
triple layers. Third, it elucidated that the light annealing can enhance charge transfer efficiency in
the spiro-OMeTAD/MAPDBr3/TiO: triple layers sample, providing a potential pathway to

improve photovoltaic efficiency in perovskite solar cells.
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Chapter 5: Conclusions

OMH perovskite samples, with TiO, and/or spiro-OMeTAD, of up to three layers were
spin-coated onto thin glass substrates to study the degradation processes under a standard 1 sun
illumination. These samples demonstrated the interfacial behavior of participant materials in
perovskite solar cell chemistries. MAPDbIs samples were images with UV-Vis spectroscopy.
MAPbBr3 samples were imaged with both UV-Vis and steady-state photoluminescence
spectroscopy.

Interfacial chemistries have a direct impact on the stability of OMH perovskites in
architectures that mimic those of PSCs. All samples demonstrated degradation after illumination.
Across all samples, TiO2 showed a marked acceleration of degradation. Spiro-OMeTAD also
demonstrated degrading behavior, but with a less severe decrease in sample quality. lon
migration driven by illumination and ion accumulation at the ETL/HTL interfaces through
specific interfacial chemistry drove this degradation. Furthermore, PL spectroscopy revealed
defect density change inside the perovskite thin films and charge transfer efficiency change at
perovskite/ETL and perovskite/HTL interfaces during degradation of the samples. However, it
was observed that samples also benefited from light-based annealing and increases in
crystallinity, which improves the stability of perovskites. The increased crystallinity of
perovskite driven by light annealing was also observed to enhance interfacial charge transfer,

providing a unique pathway to improve power conversion efficiency of perovskite solar cells.
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Future work in this area may include the evaluation of additional HTL/ETL systems to
optimize the longevity of PSCs. Another topic of interest arising from this research is unique
three layer interfacial effects, investigating whether ions diffuse from the HTL to the ETL and
whether that has any impact on stability. Other work could include investigating interfacial

effects over an extended time frame.
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