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Hugh W. Hillhouse

The hybrid perovskite is an emerging material for photovoltaic application that reached 25.2%
efficiency up to date. Intensive researches have focused on this area. Recently, understanding
various degradation mechanism for HPs is catching more attention among researchers. In this work,
we used a state of art technology to simultaneously measure the diffusion length, transmissivity,
and photoluminescence intensity and take PL video. By combining the degradation results on spin
coated CsPblz and MAPbI; films, and spray coated MAPbI; film with a python simulation, we find
a strong agreement that the MAPbI; degradation follows the mass loss mechanism. And we
proposed a very detailed PL-PC-Tr experiments on spin cast MAPbI3 films. With different levels
of relative humidity, excitation intensity, temperature and gas environment, we reveled the

influence of different environmental factors on degradation process. It is shown that temperature



combined with oxygen percentage is a dominant factor in the degradation process for MAPbI3;. We
also find that the influence of high relative humidity is much more obvious at lower temperature.
And excitation intensity with oxygen appear to exacerbate degradation at high temperature but not

as effective at lower cases.
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Chapter 1. INTRODUCTION

In the 21st century, the energy crisis and environmental pollution are among the most significant
problems the world needs facing. How to develop environmentally friendly and renewable energy
and then to alleviate the energy crisis is the major issue that needs to be resolved shortly. Luckily,
solar energy, clean and renewable energy, is not only rich in resources and free to use but also
almost everywhere in the world, which means there is no need for transportation. It does not harm
the environment and is easy to convert and use due to the rapidly developed solar technology. At
present, there are two major ways to utilize solar energy, one is transferring the light to heat, and
the other one is PV (photovoltaic), which converts the solar radiation into electrical energy. The
fundamental element that can convert light to electricity is called solar cells. How to use low-cost
solar cells to achieve a long lifetime and high-power conversion efficiency is always a hot spot in
the PV field.

Among all types of solar cells, the silicon-based solar cell is undoubtedly the earliest and
well-developed technology. Although the power conversion efficiency can be as high as 27.6%,
people are still looking to an alternative product due to its high manufacturing costs. For this reason,
the second-generation solar cell has been developed. This kind of thin-film solar cell is made by
depositing one or more thin film of photovoltaic materials on the substrate. The thin-film
technology requires fewer materials and is easy to fabricate more giant cells, which can effectively
reduce the costs. However, efficiency is not as high as the silicon-based solar cells. Therefore, as
technology developed, the third generation of solar cells has been made. This generation of solar
cells combines the advantages of high efficiency, low costs, and large-area fabrication. The

emerging photovoltaics include such as copper zinc tin sulfide solar cell (CZTS), hybrid organic-



inorganic perovskite solar cell, quantum dot solar cell, etc. Among these kinds of solar cells, the
hybrid organic-inorganic perovskite solar cell has drawn people’s attention due to its simple
structure and cheap costs. This kind of solar cell was then developed in 2009 by Miyasaka with an
efficiency of 3.8%!, and with only ten years of development, the highest efficiency is achieved

25.2%? as shown in Figure 1.1.
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Figure 1.1 The record of PCE in emerging PV technology by NREL. This plot is courtesy of the

National Renewable Energy Laboratory, Golden, CO.

1.1  HYBRID ORGANIC-INORGANIC PEROVSKITE

1.1.1 Crystal Structure

Perovskite, in general, is the materials with ABX3 structure, as shown in Figure 1.2. The
monovalent A+ site can be inorganic, such as Cs*, or organic, such as CH3NH3" (MA") or
HC(NH):" (FA™), or a combination of them. And for most hybrid perovskite, the divalent B>* site
is always Pb%*, and the X" site is halogen anion, such as CI-, Br or I".> And to better understanding
how the ions fit into the structure, Goldschmidt quantified the tolerance factor equation in 1926

_ ra+rp
V2(ra+rp)

(1.1)*



Where ra is the radius of A-site cation, rp is the radius of the B site cation, and ro is the radius of
the anion, and t, the tolerance factor, is defined as the ratio of the distance between A site and X
site to the distance between B site to the X site in an idealized solid-sphere model. For cubic
structure, the tolerance factor should be within 0.9 to 1, and for the orthorhombic structure, it
should with 0.71 - 0.9. Based on this equation, we can verify if the combination of different cations
and anions can form an ideal cubic perovskite phase or not. In general, the selection of B site cation
follows the octahedral equation*, but for hybrid perovskite, the cation B has universally been Pb.

Because the other potential B site cation Sn generally has lower stability?.

Figure 1.2 The crystal structure of ABX; perovskite.® Reprinted with permission from Springer
Nature Customer Service Centre GmbH [Ref. 3]. Copyright © 2014

One of the most popular hybrids organic-inorganic perovskite is methylammonium lead
iodide(MAPbI3), and due to its small A site cation, the tolerance factor is 0.91%, which falls into
the range of 0.8 to 1.0, which is believed an ideal material for forming the perovskite structure.
However, the tolerance factor is not the only criterion, sometimes when the A site too large to fit
in, the low dimensional perovskite can be formed, such as 0D, 1D, and 2D structure.” Moreover,
for the low dimensional perovskite, the aliphatic and aromatic ammonium salt is the most

commonly used to form the A-site cation.



1.1.2 Electronic Structure

For the photovoltaic devices, one of the most crucial property is the density of state, which is
highly related to the optoelectronic properties for such materials, such as the recombination
mechanisms, mobility, and intrinsic carrier concentration. For materials like MAPbI;, a typical 3D
perovskite, and (C4HoNH3)2Pbl4, a 2D perovskite material, the bonding diagram of the valence

band and the conduction band is shown in Figure 1.3.
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Figure 1.3 DFT calculated band structure of MAPbI3 and (C4sHoNH3):Pbl4.® Reprinted figure

with permission from [Ref.8] Copyright (2003) by the American Physical Society

1.1.3 Tunable optoelectronic properties

Another reason that hybrid perovskite draws people’s attention is because of their highly tunable
bandgap. The bandgap can be easily tuned through composition engineering by merely changing
the composition and mixing different elements for each site. Take CsPbls for instance, the emission
spectra can vary from 410nm to 700nm, which means the emission energy varies from 1.77eV to
3.02eV by changing and mixing the X site with CI, Br or I in different ratio as shown in Figure

1.42°. And As shown in Figure 1.4b, by simply replacing the MA+ with FA+, the emission energy



E; can vary from 1.61eV to 1.51eV!?, which shows the hybrid perovskite is an excellent potential
light-absorbing material for application in solar cells.

Besides the tunable bandgap, the other two significant criteria for whether a material is a
good light absorber are the carrier diffusion length (Lq) and the mobility. The hybrid perovskite
thin films, like MAPbI; thin film, have incredibly high charge carrier mobility and relatively high
diffusion length with a value as high as 10um for single crystal'!. This large value of diffusion
length highly exceeds the absorption depth of the photons that the perovskite can absorb, which
leads to a high theoretically efficiency of solar cells. Due to all the advanced properties mentioned
above, the hybrid perovskite has been proven to be a promising material in the application of

optoelectronic filed, as shown in Figure 1.1, with the proved efficiency exceeding 25%.
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Figure 1.4 (a)Photoluminescence of CsPbX3(X=Cl, Br, and I) nanocrystals showing the band®.
Adapted with permission from [Ref. 9], Copyright (2015), American Chemical Society.

(b)Kubelka-Munk spectra of MAxFA-xPbls, where a is the absorption coefficient and Eppoton

is photon energy!®. Reprinted from [Ref. 10], Copyright (2016), with permission from Elsevier.

1.2 CURRENT RESEARCH

Even the hybrid perovskite has a lot of advantages and is one of the most important photovoltaic

materials. However, there are a couple of severe problems that occurred during the thin film



fabrication process, the pinhole formation, low crystallinity, and the phase inhomogeneity. These
problems are the main reasons that have a terrible impact on the carrier lifetime and eventually
influence the device performance. In the past few years, people mostly devoted to the study of
improving the film quality and finally increasing the efficiency of perovskite solar cells. But
recently, the research focus has slightly shifted to the degradation mechanism investigation!!3.
Since the lifetime for a qualified solar cell should longer than 20 years, but the current record for

perovskite solar cell is only years. The current research for three major environmental impacts are

discussed below.

1.2.1  Humidity Stability

It is believed that the perovskite can absorb water very easily due to the ABX3 structure if they are
not encapsulated very well'. Unfortunately, moisture is one of the most pervasive harmful
impactors to perovskite stability. Most of the materials will be driven to failure due to the presence
of moisture, especially perovskite. Even now, people have developed several methods to
encapsulate the solar cell in order to keep it away from moisture. It is still very important to know
the mechanism behind the story. Several groups have used unencapsulated perovskite films and
observed the degradation in air with high RH'>'6, And it is believed that water penetrates the
perovskite film very easily and then form hydrated perovskite in a short time. Several groups have
tested the degradation of the MAPbI; film in a controlled RH environment and exposure time!>-!718,

A consensus has been made that water can react with the MAPbI;3. Thus, the hydrates are formed.

The formation equation that water is the only effect is shown in equation 1.2.

CHSNH3PbI3 +H20 = (CH3NH3)4PbI6 '2H20 (1.2)
Alberti et al. have taken the following research that they observed that MAPbI3 degradation

in the high RH environment starts with a phase transition from tetragonal to cubic phase without



forming any hydrate, then followed by another phase change of Pbl, formation'®. Furthermore,
Christians et al. found that when MAPDbI; exposed to the artificially airtight humid atmosphere,
which is created by mixing water and glycerol, only MA4Pbls-H>O has formed'®. Furthermore,
Zhao et al. found that MAPbI; powder degradation was fully reversible if there is no loss of Pbl;
and MAI during the water evaporating procedure?®. However, no matter what the degradation
environment is, it is believed that the RH is highly related to the decomposition rate of the
perovskite film. With high RH, the perovskite can fast transfer to Pbl> and hydration with relatively
short time contrast to the 10000h in 20% RH, which is reported by yang et al.>!. Besides the
influence on the composition, water affects the perovskite structure as well. Both calculations and
experiments indicated that the grain boundaries and defects have a contribution to absorbing the
water and generating more new grain boundaries, as shown in Figure 1.5, Also, water in the
perovskite crystals can form strong hydrogen bonds with organic cations!, which leads to a

deprotonation process and make the heat and light stress more active during the degradation.

.ma'ﬂ:!?’{
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Figure 1.5 Microscopic degradation model of MAPbI; thin-film under partial hydration'
Adapted with permission from [Ref.14]. Copyright (2015) American Chemical Society.
1.2.2 Thermal Affect

The second most well-known stress that will affect film stability is heat. There are a couple of

reasons why understanding thermal stability is very important. First, high temperature is required



in the process of fabricating solar cells. Most of the thin film fabrication method requires an
annealing step at the end, and a lot of encapsulation procedure requires a temperature above 140
C. Second, the believed working temperature for most solar cells is above 65C in hot climates, and
a lot of the accelerated stability test is using high temperature as a factor. Take MAPbI3. For
instance, this composition is not thermally stable even though it is much more structurally stable
than FAPbI3 and CsPbl; based on the tolerance factor discussed before. MAPbI3 will be rapidly
decomposition into Pbl> and the FA composition will go through a rapid polymorphism?2. In
general, for MAPDI3, the broad regime of this process is called organic sublimation. This thermal
decomposition is believed to be followed by this reaction equation:
CH3;NH;Pbl; - Pbl, + CH;NHS + I~ (1.3)

The film will sublime the halide content first, followed by HI and MA evaporation, finally

left the Pbl,. But there are still have some debate about what CH3NH3" and I will form, as shown

in equation 1.4 and 1.5.%

CH3NH;(g) + 17y > CH3NH2(g) + Hl gy (1.4)

CH3NH;(Q) + 17 (g) = CH3l (g + NH3 (1.5)
And Conings et al. found that the Pbl, would form at the temperature as low as 85C in air, oxygen,
and nitrogen, as shown in Figure 1.7.%* As 85C is very close to the standard operating temperature
65C, the thermal stability is receiving increased attention these days.

Even with the substituting A site cation with such FA and Cs could obtain a more stable
structure, but there are still some issues that happen, like pure FAPbI3; shown in Figure 1.7. Partial
substituting would work better and have much better stability because of the additional hydrogen
bonding in FA%. And then it is hard for FA to release proton to forming HI with I-.2°, However,

even partial substituting can improves the film stability a lot, McMeekin et al. report that the



believed very stable composition, (FA,Cs) PB(I,Br); can start to degrade in an inert atmosphere at

130C within 6 hours?’. With all the research have done in these years, people have found a decent
but not perfect balance between the structure stability and decomposition stability and with a
decent optoelectronic property by using the mixed cation and anion perovskite composition?3, but
the mechanism still under development. There still are many kinds of research that need to be done

for the degradation mechanism study.
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Ambient

19.5% |

Figure 1.6 Conductive atomic force microscopy (c-AFM) images of MAPbI; films aged
for 24 h in N, O, and ambient atmospheres. Percentages are the fraction of the area that

conducts current. * Adapted with permission from [Ref. 24]. CC by John Wiley & Sons, Inc

1.2.3 Oxygen and Light

And the third majority stresses for the perovskite degradation are oxygen and illumination.
In the previous research, people found that the metal halide perovskite is very stable in the oxygen
when there is no illumination®’. But when the film is under illumination, the perovskite can rapidly
decompose’® as shown in Figure 1.8. Snaith’s group reported that the MAPbI; solar device would
degrade about 20% under only 1sun illumination with exposed in oxygen within just a few hours?!.
Moreover, Haque et al. found that oxygen diffuse into the MAPbI; perovskite films immediately
after the film exposed in the oxygen atmosphere and will be completely degraded with hours®2.

They think it is due to the oxygen molecular diffused into the iodide vacancies®?, and the iodide



vacancies in the pristine perovskite film are significantly high and can be generated quickly during
the photoluminescence®-*. And once the vacancy is occupied by the oxygen molecular, the
oxygen will trap the excited electrons around the conduction band and form O, which is highly
reactive superoxide and can react with the A-site cation to form H>O. Then lead to the final failure

of the film with the creation of Pbl,.
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Figure 1.7 Absorption spectra for MAPbI; thin-films on glass before (black) and after (red). (a)
films exposed to light under inert conditions. (b) films exposed to oxygen in the dark. (¢) films
exposed to both dry oxygen and light degrade. (d) films exposed to both oxygen and light
degrade.’® Reproduced by permission of The Royal Society of Chemistry

As we talked before, illumination is significant stress to accelerate the degradation process.
Unlike the oxygen and humidity, which can be effectively kept away by encapsulating the device,
the solar cells must work under illumination. This means the perovskite films must be intrinsically
stable to light. Despite all the other factors mentioned above, when illumination is the only stress

for the perovskite, people have found that there will be halide segregation, ion migration, and even
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decomposition®*3-37, Like ion migration, DeQuilettes et al. have found that the
photoluminescence intensity of MAPDI; films will increase at the beginning of under lsun
illuminated®’. And as the researches go more and more in-depth, perovskite composition becomes
more and more sophisticated in order to have a better band alignment and for exploring a better
device. A new effect has been reported by Hoke et al., which is AB(Br,I)3 perovskite films undergo
reversible phase segregation into I- rich phase and Br- rich phase when it is exposed to light®.
Hence this phenomenon is called the hoke effect, and this is the first evidence that the ion in
perovskite film is mobile. This effect has drawn people’s attention after it has been accepted. Since
one of the most well-known uses for the hybrid perovskite is to tune the bandgap to around 1.7 eV,
and the most attractive way to do that is to adjust the halide composition in the perovskite
structure®® % As talked previously, people have worked a lot in how single stress affects the
stability of perovskite films or devices, but only a few researches have done on the investigation
of how multi stresses affect the perovskite film and what the mechanisms behind each story. This
may due to the difficulty on creating such a degradation environment or exploring the mechanism
straighter forward. Fortunately, by using a state of art instrument, it’s becoming possible to
visualize and quantify the perovskite degradation process. This paper is mainly focused on using

this state of art instrument to investigate the degradation of MAPbI; composition perovskite films.
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Chapter 2. METHODOLOGY

2.1 PHOTOLUMINESCENCE-PHOTOCONDUCTIVITY-TRANSMITTANCE(PL-PC-TR)

By combining the PL-PC-Tr method with the video analysis, photoluminescence quantum yield
(PLQY), Quasi-Fermi level splitting (QFLS), diffusion length, and the remaining fraction of the
perovskite phase remained in the film can be calculated and monitored simultaneously. Combining
a video of the interesting area and device relevant optoelectronic properties in perovskite film is a
very intuitive way to demonstrate the degradation process, and it is helpful to investigate the

degradation mechanism afterward.

2.1.1  Photoluminescence and video analysis

PL is the light emission from the perovskite film after the absorption of photons. In this work, for
most cases, PL refers to PLQY, which is the fraction of the number of emitted photons to the
number of absorbed photons. This parameter is more commonly used to describe the performance
of perovskite films. After obtained the PLQY, other crucial properties can be calculated, such as
QFLS by applying equation 2.14!

AEp = AEp gy + kT In PLQYEy, (2.1)
where the AEf 1,4, 1 the Shockley-Queisser limit AEr determined with bandgap extracted from
UV-vis absorbance, and PLQYg, is the spatial mean value collected by the wide-field PL
microscopy, k is the Boltzmann constant and T is the absolute temperature. The wide-field
microscopy, not like the confocal PL, can measure the spatial PL and take the images at the same
time. From a time-series spatial PL data, a video can be obtained. By analyzing the three-
dimensional data, a lot of information can be obtained, such as the spatial standard deviation of

PLQY or QFLS, and the variance of these properties for each pixel alone the time. All these
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properties are essential for tracking degradation through time as well as diffusion length, which

will be discussed in the next section.

2.1.2  Photoconductivity and diffusion length

Only studying the PLQY is not sufficient to characterize the overall optoelectronic quality of a
film. A film of nanocrystals with a passive surface can emit high PLQY, but may not be able to
transport charge carriers to the contacts if there is no overlap between the carrier wave functions
in adjacent nanocrystals*?. Even this is a limiting case, quantifying carrier transport by measuring
the effective diffusion length simultaneously with photoluminescence is under vital importance to
describe the overall quality of a film. The lateral DC photoconductivity is measured to assess the
carrier transport properties. The photoconductivity can be calculated by the equation below,

Oph = O] — O¢g (2.2)
where the o, is the conductivity under illumination, o is in the conductivity in the dark**. And the
relation between photoconductivity and mobility-lifetime product of the charge carriers is given
by

Opn = q(UnPers + HeMerr) = 4G (UnTn + HeTe) (2.3)
where q is the elementary charge, unand p, are the mobility of hole and electron, G is the average
volumetric photogeneration rate, p.rr and n,rs are effective nonequilibrium excess carrier
concentration, and t, is the lifetime for free hole as well as the 7, for free electron. Since the

diffusion coefficient can be calculated as
D, = Lheh (2.4)

q

And the diffusion length can be calculated by,
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Le,h = \/ De,hTe,h (25)

By combining these equations, and multiplying kT/2q?G photoconductivity equation above,

mean diffusion length can be derived as below*

Lo?+Lp? OpnkT
L, = = = 2.6
D 2 2q2G ( )

With a designed equipment, schematic shown in Figure 2.1, the photoconductivity can be

carried out concurrently with time-dependent measurement of absolute intensity PL wusing a
calibrated wide-field PL microscope®. it is worth to note that diffusion length in this work is the
mean diffusion length described above, not the absolute diffusion length for electron or hole, which

may differ significantly due to some reasons.
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Figure 2.1 The schematic of PL-PC-TR Measurement

2.1.3  Darkfield Microscopy

Darkfield microscopy is a simple but effective technique to obtain a high contrast image of samples.
Unlike the usual optical microscopy, darkfield microscopy doesn’t show the natural color of the

sample but shows it bright on a dark background. The difference of light path between darkfield
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and bright is that there is a patch stop filter, which blocks the central light and leaves an outer ring
of illumination. Then the light is focused to the sample by condenser as same as the brightfield.
But then the scattered light is collected while the transmitted or directly reflected light (depends
on the design of microscopy) simply stopped by the filter. The schematic is shown in the Figure

2.2

O— Light Source

Light Path

Central Aperture

B camera

— Objective

— Reflected Light

-/ Sample
Stage

Figure 2.2 Light path for darkfield microscopy

2.2 PARTIAL DIFFERENTIAL EQUATION

Partial differential equations (PDEs) is widely used in solving diffusion questions, especially in
solving two-dimensional heat diffusion questions. PDEs are functions that contains multivariable
and their partial derivatives. A simple two-dimensional diffusion related PDE can be written as

below,

ouU 02U = 02U
Py D(—+ a_yz 2.7)

dx2
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where U is the concentration and D is the diffusion coefficient, and this function can be conducted

from Fick’s second law. A simple numerical approximation for U(x, y, t) is to use discrete function

(n)

Ui where t = iAt, x = iAx and y = iAy in the same range. By applying the finite approximation,

the PDE can be written as,

(n+1)__ (n) (n) m, M (] m, . m

Yij Ty D(ui+1,j_2ui,j UG UijerT2U +ui,j—1) 2.8)

At (4x)? (4y)? '

And the function can be rewritten as,
(m) m, ., @ (n) m_ ., @)
(n+1) _ Uppqj~2U 5 F U 5 Uy~ 20 UG n

N = u, . 2.

U DAt @07 + @) + ij (2.9)

The post diffusion concentration in a 2D system can be calculated by this equation.
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Chapter 3. EXPERIMENTS

3.1 HYBRID ORGANIC-INORGANIC PEROVSKITE FILM FABRICATION

For a better nucleation and film quality, people have developed a lot of ways to fabricate the
perovskite film*. A schematic of frequently used methods is shown in Figure 3.1. Although among
all these methods, the standard one-step solution process, which is also known as spin coating, is
not as good as other methods in some ways, this method is still the simplest and most common
one. In this paper, all perovskite films were made by spin coating methods with different

parameters.

(a) (b)

l A
One Step Depositing

or Solution
(| Annealing

lution B
Two Step
' ' 8 Depositing
Substrate Annealing
ssssss

Figure 3.1 A schematic of three perovskite thin-film fabrication methods,(a) multi-source

evaporation; (b) vapor-assisted solution (¢) single and multi-steps solution processes.

3.1.1  Ink Preparation

Three compositions of ink are used in this work, MAPDI3, (FA 37Cs.13)Pb(I1 386Br.14)3, and CsPbls.
All of them have the same molarity, which is 1 mol/L. The MAPDbI; solution is made by adding
0.3179g of MAI (Dyesol) and 0.922g Pbl>(Alfa Aesar) in a 20ml vial, which contains premixed

NMP (N-Methyl-2-pyrrolidone, 99.5%, Sigma-Aldrich) and DMF (Dimethylformamide, 99.8%,
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Sigma-Aldrich) with 1:1 ratio, and then put on the hot plate stirring for 90min with 550rpm at 70C.
Similarly, the (FA §7Cs.13)Pb(IssBr.14)3 ink is made by adding 0.2885g FAI(Sigma-Aldrich),
0.0883¢g Csl(Sigma-Aldrich), 0.7284g Pbl> and 0.1541 PbBr; (Alfa Aesar) in a 20ml vial, which
contains premixed NMP and DMF with the ratio of 1:1 as well. The difference is after mixing the
ink, the ink is put on the hot plate at 70C with 550 rpm for 3 hours, and will be filtered right before
spin coating. The CsPbl; ink is made by mixing 0.5196g Csl and 0.922¢g PbI2 in a 20ml vial, which
contains 2ml mixed DMF and DMSO(Dimethyl sulfoxide, 99.9%, Sigma-Aldrich) solution with
the ratio of 4:1. Then 0.0216g zwitterion(3-(1-Pyridinio)-1-propane sulfonate, 99%, Acros
Organics) is added to help to form perovskite phase during spin coating®, and the ink is stirring

on the hot plate at 80C with 550 rpm until mostly dissolved.

3.1.2  Substrates Preparation

Glass slides (VWR Vistavision Microscope Slides) are used to fabricate the film. The glass size is
75*25*1 mm, and the desired size for spin coating is 15*15*1 mm. Therefore, one glass slide is
cut to 5 equal-sized pieces. Then the substrates go through four steps sonicate cleaning. These
pieces are fit into a sample holder. Then the holder is put in a 500ml beaker, which is filled with
different solutions for each step. The solutions used for each cleaning are powdered precision
cleaner (Alconox) mixed with deionized water, deionized water, acetone (Fisher), IPA (Isopropyl
alcohol, Fisher). Each step lasts for 10min. After the sonicating and right before the spin coating,
samples are put in the Argon filled chamber for plasma cleaning about 10min. The glass substrate
used for spray coating is slightly different from the spin-coated substrates on the size, which is

75*15*1 mm. After cutting, the sonicate and plasma cleaning steps are the same.
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3.1.3  Spin Coating Method

In this paper, all the spin-coated film is fabricated with the Laurell WS-400BZ-6NPP/Lite spin
coater. Right before the spin coating, blow the substrate surface with N> for removing the dust.
For the MAPbI3 film, the spin coating recipe is adding 100ul ink on the substrate, then spinning
at 4000rpm for 45s with the max accelerator, and then followed by dipping the substrate in
DEE(Diethyl Ether, Anhydrous, Fisher) for 60s, then annealing at 100C for 10min on a hot plate.
For the (FA 87Cs.13)Pb(I138sBr.14)3, the recipe is adding 100ul ink on the substrate, then spinning
coating at 4000rpm for 45s with the max accelerator, and use 700ul toluene(anhydrous, 99.8%,
Sigma-Aldrich) for the anti-solvent wash at 12s remaining during the spin coating. A precut
peptide tip is used during the anti-solvent wash. Then the annealing step is the same with MAPbI.
And for the CsPbls, 100ul ink is added on the substrate then follows a 2-step spinning, 2000rpm
for 2s, and 4000rpm for 35s. 580ul toluene anti-solvent wash is used at the 17s after starting. After

the spinning, the substrate is annealed at 65C for 10 min and 90C for 20min.

3.1.4  Spray Coating Method

A single composition spray-coated sample is used in this work. One side of the substrate is
prescribed into four 15*15 regions with a blank region on each side. Prescribing the substrate is
for breaking the sample more easily before analyzing it. During the spraying, the sample is placed
at the stage vertically. By adjusting the positioning laser next to the spray nozzle, make sure the
substrate is located in the center of the spray region. Then perovskite ink is deposited via an
ultrasonic spray nozzle at a constant speed of 150ul/min. The nozzle moves at I1mm/s along the
vertical length of the spray area. After Imin dying, the sample is merged into DEE for anti-solvent

wash about 60s, then followed by a 100C 10 min annealing.
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3.1.5  Evaporation

A specifically designed mask is used to evaporate the gold contacts on the sample, as shown in
Figure 3.2(b) the distance between the contacts can be adjusted by changing the wires across the
middle of the slots. Each slot can perfectly fit in a spray-coated sample and can easily fit in four r
spin-coated samples with carbon tape for fixing the location. In this work, the distance between
contacts is 200um. And the Au contact depth is 80nm with the evaporation rate 2A/s. And the final
structure of the sample which will be used to do the Photoluminescence-Photoconductivity-

Transmittivity (PL-PC-TR) measurement is shown in Figure 3.2(a)

(@) (b)

Gold
Perovskite

Groove and Wire for Substrate

Mask

Figure 3.2 Schematic figure for the (a)structure(front and top view) of the sample, (b)bottom

view of the mask.

3.2 UV-VIS CHARACTERIZATION

This method is used to measure the transmission and reflection of the thin film materials to further
calculated the bandgap in this work. The optical absorbance spectra are collected from
PerkinElmer Lambda 1050 UV/vis/NIR spectrometer with an integrating sphere in the laboratory

atmosphere.
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3.3  WIDE-FIELD PL MEASUREMENT

A unique and state of art equipment is used in this work, which is the wide-field PL. This
equipment can take the PL intensity, transmittance (TR), Photoconductivity (PC), and the
degradation video simultaneously. Moreover, with some effort, it can take the dark field image at
the same time as well. Wide-field absolute intensity PL measurements were conducted with a
Hamamatsu C11440 camera with a Lumencor SpectraX light source and Mitutoyo 100x objective.
The darkfield image is taken by Olympus MPLFLN50XBD. A green LED is used for excitation,
which is then filtered with a 32 nm wide-band-pass filter centered at 560 nm. The excitation source
is passed through a filter cube with a dichroic mirror and an emission long-pass filter to achieve a
minimum OD 8 suppression for excitation wavelengths. And the RH is controlled by filtering the

gas through glycerol water mixed solution*®.

3.3.1  Photoluminescence Video Analysis (PLVA)

For MAPDI3 composition, both spin-coated and pre-scored-spray coated sample is used in this
experiment. The spray-coated sample is broken into 15 * 15 mm pieces and measured at the same
condition with the spin-coated sample. Temperature is controlled by hotplate and the sample is
exposed in ambient condition with 16Sun intensity. And for CsPbI3 composition, the sample is
sealed in closed stage (Linkam Scientific LTSE420-P) and filled with 60% RH Air and 8Sun
intensity. The sample is continuously illuminated and heated through the whole experiment and

data is collected every minute repeatedly.

3.3.2 PL-PC-TR Measurement

MAPDI; films are tested by using PL-PC-TR measurement. The substrates are evaporated with

80nm thick Au contact. And Photoconductivity was measured by connecting Au contacts to a
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Keithley 2400 source measurement unit and sourcing + or — 3V while measuring current. A
photodiode is connected to another Keithley 2400 and put under the Linkam stage with a maximum
current shown on the Keithley at initial stage. The frequency of illumination is controlled by a
waveform generator (Agilent 33500B). The LED intensity and time interval between each
measurement is controlled by python and micromanager. And the gas flow through the stage is

constant at 2L/min.

3.4 XRD MEASUREMENT

XRD is commonly used to determine the structure of a material. In this work, XRD is used to
characterize the phase of CsPbls since different phases could form during the fabrication. The 2-
theta scan is from 10 degrees to 65 degrees with 0.3mm collimator and 6100 thresholds. The

equipment model is Bruker D8 Discover Microfocus.

3.5 DEGRADATION SIMULATION

The MAPbI; degradation mechanism simulation is using python language. The 3D degradation
problem can be simplified into a 2D diffusion problem plus evaporation of organic gases. By
assuming the evaporation rate is proportional to the concentration, the function for evaporation

can be written as

(n+1)r _ ()
U = Atkempui'j (3.1)
where ul.(?ﬂ)' indicates the evaporated concentration, k,q, is the evaporation coefficient.

Combine this equation with equation 2.9, the final degradation function can be achieved as below,

(m) m, M (m) m,
(n+1) _ Ui, j =205 FU i Uy jaq =20 5 UG 2y (n)
;= DAt( @07 + @) +(1- Atkevap)ui’j (3.2)
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A 1000 * 1000 matrix with initial value 1 is built, and the defect region are randomly created,
which has the initial value 0. By applying the equation 3.2 with each pixel except the edges for
1000 times and save every calculated matrix in a list with order. Finally, the degradation simulation

animation can be generated by converting the list.
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Chapter 4. RESULT AND DISCUSSION

4.1 FiLM CHARACTERIZATION

4.1.1 UV-Vis Result

The spin coated MAPbI3 and FACs composition films are tested. The Tauc plot is shown in Figure

4.1.
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Figure 4.1 (a)UV-Vis absorbance plot and (b)Tauc plot for the two substrates.
In the Tauc. plot method*”*¥, equation 3.3 is applied. To plot the (ahv)? against E; with the
equation below:
(ahv)? = A(hv — E,) 4.1)
In this equation, a is absorption coefficient, h is plank’s constant, v is frequency, A is
proportionality constant, and E; is the bandgap. By applying the equation, the bandgap is the
interception of the tangent line. The bandgap of two materials are 1.61eV for MAPbI; and 1.64eV

for (FA 87Cs.13)Pb(I.86Br.14)3 based on the plot.

4.1.2 XRD Results

There are several phases can be formed through the fabrication of CsPbls. Therefore, it is important

to make sure the fabricated CsPbl; is perovskite phase, which are cubic or orthorhombic phase.
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The CsPbl; substrates are taken to do the XRD measurement in order to figure it out. The result is

shown in Figure 4.2.

2.0

1 A MM M
f 4 |
T BN

—— y-CsPbl3z - Marronnier et al. ACS Nano 2018
Pristine

o A A

5 10 15 20 25 30 35 40 45 50
20 [°]

XRD Intensity [counts]
(=]
(=)

Figure 4.2 XRD Patterns for CsPblz
Compared with reference®, each peak is paired very well. Therefore, the black film fabricated by

the previous method is the orthorhombic phase, which is believed to be a perovskite phase with

the bandgap of 1.73eV.

4.2  DEGRADATION VIDEO RESULTS

4.2.1 Spin and Spray Coated MAPbI3 Substrates

The PL video is taken for both materials. The plot for PLQY vs. Time is shown in Figure 4.3(a).
For both substrates’ PL videos, four images of each are extracted from the video: time zero, at 1/3,
2/3 and fully degraded as shown in Figure 4.3(b) and (c). The sprayed sample has a higher PLQY
and longer lifetime. This may due to the different defect concentration and fabrication method for
each substrate. From Figure 4.3(c), the spin-coated sample degrades very fast and uniformly. In
contrast, the spray-coated sample starts with some small domains, which believed to be a big defect
from manufacturing, and have the highest PL at the beginning. Then the film starts photo-

brightening, and the defect domain starts growing with photo dimming, eventually cross the whole
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area. The two different degradation patterns are believed due to the different defects’ density and
size of pinhole, which comes from the different fabrication methods since the experiment

conditions are remain the same.
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Figure 4.3 (a)PLQY vs. t, and screenshots of the degradation videos for (b)spray-coated film and
(c)spin-coated film
The peer result shows that the spray-coated sample here has more pinholes and less uniformed
film. And the post degradation film is much more transparent than before at the illumination area.
A hypothesis has been made that the degradation is due to a mass loss mechanism, and it starts
more easily from the weak domain, such as defects. The MAPbI3 will be decomposed into MAI
and Pbl> when the degradation happens under this condition. And then, the MAI will be evaporated
from the surface and left Pbl>, which will not photoluminescence under green LED illumination.
To further investigate that the degradation starts from the weak area, the prescribed sample is

prepared. The deliberately introduced defect is at the top right corner of the frame, and the whole
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film is under the same condition as the previous experiment. The degradation video’s frames are
shown in Figure 4.4. Just like proposed, the degradation starts around the defects and then quickly
spread to the whole area. Which is highly support the hypothesis. After the experiment, the
illuminated area becomes transparent. This bleaching phenomenon is believed due the formation

of Pbl,. The outside region is slightly pale than before, but not obvious.

16 Sun

Figure 4.4 The PLQY video screenshots at six time spots on the pre-scribed sample
Based on the previous experiment results, a hypothesis is that the film degradation is go through a

mass loss mechanism, and the proposed degradation mechanism is shown in Figure 4.5

. (b)

Tmar

Figure 4.5 The potential degradation mechanism for MAPbI;, (a)front view of the film, and

(b)top view of a defect domain
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In Figure 4.5, the brown area is the MAPbI3 perovskite phase and the blank area are defects, such
as pinhole or non-perovskite phase, the Pblz, and the area in pale brown are the degrading area
where the MAPbI3 will decompose into MAI and Pblo. The generated MAI will either be
evaporated from the film or diffuse into the defect region, where have low concentration of MAI.
And this diffusion and evaporation behavior is shown in black arrow. And the white arrow in

Figure 4.5(b) indicates the expansion of bleaching area, also known as defect region.

4.2.2 CsPbl; PL Video Results

The degradation mechanism of the CsPblz sample is phase transition, from perovskite phase to
non-perovskite a phase. The CsPbls PL video is taken as well to suggest that this MAPDI;
degradation is not follow the same path. Similarly, the four extracted frames for QFLS degradation
video are shown in Figure 4.6(a). The degradation patterns are very different from the MAPDI;
sample. The film starts photo brightening as well but not uniformly. Then some of the region start
losing PL but the adjacent domains are not. Even the film become transparent, the film still has
some PL, like shown in the Figure 4.6(a). This may due to the remaining not degraded perovskite
phase. This result suggested that MAPbI3 degradation is not the phase transition mode. Similarly,
to test out whether the defect has the same effect on the degradation, a prescribed sample has been
made as well. The camera is also focused on the defect area. The separated frames for the QFLS
degradation video are shown in Figure 4.6(b). The result is not like the MAPbI3 substrate and have
similar behavior with the un-scribed substrate. In the video, the defect region is not growing, and

the other region is photo brightening and diming as the un-scribed one does.
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Figure 4.6 The QFLS degradation video frames on the (a)pristine, and (b)pre-scribed CsPblz

sample

4.3 PL-PC-TR RESULTS

To explore the influence among environmental factors and film degradation, 27 experiments were
designed and analyzed. There are three level of oxygen percentage, five level of RH, four level of
temperature and two level of excitation Intensity in total. The environment conditions for them are
shown in Table 4.1. In these experiments, 0% oxygen means pure N», and 21% oxygen is air. In
these experiments, the diffusion length, transmissivity and PLQY are collected and calculated,
then normalized twice. At first, the data is collected and then normalized with itself. Then all the
27 normalized data is put together and normalized again. This is for an easier comparison and
analyzing. Otherwise the transmittance will dramatically change from 8 to 300 under different sun

intensity for example. First, to analyze how the sample behave under low excitation intensity and
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Table 4.1 Designed Experiments for MAPbI; degradation study

Experiments No. Oxygen Percentage Rela_t i‘.’e Temperature Excitation
Humidity Intensity
1 21 0 85 32
2 21 20 85 32
3 21 40 85 32
4 21 60 85 32
5 21 80 85 32
6 21 0 25 8
7 21 20 25 8
8 21 40 25 8
9 21 60 25 8
10 21 80 25 8
11 21 60 45 8
12 21 60 65 8
13 21 60 85 8
14 0 0 25 8
15 0 60 25 8
16 100 60 85 32
17 21 60 85 32
18 100 20 85 32
19 100 60 25 32
20 21 60 25 32
21 100 20 25 32
22 21 20 25 32
23 100 60 85 8
24 100 20 85 8
25 21 20 85 8
26 100 60 25 8
27 100 20 25 8

low temperature with different level of gas environment, six experiments’ results are compared
(Experiment No.6, 9, 14, 15, 26, 27), and shown in Figure 4.7. In the dry N> case, the transmittance
only increased 0.0012, and the diffusion length is also not decreasing in 200 minutes, which
indicates the film is not changing at all. Since the formation of Pbl, will bleach the film and
increasing the transmittance dramatically, like other experiments. And by increasing the RH to

60%, the film starts to degrade in the first 200 minutes and have a final transmittance at around
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0.66. The film degradation is accelerated by increasing the oxygen percentage. In low RH cases,
the film lifetime is shortened from super long to only 150 minutes in pure oxygen. Similarly, the
transmittance will reach about 0.6 within 1 hour in 60RH pure oxygen case, which is much faster
than the pure N> case. These six experiments are very important since it give a base line for the
whole experiment, like not degraded as for dry N» case and fully degraded for 60RH air cases.
Interestingly, the RH seems have a huge influence on the degradation speed, as well as oxygen.
This result shows a great agreement on the current theory that humidity and oxygen are two of the

main factors that affect the film stability.
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Figure 4.7 Normalized diffusion length, transmissivity, and PLQY data for MAPbI; Experiment
No. 6,9, 14, 15, 26, 27
Then take all the cases that under low excitation intensity but at high RH in air (Experiment
No.9, 11, 12, 13, 23, 26) as a group to explore how the temperature and oxygen can affect. It is
obvious that the film lifetime is decreasing with the increasing of temperature. For the cases have
temperature lager than 25C, the transmittance all driven to 1 at last. And the time needed is shorten

from 600 minutes to 120 minutes, even up to about 30 minutes with higher oxygen percentage.
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This indicates that the temperature accelerates the degradation very much. And interestingly, the

highest PLQY is decreasing with the increased temperature.
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Figure 4.8 Normalized diffusion length, transmissivity, and PLQY data for MAPbI; Experiment
No. 9, 11, 12, 13, 23, 26
Then the high sun intensity and thermal stress runs are grouped (Experiment No.1, 2, 3, 4, 5, 16,
17, 18) and shown in Figure 4.9. Overall the lifetime of films are within 60 minutes, which is far
less than the ones in low stress cases. However, the behavior is less regulated for these high stress
cases. All the films in air seem have multi photo brightening stages. This means that the film is
photo brightening at the beginning, and then photo dimming. But then, it will photo brightening
and diming again before fully degraded. And for the unusual behavior of 60RH 21% oxygen run,

the increased PL at the end of the run is current unexplainable.
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Figure 4.9 Normalized diffusion length, transmissivity, and PLQY data for MAPbI3; Experiment
No.1,2,3,4,5,16,17, 18

And finally, take 8suns, 25C in air cases (Experiment No.6, 7, 8, 9, 10) as a group. The results are

shown in Figure 4.10. Lifetime still follows the previous result that the film is more and more

unstable with the increasing of RH. But unlike the high temperature runs, PL increased

significantly with the increased RH. To figure it out, several darkfield images are shown in Figure

4.11.
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Figure 4.10 Normalized diffusion length, transmissivity, and PLQY data for MAPbI3; Experiment
No.6,7,8,9, 10
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Figure 4.11 Post degradation darkfield image for Experiment No.2, 5, 7, 10
These darkfield images are the post degradation darkfield images from Experiment No.2, 5, 7, and

10. In these figures, the upper and bottom part are the gold contact, and the middle region is the
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Figure 4.12 First 90 min transmittance data grouped by (a) temperature(cyan for 25C, green for
45C, yellow for 65C, and red for 85C), illumination intensity(circle for 8suns, diamond for
32suns), and oxygen(unfilled for less than 50%, filled for pure oxygen); (b) temperature(cyan for
25C, green for 45C, yellow for 65C, and red for 85C), relative humidity(circle for ORH, triangle
for 20RH, x for 40RH, diamond for 60RH, and star for 80RH) and oxygen(unfilled for less than
50%, filled for pure oxygen)
exposed perovskite film. For the first row is the central region of illuminated area, and the second
row is the area slightly to the left edge, which contains the directly illuminated region, which is
relative brighter, and unexposed region, which is the dark region. For the high stressed runs, the
edge of two region is clear and there is not much feature in those two regions. However, in the low
stressed cases, the edge is becoming less obvious with the increasing of RH. In 20RH run, the edge
is less sharp, and the surface is apparently rougher. In 8O0RH case, it becomes a gradient from

center to the edge. And there are a lot of needle liked defects, which is not shown in high stress
cases. These needle liked defects may be the hydrated perovskite or post degradation chemicals,

since they only appear in low temperature runs. Because the hydrated phenomenon is reversible
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by heating the substrate, which means at high temperature the hydrated compounds are less likely

to form.
Table 4.2 Real experiment condition and calculated results
Experiment Relative Oxygen Excitation Bleachin
’ No. Temperature Humidity Pecmrgitage Intensity Rate : PL Max

1 85 0 21 32 0.0314136 0.00018137
2 85 24.8 21 32 0.0220687 0.00020042
3 85 39.5 21 32 0.0294375 0.00014521
4 85 59.3 21 32 0.0328584 0.00018974
5 85 80.6 21 32 0.0366656 0.00028272
6 25 0 21 8 6.965E-05 0.0023475
7 25 25.7 21 8 0.0009099 0.01395451
8 25 45.8 21 8 0.0013177 0.00914969
9 25 59.5 21 8 0.015877 0.00385111
10 25 80.5 21 8 0.0283072 0.0572411
11 45 60 21 8 0.0024679 0.00520483
12 65 54.3 21 8 0.0084383 0.00148408
13 85 55.1 21 8 0.0226451 0.00035197
14 25 0 0 8 0.0005891 0.00034184
15 25 57.9 0 8 0.0008408 0.00817411
16 85 61.9 100 32 0.1235446  0.000875

17 85 61.9 21 32 0.0187151 0.00014756
18 85 24.4 100 32 0.1428417 0.0013221
19 25 58.1 100 32 0.0260615 0.01279816
20 25 57 21 32 0.0321537 0.01822569
21 25 18.7 100 32 0.0081707 0.01034982
22 25 18.7 21 32 0.0076593 0.01083766
23 85 62.7 100 8 0.0998  0.00087468
24 85 21.6 100 8 0.1096776 0.00098591
25 85 25.1 21 8 0.0217294 0.00033517
26 25 62.4 100 8 0.0268144 0.02773501
27 25 24 100 8 0.006908 0.0046992

At last, all the calculated bleaching rate, which is the fitted slope of the first five points
from transmittance line, is shown in Table 4.2. As shown in the table, the RH is replaced with the

real RH during the experiments, and the PL max is the highest PLQY the film can reach. It is not
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surprising that the highest bleaching rate comes from the high temperature, high illumination and
pure oxygen runs, but the humidity seems suppress the bleaching rate at high stress a little. For a
better visualization of the bleaching rate, the first 90 minutes variance of transmittance are shown
in Figure 4.12. The overall trend can be found from these two figures. As described previously,
the temperature has a dominant influence on the bleaching rate, most of the high temperature runs
have a relative higher bleaching rate than the low temperature runs. For the low temperature runs,
the impact from oxygen and illumination is less than humidity. However, the oxygen has more

impact at high temperature.

4.4  DEGRADATION SIMULATION

By applying the real-world physical law, a degradation animation is generated, as described in the

previous section. And a couple of the frames are shown in Figure 4.13

(@ = = 'a

Figure 4.13 Extracted frames from the degradation simulation video at (a)t = 0, (b)t = 1/3total,
(C)t=2/3 ttotal, al’ld (d)t: ttotal.
As shown in the figure, at the very beginning, the defect region is very small, and the frame is

mostly bright, which here is dominated by MAPbI;. Then the defect region, black area, starts to

37



grow and the whole frame is getting grayer. The color from white to black is the concentration
from 1M to 0. This indicates that the diffusion and evaporation process is happening. As time
flows, MAI continuously diffuses into the Pbl> domain and the organic part evaporating from the
film at the same time, leading the defect region to become bigger, and other regions become darker.
At last, the whole frame is occupied by the black area, and this indicates that the film is fully
degraded. The results show significant similarity with the degradation frames shown in Figure
4.3(b). This result highly supports the degradation hypothesis that MAPbI3 degradation is a mass

loss process.
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Chapter 5. CONCLUSION AND FUTURE WORK

In this work, we have introduced a state of art degradation measurement technology that can
control the environment, take the degradation video, and measure PLQY, diffusion length, and
transmittance at the same time. Firstly, by using this equipment, we have taken several degradation
videos of MAPbI3 and CsPbl; compositions for both pristine sample and pre-scribed samples. And
by observing the degradation video, we noticed that the MAPbI; sample does not follow the phase
transition degradation, which is the CsPblz degradation pathway. We applied a diffusion and
evaporation simulation by python have a good agreement with the correctness of our previous
hypothesis and proved the reliability of our results comes from the equipment. We also developed
a highly reproducible fabrication method for the compositions that have been mentioned
previously.

In addition, we revealed the influence and relationship among RH, temperature, excitation
intensity, and oxygen percentage during degradation. For MAPbI; composition, humidity is less
important in high-stress cases and will significantly impact the PL in low-stress cases. [llumination
would also accelerate the degradation at high temperatures as well as low oxygen cases. We also
find that the degradation rate changes when diffusion length starts failing in most cases. This result
is very necessary for future works. And most importantly, we discovered a new, easily measurable
data other than the QFLS and PLQY, the transmittance in quantifying the degradation process.
And the fitted slope of the transmittance data, which we called bleaching rate, is also a very
important parameter to demonstrate the degradation process. This parameter can be used in
predicting the lifetime of perovskite, which has a significant contribution in the perovskite research

area. And we also find that the humidity can suppress the bleaching rate in high stress cases.
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For future study, the effect of different environmental stresses will be continuously
investigated, not only a more sophisticate conditions but also tested on more compositions, such
as FACs composition mentioned in this paper, 2D perovskite and even triple cation perovskite
films. It is necessary to dig into the FACs composition perovskite degradation mechanism
investigation in the future as well, since it shows great stability and performance in this field. And
for the simulation results, it still under developing, since the parameter is not directly measured
from the degradation experiment. And as we show in this paper, at high humidity cases the

degradation mechanism contains hydration, which is not include in the simulation yet.
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